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AN AUTOMATED SEMANTIC SEGMENTATION-FREE APPROACH 
TO POINT CLOUD SCENE UNDERSTANDING IN CONSTRUCTION 

Kotaiba Mokadam1, Hiam Khoury1 
1 American University of Beirut, Beirut, Lebanon 

Abstract 
It has been long shown that deep learning methods need voluminous training data to automatically 
process point clouds and develop accurate as-built construction models. On the other hand, 
conventional semantic segmentation of point clouds can be used but requires significant time and 
manual effort. In construction, public and private Building Information Model (BIM) databases are 
available as information source and can facilitate semantic registration and enrichment. Therefore, this 
paper takes the initial steps and advances the Derivative-Free Optimization-based (DFO) approach by 
automatically recognizing 3D objects from point clouds using available BIM data and registering the 
correlated semantic information to each detected object using geometry and color features. More 
specifically, the proposed framework takes the as-designed BIM models and point clouds as input, 
samples as-designed models, and registers information as a log text file to the generated point cloud by 
minimizing the Mean Squared Error (MSE) value using geometry and color features. In order to validate 
the proposed framework, preliminary experiments were conducted on an office point cloud taken from 
the Stanford 2D-3D dataset. Results highlighted the potential of the proposed DFO approach in making 
good use of available BIM resources to efficiently process point clouds and generate accurate and 
semantically enriched as-built models.  

Keywords: as-built, BIM, derivative-free optimization, point cloud, semantic registration. 

1. Introduction and Background

Construction scene understanding has long been attracting attention in the Architecture, Engineering, 
and Construction (AEC) industry. This has been done using point cloud measurement that represents 
rich geometry input data about the construction scene [1]. In addition, enriching geometries with 
semantic information can further enhance scene understanding [2]. As such, making use of Building 
Information Modeling (BIM) as a source of information to semantically enrich generated geometry could 
help in numerous construction applications. 

Semantic segmentation is a process of assigning each point in the point cloud to its associated label. 
According to [3], semantic segmentation algorithms have two categories; rule-based or traditional and 
deep learning methods. Previous research defined the practices that extract hand-crafted features or 
models and then train classifiers as conventional. One of the first examples of traditional segmentation, 
presented in [4], used random decision forests to address dense semantic 3D scene understanding of 
indoor scenes. Another example introduced Markov Random Field-based approach for segmenting 
textured meshes into urban classes [5]. On the other hand, deep learning techniques have been 
employed to segment point clouds of building interiors [6]. Other research efforts [7] used convolutional 
neural networks to semantically segment point clouds of structural and mechanical components. 
Nonetheless, these methods are error-prone and limited due to the presence of various systems and 
objects in the construction environment as well as complex and dynamic context and applications. 

Many studies exist in the literature on how to extract and utilize semantic information such as BIM's 
spatial relationships and surface properties. An example of that semantic information is color, which has 
been utilized extensively in object recognition. For instance, a research effort [8] used color information 
to recognize different structural steel components using Hue, Saturation, and Intensity (HIS) instead of 
RGB Red, Green, Blue (RGB) to overcome illumination challenges. Other works investigated the use of 
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RGB values as features in a supervised learning algorithm to detect the rebar of reinforced precast 
concrete from a point cloud [9].  Another study [10] considered a colored point cloud to detect open, 
semi-open, and closed doors. Although the previous studies' results were satisfactory, the methods used 
were either able to detect one type of element or depend on the dataset and never rely on credible BIM 
sources. 

Recent efforts in related fields have focused on Derivative-Free Optimization (DFO). DFO maximizes or 
minimizes the objective function in which the gradients are not helpful or cannot be computed [11]. 
Extensive research on DFO development resulted in many algorithms, such as CMA-ES [12], and DFO 
[13]. In civil engineering, CMA-ES was used to optimize a steel truss space and update the BIM model 
to match as-built states [14]. This was done by automatically manipulating the shape and pose 
parameters of BIM to fit 3D point clouds using genetic algorithms (GA) and simulated annealing (SA) 
[14]. Other studies contributed significantly to the exploration of CMA-ES in the AEC field whereby the 
reconstruction of BIM from 2D images [15] and a point cloud [16] was achieved by applying the CMA-
ES algorithm. 

Therefore, the primary aim of this paper is to advance the Derivative-Free Optimization-based approach 
to automatically detect 3D objects from point clouds using available BIM data and register the associated 
semantic information to each detected object by utilizing geometric and color features. 

2. Methodology

The proposed framework comprises three modules, namely geometry scanner, geometry sampler, and 
CMAES optimizer (Fig.1).  

Fig. 1. Proposed framework and key modules. 

2.1. First Module: Geometry Scanner 

The geometry scanner starts by detecting the BIM components' geometry. From this geometry, 
instances are extractedwhich end up having solids with meshes. Meshes are then used to bring out 
triangles with vertices where color information representing the model materials is stored. Following the 
extraction of color information, a reconstruction process is implemented from vertices to the 3D model. 
Within this module, semantic information is extracted as well for each BIM element.  

2.2. Second Module: Geometry Sampler 

After geometry scanning, a sampler is constructed with determined density and applied to the model as 
a function. The proposed system’s sampler mainly works by extracting all distinct points of each model 
from triangles and assigning point indices to related triangles. Once triangles and points are obtained, 
the proposed algorithm sets them in a polygon and correlates points with color in case color is selected. 
Following the previous steps, a sampled semantic BIM model is obtained using Point Cloud Library 
(PCL). 
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2.3. Third Module: CMAES Optimizer 

The third module consists of an optimizer that takes the sampled BIM model and point cloud as inputs 
(Fig. 1), performs CMA-ES to minimize the objective function, and finally delivers a point cloud and its 
semantic information as a log txt file. To solve this problem, some mathematical algorithms like DFO 
can approximate the objective function without using its derivatives. Thus, the objective function can be 
defined as follows: 

minimize          𝑓𝑓(𝑋𝑋)     𝑀𝑀𝑀𝑀𝑀𝑀(𝐵𝐵𝐵𝐵𝑀𝑀(𝑋𝑋),𝑃𝑃𝑃𝑃) = 1
𝑛𝑛

 ∑ (𝑋𝑋𝐵𝐵𝐵𝐵𝐵𝐵 − 𝑋𝑋𝑃𝑃𝑃𝑃)𝑛𝑛
𝑖𝑖=1        (1) 

Where 𝑋𝑋𝐵𝐵𝐵𝐵𝐵𝐵 = the points of BIM model surfaces; 𝑋𝑋𝑃𝑃𝑃𝑃 = the points of point cloud taken from the dataset; 
and 𝑓𝑓(𝑋𝑋) is the objective function.  

More specifically, parameters of the objective function are the CMA-ES version, the density of sampled 
models, initial step size (sigma), number of offspring per generation (lambda), tolerance, and number of 
algorithm iterations (max-iteration). After defining the parameters, the scene is set and the optimizer is 
called on a specific model cloud to return the best-fit rotation and translation. 

In order to study the robustness of various registration types, texture and color information is used to 
examine the geometry registration against a combined one (geometry and color). 

3. EXPERIMENTAL SETUP AND RESULTS

In this study, an office scene point cloud was selected from the 2D-3D Stanford dataset that contains 
two tables and 23 chairs as shown in Fig.2a. A selection of 3D BIM models was obtained from online 
architectural model libraries (Fig.2b) based on their relevance to the dataset and suitability for analysis. 
Only two tables and ten chairs were tested during this study for comparison purposes. The CMAES 
parameters were appropriately selected (e.g. sigma=2 and lambda=32) and both scenarios were tested; 
(1) geometry and (2) geometry & color features.

Fig. 2. (a) An office scene from Stanford 2D-3D dataset; (b) BIM models from online libraries. 
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The experiments were processed by a workstation with AMD EPYC 7551-core processor (2 GHz, 32 
cores, two logical processors ), 64 GB memory, and Windows 10 Enterprise 64 bit operating system. 
Experimental results are shown in Table 1, Fig 3, and Fig 4. 

Table 1. Comparison of different features used in the experimental scene (Table=2, Chair=10) 

Evaluation Scenario 1: geometry Scenario 2 : geometry & color 

Tables Chairs Tables Chairs 

Number of matched components 1/2 8/10 2/2 9/10 

Number of iterations  3198 2353 

Precision (%) 50 88.8 100 90 

Recall (%) 100 89 100 100 

F1 Score (%) 66.6 89 100 94.6 

Time (s) 72 123 

Fig. 3. Visual comparison of the registered point cloud using geometry features (a) generating a point cloud from BIM; (b) top 
view of a scene and generated point cloud. 

Fig. 4. Visual comparison of the registered point cloud using geometry & color features (a) generating a point cloud from BIM; 
(b) top view of a scene and generated point cloud.
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Results revealed that the performance was improved by at least 5% when removing noise, shaded 
surfaces, and using color and space features. Furthermore, the results demonstrated that having color 
information in addition to geometry features reduces the number of iterations (Table 1). The performance 
of the proposed framework was further evaluated by calculating precision, recall, and F1 score, which 
are expressed by the following equations: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = 𝑇𝑇𝑃𝑃
𝑇𝑇𝑃𝑃+𝐹𝐹𝑃𝑃

     (2) 

𝑅𝑅𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑇𝑇𝑃𝑃
𝑇𝑇𝑃𝑃+𝐹𝐹𝐹𝐹

 (3) 

𝐹𝐹1 = 2 ∗ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∗ 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
𝑃𝑃𝑃𝑃𝑅𝑅𝑅𝑅𝑖𝑖𝑃𝑃𝑖𝑖𝑃𝑃𝑛𝑛+𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

      (4) 

Where TP = True Positive (Positive in location and translation), FP = False Positive (detected 
component with error in translation or rotation), FN = False Negative (undetected component). 

In this case, the precision, recall, and F1 score values (Table 1) reinforce the importance of using both 
geometry and color to enhance the framework performance. 

4. Conclusion

In this paper, a novel approach comprising three modules was presented that uses available BIM data 
to automatically detect 3D objects from point clouds. Geometry and color features were used to register 
correlated semantic information to each detected object. The proposed framework registers information 
as a log text file to the generated point cloud based on the as-designed BIM models and point clouds 
while minimizing the Mean Squared Error (MSE) value. Experiments were conducted on an office point 
cloud taken from the Stanford 2D-3D dataset and preliminary results showed promising results, thereby 
suggesting that the proposed approach can significantly improve the accuracy and efficiency of as-built 
construction models.  

While the proposed framework has shown promising results in detecting semantically enriching objects, 
there are several avenues for future work. One ongoing area of research is the integration of the 
framework within Revit as an addin to further automate the process. Further work aims at exploring the 
use of ORB-SLAM2 in conjunction with point clouds and BIM models to improve the framework's 
performance in complex construction environments.  
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AUTOMATED CLASSIFICATION AND CODING FOR BIM 

COMPONENTS BASED ON APPLICABLE BIG DATA  

Xinglei Xiang 1, Zhiliang Ma 1, Jiayi Li 1 
1 Department of Civil Engineering, Tsinghua University, Beijing 100084, China 

Abstract 
For the application of BIM technology, BIM models play a vital role in transferring and sharing building 
information. BIM models represent the building information through the attributes of components, such 
as walls and slabs, and the relationship between these components. Among all the attributes of 
components in BIM models, the classification and coding attribute is essential to retrieve the building 
information in a quick way. However, in practice, the BIM models that are prepared by using a BIM 
authoring tool cannot ensure complete and correct classification and coding attribute when they are 
transferred into the format of another tool. Besides, BIM models prepared by using 3D reconstruction 
technology also lack the classification and coding attribute. Missing or incorrect classification and coding 
attribute of BIM components impedes the fully exploitation of BIM model greatly. To solve the problem, 
this paper proposes an automated classification and coding method for BIM components based on a 
batch of BIM models with components labeled with key features and type, which can be obtained from 
the big data of the BIM models that have been correctly used. In the method, the association rule mining 
algorithm is used to establish the classification and coding rules for BIM components based on the 
labeled component data set. Then, for any BIM component, an algorithm based on the credibility 
reasoning approach is used to execute the rules and obtain its classification and coding attribute. In this 
way, the classification and coding attribute can be determined for any BIM component according to any 
given standard. The method is validated by developing a prototype based on Autodesk Revit and by 
using a batch of BIM models from structural design, and 92.7% precision is achieved in the test case. 
This method contributes to the quick classification of BIM components. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Building information modeling, association rule mining algorithm, classification and coding. 

1. Introduction

BIM (Building Information Modeling) is an essential carrier of information for the entire lifecycle of a 

construction project. The BIM model database is the core resource for BIM applications in construction 

projects [1]. Standardized classification and coding of the components in BIM models are prerequisites 

for accurately retrieving and accessing components in BIM models. This is also a necessary condition 

for BIM technology to be used for supporting the sharing of building information data throughout the 

entire lifecycle of a construction project [2]. For example, because various construction robots have 
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different construction targets, a wall polishing robot only needs wall data from the building information 

model. Therefore, both the accurate retrieval and access of wall model components from the structural 

BIM model, and the transmitting of the wall data to the wall polishing robot are prerequisites for the 

smooth implementation of subsequent work.  

To standardize the classification and coding of BIM components and facilitate the exchange and sharing 

of information throughout the entire lifecycle of a construction project, some countries have established 

building classification and coding standards, such as Uniformat II, Omni Class and so on. To promote 

the rapid development of China's construction industry, a series of building product classification and 

coding standards have also been established, including “Standard for classification and coding of 

building information model (GB/T 51269-2017)” and “Classifying and coding of construction products 

(JG/T 151-2015)”. Among them, the former is a standard related to the IFD (International Framework for 

Dictionaries) and was established by referring to OmniClass. It is applicable to the classification and 

coding of BIM models in civil buildings and general industrial buildings. This standard, which is intended 

for the construction engineering field, stipulates the standard for classification and coding for various 

types of information. The coding structure includes table codes, major category codes, intermediate 

category codes, minor category codes, and detailed category codes, with each level of code represented 

by two Arabic numerals. For example [3], the code 14-10.20.36.06 represents the code for outdoor stairs, 

with the table code being 14, the major category code being 10, the intermediate category code being 

20, the minor category code being 36, and the detailed category code being 06. 

As a carrier of building information, BIM models are transferred and utilized among different modelling 

application software, including building energy simulation software and cost estimation software, which 

requires accurate classification of components in a BIM model. Failure to properly classify the BIM 

components during the modelling process, loss of information during storage and transmission, or 

inability to recognize during component information extraction can result in missing classification 

information for BIM components, which in turn impede the subsequent model information processing 

work [4]. In addition, with the help of BIM software, it is relatively easy to perform component classification 

and add semantic information during the modelling process [5]. Nevertheless, a 3D model created from 

point cloud data contains only geometric information and lacks semantic information [6]. Therefore, the 

problem of missing or incorrect classification and coding attribute of components in the obtained BIM 

models is widespread and significant, which severely impedes the further application of BIM technology 

in various tasks and stages, such as design, construction and operation. Moreover, due to the 

complexity of the classification and coding standards for components in a BIM model, the variety and 

large number of designed components, the cost of manual classification and coding is high and prone 

to errors. In response to these problems, it is obvious that automatic classification and coding tools are 

needed. 

Consequently, this study aims to establish an automatic classification and coding method for structural 

components in BIM models, and develop a plugin based on an authoring tool of BIM model, taking 
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Autodesk Revit as an example, for customization to add classification and coding attributes to 

components in structural BIM models automatically, in which the classification and coding attribute of 

these components are obtained through rule reasoning. The rules used for the reasoning are obtained 

from a labelled data set through data mining algorithms. Through the method proposed in this study, the 

classification and coding attributes of structural components in BIM models can be replenished 

automatically, which contributes to promote the deepening application of BIM.  

2. Related works 

There are mainly two types of researches related to automatic classification and coding methods for 

components in a BIM model, i.e., those based on machine learning and those based on rule-based 

reasoning. 

In the methods based on the machine learning, the overall process can be summarized as follows [7,8]. 

Firstly, a portion of components in a BIM model in the data set are selected, and their semantic 

information, such as name, code, type, size, and fill ratio, is manually labelled as the training set for the 

machine learning algorithm. After that, based on the selected data set, the machine learning model is 

trained with the labelled data set to predict the coding information of unlabelled objects, by using 

methods such as decision trees, neural networks, and support vector machines. After training, the model 

needs to be tested to see if it can perform well on the test set. Ultimately, once the model is evaluated 

and deemed satisfactory, it can be used to fill in the semantic information of unlabelled components 

automatically and thus add the classification and coding attribute for components in a BIM model 

automatically [9]. According to the above process, Bloch et al. [10] trained an automatic room classification 

model using a multiclass neural network algorithm on the AZURE ML platform, with 150 BIM model 

instances as samples, 70% of which is used as the training set, and 30% is used as the testing set. A 

multiclass neural network algorithm is used for spatial classification of residential apartments. The 

results indicated that the machine learning-based method was useful and efficient for room 

classification. Koo et al. analysed the geometric dimensions and spatial relationships of these 

components, based on a data set of 4187 independent components in a BIM model from six architectural 

BIM models. Next, identified unconventional or outlier data that may require further analysis to improve 

the reliability of the component classification model, through using support vector machine and 

introducing a novelty detection algorithm. The evaluation results indicated the effectiveness of the 

algorithm for automatic classification and coding of components in a BIM model [11]. As described above, 

the structural components in a BIM model can be classified and encoded through machine learning 

methods. Objects such as tables, chairs, safety cones, etc. in construction sites, office spaces, and other 

settings can also be identified and classified using machine learning methods. Ferguson et al. designed 

an algorithm that can be used for both 2D image data and 3D point cloud data to recognize objects such 

as trash cans and safety cones at construction sites. The study collected 1214 RGB-D image data as 

the training data set and 255 RGB-D image data as the testing data set to conduct object classification 

experiments, which was verified to be available for classification and coding of components [12]. As 
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mentioned above, different algorithms are required to classify and code components in a BIM model in 

different scenarios based on machine learning method. Meanwhile, it is necessary to manually establish 

large-scale data set and label them, which is highly dependent of manual operations. 

The rule-based inference methods are widely used for the classification and coding of components in a 

BIM model. Firstly, formulating rules are found and selected, through the analysis of the relevant 

knowledge of components in a BIM model. Each component in the BIM model would be classified, after 

being identified according to the rules. For the components that cannot be identified based on rules, 

their information can be manually marked to supply the rules; finally, the classification and coding results 

would be validated and corrected to ensure their accuracy and consistency [13] For example, the name 

of components in BIM models would be checked to ensure accuracy, the size and material would be 

checked to match the design document, etc. Some researchers established rule sets to infer the 

classification and coding of BIM models by acquiring the knowledge of domain expert, and adding 

inferred classification and coding attribute to the components [14]. To classify components in a BIM model 

through a customized matching algorithm, and to provide mathematical measures of matching results 

at the same time [15]. The rule-based method has also been applied to establish rule sets for inferring 

the classification and coding of components in a BIM model based on their geometric attributes and 

geometric theorems. This method involves algorithm construction, extraction of objects of components 

in BIM models, object classification, semantic filling, classification result verification, and algorithm 

evaluation [16]. As illustrated above, the rule-based reasoning method relies on the knowledge of domain 

experts, and its effectiveness is also influenced by the methods and accuracy of rule content 

transformation. 

To address the limitations of previous studies, this research proposes the data mining approach to 

classify and code structural components in BIM models as an example. The method aims to mine the 

classification and coding rules from a large data set of components of BIM models, avoiding the high 

requirement for domain experts' knowledge and the impact of rule transformation and accuracy on the 

effectiveness of the method. Firstly, a data set for rule mining is formed by collecting and processing 

structural BIM models. Then, to apply the association rule mining algorithm to obtain rules for 

classification and coding automatically. Finally, to introduce the credibility reasoning approach to fully 

consider the uncertainty of rules, and thus achieve the automatic classification and coding of these 

components. This method is also expected to be applicable to the automatic classification and coding 

of other types of components such as MEP components. To achieve the objective the credibility 

reasoning approach is introduced in this phase. 

3. Methodology

The classification and coding method for structural components in BIM models proposed in this paper 

consists of three phases: data preparation, rule mining, and credibility reasoning. As shown in Fig. 1, 

this section will provide a detailed explanation of each phase. 
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Fig. 1. Process overview of method 

(1) Data preparation. The main objective of the phase is to provide the data of structural components in

BIM models for rule mining, which includes BIM models collection, and components labelling with

beams, slabs, columns, walls, and component features design. Then, the feature design of the

component is aimed at obtaining the values of various features of the component, thereby forming a

data set for rule mining. The feature design and data set establishment of the component is the

prerequisites for rule mining.

(2) Rule mining. The main purpose of this phase is to apply association rule algorithm for rule mining,

and to establish a rule set for automatic classification and coding of components in BIM models,

including three steps: obtaining frequent item sets from the data set, generating rules from frequent item

sets, and controlling the size and quality of the rule sets. The quality and quantity control of the rule sets

is the foundation for ensuring the accuracy of classification and coding.

(3) Reasoning. The main objective of this phase is to reduce or eliminate the uncertainty inherent in the

rules established by using data-driven methods, including two steps: calculating the internal certainty

factor of the rules and calculating the certainty factor of the classification and coding results when a

given component feature matches the rules.

4. Data preparation

The proposed the data mining approach consists of three phases, namely feature design, data set 

establishment, and rule mining. Considering the requirement on the consistency in the classification and 

coding standards, this research will be carried out with reference to the “Standard for classification and 

coding of building information model (GB/T 51269 – 2017)”. The method is expected to be also 

applicable to other standards. 

4.1 Data collection 

The data for structural components in BIM models used in this study mainly includes the structural BIM 

models of four actual building projects. Through the analysis of 8838 components in the BIM models of 
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these projects, a data set for rule mining was established. The quantity of various types of components 

for each project is presented in Table 1. 

Table 1. Overview of collected BIM models 

NO. Model 1 Model 2 Model 3 Model 4 

Image 

No. of beam 311 422 1221 396 

No. of column 156 342 1838 375 

No. of slab 265 89 1738 22 

No. of wall 670 0 896 97 

4.2 Feature extraction 

The values of various features of structural components in BIM models were obtained, through the 

development of plugins using the Revit API, thus forming a data set for rule mining. The format of this 

data set used for rule mining is stored in a standard text file format, which follows the convention of 

“component category (label) + feature name: feature value”. The features of the components can be 

mainly divided into two categories: attribute features and relationship features. Attribute features include 

surface area and volume, while relationship features include component intersection and parallelism. 

Among them, the attribute feature is usually divided into geometric features and non-geometric features, 

for example, “aspect ratio” is a geometric feature, and “fill rate” is a non-geometric feature. The value 

types of features are divided into continuous types and discrete types. For example, the “volume of 

these components” feature has a continuous value type, while the “whether the component intersects 

with a column” feature has a discrete value type.  

The process of features designing of structural components in BIM models must ensure the 

effectiveness of the selected component features and their values. For example, the feature “structure 

material is concrete” is not an effective feature for distinguishing between beams and columns. The 

feature “longest vertical edge” is an effective feature for distinguishing between columns or walls but not 

plates. After conducting testing on the geometric dimensions, volume, surface area, material, and other 

attributes of components in BIM models, it was found that the effectiveness of material, location, and 

other attribute features in component classification and coding is insufficient and they are not included 

in the feature set for the classification and coding of components in BIM models in this study. After an 

extensive literature review and repeated experimental testing, a set of features for the classification and 

coding of components in BIM models was identified. The geometric features of the properties include 

aspect ratio, short-to-medium ratio, fill rate, whether it is a hexahedron, surface area, volume, and 

vertical extension. The relational attributes include whether it intersects with walls, columns, beams, 

foundations, and floor slabs. The types, names, and meanings of features of these components in a 

BIM model are presented in Table 2 for reference.  
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Table 2. Feature definitions 

Feature type Feature name Explanation 

Geometric 
feature 

Short-long ratio The ratio of the shortest edge to the longest edge of the bounding box of the 
component. 

Short-middle ratio The ratio of the shortest edge to the second-longest edge of the bounding box 
of the component. 

Fill ratio The fill ratio of the volume of the component to the volume of the bounding 
box of it. 

Face number The face number of the component. 

Surface area Surface area of the component. 

Volume Volume of the component. 

Vertically 
extended Whether the member extends vertically. 

Relational 
feature 

Relation with wall Whether the component intersects a wall. 

Relation with 
column Whether the member intersects a column. 

Relation with 
beam Whether the member intersects a beam. 

Relation with 
foundation Whether the member intersects a foundation. 

Relation with slab Whether the member intersects a slab. 

5. Rule mining  

Due to the low requirement for domain knowledge for data-driven rule mining methods, the methods are 

capable of continuously optimizing rules from expanded data. Additionally, rule mining is supported by 

mature algorithms with strong generality. In this paper, the data mining approach was applied to 

establish rules for the classification and coding of structural components in BIM models. Based on the 

obtained data set, the association rule mining algorithm was applied to obtain rules for classification and 

coding automatically. As a widely used data mining algorithm, the association rule mining algorithm 

discovers frequent combinations of feature values that co-occur with specific component types in the 

data set, i.e., frequent item sets, forming “IF-THEN” decision rules. The “IF” part is the antecedent, which 

expresses a set of feature values of component, while the “THEN” part is the consequent, which 

expresses the classification and coding result for the component. 

The process of rule mining using the association rule mining algorithm can be divided into three steps. 

Namely, firstly, to extract frequent item sets from the data set, which are statistical patterns of co-

occurrence of feature values and component categories with high frequency. Then, to generate rules 

from frequent item sets, where the condition part of the rules consists of the feature values in the frequent 

item sets and the result part of the rules corresponds to the component types in the frequent item sets. 

Finally, to filter the rules to control the size and quality of the rule base and improve the efficiency and 

effectiveness of subsequent automatic reasoning processes. The selection criteria are divided into two 

categories: absolute standards and relative standards. Among them, the absolute criteria for rule 

selection include support and confidence, where support is the probability of frequent item sets 

appearing in the data set, which ensures the universality of the rule, while confidence is the conditional 
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probability that the result holds when the condition occurs in the data set, ensuring the quality of the 

rule. Relative standards for rule selection involve comparisons within the rules themselves. For example, 

when comparing Rule A and Rule B with the same result, if the constraint conditions decrease while the 

confidence of the result increases, it indicates that compared to Rule A, Rule B introduces an additional 

constraint, which lowers the probability of the result being true. In that case, Rule A is better than Rule 

B, and Rule B should be eliminated from the rule sets to avoid conflicts within the rules. Here is an 

example,  

(1) Rule A: If the longest edge is vertical (FALSE), the ratio of short to medium edges is greater than 0.4 

and not less than 0.6 (TRUE), the connected base number is 0 (TRUE), then the component is judged 

to be a reinforced concrete beam with a confidence level of 0.994.  

(2) Rule B: If the longest edge is vertical (FALSE), the ratio of short to medium edges is greater than 0.4 

and not less than 0.6 (TRUE), the connected base number is 0 (TRUE), the surface area is less than 

10 square meters (TRUE), then the component is judged to be a reinforced concrete beam with a 

confidence level of 0.954. 

Compared with Rule B, Rule A has fewer constraints but a higher confidence level for the same result. 

Therefore, Rule A is better than Rule B. In Rule B, an additional constraint on the surface area is 

introduced, which lowers the confidence level of the rule, and therefore, Rule B will not be included in 

the rule sets for the reinforced concrete beam. 

According to the test results, the threshold for support is set as 0.05 and that confidence as 0.8. Frequent 

item sets are obtained from the data set, and then rules are generated from the frequent item sets, and 

the rules are filtered finally. Among them, the filtering requirements are as follows: support > 5%, 

confidence > 80%, and there is no better rule. A total of 114 rules for columns, walls, beams, slabs, and 

other structural components in BIM models are established. Taking the rules for reinforced concrete 

beams as an example, the classification and coding rules for beams obtained by using this algorithm 

are shown in Table 3. 

Table 3. Classification and coding rules for reinforced concrete beams established using the data mining approach 

No. Rule 

1 IF the vertical edge is the longest (FALSE) AND the ratio of short to medium sides is greater than 0.4 and 
not less than 0.6 (TRUE) AND the connected bases number is 0; THEN it is a reinforced concrete beam.  

2 IF the vertical edge is the longest (FALSE) AND the ratio of short to medium edges is greater than 0.4 and 
not less than 0.6 (TRUE); THEN the component is a concrete beam.  

3 
IF the vertical edge is the longest (FALSE) AND surface area is less than 10 square meters (TRUE) AND 
number of connected columns is 0 (TRUE) AND the connected base number is 0 (TRUE); THEN it is a 
reinforced concrete beam. 

4 IF the vertical edge is the longest (FALSE) AND surface area is less than 10 square meters (TRUE) AND 
number of connected bases is 0 (TRUE); THEN it is a reinforced concrete beam. 

5 IF the vertical edge is the longest (FALSE) AND surface area is less than 10 square meters (TRUE) AND 
number of connected columns is 0 (TRUE); THEN it is a reinforced concrete beam. 

6 IF the vertical edge is the longest (FALSE) AND surface area is less than 10 square meters (TRUE); 
THEN it is a reinforced concrete beam. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-002

Keszthely, Hungary 
20-23 June 2023

14



7 IF the ratio of short side to medium side is greater than 0.4 and not less than 0.6 (TRUE) AND number of 
connected bases is 0 (TRUE); THEN it is a reinforced concrete beam. 

6. Reasoning 

According the pre-established rule base, a component of unknown type is classified by matching its 

features with the condition clauses of these rules. Considering the uncertainty of rules established by 

using data-driven methods, this study introduces the credibility reasoning approach to ensure the 

completeness, consistency, and rationality of the classification process.  

In the theory of the credibility reasoning approach, the uncertainty of rules in the form of “IF E, THEN H” 

is evaluated by the parameters of certainty factor (CF), including the three types, i.e., CF(H, E), CF(E) 

and CF(H). CF(H, E)  is used to evaluate the uncertainty of the logical relationship between the 

conditions (E) and result (H). Besides, the uncertainty of the conditions in a rule also needs to be 

considered. For example, in most cases, the qualitative conditions have higher uncertainty than 

quantitative conditions. To handle the uncertainty, CF(E) is a parameter to evaluate the matching degree 

between the given component feature values and the conditions with uncertainty. Apparently, for a 

condition without uncertainty, the value of CF(E) is TRUE (1) or FALSE (0), in which 0 means not 

matching, and 1 means matching. CF(H) indicates the reliability when a result is deduced. Table 4 gives 

the definitions and explanations of these parameters. 

In the classification and coding method based on the credibility reasoning, CF(H) is the decisive indicator 

to draw the result. Namely, after matching the features of a structural component with all the rules, the 

final type of the component is the result of the matched rule with the highest CF(H). Thus, the calculation 

processes of CF(H) are introduced. Firstly, the base case is considered when only one rule is matched. 

On this basis, the calculation process when multiple rules are matched is given [17].  

Table 4. Definitions and explanations of parameters 

Parameter Definitions Explanations 

E The conditional part of the classification and 
coding rules. Production rule: IF E, THEN H. 

H The result part of the classification and coding 
rules. Production rule: IF E, THEN H. 

CF(E) The certainty factor of condition E. 

The degree of matching between the given 
component feature values and the conditions E in 
the rules. The value is either 0 or 1, where 0 means 
rule matching failure, and 1 means rule matching 
success. 

CF(H, E) The certainty factor of the classification and 
coding rule “IF E, THEN H”. 

To reflect the strength of the relationship between 
the premise condition E and the result H. 

CF(H) 
The certainty factor that the result H holds under 
the condition of matching the component 
characteristics with the rule. 

The final rule-based inference result is the one with 
the highest degree of certainty factor.  

P(H) The probability of result H being true. To be calculated by statistical analysis of 8,838 
components in the data set. 

P(H|E) 
The conditional probability of the result of H being 
true when the condition E is true, namely, the 
confidence. 

To be calculated from the results of rule mining. 
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If only one rule is matched, according to theory of the credibility reasoning approach, the CF(H) depends 

on the value of CF(H, E) and CF(E), as shown in Equation (1). 

CF(H)=CF(H, E) * CF( E)                                                                                                                                  (1) 

Because the conditions of the classification and coding rules are quantitative and has no uncertainty, 

the value of CF(E) is TRUE (1) or FALSE (0) and can be obtained directly from the matching result. 

Thus, the value of CF(H) can be obtained by calculating the value of CF(H, E) by using Equation (2).  

CF(H, E) =�
P(H| E)-P(H) 

1-P(H) ,  if  P(H)≠1

1 ,                      if  P(H)=1
                                                                                                   (2) 

Where P(H|E) is the probability of result H when the condition E is matched and it is equal to the 

confidence of a rule in the rule mining process according to the definition. P(H) is the probability for “the 

result is true”. Specific to the classification and coding rules, the result of a certain component type and 

the P(H) can be obtained by counting the frequency of component types in the data set. 

Based on the calculation equation of CF(H) in the case that only one rule is matched, when n (n>1) rules 

with the conclusion H are matched, the CF(H) can be calculated by using an iterative process, as shown 

in Fig. 2. As the known conditions of the process, n rules with the conclusion H are matched and the 

certainty factors of the i-th (1≤i≤n-1) rule of the n rules, i.e., CFi (H), can be obtained by the Equation 

(1). In the first step of the process, CF(H) is initialized by CF1 (H). Then, in each iteration of the process, 

the other rules are handled one by one and the value of CF(H) is updated by using Equation (3).  

CF(H)=CF(H)+CFi(H)-CF(H) * CFi(H)                                                                                                    (3) 

Thus, after n-1 iterations, the final CF(H) is calculated and the iterative process ends [15]. Note that in the 

process, the calculation result of CF(H) is independent of the sequence of the matched rules due to the 

commutative laws of Equation (3). 

     

Fig. 2. Calculation process of CF(H) when multiple rules are matched 
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To clarify the process, an example is given when a component with unknown type matches all the 

following three classification and coding rules are matched when reasoning. The value of P(H) is 0.307, 

which was calculated by statistical analysis of 8,838 components in the data set.  

(1) Rule 1: IF the vertical edge is the longest, and the volume is less than 2 cubic meters, and the 

number of connecting columns is 0, and the aspect ratio is greater than 0.1 and not less than 0.2, THEN 

the confidence level that the component is a concrete column. The value of P(H|E) of Rule 1 is 0.868. 

which was calculated from the results of rule mining. The value of CF(H, E) of Rule 1 is 0.868, which 

was calculated by using Equation (2). The value of CF1 (H) of Rule 1 is 0.810, which was calculated by 

using Equation (1). 

(2) Rule 2: IF the surface area is less than 10 square meters, the vertical edge is the longest, and the 

short-to-long ratio is greater than or equal to 0.1 but not less than 0.2, THEN the component is a concrete 

column. The value of CF2 (H) of Rule 2 is 0.808 by the same approach. 

(3) Rule 3: IF the vertical edge is the longest, and the volume is less than 2 cubic meters, and the short-

to-long ratio is greater than or equal to 0.1 and not less than 0.2, THEN the component is considered 

as a concrete column. The value of CF3 (H) of Rule 3 is 0.795 by the same approach.  

After 2 iterations, the calculation result of the final CF (H) is 0.993, which was calculated according to 

Equation (3). 

As demonstrated above, the rationality of certainty factor calculation and reasoning can be proven 

through rigorous mathematical derivation. The result of certainty factor depends on both rules 

themselves and the matching result. Among which, certainty factor of each rule can be obtained through 

rule-mining, then, the final certainty factor of one result corresponding to many rules can be calculated 

by using above equation. The introduction of the credibility reasoning approach ensures the 

completeness, consistency, and rationality of the reasoning process. 

7. Case study and validation 

To verify the effectiveness of the proposed method in this study, a customized plugin on the Autodesk 

Revit was developed. Then, a typical structural BIM model of an engineering project was selected to 

verify the effectiveness. The architecture of the customized plugin is shown in Fig. 3, which consists of 

three layers: the data layer, application layer, and interface layer.  
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Fig. 3. System architecture for automatic classification and coding of structural components in BIM models 

(1) The data layer consists of component data and rule data. The rule data is established and stored in

text form, while the component attribute data in the Revit model is obtained through the customization

of Autodesk Revit.

(2) The application layer consists of three modules that implement the functionality of BIM model

structural component classification and coding, including the component feature extraction module, rule

parsing and storage module, and rule matching and reasoning module. The rule parsing and storage

module is used to parse the rule data in the data layer, read the rule text file, and convert it into a format

that can be understood by the computer. The rule matching and reasoning module processes the parsed

rule data and component data, performs reasoning, and inputs the classification and coding results of

the components to be classified.

(3) The interface layer provides operational entry points for software users, including the automatic

classification and coding interface, the classification and coding result statistics display interface, the

manual classification and coding interface, and the classification and coding specification parameter

setting interface.

Importing BIM models with incomplete classification and coding attribute into the software allows for 

automatic identification of unclassified components and addition of coding information. Additionally, the 

software can export reports on the classification and coding of structural components in BIM models. 

The user can execute the procedure by following the subsequent steps. First, set classification and 

coding parameters, including selected standards, the profession of the model to be classified, and the 

location of the exported report. Second, upon launching the automatic classification and coding program, 

the system will load the backend rule sets and execute reasoning to add attribute to these components 

automatically in the current view. Any components that were not able to be automatically classified will 

be isolated and displayed in the current view, as shown in Fig. 4. Third, the user can view the 

classification and coding results through the statistics entry. Double-clicking on any component will 

navigate the system to the location of the component for the user to view automatically. The user can 

also add attribute manually to the component through the manual classification and coding entry. 
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Fig. 4. Example of automatic classification and coding of structural components in BIM models 

This study involved importing the structural BIM model of a particular real project into the verification 

process, which includes 454 components. Among these, 421 components were classified and coded 

successfully, with 92.7% precision was achieved. These components identified include YS-13-04-01 

rectangular shear walls, YS-13-03-03 beams, YS-13-01-04 eaves, and others. The exported component 

classification and coding report can display the entire list of component codes and other information.  

8. Discussion and Conclusion

This paper established a method to classify and code structural components of BIM models 

automatically considering the uncertainty of rules established by using data-driven methods. 

Furthermore, a customized plugin was developed for validation by using a batch of BIM models from 

structural design, and 92.7% precision is achieved in the test case. This method helps alleviate the 

problem of high dependence on domain expert knowledge in rule-based methods, and improves the 

efficiency and accuracy for replenishing the component attribute. By enabling fast and accurate 

component classification and coding, the use of BIM technology can be promoted in various stages and 

tasks such as design, construction, and maintenance. Nevertheless, there is still a risk of overfitting the 

training model in rule mining, due to the high quality and quantity requirements for the labelling of the 

structural BIM model training data set. Our future research will further expand on the data mining 

approach, with focusing on reducing the requirements for labelled training data or exploring the 

possibility of not labelled training data at all.  
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AUTOMATION OF CONSTRUCTION PRODUCTION USING THE DSP 
METHOD 
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Abstract 
Mechanical engineering and industrial production are developing at an unimaginable speed with digital renaissance 
technology. Construction technology lags behind it, but software has been introduced into operating systems. 
However, the effect of digital and information technology is not very effective. The key problem is the obsolescence 
of the standardization and standardization of construction processes. Therefore, the dynamic structural 
programming (DSP) method for construction products is proposed. It is the trend of today's cyber system technology 
of any technological production. By combining the DSP method with Modified Gaussian S Curves (MGSC), a 
probabilistic mathematical iteration management of the operating system of construction products is created. This 
is how construction operative production fits into today's trend of modeling and simulating construction processes. 
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1. Introduction to automation

Today, all scientific branches, including organizational ones, want to be functionally connected or 
modeled through design information systems. This is how machine programming first developed, where 
each command has a machine language code. Then the lower Assemler symbolic language, which for 
each machine code has a symbolic code of four characters, and is converted into a machine byte code 
(picture X), while the instruction is defined with 64 bits. Today, however, Internet XML code has swept 
the world and ushered it into a digital information communication (ITC) renaissance. Thus, it becomes 
a system of modeling and simulation in the sphere of design, organization, and management of systems 
[1]. Construction uses functional modeling, which finds strength in trigonometry. Organization or system 
management uses various software solutions on today's large relational databases. But the organization 
lags in simulation and modeling behind construction and technological technology. This especially 
applies to construction management. Therefore, the motivation of the research is to catch up with 
management and design. First, in the creation of management software at the technological level and 
to connect them in Digital Twins [2] systems, that is, in the creation of Artificial Intelligence (AI) systems. 
The original problem of Leibniz and Boolean was the automation of speech, which today is experiencing 
a digital boom. But all the softwareization of the construction system over thirty years of management 
did not bring the desired profit effect in addition to the image effect. Thus, the influence of the information 
technology (IT) system in business has too little contribution, and it is recognized that the root of the 
problem lies in the low-quality definition of the construction product. That is the definition of bill of 
quantities documentation with outdated normative technological processes. Therefore, there is great 
inaccuracy in the organizational and technological processes, as well as the calculations and planning 
of the bid construction, that is, the process of designing the construction production. Thus, the realization 
cannot enter into the automation of the process.The contribution of the work is to increase the impact of 
IT and ITC systems on increasing the profit of the construction business system with a new model of 
standardization for defining the construction product. Through the new standardization of the bill of 
quantities and bid construction with the DSP Bill of Quantities CODE, then by modeling the norms with 
vector norms also defined by the DSP code, the goal is to achieve greater profit in construction systems 
with IT and AI systems by automation and simulations of defining the construction product by model 
standardization with costing and the DSP CODE as a cyber system [3] in AI technology. 
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2. The state of automation in construction 

Automation in construction is at a low level. Especially in the sphere of production. While in the 
conception and design phase, she helped a lot in defining the project's task. However, in technology 
today, there is modeling and simulation with digital twins and BIM tool systems [4], which also enter 
management systems through the definition of base relational systems. 

2.1. Technological softwarei 

Technical software, except in the phases of conception and project definition, also entered the sphere 
of production. First, software was created in the realm of the main structural systems, and then in the 
realm of auxiliary technological constructions. This is how designer software was developed from Stress 
to Abacus, then architectural software from Cad to BIM tools from various manufacturers for designing 
products [5].   

2.2. Management software 

Management software is gaining weight with the development of relational databases, especially Oracle 
tools (Fig. 1). Large databases are suitable for data business models with entity relationship attributes 
(ERA) in graphic design today using the Unified Modeling Language (UML) diagram.  

  
Fig. 1. Structural data model of the PUPSG application (Maris) 

 

They enable the connection of all functions of the company in terms of accounting and production. It is 
production that leads to the idea of creating daily monitoring for project management. Continuing the 
given idea, a model standardization [6] of construction production is created, which is mostly developed 
to meet the needs of more precise standardization of bidding. The trend in contemporary research and 
within the dissertation is to achieve integrated informational project total quality management (TQM) and 
ranking of project success and risk criteria with daily monitoring [7] using the project management 
method using the modified Gaussian S-curve (MGSC) [8], which is favorable for simulations and 
optimization of projects. And this achieves more precise daily planning and control of the project, i.e., 
the introduction of "just in time" management. Of course, this enables the replacement of static POG 
with dynamic POG and PMD by integrating the mutual influence of norming, calculating, and planning 
in making an offer and implementing construction. 

2.3. Cyber systems 

The optimization and automation of business systems and multi-criteria decision-making create the 
management of expert business systems. By using the modern sciences of operational research and 
setting up a model in the function of the goal as a sum of states or vectors, and by systematizing them, 
a formula and a logical structure for creating experiential intelligence are created. However, a machine 
cannot be educated and cannot think abstractly like a human; the aspiration is to develop probabilities 
through statistical research and use combinatorics to create simulations in an analytical and visual 
system as an introduction to the AI system [9, 10]. Fig. 2. 
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Fig. 2. (a) Digital twins in the mining industry [9]; (b) Sajber sisttem of AI sisttem [10] 
 
The basis of automation theory is the extension of Boolean algebra to logical operators and operators 
for assigning a sign to a predicate that participate in the equation with sgn, i.e., heuristic graphic theories 
in the program implementation of the resolution-induction method and differential equations that simplify 
Laplace transformations or vector functionals in linear Letov problems. But simple models are based on 
mathematical induction and operational research as soon as the DSP method is reached.   

3. DSP method of construction production 

The DSP method paves the way for model standardization [11] by creating bills of quantities [12], bid 
constructions, and norms [13]. 

3.1. Moldel's standardization of the construction bid   

By jointly harmonizing the description of the item in the offer, that is, the text of the bill of quantities, that 
is, the norm, a unique code is created for defining the construction product. A record of products is 
formed by levels and distribution from complex process to procedure, and the construction production 
record is modeled using the combinatorics and linking of these records by model standardization. Fig. 
3. A record of the elements given by the project definition of the structure with a certain resource and a 
description of the operational elements, from activities, processes, and operations for construction 
production and other more advanced production to the movement of the robotization of production, the 
equation of the model standardization of production (MSP) (1, 2).  

 

 

Fig. 3.  Standardization of Activities: Elements of the Description of the Bid Construction Items [11] 
 

𝑀𝑀𝑀𝑀𝑀𝑀 = ∑𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 = ∑𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴 = ∑𝑂𝑂𝑂𝑂𝐴𝐴𝑃𝑃𝑂𝑂𝐴𝐴𝐴𝐴𝑃𝑃𝑂𝑂 = ∑𝑀𝑀𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴 = ∑𝑀𝑀𝑃𝑃𝐴𝐴𝐴𝐴𝑀𝑀𝐴𝐴𝑂𝑂𝐴𝐴                                   (1) 
𝑀𝑀𝑀𝑀𝑀𝑀 = ∑𝑂𝑂𝑃𝑃𝑃𝑃𝑝𝑝𝐴𝐴𝑃𝑃𝐴𝐴𝐴𝐴 = ∑𝑃𝑃𝑃𝑃𝑂𝑂𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝑂𝑂 = ∑𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴 = ∑𝑃𝑃𝐴𝐴𝑀𝑀𝐴𝐴𝑂𝑂𝐴𝐴𝐴𝐴𝑃𝑃𝑂𝑂                    (2) 

Modular and variant components can simulate all practical processes and operations up to the 
procedure through CPS, MindJet graphic technology, or the software DSP method. 

3.2. DSP KOD 

DSP code is created by connecting dynamic programming and object or structural programming. It is 
very interesting because the consumption of resources can be recorded simultaneously in several 
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processes under the condition of using the given capacity. By noting a multi-process system, it is 
possible to define a series of vectors x. Optimization determines which process we have to give more 
resources to for greater profit. In order to get that solution, it is necessary to write down all possible 
distributions of resources by all processes, that is, to write down and calculate all possible paths. 
Records can be generated using cybernetic equations (3). 
 
𝐹𝐹(𝑋𝑋𝑗𝑗) = ∑ 𝑔𝑔𝑗𝑗(𝑥𝑥𝑗𝑗)𝑛𝑛

𝑗𝑗=1 , 𝑀𝑀 = ∑ 𝑥𝑥𝑗𝑗𝑛𝑛
𝑗𝑗=1  0 ≤ 𝑥𝑥𝑗𝑗 ≥ 𝑀𝑀            (3) 

 
That is, by the method of recurrent equations, whose characteristic is the iteration of the functional 
equations of the state of the system f_n (S_n ) in the sum of the observed function g_n and the function 
of the previous state f_(n-1) (S-x_n ) with all possible changes in the value of the variables in the given 
functions or processes (4). 
 
𝑓𝑓𝑛𝑛(𝑀𝑀𝑛𝑛) = 𝑀𝑀𝑂𝑂𝑥𝑥0≤𝑥𝑥𝑛𝑛≤𝑆𝑆(𝑔𝑔𝑛𝑛(𝑥𝑥𝑛𝑛) + 𝑓𝑓𝑛𝑛−1(𝑀𝑀 − 𝑥𝑥𝑛𝑛))            (4) 
 
For multidimensional vector dynamic programming, the equations are identical, only with more variables 
(x,y). The organizational differential is marked as follows: Fig. 4. 
 
                                technology (T) 

organization (O)                  
                                Fn+1(Si+1,j+1,k+1)   technology (T) 

organization (O)        
 

Fig. 4.  DSP vector iteration organizational differential 
 
The mathematical methods of logic and inductive optimization and the programming methods define the 
dual DSP structure. TREE wood plus the equation of induction, i.e., dynamic programming with object 
programming, defines the idea of the DSP equation for modeling the production process, i.e., 
construction bid construction with DSP code (5) and TROSKO code. By interconnecting and upgrading 
the mentioned models with iteration software technology, a DSP model was developed, which 
contributed to solving the problem of defining production and products. Thus, the product of the bid 
construction  and the element of the item are defined as MSP = Σ Fn (S) = f (T,O) as a function of the 
record of technology (construction) and execution organization, and T ≈ O = f(A,R,D), i.e. as a function 
of the variables A-activities, R-resources, and D-dimensions of construction and resource performance. 
The greatest influence is on the standardization of the records of bid or cost-tender items as a recurrent 
form (5,6). 
 ),(),( 111 +++= nnnnnn OTfOTf               (5)  
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The statistical MGSC method and the method of least squares and the method of structural modeling 
and combining are used to optimize the creation of a bid construction.  

Fn(Si,j,k) 
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3.3. MGSC u DSP projects 

In recent times, probabilistic forecasting of project performance and the use of stochastic S-curves with 
a program package for generating stochastic S-curves and a simulation approach have defined the 
dispersion deviation of the MGSC project's finances and time as a function of the density distribution of 
costs and time. Diagrams of expected monetary value (EMV) or S diagrams are popular today and 
supplemented with functional 3D-MGSK [14] (7), Fig. 5. 

𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑃𝑃(𝑥𝑥,𝑇𝑇) =  𝜆𝜆𝐴𝐴𝐴𝐴 ∙ ∫ 1
(𝑎𝑎⋅𝑇𝑇+𝑏𝑏)⋅√2⋅𝜋𝜋

∙ 𝐴𝐴
−(𝑥𝑥−𝜇𝜇)2
𝑘𝑘𝑘𝑘∙(𝑎𝑎∙𝑇𝑇+𝑏𝑏)𝑃𝑃𝑥𝑥𝑥𝑥

0             (7) 

The leveling and matching of the curves, i.e., the modification of the Gaussian curve, refers to the 
introduction of a constant kv parameter in the value of 10,000 units. 

 

Fig. 5. Simulation project management using MGSC (Mathcad and Solidworks) tools   

By further supplementing the DSP method by planning a three-iteration record of permutations and 
variations, the form of the equations shows the software code of loops over the variables within the 
matrix structure, which does not have standard mathematical characteristics but software mathematics. 

3.4. Combinatorics in the DSP bid construction 

Creating a record of all Croatian lottery combinations opens the way to defining permutations, variations, 
and combinations in a few minutes given by equation (8). Such combinatorial iterative equations are 
suitable for computers. Permutations can also be shown graphically by adding the next number to all 
intermediate columns and the first and last columns of the previous record. A software iterative equation 
defines a series of records of all combinations or variations using a matrix representation [15]. 
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Today, Mathcad has also greatly developed, and it can also graphically write matrices using software 
mathematics, so that such matrices or determinants can be called software matrices. 

4. Conclusion 

The new model standardization for defining the construction product of the bid construction with the 
DSP costing code in mind is slow, but it provides more precise normative data for defining the planning 
and calculation of the project. This requires a new model for standardization of norms with the vector 
form of VN-KOD norms [16] defined by the DSP code. This gives more precise specifications for 
resources in production. DSP in terms of norms and bills of quantities replaces the component of the 
norm and bill of quantities in a classic way and enables the automation of construction products from 
project documentation to production, which enables chipping of the construction bid, i.e., the design bill 
of quantities. By systematizing and synthesizing, such waste VN-CODE can be returned to the 
normative base, thus creating a model standardization base of norms. At the same time, this norm 
becomes the basis for unit calculations and the basis for the new definition of product certificates directly 
from the normative structure. Finding and modeling the functional dependencies of a certain type of 
work opens a continuous process of modernization and standardization of standardization. Further filling 
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of the database of construction site data and their processing leads to optimal results. As for the time 
component of the work resource, it can be modeled in function with designer equations, mechanical and 
other scientific achievements, or equations for the material or machine normative values of the resource. 
In connection with structural programming as a great support for modeling, we turn the classic static 
normalization into a dynamic one. With this DSP modeling, we can make an organizational leap in 
technological development by defining the organizational differential. It is a path to AI systems and a 
great contribution of digitization to daily management, i.e., the creation of profit within software-
mathematical organizational problems. Which leads to system automation [17] at the system level of 
physical processes and controls and the establishment of smart project management [18] with the 
aspiration to define AI [19] with simultaneous management. Thus, Android technologies 
communicatively unify the concept of the fourth industrial revolution through the cloud of the Internet 
and virtual technology [20]. 
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CONCEPTUAL DESIGN USING BIM OF ULTRA-HIGH-SPEED 
CONSTRUCTION SYSTEM ASSUMING EMERGENCY SITUATIONS 

Kazuyoshi Endo 1, Masato Iwamura 1 
1 Kogakuin University, Tokyo, Japan 

Abstract 
The Japanese construction production system has aimed to achieve a high degree of balance between 
high Q: quality, low C: cost, appropriate construction D: duration, S: safety assurance, and reduction of 
E: environmental impact in project results. Against the background of low economic growth and low 
interest rates after the bursting of the bubble economy, the Japanese client did not strongly demand 
"UHSCS: ultra-high-speed construction system," which is the purpose of this research theme. However, 
if the QCSE satisfies the required standard, it is obvious that the introduction of UHSCS that realizes 
early recovery of funds will increase the value of the project. In addition, it goes without saying that 
reducing time, which is a parameter for amount of labor, material, and indirect costs, is effective in 
improving productivity, which the Japanese construction industry is currently working on. During the 
recent spread of COVID-19, those of us involved in construction watched helplessly as lives and health 
were lost due to the lack of medical facilities. In Wuhan city, China, a medical facility with 1,000 beds is 
said to have started operating 10 days after the site was prepared. In China, which is undergoing 
economic growth and has high financing costs, there was a strong need for UHSCS for hotels and 
offices. Based on the current situation, it is necessary to review UHSCS as another form of building 
production. The international architectural society has a social mission to prepare for the occurrence of 
similar pandemics and disasters such as earthquakes directly hitting the Tokyo metropolitan area that 
are predicted to occur in the future. This research utilizes the excellent construction elemental 
technology of Japanese industry, BIM, IoT, SCM and robotics, and presents a conceptual design of an 
UHSCS based on thorough standardization and labor-saving construction.  

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: BIM, facilities for emergencies, robotics, SCM, ultra-high-speed construction system 

1. Research background

1-1. Acceleration of construction production workflow

In construction production in Japan, we have aimed for a balance of high Q: quality, low C: cost, 
appropriate construction D: duration, S: safety assurance, and reduction of E: environmental impact in 
project results. During the recent spread of COVID-19, those of us involved in construction watched 
helplessly as lives and health were lost due to the lack of medical facilities in Japan. Meanwhile, 
according to reports, a 1,000-bed medical facility in Wuhan, China, began operations 10 days after site 
preparation. In China, which is undergoing economic growth and has high financing costs, there was a 
strong need for "UHSCS: ultra-high-speed construction system," for hotels and offices. Against the 
background of low economic growth and low interest rates after the bursting of the bubble economy, the 
Japanese client did not strongly demand UHSCS which is the purpose of this research theme. Based 
on the current situation, it is necessary to review UHSCS as another form of building production. The 
international architectural society has a social mission to prepare for the occurrence of similar 
pandemics and disasters such as earthquakes directly hitting the Tokyo metropolitan area that are 
predicted to occur in the future.  However, it goes without saying that even in normal times, "speeding 
up" is a major factor in improving business feasibility. 
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1-2. Previous research 

This research team has focused on the "group" function as a structural characteristic of BIM. BIM has 
two environments: a so-called "factory" environment where objects are created and a "site" where 
building models are created. In the "factory" environment, it is possible to create nested "groups" that 
are the very structure of the supply chain. Preparing the "factory" product in advance shortens the 
construction period compared to making a single part, but the same can be said for BIM. As pointed out 
in previous research, in digital space BIM, for example, it is possible to create a "group" that does not 
stand on its own in reality, taking out only the space and surface finishing materials. This "imaginary 
group", which the research team calls a "design study unit", can also be made ready-made in advance, 
contributing to shortening the study period at the time of study. When using the "design study unit", it is 
also possible to simplify the category classification once, improve the operability during study, and 
replace it with the BIM native category again using programming after the study is completed. [1] 

 

2. Purpose of research 

The purpose of this research is to show the procedure for speeding up the construction production 
workflow, using the structural characteristics of BIM, using the hospital facility production under 
emergency situations as a specific subject. 

 

3. Research method 

Autodesk Revit 2022 (hereinafter referred to as Revit) was used as the BIM core software, and the visual 
programming tool Dynamo and data integration software Navisworks were used together. 

The examination method is based on the following steps. 

• Consideration of workflow 

• Consideration of classification of hospital functions and unit method 

• Creation of BIM model and unit cataloging  

• Development of zoning study method and unit automatic placement method 

• Replacement with design study unit and examination of parts 

• Consideration of the above method 

 

4. Research content 

4.1. Consideration of Workflow 

While comparing it with the general workflow, we considered speeding up at each stage of design, 
production design, and construction. 

• Speeding up the design stage 

Unit models of typical functional units are prepared in advance and organized as a " Catalogue " to 
expedite consideration. 

• Speeding up the production design stage 

Accelerate the study of unitization and parts by using the "design study unit" that makes it easy to adjust 
design, structure, and equipment at the same time. 
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• At the construction stage 

Accelerate on-site work by utilizing prefabricated units that integrate design, structure, and equipment. 

Fig. 1 Examining a workflow that achieves "higher speed" 

4.2. Consideration of classification of hospital functions and unit method 

Based on the organization of hospital zoning and traffic line plans, a "center corridor" was established 
to consolidate the main traffic lines and main equipment routes in order to simplify the functional 
configuration of the building. The center corridor becomes the "trunk" and each functional zone becomes 
the "branch and leaf", making the hospital structure extremely clear as a tree-like organization. 

Fig. 2 Center corridor and functional zones (The top picture is the 1st floor, the bottom picture is the 2nd floor.) 

4.2.1. Center Corridor 
The center corridor has the following three functions, 

•  Line of flow as a “trunk”  

Hospital functions can be broadly divided into outpatient flow lines and back flow lines. The traffic line 
of foreigners is set as the center corridor. Through this arrangement, it is possible to realize a universal 
design that makes it easy for even first-time visitors to intuitively grasp the flow line. Zones are also 
clearly demarcated, contributing to security planning. 

• Equipment route as a “trunk” 

The main trunk line for electrical equipment and the main trunk line for water supply and drainage were 
consolidated in the center corridor. In general building plans, water supply and drainage routes are not 
necessarily connected to a single main trunk, but water is often supplied for each zone and sent to an 
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underground pit through vertical pipes for each zone, but the piping and wiring are network-like. It 
becomes a plan, and the number of design adjustments increases. The tree-like organization greatly 
reduces the number of items to be coordinated between buildings and facilities. Although there is a 
disadvantage that the wiring and piping length increases slightly, the advantage of speeding up was 
given top priority. 

• Seismic element as a trunk 

In the center corridor, earthquake-resistant braces (X direction Y direction braces and horizontal braces) 
are installed to provide sufficient strength against rolling, and the center corridor partially bears the 
horizontal force of each functional zone during an earthquake. plan to As a result, the degree of freedom 
in planning for each functional zone can be increased, and the speed of structural design can be 
increased. Although there is a disadvantage that the frame of the center corridor is slightly excessive, 
the advantage of speeding up is given top priority here as well. 

Fig. 3 Center corridor and functional zones as "trunk"                                            Fig. 4 Plan variations 

With the above arrangement, for example, it is possible to partially complete the construction of the 
center corridor and patient rooms first and then start using them. Furthermore, it is also possible to 
extend the center corridor in the future and expand the function. It can be said that it is a horizontal 
development of the old concept of "metabolism". 

4.2.2. Plan variations 
In actual planning, if the center corridor is set in a straight line, depending on the scale, there will be an 
adverse effect of lengthening the back flow line of doctors and nurses. By considering the following plan 
variations, it is possible to shorten the back flow line. 

4.3. Creation of BIM model and unit cataloging  

Unitization of zones requires a unit that can be unitized into a container for each room like a hospital 
room, and a complex functional linkage like an operating room. Unitization on BIM that cannot be done 
as a unit was divided and organized. Design, structure, and equipment BIM models were created based 
on the standard plan, and grouped using the group function. I also entered the specification information 
such as performance. In order to make it easier to refer to, the created "group" was arranged in the 
project space of BIM and made a "catalog". When designing, copy from this catalog and use it while 
transforming, supplementing and correcting information according to the project. In addition to the zone 
catalog, we also prepared a study model using a spatial object called a Revit "mass". At the initial stage 
of design, the volume model is used to expedite zoning studies, and once the zoning plan has been 
finalized, it is replaced with the zone model. It is automated using programming, and multi-objective 
optimization is also utilized for site layout studies. 

4.4. Development of zoning study method and unit automatic placement method 

The design study unit was used in the study of unit construction and prefabrication. By temporarily 
replacing models with a single category, it becomes easier to divide and integrate design, structure, and 
equipment models, and it also speeds up the examination of parts. The attribute information necessary 
for construction is once extracted to Excel, and after converting it into parts, it is put back into the native 
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data. The BIM model created in this way was linked to Navisworks, and the on-site process was 
examined using the 4D simulation function. Fig. 7 shows the process of the study. In Fig. 8, the model 
created this time was visualized by linking it with the landscape software Lumion. 

Fig. 5 Maintained zone model catalog 

 

Fig. 6 Initial study model and model replacement 

5. Discussion 

In this paper, assuming "emergency situations" such as disasters and pandemics, we focus on medical 
facilities with high priority on functionality, and use the concept and function of BIM to construct buildings 
such as spaces, members, and units. The concept of UHSCS with simplified elements is presented. 
Specifically, it showed a rational design using BIM, the introduction of prefabrication that is compatible 
with the concept of BIM, and the procedure for speeding up the workflow by saving labour at the 
construction site. I would like to think about the effect of compensating for the construction production 
system, which is understaffed even in normal times, by thoroughly standardizing and labour-saving 
construction trials by further utilizing BIM, IoT, SCM, robotics, etc., which are building elemental 
technologies of the Japanese industry.  
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Fig. 7 Construction parts and 4D simulation  

Fig. 8 Scenery simulation 

References 

[1] ENDO Kazuyoshi, BOCK Thomas, LINNER Thomas, “Rapid return on investment by innovative methods in construction 
visualized by cash flow model, Proceedings of Creative Construction Conference 2013, Budapest, Hungary, July 6–9, 2013 

[2] OKADO Satoshi, ENDO Kazuyoshi, IWAMURA Masato, “Research on construction period examination at the initial stage of 
basic design using BIM, 36th  Proceedings of Symposium on Building Construction and Management of Projects of AIJ (in 
Japanese), pp. 233-238, 2021 

[3] IWAMURA Masato, ENDO Kazuyoshi, SATOSHI Okado, “Attempts of production design using BIM in construction projects, 
part 2 Examination of productivity improvement by unitizing BIM objects for design process,” 2021 Summaries of technical 
papers of annual meeting of AIJ(in Japanese). , pp. 109-110, 2021 

[4] ENDO Kazuyoshi, IWAMURA Masato, OKADO Satoshi, “Attempts of production design using BIM in construction projects 
Part 1 Examination of productivity improvement by unitizing building parts and elements,” 2021 Summaries of technical 
papers of annual meeting of AIJ (in Japanese). , pp. 107-108, 2021 

[5] JISHIZU Yuko, “Computational BIM and with Dynamo+Revit,”, 1st printing, Tokyo: Japan, BNN (in Japanese), 2022, ISBN: 
978-4-8025-1210-7 

Skeleton Ceiling + air 
conditioning 
equipment 

Floor + piping Wall panel + PS + 
wiring 

Wall panel + 
exterior wall 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-004

Keszthely, Hungary 
20-23 June 2023

32



DEEP REINFORCEMENT LEARNING DRIVEN AUTONOMOUS 
FLIGHT UAV FOR CONSTRUCTION PROGRESS MONITORING 

Yuna Jung1, Dongmin Lee2 
1 Undergraduate Student, School of Architecture & Building Sciences, Chung-Ang University, 
Seoul 06974, South Korea, E-mail address: noobol700601@cau.ac.kr 

2 Assistant Professor, School of Architecture & Building Sciences, Chung-Ang University, Seoul 
06974, South Korea, E-mail address: dmlee@cau.ac.kr 

Abstract 
Recently, Unmanned Aerial Vehicles(UAV) have been studied as a means of monitoring construction 
sites more safely and accurately. However, construction sites are complex environments with numerous 
heavy equipment and workers constantly moving around, making it difficult to predict obstacles and 
anticipate changes. To use UAVs for on-site monitoring in such environments, a control algorithm that 
can adapt to changing conditions is required. Therefore, this study proposes a reinforcement learning-
based autonomous drone algorithm. UAVs, obstacles, and target points are positioned in a 3D learning 
environment, and random movements are assigned. The UAV detects objects using LiDAR sensors and 
assigns penalties if it collides with an obstacle, while rewarding if it reaches a target point. Through this 
method, the autonomously driven UAV trained using the proposed algorithm demonstrated similar 
accuracy to the existing GPS-based autonomous driving algorithm and up to 50% shorter average time 
to reach the target point, highlighting its high potential for practical use. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

The use of unmanned aerial vehicles (UAVs) for monitoring and data collection in construction sites has 
recently gained significant attention. UAVs have been utilized in various fields, such as military 
reconnaissance, education, and training, since their experimental deployment during World War I. Since 
2016, the UAV market has seen increased consumer demand, growing from a $2 billion market in 2016 
[1] to a $22.5 billion market in 2020 [2]. Compared to traditional monitoring methods that rely on workers
or equipment, utilizing UAVs for monitoring construction site provides a safer alternative for accessing
hard-to-reach areas, such as high places and narrow spaces. UAVs can also be programmed to fly
autonomously, including their flight path, speed, and altitude, reducing the need for human intervention
and effectively reducing the time and labour costs associated with traditional monitoring methods where
workers reach target points, take photos, return, and inspect and report the photos. For this reason,
applying UAVs in construction sites is an essential technology for improving safety and productivity in
future construction sites. UAVs can provide real-time data and imagery to construction sites managers,
enabling them to make informed decisions quickly, identify potential hazards, and prevent accidents. As
a result, UAVs have the potential to revolutionize the construction industry, making it safer, more
efficient, and more cost-effective.

On the other hand, the construction site environment is characterized by a high degree of uncertainty 
due to the movement of numerous heavy machinery and workers, as well as the daily progress that 
brings constant changes. Such an environment makes challenging control problems for the UAV 
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operator. The operators should manually see the surrounding environment and control the UAV to avoid 
obstacles (e.g., walls, columns, temporary facilities) while finding the optimal locations for target 
monitoring. That is labour intensive, time consuming and costly, which interferes the adoption of UAV in 
construction site. For these reasons, it is imperative to fully automate UAV monitoring through 
autonomous flight from the take-off point to the target area without any human intervention, allowing for 
reliable target monitoring.  

However, current autonomous UAV relies on the use of global positioning system (GPS) and other 
external sensors to estimate location. Previous research has achieved autonomous UAV flight by forcing 
the UAV to move in a way that avoids obstacles detected based on light detection and ranging (LiDAR) 
sensors or GPS-based information, to prevent the UAV from approaching obstacles within a certain 
distance. Additionally, autonomous driving using a convolutional neural network called DroNet, which 
predicts the probability of collisions and steering angles simultaneously based on driving data of vehicles 
that comply with traffic regulations, such as cars and bicycles, has also been studied. However, these 
methods are difficult to apply to the development of autonomous UAVs for construction progress 
monitoring, due to the unique and random nature of obstacles present on construction sites. These 
existing approaches are insufficient in quickly responding to unpredictable and random obstacles 
encountered on construction sites. 

Therefore, to implement a UAV that can efficiently explore obstacles and reach the destination on 
construction sites, it is necessary to implement various abilities such as 1) real-time obstacle detection 
with rider and avoidance, 2) recognizing target locations for enabling the autonomous UAV to perform 
tasks such as arriving at a specific location or performing a task (e.g., image capture, record videos) at 
that location, and 3) finding optimal traveling path. To realize the abilities above, we suggest the 
reinforcement learning, a machine learning training method based on rewarding desired behaviors 
and/or punishing undesired benaviors. To apply reinforcement learning to autonomous UAVs, we 
created a virtual, dynamic construction sites environment where human worker objects are randomly 
moving, then we put a virtual UAV in it attached with a hypothetical LiDAR sensor. Then, we tested 
whether the UAV could learn an autonomous flight strategy (i.e., avoiding obstacles, recognizing target 
locations, and finding optimal traveling path) without human intervention in the dynamic construction 
sites environment. 

The structure of this paper is as follows. In section 2, we review related works to find the research gaps, 
then explains research objective and method in section 3. Then we design a case study in section 4 and 
analyze the experiments in section 5. Finally, we conclude our paper in section 6. 

 

2. Related Works 

2.1. Literature review 

2.1.1. Progress monitoring in traditional construction sites 

In the case of large-scale construction projects, there are various factors that make it difficult to monitor 
the project's progress and processes. These factors include 1) remote construction sites, 2) the large 
size of construction sites, 3) the need to manage rapidly changing processes, 4) difficulty accessing 
certain areas, and 5) insufficient personnel. Traditionally, workers or managers have used methods such 
as taking photos of the site to assess the progress later or using CCTV footage to monitor real-time 
progress. However, these methods have limitations, such as restricted access to certain areas when 
taking photos and difficulty capturing footage from various locations due to fixed camera positions.[3]  
Moreover, construction sites are often very large in scale and have scattered workspaces, making it 
difficult to regularly monitor every corner of the project with limited personnel. [4] In some cases, 
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additional devices such as Inertial Measurement Units (IMUs), GPS, Ultra-Wide Band (UWB), and RFID 
are being used effectively to monitor workers or equipment. However, the widespread use of these 
devices is facing challenges due to the increased cost of installation and monitoring, as well as 
discomfort and resistance from workers due to the attachment of devices to their bodies. [5] 

The technology and methods that have been proposed or developed for on-site work monitoring have 
often encountered problems with worker compliance or practical application in construction sites. In 
contrast, research on the application of unmanned aerial vehicles (UAVs) for site monitoring has shown 
promising results. To address issues such as difficulty of access and insufficient personnel in project 
monitoring, the use of UAVs for progress monitoring has been proposed. [6-11] 

2.1.2. Application of unmanned aerial vehicles (UAVs) for progress monitoring in construction  

Several review papers examined the use of UAVs in construction progress monitoring, demonstrating 
how 2D images captured by UAVs can be matched to geographic information to create 3D models. 
Basic 3D models include point cloud models and digital elevation models (Figure 5), and these models 
can be transformed into 3D models in a BIM environment using Scan-to-BIM techniques. Research on 
process and quality management through the comparison of as-built and as-planned models in a BIM 
environment has also been conducted [7-9]. As mentioned earlier, the 2D image and 3D spatial 
information obtained from UAVs are often used in conjunction with BIM models. Recently, augmented 
reality (AR) techniques have been developed in conjunction with BIM models and UAVs to monitor the 
progress of construction projects and provide workers with intuitive access to related information [10]. 
Another study on the application of UAV technology for construction site monitoring [11] focused more 
on the use and analysis of photos and videos taken by UAVs rather than on the capabilities of the UAVs 
themselves. This study was not about UAVs, but rather about the data obtained through the use of UAVs. 

Furthermore, research is actively being conducted on utilizing machine learning to automatically 
transform objects by identifying their characteristics in the Scan-to-BIM process. Additionally, there are 
studies being conducted on incorporating UAV guidance devices into BIM models [12]. Currently, 
guidance devices adopt a method of setting and controlling UAV flight plans using general satellite maps 
such as Google Maps, but this has limitations in reflecting the progress of construction projects in a 
timely manner. In other words, if information on structures that have not been reflected in satellite maps 
is not reflected in the flight plan, this can not only cause collisions between structures and UAVs, but 
also lead to secondary accidents. The need for subsequent research to address these issues has been 
mentioned. In these studies, problems with the path designation of UAVs and the need for autonomous 
driving are commonly mentioned. Therefore, we found the need for research on autonomous UAVs for 
application in construction sites. 

2.1.3. Development of autonomous UAVs based on deep learning. 

Recently, deep learning-based approaches have been proposed to successfully apply autonomous 
UAVs. Deep learning methods can be broadly categorized into supervised learning, unsupervised 
learning, and reinforcement learning. Among these, supervised learning is actively applied for 
autonomous UAVs. In supervised learning, a UAV can learn how to drive by mimicking the pilot's flight 
style, who demonstrates optimal flights in an experimental environment. This approach is also known 
as imitation learning or behavior cloning and is widely used in autonomous UAV technology. However, 
applying this technology to monitor construction sites is remained challenging. To create a dataset of 
optimal flight for the model to reference, many test flights must be conducted in a controlled environment. 
However, in the construction sites environment where site conditions are changing over time, it is difficult 
to create enough and reliable flight data. Therefore, to teach autonomous flight in a construction sites 
environment, reinforcement learning can be a useful machine learning approach. Reinforcement 
learning is a method for sequential decision-making in which the agent and the environment interact to 
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select actions that maximize reward among actions that can be taken in the current state. [13]. This 
approach is characterized by learning the value of each choice in every situation by trial and error in an 
unknown environment without prior knowledge, receiving rewards or penalties for actions, and gradually 
learning through the process. [14]  

reinforcement learning has the characteristic of learning the value of each action in each situation by 
experiencing trial and error in an unknown environment without prior knowledge, receiving rewards or 
punishments for actions, and continuously making decisions on which action to take to achieve the goal 
in each situation. As a result, the learned outcome of reinforcement learning is better able to adapt to 
sudden variables or unexpected situations. Rather than commanding movement based on 
predetermined rules, paths, or actions, reinforcement learning constantly makes decisions on which 
actions to take in each situation to accomplish the goal, making it robust to sudden environmental 
changes. Therefore, it is believed that reinforcement learning for training autonomous UAVs will enable 
stable flight in construction sites environments, which are always changing and have many variables. 
This paper aims to develop autonomous UAVs that can be effectively applied to construction sites by 
applying reinforcement learning to autonomous driving learning. 

3. AUTONOMOUS FLIGHT UAV FOR CONSTRUCTION PROGRESS MONITORING MODEL 

3.1. Research objective 

The goal of this study is to develop a construction progress monitoring autonomous UAV that is tailored 
to the characteristics of construction sites environments. We propose a reinforcement learning-based 
autonomous driving model that can navigate through moving workers, changing environments, and 
multiple target points, and validate it by comparing it with existing GPS-based navigation autonomous 
driving. 

3.2. Framework overview 

The framework of this study is as follows: 1) creation of a 3D model that includes an environment with 
obstacles mimicking a construction sites, targets for image capture, and randomly moving workers, as 
well as the UAV that is the subject of the learning, and 2) extraction and performance evaluation of an 
autonomous driving model through reinforcement learning in the created environment.  

 

Fig. 1. Process for Reinforcement Learning driven autonomous flight UAV algorithm 
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3.3. Research method  

The rule used by the agent for selection in reinforcement learning is called a policy, and research on 
finding the optimal policy is divided into two main types: value-based algorithms and policy-based 
algorithms [15]. Our reinforcement learning uses the PPO (Proximal Policy Optimization) algorithm, a 
policy-based reinforcement learning algorithm from the ML_Agents module built into Unity. PPO 
introduces a clipping function that limits policy updates instead of the KL Divergence constraint, and it 
is widely used in many reinforcement learning studies for autonomous vehicles, UAVs, etc. due to its 
high performance and reduced computational complexity [16][17]. 

In reinforcement learning, a reward is a short-term metric used to evaluate how effective the agent’s 
actions are in the current state. The agent learns to behave in a way that maximizes the cumulative 
reward until the episode is complete. Therefore, designing appropriate rewards is crucial to achieving 
the goal. In this study, we first use LiDAR sensors to allow the UAV to explore surrounding objects. If 
an obstacle is detected, a penalty is imposed based on the distance, and if a short distance that could 
lead to a collision with the UAV is measured, the episode is terminated, and a penalty is imposed. After 
the episode ends, the rewards and penalties obtained from that episode are summed up, and the agent 
chooses the next action that can result in a better reward. 

4. Case Study 

To realize our research objective, we conducted a case study to verify whether autonomous UAVs 
trained with reinforcement learning can achieve better autonomy in dynamic construction sites 
environments than traditional navigation algorithms. We created a 3D virtual construction sites 
environment using game engines and placed worker models that move randomly. We trained 
autonomous driving algorithms in such an environment. Finally, we evaluated the performance of the 
UAV trained with reinforcement learning with a UAV using location-based navigation system, which is a 
basic module built into the game engine. 

4.1. Case scenario 

This case study aims to compare and validate whether a UAV trained with reinforcement learning can 
perform better autonomous flights in dynamic construction sites environments than a UAV using 
traditional navigation algorithms. To create an environment that reflects the dynamics and uncertainties 
of a construction sites, we used the Unity, a 3D game engine, to construct a 3D environment for the 
UAV to navigate. To create a dynamic construction sites environment, we created structures in a large 
flat space, separating the space with 13 walls. We placed 11 worker models in that space and added a 
movement script to give the workers randomized movements, thereby adding randomness to the 
environment. The workers rotate randomly between 0-360 degrees clockwise and move forward every 
2 seconds or when they collide with a wall (obstacle). Moreover, we experimented with various workers’ 
movement speeds to observe the autonomous UAV’s performance as the environment’s randomness 
increased. Overall, we aimed to create an environment that simulates the challenges faced by 
autonomous UAVs in construction sites, while also allowing us to control variables such as the 
movement of workers and the layout of obstacles. 
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Fig. 2. Learning environment 

We place UAVs in this environment for training and testing it’s traveling performance. The environment 
is characterized by walls and a floor, which are labelled as obstacles. Additionally, there are eleven 
workers in the environment, each of which is labelled as a destination where RL agent can interact with. 
A RL agent gets negative reinforcement (-3) for collisions with obstacles, positive reinforcement (+5) for 
reaching a destination, and other reinforcement based on the UAV's distance from the target worker. 
Then the RL agent is trained to increase its total reward by avoiding collisions with obstacles, getting 
closer to the target worker, and sequentially reaching all destinations with optimal path. If the UAV 
collides with an obstacle, it receives negative reinforcement, and the episode is reset. When all 
destinations are reached, the total reward is calculated, and if it reaches 55, the episode ends, and the 
system is restarted. 

To evaluate the system, the UAV is flown in the same environment, and the time taken to reach all 
destinations is measured. Additionally, the time taken for the UAV using GPS navigation (GNU) to 
complete the same task is measured for comparison. To test the system's adaptability and 
responsiveness to randomness, three different environmental variables are implemented, including 
different worker speeds and rotation intervals. 1) Enter the worker's movement speed as 2, rotate the 
direction of progress every 2 seconds, 2) enter the worker's movement speed as 4, rotate the direction 
of progress every 2 seconds, 3) enter the worker's movement speed as 8, and rotate the direction of 
progress every 0.5 seconds. 

Overall, the autonomous UAV system using reinforcement learning is successfully implemented and 
tested in various environments. It demonstrates its adaptability and effectiveness in navigating complex 
environments. The system's reinforcement learning algorithm allows it to learn from its mistakes and 
adjust its behavior accordingly, resulting in improved performance over time. This system could be used 
in a variety of applications, such as warehouse inventory management, search and rescue operations, 
and precision agriculture. 

 

4.2. Results 

The following presents the driving results of an autonomous UAV using reinforcement learning (RNU) 
and a GPS navigation UAV(GAU) based on different variables. 

Table 1. Driving result in Speed = 2, Rotate once every 2 seconds 
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 Case 1) Speed = 2, Rotate once 
every 2 seconds 

Case 2) Speed = 4, Rotate 
once every 2 seconds 

Case 3) Speed = 8, Rotate 
once every 0.5 seconds 

 with RLU  with GAU with RLU  with GAU with RLU  with GAU 

1st 1m 21s 1m 29s 29s 1m 12s 38s 1m 44s 

2nd 1m 16s 1m 25s 41s 1m 18s 44s 1m 8s 

3rd 1m 18s 1m 34s 42s 45s 35s 1m 18s 

4th 2m 37s 1m 21s 51s 1m3s 29s 1m 23s 

5th 1m 26s 1m 54s 47s 58s 53s 1m 12s 

6th 1m 40s 1m 26s 32s 1m6s 29s 1m 27s 

7th 1m 7s 1m 19s 38s 1m 1s 40s 1m 16s 

8th 1m 16s 1m 29s 35s 52s 47s 1m 31s 

9th 1m 11s 1m 33s 47s 1m 16s 36s 1m 27s 

10th 1m 8s 1m 37s 39s 1m 5s 44s 1m 29s 

Min value 1m 26s 1m 30.7s 40.5s 1m 3.6s 39.5s 1m 24.5s 

 

Table 1 shows the results of ten trials of autonomous UAV navigation using both RLU, GNU in an 
environment where the worker's movement speed was set to 2 and the direction changed every two 
seconds. Despite a slight difference of 4.7 seconds, the RLU demonstrated shorter navigation times 
compared to the GNU. And second case presents the results of ten trials of autonomous UAV navigation 
in an environment where the worker's movement speed was set to 4 m/s and the direction changed 
every two seconds. The navigation time of the RLU was significantly shorter, with an average of 40.5 
seconds per trial compared to the GNU, which required an average of 1 minute and 3.6 seconds per 
trial. This is a substantial difference of 23.1 seconds. 

In a third case, ten trials of autonomous UAV navigation were conducted in an environment where the 
worker's movement speed was set to 8 m/s, and the direction changed every 0.5 seconds. Similar to 
the previous trials, the RLU showed a considerable advantage, with an average navigation time of 39.5 
seconds per trial compared to the GNU, which required an average of 1 minute and 24.5 seconds per 
trial, representing a substantial difference of almost double the time. 

 

5. Discussion & Limitations 

This study can be seen as an approach to developing autonomous UAVs for complete unmanned 
construction sites. Based on our previous experiment results, we have confirmed that reinforcement 
learning algorithms can be effectively applied to construction sites with uncertainty and randomness. 
We proposed a system that uses LiDAR sensors for object detection to train autonomous driving 
algorithms without providing any separate information such as obstacle locations or target points. 
Through this, we provided solutions to problems previously raised for applying UAVs to work monitoring 
on construction sites, such as pre-determined paths and incomplete autonomous driving. This enables 
complete unmanned work monitoring at construction sites by placing only one fully autonomous UAV 
on-site, instead of relying on workers or managers to take photos or videos to check the progress of 
work through CCTV cameras on-site. 
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In this study, we only conducted experiments in a virtual environment within the Unity game engine. This 
means that it was conducted only in a simulation without any variables such as unexpected problems in 
a natural environment (e.g., undetected obstacles, strong winds affecting UAV driving, and objects 
moving too fast to detect). Therefore, there is a need for research to apply our autonomous driving 
algorithm to actual UAVs and fly them in real construction sites environments. For this, we need to use 
ubuntu ROS and Gazebo to enable autonomous driving commands to be sent to actual UAV modules. 

Also, the movement of our virtual UAV in the simulation environment was in two dimensions, not in three 
dimensions. It consisted of very simple movements such as rotation and forward/backward motion, 
which are highly simplified compared to the actual UAV's ability to move in 3D and 360 degrees. In 
addition, the UAV's target is limited to simply finding and reaching the detected target using LiDAR 
sensors without collision. In actual UAV use for construction sites progress monitoring, various tasks 
are required such as reaching the target location and continuously capturing images, tracking target 
workers, etc. Therefore, it is necessary to instruct the UAV to perform more complex behaviors and 
enable autonomous driving for such behaviors. 

In summary, the virtual UAV we created in this study has limitations compared to actual UAV usage. 
Therefore, further research is needed to enable actual UAVs to perform more complex behaviors and 
autonomous driving in real construction sites environments. 

 

6. Conclusion 

This study presents the development method and performance verification of an autonomous UAV for 
monitoring construction work using reinforcement learning algorithms. By increasing the degree of 
random movement of obstacles, the autonomous UAV was able to achieve faster target approach and 
capture while avoiding obstacles more effectively. This research can be seen as an approach to the 
complete automation of construction sites monitoring through autonomous UAV development, and it is 
expected to have a positive impact on the complete automation of work monitoring in construction sites. 
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Abstract 
Among different phases of the life cycle of a building or facility, design is of the utmost importance to 
ensure safety, efficiency and sustainability of the building or facility. How to control and improve design 
quality and efficiency has been explored for years, and more studies emerged with the popularization 
of Building Information Modelling (BIM). However, most of them focused on the extraction of design 
behaviors, while paying less attention to how a design is formed. Therefore, this study proposes an 
approach to tracking and replaying the BIM-based design process by integrating data logging and 4D 
visualization techniques. First of all, potential design behaviors and procedures are analyzed and 
extracted by observing how a designer designs a BIM model. Meanwhile, the required data for logging 
design process is defined and a relevant method to collect these data is developed based on the APIs 
of BIM software. Then, strategies on how to visualize different design procedures are designed and 
implemented via 4D visualization. Finally, a prototype system is developed based on Autodesk Revit 
and validated through a case study. Result shows that the proposed approach enables intuitively and 
interactively review of the design process, and makes it easier to understand design behaviors and even 
identify potential pitfalls, thus improving the design efficiency and quality. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: building information modelling, design process tracking, design behavior, 4D visualization. 

1. Introduction

In the life cycle of engineering construction projects, the three core stages are the design stage, the 
construction stage and the operation and maintenance stage. The design stage often only takes up a 
small part of the time and cost of the whole project, but it plays a decisive role in the cost, quality and 
duration of the project [1]. Therefore, improving the efficiency and quality of the design stage is very 
important to ensure the success of the whole project. In order to study the specific methods to improve 
efficiency and quality of the design stage, it is necessary to conduct a detailed analysis of the specific 
process of design. The design process is of significant importance because it can reflect factors directly 
related to design efficiency and quality, such as the designer's ideas, behavioural habits and experience 
level. This information usually cannot be obtained from the design results, such as blueprints, drawings, 
calculation results.   

Nowadays, BIM-based design has become more and more common in the architecture, engineering 
and construction (AEC) industry. Building Information Modelling (BIM) provides a data integration 
platform for the whole life cycle of buildings, recording comprehensive and diverse data. The traditional 
CAD-based design can only provide design results, while BIM-based design can record the detailed 
data of the design stage and provide valuable information for studies on the specific process of design. 
There have been some studies focusing on tracking the specific process of design. Yarmohammadi, 
etc. [2] evaluated the modelling efficiency of different designers by analysing the real-time recorded 
design process data, and based on this, gave a staffing plan to optimize the efficiency of the whole 
design team. Based on the design process information mined from the BIM log file, Pan, etc. [3] 
established a prediction model for design behaviour using Long Short-Term Memory neural network. 
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However, these studies based on data analysis had the following shortcomings. First of all, most of the 
studies extracted the design behaviour data from BIM software and analysed the data outside it. This 
process can be time-consuming, and the use of multiple data analysis software also makes the whole 
process very complicated. Secondly, it also took time to send feedback on the conclusion to the 
designers after the data analysis. The feedback including data results (data, tables, text conclusions, 
etc.) can be abstract so that designers cannot quickly identify and understand the specific modelling 
details. This makes it more difficult to match the specific design behaviour with the feedback to draw 
any practical conclusion [4]. 

To address this problem, we can use visualization technique to show the design process to the designers 
which provides designers with a quick way to learn and summarize experience, and the researchers 
with a means to observe the design process visually. In the AEC industry, especially in the studies 
related to construction planning, the 4D visualization technique has been used to combine the 3D data 
of BIM models with the schedule information to obtain the 4D analysis model of the building life cycle, 
so as to visually display the project progress and assist in checking the correctness and constructability 
of the building design [5]. There are many specific implementation schemes of 4D visualization 
technique [6], but most of them need to use additional software and link the BIM model with it. However, 
the data conversion between different kinds of software involves steps such as the unification of format 
and type, and the process is complicated [5]. 

To address the shortcomings of the previous studies, this paper designed a system for tracking and 
intuitively "replaying" the design process based on 4D visualization technique, which can realize the 4D 
visualization of the modelling process directly in the BIM software used by designers. The system can 
meet the requirements of quickly and accurately locating the specific design process and analysing the 
design behaviour characteristics. This process can transform the implicit knowledge hidden in design 
behaviour into explicit knowledge expressed through written experiences, providing clear suggestions 
and guidance for future design work [7]. This study first analysed the design behaviour of designers 
based on the theory of Human-Computer Interaction and summarized the data requirements of the 
system. This analysis not only gave corresponding data requirements, but also provided a foundation 
for designing specific 4D visualization strategy. Specific algorithms were then developed to collect data 
and realize visual effects. To prove the effectiveness of the proposed system, a prototype system based 
on Revit software was developed. Finally, a case study using the prototype was conducted to validate 
the proposed system. In the end, this paper discusses the value of the system and the deficiencies that 
need to be further improved. 

2. Methodology 

 

Fig. 1. Methodology of this study 

As shown in Fig. 1, this study first analyses the BIM design process to summarize the data requirements 
of the system and give a clear goal for visualization. The specific method of 4D visualization is the core 
part of this system, therefore it is crucial to analyse and propose an implementation strategy of 4D 
visualization for specific issues of concern in this study. Specifically, this study proposed a 4D 
visualization strategy combining visual effects and interactive UI window. The algorithm design stage 
produces a data collecting method to address the data requirements and a specific method to realize 
4D visualization in BIM software. Finally, this study implemented specific code based on Autodesk Revit 
software to verify the effectiveness of the design, and tested it with a case study in a specific BIM model. 
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2.1. Analysis of BIM Design Process and Data Requirements 

The design process based on BIM is a human-computer interaction process. In this process, information 
flows in two directions. The designer inputs instructions through the computer input hardware, the 
computer then processes these instructions, makes modifications to the model, and returns the new 
model to the designer through the screen. The designer can then carry out the next modelling step 
according to the current results. Just like replaying a video, this system should enable users to see when 
each step was carried out on the timeline in order to meet the requirements of the basic replay function. 
The most important operations that make changes to the BIM model can be divided into three categories: 
creation, modification and deletion [8]. These are also the three types of user operations that this study 
focuses on and require visualization. 

The core data requirement of tracking and replaying modelling process is the time series data of BIM 
model modifications. These time series data should contain two types of information. First of all, data 
that can uniquely identify model elements is required, which is usually the ID of elements in the model. 
The second type is the information about user operations, including the type of operation (creation, 
modification, deletion, etc.), the time of operation and other extra data that may be required. 

Table 1. Data requirements of different types of operations 

Types of operation Common data requirements Different extra data requirements 
Creation IDs, Time -- 
Modification Specific change data. e.g., spatial 

position change, material change 
Deletion Data needed to reconstruct the element 

 

Different types of operation need different extra data (Table 1) and the complexity of the required data 
varies greatly. For example, the creation operation requires no extra data, while the deletion operation 
needs all the parameter information needed to recreate the deleted element. This is because if we want 
to visualize an element that has been deleted from the database, we first need to be able to reconstruct 
it in the model. However, the quantity and fineness of the required data are not absolute and can be 
adjusted according to user’s demands. If it is only needed to replay the process of creation elements, or 
to be only accurate about the basic information of the deleted elements, such as the geometric position 
and size of the deleted element, it is possible to reduce the number and fineness of corresponding data 
requirements to simplify the data collecting process. 

2.2. Analysis of 4D Visualization Strategy 

This study only relies on BIM software for visualization, its advantage is convenience and speed, but it 
is also subject to mainly two aspects of limitations. Firstly, BIM software can only provide limited visual 
effects-related settings for visualization, and most BIM software does not allow deeper customization 
for graphic renderers. Secondly, additional windows need to be developed to control the visualization 
process and serve as data panels. Therefore, the strategy that BIM based 4D visualization should adopt 
is to use the visual effects provided by the software combined with interactive windows that control 
visualization and display relevant data. 

The visual effect of "replay" can be realized through the display mode or display style of elements in 
BIM software. The display mode is mainly related to the current state parameter of the element, such 
as whether it is selected, whether it is in the hidden state, etc. BIM software uses different visual methods 
to highlight components in these different states, which can be used by our visualization purpose. For 
example, in Revit, an element is shown in blue if selected. The display style depends on the rendering 
options provided by the graphic renderer. For example, Revit provides display style options such as 
"Realistic", "Wireframe", and "Consistent Colours". These options only affect the display effect of the 
elements in a particular view, and do not change actual parameters of them.  

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-006

Keszthely, Hungary 
20-23 June 2023

44



The window providing interactive functions needs to control the progress of 4D visualization and 
dynamically adjusts the visual effects of elements in the view according to user operations. We also 
need windows to display some relevant information, such as the time of the current operation, the types 
of the elements involved and the type of operations. If the demand for data display is low, these two 
kinds of windows can be merged together. 

2.3. Data Collecting Method Design 

In this study, real-time data collecting method was used. Real-time data collecting can be carried out 
through software plugins of BIM software, which can be developed based on redeveloping method. The 
cost of additional software development is high and it is difficult to obtain the data in the BIM model, so 
the plugin based on redevelopment is more suitable. Most sorts of BIM software on the market have 
open Application Programming Interfaces (APIs), which usually provide rich functions for 
redevelopment.  

The data requirements of this study include the user's operation data, and the collection of this part of 
data needs to be realized with the help of the Event system. Generally, plugins need to subscribe to 
events related to model modification and element change provided by BIM software to obtain relevant 
data when these events occur. The collected data needs to be exported and stored in a serialized way, 
and different data belonging to different models should be stored separately. 

2.4. 4D Visualization Method Design 

The 4D visualization strategy obtained from the previous analysis is a universal principle that can be 
applied to almost all kinds of BIM software. However, for each specific BIM design software, the 
functions and rendering parameters provided by the software are different, so the 4D visualization 
method in each specific software needs to be designed independently. This section provides a possible 
visualization scheme for Autodesk Revit. 

The specific plan for visual effects of 4D visualization is shown in the table 2. Different design behaviours 
are presented in different ways by visual effects. A replay control window is needed to read the data 
files and modify the BIM model in real-time based on user actions to achieve visual effects. This window 
should also present relevant data. 

Table 2. A possible visualization plan for Revit 

Types of 
operation 

Creation Modification Deletion 

Visual effect Hide/display mode set to display Shown in blue Set to be transparent 

Examples 

   

2.5. Implementation and Validation 

Specific implementations and case studies are important ways to test the usability and effectiveness of 
a newly proposed system. This study takes Autodesk Revit software as an example to develop specific 
codes, collect required design process related data through the Revit plugin, and provide modelling 
process replay functionality. Considering the difficulty of development, the plugin developed in this study 
only implements replay of creation operations. The developed plugin will be used on a simple specific 
BIM model for specific case testing and analysis. The results of the case study are then used to evaluate 
the functionality, efficiency, and user experience of the plugin. 
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3. Implementation and Case Study 

3.1. Implementation 

This study developed a prototype system based on Revit to realize the basic tracking and replaying 
functions for BIM-based design, and verified the feasibility and effectiveness of the proposed system. 
The main body of the prototype system is a plugin developed for Revit 2023 on Windows. 

Tracking the creation of an element requires the identification data of the element and the time of the 
creation operation. In Revit software, each element of an independent model file has a unique Elementid 
attribute as the identification code. This attribute can be easily obtained using APIs, and the time 
information can be obtained directly through the System.DateTime method provided by Windows. For 
real-time recording, the system subscribed to two events provided by Revit, DocumentOpenedEvent 
and DocumentChangedEvent. The former notifies the plugin after opening a model file. At this time, the 
plugin retrieves whether there is a data record file corresponding to the model file. If not, it creates a 
data recording file and prepares the file stream for subsequent writing. If there is a matching data record 
file, it opens the file and prepare the file stream. The latter event will notify the plugin after the model 
changes, and will provide a list of ElementId of all newly added elements. The plugin then integrates 
these data together with the time information into a structured string and stores it in the data file. 

The data recording file of the prototype system adopts the txt format, mainly considering that the data 
to be recorded during the modification and deletion operations is relatively complex. This may cause the 
length and complexity of the records to vary greatly, so a certain degree of structure is sacrificed to 
ensure flexibility and versatility which may benefit further development. 

The “replay” visual effect is achieved by changing the hide/display mode of elements. For a specific 
point in time, elements that have been created are displayed, and elements that have not yet been 
created are hidden. Over time, hidden elements change to the displayed state one by one in the time 
order of creation. In Revit, the hide and display of elements are set by the viewport (View). The 
hide/display of elements are designated by a specific View. In other word, if an element is hidden in one 
View, it is still displayed in other Views. 

 

Fig. 2. Replay control interface 

To provide users with more control options over the replay function, the plugin includes a dialog interface 
(Fig. 2). Clicking the corresponding button on the ribbon menu opens the replay control interface and all 
elements are set to be hidden to take the user back to the starting point of modelling. All playable steps 
are distributed evenly on the scroll bar (a) in time order. The scroll bar is both a timeline and a “video 
progress bar”. Users can drag the handle at will and observe the changes of the model. The time of the 
handle position is displayed in the textbox (b). Users can also let the plugin play automatically by setting 
the playback speed (c) and press Replay (d). It will play the set number of steps every second. Automatic 
replay can be stopped by pressing Stop (e) at any time, and it will also stop automatically at the end of 
the replay progress. When you close the interface, the hide/display state of all elements in the view will 
remain. If you need to restore all the elements of the model to the display state, you need to drag the 
scroll bar to the end and then close the interface. 

3.2. Case Study 

This study takes a simple BIM model as an example to verify the effectiveness of the prototype system. 
The model has two floors, including common components such as walls, slabs, roof, doors, windows, 
stairs. Figure 3 shows three moments in the actual replay process and the complete model. 
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Fig. 3. Three moments in the replay process and the complete model 

The test proves that the plugin can realize the playback function well and give users sufficient control 
over the replay function. During the replay, designers can review their operations and summarize 
experience to improve design efficiency. For example, most elements on the second floor of the case 
model can be created quickly by copying elements from the ground floor. If designers discovered that 
they had been creating elements one by one, they can summarize experience and adopt more efficient 
methods in future modelling tasks. 

4. Conclusion 

Current BIM-based design process data analysis is not intuitive and the existing visualization scheme is 
complex. This study proposes a tracking and playback system for design behaviour to address these 
problems. The system collects the user's design process data in real time and intuitively displays the 
design process in BIM software. The system provides interactive control over the replay process and 
basic information about the current replay progress. The effectiveness of the system is verified by the 
development of a prototype system based on Revit and a case study on a simple BIM model. Designers 
can review their design process step by step and discover which specific operations can be optimized 
for better efficiency and equality. The recorded data file can also provide basic data for future research, 
and the plugin can also be improved to record more types of data such as mouse movement, keyboard 
input and executed commands. 

The system still has two deficiencies. Firstly, the real-time data collection method poses a problem. For 
models that have been partially completed elsewhere, the plugin can only replay the modelling process 
after using the plugin. In future research, data sources can be supplemented through log files and other 
means. Another disadvantage is that the current system only focuses on the creation, editing and 
deletion of elements, while there are many other design behaviours worthy of attention, such as 
perspective change, command input, etc. More diverse and detailed information of user operations 
should be included in future studies. 
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Abstract 

This study presents a case study for the proof of concept of developing and integrating a digital twin for 

an open floor-plan office space in a university campus to assess the (near) real-time monitoring of 

different elements, including temperature, humidity and occupancy. The system uses various weather 

sensors and a camera feed as input to a computer vision algorithm to detect (near) real-time occupancy. 

The goal is to use this platform to provide real-time information about ambient and occupancy 

information that users and facility managers can use to make buildings more efficient and sustainable 

by considering users’ involvement and feedback. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Engine. 

1. Introduction

Digital twins and Industry 5.0 aim to optimize manufacturing processes by leveraging cutting-edge 

technology. Industry 5.0 is the next phase in the industrial evolution and emphasizes collaboration 

between humans and machines, while digital twins are virtual representations of physical assets or 

processes, and they can be used to simulate, analyze and optimize the performance of a building 

throughout its lifecycle [1]. For example, with a digital twin, it is possible to optimize the design and 

operation of a building to reduce energy consumption, improve indoor air quality, and minimize waste 

[2]. Digital twins can be used to optimize energy usage, reduce waste, and minimize the environmental 

impact of manufacturing processes. Industry 5.0 aims to create more sustainable and eco-friendly 

production processes by leveraging advanced technologies like artificial intelligence and the Internet of 

Things (IoT). Additionally, digital twins can be used to simulate and analyze the impact of different 

scenarios, such as changes in weather or occupancy patterns, to identify potential issues and 

opportunities for improvement [3]. A digital twin can be developed on different platforms. One approach 

is using game engine technology to provide realistic digital environments. In construction research and 

related applications, game engines are becoming popular. For example, game engines have been used 

to create interactive training tools for construction safety applications using various technologies such 

as VR and AR [4]–[15]. Other applications include Interactive Building Information Anatomy Modeling to 

allow users to dive into the BIM model using VR and retrieve information about building components, 

such as material information [16] or the development of a workspace management framework 

integrating the work planning phase with spatial analysis [17]–[19]. 

One of the key synergies between digital twins and Industry 5.0 is the ability to create more efficient and 

effective manufacturing processes. Digital twins can simulate production lines, test new designs, and 

optimize operations at a relatively low cost. This allows manufacturers to identify potential issues before 

they occur, reduce downtime, and improve product quality. Industry 5.0 emphasizes the collaboration 

between humans and machines, and digital twins can support this collaboration by providing workers 

with real-time data and insights that help them make better decisions [20]. 
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With this background, this study presents a proof of concept for developing and integrating a digital twin 

in a university campus. This allows to gather information and assess in (near) real-time different 

elements, including temperature, humidity and occupancy, beyond traditional building management 

systems. This project created a favorable ecosystem that allowed the involved undergraduate students 

to get hands-on experience developing the components needed, from sensors to model development 

and connection between the digital and physical environments. This study was also done in collaboration 

with the industry to support the students and assist with creating the digital model using game engine 

technology. The ultimate goal was to create a proof-of-concept platform that allows users and facility 

managers to visualize (near) real-time information about different components of the space they are in 

and, ultimately, to make buildings more efficient and sustainable. 

2. Literature review 

Building Information Modeling (BIM) has changed how information can be generated, stored, and 

exchanged among various stakeholders in the construction industry. However, digital technologies are 

fast evolving and integrated with many phases of construction projects. Therefore, BIM should be 

considered in conjunction with these emerging technologies. Sacks et al. [21] indicate that digital twin 

models, Automated Project Performance Control (APPC), Construction 4.0, and automated data 

acquisition technologies remain emerging research areas in the AEC industry. 

Although the term “Digital Twin” was first attributed to NASA [22], the concept and model of the digital 

twin were introduced in 2002 by Grieves [23]. He proposed the digital twin as the conceptual model 

underlying product lifecycle management (PLM) [24]. Different industries have used digital twins for a 

while for different applications. For example, the aviation industry has been using twin models of aircraft 

and airports. The manufacturing industry uses digital twins for small components and large factories. 

These digital twin models are also used for safety and logistics maintenance to maximize the efficiency 

of the products [25]. Car manufacturers use this technology to analyze the performance of vehicles 

before production begins [26]. 

Implementing digital twins requires careful planning and execution to realize the potential benefits of this 

technology. One of the common concerns for implementing digital twins is the management of data and 

physical sensors from a wide range of applications. For instance, some urban planning applications 

require data collection from waterways, air, and soil, which must be managed and centralized for proper 

use. Some barriers include misalignment of data interpretation which can hinder the future 

implementation of digital twins. The inputs, outputs, and feedback vary depending on how digital twins 

are implemented and ultimately used. For example, for whom it is intended (citizens, public 

administrators, etc.), during which phase (or phases) it is implemented (planning, construction, O&M), 

and what type of IoT sensors and data are required (noise pollution, air quality, energy, occupancy etc.) 

need to be well defined and clearly identified at an early stage. To assist with that, Zhao et al. [27] 

developed a bottom-up framework to ease the implementation of digital twins to support facility 

managers during the O&M of buildings. They provided an aggregate landscape of DT applications to 

manage facilities and a conceptual framework for stakeholders concerned with their FM decision-making 

processes. 

The use of digital twins varies across different sectors and spans different disciplines. For instance, 

Scientists from the National Oceanic and Atmospheric Administration (NOAA) and the National Climatic 

Data Center (NCDC) use historical rainfall data from digital twins to virtually test the operation of existing 

stormwater systems. This addresses outdated stormwater systems buckling under the stress of heavier 

rainfall and increased flooding caused by climate change [28]. As part of the renovation of the UK rail 

infrastructure, researchers from Cambridge Centre for Smart Infrastructure and Construction (CSIC) 

developed a digital twin platform to gather real-time data to provide useful information to support 

engineers and asset managers to schedule safer and proactive maintenance plans [29],[30]. 

In 2021, the New York State Department of Transportation (NYSDOT) used digital twins to assess and 

replace the East 138th Street bridge in New York City’s Bronx borough. Completing the project in such 

a congested area involved complicated structural design and coordination using a digital twin as the 

primary construction document. The digital twin may now be continuously updated and used as a tool 

for asset management and bridge inspection [31]. 
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Bortoloni et al. [3] reviewed applications of digital twins in the field of energy efficiency for buildings. 

They identified 32 articles (from 2019 to 2022). From the review of those articles, they classified them 

into four topics related to applications of digital twins (1-Design optimization; 2-Occupants’ comfort; 3-

Building operation and maintenance; and 4-Energy consumption simulation). They concluded that 

based on the small number of publications found and how recent they were, the use of digital twins in 

the field of buildings energy efficiency is still in its infancy. 

A few studies highlight the potential of digital twins to improve sustainability in the built environment by 

optimizing building performance, reducing waste and energy consumption, and improving resource 

utilization. They also suggest that digital twins have the potential to play an important role in the design, 

construction, and operation of efficient and sustainable buildings and infrastructure systems. 

3. Case study 

The case study presented in this article extends the preliminary work conducted for the high-level 

integration of a digital twin at a university campus. For that project, the Blender GIS addon [32] was 

used to select the area of interest and generate the 3D context in a quick and accurate manner. After 

that, the 3D model was exported from Blender in fbx. format and imported into Unreal Engine as the 

platform to model the 3D environment. 

The high-level integration of the digital twin consisted of outdoor weather and environmental data 

obtained from https://api.openweathermap.org and some of the sensors deployed and maintained by 

the Center for Interacting Urban Networks (CITIES) as part of their CITIESair project [33]. The obtained 

data included the outside temperature of the area, humidity, pollutant levels (SO2, CO2, PM, etc.), the 

sun’s position, and the level of visibility or amount of dust in the weather. Only real data for indoor 

pollutant levels was available in one building (shown as green in Figure 1). For the rest, dummy data 

was generated to show proof-of-concept functionality but could be easily replaced with real data once 

the required sensors are in place. After obtaining these values in real-time, Unreal Engine actors were 

used to visualize each of these aspects (updated according to the real-time change in these values). 

For example, the Volumetric Cloud actor in the model changes the intensity of the clouds based on the 

real-time cloud intensity values obtained from the API. With that information, the Set Tracing Max 

Distance function in Blueprints modifies the intensity of the clouds to show a clear or cloudy sky in the 

game engine platform. An example of the visualization in the game engine platform of that work 

displaying a mix of actual and generated data for Fine Particles (PM 2.5) is shown in Figure 1. The 

building in green has data from an actual sensor installed. The rest of the buildings have dummy data 

for display purposes only. Information in the upper portion of Figure 1 (e.g., Temp, cloud conditions, 

humidity, wind speed and direction) is real data from the OpenWeather API at the time of the 

visualization. 

 

 

Figure 1: General view of the visualization of different elements considered during the preliminary work for the high-level 

integration of a digital twin at a university campus. 
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To expand the previous work, the rest of the study considers a more detailed space (interior of a building) 

consisting of an open floor-plan office space on a university campus to assess the (near) real-time 

monitoring of different elements, including temperature, humidity and occupancy, as a proof of concept 

for developing a digital twin. The process followed for the development of the digital twin involves 

different steps. The general process for this study is shown in Figure 2. 

Reconstruct 
digital space

Develop IoT 
platform

Integrate digital 
and physical 

spaces

Identify/get 
required sensors

Instrument 
physical space

 

Figure 2: Main steps for the development of the digital twin model for this study 

First, it entails reconstructing the digital space (assuming one does not exist already), creating a virtual 

representation that mirrors the physical environment. Next, real-time data acquisition takes place, 

capturing information from physical space. This data is then streamed to an Internet of Things (IoT) 

platform for further processing and analysis. Finally, data streaming is integrated with the digital space, 

connecting specific elements that are influenced by the (near) real-time data sourced from the physical 

environment. 

3.1. Digital space reconstruction 

The space used for this study consists of an open-floor plan office space on a university campus with a 

total area of approximately 195 m2 hosting CITIES. Due to the lack of an as-built digital model (e.g., 3D 

CAD files or BIM) of that space, different tools were evaluated to generate the 3D environment for the 

digital model. Different instruments were employed to assess their applicability to this case (Table 1). In 

particular, we utilized three unique types of laser scanning technologies. The Faro Focus laser scanner 

was primarily used to collect most of the geometric and color data. Nine individual scans were carried 

out at a consistent height of 1.2 m and four additional scans at a lower height of 0.7 m to accurately 

depict the area beneath the furniture. A solitary scan at a height of 1.6 m was also performed to 

encompass the upper sections of tables and shelves. 

The Hovermap laser scanner, with its mobile nature, offers a significant advantage over its stationary 

counterparts like Faro and Leica, as it is capable of scanning areas that are otherwise hidden, thereby 

reducing occlusion. However, the proficiency of the Hovermap laser scanner mainly lies in scanning 

geometry, with its ability to capture color data being somewhat limited. Hence, we confined ourselves to 

using only its positional data. 

Ultimately, the Leica scanner was employed to conduct further scans and ensure thorough coverage of 

the area of interest under various lighting conditions. 

Table 1. Main characteristics of the equipment used for reality capture of the space in this study 

Equipment Field of view 3D point accuracy Range Point measurement rate Source 

Leica BLK360 
360° (horizontal) / 300° 

(vertical) 

± 6mm @ 10m / ± 8mm @ 

20m 

0.6 - 60 

m 

Up to 0.36 million 

points/sec 
[34] 

Faro Focus S 

350 Plus 

360° (horizontal) / 300° 

(vertical) 

± 2mm @ 10m / ± 3.5mm 

@ 25m 

0.6 - 

350 m 
Up to 2 million points/sec [35] 

Emesent 

Hovermap ST 

360° (horizontal) / 290° 

(vertical) (but 

moveable) 

± 20 mm in general 

environments 

± 15 mm in typical indoor 

and underground 

environments 

± 5 mm isolated change 

detection capability 

0.4 - 

300 m 

Single Return Mode: up 

to 0.3 million points/sec 

Dual Return Mode: up to 

0.6 points/sec 

[36] 
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Different sensors were developed, tested, integrated into the physical space, and linked to the digital 

model. The digital twin environment was developed in Unreal Engine 4.27 from Epic Games [37]. To 

test the quality of the point clouds in Unreal Engine, the Lidar Point Clouds plugin [38] was used. The 

plugin supports different point cloud file formats like E57 and PTS. 

One of the challenges when using the point cloud data from the laser scans to the Unreal Engine was 

that the plugin reduces by default the number of points being visualized to improve the performance of 

the GPU; however, due to the high number of points included in the scan (over 30,000,000 points), the 

quality of the scans was reduced to a point where the scans resemble a chaotic (and useless) 3D model. 

To overcome this issue, this setting can be adjusted to increase the number of points being processed 

and visualized to improve the quality of the scans. To increase the number of points, users will need to 

modify the PointBudget variable in the C++ code of the plugin by typing “r.LidarPointCloudBudget” in 

the command line of the Unreal Engine and increasing this value. We have concluded that any value in 

the range of 8,000,000 to 10,000,000 points gives an acceptable quality for our model. More complex 

and bigger scans might need a higher budget to generate a quality 3D environment. 

3.2. Real-time data acquisition  

The data acquisition system employed in this case study comprises two distinct modules. The first 

module focuses on the installation of ambient sensors, which collect information including temperature, 

humidity, and particle concentration. In the second module, real-time detection of space occupancy is 

taken into consideration. This module utilizes a combination of a static camera and a computer vision 

algorithm to detect the presence of humans and accurately determine their location within the space.  

Figure 2 shows the six locations selected to install two different types of ambient sensors (as described 

in the next subsection) and a camera for occupancy estimation.  

 

 

Figure 3: Location of data acquisition sensors used (Sensirion SEN55 (V1-1, V1-2, V1-3), BME280 (V2-1, V2-2 and V2-3) and 

camera. 

3.2.1. Ambient Sensors  

Two different types of sensors (Sensirion and BME280) were developed to capture ambient information, 

including temperature, humidity, and particles (Figure 3). These sensors were specifically selected to 

actively engage students in the development process. Consequently, the installation of the sensors and 

the integration of various components were conducted within the laboratory setting. The different 

elements and main sensors built for this project are summarized next.  

The Sensirion SEN55 sensor (Figure 4a) is an all-in-one sensor solution for the accurate measurement 

of various environmental parameters such as particulate matter, volatile organic compounds (VOCs), 

oxidizing gases such as nitrogen oxides (NOx), as well as humidity and temperature [39]. It features a 

4.5V to 5.5V range, 63mA average current consumption at 5V, a long lifetime, high dust resistance 

thanks to sheath flow technology, and an I2C interface. 
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The BME280 (SEN-13676) (Figure 4b) is an atmospheric sensor breakout board that measures 

barometric pressure, humidity, and temperature readings without too much space. It gives you easy-to-

solder 0.1” headers, runs I2C or SPI, takes measurements at less than 1mA and idles less than 5uA 

[40]. 

The ESP32 (Figure 4c) is a low-cost microcontroller with integrated Wi-Fi and Bluetooth that can be 

programmed with the Arduino IDE software [41]. It supports traditional communication protocols and 

HTTPS and has a crypto-accelerator. 

 

 
 

 
(a) (b) (c) 

Figure 4. View of the (a) Sensirion SEN55 [39], (b) BME280 (SEN 13676) [42], and (c) NodeMCU-32S ESP32 [43] used for the 

development of sensors 

The sensors were mounted on breadboards using the ESP32 in Arduino Integrated Development 

Environment (IDE). An example of the Sensirion circuit connected to the ESP 32 via a breadboard is 

shown in (Figure 5). The board is powered through the micro USB port either by the laptop while 

programming or by the battery pack. A similar approach was done for the BME280. 

 

  

(a) (b) 

Figure 5. (a) View of the Sensirion SEN55 circuit mounted on a breadboard with the ESP32, (b) sample view of one of the 

sensors installed  

3.2.2. Occupancy 

To estimate the human occupancy in the space investigated, a system able to detect people inside of a 

room and estimate their positions within the room using a single Monocular Camera was used. Figure 

6 shows an overview of the process for estimating the positioning of people in the space. 

The occupancy estimation system initiates by capturing the camera feed, which is then subjected to two 

distinct algorithms for depth estimation and object detection. The TensorFlow object detection API [44] 

is utilized to identify individuals within the captured feed. Simultaneously, the camera feed is processed 

in parallel using the MiDaS [45] monocular depth estimation algorithm to estimate depth information. 

The results from these algorithms are combined, enabling the determination of the (near) real-time 

relative location of individuals within the video feed. Additionally, the same camera feed undergoes 

processing to detect the boundaries and center of the captured image. This information plays a crucial 

role in converting the depth mapping of detected individuals in the feed into global x-y positioning. 
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Figure 6. Overview of the process for occupation estimation  

3.3. IoT Platform  

The real-time data was streamed to the digital twin model using the ThingSpeak [46] IoT platform for 

the ambient sensors and automatically updating a Google spreadsheet template for occupancy 

estimation. 

In the case of the ThingSpeak platform, a total of six channels representing a total of six sensors were 

created. The channels contain fields representing each data feed from the sensors. For instance, 

Sensirion sensors produce six readings: Temperature, Humidity, and particle concentration (PM1, 

PM2.5, PM4 and PM10) (Table 2). Each reading was registered in a distinct field on a channel. Similarly, 

the BME280 sensor produces Temperature, Humidity and Pressure data, which are streamed in a 

distinct channel field.  

Table 2. Example of sensor’s response data 

Field Number Reading 

Field1 Temperature 

Field2 Humidity 

Field3 PM1.0 

Field4 PM2.5 

Field5 PM4.0 

Field6 PM10.0 

 

On the other hand, the occupancy estimation data was streamed to a Google Spreadsheet, which stored 

the X and Y coordinates of individuals occupying the space at the given moment. This data is 

continuously updated, replacing the previous readings every 15 seconds to maintain real-time accuracy. 

3.4. Integration of physical space with the digital model 

After the physical space has been instrumented, it has to be linked with the digital model. Once the real-

time data captured from the sensors is pushed in JSON format, a node-based interface to create 

gameplay elements from within Unreal Editor (known as Blueprint scripts) was used to get the data in 

JSON format using the API. The VaRest [30] plugin for Unreal Engine was used in this case. This plugin 

includes functions allowing to get JSON data from APIs during runtime in the Unreal Engine editor. 

Two main Blueprint scripts were developed to implement the flow of information from the sensors and 

the occupancy estimation. The first Blueprint script was used to obtain the sensor data in JSON format 

from the ThingSpeak API, while the second Blueprint was used to obtain the occupant’s locations from 

the Google Sheets API. 

3.4.1. Blueprint script to obtain the sensor data in JSON format from the ThingSpeak API 

The first step to accessing the sensor data was establishing the connection between the Unreal Engine 

environment and the ThingSpeak API. This was achieved by using the Call URL function from the 
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VaRest plugin. The required input for these functions is the API URL and setting the function to GET the 

JSON data. The Response Event was used to activate this function and to pull the JSON data from the 

API. The Get Response Content as String function was used to extract the call response in JSON format, 

which outputs the obtained JSON data in a string format. The second step was to obtain the required 

data from the JSON response. The JSON response includes an array with six fields, each corresponding 

to a different reading from the sensor (Table 2). 

To obtain the required field or the required reading, a custom function was developed in Blueprints 

(labeled JSON Value Getter). The function has four main inputs and a single output. The single output 

of the function is the reading value (e.g., temperature, humidity, etc.). The inputs of the function are 

summarized in Table 3. Figure 7 shows a sample of the Blueprint code to get the temperature reading 

from one of the sensors. As seen in Figure 7, the first code block (Call URL) is used to obtain the URL 

of the API with the data. The Response Event block initiates the connection between the API and the 

application. The following code block (Get Response Content as String) obtains the API data in JSON 

format. Finally, the JSON Value Getter takes as input the required fields listed in Table 3 and outputs 

the specific sensor value listed in Table 2. 

Table 3. Sensor’s Response Data and JSON Function Inputs 

Input Variable Description 

Array Name The name of the array in the JSON response as obtained from ThingSpeak 

Array Index The index of the array in case there are several arrays (0 for our case as we are obtaining the first array) 

Field Name The field name of the reading we want as described in Table 2 

Response Node The JSON request event which holds the JSON data object (Response Event) 

 

 

Figure 7. Sensor Data Blueprint 

3.4.2. Blueprint to obtain the occupant’s locations from the Google Sheets API 

The main role of this function is to obtain the number of occupants currently in the room and their specific 

coordinates within the room on the Google Sheet. The first step is the same as explained above, and 

the same functions were used to obtain the data in JSON format from the Google Sheet. The only 

difference was that the URL was replaced by the Google Sheet JSON URL. The second step required 

a different approach since each row in the Google Sheet is stored as a different array in the JSON 

object. However, the challenge is that each row does not have a unique field name to obtain the data 

from in the same way as the sensor data. Each row of data is stored in a single array, and all arrays are 

stored in a general array having a field name as values. To obtain each row’s X and Y coordinate values 

(each row represents a person in the office space), the For Each Loop function was used to loop over 

each row and obtain the X and Y values from it. The Blueprint script to obtain the Google Sheet data is 

shown in Figure 8. 
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Figure 8. Google Sheet Data Blueprint 

3.5. Results: Data visualization 

After securing the connection and flow of data from the sensors to the Unreal Engine environment using 

the Blueprint scripts, the final step for the digital twin development is to visualize the data (i.e., use it as 

a cockpit or dashboard with information collected from the sensors). This is a key element since it will 

allow a better understanding of the real-time information of the different elements monitored. 

An example of the visualization of the data is shown in Figure 9 (for temperature), Figure 10 (for air 

quality), and Figure 11 (for occupancy). 

Three different sensors were used to monitor and display the temperature, each located in a zone within 

the space considered for this study. To ensure the occupants’ comfort, a value for the office temperature 

was set to stay between 22 and 23 degrees Celsius. Any value above or below this range was 

considered out of the comfort range of the occupants and thus was color-coded based on its value. 

Green was used to indicate an optimum working temperature in the office, orange was used to indicate 

a change in the temperature, and red was used to indicate a large change (more than 2 degrees from 

the comfort range defined for this study) in the office temperature. 

Based on the real-time data captured from the sensors, the different zones in the office space were 

color-coded. That can be seen in Figure 9, where Zone 3 is color-coded in orange, meaning there is a 

slight increase in the ideal temperature in that specific zone, while Zones 1 and 2 are color-coded in red, 

indicating that both zones have more than 2 degrees of change in temperature from the comfort range. 

In addition to the color coding of the zones, a bar chart is updated based on the real-time data and 

integrated into the model to visualize the change in temperature values among the predetermined zones. 
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Figure 9. Screenshot of the visualization in the Unreal Engine displaying the Office Zoning Color Coding based on temperature 

readings from the sensors 

For the monitoring and display of the air quality as indicated by the PM values, a simple dashboard 

summarizing the readings along with the safe values for each reading was added to the digital twin 

(Figure 10). Also, since PM2.5 is considered the most dangerous to human health, a line chart showing 

the changes in the PM2.5 value was added to the digital twin. 

 

 

Figure 10. Screenshot of the visualization in the Unreal Engine related to the air quality information 

The script for the visualization of the occupancy rate is shown in Figure 8. The first step is to obtain each 

occupant’s location (X and Y coordinates) in the room. This information is sent to a Google Sheet. 

Afterward, the script spawns or adds a game object, in this case, the 3D avatars shown in Figure 10, to 

the coordinates. This code is refreshed every 5 to 10 seconds to update the occupants’ locations in real-

time. 

4. Discussion and limitations 

Digital twins offer a valuable tool for the AEC industry to optimize the performance of buildings through 

their lifecycle. By creating a digital representation of physical spaces, building managers can simulate 

various scenarios to improve energy efficiency, air quality and waste reduction. This can lead to more 

sustainable building systems.  

This study demonstrated the construction of a digital twin model of an indoor space using various reality 

capture technologies, student-designed and built sensors and an IoT platform. The utilized laser scanner 

technologies to capture the geometric and color data of the physical environment are selected based 

on their specific capabilities and advantages, such as reducing occlusion or capturing color data. 
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Although this process allows to accurately represent the space, processing dense point clouds becomes 

computationally heavy and working with Unreal Engine was challenging. 

 

 

Figure 11. Screenshot of the visualization in the Unreal Engine showing the occupancy in the area of interest 

Another significant aspect discussed in the study is the real-time data acquisition process. The installed 

ambient sensors generally collect information such as temperature, humidity, and particle concentration. 

For a broader understanding of energy efficiency or air quality, a given space can be improved by adding 

sensors with more parameters (i.e., carbon monoxide concentration, and electric power consumption). 

However, the data streaming platform utilized in the study, ThingSpeak, provides a fixed number of 

channels that limit the system’s scalability. 

The study further discusses the integration of the physical space with the digital model, particularly the 

use of Unreal Engine, plugins, and Blueprint scripts to link the real-time data obtained from the sensors 

and occupancy estimation with the digital twin model. They demonstrated obtaining sensor data in JSON 

format from the ThingSpeak API and occupant location data from the Google Sheets API. This 

integration enables real-time data visualization within the digital twin, providing a comprehensive and 

interactive representation of the physical space. 

In this proof-of-concept study, a key objective was to engage students in the development of the sensor 

systems and their integration with the digital model. Therefore, instead of utilizing commercial solutions 

to perform sensing, students were able to gain a full learning experience by building sensors using basic 

modules. Initially, the aim was to create sensors that could operate on battery power. This had some 

limitations primarily related to power source optimization, but it was a great learning experience for the 

students involved. To address this limitation, the sensors were strategically placed where power outlets 

were available, allowing them to be powered directly. 

5. Conclusions and outlook 

Digital twin technology has gained much attention in recent years as it provides a virtual replica of a 

physical asset or system that can be used to simulate and optimize performance. However, 

implementing digital twins in the built environment can be challenging for several reasons. For example, 

digital twins rely on data from sensors and other sources to accurately represent the physical system. 

However, this data can be difficult to collect and may not always be accurate, leading to potential errors 

in the digital twin model. Digital twins must be integrated with existing systems for real-time monitoring 

and analysis. This can be challenging, as many legacy systems were not designed to work with digital 

twins. Operating digital twins requires significant computational resources, and scaling up to represent 

larger systems can be challenging. Therefore, careful planning and optimization are needed to ensure 

the digital twin can handle the required workload. Security becomes important since digital twins can 

contain sensitive data about the physical system, making them a potential target for cyber-attacks [47]. 

Security measures must be implemented to protect the digital twin from unauthorized access. Digital 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-007

Keszthely, Hungary 
20-23 June 2023

58



twins need to be able to work with other systems and software to provide a comprehensive view of the 

physical system. This requires standards and protocols to ensure data can be shared between systems. 

Finally, implementing digital twins can be expensive. They might require significant investments in 

hardware, software, and personnel to develop and maintain the system. 

Future work includes adding other features/sensors and visualization. For example, lighting and HVAC. 

For lighting, Light Actors can be placed in the scene, which are turned on or off based on their real-time 

status in the office. As for the HVAC system, the visualization also turns on and off based on the actual 

status of the system. To visualize the intensity and airflow of the HVAC system, the Niagara system in 

Unreal Engine can be used. For instance, a colored air flow moving from the location of the HVAC 

register output (usually in the ceiling or upper portion of a wall) increases in intensity based on the airflow 

value set in the office. An example of how the visualization of the airflow would be seen in the digital 

twin is shown in Figure 12. 

 

 

Figure 12. Airflow Visualization 
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Abstract 
The demand for safe, reliable, and higher-quality transportation and infrastructure systems often 
increases the complexity of constructing and maintaining highway projects and pressures Departments 
of Transportation (DOTs) to finish projects on tighter schedules and stricter budgets. Such complexities 
necessitate the use of technologies when constructing and maintaining transportation assets, notably 
wireless and sensing technologies. For the last few years, DOTs’ use of wireless and sensing 
technologies has been on the rise, with numerous research efforts aiming to explore applications and 
investigate case studies. Thus, this study buildings on the existing body of knowledge to develop a 
holistic Strengths Weaknesses Opportunities Threats (SWOT) framework that aims to comprehensively 
understand the implementation of eight wireless and sensing technologies in highway projects including 
barcodes and readers, Radio Frequency Identification (RFID), e-ticketing, Ground Penetrating Radar 
(GPR), Unmanned Aerial Systems (UAS) or Vehicles (UAV) or Drones, Light Detection and Ranging 
(LiDAR), Geographic Information System (GIS), and Global Positioning System or Global Navigation 
Satellite System (GNSS). The SWOT framework was developed via literature and then distributed via 
an online survey to subject matter experts in different DOTs. Results from the survey provided 
comprehensive insights into the strengths of using the technologies in the project's construction and 
asset management phases, the weaknesses that these technologies may face, the opportunities that 
they provide DOTs with, and the threats that the DOTs may need to overcome for successful 
implementation. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

State Departments of Transportation (DOTs) across the United States have been undergoing major 
transformations to adopt technology and digitize the design, construction, delivery, and operation of 
construction projects [1]–[3]. Such transformations have rapidly accelerated in the last few years with 
the national push to digitize asset data and the increase in investments to repair and renew the aging 
infrastructure [4], [5]. 

Wireless and sensing technologies are at the forefront of the technologies making waves in 
infrastructure projects due to the critical role they play in monitoring, managing, and maintaining existing 
transportation assets [5]–[7]. Moreover, the success of complex infrastructure projects requires project 
information and data to be accurate, complete, readily available, gathered promptly, shared in an easily 
understood format among stakeholders, and stored safely and securely – paving the way for the diverse 
use of wireless and sensing technologies [8], [9]. 

State DOTs have been adopting and using wireless and sensing technologies in various use cases that 
enable them to identify, gather, locate, track, measure, save, document, and transmit information in real-
time or near real-time [10]. With this adoption expected to increase, the objective of this paper is to 
understand DOTs’ experience with wireless and sensing technologies and provide insights into the 
technologies’ roles in highway infrastructure projects. 
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2. Research Methodology 

This paper focuses on eight technologies that have gained traction within state DOTs: barcodes and 
readers, Radio Frequency Identification (RFID), e-ticketing, Ground Penetrating Radar (GPR), 
Unmanned Aerial Systems (UAS) or Vehicles (UAV) or Drones, Light Detection and Ranging (LiDAR), 
Geographic Information System (GIS), and Global Positioning System or Global Navigation Satellite 
System (GNSS). To achieve the research objective, a comprehensive SWOT framework was developed 
to identify the: 

• Strengths of using each of the technologies in the construction and asset management phases of 
the project; 

• Weaknesses that these technologies may face; 

• Opportunities that they provide DOTs with; 

• Threats that the DOTs may need to overcome for successful implementation.  

A survey was developed and shared with subject-matter experts across the different DOTs through the 
AASHTO Committee on Construction, AASHTO Committee on Maintenance, and the AASHTO 
Subcommittee on Asset Management.  The survey aimed to collect data on each aspect of the SWOT 
framework. Statistical tests were then performed to analyze findings and draw conclusions.   

2.1. The SWOT Framework 

SWOT framework is a simple yet powerful tool that can be used by decision-makers in the early stages 
of business planning to develop strategies and support decision-making [11], [12]. Strengths and 
weaknesses are internal factors, while opportunities and threats have an external nature [11], [12]. 
SWOT analysis has been extensively used in research studies targeting different industries such as oil 
and gas, mining, manufacturing, agriculture, transportation, food and nutrition, and construction [13], 
[14]. In the context of adopting technologies in the construction industry, SWOT analysis can provide 
organizations with a deep understanding of the possibilities of exploiting the technology’s strengths and 
overcoming its weaknesses to take advantage of the opportunities it provides to the organization while 
limiting the risks that it can bring [12]. As such, the internal factors of SWOT – i.e., strengths and 
weaknesses – are directly related to the technology itself, while the external factors – i.e., opportunities 
and threats – relate to the context of the application of the technology in construction organizations [15].  

The ability of the SWOT technique to address and analyze both internal and external factors makes it 
highly suitable for providing construction academicians and practitioners with a holistic review of the 
technology and its applications [15]. Examples of using SWOT analysis for construction technologies 
include Building Information Modeling (BIM) [12], machine learning [16], blockchain  [17], [18], robotics 
and drones [19], and virtual reality [20]. As the method is deemed successful in construction research, 
this paper employs SWOT analysis to provide a holistic review of the use of wireless and sensing 
technologies in highway projects. To identify the SWOT aspects affecting each of the eight technologies 
targeted in this study, a general framework was comprehensively developed from existing state-of-
adoption research on the topic  [10], [21]. 

2.1.1. Strengths 
Strengths are regarded as the internal factors that render wireless and sensing technologies important 
in highway projects. This can translate to the major use cases that the technologies can add value when 
used across the lifecycle of highway projects. For the strength aspect, two major project phases were 
considered: construction and asset management. The strength of sensing and wireless technologies 
depends on their application through the construction project lifecycle, but the nature of the work 
performed during construction is different from that performed during asset management. Thus, to better 
analyze the impact of sensing and wireless technologies, the strengths that such technologies bring to 
the construction and asset management phases were extensively identified as presented in Table 1. 
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Table 1. Strengths of wireless and sensing technologies. 

Code Strengths Code Strengths 

S-C1 Tracking position of bulk material in transit 
or for haul route compliance 

S-C21 Locating rebar 

S-C2 Tracking of finished materials and inventory  S-C22 Finding underground voids 

S-C3 Monitoring or determining project 
progress/production 

S-C23 Erosion control inspection 

S-C4 Locating haulers at fixed points (plant/ 
project/ paver/ dump location) 

S-C24 Measuring spot temperatures 

S-C5 Locating underground utilities and assets S-C25 Creating temperature map 

S-C6 Density measurements S-A1 Locating pavement/material placement for 
performance tracking 

S-C7 Thickness measurement of pavements S-A2 Sign, culvert, and other asset inventories 

S-C8 Tracking and monitoring construction 
vehicles and equipment on site 

S-A3 Sharing asset information between different 
functional units 

S-C9 Tool tracking/ Theft control S-A4 Pavement crack and defect detection 

S-C10 Documenting material quantities for pay S-A5 Sign, culvert, and another asset inspection 

S-C11 Smart Work Zone S-A6 Structure inspection 

S-C12 Automated Machine Guidance S-A7 Slope stability & landslide assessment 

S-C14 Developing 3D as-built models S-A8 Location of voids 

S-C15 Collecting as-built information/ mapping of 
assets 

S-A9 Location of buried assets 

S-C16 Site photos & videos S-A10 Rebar deterioration 

S-C17 Structural inspection S-A11 As-built development 

S-C18 Remote (underground or confined space) 
inspection or modeling 

S-A12 Guardrail assessment 

S-C19 Earthwork inspection and quantities S-A13 Site/ Right-of-Way (ROW) Survey 

S-C20 Creating terrain models   

2.1.2. Weaknesses 
Weaknesses, like strengths, are internal factors that are directly related to the use of wireless and 
sensing technologies. However, unlike strengths, weaknesses reflect the hardships, limitations, or 
technical breakdowns that the technologies may run into. The weaknesses are presented in Table 2. 

Table 2. Weaknesses of wireless and sensing technologies. 

Code Weaknesses Code Weaknesses 

W1 Loss of connectivity W4 Integrating with current project administration systems 

W2 System Defects W5 Integrating with plant/supplier information technology (IT) system 

W3 Accessibility for users W6 Data transfer and interoperability issues 

2.1.3. Opportunities 
Opportunities are external factors that reflect the benefits and positive aspects that wireless and sensing 
technologies provide to DOTs. Nine opportunities were identified and listed in Table 3.   

Table 3. Opportunities of wireless and sensing technologies. 

Code Opportunities Code Opportunities 

O1 Quality Improvement O6 Safety Enhancement 

O2 Data Collection, Integration, and Management O7 Cost Reductions 

O3 Tracking Capabilities O8 Schedule Acceleration 

O4 Efficiency/Productivity Enhancement O9 Decision-Making Enhancement 

O5 Communication Effectiveness   
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2.1.4. Threats 
Threats are external factors that reflect the negative aspects that may hinder using the wireless and 
sensing technologies as well as challenges that organizations may need to overcome for successful 
technology implementation. Six threats were identified and listed in Table 4. 

Table 4. Threats of wireless and sensing technologies. 

Code Threats Code Threats 

T1 Resistance from third parties and vendors T4 Lack of needed support technology 

T2 Workforce skillset limitations or resistance T5 Organizational culture (non-tech oriented) 

T3 Investment costs or unknown return on investment T6 Policy/regulation restrictions 

2.2. Chi-Squared Test for Equal Likelihood 

To examine if the eight sensing and wireless technologies identified in this study perform similarly across 
the four components of SWOT, the Chi-Squared Test for Equal Likelihood was employed. The data was 
organized into contingency tables for every SWOT category and the analysis was performed via R studio 
to detect significance with a 95% confidence level. 

3. Results 

A total of 24 responses were gathered from the 19 DOTs as highlighted in Figure 2. Almost half the 
respondents (50%) worked in the construction division, while the other half varied between asset 
management and maintenance (21%), IT (5%), across the three divisions (12%), or other divisions 
(12%) including design, surveying, and project delivery. As for the respondents’ roles, most of them 
were construction engineers or engineering managers (54%), followed by technical support (9%), 
material engineers (4%), and other roles (33%) including system chiefs, innovation engineers, 
researchers, and maintenance engineers. 

 

Figure 1 Distribution of survey responses (created with MapChart.net). 

3.1. Results for Strengths 

The distribution of strengths regarding “construction” is shown in Figure 3, while the distribution of 
strengths for “asset management” is shown in Figure 4.  

Based on the normalized heatmap of the construction phase (Figure 3), GPS/GNSS, GIS, and UAV/UAS 
were the three technologies with the widest range of strengths, with results showing that GPS/GNSS 
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was used for 21 of the 25 use-cases, while GIS and UAV/UAS were used for 19 of the 25 use-cases 
each. The three technologies with the lowest range of strengths were barcodes, RFID, and e-ticketing, 
with results showing that barcodes were used for 4 of the 25 use cases, while RFID and e-ticketing were 
used for 6 and 7 of the 25 use cases respectively.  

The Chi-Square test for equal likelihood was significant for GPR (p-value = 0.038, i.e., significant with 
95% confidence), UAV/UAS (p-value = 0, i.e., significant with 95% confidence), and GPS/GNSS (p-
value = 0, i.e., significant with 95% confidence). For GPR, the darker intensity of S-C5 indicates that 
DOTs that used GPR were more likely to use it for locating underground utilities and underground assets 
than any other selected use cases. For UAV/UAS, the darker intensity of S-C3 and S-C16 indicates that 
DOTs were more likely to use UAV/UAS for monitoring or determining project progress and capturing 
site photos and videos than other selected use cases. As for GPS/GNSS, the darker intensity of S-C12, 
S-C13, S-C15, S-C19, and S-C20 indicates that DOTs were more likely to use GPS/GNSS for 
Automated Machine Guidance, site/ ROW survey, collecting as-built information and mapping of assets, 
earthwork inspection and quantities, and creating terrain models more than other selected use-cases. 

 

Figure 2. Distribution of Strengths in Construction and results of the Chi-Square Test for equal likelihood. 

Based on the normalized heatmap of the asset management phase (Figure 4), GPS/GNSS, GIS, and 
GPR were the three technologies with the widest range of strengths, with results showing that 
GPS/GNSS and GIS were used for 11 of the 12 use-cases each, while GPR was used for 9 of the 12 
use-cases. The three technologies with the lowest range of strengths were barcodes, RFID, and e-
ticketing, with results showing that e-ticketing was used for 3 of the 12 use cases, while RFID and 
barcodes were used for 2 of the 12 use cases each.    

The Chi-Square test for equal likelihood was significant for UAV/UAS (p-value = 0.08 so significant with 
90% confidence). The darker intensity of S-A6 indicates that DOTs who used UAV/UAS in the asset 
management phase were more likely to use it for structure inspection than any other selected use cases.  

 

Figure 3.  Distribution of Strengths in Asset Management and results of the Chi-Square Test for equal likelihood. 

3.2. Results for Weaknesses 

The distribution of weaknesses is represented by a normalized heat map as shown in Figure 5. For 
every technology, the darker the color of the weakness, the more that weakness was selected by 
respondents who used the technology. In terms of weaknesses, W2 (System Defects), W3 (Accessibility 
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for users), W4 (Integrating with current project administration systems), and W6 (Data transfer and 
interoperability issues) were selected for every technology at least once. On the other hand, W1 (Loss 
of connectivity) and W5 (Integrating with plant/supplier IT system) were not selected for GPR, while only 
W5 was not selected for GIS.  

The Chi-Square test for equal likelihood was significant for GPS/GNSS (p-value = 0.006, i.e., significant 
with 95% confidence). For GPS/GNSS, the darker intensity of W1, W3, and W4 indicates that DOTs that 
used the technology were more likely to face these weaknesses when compared to W2, W5, and W6.  

 

Figure 4. Distribution of Weaknesses and results of the Chi-Square Test for equal likelihood. 

3.3. Results for Opportunities 

The distribution of opportunities is represented by a normalized heat map as shown in Figure 6. For 
every technology, the darker the color of an opportunity, the more it was provided to the state DOTs 
through the technology. In terms of opportunities, O1 (Quality Improvement), O2 (Data Collection, 
Integration, and Management), O7 (Cost Reductions), and O9 (Decision- 

Making Enhancement) were selected for every technology at least once. On the other hand, O3 
(Tracking Capabilities) was not selected for GPR and LiDAR, O4 (Efficiency/Productivity Enhancement) 
was not selected for GIS, O5 (Communication Effectiveness) was not selected for GPR, O6 (Safety 
Enhancement) was not selected for GIS, and O8 (Schedule Acceleration) was not selected for GPR.  

Moreover, the Chi-Square test for equal likelihood was not significant for any technology. This can be 
attributed to opportunities being realized only after technologies reach a certain level of maturity that 
allows DOTs to exploit most of their potential. The higher the level of maturity, the more significant 
certain opportunities can become.  

 

Figure 5. Distribution of Opportunities and results of the Chi-Square Test for equal likelihood. 

3.4. Results for Threats 

The distribution of threats is represented by a normalized heat map as shown in Figure 7. For every 
technology, the darker the color of a threat, the more that threat was selected by respondents who used 
the technology. In terms of threats, T2 (Workforce skillset limitations or resistance) and T3 (Investment 
costs or unknown return on investment) were selected for every technology at least once. On the other 

W1 W2 W3 W4 W5 W6 Chi-Square DF p-value
Barcodes 1.54 5 0.91

RFID 4.39 5 0.49
E-ticketing 4.8 5 0.44

GPR 1.2 3 0.75
UAV/UAS 4.85 5 0.43

LiDAR 3.5 5 0.62
GIS 6.5 4 0.16

GPS/GNSS 16.31 5 0.006 ***

Scale
0 1

O1 O2 O3 O4 O5 O6 O7 O8 O9 Chi-Square DF p-value
Barcodes 3.44 8 0.91
RFID 5.08 8 0.75
E-ticketing 2.57 8 0.96
GPR 0 5 1
UAV/UAS 2.34 8 0.97
LiDAR 2.73 7 0.91
GIS 5.33 6 0.51
GPS/GNSS 5.82 8 0.67

Scale
0 1
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hand, T1 (Resistance from third parties and vendors), T4 (Lack of needed support technology), T5 
(Organization culture), and T6 (Policy/regulation restrictions) were not selected for GPR, while T1 and 
T6 were not selected for GIS, T4 and T6 were not selected for GPS/GNSS, and T6 was not selected for 
e-ticketing. 

The Chi-Square test for equal likelihood was significant for GPS/SNSS (p-value = 0.09, i.e., significant 
with 90% confidence). The darker intensity of T2 indicates that state DOTs that used the technology 
were not likely to recognize these threats when compared to T1, T3, T4, T5, and T6. 

 

Figure 6. Distribution of Threats among technologies and results of the Chi-Square Test for equal likelihood. 

4. Discussion 

The analysis of the comprehensive SWOT framework can present a holistic view of the current status 
quo of the state DOTs’ use of wireless and sensing technologies in highway projects as summarized in 
TABLE 6. This view is translated into two main forces as presented in Figure 8: the current driving forces 
that are pushing state DOTs to increase the use of wireless and sensing technologies, and the 
restraining forces that are limiting state DOTs from maximizing or exploiting the potential of these 
technologies in highway projects.   

Starting with the driving forces, results from “strengths” and “opportunities” provide empirical evidence 
on the use of wireless and sensing technologies on highway projects by playing an important role in the 
construction phase as well as in the asset management phase. In the construction phase, technologies 
are allowing state DOTs to locate equipment, tools, and materials, track and document inventory, survey 
plots, identify underground utilities, automate equipment functionalities, conduct inspections, monitor 
and document project progress, and develop as-built models. In the asset management phase, the same 
technologies are facilitating inspection, assessing assets and their environment, identifying repair 
needs, and sharing information across the different departments within the state DOTs.  Such use-cases 
of wireless and sensing technologies on highway projects – whether before, during, or after construction 
– are positively affecting project performance in terms of cost, schedule, safety, and quality, enhancing 
communication and sharing information among project stakeholders, supporting asset data 
management throughout the data lifecycle, and facilitating decision-making to improve processes and 
progress. The potential of these technologies acts as the major driver for their use, especially when 
state DOTs are pressured to finish complex projects under strict budgets and schedules. 

Despite the major potential of wireless and sensing technologies on highway projects, state DOTs have 
yet to exploit or maximize this potential, and thus overcome the restricting forces. As shown in the 
“weaknesses” and “threats”, several limitations and obstacles need to be addressed. At the technology 
level, technical limitations exist in terms of connectivity, data transfer, accessibility, and effects. Such 
limitations are natural given that technologies continue to evolve and mature for highway projects. 
Additionally, the nature of highway projects which extends thousands of miles crossing rural areas, 
rough terrains, and tough climates provides an environment that may affect the use of wireless and 
sensing technologies which depend heavily on signals and connectivity. In addition to these technical 
limitations, obstacles are also witnessed at the level of state DOTs and their scope of work. Problems 

T1 T2 T3 T4 T5 T6 Chi-Square DF p-value
Barcodes 3 5 0.69

RFID 6.14 5 0.29
E-ticketing 5 5 0.42

GPR 3.6 3 0.31
UAV/UAS 8.63 5 0.12

LiDAR 6.4 5 0.27
GIS 3.5 3 0.32

GPS/GNSS 6.44 3 0.09 **

Scale
0 1
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such as resistance to change, labor shortage and lack of skills, high cost of capital investments, and 
non-supportive policies and regulations play a heavy role in hindering the use of wireless and sensing 
technologies.  

Based on the SWOT findings and the status quo of wireless and sensing technologies in highway 
projects, the application of the technologies has proven to be an inviting and fertile ground for DOTs to 
invest in and implement. DOTs can address the restraining forces through different actions such as: 

• Developing industry standards for the use of different wireless and sensing technologies whether at 
the state or federal level. This can help standardize the use of the technologies, explain their 
current applications, and provide a starting point to compare technology utilization among state 
DOTs and continuously improve this usage. 

• Creating a task force and assigning champions who can lead the adoption of wireless and sensing 
technologies, and conduct virtual and in-person meetings dedicated to technologies, and allow state 
DOTs to understand maximize the technologies’ potential. Such meetings can also be critical for 
sharing implementation plans, best practices, and lessons learned.  

• Collaborating with the contracting community to plan and execute pilot projects that can allow 
DOTs, contractors, sub-contractors, and other project parties to experiment with different wireless 
and sensing technologies freely without consequences. Such projects allow all parties to 
understand the pilot technology’s potential and drawbacks, draft lessons learned, and make 
informed decisions on whether the technology is worth rolling out.   

• Collaborating with technology vendors, consultants, and research institutions. Having technology 
vendors available when constructing projects or conducting post-construction inspections can help 
vendors understand the technical issues that state DOTs face and develop solutions to solve these 
limitations. Consultants specialized in these technologies can also provide adequate training and 
conduct studies to investigate the technologies’ benefits for state DOTs and return on investments. 
Moreover, universities and non-academic research institutions have research labs and controlled 
environments to test technologies and educate state DOTs on their potential and the best way to 
utilize them across the project lifecycle.  

• Attracting, recruiting, and retaining young graduates as they can provide state DOTs with the 
technical skills needed to successfully implement the technology, and play an important role in 
promoting the technologies across departments. 

• Providing middle-level and high-level leadership support can be critical to implementing the 
technologies and addressing resistance to change through providing resources for pilot testing, 
conducting training, sharing success stories, and resolving people's concerns. 

5. Conclusion 

This study presented a holistic investigation into the state DOTs’ use of wireless and sensing 
technologies in highway projects. A SWOT framework was developed from previous studies, and data 
was gathered through a nationwide survey of subject matter experts to comprehensively understand the 
strengths, weaknesses, opportunities, and threats of eight technologies: barcodes, RFID, e-ticketing, 
GPR, UAS/UAV, LiDAR, GIS, and GPS/GNSS. Analysis of the survey shows that the technologies are 
used in various construction and asset management use cases, providing DOTs with multiple 
opportunities to improve project performance and assist project stakeholders. However, technologies 
do face different technical, organizational, and industry-related obstacles that limit DOTs from exploiting 
the technologies’ maximum potential.  

The findings of this study can be important for both practitioners and academicians. Practitioners can 
use the results to comprehensively understand the status quo of wireless and sensing technologies on 
highway projects. Academicians and researchers can also use the findings as a starting point to further 
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investigate each of the technologies to maximize their use cases and address their limitations. Findings 
however are based on the input of subject matter experts who answered the survey. These results 
reflect on the eight technologies’ current state of adoption and implementation, and the experts’ current 
experience with the technologies. Such experience is expected to change as technologies continue to 
evolve and mature with time, and continuous input from DOTs is needed to gain a better understanding 
of the potential and value of wireless and sensing technologies in highway projects.   
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Abstract 
Maintenance monitoring is a key factor in the economic preservation of heritage buildings. 
Maintenance monitoring services are supporting the responsible staff in their preservation tasks and 
keeping the heritage buildings and sites continuously in a proper condition. Regular monitoring is an 
important, but time-consuming activity which needs a relevant amount of human workhour to be 
conducted properly. Automated survey methods are developed worldwide, to help the work of various 
professional research staff to investigate the state of different structures of the heritage buildings, 
however, these automated surveys are usually executed individually, not as integrated parts of the 
maintenance management systems. In this paper, the options of automation methods are analyzed 
regarding the various regular tasks of the monitoring staff, and suggestions are made to reduce human 
activities and to support the monitoring staff with fixed IoT and/or mobile (robotic) survey units at the 
maintenance monitoring service activities. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Monument sentinel services are applied on many heritage sites [1] in the Netherlands 
(Monumentenwacht Nederland), Belgium (Monumentenwacht Vlaanderen), and Denmark 
(Bygningsbevaring), in the frame of which the maintenance monitoring of the heritage site is performed 
by a crew, who are trained in on-site diagnostics. 

Generally, it means one to four site visits each year by a professional staff, who are inspecting, and 
monitoring the actual state of the building, conducting minor on-site preservation/conservation actions, 
and envisage larger restoration tasks if the building’s actual state would require it. 

In the last few decades, there were a lot of attempts for automatization of many kinds of inspection, that 
could make the work of the sentinel services easier and more effective. With the help of contemporary 
technologies, the way of inspections could be changed. 

There are many attempts for conducting different kinds of inspections or monitoring tasks automated on 
a heritage site. The application of IoT-s became quite common in the field of remote monitoring 
worldwide. Various network-based sensor systems are developed and tested adopting site 
characteristics and various problem maps, which were completed by the application of machine learning 
techniques in some cases as well. 

In this study, an investigation is made to analyse the options of automated methods for a continuous 
survey. 
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2. Methodology 

In this paper, the options of using digital network-based tools (IoT-s) for the maintenance monitoring of 
heritage buildings and sites are discussed. These tools can be a great help for the staff of the sentinel 
service and can collect much information for daily use, and conservation plans. 

In the first part of the paper some already applied systems, and methods are introduced. In the second 
part, the needs of the surveys in the case of a monument sentinel service system are analyzed. Finally, 
in the third part, an attempt is made to evaluate the overlapping of the two in order to detect the need 
for further developments. 

 

3. Digital monitoring of heritage sites 

The application of digital sensing techniques and IoT-s for monitoring heritage buildings and sites 
become more and more important in the present day. We can observe a continuous development and 
spread of the methods. Regarding the applied digital tools (IoT-s, sensors ), and systems (WSN-s) three 
somewhat overlapping categories with no clear boundaries can be distinguished: the digital imaging 
methods of the artefacts, the structural health monitoring and the monitoring of the environmental 
characteristics which are demonstrated in sections 3.1, 3.2 and 3.3 respectively. Finally, in section 3.4 
network development options and some research with mobile survey units are discussed. 

 

3.1. Digital imaging methods 

Among imaging methods, there are many techniques most of which can be considered close-range 
techniques [2], as far as the sensing instruments have to be used in proximity to the investigated 
artefacts or objects. Close-range sensing technologies are the photogrammetric techniques, laser 
scanning techniques, like terrestrial laser scanning (TLS) or light detection and ranging (LiDAR), infrared 
thermography (IRT), multispectral imaging, ultrasonic sensing or ground-penetrating radar that is 
frequently used for example at archaeological surveys. [2] 

Digital imaging methods are mostly used to get visual information, for some kind of documentation or 
image-based data recordings, however structural health monitoring or environmental surveys can be 
based on it too. 

 

3.2. Structural health monitoring 

In the case of structural health monitoring as well several methods are used for the monitoring of various 
impacts [3], the most frequent of which are seismic effects [4, 5], dynamic effects like traffic or noise [7] 
and those consequences like crack building or displacements [6, 7, 8]. 

From the above-mentioned techniques 3D Laser scanning can be applied for an overall assessment of 
the morphological changes of the outer surfaces and global navigation satellite systems (GNSS) can be 
applied for fast and more frequent 3D monitoring [9]. 

For monitoring structural cracks, for instance, Hall sensors [6] active thermography, or ultrasonic 
methods can be applied [7]. 

In the case of structural health monitoring machine learning techniques can be applied e.g. for surface 
damage detection, predictions about ageing or for the preparation of preventive actions like removing 
dust, fungi or deposits. [10, 11]. 
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3.3. Environmental monitoring 

The monitoring of environmental characteristics is applied for a long time now for instance in the case 
of closed museum spaces, among which temperature and relative air humidity are the most frequently 
measured ones [12, 13], but air quality and atmospheric pressure can be monitored as well [12, 14, 15]. 
There are also some attempts for matching the environmental data with visual phenomena like 
efflorescence [13, 16]. 

For obtaining quantitative data to measure water content in heritage masonry structures, nuclear 
magnetic resonance (NMR) or microwave-based integrated sensors for performing humidity and salinity 
measurements can be used [17, 18]. Machine learning techniques were also applied in some cases 
lately. An example of that is the research made by Hoła and Sadowski [19] for non-destructive in situ 
identification of the moisture content. 

 

3.4. The monitoring networks - remote monitoring – monitoring robots 

There are several studies for the continuous tracking of environmental parameters, with the help of 
wireless sensor networks (WSN) [6,12, 20, 21, 22, 23, 24] as well as for the work of self-adapting IoT 
sensing for built heritage [25]. For the communication of the nodes in the system Bluetooth, WiFi, Zigbee, 
or LoRa technologies are used most frequently [12, 26, 27]. 

Apart from the fixed IoT-s (Figure 1a) in some cases monitoring robots can be used (Figure 1b) for 
survey tasks. In these fields, there are also a few known research projects. The Irma3D (Intelligent 
Robot for Mapping Application in 3D) project was performed by the University of Würzburg and Jacobs 
University Bremen [28], a LiDAR-equipped robot was developed by the Department of Geological 
Engineering of the Missouri University of Science and Technology [28], car mounted sensors were 
applied for air-quality monitoring as well [15], and a modest study was also made in our former research 
[29]. 

 

  

Fig. 1. (a) fixed survey unit; (b) mobile survey unit 
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4. Discussion 

In the case of heritage monitoring the phenomena are normally very complex and in the case of 
collecting information on the state of historic sites and buildings, typically, many aspects have to be 
observed and many observation locations are needed for collecting the proper amount and quality of 
information for the required preservation and conservation actions on the heritage site. 

The goal of this paper is to investigate the opportunities of using the known methods in a system for 
monument sentinel services for continuous observation and monitoring purposes at heritage sites. Table 
1 summarises the used technologies according to the application fields. 

 

Table 1. Digital tools for monitoring heritage buildings and sites 

Field of observation Applied sensor/technology Applied techniques based on 
artificial intelligence (AI)  

Temperature and air humidity digital temperature sensor (DT), digital humidity and 
temperature sensors (DHT), complex sensors 

 

Barometric pressure barometric pressure sensor, or complex sensor  

Moisture in the structure analogue and capacitive moisture sensors, thermal 
camera, nuclear magnetic resonance, microwave-
based integrated sensors 

machine learning can be used 
for in-situ identification of the 
moisture content 

Efflorescence camera, salinity measurement sensors machine learning can be used 
for predictions about the state 

Crack buildings Hall sensor, camera, thermal camera, ultrasonic 
sensors 

machine learning can be used 
for surface damage detection or 
predictions about ageing 

Dislodgment of elements camera, photoelectric sensors  

Deterioration (biotic, abiotic),  camera machine learning can be used 
for predictions about the state, 
fungi, deposits 

Air quality gas sensors (CO, CO2, volatile organic compounds, 
alcohol, etc.) 

 

Corrosion camera machine learning can be used 
for predictions about the state 

 

As far as heritage sites are unique regarding their age and history – as a consequence of their problem 
map, – the site characteristics have a very important role in the configuration of the system to be applied 
on the site. The typical fields of investigation of a heritage site are demonstrated in Table 2. 

In Table 3 there is a summary of the options for the application of digital sensors, and survey systems 
in the case of heritage sites, considering the same fields of investigation and tasks (survey categories) 
which were listed in Table 2. 

In the case of on-site monitoring on heritage sites, there are further fields of investigations, which are 
not related to building structures, however, can be supported by automated inspection technologies. 
Table 4 demonstrates these fields. 

Artificial Intelligence can be used e.g. for object detection methods for recognizing problems, 
deterioration or neglected states at an early phase, not just for structural health monitoring, but also for 
detection of such problems as jamming in gutters, debris in roof valleys or penetration of water etc. 

A challenging problem in the field of automated monitoring is that fixed survey units have a limited range 
of monitoring on the one hand, and their capacity is not used fully by their measuring tasks on the other. 
This problem could be solved by automated mobile units, which according to the monitoring needs of 
the site are able to turn into various directions and move in a defined route. These units could replace a 
couple of similar nodes in an area of the heritage site. 
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A further challenge is that the available fully functioning robots are rather expensive, and their knowledge 
usually exceeds the level of the required tasks, for which reason the development of simpler robots 
would be reasonable. 10-20 sensors which are optimized for the required survey tasks would be enough 
for the monitoring units which is not much more than what the popular robotic vacuum cleaners have. 
This option was already tested in some projects [15, 28, 29], however, further research could be 
conducted in this field. 

Table 2. Fields of investigation related to the building structures applied by a heritage sentinel system 

Category Structure Inspection tasks 

timber structures carpenter structures visual soundness inspection, 
deterioration detection, timber decay 
analyses timber stairs 

doors and windows, frames and sashes 

furniture 

timber railings 

roof covering, flashings shingles visual soundness inspection, 
dislodgement inspection 

roof tiles 

slate 

sheet metal roofs, flashings visual soundness inspection, corrosion 
inspection 

solid load-bearing 
structures 

foundations visual soundness inspection, crack 
detections,  

walls, pillars 

beams, slabs 

metal elements 
(wrought iron, steel, 
cast iron, copper, 
bronze etc.) 

grills, railings visual soundness inspection, corrosion 
detection 

metal structural elements 

elements of building services (e.g. heating units) 

elements of building electric systems (e.g. lamps) 

stone, ceramic 
pavements and 
claddings 

ceramic tiling (wall/floor) visual soundness inspection, 
deterioration, moisture 

stone/brick paving 

stone/brick facade 

artificial stone, cement plates 

timber surfaces wainscotting visual soundness inspection, 
deterioration detection, timber decay 
analyses timber facades 

timber floors 

rendered, plastered 
surfaces, pointing 

joints, pointing visual soundness inspection, crack 
detection, moisture/salt detection 

plaster, stucco 

glass artefacts, glazing window glazing (simple or stained glass) visual inspection 

 

The challenge with WSN systems is to find the proper network technology or combination of 
technologies, that serves well the tasks of the system in case of the given circumstances on the sites. 
Many heritage sites have a certain distance from central urban areas where the mobile network might 
not be appropriate for the communication of the monitoring units with the internet, and many structural 
elements of the heritage sites could be a hampering factor regarding the communication of the 
monitoring nodes. In many cases even a proper electric supply system is problematic. 
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Regarding the WSN, if the mobile network signal is high, and the power supply is given, we can apply 
WiFi-based systems, but if we need an individual power supply, or the network signal strength is low, 
then other solutions like e.g. LoRa (long-range) technology should be considered. 

Table 3. Matching the requirements of a monument sentinel system with the existing digital options 

Category Structure Sensors, measuring methods 

timber structures carpenter structures camera, heat camera, 
moisture sensors, 
environmental sensors timber stairs 

doors and windows, frames and sashes 

furniture 

timber railings 

roof covering, flashings shingles camera 

roof tiles 

slate 

sheet metal works, flashings 

solid load-bearing 
structures 

foundations Hall sensor, active 
thermography, ultrasonic 
sensors walls, pillars 

beams, slabs 

metal elements (wrought 
iron, steel, cast iron, 
copper, bronze etc.) 

grills, railings camera, ultrasonic methods 

metal structural elements 

elements of building services (e.g. heating units) 

elements of building electric systems (e.g. lamps) 

stone, ceramic 
pavements and claddings 

ceramic tiling (wall/floor) camera, thermal camera, 
moisture sensors 

stone, brick paving 

stone, brick facade 

artificial stone, cement plates 

timber surfaces wainscotting camera, thermal camera, 
moisture sensors 

timber facades 

timber floors 

rendered, plastered 
surfaces, pointing 

joints, pointing camera, dislodgement 
sensors (Hall, ultrasonic, 
moisture sensors) plaster, stucco 

glass artefacts, glazing window glazing (simple or stained glass) camera 

 

Table 4. Further fields of investigation applied by a monument sentinel system 

Field of observation Place/target of observation  Sensor type or method 

Cleanness of surfaces routs, sidewalks, wall surfaces camera 

Unhampered working of systems rainwater goods, gutter, lighting system, 
heating pipes 

camera, thermal camera, built-in sensors 

Vegetation around the house risk for deterioration, unpleasant impact camera, thermal camera 
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On the bases of our own experiences and the experiences of other projects mentioned in section 3, we 
can state that automated monitoring is a great option on heritage sites, and WSN systems are adequate 
tools to organize the individual units into a well-functioning system. 

 

Summary 

In summary, it can be stated, that there have been already many attempts made to monitor the state or 
the various environmental impacts of a heritage building. Most territory of need is covered with 
technology, and as well many digital networks were already used on heritage sites. A system that serves 
directly the need of a sentinel system can be developed, and guidelines for a digital controlling system 
can be established shortly. 
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SIMULATION-BASED OPTIMIZATION OF PATH PLANNING FOR 
CAMERA-EQUIPPED UAV CONSIDERING CONSTRUCTION ACTIVITIES  
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Abstract 

Automated progress monitoring of construction sites using cameras has been proposed in recent years. 
However, collecting images or videos using fixed or pan-tilt-zoom cameras is still limited by the inability to 
adapt to the dynamic construction environment. Therefore, considerable attention has been paid to using 
camera-equipped unmanned aerial vehicles (CE-UAVs), which provide mobility to the camera over the 
construction site. Previous studies in this area proposed methods for capturing the as-built BIM model by 
using structure from motion (SFM). However, data collection of construction activities of workers and 
equipment using CE-UAVs has not been discussed before. This paper proposes a method to perform 
simulation-based optimization of path planning for CE-UAVs to allow automated and effective data collection 
of construction activities based on a high 4D-LOD as-planned BIM, which includes a detailed micro-schedule 
and the corresponding workspaces. This method can identify the most informative views of the workspaces 
and the optimal path for data capturing. The proposed method considers the following requirements and 
constraints: (1) The fields of view should be optimized to cover the areas of interest and to ensure visibility of 
the targets considering occlusions according to the 4D BIM model; (2) The path of the UAV should be 
optimized to allow the data collection from multiple dynamic targets over a large construction site considering 
the location of activities on the site at specific times and their importance level while reducing the travel cost; 
and (3) The data collection should consider the requirements for computer vision processes. A case study is 
developed to demonstrate the feasibility of the proposed method.   

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Construction projects generate a massive amount of data. Among the different sources of construction 
data, videos/images collected from construction sites can have a great impact on improving construction 
management [1]. With the emergence of advanced computer vision (CV) techniques, it is now possible 
to extract rich semantics and detailed information from images, enabling more comprehensive analysis 
in construction management. However, collecting videos using fixed or pan-tilt-zoom cameras is limited 
by the site geometry and the inability to adapt to the dynamic construction environment. Although 
previous studies tried to identify the most informative views of cameras according to 4D BIM to optimize 
the installation plan [2– 5], the problems related to the dynamic construction environment cannot be 
completely resolved. For instance, it is difficult to guarantee a high quality of the video and full coverage 
of the area at a reasonable installation cost. Furthermore, the coverage is affected by occlusions due to 
the changes of site geometry or temporal occupancy of the site.   

To overcome such limitations, considerable attention has been paid to automated video collection using 
camera-equipped unmanned aerial vehicles (CE-UAVs), which provide mobility to the camera to fit its 
field of view automatically to the important parts of the construction site while avoiding occlusions [6–8]. 
At the time being, the research related to path planning for optimizing video collection by CE-UAV is 
limited to the scanning of static objects on construction sites in both outdoor [9, 10] and indoor 
environments [11]. These methods aim to optimize the path to meet the requirements of data processing 
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for 3D reconstruction and inspection, including the visibility and avoidance of occlusions, the field of 
view, the overlap rate, the orientations, the object resolution in the images, etc. Although the schedule 
is considered for the generation of data collection paths in different construction phases [9], the 
environment during the flight operation is assumed to be static.   

This paper proposes a method to perform simulation-based optimization of path planning for CE-UAVs 
to allow automated and effective data collection of construction activities based on a high 4D-LOD as-
planned BIM, which includes a detailed micro-schedule and the corresponding workspaces. In addition, 
a case study is developed to demonstrate the feasibility of the proposed method.   

2. Proposed Method  

In general, the data collection of dynamic objects using CE-UAVs has the following requirements and 
constraints during the operation: (1) The fields of view should be optimized to cover the areas of interest 
and to ensure visibility of the targets considering occlusions according to the 4D BIM model; (2) The 
path of the UAV should be optimized to allow the data collection from multiple dynamic targets over a 
large construction site considering the location of activities on the site at specific times and their 
importance level while reducing the travel cost; and (3) The data collection should consider the 
requirements for computer vision processes (e.g., the distance to the target to ensure high resolutions, 
the angle of the camera, stable field of view, etc.). In this study, a method is proposed to consider the 
mentioned requirements and optimize the path for CEUAVs to perform hovering at the best viewpoints 
(VPs) to collect data about workers and equipment in different workspaces considering the micro-
schedule. As one of the requirements of CV-based activity recognition methods, videos with a stable 
field of view are preferable in order to obtain better results regarding the accuracy and processing 
efficiency. As such, in this research, only the videos that are captured when the UAV is hovering are 
considered useful for further processing. The proposed method consists of three modules, as shown in 
Figure 1: (1) Preparation of simulation platform; (2) Identification of the top-ranking VPs of the 4D 
workspace; and (3) Path planning for the UAV to minimize the travel cost.   

In the first module, for example, as shown in Figure 2(a), three 4D workspaces (A, B, C) are identified 
from the 4D BIM. A is the workspace for work package WPA, which is active during t1 – t4; B is for WPB 
during t1 – t3; and C is for WPC during t2 – t4. The top view of the corresponding workspaces in different 
durations is shown in Figure 2(b). The solution variables for the VPs optimization module are then 
identified for the generation of search space according to the 4D workspaces. In this method, the position 
of the camera (𝑥𝑥, 𝑦𝑦, 𝑧𝑧), yaw angle of the UAV (𝜑𝜑), and the tilt angle of the camera (θ) are considered. At 
last, cubic cells are generated within the workspaces to prepare the simulation environment for 
calculating the camera coverage of workspaces using the method proposed by Albahri and Hammad 
[12]. Importance values (IV) are assigned to the cells considering the location (whether the cell is near 
the products), and the importance level and priority of the associated task.   

In the second module, with the workspaces and search spaces of each work package in known 
durations, the top-ranking VPs, where the hovering camera can have good coverage of the workspace, 
are selected using a genetic algorithm (GA).   

In the third module, the generalized traveling salesman problem (GTSP) is solved using another GA to 
find the minimum-cost path [13] to allow the CE-UAV to collect videos from one of the top-ranking VPs 
of each workspace. The GTSP is a NP-hard problem and a variation of traveling salesman problem 
(TSP), which aims to find the optimal Hamiltonian tour passing through one node from each cluster of 
nodes. In the above example, from t1 to t2, workspaces A and B are active. Multiple top-ranking VPs are 
identified in their corresponding search spaces (e.g., 𝑎𝑎 for workspace A, 𝑏𝑏 for workspace B). Then, using 
the GA to solve the  
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GTSP, 𝑎𝑎∗ and 𝑏𝑏∗ are selected as the best VPs to generate the path with the lowest travel cost. For the 
duration t2 to t3 and t3 to t4, similar steps are followed to select the top-ranking VPs and to generate the 
optimal paths. The cycle path duration is determined based on the expected data-capturing frequency 
and the number of cycles that will occur within the maximum operation duration, which is limited by the 
UAV battery. Then, the hovering duration at each VP in one cycle is calculated considering the coverage 
of workspaces at different VPs and the corresponding importance level of the task. At last, the cycle 
path coverage is calculated to validate the generated path is efficient and has good coverage of the 
workspaces.  

  

  
(b) UAV path in different duration  

Figure 2 Example of path planning for CE-UAV considering activities on the 
construction site  
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3. Implementation and Case Study  

3.1 Implementation  

A prototype system was developed using Unity3D [14] and Python [15]. The BIM model was imported 
into  
Unity3D to create a simulation platform for calculating visibility scores using the Raycast function that 
detects occlusions between the VPs and the generated cells, and for determining optimal paths between 
two VPs using a A* 3D pathfinding function. The evolutionary optimization processes were performed 
using the opensource PYGAD library in Python [16]. Communication between Unity3D (client) and 
Python (server) was facilitated using the Transmission Control Protocol/Internet Protocol (TCP/IP).   

3.2 Case study  

A case study is conducted to validate the applicability of the proposed method and the developed 
prototype system. The case study is developed based on the construction activities during one whole 
day on the construction site of an electric substation. Figure 3 shows the images of the site collected 
from three fixed cameras. The schedule for the construction activities on this day was manually 
generated based on the videos collected from the fixed cameras, as shown in Figure 4. It is important 
to note that the task of truss installation was split into two separate work packages due to the crane's 
relocation, resulting in different workspaces. By combining the 3D BIM and the schedule, a 4D BIM was 
generated and used as the input for Unity3D. Workspaces at different durations were then created as 
explained in Section 2. Cells were generated with a uniform dimension of 1 m x 1 m x 1 m.   

  
       (a) Camera 1                                 (b) Camera 2                         (c) Camera 3  

Figure 3 Construction site and micro-tasks  

  

Figure 4 Micro schedule of the tasks  

The UAV used in the case study is assumed to be DJI Matrice 100 using a TB48D battery, which could 
ascend at a maximum speed of 5 m/s, descend at a maximum speed of 4 m/s, and reach a top speed 
of 17 m/s in GPS mode. Therefore, the time the UAV takes to travel between two points at different 
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heights will vary. The only payload carried by the UAV is assumed to be the Zenmuse X3 4K camera, 
with a diagonal FOV of 94° (vertical FOV of about 62° and horizontal FOV of about 84°), weighing 221 
g. According to [17], this payload allows for an approximate flight time of 24 minutes. It is assumed that 
10 cycles are preferable for the operation with a full-charged battery. As such, the cycle path time for 
the UAV was set to 2 minutes in the case study.  

In the GA used to identify the top-ranking VPs, the number of generations is set at 50, with a population 
size of 500. The algorithm employs a two-point crossover with a probability of 80% and a random 
mutation probability of 5%. On the other hand, the GA for GTSP also uses 100 generations but with a 
smaller population of 200 due to the smaller search space. It employs a single-point crossover with a 
probability of 80% and the same random mutation probability of 5%.  

3.3 Results  

Table 1 lists the best five VPs for each workspace as the results from the VPs optimization module, 
along with their position, orientation, and corresponding visual coverage of the workspace. For the truss 
installation, the coverage at each of the top-ranking VPs exceeds 90%, indicating a high level of visibility. 
On the other hand, for the earthmoving workspace and the workshop, where there are no obstructions, 
the visual coverage at the identified VPs is 100%. These results demonstrate the effectiveness of the 
selected VPs in providing high coverage of the respective workspaces.  

Table 1 Top-ranking VPs  

   VP ID  X (m)  Y (m)  Z (m)  Yaw (°)  Tilt (°)  Coverage 
(%)  

WP1   VP1  44  1  22  38  58  100  
VP2  29  7  14  29  58  100  
VP3  41  1  22  29  58  100  
VP4  40  5  16  29  58  100  
VP5  44  6  15  31  58  100  

WP2   VP6  19  58  35  55  283  96.19  
VP7  19  59  30  56  290  95.67  
VP8  19  67  35  53  280  95.44  
VP9  19  60  27  55  280  94.44  
VP10  19  72  35  58  274  93.92  

WP3   VP11  18  32  33  56  279  92.79  
VP12  18  38  35  56  279  91.67  
VP13  18  35  35  56  279  91.61  
VP14  18  32  28  56  279  91.37  
VP15  18  42  35  56  279  91.21  

WP4   VP16  39  -2  30  41  143  100  
VP17  76  -2  14  23  222  100  
VP18  76  -2  24  41  222  100  
VP19  38  -8  26  41  143  100  
VP20  36  -8  25  41  143  100  
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With the top-ranking VPs, the path planning module generates the optimized path in each duration, as 
shown in Figure 5. Then, the total hovering duration is calculated from the travel cost and the cycle path 
duration that has been explained in Section 3.2. During ΔT1, the optimal path is VP3-VP9-VP3, as shown 
in Figure 5(a). The total travel cost between these VPs was 10.3 seconds, while the total amount of time 
spent hovering at these locations was 109.7 seconds. During ΔT2, the optimal path is VP3-VP20-VP9-VP3 
(Figure 5(b)). The total travel cost is 11.3 s. The total amount of time spent hovering at these VPs is 108.7 
seconds. During ΔT3, the optimal path is VP3-VP14-VP19-VP3 (Figure 5(c)). The total travel cost is 8.3s. The 
total amount of time spent hovering at these VPs is 111.7 seconds. The breakdown of the hovering durations 
for each of the selected VPs and the travel costs are then calculated, as shown in the figure. As a result of 
the differing ascent and descent speeds, the travel cost between two points at different heights can vary. This 
explains why the travel cost from VP9 to VP3 and the travel cost from VP9 to VP3 are different.   

Finally, in the validation, the CP coverage is calculated. The CP coverages of the entire cycle path in ΔT1, 
ΔT2, and ΔT3 are 0.881, 0.883, and 0.907, respectively. The results indicate that the method can efficiently 
identify the optimal path, which enables the collection of high-quality hovering videos of the specific 4D 
workspaces.  
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4. Conclusions and Future Work  

In this paper, a method is proposed for optimizing the path of a CE-UAV to collect videos of dynamic objects 
on construction sites. The proposed method involves a simulation-based VP optimization that identifies the 
top-ranking VPs for various workspaces. Subsequently, a GA algorithm is applied to minimize the travel cost 
by solving the GTSP based on the identified VPs, which generates an optimal path for data collection by the 
CE-UAV. To evaluate the proposed method, a case study is conducted using a prototype system developed 
with Unity and Python. The results demonstrate that the method can effectively identify VPs with excellent 
workspace coverage and generate an optimal path with the least travel cost.  

Future work will focus on three aspects that improve the proposed method's effectiveness, efficiency, and 
applicability in real-world scenarios. First, a sensitivity analysis will be conducted to optimize the parameters 
of the first GA for identifying top-ranking VPs. The analysis aims to prevent premature convergence, ensure 
diversity in solutions, and identify all optimal solutions in the search spaces. Second, further development will 
be carried out to enhance the efficiency of the prototype system. Third, in order to validate the general 
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feasibility of the proposed method, additional tests will be conducted using various construction projects to 
evaluate the reliability and robustness of the proposed method.  
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Abstract  

Despite recent improvements in construction safety, the construction industry remains one of the 

major contributors to the number of work-related injuries and fatalities. Unsafe site conditions and 

unsafe behavior by workers are the main reasons behind construction accidents and accordingly these 

factors should be continuously monitored. The application of unmanned aerial systems (UAS) for 

safety monitoring is currently gaining attention in the construction industry. However, the long-term 

effect of the use of such a system on the safety performance of a construction site is still unknown and 

scarcely discussed in the literature. The objective of this study is to devise an agent-based modeling 

tool to examine the change in the safety performance of a construction site when using a UAS for 

safety inspection. Safety performance is measured using three types of indicators: incident rate, safety 

behavior and hazards reported. Moreover, the safety performance is explored when varying an 

important feature of the project, which is the level of site risk. The results show a total decrease of 

13.61% in the unsafe behavior of workers. Moreover, the calculated mean incident rate at the end of 

this year is 0.63 which is lower than the incident rate of nonfatal occupational injuries in the 

construction industry in 2021 which was 2.7. Finally, it is found that 79% of hazards are detected using 

the UAS. However, the conducted tests show better results in projects with high levels of risk. The 

study contribution lies in providing safety managers and practitioners with a preliminary idea about the 

practical benefits of drones when used for safety monitoring, as well as the chance to understand, 

based on the nature of the project, whether employing the UAS can add value to their system. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: agent-based modelling, construction safety, safety performance, unmanned aerial system (UAS). 

1. Introduction

Although a significant improvement has been recently witnessed in the area of construction safety, the 

construction industry remains one of the major contributors, among other industries, to the number of 

work-related injuries and fatalities [1]. The reasons behind accidents on construction sites are mainly 

attributed to unsafe conditions and unsafe acts [2]. A standardized observation system for these 

conditions on site is necessary to monitor and improve the safety performance [3]. Unfortunately, the 

common practice of safety inspection by walking around the site is a very time consuming and tedious 

process [27], especially in large and complex building projects as well as heavy civil construction 

projects. 

Advances in construction technology, however, have presented the industry with great potential for 

better control over and governance of the construction process. Specifically, the use of drones has 

recently been introduced into the world of construction. Drones are Unmanned Aerial Vehicles that can 

be managed without a pilot on board and are navigated and controlled either remotely through human 

intervention or autonomously. Moreover, the term UAS is sometimes used to describe the system that 

includes in addition to one or several unmanned aerial vehicles, the ground control station or device as 

well as any other needed elements like installed cameras or sensors [4]. The use of a UAS on an actual 

construction site for the purpose of safety inspection has been scarcely documented in the literature and 

accordingly no data regarding the efficiency of the use of such a system for improving the safety 

performance of a construction site has been presented. Since the collection of this type of data needs a 
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long time with application in several projects, this study instead employs agent-based modelling to 

simulate the dynamics of a real construction site. The aim of this study is to understand the long-term 

effects of using drones for safety inspections. The results will aid project managers in choosing the 

appropriate safety system that can provide a continuous evaluation measure for the safety conditions 

and acts on site for the aim of minimizing the number of accidents and near misses. 

2. Literature Review 

2.1. Safety in construction 

Abdelhamid & Everett [5] indicated that all accidents occur due to unsafe conditions or unsafe acts. 

Environment-based safety management focuses on the elimination of unsafe conditions, while human-

based safety management is directed towards reducing unsafe acts. The latter, however, is more difficult 

to achieve since unsafe acts by humans or workers specifically are related to their mental process and 

their safety attitudes which are difficult to observe, quantify, and change [6]. According to Teo et al. [7], 

workers exhibit unsafe behavior either due to lack of knowledge or due to poor safety attitudes. In order 

to change workers’ unsafe behavior, the mechanism of safety behavior should be well understood, 

especially since the process that leads to this behavior is not solely related to internal aspects of the 

worker but also to other external factors. 

 

Fig. 1. Workers’ mental process in relation to their safety behavior [6,8,10] 

As shown in Figure 1, the theory of planned behavior traces back behavior to behavioral intentions which 

are affected by factors such as the attitude of the worker and the subjective norms [8]. The safety attitude 

of a worker is developed through the perceived risks that this worker acquires from diverse sources [6]. 

Risk perception is defined as “the subjective judgment that people make about the characteristics and 

severity of a risk” [9]. Subjective norms represent “a person’s perceptions of significant others’ 

expectations of his behaviour” [10]. For the case of construction workers, significant others are co-

workers and management [10]. The final behavior implemented by the worker leads to a certain outcome 

that could again affect the attitude and subjective norms thus forming a feedback loop [6]. 

2.2. Safety performance and indicators 

Lagging indicators such as the Total Recordable Incident Rate show the magnitude of the occurrence 

of accidents and are reactive in the sense that they collect after the fact statistics. Although these 

indicators are easy to collect and easily understood [11], they don’t provide any insight about the specific 

items that should be addressed in the system to improve this performance [12]. The need for more 

proactive safety measures lead to the introduction of leading indicators for the measurement of safety 

performance. These indicators provide metrics for monitoring the process during its implementation and 

thus giving the chance for managers to proactively respond to the collected results [12]. Ideally, a 

combination of both lagging and leading indicators should be used to measure the safety performance. 

In the current study, safety behavior and hazards reported will be used as leading indicators, while 

incident rate will be used as lagging indicator. 
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2.3. Use of drones for enhancing safety in construction 

Unmanned aerial vehicles (UAV) can improve safety management systems by being an effective tool 

for monitoring the conditions on site and hence aiding in conducting safety inspections which are known 

for being difficult and time consuming, but crucial for maintaining the safety level on site [4,13]. The 

drone can collect visual assets quickly and as frequently as necessary with the capability of transmitting 

the gathered data to the ground control station in real-time and thus allowing for instantaneous 

intervention where needed [4,14]. Managers can get the chance to constantly visualize dangerous 

activities without physically being present at the location. Irizarry & Costa [14] tested the possible 

applications of unmanned aerial systems for construction management issues and found that most of 

the collected visual assets (pictures and videos) helped in the identification of safety-related issues.  

Irizarry et al. [4] indicated that for safety inspections to be effective, they should be characterized by 

being frequent, having direct observations of conditions and methods, and providing direct interaction 

between the inspector and the workers. In addition to satisfying the first characteristic, some drones can 

allow for direct observation through, first, easy navigation control by a simple user interface on the 

inspector’s personal smartphone or tablet, and second, the ability to issue real-time videos to this 

interface [4]. Moreover, drones can be equipped with communication devices for direct interaction [14]. 

Experiments performed with drones on the field showed that some of the safety-related issues that can 

be observed from the collected assets are: “damaged safety nets, missing safety guardrails, improper 

material storage and debris, stairs without fall protection, workers on the edge of a roof without 

appropriate fall protection, workers without hard-hats and personal fall arrest systems, safety platforms 

not installed on the entire perimeter of the building and safety platforms with uncompleted floorboard, 

inappropriate use of hard-hats, and safety platforms with unforeseen overload (people and scaffolding)” 

[14,13]. Kim & Irizarry [15] indicated that the performance of UAVs can be influenced by the features of 

the used UAS, the project characteristics, as well as the project team features. Such features include: 

“Easy user interface for UAS operation, battery life of the UAS, maximum visible angle of the UAS 

camera, project size, duration, and complexity, team’s prior experience with UAS, adequacy of training 

or education for UAS use as safety monitoring system, etc.” 

2.4. Agent-based modelling 

The construction industry is known for being very dynamic and evolving such that frequent changes 

have become a rule instead of an exception. Moreover, construction projects include numerous 

participants from various organizations socially interacting with each other and the site components, 

making these projects perfect candidates for presentation through agent-based modelling. Agent-based 

simulation is a method that uses a bottom-up approach to capture emergent phenomena of a set of 

agents that interact with each other and the surrounding environment [16]. In the area of construction 

safety, the first attempt to use agent-based modelling was done by Walsh & Sawhney [16]. 

3. Conceptual Framework 

The conceptual model is focused around two main concepts. The first is the cognitive process of 

construction workers’ safety behaviour adopted from Choi et al. [17], and the second is the process of 

safety inspection using a UAS as described and tested by de Melo et al. [13]. 

The construction site is characterized by the level of risk. Site risk is represented in the model by the 

probability that a worker gets exposed to an unsafe condition as well as the severity of the risk that 

workers will be exposed to under the unsafe condition [18]. Walsh & Sawhney [16] argued that going 

into excessive details of the actual geometry of the construction site and its changes with time might in 

fact cause ambiguities in the basic behaviour of the model instead of reinforcing it. Therefore, a simple 

square layout is chosen to represent the construction project, having a length of 50m and a width of 

50m, thus an area of 2500m2. Figure 2 summarizes the conceptual framework when a UAS is employed 

for safety inspection. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-011

Keszthely, Hungary 
20-23 June 2023

89



 

Figure 2 – Conceptual Framework 

3.1. Cognitive process of workers’ safety behavior 

Construction workers move around the site searching for work. During the execution of a task, workers 

can be subject to unsafe conditions and whether they commit an unsafe behavior will be determined 

through the portrayed cognitive process in the model. All the equations in this section are adopted from 

Choi & Lee [19]. The actual risk on site is perceived differently between one worker and another based 

on the perceiving coefficient [6]. However, even if two workers perceive a risk similarly, their reaction to 

the perceived risk is different. This reaction is a consequence of the acceptable risk by each worker. 

Therefore, the choice of safe or unsafe behaviour will be based on the below Equations 1 & 2 in the 

model: 

if           RA PR , the worker will behave safely, (1) 

    but if     RA PR , the worker will behave unsafely, (2) 

where RA = risk acceptance of the worker and PR = perceived risk by the worker. 

The perceived risk is determined based on the actual risk in the location and the risk perceiving 

coefficient of the worker, such that:  

coefPR RP AR=   (3) 

where RPcoeff = risk perceiving coefficient of the worker and AR = actual risk in the area. 

The risk perceiving coefficient is affected by the worker’s previous experience, knowledge about risk 

and safety, as well as his risk attitude [20]. Risk attitude shows the affinity of the worker towards taking 

risk. The attitude of the worker will change if this worker undergoes a near miss or an accident. In such 

a case, the worker will become more risk averse. Conversely, the attitude of the worker will become 

more risk-seeking in the cases when the worker behaves unsafely but is neither warned by management 

nor does he experience a near miss or an accident. This is because in this case the worker will 

underestimate the likelihood of an accident [10]. The risk perceiving coefficient will change based on the 

change of the attitude. 

As for the risk acceptance, it is determined by both internal factors of the worker such as attitude, as 

well as the interaction with external factors such as other coworkers, representing the workgroup norm, 

and the drone, representing the management norm [17]. Hence, the risk acceptance is calculated based 

on Equation 5: 
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(1 ) ( (1 ) )RA SI Att SI PJI MN PJI WN= −  +   + −   (5) 

where SI = weight on social influence, PJI = project identification, MN = management norm as perceived 

by the worker, and WN = workgroup norm as perceived by the worker. 

The weight on social influence represents the extent to which the worker is affected by social factors. 

This factor intensifies the effect of management and workgroup norms and attenuates the influence of 

the personal factor which is the attitude. Moreover, project identification represents the extent to which 

workers identify themselves with the project [17]. Workers with stronger identification with the project 

will probably be less influenced by the workgroup norm and more willing to comply to management 

norms. Thus, this factor strengthens the effect of management norms while it weakens the effect of 

workgroup norms [17]. Both findings are reflected in Equation 5. 

The workgroup norm is the worker’s perception of the acceptable risk of his coworkers taking into 

consideration the amount of info that he can retain based on his memory. In the model, the worker can 

only observe co-workers close to him. While working, the worker observes his co-workers and updates 

his perceived workgroup norm by taking into consideration the average of the coworkers’ risk 

acceptance as perceived by him according to Equation 6: 

.

0

1 1 1
(1 ) ( )

k
prev n

i iWN WN PRA
m m k

= −  +    (6) 

where m = memory duration, k = total number of co-workers close to the worker i, and PRAn is the risk 

acceptance of co-worker n as perceived by the worker i. 

The management norm is the worker’s perception of the acceptable risk by management in the project. 

The worker updates his perceived management norm according to Equation 7. 

.1 1
(1 ) prev

i iMN MN PMA
m m

= −  +   (7) 

where PMA is the management risk acceptance as perceived by the worker. 

3.2. Safety inspection using an unmanned aerial system 

A UAS consisting of one drone mounted with a camera and a ground control station (a tablet for 

example) will be used for the monitoring process and the communication between management and the 

workers will be done through the UAV. The assumption is that the drone will navigate the site externally 

without entering inside the built part of the buildings. During one complete inspection mission, the drone 

will inspect the site at three different levels: overview, medium view, and close-up view. 

In order to have an efficient inspection mission, de Melo et al. [13] advised that the flight mission be well 

planned by defining the trajectory to be followed by the drone including the take-off location and the 

landing operation while taking into consideration all safety requirements. The path of the drone is created 

such that all the site area is covered by the drone flight at each level. The drone will move a certain 

distance then stop for a certain duration to capture photos and videos and then moves again repeating 

this process until the whole site area is covered. However, since in reality the drone will have to 

maneuver in order to avoid obstacles and since this issue is not taken into consideration in the used 

paths, the assigned speed for the drone in the model is decreased by 20% in order to account for this 

additional time. 

Based on the study by de Melo et al. [13], only certain percentage of requirements will be visualized at 

each level. Figure 3 shows the percentage of safety inspection requirements visualized at each level for 

two projects: A (horizontal-type) and B (vertical-type). Note that for the overview inspection, only unsafe 

conditions will be visualized since the behaviour of workers is very difficult to detect at such an elevated 

altitude. 
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Figure 3 – Percentage of safety inspection requirements visualized by snapshots [13] 

The photos and videos that are taken by the camera are scanned for detection through a certain 

algorithm and again only certain percentage of requirements will be detected based on the precision of 

the algorithm. The mechanism for detection along with its performance are adopted from the study by 

Mneymneh et al. [21]. This algorithm can detect 86% of instances in outdoor near range visual assets 

and 84% in outdoor far range visual assets. The time needed for the detection of the unsafe 

acts/conditions by the algorithm is approximated for each area based on the findings of this study. 

The calculation of the footprint of the camera depends on the characteristics of the used camera as well 

as the height at which the camera is operating from the ground. The drone is assumed to follow a flat 

flying motion and the dimensions of the footprint, as shown in Figure 4 are calculated using the methods 

and equations from the study by Chen et al. [22]. 

 

Figure 4 – The camera footprint in flat flying motion [22] 

Since the battery of the drone has a certain lifespan, the drone will need to return for charging or 

replacement of the battery when the battery is near empty. Manufacturers usually advise that the drone 

returns when the battery charging level reaches 30% [23]. This inspection by the drone can easily be 

repeated as much as needed per day since no physical effort will be required and since the safety of 

any personnel is not compromised. A timeout is set between inspections to take into consideration the 

possible need for battery replacement. 

Based on the above-described process, when an unsafe condition is encountered, the concerned party 

will be informed by management to resolve the problem. Moreover, when the UAS detects an unsafe 

behaviour by a worker, the worker will be warned through direct communication. 
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4. Results 

The conceptual model is translated into a simulation model and the safety indicators calculated. 

4.1. Incident Rate 

The first indicator used is a lagging indicator which is the incident rate. Equation 8 is used to calculate 

the incident rate and it is adopted from OSHA (Occupational Safety and Health Administration): 

Total Recordable Incident Rate = 
Number of recordable cases ∗ 200,000

Number of total labor hours worked in the year
 (8) 

To get reliable results, the model was run 100 times. Figure 5 shows the box plot for the incident rate 

for the 100 simulation runs. Note that the incident rate of nonfatal occupational injuries in the 

construction industry in 2021 was 2.7. We can see from the box plot that the calculated incident rate in 

the model is lower than 2.7 in all the conducted simulation runs. 

 

Figure 5 – Box plot for the incident rate of 100 simulation runs 

4.2. Safety Behaviour 

The second indicator is the safety behavior of workers which is a leading indicator. The safety behavior 

of workers is examined by tracking the change in the ratio of unsafe behavior with the progress of the 

project. The unsafe behavior ratio is calculated as shown in Equation 9 [24]: 

Unsafe Behavior = (
Total observed unsafe behavior

Total observed safe behaviour+Total observed unsafe behavior
) ∗ 100 (9) 

Figure 6 shows the change in the unsafe behavior ratio with time. The horizontal axis represents the 

time in hours in the simulation, bearing in mind that each 8 hours constitute one working day, and the 

vertical axis represents the ratio of unsafe behavior in percentage.  

 

Figure 6 – Change of safety behavior of workers with time 

The unsafe behaviour decreases at a fast rate in the beginning and then this rate decreases gradually 

until the curve levels out towards a minimum value at around 150 days. This is due to the fact that at 

the beginning three factors are all contributing together to the change in the risk acceptance of the 
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worker: the personal risk attitude, the communication within the workgroup between workers, and the 

communication with management through the UAS. However, towards the end of the simulation, the 

effect of workers on each other is minimized since most of the workers will have reached a unified or 

similar value of perceived workgroup norm, bearing in mind that the study is done on the same work 

crews throughout all the simulation. For instance, five random workers were chosen and their individual 

unsafe behavior ratio plotted over time. As shown in Figure 7, the curves tend to converge until they 

reach similar values where they become steady. Moreover, since towards the end of the simulation, the 

unsafe behavior of the worker will have decreased, then they will not get a high chance of updating the 

risk acceptance through management intervention. Finally, it is impossible for the attitude of the workers 

to decrease infinitely with time and this is controlled in the model by setting upper and lower boundaries 

for the value of the attitude variable. This fact also effects the rate of decrease of the unsafe behaviour. 

 

Figure 7 – Change of the individual safety behavior of workers 

4.3. Hazards Reported 

The third indicator used is also a leading indicator which is the number of hazards reported. This 

indicator shows the percentage of unsafe conditions that were detected throughout the project. It is 

calculated using Equation 10. 

Hazards Reported = (
Total hazards detected

Total number of hazards
) ∗ 100 (10) 

Figure 8 shows the box plot for the % of hazards detected in 100 simulation runs. The mean is 79.07%. 

 

Figure 8 – Box plot for the % of hazards detected of 100 simulation runs 

The fact that the percentage of unsafe conditions detected by the UAS is high despite the restrictions 

imposed (visualization & detection by algorithm) is highly related to the frequency of inspections. The 

model showed that for the given site area, 8 missions in one day were able to be conducted. So, if an 

item was not visualized or detected in the first mission, for example, there is a good probability that it 

will be visualized or detected in another mission before the condition changes. This is to some extent a 
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true reflection of reality because if the UAS fails to clearly inspect a certain area, it can be sent again for 

inspection when and as much as needed before the conditions in this area change. 

5. Simulation experiments and results 

To understand the effect of the characteristics of the project on the performance of the UAS, an 

experiment was formulated. 

5.1. Effect of Site Risk 

The effect of the level of risk in the project was studied by modifying the site risk. The model was run 

under three scenarios: (1) low risk site conditions (2) moderate risk site conditions (baseline), and (3) 

high risk site conditions. This attribute is used as a main characteristic of the project since in reality 

different construction trades and activities impose different levels of risk on workers [18]. As such, even 

within the same project the risk can differ in different periods or phases of the project [25]. As shown in 

Figure 9, the use of the UAS is mostly effective for the case of high-risk site conditions. It is important to 

note that the final values of unsafe behavior reached in both the moderate and the high site risk are 

smaller than the final value reached in the low site risk. This is because in low-risk sites, workers will not 

get a big chance of improving their attitude since the number of situations where they will be susceptible 

to risk is already very low. 

 

Figure 9 – Effect of the site risk on the safety behavior of workers when employing a UAS 

6. Conclusion 

An agent-based modelling tool was established to study the development of the safety performance of 

a construction site when using an unmanned aerial system for safety inspection. The results showed 

that this system can effectively improve the safety performance of the project. Moreover, the conducted 

experiments showed that the use of the UAS yields best results in high-risk projects. However, including 

UAVs in the safety management system must be accompanied with a set of standardized procedures 

for adequately planning the flight mission, collecting and storing the data, analysing this data, and taking 

the appropriate immediate and future managerial actions accordingly. Regarding the limitations of the 

study, the model only considers the inspection of the project externally. The behaviour of a UAV in indoor 

spaces differs completely. This issue can be considered in future studies. This study can be extended 

further by collecting real information from construction sites regarding all assumed variables in the model 

to further validate it. Furthermore, it would be interesting to back up the study with cost analysis and 

comparison between the use of a safety inspector versus a UAS for safety monitoring. 
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Abstract 
Morning Assembly in construction sites in Japan is an age-old practice that is influenced by tradition. 
One or more managers conduct this assembly by physically gathering construction workers in a 
designated place to relay information regarding tasks, safety, disasters, emergencies, Work Progress 
and many more. Typically, a bulletin board has been in use for this type of assembly. However, these 
assemblies are usually crowded, unmanaged and time-consuming. Besides this, workers are also less 
likely to pay full attention to the speaker due to the chaotic nature of the assembly. These assemblies 
can also be a ground for spreading infectious diseases like COVID-19 and others. Hence, with the aim 
of improving the overall assembly experience for both management and workers side, we propose an 
application that helps to conduct assemblies in a decentralized and secure manner. With this application, 
managers can conduct assembly and broadcast information directly to the worker's smartphone and 
hence eliminating the crowded and unmanaged nature of assemblies. This application uses the GPS 
location of the site and the registered worker's smartphone as an identification pair – which is then used 
to identify which worker is physically available inside which site. Once the worker is within the allowed 
range of the site, as determined by GPS data, information like site detail, disaster, and safety declaration 
of the current site along with images and videos is broadcasted to the worker. Site information is simply 
not broadcasted to devices located outside of the site range and designated time to avoid information 
leakage. Keeping workers' IT literacy in mind, the app is provided with a simple yet intuitive UI/UX to 
navigate through and gather assembly information. This novel application was tested in multiple 
construction sites on which it has helped to increase the productivity of managers and workers 
significantly. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Construction, Construction Management, GPS, Mobile application, Morning Assembly 

1. Introduction

Every day on construction sites, "Chourey" - a morning assembly in Japanese - is the first activity to 
take place before work begins. All workers gather at a designated location in the early morning to hear 
the site manager discuss tasks, safety precautions, emergency procedures, examples of potential 
hazards, and safety declarations. As depicted in Fig.1 [1], the traditional morning assembly typically 
involved all construction workers gathering in one location, where the site manager would give 
instructions using a bulletin board and displays.  

The traditional method of conducting morning assembly had several shortcomings such as difficulty in 
hearing and understanding the information being shared, difficulty in viewing the bulletin board, 
forgetting the assembly contents during work, having to constantly check the bulletin board for 
information, potential privacy breaches, and issues with data collection and user access to safety 
declarations [2]. These problems not only hinder the productivity of construction management works but 
also decrease the productivity of the construction management works [3]. Furthermore, such physical 
gatherings being a hotspot for communicable diseases [4]. 
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In our previous paper [1], we discussed about the development and implementation of an application for 
performing the assembly on the construction sites in a decentralized manner. The previous paper 
explains about the web application that uses QR code for accessing the site information [5]. The users 
(workers) need to open the app with the browser, login with their ID and Password every day and scan 
the designated QR code for getting access to the site’s information [6]. The users are then able to get 
access every assembly information by the site manager on their mobile in the designated area and 
within the designated time. The flow of the user access process to the designated site information by 
using our previous application is shown in Fig. 2. This application was helpful in the construction sites, 
but the UI/UX part of this app was required to be enhanced for increasing the number of users [7].  

The implementation process of our previous application [1] was simple but talking about the IT literacy 
of the construction workers, opening the application via browser, logging on in the application with the 
ID and password and then scanning the QR codes seems to be troublesome for the users. Which 
resulted in the decrease of the usage of the application. Understanding these problems from the 
construction sites, we think of solving these problems by enhancing the web application to mobile 
application by using the GPS assistance technology and intuitive UI/UX [8]. In this paper, we will be 
focusing about the terms mentioned above being implemented as mobile application [9]. 

 
Fig.1. Traditional way of morning assembly in Japanese Construction sites 
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Fig.2. Flow of the user access process to our previous application. 

2. Objectives of the Novel application 

In our previous approach, we mentioned about the web application for morning assembly in the 
construction sites. To make application more feasible for the users, we set the following objectives. 

• To improve the overall assembly experience for both management and workers by using a 
decentralized, secure, and location-based method of conducting assemblies. 

•To identify and securely broadcast relevant information to workers using GPS location and device 
identification pai [10]. 

•To simplify the process of gathering assembly information with a user-friendly interface, making it 
accessible to all workers regardless of their technical expertise, and increase the productivity of 
construction management works [11]. 

•To increase the number of users using our application for morning assembly in the sites. 

3. Overview of the Novel application 

To enhance the overall assembly experience for both management and workers, we propose the 
implementation of an innovative application that facilitates assemblies in a more decentralized and 
secure way. This application allows managers to conduct assemblies and broadcast information directly 
to the workers' smartphones, thereby eliminating the crowded and chaotic nature of traditional 
assemblies. 

The application utilizes the GPS location of the construction site and the registered worker's smartphone 
as an identification pair, which is then used to identify which worker is physically present on which site 
[12].  

Once the worker is within the allowed range of the site, as determined by GPS data, information such 
as site details, disaster, and safety declarations, as well as images and videos, are broadcasted to the 
worker's device. This ensures that site information is not broadcasted to devices located outside the 
site's range, thereby preventing any potential information leakage. 

In addition, considering that many workers may not be proficient in IT, the application is designed with 
a simple yet intuitive user interface and user experience to ensure that workers can easily navigate 
through and gather assembly information. This simplifies the process and makes it more accessible for 
all workers, regardless of their level of technical expertise. 

3.1. Technical overview of the Novel application 

This novel application in an android-based native application [13]. The application is a device-based 
application. In this application, every mobile consists of their phone number and the phone numbers are 
allocated to the sites. During the initial settings of the mobile, the user input the phone number in the 
application and register the phone number as shown in Fig. 3. The system also consists of editing the 
registered number if it is entered wrong. The registered phone number must be allocated to the site in 
the initial phase for using the application. 

The IT admin of the application will then allocate the registered phone number to the designated 
construction sites. The process of allocating the phone number is also called Device mapping in our 
technical terms. Once the mobile number is allocated with the sites, the user can get access to the sites 
depending on the designated browse range and time. 

The manager of the site can create the information of the site from the manager account, where the 
system uses google map API for registering the address or the latitude and longitude of the site as 
shown in Fig. 4. The user application utilizes the GPS functionality of the device mapped with the sites 
to track the user's current location in real-time. The location of the device along with the authentication 
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based on the workers smartphone helps to make the application secure. To access the sites, the GPS 
location of the device must be kept ON while using the application.  

Fig.3. The flow showing the initial setting screen for registering and modifying the phone number and allocated sites. 

 

Fig.4. Manager screen to enter the site information and site address for GPS allocation. 

For GPS location, Android OS provides default framework called “Location”, which can be used to track 
the geolocation of the user [14]. This geo location is first used to verify if the worker and the worker’s 
registered smartphone has entered the site range or not. Once the initial identification and authorization 
is completed, the application continues to check distance between the site and the workers device. The 
device will also check the designated access time set by the site manager. The visibility of data on the 
app is controlled based on the device's current distance from the centre of the site, designated time with 
data access being limited if the device is outside of the defined location and time range.  

The image showing the screen of the application while checking the time range, GPS range is shown in 
figure 5a, 5b and 5c. In figure 5a, the device is not inside the GPS range and time range which is 
indicated by the red × mark. The start button is not activated in this case. In figure 5b, the device 
satisfies the GPS and time range condition with green✓ mark and the start button is activated. Once 
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the user clicks the start button, the user can get access to the site information as shown in figure 5c, 
and access to videos, images and PDF files is shown in Fig. 5d. 

  (a)                                                 (b)                                               (c)                                            (d) 

Fig.5. (a) Application screen showing the device is not located on site range and Time. (b) Application screen showing the 
device is within site range and time. (c) Application Home screen with site information.(d) Video and Image screen. 

3.2. Working Flow of the Novel application 

 The working flow of the novel application is as follows.  

1. Initialize the GPS on the worker's device and start monitoring the location. 
2. Verify if the worker's device has entered the site's location by comparing the device's location 

to the defined site location. 
3. If the device is within the site's location at designated time period, let the user of the application 

i.e. the worker use the app and access the information. If not, don’t display the information. 
4. Continuously calculate the distance between the device's current location and the defined 

center point of the site [15]. 
1. Initialize two objects of the "Location" class and store the latitude and longitude values 

of the two locations. 
2. Calculate the distance between the two locations using the "distance to" method of the 

"Location" class. 
3. Format the result of the calculation as a double value with two decimal places and return 

the final result. 
5. Compare the calculated distance to the designated site access range. 
6. If the distance exceeds 1 meter, display an error, and stop broadcasting the site related 

information. 
7. Repeat steps 4-6 until the worker's device is within the designated site access range within 

designated time. 

4. Security and UI/UX Features  

The novel application is user friendly and highly have security features to prevent from data leakage, 
site Privacy and user privacy. The system is highly user friendly for the targeted user who are 
construction workers. In our novel application, the users don’t have to open the browser, enter login info, 
read the QR code etc. Instead, the user can just open the application and the system automatically 
checks the location of the device using the GPS allocation system and the user can directly get access 
to the site information. The site access time is automatically saved in the server and can be used as an 
attendance system.  
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The above-mentioned feature reflects not only the user-friendly part, but also the security part. This 
feature avoids unauthorized access to the site information because the device needs to be mapped with 
the designated site with the help of IT administrator. Similarly, the manager can set the the browse range 
for every site information contents, so that the contents can be made visible only in the designated areas. 
The image showing the restriction of the content’s visibility is shown in Fig. 6. 

                   (a)                                                 (b)                                           (c)                                              (d) 

Fig.6. Screen showing the contents range privacy on (a) Feed details. (b)PDF Reader. (c) Video Player. (d) Image viewer 

This application can be used in the non-GPS environment like tunnels and undergrounds where there 
is no GPS signal [16]. To use this application in such places, the user must open the application and get 
access to the site at first in the GPS environment area. When the user moves to the non-GPS 
environment, the IMU device of the system is activated and calculates the range of the device and make 
contents visible to the user even in the non-GPS environment [17]. This tool reflects the novelty of our 
system. 

5. Testing and Evaluation 

We tested the novel application daily in multiple construction sites for more than a year. The sites are 
depending only on our novel application for conducting morning assembly on sites. The Physical style 
of morning assembly system have been changed to the digital way. The novel application has changed 
the old style of morning assembly to the modern digital style. While using our previous application, the 
sites used to conduct morning assembly on site physically as well as register the information on the 
application.  

This novel application collects the logs and data of all the registered devices mapped with the sites. The 
application also collects the access of the users on the sites. The aggregated data is saved in a 
database. This database can be used to identify who has accessed the site and who has checked the 
safety declaration site wise. The novel application was tested in the construction sites by the 
construction workers and the workers were fully satisfied with the novel application compared to the 
previous application.  

We evaluated the novel application in the construction sites, and we have generated a data showing the 
user access report. To compare the access of the novel and previous application, we tested our 
applications in a construction site with 550 workers for 12 months. For the first 6 months, we used our 
previous application, the user access graph is shown in Fig.7. The user access rate increased from 35% 
to 72% with continuous announcement for using the application. Similarly, for the next 6 months, we 
used our novel application, and the user access graph is shown in Fig.8.  The user access rate increased 
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from 73% to 99%. The physical morning assembly was stopped in this site with this user access result. 
We also took an interview with the site managers regarding the usage of morning assembly application 
and received the comments stating the reduction of time and effort required for preparing the morning 
assembly contents. 

 
Fig.7. Graph showing the user access report of our previous application. 

 
Fig.8. Graph showing the user access report of our novel application. 

6. Discussion & Conclusion 

In conclusion, the novel application for conducting morning assembly in construction sites in Japan has 
worked as intended. The traditional approach of crowded and unmanaged assemblies has been 
replaced with a decentralized and secure method of information dissemination, using the GPS location 
of the site and the registered worker's smartphone as an identification pair. The application has a simple 
yet intuitive UI/UX design, which addresses the issue of workers' IT illiteracy. The application has been 
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tested in multiple construction sites and has helped to increase the productivity of managers and workers 
significantly. The application has been developed in such a way that, it is highly secured for avoiding 
the unauthorized access, data leakage of the sites and the privacy of the users. Several sites have 
stopped performing the Physical assembly in the sites and have changed into the digital way of 
performing the morning assembly which results in the saving of time for both workers and the managers. 
Which results in the productivity improvement of the construction sites. Furthermore, it reduces the risk 
of spreading infectious diseases like COVID-19 and others. Overall, the proposed application has 
proven to be an effective solution for managing morning assembly in construction sites in Japan and 
sharing the site information to the construction workers in a simplest way.  
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1 National Center of Technology Innovation for Digital Construction, Huazhong University of 

Science and Technology, Wuhan, China. 

2 School of Civil and Hydraulic Engineering, Huazhong University of Science and Technology, 

Wuhan, China. 

Abstract  

Establishing a base on the lunar surface has become a new goal for space powers and even all 
humankind to explore the moon. However, the extreme environment and the lack of resources pose 
many challenges to the construction project. In this paper, an assembled and interlocking mixed 
structure was designed. The sintered lunar regolith can be used to build the load-bearing arch structure 
and the foundation structure, which are assembled by interlocking modules to facilitate construction on 
the lunar surface. An independent inflatable structure is needed inside the arch structure to ensure the 
air pressure environment suitable for human survival. The structure is covered with a 3m-thick lunar 
regolith layer to withstand large temperature fluctuations, intense radiation, and occasional 
micrometeorite impact. The main mechanical advantage of this structure is that each component is used 
to bear the load that it is best able to resist. The load-bearing arch structure and the foundation structure 
can be assembled and constructed with only 6 types of modules. Besides, the modules are self-
supporting so that they can be assembled without support during construction. Subsequently, the finite 
element method was used to analyze the stress state after construction. The results showed that this 
lunar base structure is feasible, but the optimization design needs to be carried out at the module joint 
because it will produce stress concentration. This study provides a scheme for the construction of human 
lunar bases. 
© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 
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1. Introduction

The Moon is the nearest extraterrestrial body to the Earth, and also the advance station of human 

exploration of space. Many countries are actively exploring the Moon and are committed to building 

lunar bases. The existence of a lunar base will facilitate human's in-depth exploration on the Moon, 

including resource exploitation and scientific research. The lunar base will include habitat, landing pads, 

roads, energy stations and other infrastructure. Due to the high cost of transporting construction  

materials from the Earth, in-situ resource utilization (ISRU) will be the sustainable development direction 

of lunar surface construction projects in the future.  

Given its abundance and availability, lunar regolith is considered a potential resource for in-site 

production of building materials on the Moon. Many methods of treating lunar regolith have been 

proposed, such as melting, sintering, and binding with additives. Sintering is one of the most promising 

technologies because it does not require any additives. Many studies have been conducted on the 

feasibility of various sintering technologies, including furnace sintering [1], laser sintering [2, 3], 

microwave sintering [4-6], and solar sintering [7].  

Although the lunar regolith can be used in situ for construction, the cost of processing it into building 

materials is also very high.  Therefore, the reasonable design and optimization of the building structure 

is also very important to save building materials and reduce the resource consumption of the building 

project. 
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2. Structural design  

Different types of lunar bases, including inflatable [8], rigid [9, 10], and mixed structures [11-14], have 

been proposed over the years. Inflatable structures must be carried from the Earth and have good gas 

tightness and excellent ability to withstand internal pressure. Rigid structures could be built in situ using 

lunar regolith, eliminating the need to carry building materials from the Earth. The mixed structure is a 

combination of these two structural forms and has the advantages of both.   

The construction scheme proposed in this study is based on the assumption that sintered lunar regolith 

is used as building material, so the physical and mechanical properties of sintered lunar regolith should 

be fully considered, and the structural form that conforms to its mechanical characteristics should be 

designed. 

1. The tensile strength of the sintered lunar regolith was much lower than the compressive strength. 

Hence, buildings constructed from sintered lunar regolith should be designed as structural forms mainly 

used to withstand compressive stress, such as arches and domes.   

2. Lunar regolith sintering requires the use of molds, which need to be carried from Earth. Therefore, 

construction components should be modular, and the types of modules should be minimized. The 

modules need to be interlocked to ensure the high reliability of the structure. 

Interlocking assembly structures have been proposed for lunar bases, including habitats [13, 14], lunar 

landing pads [15, 16], and more. An assembled and interlocking mixed structure was designed 

according to the above suggestions, as shown in Fig. 1. The sintered lunar regolith was used to build 

the load-bearing arch structure and the foundation structure, which were assembled by interlocking 

modules to facilitate construction on the lunar surface. The interlocking foundation structure had an 

excellent bearing capacity. The load-bearing arch was covered with a compacted lunar regolith layer 

with a thickness of 3.0 m to withstand high-frequency meteorite impacts, large temperature differences, 

and heavy radiation. An independent inflatable structure was needed inside the arch structure to ensure 

an air pressure environment suitable for human survival. The main mechanical advantage of this 

structure was that each component was used to address the challenge that it was best able to resist. 

This division of the different mechanical tasks reduced the complexity of the internal force systems, 

which consequently made the structural behavior safer. 

 

Fig. 1. (a) Structural scheme of arch structure and foundation structure of the lunar base, (b) interlocking 

assembly modules.  

 

3. Finite element model  

The finite element software ABAQUS was used for modeling and static analysis of the lunar base under 

the self-weight and overburden pressure induced by the lunar regolith layer. The inflatable structure was 

not considered in the model because it is independent of the arch-regolith system. The finite element 
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model is shown in Fig. 2. The mechanical properties of the samples sintered at 1040 °C were adopted 

as the material properties of the arch structure and foundation structure, and the Drucker-Prager Cap 

plasticity model was employed to represent the lunar regolith that exhibits frictional properties. Table 1 

summarizes the bulk density and shear strength used in this material model. Table 2 lists the lunar soil 

model properties that were consistent for all layers. 

 

Fig. 2. Finite element model of the proposed lunar base structure and regolith basement. 

Table 1. Bulk density and shear strength parameters of lunar regolith model layers. 

Depth Range (cm) 
Bulk Density ρ   

(g/cm3) 

Cohesion 

d (kPa) 

Internal friction angle β   

(degrees) 

0-30 1.58 1.01 49.2  

30-60 1.74 2.78 51.9  

>60 1.80 2.78 51.9  

 

Table 2. Lunar regolith model properties. 

Elastic 
Young’s modulus E (MPa) 182 

Poisson ratio ν  (-) 0.28 

Cap plasticity 

Cap Eccentricity Parameter R (-) 0.4 

Initial Cap Yield Surface Position 0ε   (-) 0 

Transition Surface Radius Parameter α   (-) 0.05 

Flow Stress Ratio K (-) 1 

For static analysis, the self-weight of the lunar base and the overburden pressure induced by the 

lunar regolith layer were considered. As Table 1 shows, the density of lunar regolith is 1.80 g/cm3 when 

the depth is greater than 60 cm. The overburden pressure induced by the lunar regolith layer over the 

arch structure can be calculated as:  

               
3 21800 / 1.63 / 3 8818klP ρ g h kg m m s m Pa= × × = ´ ´ =                              (1)               

where lg   is the gravity on the moon, and ρ   and h   are the density and thickness of the lunar regolith 

layer, respectively. 
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4. Results and discussion  

The vertical deformation and principal stress contours are illustrated in Fig. 3 and 4, respectively. 

Considering that the proposed lunar habitation is a prefabricated structure, the principal tensile stress 

governs structural safety. As shown in Fig. 4, the arch modules located on both ends receive higher 

maximum principal stresses compared to the arch modules located in the middle position. The maximum 

principal tensile stress of Arch_1 was 59.45 MPa, and the maximum principal tensile stress of Arch_5 

was only 11.27 MPa. Thus, the arch modules located on both ends should be thicker or use materials 

with higher tensile strength. The middle arch modules can be designed to be thinner. Moreover, the 

stress was mainly concentrated in the interlocking parts of the arch modules, which means that the 

interlocking parts should be specially designed to reduce the stress concentration. 

The maximum principal tensile stress received by the foundation modules was much higher than that of 

the arch modules, which indicated that the foundation structure should be made of materials with higher 

tensile strength. In addition, the stress was mainly concentrated in the interlocking parts of the 

foundation modules, and the maximum principal tensile stress for Pad_1 was as high as 400.4 MPa. 

Thus, the interlocking parts should be specially designed to reduce the stress concentration or use a 

larger foundation structure.   

 

Fig. 3. Vertical deformation fields for the lunar base. 

 

Fig. 4. Maximum principal stress of the arch modules and foundation modules. 
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5. Conclusion  

In summary, this study proposes an assembled and interlocking mixed lunar base structure, which can 

be assembled by 6 types of modules. The finite element method was used to model this structure, and 

the interaction between modules was considered. The stress state of the structure under the self-weight 

and overburden pressure induced by the lunar regolith layer was analyzed, and the following 

conclusions were obtained: 

(1) The module is prone to produce large stress concentration at the joint, which should be avoided by 

optimizing the design of the joint; 

(2) The stress of the arch modules located on both ends is higher and should be designed for thicker 

structure; 

(3) The tensile stress of the bottom plate structure is very high, so thicker structure design or other ways 

should be adopted to improve its performance of bearing tensile stress. 

The maximum principal tensile stress received by the foundation modules was much higher than that of 

the arch modules, which indicated that the foundation structure should be made of materials with higher 

tensile strength. In addition, the stress was mainly concentrated in the interlocking parts of the 

foundation modules, and the maximum principal tensile stress for Pad_1 was as high as 400.4 MPa. 

Thus, the interlocking parts should be specially designed to reduce the stress concentration or use a 

larger foundation structure.   
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ANALYSIS AND MEASURES TO IMPROVE THE EFFICIENCY OF 
BUILDING INFORMATION MODELLING IN COST ESTIMATES 

Christian Nordahl Rolfsen1, Muhammed Sariteke1 
1 Oslo Metropolitan University, Oslo, Norway 

Abstract 
Building Information Models (BIM) and information in these models have been responsible for an 
"industrial revolution" in the construction industry, but there has not been the same focus on BIM in the 
early stages of planning, such as using it in cost estimation and calculations, also called 5D-BIM. Our 
research question is: “What are the advantages and disadvantages of using BIM in the estimation phase, 
and which measures can make this more efficient and user friendly.” Information was first obtained by 
examining cost estimation programs used in a larger construction company in Norway. Secondly a 
survey was sent out to employees in the construction industry, where the respondents were asked to 
assess and explain their relationship with BIM and cost estimation. The results revealed that there is a 
lack of competence and training for those who use BIM-models for cost estimation. Secondly It has been 
identified that BIM-models used to calculations is not detailed enough. Integration of cost estimation 
earlier in the project development would have more influence on choices and solutions. The conclusion 
is that cost estimation has to be more efficient in the interaction with BIM, including implementation of 
stricter requirements for BIM-models used for dynamic calculations, skills need to be raised, calculations 
should be involved earlier in the projects, and the public sector should be involved more to propose 
measures. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 
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1. Introduction

Norway is among the pioneers in the use of BIM tools. Attention is drawn to the fact that Norway also 
has its challenges with the use of BIM tools. It is pointed out that contractors have a lot to gain by working 
smarter and in close cooperation with other players in the industry [1]. In Norway, BIM-implementation 
has been in progress for many years, much due to Statsbygg, one of the largest construction developers 
in Norway, demanding BIM since 2010 [2]. Therefore, many of the large architecture, engineering and 
construction (AEC) firms operating in Norway have hands-on experience in working with BIM [3]. In 
Norway there is a national standard, NS 8360:2015 for BIM-objects [4], that has been important for the 
implementation of BIM in new buildings. Models and information in these models have been responsible 
for an "industrial revolution" in the construction industry, but there has not been a focus on BIM in the 
early planning phase to the same extent as the use of BIM models on construction sites. Although the 
use of BIM in calculations of buildings has lagged behind, there has also been an evolution there. This 
paper examines and identifies the current challenges, disadvantages and advantages of using BIM in 
the early phase of a project, mainly cost estimation, and then identifies measures that can be taken 
based on feedback from a survey. This paper has, thereby, chosen to take a step further and look at 
digitization with the help of the transfer of data from the BIM-model to calculation programs, to see how 
it is expected to affect work in the cost estimation of buildings in Norway. The research question is: What 
are the advantages and disadvantages of using BIM in the estimation phase, and what measures can 
make this more efficient and user friendly.  The purpose is to see to what extent today’s BIM technology 
is expected to have an impact on productivity in a calculation process, and whether this might simplify 
or complicate the work. 
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2. Theory 

McKinsey & Company published a report in 2020 that described the future of the construction industry 
from a technological perspective. We are in the middle of a divide where many software solutions have 
been implemented, which gained momentum during the Covid pandemic [5]; however, many people still 
use Excel and software that is not explicitly intended for calculation for civil engineering projects. In this 
transition phase where you slowly but surely move to dedicated calculation programs, it is natural that 
there will be a period of adaptation for both end user and developer. The developers must work to make 
their software user-friendly, while users must be trained and accustomed to new methods. For the 
interests of this paper it is necessary to describe some of the programs used in the case study. 

2.1. Solibri  

With Solibri you can collect, check and quality-assure your BIM projects. The tool helps you maintain 
the required quality in models from different disciplines, so that all parties involved can work together 
effectively [6]. Solibri could also be used to quantity take-offs. 

2.2. Naviate Simple BIM  

Naviate Simple BIM is a BIM editing program that is used to create models that contain the exact 
information needed. The model is trimmed and edited to contain information that is relevant. It is then 
exported as an IFC file that is used as needed. Another advantage that comes with this is that the file 
size becomes smaller when unnecessary information is eliminated from the file. This can be anything 
from aesthetic illustrations such as furniture to entire buildings that are not to be included. You can, for 
example, trim away everything and be left with the building structure and information relevant to this 
only [7].  

2.3. ISY ByggOffice  

ISY ByggOffice from Norconsult Information Systems is an online program used in the estimation phase 
to calculate all types of projects. On its website, the calculator tab is described as a program that is 
organized and efficient and has ease of use in focus [8]. It also has the ability to store empirical values 
in the form of unit times and resource consumption. This makes cost estimation more accurate, and you 
can update these figures as often as you like. ISY ByggOffice also has the option of importing BIM 
models for taking off quantities and objects. This of course assumes that the model is accurate and tidy. 
When the model is in the required condition and imported, you then get a complete calculation 
description. 

3. Method 

Information was first obtained by examining cost estimation programs used in a large construction 
company in Norway. A case study was done using the BIM-architect model of an apartment building in 
Oslo, Norway. The BIM model, made by the architect, was transferred to Solibri and Simple BIM. After 
some revision and simplifying of the BIM model, it was transferred to ISY ByggOffice which was the 
calculation program used. 

Secondly a survey was sent out to 30 employees in the construction industry. 17 people in the 
construction industry answered these questions, this group consisted of 9 project leaders/ project 
engineers, 3 BIM-designers, 1 building designer and 4 calculation specialists. The respondents were 
asked to assess and explain their relationship with BIM and cost estimation. The questions were divided 
into three parts. First they focused on the use of BIM-tools, next they focused on calculation tools, and 
finally they focused on the correlation between BIM and calculation tools. The analysis of the results 
follows the questions asked and the results are discussed. The responses were obtained and analysed 
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from a qualitative perspective and assessed against the use of these programs through participatory 
observation and experiences. 

4. Results 

The results are divided into two parts. Firstly they focus on examining cost estimation programs used in 
a larger construction company in Norway using a case study. Secondly they focus on the survey that 
was sent out to employees in the construction industry. 

4.1. Examining of cost estimation programs used in an apartment building case in a larger construction 
company in Norway.  

The examination of cost estimation in a construction company in Norway revealed that BIM-models have 
been used in all newer projects. There is a varying degree of information and accuracy in these models, 
some lack important information necessary for the calculations. There have been projects with, for 
example, doors that lack requirements for fire resistance. Also duplicates of objects occur, which 
increases the cost of the project and can lead to double orders if not discovered in the final design 
phase. 

 

 

 

  

 

 

 

 

Fig. 1. The case study using one of these apartment buildings in Oslo, Norway [9]. 

The case study using an apartment building, revealed that there are great advantages of using a model 
trimmer such as Simple BIM to simplify the BIM-model before the calculation process. The model is 
trimmed so that it takes up less space and smaller elements, which leads to less storage space being 
used and thus also less RAM memory to run the model on a PC. The disadvantage with this is that it is 
time-consuming. In addition to this, training, skills development and familiarization are required to make 
it effective. One must also be aware that such software licenses cost a great deal of money for 
companies, and when you have to use several different softwares, the expenses also increase both in 
the form of license fees and courses/training of the designers.  

It seems that a recurring problem is the fact that a model is not fully developed and all solutions are not 
fully designed by the time the calculation is made. Often, documents received have been changed during 
a tender. An example that repeats itself is to replace site-built bathrooms with cabin solutions that are 
installed in the building with taps and connected to the water and electricity network. 

With the extraction of information from a window in the program Solibri, the ID numbers of the windows 
was missing, then the window form could not be taken out and sent to contractors and providers. No 
sound and fire requirements had been entered either. This had to be implemented manually from the 
reports from the sound and fire engineering consultants. Loots of time was used to put the right 
information into the BIM-model before transferring it to ISY Byggofice. 
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4.2. Results of the survey sent out to the employees in the construction industry in Norway.  

There were 17 responses on the survey,16 (94,1 %) of them had experience with the use of BIM tools 
and 14 (82,4 %) had experience with the use of cost calculation programs. 

Of the 16 with experience of BIM-tools, 16 had experience with the use of Solibri, 7 had experience with 
the use of Archicad, 7 had the experience with the use of Revit, and 4 had experience with the use of 
SimpleBIM, (see figure 1a). Other programs used were Autocad, Tekla Structure, Interaxo fields, 
StreamBIM and Allplan. 

Of the 14 with experience of calculation programs, 10 had experience with the use of ISY ByggOffice, 
12 had experience with the use of Excel, and 4 had experience with the use of Geometra, (see figure 
1b). Other programs used was Holte SmartKalk, ISY Linker, ISY Beskrivelse, Bluebeam, Revit MEP, 
ISY G-prog and Focus Anbud. The answers that came back were not surprising; Solibri, ISY ByggOffice 
and Excel still run the show. 

a           b 

 

  

 

 

 

 

Fig. 1. (a) Respondents experience with BIM-programs; (b) Respondents experience with calculation programs.  

After identifying users of BIM and calculation tools, the next step was to find out how satisfied these 
users were with the interaction between BIM and calculation programs. A majority of 41% stated a 
satisfaction level of 6 on a scale between 0 and 10, were 10 was the best. There were also some users 
who stated higher and lower, but no one had stated a degree of satisfaction higher than 8. There were 
some users who were quite unhappy as well. Taken together, the average was 5.53 and the median 
was 6.  

An answer often repeated among the respondents, is that the models in the early phase are not detailed 
or complete enough to perform accurate calculations and cost estimates. As one of the participants in 
the survey points out: "Models this early in the phase are not good enough to provide a full basis for 
calculations. But it visualizes the building and you get a better understanding of what is to be built." 
Another answer gives a similar picture: "The BIM model is often not complete enough to be used as a 
calculation tool, but can be used as a visual understanding". 

The respondents then answered what advantages there were with the use of BIM tools in the early 
calculation/ planning phase. An answer repeated often, was that it makes the project visual and holistic. 
This in turn makes it easier to identify pitfalls and often forgotten elements. Other arguments are that it 
is time-saving and easier to identify collisions using a BIM model.  

The respondents were also asked about the disadvantages of using BIM tools in the calculation/planning 
phase. The results show that BIM models from architects and consultant engineers are not detailed 
enough and contain errors, and models used for calculations do not necessary represent what is being 
built. It is also a recurring theme that competence is inadequate and that this needs to be addressed. 
One respondent summed it up like this: "Too much trust in models often leads to tunnel vision. It must 
be used correctly, and one must have the competence to see the details that do not appear in the 
model." 
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Then the respondents were asked what they actually needed to use from the BIM-models in calculations 
or preliminary projects. The answers were slightly more varied. One of the answers was that ISY 
ByggOffice was too messy to use, with a desire to switch to a setup on Excel, another answer was that 
you should create a standard for the model before you switch to a calculation phase. An interesting 
response that was obtained was as follows: “Want more use of dynamic calculation. That we get to the 
point where calculation is more of a natural part of the preliminary, sketch, detail and execution project 
phases. More of a natural part of the planning in these phases (and operations administration in the 
latter)”. 

Finally, the respondents were asked about their point of view on the industry's relationship with BIM in 
calculations / preliminary projects. There were many answers, but a common denominator in the 
answers was that further development and adoption of BIM-tools to a greater extent early in a project is 
the way to go. One respondent summed up the other responses quite well by saying: “I am of the opinion 
that there is a desire to use BIM. It's not completely painless yet, but we're well on our way. We must 
raise the quality of models at an earlier stage and make more demands on how a model for the tender 
stage should look and what it should contain. It is difficult to get these requirements through, since we 
as contractors are not involved early enough." 

Overall, the results of the survey have provided a clue to where the problems lie and how it is 
perceived by individuals. Some of the answers may seem obvious, but when carrying out the survey, 
many of the hypotheses have been confirmed independently and can be used to further discuss and 
find solutions to problems related to BIM and calculation/pre-project. “Quick overview of what is to be 
built. If it is a good model, some quantities can easily be extracted for a quick calculation.” 

5. Discussion 

When it comes to the survey directly linked to this paper, the feedback has been a good mix. A regular 
occurrence is that models early in the calculation phase are not complete enough to have an accurate 
price estimate of a building. Among other things, it is mentioned that the architect and designer have a 
limited preliminary project which is difficult to calculate accurately with the correct quantities. It can be 
anything from forgotten elements such as windows or walls to information in the various elements that 
is not included. can be forgotten. unclear and simply unfinished. Missing information about objects 

Another aspect is competence. Although Norway is far ahead, there have been responses in the survey 
that indicate that there may be some lack of competence, as those who use BIM and calculation tools 
have more software and methods to stick to. The investigation has revealed that courses/training are in 
short supply. This can be explained by the fact that there is a greater proportion of older people (55-66 
years) in construction who work full-time, compared to other industries. The report to which reference is 
made covers everyone in construction, including migrant workers and those who work outside on a 
construction site with a journeyman's certificate [10].  

Some of the answers from the respondents is making a proof of this.   

“Too much trust in models often leads to tunnel vision. It must be used correctly, and one must have 
the experience to see the details that do not appear in the model.” 

“Want more use of dynamic calculation. That we get to the point where calculation is more of a natural 
part of the preliminary, sketch, detail and execution project phase. More of a natural part of the planning 
in these phases (and operations administration in the latter)”. 

“If you raise IT competence, influence the industry to have a standard template for BIM files and create 
calculation templates from this in ISY Byggoffice, you can quickly save a lot of time on automatic quantity 
withdrawal in ISY Byggoffice Office.” 

It is also important to mention the benefits of having a representative or official from competing 
contractors involved early on, to give them the opportunity to collaborate with the architect and create a 
compatible BIM file with the contractors' wishes and specifications included. 
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6. Conclusion 

This paper aims to give an answer to the research question: What are the advantages and 
disadvantages of using BIM in the estimation phase, and what measures can make this more efficient 
and user friendly. The answer is that some measures must be initiated to make cost estimation more 
efficient in interaction with BIM tools: It is proposed to raise skills, implement requirements for models, 
implementation of dynamic calculation, involve calculation earlier in a project and involve the public 
sector to propose measures. The results show that there is a lack of competence and training for 
those who do not directly work with the development of models, for example people who use models 
for cost estimation. It has been identified that models have major shortcomings in such an early phase 
of a project. Secondly It has been identified that BIM-models used to calculations is not detailed 
enough. Integration of cost estimation earlier in the project development would have more influence on 
choices and solutions. The conclusion is that cost estimation has to be more efficient in the interaction 
with BIM, which includes implementation of stricter requirements for BIM-models used for dynamic 
calculations, skills has to be raised, and calculations should be involved earlier in the projects, and the 
public sector should be involved more to propose measures. It is also proposed that calculus becomes 
a dynamic subject that follows from the early phase to the final phase of a project, and integration of 
cost estimation earlier in the project development to have influence on choices and solutions.  
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Abstract 
The 3D model generated in the design stage is instrumental in preventing interferences and design 
errors during the construction process. However, it often does not consider the construction stage's 
activity concept, necessitating the remodeling of the 3D model for construction use. This reduces the 
reusability of the original 3D model, making it challenging to utilize it effectively during the construction 
stage. To address this issue, the authors propose a convenient function to divide the 3D model into 
construction activity units while retaining the attribute information. Although commercial CAD software 
like Dynamo has a 3D model division function, its use is complicated and requires additional software 
besides the 4D system for 4D simulation in the construction stage. The authors introduce a methodology 
and module that utilize the bounding box concept to simplify the division process after importing the 3D 
model into the 4D system. This eliminates the need for separate CAD software and allows for direct 
division into activity units within the 4D system and simultaneous simulation. The new division function 
is expected to improve the utilization of 3D models during the construction stage. 
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1. Introduction

1.1. Study background and objectives 

Building Information Modeling (BIM) is a valuable tool for managing construction processes throughout 
their life cycle. During the design stage, a 3D model of the structure is created, and various attribute 
information, such as activities and cost, is added to the model. By utilizing such 3D models, potential 
issues that may arise during construction can be identified in advance by checking for interference 
between design components and errors in the design. Moreover, the 3D model generated during the 
design stage can provide a visual representation of the construction schedule and progress 
management through 4D simulations linked with the construction activities' schedule. Typically, 3D 
models generated during the design stage are structured based on the design unit components because 
it is challenging to consider the construction stage's activities. In other words, the information level of 
the 3D model generated during the design stage and the information level required during the 
construction stage differ from each other, making it difficult to use the model generated during the design 
stage directly.  

Therefore, in many cases, 3D models are reconstructed based on activity units during the construction 
stage to recycle the 3D models generated during the design stage for the construction stage. In 
particular, to perform 4D simulations during the construction stage, the 3D models from the design stage 
must be modified, and new 3D models required for each activity unit must be created, incurring additional 
time and expense. This study establishes a division methodology to recycle the 3D models generated 
during the design stage as activity units in the construction stage. A division module based on the 
suggested method is also developed within a 4D system. 
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1.2. Research trend 

Research on object disassembly of 3D models has been conducted from various perspectives. [2] 
studied object classification and disassembly of point cloud data by utilizing PointNet algorithms. [3] 
generated polygon recognition and vertex data based on the U-Net algorithm to propose methods to 
classify and disassemble structures. Furthermore, [4] studied the influence of learning data during deep-
learning-based object disassembly in point cloud data. Disassembly utilizing point cloud data requires 
data collection and post-processing steps, and application to the construction stage through object 
disassembly in the design stage can face limitations as the process is semantic. It includes recognizing 
and classifying objects rather than physically disassembling them. [5,6] researched the classification of 
structural components and surface model generation based on the voxelization algorithm. [7] conducted 
a methodology study on triangular mesh model slices through parallel planes. [8] created multiple slice 
shapes in IFC models based on IfcOpenShell and utilized them for structural space analysis. [9] 
calculated vertex data of the surface model and conducted object disassembly studies through the 
objectification of the disassembly model after disassembly. Although vertex data utilization is common 
to the methods of this study, the division utilizes the triangular net vertex data of the surface model.  

Previous studies on disassembly processes have primarily focused on semantic disassembly, which 
involves recognizing and labeling structures by applying deep learning models to point cloud data. A 
few studies have explored direct disassembly methods that physically disassemble 3D models, resulting 
in changes to attributes such as shape and volume. However, such studies may require specialized 
equipment and substantial amounts of training data to collect point clouds. Additionally, most studies 
have been limited to specific structures, such as buildings, and further research is needed to investigate 
direct disassembly of 3D models during the design and construction stages. In this study, authors 
present a simple disassembly method that utilizes Dynamo and a division module in a 4D system. 

2. Design 3D model disassembly method  

2.1. Generating a disassembly partition of the 3D model  

Object segmentation is an important process in 3D modeling that involves dividing a 3D object into 
smaller parts or segments. In the context of construction, object segmentation is often used to divide a 
design model into smaller activity units that can be more easily managed and simulated during the 
construction stage. Dynamo, which is a visual programming language built for Revit, can be used to 
create nodes for object segmentation, including cutting functions that designate the disassembly 
direction and shape of the 3D model. These nodes can be used to segment the 3D model into activity 
units, which can then be further optimized for use in the construction stage. By using Dynamo to segment 
the 3D model in this way, it becomes easier to determine a specific construction order, match detailed 
construction activity units, and disassemble the model for use in the construction stage. This process 
can significantly improve the reusability of the original 3D model created during the design stage, and 
help to streamline the overall construction process. 

After the user selects the model to be disassembled, the function that allows the user to configure the 
disassembly partition freely is shown as a Dynamo script in Fig. 1. The model object is disassembled 
according to a previously generated disassembly partition. The user can freely configure the 
disassembly partition of the structure by designating the length and direction of the vertical and 
horizontal structures. The disassembly specifics can be subsequently input for the disassembled 3D 
model to be utilized in the construction and maintenance stages. 
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Fig. 1. Dynamo script configuration for disassembling the 3D model 

2.2. Configuring the disassembly process with Dynamo 

The attributive information of the initial design model must be maintained in the disassembly process of 
the 3D model generated in the design stage. Any additional attributive information must be input 
according to how the disassembling proceeds. However, the design models consist of hundreds or 
thousands of objects, indicating that it is inefficient for users to directly select models that need to be 
disassembled in the design model. Thus, the model to be disassembled, and the number of components 
to divide a design model using Dynamo need to be fixed. Since several iterations may be necessary, a 
Dynamo script capable of handling such actions is configured to disassemble the design model. 

2.3. Generating bounding box to design 3D models 

The upper portions of Fig. 2 show the script configuration that enables objects to be disassembled by 
the bounding box after setting the model to be disassembled and a number of components in Revit 
Dynamo. Geometrical information is extracted from the bounding box of each object to be disassembled 
in the x-, y-, and z-directions, as shown in detail in the lower portion of Fig. 2. 

Fig. 2. Bounding box configuration of the 3D model using Dynamo 

3. Disassembly of 3D model of bridges 

3.1. Configuration of the disassembly information of the 3D model 

The user first defines the number of components and parts of objects for disassembly. Then, the design 
model is disassembled using the configured Dynamo script (Fig. 3). For example, an abutment created 
as a single object in the design stage must be executed three times vertically in the construction stage. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-015

Keszthely, Hungary 
20-23 June 2023

119



The user sets the abutment to "3" in the Dynamo script, inputting the number of components to obtain 
an object disassembled into three components in the z-direction (as shown on the right side of Fig. 3). 

To use the disassembly model object in detail, a new method is required to easily determine: 1) the 
number of divisions for a given component of the disassembly model objects, and 2) the order of 
disassembly model objects. Therefore, a procedure is established for inputting information about the 
model before disassembly and the number of components to be conducted as attributes. This allows 
user to check the details of disassembly, as shown on the right side of Fig. 3. The specifics of 
disassembly can be configured by combining the object name already input in the existing design model 
and disassembly information in the WBS Code, also shown on the right side of Fig. 3. Thus, regardless 
of which disassembly model object is selected, the attributive information before and after disassembly 
can be identified simultaneously, enhancing the utilization and convenience of the disassembly model. 

 

  

Fig. 3. Input details of the 3D model disassembly               Fig. 4. Configuring the schedule of disassembled 3D models  

3.2. Configuring the schedule of 3D models 

The schedule information of the disassembly model is generated by utilizing the disassembly information 
input after the design 3D model has been disassembled. The abutment model of the bridge receives a 
disassemble value (3) from the user, as shown in Fig. 4. Accordingly, an abutment model constituting 
one object is divided into three segments, as shown in the lower left portion of Fig. 4. Each segment 
receives a “name value_disassemble value” of abutment_1, abutment_2, and abutment_3. In other 
words, the schedule information is readily generated by utilizing the essential information included in the 
3D design model. In addition, the Dynamo script is prepared so that the value selectively input by the 
user, such as the WBS Code, receives a “WBS Code_ disassemble value”. 

After extracting information such as abutment_1, abutment_2, and abutment_3 allocated to the 
disassembly model and reallocated WBS Code, the schedule information regarding the construction 
details of the relevant model is generated. A specific schedule is established in this process by 
designating the abutment construction order of ‘rebar installation’, ‘formwork installation’, ‘concreting’, 
‘formwork remove’, and ‘other’ in advance and enabling repetition of the above activities. 

Thus, when users are configuring the schedules of abutments that form the design 3D model, they 
establish a detailed schedule divided by execution, as shown in the ‘Partition and Recycle model’ column 
in Table 1. The ‘Existing 3D model’ column in Table 1 exhibits a schedule comprised of only five 
processes. 

Table 1: Organization system of activity units of 3D models before and after disassembly 

Existing 3D model Disassembly and Recycle model 
▼ Abutment ▼ Abutment 

Rebar installation ▼ Abutment_1 
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Formwork installation Rebar installation 

Concreting Formwork installation 
Formwork remove Concreting 
Etc. Formwork remove 

 Etc. 
 ▼ Abutment_2 
 Sub-process X5 

 ▼ Abutment_3 
 Sub-process X5 

 

4. Division module of 3D model in 4D system 

4.1. Import of divided model and selection of divided object 

To divide a 3D object in a 4D system, first select a design model from the ‘3D Information’ menu and 
then import it into the 4D system as shown in Fig. 5. Once the design model is selected and imported 
into the 4D system from the ‘3D Information’ menu, the ‘3D model division’ function can be activated. 
Clicking on the ‘Split 3D model’ button will open a 3D model split window, where detailed information of 
the model to be divided can be checked. Users can select the specific object or multiple objects they 
want to divide by dragging. After the selection is made, clicking the mouse will bring up the division 
function viewer, as shown in Fig. 6. 

  

 

 

 

 

 

 

Fig. 5. Import of 3D model in 4D system                                        Fig. 6. Identification of divided model 

4.2. Generation of bounding box and division plane 

Fig. 7 shows the detailed division screen after selecting the model to be divided. If the user selects the 
‘Bounding box’ button in the activated division window, the user can generate a bounding box of the 
model object and can check the information on the two pier column objects that the user selected for 
division. In addition, if the model to be divided is multiple objects, objects can be individually selected 
from the layer. A bounding box can be created for each model, allowing different divisions between 
multiple objects. When a bounding box is created, a guideline is displayed as shown in Fig. 8 so that 
the generated bounding box can be checked in detail. The user can use the 3D model division function 
more conveniently by providing the user with a guideline for the direction and generation of the division 
surface. 

After selecting the detailed object to be divided and creating the bounding box, the user can input the 
number of divisions. After entering the number of divisions, if the 'Cut edge' button is selected, the user 
can check that the guideline is marked. The corresponding guideline becomes the division direction, 
and the detailed coordinates are located in the middle of the division function window. Accordingly, the 
user can check the specific coordinates of the guideline, and freely configure the division direction and 
surface by freely moving the guideline.  Divided parts can be intuitively grasped through division lines 
and colors. 
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Fig. 7. Generation of bounding box of division model               Fig. 8. Divided model using division module un 4D system 

5. Conclusions 

With the increasing use of building information modeling (BIM) in the construction industry, the 3D 
models developed during the design stage are becoming more important for the construction stage as 
well. This study presents a method to disassemble a 3D model for recycling the construction activity 
units and verifies the utility of division module within the 4D system using the segmented model. By 
using the Dynamo script to disassemble the model in the desired direction, number, and level, the 
construction stage 3D models can be efficiently recycled for the 4D simulation. Additionally, the division 
module constructed within the 4D system allows for the 3D model to be divided into detailed activity 
units without the need for external software, improving the convenience of the 4D system. This method 
contributes to the utilization and efficiency of BIM functions in the construction stage, promoting better 
collaboration and communication between designers and contractors. 
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Abstract 
The use of self-compacting concrete (SCC) instead of traditional vibrated concrete has many 
advantages, which are most evident through the increased efficiency of SCC concrete under the 
influence of the environment. However, its use requires careful planning of concrete works and careful 
optimization of concrete mix design. SCC usually includes large amount of fine particles which ensure 
cohesiveness of the mixture and provide enough excess paste which is necessary for achieving 
adequate flow properties. When pulverized coal fly ash is used as a fine mineral additive, its spherical 
particles reduce water demand, and slow pozzolanic reactions reduce permeability and this leads to 
increased durability. Nowadays, pulverized coal combustion technology is being replaced by 
combustion in a circulating fluidized bed, which is characterized by lower energy consumption. 
Circulating fluidized bed fly ash particles are irregularly shaped and differ in chemical composition from 
pulverized coal fly ash. In this paper the possibility of designing SCC with the addition of circulating 
fluidized bed fly ash is being investigated. SCC mixes with different amounts of fly ash were designed 
and its properties in the fresh state were tested using slump-flow, J-ring and L-box measurements. 
Compressive strength was tested in the period from 2 days to 90 days to evaluate the effect of circulating 
fluidized bed fly ash on strength development. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Pulverized coal fly ash has gained considerable importance as a supplementary cementitious material 
due to its pozzolanic properties, but also due to the improved workability of concrete attributed to the 
spherical shape and plain surface of ash particles. Nowadays, circulating fluidized bed combustion 
technology is being more widely accepted as a method for production of heat and electrical energy 
because it is more energy efficient. In conventional pulverized coal-fired boilers, combustion takes place 
at temperatures between 1150 °C and 1750 °C which results in the melting of the majority of the minerals 
contained in the coal which is crucial for the formation of spherical particles [1]. In fluidized bed 
combustion the temperature of combustion is below the melting point (up to 900 °C). Because of lower 
temperature of combustion and interaction of coal with bed material, fluidized bed fly ash is more 
crystalline and irregularly shaped [2].  

Utilization of fluidized bed fly ash in building materials has been widely investigated during the last 
decade [3,4]. It was shown that these ashes compared to pulverized coal fly ash poses self-cementitious 
properties [3,4,5]. Increasing the content of fluidized bed fly ash usually increases the water demand of 
the mix [6,7]. When used as a cement replacement, especially at higher replacement ratios it decreases 
strength but at lower dosages strength could also increase which is attributed to the denser 
microstructure [3,4,7]. The filling effects are also used to explain reduced permeability and improved 
durability of concrete made with fluidized bed fly ash [8,9,10]. 
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The application of fluidized bed fly ash is currently outside the scope of the standard for fly ash for 
concrete (EN 450-1:2012). It may be used as a supplementary cementitious material however, its 
performance as concrete pozzolan is not yet well established [1], probably due to its high variation in 
chemical composition depending on the source of fuel [3]. In this work possibility of producing SCC with 
circulating fluidized bed fly ash is being investigated. Mixes with different amount of fly ash used as a 
cement replacement and/or filler were tested using standardized methods for SCC. Besides fresh 
concrete properties impact of fly ash on compressive strength development has been evaluated.  

2. Materials and methods 

2.1. Characterization of component materials 

Cement used was Portland cement type CEM I 52,5 N (CEM I) according to classification in European 
standard EN 197-1:2011. Limestone quarry dust (LQD) originated from the same quarry as the 
aggregate used in this work. LQD is a by-product generated during mining and crushing processes of 
aggregate production. The problem of generation of excess amounts of LQD is often present at 
aggregate crushing facilities. It is usually possible to influence the amount of LQD generated by 
optimization of crushing technology [11]. LQD requires adequate handling and storage in order to reduce 
the pollution of the surrounding areas by small airborne particles. LQD had more than 85 % of particles 
passing the 0,063 mm sieve (Fig. 1.) as determined by air jet sieving method (EN 933-10:2009) and in 
this work it was used as filler for design of SCC. Fly ash (FA) originated from thermal power plant Stanari 
located in the central part of Bosnia and Hercegovina. Power plant uses lignite coal as a fuel which is 
incinerated at ≈ 850 °C using circulating fluidized bed combustion technology. Chemical and physical 
properties of this FA have already been presented in [12]. Pozzolanic oxide content (SiO2+Al2O3+Fe2O3) 
of FA is 78,85 % [12] which indicates its potential to serve as a cement replacement material. It also has 
finer particles than cement with median particle size of 18,8 μm (Table 1). The particle size distribution 
(PSD) of powder materials (CEM I, LQD and FA) is shown in Fig. 1. The PSD of CEM I and FA was 
analysed by a laser diffraction method using a dry measurement (Shimadzu SALD 3101 Instrument) 
while the PSD of LQD was analysed by air-jet sieving method. Density of powder materials was 
determined according to standard ASTM C188-17 (Table 1).  

Water demand of powder represents the minimum amount of water necessary to mix with powder to 
form a cohesive paste. At this state bonds between solid particles are strongest and maximum packing 
density is achieved [13,14]. Water demand and packing density are both simple to measure and can be 
used to qualitatively estimate effects of adding mineral admixtures on density and workability of the 
concrete. Different methods have been proposed for evaluation of water demand of powders [15]. In 
this work minimum water requirement was determined by combined use of standard consistency test 
(EN 196-3), mini-slump test [16] and visual observation. It was determined that the water requirement 
of FA is approximately three times of that of CEM I or LQD (Table 1). Packing density of each powder 
was determined by measuring mass of the sample compacted in the cylinder mould with a volume of 70 
cm3 and then volume of solid particles is calculated from known data about water/powder ratio and 
densities of water and powder. It was determined that LQD had the highest packing density and the 
lowest packing density was measured for FA (Table 1).  

Aggregate used was crushed limestone. Three size fractions 0/4 mm, 4/8 mm and 8/16 mm were used 
for making concrete. Particle size distribution of aggregate is presented in Fig.1. Water absorption was 
0,6 %, 0,4 % and 0,3 % for fractions 0/4 mm, 4/8 mm and 8/16 mm respectively. The average density 
of aggregate was 2,68 kg/dm3. Superplasticizer used was MasterEase 7007 from Master Builders.  
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Fig. 1. Particle size distributions of powders and aggregates 

Table 1. Physical properties of cement, limestone quarry dust and fly ash 

Property CEM I 52,5 N Limestone quarry dust Fly ash 

Median, d50 (µm) 26,5 33,7 18,8 

Density (g/cm3) 3,01 2,72 2,39 

Water requirement (-) 0,28 0,22 0,75 

Wet packing density (-) 0,577 0,647 0,385 

 

2.2. Concrete mix design and testing methods 

One of the goals of this work was to design mixes that will have reduced cement content by replacing it 
with FA while meeting the requirements for SCC. Another goal was to maximize the use of both LQD 
and FA since considerable quantities of both materials are currently being landfilled. Concrete mix 
compositions are given in Table 2. Mixes M1-M8 are designed with the same powder content (CEM 
I+LQD+FA) of 580 kg per 1 m3. Both CEM I and FA were treated as binder and mixes were designed 
with water/binder (w/b) ratio of 0,4, 0,45 and 0,5. Mix M1 has been selected as reference and was made 
without FA. In mixes M2 and M3 CEM I have been partially replaced with LQD. Mixes M4 and M5 were 
made with w/b ratio of 0,4. In mix M4 50 % of LQD was replaced with FA while in mix M5 cement was 
also partially replaced with FA. Mixes M6-M8 were made with w/b ratio 0,45 and different amounts of 
CEM I replaced by FA. Mix M9 has been designed with powder content of 315 kg per 1 m3 with an aim 
to maximally reduce cement content while maintaining SCC properties. To avoid segregation in mix M9 
aggregate particle size distribution has been modified compared to mixes M1-M8 by increasing the 
percentage of 0/4 mm aggregate fraction. Quantity of superplasticizer in mixes was adjusted to achieve 
adequate flowability required for SCC. 

The mixing of the concrete was performed in a compulsory mixer with a capacity of 75 litres. Before 
mixing, all constituents were conditioned in a laboratory for approximately 1 day to equilibrate 
temperature differences between constituents. The mixing procedure similar to that described in [17] 
was followed. Fine and coarse aggregates were first homogenized in a mixer and shortly after about 
one third of the mixing water was added and mixed for 30 seconds. Then cement and mineral additive 
were added and mixed for another 30 seconds and the second third of water was added and mixed for 
one minute. The superplasticizer dissolved in remaining water was introduced into mixer and mixed for 
another two minutes and then left for a two-minute rest. Concrete was then mixed for additional two 
minutes to complete the mixing sequence.  
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In the fresh state temperature and density of concrete were measured. Density was measured using 
pressure method on a sample with volume of 8 litres. Standardized tests for self-compacting concrete 
were used to evaluate flowability, viscosity, passing ability and segregation resistance. Flowability was 
evaluated by slump-flow test according to standard EN 12350-8:2019, viscosity was evaluated by 
measuring t500 time in slump-flow test and by V-funnel test described in EN 12350-9:2010. Passing 
ability was evaluated by L-box test with 3 bars (EN 12350-10:2010) and by J-ring with 12 bars (EN 
12350-12:2010). Segregation resistance was evaluated by sieve segregation test (EN 12350-11:2010). 

Table 2. Concrete mix composition (quantities per 1 m3 of concrete). 

Mix Designation M1 M2 M3 M4 M5 M6 M7 M8 M9 

CEM I (kg) 400 355 320 400 350 400 350 300 234 

Water (kg) 160 160 160 196 196 221 221 221 200 

Superplasticizer (kg) 8,5 10,3 11,0 12,0 13,8 10,2 9,8 9,8 4,7 

LQD (kg) 180 225 260 90 90 90 90 90 - 

FA (kg) - - - 90 140 90 140 190 81 

CEM I+LQD+FA (kg) 580 580 580 580 580 580 580 580 315 

Water/cement ratio 0,40 0,45 0,50 0,49 0,56 0,55 0,63 0,74 0,85 

Water/binder ratio 0,40 0,45 0,50 0,40 0,40 0,45 0,45 0,45 0,63 

Water/powder ratio 0,28 0,28 0,28 0,34 0,34 0,38 0,38 0,38 0,63 

Aggregate 0-4 mm (kg) 941 941 941 877 872 843 838 833 1248 

Aggregate 4-8 mm (kg) 342 342 342 319 317 307 305 303 249 

Aggregate 8-16 mm (kg) 428 428 428 399 397 383 381 378 341 

The concrete compressive strength was tested on concrete cubes with a side length of 150 mm at 2, 7, 
28 and 90 days of age according to standardized procedure (EN 12390-3:2019). All specimens were 
cast without compaction and vibration. After casting, the specimens were kept covered in the laboratory 
for 24 h until demoulding to reduce water evaporation. Then, the specimens were placed in a water bath 
at temperature of 20 ± 2 °C. 

3. Results and discussion 

3.1. Fresh concrete properties 

Results of fresh concrete properties are presented in Table 3. Temperature of fresh concrete varied 
between 23,5 °C and 28,7 °C. These variations are partly caused by initial temperature differences in 
the constituents between mixes due to variation of air temperature in the laboratory. It can also be seen 
that mixes M6-M8 made with highest water content had lowest initial temperature which indicates that 
these temperature variations are also caused by increased heat capacity of these mixes. Increased 
water content in mixes M4-M8 is also the main reason for reduced fresh concrete density.  

Replacing CEM I with LQD led to increased water demand. As presented in Table 1 LQD has lower 
water demand and higher packing density than CEM I. Therefore, increased water demand could be 
explained by increased packing density of concrete which also led to increased cohesiveness of the 
mix. This is supported by increased density and compressive strength of mix M2. The same effect is not 
apparent in mix M3 because there is 80 kg/m3 less binder compared to mix M1 and density of LQD is 
lower than that of cement (Table 1). Segregation resistance measurement shows that replacing CEM I 
with LQD increased likelihood of segregation (class SR1, see Table 4). 

In mixes containing FA it was impossible to achieve adequate flowability of concrete without increasing 
water content. This is the reason why mixes M4 and M5 were designed with increased amount of water 
compared to reference mix. Both mixes had increased passing ability as determined by J-ring and L-
box test and had good segregation resistance (Table 3 and Table 4). Increasing the amount of FA 
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required further increase in the dosage of the superplasticizer. During trials there was also an attempt 
to produce mix with 190 kg/m3 of FA and 196 kg/m3 of water but it was impossible to achieve required 
workability regardless of the dosage of the superplasticizer.  

Further increase of water content in mixes M6-M8 enabled reduction of the superplasticizer dosage 
while maintaining good segregation resistance and passing ability. All mixes made with powder content 
of 580 kg/m3 containing FA had very good passing ability according to J-Ring test results (Table 3 and 
Table 4). 

Mix M9 could be classified as eco-concrete because it was made with very low cement and powder 
content [16,18]. Mix M9 had low viscosity and good segregation resistance while its passing ability was 
lower compared to mixes with high powder content containing FA (Table 3, Table 4).  

Table 3: Properties of fresh concrete 

Mix Designation M1 M2 M3 M4 M5 M6 M7 M8 M9 

Temperature (°C) 27,2 28,7 27,0 26,0 25,5 23,5 24,8 25,0 28,0 

Fresh density (kg/m3) 2420 2430 2410 2350 2365 2343 2310 2310 2360 

Slump flow, SF (mm) 690 620 680 700 700 740 630 650 720 

SF t500 (s) 2,5 2,0 2,3 2,0 3,5 1,0 2,4 2,3 1,1 

V-funnel (s) 13,5 13,0 11,5 10,5 15,5 5,0 10,0 13,0 4,7 

J-ring - 12 PJ (mm) 17 12 9 9 9 3 6 8 14 

J-ring SF (mm) 690 680 700 760 760 770 640 660 690 

L-box PL2 (-) 0,84 0,82 0,88 0,94 0,93 1,00 0,86 0,89 0,83 

GTM SR (%) 7 19 19 12 12 13 6 7 5 

 

Table 4: Categorization of SCC according to EN 206:2021:2013+A2:2021 

Mix Designation M1 M2 M3 M4 M5 M6 M7 M8 M9 

Flowability - Slump flow, SF (mm) SF2 SF1 SF2 SF2 SF2 SF2 SF1 SF1 SF2 

Viscosity -SF t500 (s) VS2 VS1 VS2 VS1 VS2 VS1 VS2 VS2 VS1 

Viscosity - V-funnel (s) VF2 VF2 VF2 VF2 VF2 VF1 VF2 VF2 VF1 

Passing ability - J-ring - 12 PJ (mm) × × PJ1 PJ1 PJ1 PJ1 PJ1 PJ1 × 

Passing ability L-box PL2 (-) PA2 PA2 PA2 PA2 PA2 PA2 PA2 PA2 PA2 

Segregation resistance - GTM SR (%) SR2 SR1 SR1 SR2 SR2 SR2 SR2 SR2 SR2 

 

3.2. Compressive strength 

Compressive strength test results are presented in Fig. 2. Compressive strength results in Fig. 2 
represent average strength obtained on three specimens. Based on the 28-day strength mixes M1, M2, 
M4 and M5 could be classified as high strength concrete according to the European standard EN 
206:2021. Mixes M1, M4 and M5 are made with w/b ratio of 0,4 and mix M2 had w/b ratio 0,45. Mix M2 
also has the highest 90-day compressive strength of 90,7 MPa. As already mentioned, this supports the 
conclusion that, although cement content is reduced improved packing density led to the higher 
compressive strength of mix M2. Mixes M3, M6, M7 and M8 fulfil requirements for concrete strength 
class C50/60 and mix M9 can be classified as C30/37 strength class according to EN 206:2021. 

Estimation of the potential reactivity of FA is usually based on its chemical composition. The contribution 
of pozzolanic reactions to strength becomes significant after 7 or 28 days of hydration [19]. All mixes 
with FA (M4-M9) had strength increase in the period from 28-90 days approximately equal to mixes 
made without FA. However, compressive strength of mixes M6-M8 shows that reduction of the cement 
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content of 100 kg/m3 and replacing it with FA had a very little effect on compressive strength. In fact, 
highest 90 day compressive was determined on samples from mix M8 which had the highest 
replacement of CEM I with FA. Replacing 50 kg/m3 of CEM I with FA in mix M5 compared to mix M4 
resulted in slower initial strength development but in the period between 7-28 days faster strength 
development was measured in mix M5. This shows that FA had significant contribution to compressive 
strength of concrete which could be attributed to the pozzolanic activity of FA.  

In Fig. 3 linear regression results are given for correlation of 28-day compressive strength with w/c and 
w/b ratio. Based on coefficients of determination R2 there is a higher level of correlation between 
compressive strength and w/b ratio (R2=0,89) then between compressive strength and w/c ratio 
(R2=0,72). This also shows that FA had a large contribution to compressive strength of concrete mixes 
analysed in this research. 
 

 

Fig. 2. Compressive strength development 

 

 

Fig. 3. Correlation of 28-day compressive strength with w/c ratio and w/b ratio 
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4. Conclusions 

Addition of circulating fluidized bed fly ash in concrete as a cement replacement and a filler in SCC 
concrete resulted in increased water demand. Characterisation of powder materials showed that the 
water requirement of FA is approximately three times of that of CEM I or LQD. Increased water demand 
can be attributed to the irregular shape of FA particles and to the increased fineness compared to CEM 
I and LQD. Adjusting the water content and the amount of superplasticizer in the mix enabled production 
of SCC with adequate flowability. Incorporation of FA contributed to the increased passing ability of SCC 
as determined by J-ring test. 
Replacing up to 100 kg/m3 of CEM I with FA didn’t reduce 28-day or 90-day compressive strength, 
although somewhat lower strengths were present at 2 and 7 days. This could be related to the slow 
pozzolanic reactions of FA.  
SCC with very low amount of cement (234 kg/m3) and the total powder content of 315 kg/m3 was 
achieved with 28-day compressive strength of 40 MPa. For higher strength mixes with larger amount of 
powder further investigation should try to reduce the superplasticizer dosage necessary achieve 
targeted fresh and hardened concrete properties. 
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Abstract 
The Competence Center on Safety Science and Technology joints significant research effort of the 
Budapest University of Technology and Economics (BME) and the potential industrial partners on 
several fields of industrial safety. On the building industry branch of this project novel bridge girder 
technologies have been developed by the cooperation of the Civil Engineering Faculty of BME and the 
ZÁÉV Construction Co Ltd. (ZÁÉV). These technologies aim to reduce the production time and cost, 
utilize the structural benefits of post-tensioning and ensure sufficient durability for products subjected to 
extreme chloride and freeze-thaw effects. The main outcome of the project is the full development of a 
brand-new, 0,9 m high bridge girder family made of self-compacting concrete. The use of self-
compacting concrete is completely new in bridge girder technology in Hungary where high compressive 
strength both at young age and sufficient durability during 100 years of service life are the major 
demands to complete. For this purpose two mixes including limestone powder and CEM III type cement 
as additions were developed and tested in laboratory and factory conditions. The practical applicability 
of internal bonded and unbonded as well as external unbonded types of post-tensioning with various 
layouts were tested on two-span prototype systems. Following the international trends to extend service 
life or to further improve the durability of bridges subjected to extreme environmental conditions, possible 
solutions can be either to use embedded fibre reinforced polymer (FRP) bars instead of traditional steel 
ones as reinforcement in concrete or to structurally combine them with post-tensioning of full corrosion 
protection in hybrid-type bridge girders. The applicability of all these developments were demonstrated 
by failure load tests on full-scale prototype units of the girder family using an exclusive loading platform 
built on the storage area of the manufacturer. The developed bridge girder family already has CE 
marking. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: bridge girder, bonded and unbonded post-tensioning, fibre reinforced polymer, self-compacting 
concrete, digitalization. 

1. Introduction

To strengthen cooperation between academic research and economy, the Competence Center on 
Safety Science and Technology has been established at BME in 2021 in frame of the 2019.1.3.1-KK-
2019-00004 project by the National Research, Development and Innovation Office. The aim of the 
project is to manage and optimize the risks occurring in the typical operational areas of the construction 
industry by applying a safety-oriented approach that meets the needs of the profession and the achieved 
technological level. The project joints research effort of the BME and the cooperating potential industrial 
partners in fields of the oil and gas industry, the mission critical systems in vehicle and traffic safety and 
the building industry as well as aims to develop the necessary IT platform including the technologies of 
AI, IoT, Big Data. 
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The building industry branch of the project is represented by the cooperation of the BME Faculty of Civil 
Engineering and the ZÁÉV and divided into two subprojects. One initiates novel product developments 
and related technological improvements in production and, hereby, aims progress in field of traffic safety. 
The other focuses on construction industry process management by making developments related to 
the construction industry digitalization and thus, increase the safety level of the construction industry 
services. In both fields, the planned developments are realized by combining the competences of the 
BME Faculty of Civil Engineering and the ZÁÉV in the given area. The primary location of these 
developments is the precast concrete plant of ZÁÉV in Bóly. 

This paper introduces the results and progress of the first subproject that has completed the first two 
out of the three milestones until the end of 2022.  

2. Development of bridge girders using new technologies 

The main goal of this subproject was to develop a bridge girder family applicable in bridges as well as 
other related prototype bridge girders by using new technologies that are unique both in the domestic 
and the foreign bridge girder industry. The following three milestones were set as result items: 

• Milestone 1. (2021) Development of a new, marketable precast bridge girder family with traditional 
straight line pre-tensioning and made of self-compacting concrete 

• Milestone 2. (2022) Development of prototype precast bridge girders an related prototype bridge 
superstructures using the combination of traditional straight-line, factory made pre-tensioning and 
several types of post-tensioning 

• Milestone 3. (2023) Development of durable prototype precast bridge girders using fiber reinforced 
polymer (FRP) bars as embedded reinforcement  

Bringing the developed new bridge girder family to market within the frame of the project was set as a 
TRL9 indicator in the Competence Center project. Thus, several activities above research and design 
tasks had to be completed to make the product marketable. 

Using bridge girders developed until Milestone 1 as basic units, high performance prototype bridge 
girders either suitable for meeting higher structural or durability demands or containing unique structural 
and technological solutions compared to ordinary applications were developed until Milestone 2 & 3. 
The primary purpose of these developments was to exploit the applicability of these new technologies. 
Thus, they are going to be developed to the level of a prototype product but are not intentionally moved 
to the market. Using self-compacting concrete for these prototype beams help further improving the 
related concrete technology already developed until Milestone 1. 

 
 (a) (b) 

Fig. 1. (a) Cross-section and (b) 3D view of the ZBI-90 type bridge girders. 
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2.1. Development of a new precast bridge girder family with traditional straight line pre-tensioning and 
made of self-compacting concrete (Milestone 1) 

A family of prefabricated, high-performance bridge girders (ZBI-90) with a factory-made straight-line pre-
tensioning and made of self-compacting concrete with a height of 0.9 m and a length range of 8.8-26.8 
m has been developed (Fig. 1). Ordinary prestressing and reinforcing steel was applied as 
reinforcement. Safety-wise, the bridge girder family represent a reliability level that fully complies with 
the Eurocode and, consequently, the technical regulations for roads and associated road bridges to be 
introduced in Hungary in 2024 and the already operative MÁV regulations for railway bridges. To support 
designers in applying these products in new design projects, a product catalogue (design manual) on 
the structural details of the girder family as well as “sample” production plans of each element with 
subsequent lengths of 1 m are under elaboration.  

2.1.1. Concrete design 
To reduce energy and time consumption during production, high performance self-compacting concrete 
instead of traditional normal weight concrete has been implemented into the manufacturing process. Its 
applicability has been demonstrated for years in building construction. Several mixtures of self-
compacting concrete containing normal aggregate and one or combination of four types of additions 
(limestone powder, basalt powder, CEM III type cement, metakaolin) were elaborated and then 
optimized through several laboratory and production site mixings. The optimization focused primarily on 
the consistency of fresh concrete ensuring workability (Fig 2(a)) and those hardened concrete properties 
which are determinant on durability (Fig. 2(b)). The target strength class was set as C50/60 (Fig. 2(c)). 
As result, two recipes containing limestone powder (G2) and CEM III type cement (G2/1) were selected, 
tested both in laboratory and on factory site and then further optimized (to G2 M and G2/1 M) when an 
alternative aggregate (sand) supplier was contracted. The initial tests on factory produced G2 M and 
G2/1 M mixtures ended in 2023 Q1. 

 
 (a) (b) 

 
(c) 

Fig. 2. Results of (a) consistency (b) freeze-thaw and (c) compressive strength tests of the developed concretes. 
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The developed high-performance self-compacting concretes satisfy the durability requirements for 
environmental classes XC4-XD3-XF4(H) which describe the most severe possible environmental 
exposures (atmospheric corrosion effects, freeze-thaw attack and chloride penetration from de-icing 
salt) occurring during the intended 100 years long design working life of bridges. Because the recent 
technical specifications did not allow the use of the elaborated high amount of additions in structural 
concrete, the modification of the related road technical regulation e-ÚT 07.02.11 was also initiated. 

2.1.2. Load tests on prototype beams 
To test the structural adequacy of the developed girders, four 10.80 m long prototype beams made of 
the most promising developed concrete mixes were manufactured in factory building conditions.  

 

  

Fig. 3. Test arrangement and the measured results for the load test of a prototype girder. 

After concrete hardening these beams were load tested until failure on the loading platform of the factory 
(see Sec. 3) During the full loading process the relevant structural parameters (deflection, compressive 
and tension strains and crack width) of the beams as function of the applied load were simultaneously 
registered with a digital data acquisition system (Fig 3). Typical bending failure occurred as expected. 

2.1.3. CE marking 
Based on the evaluation of the initial tests of the developed self-compacting concretes as well as those 
of the completed load tests of prototype beams, the competent certification body issued the Factory 
Production Control Certificate (CE license) for the manufacturer declaring that both the developed self-
compacting concretes as constituent materials and the developed ZBI-90 bridge girder family were 
complying with the relevant European standards and ready to trade them on the European market. 

2.2. Development of prototype precast bridge girders an related prototype bridge superstructures using 
the combination of traditional straight-line, factory made pre-tensioning with several types of post-
tensioning (Milestone 2) 

Post-tensioning has been widely used for long time on its own in many fields of construction industry. 
The aim of this development was to combine the structural advantages of post-tensioning with pre-
tensioning. Within this period of the project two pairs of bridge girders of Milestone 1 were equipped with 
two types of post-tensioning. 

2.2.1. Prototype beams and prototype superstructures 
As part of this, the traditional, straight-line, factory-made pre-tensioning technology was combined in 
one version with a straight-line, internally placed, unbonded post-tensioning (iub), while in the other 
version, with a curved, internally placed, bonded post-tensioning (ib). Two 10,80 m long products were 
produced from both versions (Fig. 4 (a) and (b)).  
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Fig. 4. Internally post-tensioned prototype beams (“iub” and “ib”) and the externally post-tensioned prototype structure (“eub”). 

Then, in accordance with the usual arrangement of continuous bridge superstructures comprising of 
series of precast beams, these pairs were assembled subsequently in longitudinal direction and 
structurally connected with monolithic concrete top flange of 20 cm thickness to produce a composite, 
two-span continuous prototype structure. Thereafter, these prototype structures were equipped with a 
polygonal, externally placed, unbonded post-tensioning (eub) (Fig. 4 (c)). 

2.2.2. Challenges in structural design and manufacturing 
During design it was extremely challenging to determine the necessary amount and the time of stress 
release as function of concrete age for both types of prestressing during the manufacturing process as 
well as to numerically follow the structural effects of each type of prestressing on both the concrete 
product and each other.  

In order to form places to deviate the external tendons and to anchor the „iub” tendons, it was inevitable 
to locally modify the geometry of girders by designing two collar-like blocks positioned symmetrically 
along the length of each prototype girder. The formwork of these deviation blocks had to be individually 
produced and included as supplementary parts into the existing formwork system used in Milestone 1.  

2.2.3. Testing the prototype structures 
The prototype structures were built above the loading platform and positioned such that one span could 
be loaded until failure (Fig. 5). The general process of these tests such as the loading and measuring 
system as well as the applied test protocol and the evaluation process were similar to those used for 
the Milestone 1 girders (Sec. 2.1.2) with appropriate changes in load intensity.  

  

Fig. 5. Testing the “eub” type prototype structure and typical damage places at failure. 

a) L=10.80 m (iub) 
b) L=10,80 m (ib) 

c) L=22,80 m (eub) 
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2.3. Development of durable prototype precast bridge girders using fiber reinforced polymer (FRP) bars 
as embedded reinforcement 

In this part of the project, following the international trends [1]-[2], the structural applicability of recent 
technologies presumably suitable for extending the design working life (above 100 years) of concrete 
bridge girders subjected to extreme environmental effects under normal service conditions are focused. 
Many of these solutions are not yet elaborated to a level which makes them compatible with recent 
standards but are hot research topics of this field. 

One of these technologies aims improving the durability of concrete members by replacing the traditional 
mild steel reinforcement with glass (GFRP) or basalt-based (BFRP) fibre reinforced polymer bars in 
order to avoid steel corrosion. For bridge girders this would lead to significant loss in stiffness therefore, 
an unbonded post-tensioning system with a factory-made corrosion protection which completely 
separates steel components from the concrete environment is designed as part of the hybrid 
reinforcement of the prototype bridge girders to be developed until Milestone 3. The biggest challenge 
of this development is to structurally harmonize the mechanical properties of FRP bars with the structural 
behaviour of bridge girders to comply with the relevant design requirements. A particular difficulty is that 
many types of FRP products available on the market are not quality certificated. Thus, laboratory testing 
will be inevitable to experimentally determine the mechanical properties that play a key role in structural 
design and behaviour. 

The testing of these prototype bridge girders with hybrid reinforcement is expected until the end of 2023. 

3. Technological modernization of the equipment 

An integral part of the project was directed to the technological modernization of the participants’ 
accessories. Beside the acquisition and installation of new assets in the BME Materials Testing 
Laboratory for research and educational purposes and in the factory buildings to improve the effectivity 
of the manufacturing process, one of the major investments, in close relation to the developed bridge 
girder product, was made on a brand new, complete formwork system also equipped with heat curing 
facilities. Of this, a 60 m long set was purchased at the expense of the project for trial productions and 
for the production of the prototype beams, while an additional 150 m required for continuous production 
after the physical completion of the project under market conditions will be covered by the ZÁÉV from 
its own resources.  

As another investment of the project, a loading device (loading platform) was built at the production site 
together with the related energy supply and assess paths. This platform consists of a concrete bench 
as foundation lowered into ground, a steel loading frame and a 2×1000 kN capacity hydraulic loading 
equipment that make it suitable for 1:1 scale load tests of all products manufactured in the plant (as 
shown in Fig. 3). This allows either making experimental tests for research and development purposes 
or conducting presentations for marketing purposes or expanding the portfolio with market-based 
leasing. The loading equipment is fully compatible with that of the BME Structural Testing Laboratory, 
thus, it enables further research or project-based cooperation with BME. 
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Abstract  
To reduce the reliance on foreign workforce and raise construction productivity, the Singapore building 
industry is encouraged to embrace the concept as per Design for Manufacturing and Assembly (DfMA) 
[1] whereby a substantial portion of construction works is done off-site in a controlled manufacturing 
environment. Prefabricated Prefinished Volumetric Construction (PPVC) modular system is one such 
technology that significantly reduces on-site manpower requirement and speed up construction. This 
paper outlines the pioneering & innovative PPVC technology of using a patented reinforced concrete 
composite structural wall system for construction of two 56-storey residential towers. Prototype sample 
tests such as compression test and shear tests had been carried out to verify the performance of this 
wall system; the test results show that this sandwiched combined wall system is able to perform under 
the actions of bending and shear in a composite manner satisfactorily. This development is currently the 
world’s tallest residential building project constructed using the reinforced concrete modular construction 
technology. 
© 2023 The Authors. Published by Diamond Congress Ltd. 
Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023.  
Keywords: prefabricated prefinished volumetric construction, reinforced concrete composite structural wall system. 

1. Introduction. 

The Avenue South Residence is a residential high-rise development at Silat Avenue in Singapore. The 
project comprises two tower blocks of 56-storey apartments with ancillary landscape, a swimming pool 
and communal facilities at ground level. A multi-storey car park is included with a basement level linking 
the two towers. In total, there are 505 residential units in the development. 

To further enhance construction productivity, the Singapore Urban Redevelopment Authority (URA) 
encourages the building industry consultants and builders to adopt the Prefabricated Prefinished 
Volumetric Construction (PPVC) technology, which is an advanced and highly productive construction 
methodology that speeds up construction works significantly. 

With support from BCA and working in tandem with the builder, TW-Asia Consultants Pte Ltd has 
pioneered the design of the reinforced concrete PPVC technology using its patented Composite 
Structural Wall system under the European Patent no. EP3263795 entitled “Composite Structural Wall 
and Method of Construction Thereof”. It was through research, testing and continual development that 
this unique structural wall system was devised as the key technical component for the PPVC system. 

The Avenue South Residence is currently the tallest building project in the world adopting the 
reinforced concrete PPVC modular system when its last module was installed in January 2022. The 
previous height record was for 40 storey building [2, 3]. 

2. Architectural Constraints 

As part of the planning design requirement, pocket sky gardens and a refuge floor (Fig. 1a & 1b) are 
required to be provided in the two towers as follows: 

• 16 nos. of pocket gardens at different levels of the tower 
• Refuge floor at 36th storey of the towers 
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These constraints have resulted in the discontinuity of PPVC module adoption at these floors/areas. 
Consequently, this has impacted the construction efficiency & productivity as these affected areas are 
constructed in conventional in-situ methods which are more labour intensive. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1a. Pocket gardens and refuge floor      Fig. 1b. Close-up view of pocket gardens 

3. Structural System 

The super structure comprises mainly the two 56- storey high towers with two basements and two 
podium storeys of car park. The foundation system for the two towers and the podium comprises bored 
piles. The basement two slab is formed by pile raft whilst flat slab system is adopted for basement 1, 1st 
& 2nd storey. Beam slab system is adopted for 3rd storey. 

The superstructure for the two tower blocks adopts the RC PPVC modular system for a minimum 65% 
of floor area in compliance with BCA’s Code of Practice on Buildability, 2015 [4]. The remaining floor 
areas, which are mainly at the corridors, comprise conventional precast/in-situ RC beams and slabs 
linking the PPVC modules to the lift and staircase storey shelter cores. The corridor floor structures 
provide an effective connection to transfer lateral loads from the PPVC modules to the core walls. 

4. PPVC System 

4.1. PPVC Module – Weight Constraint 

The weight of PPVC module is a major consideration in the transportation logistics and lifting operation. 
The module weight is designed to a minimum considering the tower crane lifting capacity & coverage. 
In particular, high strength concrete is used for the module walls to minimize its thickness according to 
design requirement. 

4.2. PPVC Modularisation 

Generally, the size and dimensions of the PPVC modules is controlled by the local transportation 
constraint and hoisting capacity of tower cranes. 

In compliance with local road requirements & to avoid the need for auxiliary police escorts, the width of 
modules is to be contained within a 3.4m overall transport vehicle width (including load). The height of 
modules (including trailer bed) should also be considered if the transportation route involves passing 
below overhead bridges and gantries with height clearance of 4.5m. 

Additionally, site access and loading/unloading areas need to be studied properly for the truck delivery, 
manoeuvrability, temporary storage on site and hoisting of the modules for the final installation. 
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To maximise productivity, ease of module prefabrication, site connectivity and installation, the 
PPVC module modularisation should take account of the following factors: 

• Modules shape should be rectilinear as much as possible 

• Module wall thicknesses should be uniform and standardized as much as possible  

• The walls within each module should be aligned as much as possible 

The Avenue South Residence used a total no. of 3034 of PPVC modules in the project 

PPVC modularization plan for Tower 1 & 2 is shown in Fig. 2 below. 

 

 

 

 

 

 

 

 

 

4.3. PPVC Concrete Carcass Components 

A typical PPVC concrete carcass (Fig. 3a & 3b) comprises two structural shear walls, a floor slab, a non-
structural ceiling slab and non-structural end wall with window opening. The M&E services conduits and 
pipes are embedded in the floor slab, ceiling slab and walls of the module. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4. Floor Slab 

The RC floor slab spans across to the module walls is working as a horizontal diaphragm, transferring 
lateral loads to the lift and staircase shelters core walls. 

Fig. 2. Tower 1 & 2 PPVC Modularization Plan 

 

Fig. 3b. Typical PPVC module floor plan 

Fig.3a. Typical PPVC concrete carcass 
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4.5. Ceiling Slab 

The ceiling slab is considered as a non-structural slab to provide rigidity to the module and help to brace 
the walls during transportation and installation; it also acts as a working platform during the module 
installation process. 

4.6. RC Walls 

Generally, the structural RC walls are located along the two long sides of the modules; designed to 
support the ceiling and floor slabs. Once installed, these walls are connected to adjacent module’s walls 
via reinforcement embedded in self-levelling concrete within the joints to form a sandwiched composite 
structural wall. The sandwiched wall system is designed to behave in a composite manner under 
compression and bending actions. Thus, all the module walls are load-bearing and participate in the 
lateral load-resisting mechanism of the whole building. 

4.7. Horizontal Floor Diaphragm 

Horizontal floor diaphragm action is achieved by connecting the adjoining PPVC modules’ walls and 
slabs together with in-situ concrete & reinforcement. The linking modules are connected to the in-situ 
floor slabs and lift/storey shelter core walls with adequate reinforcement anchorage. 

5. Tower Lateral Load Performance 

5.1. Wind Tunnel Test 

Wind tunnel test had been carried out to obtain more accurate estimates of the wind-induced structural 
loads, load effects and building motion of the two tower blocks. 

The results of the wind tunnel study indicate that the one-year return period peak building acceleration 
& rotational velocities and the five-year period standard deviation building satisfy the relevant published 
occupant comfort criteria for wind-induced building motions. 

5.2. Lateral Analysis 

ETABS [5] software has been used to model the performance of the tower blocks under lateral load. 
The building’s top displacement and inter- storey drift ratios are controlled to be less than 1/500 and the 
ETABS results show that the tower structures perform satisfactorily.  

The performance of the towers under wind loads are shown in Table 1 & 2 below: 

Table 1. Lateral displacement under wind action 

Lateral Displacement Block 1/2 

Total building top displacement ration, δ / H 1/652 ≥ 1/500 

Inter storey drift ration, δ / h 1550 ≥ 1/500 

 

Table 2. Mode shape – time period (s) 

Mode Block 1/2 

1 (Translational) 7.2 

2 (Translational) 6.6 

3 (Torsional) 6.1 

 

According to the analysis: 
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• Along the major axis of the PPVC composite shear walls ~ 85% of wind is carried by the walls 

• Along the minor axis of the PPVC composite shear walls ~ 30% of the wind is carried by the walls 

5.3. Tower Robustness  

Tower block robustness has been checked under notional horizontal loads such that the blocks are 
capable of resisting a notional design ultimate horizontal load applied at each floor or roof level 
simultaneously equal to 1.5% of the characteristic dead weight of the structure between mid-height of 
the storey below and mid-height of the storey above in accordance with local design standards. 

Structural ties, such as horizontal floor ties and vertical ties are provided and checked to comply with 
local design standards. 

6. Durability 

The structures have been designed to Structural Class S4 (Design working life of 50-years) with 
Exposure Class XC3 (Corrosion induced by carbonation - moderate humidity) to local design standards. 

7. Fire Resistance 

The structures have been designed for a fire resistance of 1.5 hours. Fire compartmentalization is 
achieved by separation of floor slabs, separation of vertical compartments by RC walls or rated partitions 
and plumbing risers located within the PPVC units. Horizontal compartmentalization is maintained with 
the risers segmented into separate compartments at each floor. 

8. PPVC Wall Prototype Load Tests 

Prototype tests had been carried out to study the behaviour of the sandwiched composite wall under the 
actions of compression and bending. The  objective of the load tests was to verify whether the composite 
wall sample could withstand the design load in a composite manner.  

9. PPVC Concrete Carcass Fabrication and Fit-Out Work 

3-D fabrication method was adopted for the casting of the module concrete carcass in Johor, Malaysia. 
The following critical activities and checking were carried out in the precast factory. The completed 
PPVC concrete carcasses from Malaysia were delivered to a fit-out factory in Singapore. The level of 
finishing and fittings to be completed off-site are as per the Code of Practice on Buildability 2015 [2].  

10. PPVC Installation on Site 

Following module delivery to site, a heavy-duty tower crane with self-adjusting lifting frame was used to 
hoist the modules to their final position in installation. The main challenge during installation was the 
possible swaying of modules at height due to wind load. Experienced crane operator plays an important 
role in ensuring the PPVC module is lifted slowly and carefully so that the module is not tilting during 
hoisting and final positioning. The surface of the concrete slab receiving the modules has to be checked 
for levels; the platform receiving the module may be adjusted and levelled with shin plates where 
required. The modules would then be installed with reference to the surveyed gridlines marked on the 
receiving slab or top slab of the lower modules installed previously. 

Tower crane location & lifting coverage analysis have to be planned in advance so that it is suitably 
positioned considering the reach and lifting capacity (Fig. 14). The logistic route/space of module 
delivery, off-loading and temporary storage on site must also be taken into consideration for smooth 
delivery, lifting & final installation. 

M&E services between the adjoining modules were connected; light fittings, equipment & fixtures were 
installed. Final Architectural activities: floor finishes, painting, door leaves, wardrobe, cabinet doors were 
also completed during this stage. 
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External water seepage control at the PPVC modules end joints generally comprises applying a layer of 
fibre mesh and cementitious water-proofing membrane. 

For this project, the total duration of PPVC module installation was approximately 18 months; with the 
floor cycle time from six to nine days. Understandably, the first two to three floors took a longer cycle 
time as they were in the initial learning curve of installation. 

11. Buildable Design & Constructability Score 

Based on local guidelines in BCA’s Code of Practice on Buildability 2015 [2], by adopting the PPVC 
technology, this project has achieved a marked improvement in the Buildability and Constructability 
Score. The total Buildable Design Score achieved is 94, which is higher than the minimum required 
score of 88. The total Constructability Score is 64, which is higher than minimum required score. The 
photo of the completed towers is shown in Fig. 4  

 

 

 

 

 

 

 

 

 

 

 

Fig.4. Photo of the completed towers 

12. Conclusion 

This project has successfully implemented the RC Composite Shear Wall System as the PPVC 
technology in the construction of the two 56- storey residential towers in Singapore. 

Advantages realised from the adoption of PPVC system in this project were as follows 

• Improved productivity and hence early project completion 

• Improve site safety as on-site activities are reduced tremendously 

• Improved quality of end product as most activities are done in a factory-controlled environment 

• Vast reduction in noise & dust pollution at job site 
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Abstract 
One of the approaches to reduce CO2 emission generating by cementitious industry is to use 
supplementary cementitious materials (SCMs). Fluid catalytic cracking (FCC) catalyst is a material used 
in oil-refining processes, showing high chemical activity. Spent FCC catalyst, which disposal is mainly 
limited to landfilling, providing considerable environmental risk and utilization costs, can be considered 
as a promising pozzolanic material using as a cement substitute. In present paper cement pastes with 
the use of spent FCC catalyst as a partial cement substitute within the range of 0-25%, were prepared 
and studied regarding both their fresh and hardened-state performances. Tests included slump flow, 
compressive strength, flexural strength and water absorptivity in the case of cement pastes. The results 
showed that the aforementioned properties of cement pastes prepared with its appropriate addition were 
found to be comparable with the adequate of plain cement ones. It is worth mentioned that such 
applicability of spent refinery catalyst might ensure numerous benefits both for construction and 
petrochemical sector, contributing to sustainable development. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: cement pastes, oil refinery wastes, spent fluid catalytic cracking catalyst, supplementary cementitious 
materials, sustainable development. 

1. Introduction

The modern world without concrete is hard to imagine as it is currently the second most consumed 
material, after water, worldwide [1]. However, there is a considerable environmental impact behind the 
development of modern infrastructure which concrete made possible. The manufacturing of ordinary 
Portland cement (OPC), most popular binder in concrete technology, is responsible for 5-8% of all man-
made CO2 emission to the atmosphere [2]. Therefore, the need to shape sustainable development in 
building engineering is indisputable [3-4]. One of the approaches to reduce this CO2 emission is to use 
supplementary cementitious materials (SCMs) [5]. These might be various by-products and waste 
materials from agriculture and industrial activities. In terms of being capable of partially replace cement 
in the concrete binder blend efficiently, SCMs need to possess pozzolanic properties, i.e. consist of 
alumina-silicates and possess high specific surface area. One of the promising material for such 
applicability seems to be spent fluid catalytic cracking (FCC) catalyst. This material is widely used in 
petrochemical industry, showing high chemical activity in the FCC process, a crucial process for fuels 
production. After losing its sufficient activity, this material becomes waste. According to the paper [6], 
worldwide petrochemical industry generates 400,000 metric tons of spent FCC Catalyst, most of which 
is sent to landfills. Unfortunately, such procedure provides not only high utilization cost for the 
petrochemical business but, most notably, considerable environmental pollution and health risk. It is 
therefore that spent FCC catalyst comprises chemical contaminants, including heavy metals (such as 
Cr, Pb, Ni), adsorbed from the oil fraction it processed [7]. However, as mentioned in the paper [7], those 
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pollutants might be efficiently bound in the hardened structure of cementitious composites, which 
minimizes the risk of their release to the natural environment. Considering the above, the present 
research aims to preliminary evaluate if it is possible to partially replace cement with the use of spent 
FCC catalyst derived from Polish oil-refinery company. For this purpose, the primary cementitious 
composites, i.e. cement pastes, were prepared with the addition of spent FCC catalyst, substituting 
cement within the range of 0-25%, by mass. The water to binder (w/b) ratio of 0.40 was used to prepare 
the mixes. To evaluate the impact of the catalyst addition, all cement paste mixes and their respective 
cured samples were investigated regarding performances in the fresh and hardened state, respectively.   

2. Materials and methods  

2.1. Materials characteristic and cement paste mixes formulations 

The spent FCC catalyst was derived from the FCC unit of Polish oil-refinery company. It was investigated 
as a partial substitute of cement (CEM I 52.5R). The chemical composition of spent catalyst and cement, 
obtained using X-ray fluorescence spectrometer analysis (XRF) and from [8], respectively, has been 
presented in Table 1. Accordingly, spent FCC catalyst is mainly composed of SiO2 and Al2O3. 

Table 1. Chemical composition of the materials used in research.  

Material \ Oxide SiO2 Al2O3 CaO Fe2O3 MgO SO3 Others 

Cement [wt. %] 20.09 4.84 64.02 3.87 1.15 2.83 3.20 

Spent FCC catalyst [wt. %] 44.48 38.11 - - 3.43 3.88 10.10 

 

The constituents were mixed together with water in the laboratory bowl, mentioning that spent catalyst 
was used as a cement substitute within the range of 0-25%, by mass. The mixes were described as 
follows: 0.40 X%, where 0.40 corresponds to the w/b ratio while X corresponds to the cement substitution 
level. The plain cement mix (without spent catalyst) was named as a reference one and described as 
0.40 ref. The formulations of mixes have been listed in Table 2.  

Table 2. Formulations of 1 dm3 of cement paste mixes. 

 

2.2. Evaluation of the fresh-state performances of cement paste mixes 

The fresh-state performances of cement paste mixes were evaluated through the flow table test, 
according to the PN-EN 1015–3:2000. The truncated cone-shaped mold was placed on the spreader 
disc and the cement paste mix was applied in two layers, thickening each for at least 10 strokes of the 
compactor. Then, the excess paste was scraped off and, after 15 s, the mold was slowly removed by 
lifting it vertically. After shaking the disc 15 times, two diameters of the mix oriented perpendicularly to 
each other were measured. Their average value was assumed as a final flowability value of the mix. 

2.3. Evaluation of the hardened state performances of the cement paste samples 

The following performances of cement paste samples prepared from each paste mix were determined: 

• Compressive strength (CS). The tests were determined on 40 × 40 × 40 mm cubic cement paste 
samples, both at 7th and 28th curing day, on the electromagnetic universal testing machine with a 
load cell capacity of 300 kN. 

Material \ Mix (1 dm3) 

Cement [kg] 

Spent FCC catalyst [kg] 

Water [kg] 

0.40 ref 

1.374 

0.000 

0.550 

0.40 5% 

1.301 

0.068 

0.548 

0.40 10% 

1.229 

0.137 

0.546 

0.40 15% 

1.157 

0.204 

0.545 

0.40 20% 

1.086 

0.272 

0.543 

0.40 25% 

1.015 

0.338 

0.541 
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• Flexural strength (FS). The tests were determined on 40 × 40 × 160 mm beam cement paste samples, 
both at 7th and 28th curing day, on the same machine as for the CS measurement. 

• Water absorptivity. The tests were determined on cement paste samples through the following 
subsequent sequence of action. The mass ‘A’ of cement paste sample was measured after removing 
all uncombined water through drying the sample to a constant weight. Subsequently, the sample was 
placed in the vessel with water. Immediately after the sample was removed from the vessel, its 
surface was carefully dried with a cloth. After that, the mass ‘B’, corresponding to the maximum 
saturated cement paste sample, was measured. Finally, the water absorptivity was calculated as the 
difference between B and A in relation to A and expressed in percentages. 

3. Results 

3.1. Results of the fresh-state performances of cement paste mixes 

The results of flowability tests carried out on each cement paste mix in the fresh state have been 
presented in the Fig. 1. It might be noticed that the slump flow values of cement paste mixes with the 
addition of spent FCC catalyst as a cement substitute until 15% were found to be comparable with the 
0.40 ref mix, mentioning that the flowability of 0.40 5% and 0.40 10% mixes increased. However, mixes 
with higher amount of spent catalyst in the binder blend, i.e. 0.40 20% and 0.40 25%, revealed 
deterioration of the flowability. The lowest value of slump flow was obtained for 0.40 20% and equaled 
187.5 mm, while the highest one was obtained for 0.40 10% with average slump diameter of 250.0 mm. 

 

Fig. 1. Results of flowability tests of cement paste mixes. 

 

3.2. Results of the hardened state performances of cement paste samples 

• Compressive strength (CS). The results of CS tests have been presented in the Fig. 2. It might be 
noticed that the 7 days CS values were found to be higher for samples with the addition of spent FCC 
catalyst as a cement substitute until 10%. However, samples with higher amount of spent catalyst in 
the binder blend, i.e. 15% and more, revealed linear deterioration of 7 days CS while compared with 
0.40 ref. The 28 days CS values were found to decrease with the increase of spent catalyst addition 
in the binder blend, mentioning that these values were comparable with 0.40 ref when no more than 
15% of cement was substituted. The 0.40 25% samples showed more significant decrease of 28 days 
CS. The 0.40 5% sample revealed the highest value of 7 days CS, i.e. 41.5 MPa, exceeding 0.40 ref 
for 8%. The highest value of 28 days CS was obtained for 0.40 ref sample (51.3 MPa).  
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Fig. 2. Results of compressive strength tests of cement paste samples. 

 

• Flexural strength (FS). The results of FS tests have been presented in the Fig. 3. It might be noticed 
that both 7 and 28 days FS values were found be same or comparable with the 0.40 ref, while no 
more than 10% of cement was substituted with spent FCC catalyst. However, samples with higher 
amounts of catalyst addition, i.e. 0.40 15%, 0.40 20% and 0.40 25%, revealed more significant both 
7 and 28 days FS deterioration, mentioning that their values were found to be comparable between 
these 3 series of samples. The samples with the highest 7 days FS values, from these with spent 
catalyst addition, i.e. 0.40 5% and 0.40 10%, showed the deterioration of FS for 4%, while compared 
with the 0.40 ref sample (9.20 MPa). The sample with the highest 28 days FS, i.e. 0.40 10%, revealed 
the same FS value as the 0.40 ref sample (11.0 MPa).  

 

Fig. 3. Results of flexural strength tests of cement paste samples. 

• Water absorptivity. The results of water absorptivity tests have been presented in the Fig. 4. It might 
be noticed that the water absorptivity generally tended to increase with the increase of cement 
substitution level. The water absorptivity values obtained for samples with up to 15% addition of spent 
catalyst, despite being higher than 0.40 ref, might be comparable. However, water absorptivity values 
of 0.40 20% and 0.40 25% were significantly higher while compared with each of the remining 
samples. The highest water absorptivity was obtained for 0.40 20% and equaled 29.59%.  
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Fig. 4. Results of water absorptivity tests of cement paste samples. 

4. Discussion  

The negative effect provided by spent FCC catalyst on the flowability of cement paste mixes, which was 
observed for higher cement substitution levels, i.e. 20% and 25%, might be generally attributed to the 
high specific surface area of spent catalyst. This provides its high water demand and reduces the amount 
of available water in the system and hence the flowability of mixes. Such results are in accordance with 
a number of papers, e.g. [9-11]. This effect was not observed while spent catalyst was substituted up to 
20% of cement in the binder, probably due to high w/b ratio of 0.40, which was used in this research.  

The development of 7 days CS, similarly to slight decrease of 28 days CS values, mentioning that this 
decrease was lower than the respective cement replacement level would indicate, for cement paste 
samples with of up to 10 – 15% of cement substitution, might be attributed to the pozzolanic activity of 
spent FCC catalyst. Such behavior of this material is promoted by its properties, i.e. aluminosilicate 
chemical composition and high specific surface area. The pozzolanic activity of spent FCC catalyst has 
been investigated in many papers, such as [12]. As such, the spent catalyst possess the ability to react 
with Ca(OH)2 (direct calcium hydroxide consumption of 1540 mg per 1 g of spent catalyst) in the 
presence of moisture to form additional CSH gel in the system and hence developing strength 
performances [12]. The deterioration of CS of cement paste samples with higher amount of spent 
catalyst, i.e. 20% and 25%, might be caused by the dilution effect, i.e. cement content reduction, which 
predominates over pozzolanic activity of the material, when it substitutes higher amount of cement.  

The deterioration of FS of cement paste samples, when 15% and more of cement was substituted, is in 
accordance with results obtained by the Authors on cement paste samples with different w/b ratio, i.e. 
0.30 [13]. Accordingly, this phenomenon might be attributed to the porous structure of cement paste 
samples containing spent FCC catalyst caused by the interphase transition zone (IZT) between CSH 
gel and unreacted spent FCC catalyst particles with the lack of adhesion between them [13].  

The results of water absorptivity of cement paste samples indicate that spent FCC catalyst addition 
promotes absorptivity, especially when it substitutes 20% and more of cement in the binder. This finding 
is in accordance with the paper [7]. Again, it might be caused by the tendency of those samples to dry 
up, as the spent FCC catalyst, as a high water demanding material, promotes vital adsorption of water.   

Overall, spent FCC catalyst was found to be a promising substitute for up to 15% of cement in cement 
pastes, when the w/b ratio is 0.40. The resulted pastes exhibited comparable or slightly deteriorated 
properties both in the fresh and hardened state, acceptable from the construction materials viewpoint, 
while compared with the plain cement paste. It should be pointed out that the performances of cement 
pastes with the addition of spent FCC catalyst are slightly deteriorated while compared with the 
adequate ones of pastes obtained by the Authors in previous research, when the w/b ratio of 0.30 was 
used [13]. Nonetheless, it is worth mentioned that such addition of spent FCC catalyst enables the 
reduction of cost and environmental impact of cementitious composites whilst, simultaneously, dissolves 
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the problem of waste management in petrochemical sector. Such results underlined the correctness of 
further research on the applicability of spent FCC catalyst derived from Polish petrochemical industry in 
cementitious composites, which are planned to be performed by the Authors in the case of more 
advanced composites, i.e. cement mortars, and with the use of some other oil-refinery waste materials. 

5. Conclusions  

• Spent FCC catalyst obtained from Polish oil-refinery might be considered as a promising partial 
substitute of cement for the production of more environmental friendly construction materials 
characterized by lower prices, CO2 emission and natural resources consumption. 

• According to the results of current research, spent FCC catalyst, while substituting up to 15% of 
cement in cement pastes prepared with w/b ratio of 0.40 exhibited comparable or slightly deteriorated 
performances while compared with the reference, plain cement paste.  

• The formulations of cement paste mixes with the incorporation of spent FCC catalyst, i.e. w/b ratio 
and cement substitution level, significantly influence their fresh-state performances, as well as 
mechanical strength and water absorptivity of respective hardened composites.  

• More extensive research are planned to be performed by the Authors in the case of cement mortars. 
Apart from spent FCC catalyst, it is planned to investigate some other petrochemical wastes, i.e. 
spent Claus catalysts and waste ceramic balls from molecular sieves, regarding such applicability. 

• The recycling of oil refinery wastes from petrochemical industry is common with circular economy 
approach and, if achieved, would provide a massive feedstock for construction industry thereby being 
vital business injection contributing to the collaboration and mutual development of those two sectors. 
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THE EFFECTS ON COST, TIME, AND ACCURACY WHEN USING 
UNMANNED AIRCRAFT SYSTEMS TO MEASURE SLOPED 

EXCAVATIONS 
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1 Auburn University, Auburn, Alabama, U.S. 

Abstract 
As uses for unmanned aircraft systems (UAS) continue to evolve, opportunities for research to validate 
improvements in cost, time, and quality become crucial. Specifically, there have been many studies 
focused on how UASs can simplify the measurement of earthwork quantities, but is there a compromise 
in the accuracy of the measurements for a reduced effort to obtain them? The objective of this research 
was to identify if such a compromise exists. This study measured the amount of effort (cost and time) to 
obtain a level of accuracy (quality) that is consistent with the traditional measurements obtained with 
ground-based robotic surveying equipment. The researchers performed a quantitative experiment using 
twelve measurement check points across a one-acre test site (4,047 m2). The test site was sloped to 
simulate a level of complexity that would be consistent with a more challenging area of a typical 
construction project site when obtaining earthwork quantities. The methodology involved measuring 
three separate UAS flights with differing flight paths and image gathering overlaps and comparing this 
to a ground-based measurement procedure. An accuracy analysis was conducted on the location of the 
twelve check points. Time and cost data were computed for all procedures and compared. This study 
found that not all flight path techniques met industry standards for accuracy while others did. The tradeoff 
when using the more accurate flight paths was a longer time to obtain and process data. When the 
overall cost was considered, it was determined that the UAS-based measurement approach was less 
expensive – resulting in a mixed determination about whether a “compromise” existed. This study further 
elaborates on the findings and proposes recommendations about how this comparison benefits 
innovation in the built environment. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: efficiency, site work, survey, uas, construction. 

1. Introduction

Sloped excavations are common on most construction projects. Sometimes a sloped excavation is for 
underground pipe or utilities, and other times it is a part of the landscape or for drainage. In order to 
accurately measure the slope of the excavation, a survey is needed. Among the traditional surveying 
methods, the robotic total station has become the predominant method of surveying in construction. 
Traditional methods involve employees trained in surveying using fairly expensive equipment. Because 
of the cost and time required for traditional surveying, many contractors may be inclined to skip the 
excavation measurements. Lack of measurements can result in poor quality or even unsafe working 
conditions. 

1.1. Background and rationale 

If using a UAS to measure sloped excavations is accurate enough to maintain a safe jobsite and support 
project quality, this method could save the contractor both money and time. Topographic drone 
measurements may not be as accurate as traditional survey methods but may be accurate enough to 
replace traditional survey methods for certain applications. Due to the high cost of state of the art 
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surveying equipment, general contractors typically subcontract surveying activities. Many projects are 
already using drones on the jobsite for other purposes such as job progress photo documentation.  Using 
drones for this application could expand the current uses of drones with minimal additional equipment 
cost. 

1.2. Purpose 

The purpose of this research is to investigate the accuracy, cost, and time associated with using UAS’s 
to measure sloped excavations compared to traditional surveying methods. The key objectives include 
investigating current methods of measuring slopes, assessing the accuracy of UAS measurements, and 
identifying the cost and time involved for both methods. 

1.3. Scope 

The scope of this research uses sloped excavations ranging from 5 to 20 feet. These excavations were 
measured using both a robotic total station and UAS. The accuracy, time, and cost impacts of using 
UAS for topographic and slope measurements compared to using a robotic total station was analysed. 

2. Literature Review 

A study was conducted concerning the current uses of drones in the construction industry and the 
associated costs. This study found that 70% of contractors use drones to capture aerial images for 
project management and documentation purposes. It also found that 82% of companies believe drones 
are a useful tool for project progress documentations [1]. With many construction companies already 
using drones for documentation purposes and the high approval rating of drone usage, UAS should be 
rapidly adopted by the remaining construction companies not yet using drones. 

2.1. Traditional Slope Measurements using a robotic total station 

The slope of an excavation can be determined by many different methods, but the most prominent is 
using a robotic total station. A robotic total station is surveying equipment that combines electronic 
distance measurement and automatic target recognition [2]. This equipment can be operated remotely 
and has been proven to be accurate and effective in monitoring and measuring slopes [3]. One of the 
main advantages of using a total station is the simplicity of collecting data. After data collection is 
complete, the data can be processed to determine the absolute coordinates [2]. Another advantage of 
using a robotic total station to measure sloped excavations is the accuracy of the instrument. Robotic 
total stations have been proven to be extremely accurate and capable of measurements within 0.5 mm 
of the actual location [4]. 

The main disadvantages include the initial cost, lines of sight, environmental factors, and maintenance 
[2]. A reference point must be set to give the robotic total station a baseline for data collection [4]. Access 
to all measurement points and reference points must be available to collect the data [3]. This means 
that, if a slope is too steep and cannot be easily walked on, using a robotic total station may not be 
possible. Even with the high accuracy and advantages of using a robotic total station, other methods 
may be simpler and more convenient. 

2.2. UAS Alternative 

One alternative to robotic total stations is using a UAS to measure sloped excavations. Since the 
creation of drone technology, many different types of drones have been developed. The size of the site, 
altitude of the flight, and data collection time are the main factors to consider when choosing a drone to 
measure a sloped excavation. This investigation used a DJI Mavic 2 Pro drone, a quad copter, and 
Pix4D software for data processing. 
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2.3. UAS Photogrammetry 

Data captured by a single drone flight can now be used by a computer program to create a three-
dimensional model of the built environment. One study evaluated the accuracy of georeferenced three-
dimensional models created using UAS photogrammetry [5]. Precision was calculated using control 
points scattered around the test site, and the drone was able to measure these positions with a variance 
of 4 mm horizontally and 10 mm vertically [5].  

The measurement accuracy of UAS photogrammetry has been studied in other applications. Millimeter 
accuracy was obtained during the experiments of one study. Many conditions must be met to ensure 
this level of accuracy, including that the control and survey points must be numerous, the lighting must 
be optimal, and the aircraft must be stable. The experiments also took significant time due to the large 
number of photographs needed to measure accurately [6]. The main finding of the study was the high 
measurement accuracy that can be obtained using UAS photogrammetry. 

2.4. UAS Topographic Mapping and Measurements 

Research has also been conducted on the accuracy of UAS topographic mapping on large sites. One 
study assessed the accuracy of UAS-based surveys using 18 missions on a 3.5 acre site using two 
different drones [7]. Root Mean Square Error (RMSE) was used to calculate the accuracy of the 
topographic measurements. RMSE is measured by finding the number of pixels for each checkpoint. 
RMSE values less than one pixel are considered to be highly accurate, values between one and three 
pixels are moderately accurate, and any value greater than three pixels is said to have a low level of 
accuracy. This study’s results found that all RMSE values were under two pixels for all eighteen 
missions. Higher accuracy was obtained with a higher resolution camera and flight paths taking the 
photos from a lower altitude [7].  

A similar study was conducted on an even larger site of 4.942 acres. The experiment for this study 
created digital terrain models (DTM) [8]. This model uses color to show changes in elevation. This study 
focused on the effects of changing the amount of overlap in the photos taken with front image overlaps 
of 70%, 80%, and 90%. The side lap percentages used in this study were 50%, 60%, and 70%. RMSE 
was used to analyze the high-resolution topographic [8]. These results show that using an 80% front 
image overlap and 50% image side lap resulted in the most accurate measurements in the x, y, and z 
coordinates. The flight with the least accurate results used an 80% front image overlap and 70% image 
side lap. 

Another study was conducted on how the number of ground control points affects the accuracy of 
topographic measurements collected using UAS [9]. The results of the experiment showed that the error 
statistics were very similar regardless of the number of ground control points [9]. This study showed that 
a limited number of ground control points can produce acceptable results for many geotechnical 
applications. 

2.5. Data Acquisition 

Most research on the accuracy of UAS topographic mapping has employed the autonomous flight mode 
of the drone by pre-planning the flight on software such as Pix4D. Most UAS’s have Global Positioning 
System (GPS) navigation capability that allows for autonomous take-off, navigation, and landing with 
the flight path following a pre-programmed pattern along with automatic camera operation. The flight 
programming software takes into account the area being surveyed, the amount of picture overlap 
desired, and the altitude above ground to be flown.  Autonomous flights are able to collect asymmetrical 
images with the same overlap and side lap percentages on each flight. This greatly improves the image 
acquisition and photogrammetry process [10]. 

This study also investigated the effect of different flying altitudes on the accuracy of topographic 
measurements in easting directions, northing directions, and elevation. The findings clearly show that 
the most accurate results come from lower flight altitudes. As the altitude increases, the accuracy 
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decreases in a linear relationship [10]. The impact of image quality was also included in the experiment. 
Pix4D software has three kinds of point cloud densification options including low, optimal, and high-
quality modes. The findings showed that the higher resolution point clouds resulted in slightly more 
accurate measurements, but high-quality mode takes much more time to process the images and stitch 
them together. It is recommended to use high-quality images if a lot of vegetation is present [10]. 
Gridding is a critical parameter that can impact the accuracy of UAS-based topographic surveys. There 
are two main categories of gridding: single and double gridding. Using a double grid should increase the 
number and quality of images, but it can greatly increase processing time and cause more error sources. 
It is recommended to use a single grid for UAS-based topographic mapping [10]. 

2.6. Research Gaps and Limitations 

All research to date on the accuracy of UAS topographic measurements has focused on large sites 
using a variety of UAS types, flying altitudes, photogrammetry software, image overlap, image quality, 
flight modes, and gridding systems. Accuracy assessments of UAS on sites less than half an acre or on 
a specific slope have not been widely researched. The cost and time impacts of UAS topographic 
measurements compared to robotic total stations have not been studied. Because of the potential for 
substantial cost and time savings using a UAS, because contractors may likely have a readily available 
UAS already being used onsite, and would be more likely to measure sloped excavations even on small 
construction sites, and because of the importance of these measurements to construction safety and 
construction quality, a systematic comparison of topographic measurements of slope by UAS versus 
robotic total stations in terms of accuracy, time requirements, and cost could be valuable to the 
construction industry. 

3. Research Methodology 

This research study consists of four phases. The first phase is experiment preparation, the second 
phase is data acquisition, and the third phase is data processing. The fourth and final phase includes 
the results and analysis of all data collected. 

3.1. Phase 1: Preparation 

 Checkpoint Establishment 

A slope feeding into a water retention area was selected as the experimental area for this research 
study. Wood survey stakes were driven into the ground at each of these points to ensure that they are 
clearly visible in the images collected from the drone. The stakes and hubs are not needed to measure 
the slope of the hill at the experimental site, but they will be used to ensure the topographic 
measurements of the robotic total station and UAS are from the exact same location. Refer to Figure 1 
below. 

 Fig. 1. (a) Experiment Location, (b) checkpoints 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-020

Keszthely, Hungary 
20-23 June 2023

152



  Flight Planning 

The flight plans will be created using the Pix4DCapture application on a smartphone. The Pix4DCapture 
application is used to program flight information based on flight pattern, location, flight altitude, angle of 
the camera, front overlap, side overlap, and drone speed. After all the settings are selected, the flight 
plan is created by drawing a ‘fence’ around the area to be flown.  This can be seen in Figure 2 below. 
This application can then be connected to the UAS controller to autonomously fly the set location and 
collect aerial images according to the programed settings.  

Fig. 2. Programmed Flight Path 

Three flights were planned.  All used a 75 foot altitude, 80% front overlap, and fast drone speed.  
Experiment 1 used a single grid pattern (as shown above) and 50% side overlap.  Experiment 2 used a 
single grid with 70% side overlap, and experiment 3 used a double grid (not shown but a second grid 
perpendicular to the single grid) with 70% side overlap. These were the configurations chosen for this 
study. 

3.2. Phase 2: Data Acquisition 

To determine the accuracy of the topographic measurements obtained from the UAS, accurate three 
dimensional coordinates of all checkpoints were obtained using a robotic total station – a Trimble 
RPT600 was used. For time comparisons, the total station was set up, measured all checkpoints, and 
taken down 3 separate times and the activity timed with a stop watch. This was included in later analysis. 

The drone used to fly the programmed flight and collect the photo images was a Mavic 2 Pro.  During 
each of the three experiments, a stop watch was used to measure the time it took to plan the flight, set 
up the drone, fly the mission, pack the drone back into its case, upload and process the data.  Each of 
these time categories were recorded separately for later analysis. 

3.3. Phase 3: Data Processing 

Digital image processing was used to combine the digital images collected during each UAS flight into 
one model. Digital image processing is the stitching together and manipulation of digital images 
completed by software on a computer. Pix4DMapper was the software used to process the images. A 
densified point cloud is then created by using a set of three-dimensional coordinate points that 
reconstruct the images together [11]. The software is able to generate digital surface models and 
orthophotos. From these models, digital terrain models and contour maps can be created to determine 
three-dimensional coordinates at all checkpoints throughout the research area. 

3.4. Phase 4: Results and Analysis 

 Accuracy and Slope Assessment 

Root Mean Square Error (RMSE) is used by the American Society of Photogrammetry and Remote 
Sensing (ASPRS) for assessing three-dimensional coordinate accuracy [11]. The horizontal and vertical 
accuracy will be measured by comparing the coordinates of each checkpoint with the coordinates from 
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the same point measured by the robotic total station. The RMSE values of horizontal and vertical 
measurements will be compared to the horizontal accuracy standards for orthophotos and the vertical 
accuracy standards for digital elevation data from ASPRS. Table 1 shows the horizontal tolerance for 
different classes of horizontal measurements obtained by orthophotos and the tolerance of vertical 
accuracy for elevation measurements in vegetated areas (ASPRS Accuracy Standards for Digital 
Geospatial Data, 2015). 

     Table 1. Horizontal and Vertical Accuracy Classes (additional classes not shown – refer to ASPRS document) 

Horizontal Class RMSE Values (cm)  Vertical Class Vegetated Vertical Accuracy (cm) 

I Pixel Size x 1  I 2.9 

II Pixel Size x 2  II 7.4 

III Pixel Size x N  III 14.7 

 

 Time and Cost Assessment 

To assess the time impacts of using UAS to measure sloped excavations, duration must be accurately 
recorded for each step of topographic measuring. During the data acquisition phase, the time spent on 
the UAS checkpoint measurements and robotic total station checkpoint measurements were recorded 
three times for each experiment. 

Cost is a major factor for many construction companies. Saving money is essential to maximize the 
profit on each project. To compare the cost of using UAS versus robotic total stations to measure sloped 
excavations, the cost of labor will be compared. The labor cost will be measured by using the average 
time spent on each experiment multiplied by an hourly labor rate. A one person survey crew with a 
robotic total station was given an hourly rate of $225. This was assumed to be subcontracted. The hourly 
rate for the UAS crew considered a UAS pilot at $53 per hour with one visual observer at $41 per hour. 
These were assumed to be employed by the contractor. 

4. Data Analysis 

This section discusses the results of UAS-based sloped excavation measurements using photometric 
surveys for each experiment. 

4.1. Horizontal, Vertical, and Slope Measurements 

The photogrammetry model for each of the three experiments were processed with Pix4DMapper 
software to create an orthomosaic model and a digital surface models as shown in Figure 3 below.  

Fig. 3. Orthomosaic Model (Left) and Digital Surface Model (Right) from Experiment 1 
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Any point in the orthomosaic model can be selected to give the calculated three-dimensional location 
obtained from the drone flight. The horizontal distances, vertical distances, and slope measurements 
obtained in UAS experiments were compared to the same data from the robotic total station to find the 
delta in each measurement. These deltas were used to calculate the RMSE by taking the square root 
of the sum of the measurements in the horizontal direction, vertical direction, and slope and dividing by 
the count of the measurements. 

4.2. Accuracy Comparison 

The UAS-based distances measured in the three experiments were compared to the same distances 
calculated from the robotic total station. This comparison used RMSE to determine the accuracy of the 
UAS-based photometric values with the assumption that the values collected by the robotic total station 
were precisely correct. The RMSE values were computed in centimeters to simplify comparison to the 
accuracy standards for digital elevation data. The RMSE values can be seen in Table 2 below. 

     Table 2. RMSE Values and Horizontal / Vertical Data Accuracy Classes 

 Horizontal RMSE (cm) 
(Class) 

Vertical RSME (cm) 
(Class) 

Slope RSME (cm) 

Experiment 1 42.623 (XVII) 74.562 (VII) 0.090 

Experiment 2 10.369 (V) 24.693 (IV) 0.035 

Experiment 3 5.877 (II) 3.956 (II) 0.006 

 

Using UAS photogrammetry models from experiment 1, the horizontal and vertical measurements were 
not consistent or accurate. In this case, the measurements did not meet the industry standards for 
accuracy. While Experiment 2 was more accurate horizontally, this scenario did not reach an acceptable 
of accuracy. 

Experiment 3 used a double grid flight plan with 80% forward overlap and 70% side overlap at a flying 
altitude of 75 feet and was the most accurate of the three experiments. The horizontal and vertical 
measurements were consistent and accurate due to the increased number of photographs used to 
produce the orthomosaic model. The horizontal measurements ranged from 1.949 to 7.987 centimeters 
off of the measurements obtained from the robotic total station. The vertical measurements were 
incorrect by a range of 0.132 to 7.234 centimeters. In this case, alternate hypothesis 1 proved to be true. 
The application of UAS in measuring sloped excavations did reach an acceptable accuracy class of the 
ASPRS Accuracy Standards for Digital Geospatial Data in experiment 3. The RMSE values for 
experiment 3 were significantly lower because of the number of images collected to produce the 
orthomosaic model. 

4.3. Time Comparison 

The time spent on data collection and processing for each experiment was measured with a digital 
stopwatch and recorded. The data collection phase was split into setup time, data collection time, and 
disassembly time. The breakdown of times can be seen in Table 3 below. The 3 robotic total station 
timings were so close, only the average time for each category is shown in the table. 

Table 3. Time Comparison (min:sec) 

 Setup Data Collection Disassembly Data Processing Total Time 

RoboticTotal 
Station 

8:08 10:07 3:18 13:54 34:27 

UAS 1 3:50 3:17 1:22 61:05 69:34 

UAS 2 3:32 3:28 1:14 75:15 83:29 

UAS 3 3:48 8:13 1:14 118:46 131:01 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-020

Keszthely, Hungary 
20-23 June 2023

155



The total time using the UAS was much longer than the average robotic total time. In the data collection 
phase the drone was able to collect the data faster than the robotic total station. This relative efficiency 
of the drone in data collection is due in part to the longer times required to set up and take down the 
robotic total station and also due to the extensive amount of walking to each checkpoint in order to get 
the measurements. The Trimble RPT600 used a Panasonic tablet that was able to record the data and 
export them into an Excel file. The Excel file simply had to be saved on a flash drive and loaded onto a 
computer. This made the processing stage quick and easy. The majority of time in data processing for 
UAS was Pix4DMapper processing the images to create the orthomosaic and digital surface models. 
Once these models were created however, locating each checkpoint was as simple as clicking on the 
survey hub and recording the three-dimensional coordinates. In all, application of the UAS in measuring 
sloped excavations took more time compared to using a robotic total station to measure the slope. 

4.4. Cost Comparison 

The total time spent in each experiment to measure the slope at the experimental location was used to 
find the associated cost. The total time spent was multiplied by the hourly rate of an appropriate worker 
to calculate the cost of performing the slope calculations in each experiment. The cost calculations can 
be seen in Table 4 below. 

Table 4. Slope Measurement Cost 

 Hourly Rate 
- Operator 

Hourly Rate – 
Visual Observer 

Time (hours) 
- Operator 

Time (hours) – 
Visual Observer 

Total Cost 

RoboticTotal 
Station 

$225 N/A 0.59 N/A $132.75 

UAS 1 $53 $41 1.16 0.14 $67.26 

UAS 2 $53 $41 1.475 0.14 $83.95 

UAS 3 $53 $41 2.2 0.22 $125.08 

 

The average cost for the robotic total station to measure the sloped excavation was $131.25. All three 
UAS experiments cost less than using a robotic total station. This proves alternate hypothesis 3 to be 
true. The application of UAS in measuring sloped excavations reduced the cost compared to using a 
robotic total station to measure the slope. However, the most accurate UAS measurements were 
obtained from UAS experiment 3, and the cost of this experiment was $125.68 because the double grid 
flight plan required more time to capture the additional images and to process the additional associated 
data. This cost was only slightly less than that of all three robotic total station experiments. If the 
measurement accuracy of a double grid flight plan is needed in order to use UAS to measure sloped 
excavations on construction sites, there will not be as much cost savings relative to robotic total station 
measurements. 

4.5. Discussion 

The results of the three UAS experiments differed because the varied flight parameters affected the 
number of orthophotos collected in each experiment. The number of orthophotos affected the detail of 
the orthomosaic and digital surface models created from Pix4DMapper and the time required to process 
the images. 

5. Conclusions and Recommendations 

In this research study, the results varied between the different experiments conducted with the UAS in 
measuring a sloped excavation. The accuracy of UAS experiments 1 and 2 did not meet industry 
standards, while experiment 3 did meet the accuracy standards. In all three experiments, UAS-based 
slope measurements took more time when compared to a robotic total station, but UAS-based slope 
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measurements also cost less when compared to a robotic total station. Given the differing results of 
each experiment, there is much to be learned about measuring slopes with drones. 

However, the time for data processing was a significant factor in the UAS calculations which was 
compounded by counting operator hours for this process. It should be noted that the majority of data 
processing time is the time taken for the computer program to run which can be done unattended once 
it is set up.  Making adjustments for this would significantly reduce the cost of the UAS operations. 

5.1. Conclusions 

The inaccuracy of slope measurements using UAS in this study ranged from 5.877 to 42.623 centimeters 
in the horizontal direction and ranged from 3.956 to 74.562 centimeters in the vertical direction. The 
major inconsistencies were derived from the different flight plans used in each experiment. The main 
correlation found in this study was that the most accurate slope measurements were produced by the 
UAS flight plan that collected the largest number of images. The most accurate experiment used a 
double grid flight plan with 80% forward overlap and 70% side overlap. This flight collected 151 images. 

In short, this research shows that, with certain flight plans, UAS’s could be used to accurately measure 
sloped excavations and save money when compared to using a robotic total station. Using a UAS should 
not be viewed as a replacement for traditional survey methods but another option to measure slopes. 
The application of a UAS would be very beneficial if a robotic total station is not available within the 
needed time frame, if the slope is steep, or if the slope is hard to traverse. 

5.2. Recommendations for Further Study 

The first recommendation would be to use the double flight grid on multiple experiments to determine 
the consistency of UAS slope measurements. On a much larger site, the data collection time could be 
much longer using a robotic total station. If this is the case, UAS could save significant time in measuring 
sloped excavations. Another recommendation is to complete a similar study utilizing a drone other than 
the DJI Mavic 2 Pro and a different software program than Pix4D to determine the impacts on accuracy, 
time, and cost. This future research could define more precisely the parameters when using UAS to 
measure sloped excavations would be the most beneficial to the construction industry. 

References 

[1] N. Blinn and R.R.A Issa, “Feasibility Assessment of Unmanned Aircraft Systems for Construction Management 
Applications”. Construction Research Congress 2016, 2593–2603, doi: 10.1061/9780784479827.258.  

[2] D Cook, “Robotic Total Stations and Remote Data Capture: Challenges in Construction”. Geotechnical News, Vol. 24 
No.4,December 2006, pp 42-45 

[3] T.B. Afeni and F.T. Cawood, “Slope Monitoring using Total Station: What are the Challenges and How Should These be 
Mitigated?” South African Journal of Geomatics, 2(1), 41–53, https://doi.org/10.4314/sajg.v2i1 

[4] J. Zhou, B. Shi, G. Liu and S. Ju, “Accuracy analysis of dam deformation monitoring and correction of refraction with 
robotic total station”. PLOS ONE, 16(5), e0251281, doi: 10.1371/journal.pone.0251281. 

[5] S. Barba, M. Barbarella, A. Di Benedetto, M. Fiani, L. Gujski and M. Limongiello, “Accuracy Assessment of 3D 
Photogrammetric Models from an Unmanned Aerial Vehicle”. Drones, 3(4), 79, doi: 10.3390/drones3040079. 

[6] K. Cmielewski, P. Gołuch, J. Kuchmister, I. Wilczynska, B. Cmielewski and O. Grzeja, “Detection of crane track geometric 
parameters using UAS. Automation in Construction”, 128, 103751, doi: 10.1016/j.autcon.2021.103751. 

[7] J. Burgett, B. Lytle, D. Bausman, S. Shaffer and E. Stuckey, “Accuracy of Drone-Based Surveys: Structured Evaluation of 
a UAS-Based Land Survey”. Journal of Infrastructure Systems, 27(2), 05021005, doi: 10.1061/(ASCE)IS.1943-
555X.0000605. 

[8] M. Muhammad and K.N. Tahar,”Comprehensive Analysis of UAV Flight Parameters for High Resolution Topographic 
Mapping”. IOP Conference Series: Earth and Environmental Science, 767(1), 012001, doi: 10.1088/1755-
1315/767/1/012001. 

[9] E. Stott, R.D. Williams and T.B. Hoey, “Ground Control Point Distribution for Accurate Kilometre-Scale Topographic 
Mapping Using an RTK-GNSS Unmanned Aerial Vehicle and SfM Photogrammetry. Drones”, 4(3), 55, doi: 
10.3390/drones4030055. 

[10] H.H. Aliand F.M. Abed, “The impact of UAV flight planning parameters on topographic mapping quality control”. IOP 
Conference Series: Materials Science and Engineering, 518(2), 022018, doi: 10.1088/1757-899X/518/2/022018. 

[11] R.Q. Ismael and Q. Z. Henari, “Accuracy Assessment of UAV photogrammetry for Large Scale Topographic Mapping”. 
2019 International Engineering Conference (IEC), 1–5, doi: 10.1109/IEC47844.2019.8950607 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-020

Keszthely, Hungary 
20-23 June 2023

157

https://doi.org/10.4314/sajg.v2i1


VALUE ENGINEERING FOR PERFORMANCE IMPROVEMENT OF 
SUSTAINABLE CONSTRUCTION PROJECT  

Joel Ochieng’ Wao1

1 Florida Gulf Coast University, Fort Myers, Florida, USA 

Abstract 
The technology of value engineering (VE) can be used to provide project owners with the required 
optimum value that is characterized by the project being delivered at the lowest cost and at a greater 
level of performance and quality. Providing this value can be challenging or near impossible at certain 
instances that could eventually impair some basic and important principles of VE that are key in arriving 
at the required goals of a project. This paper assessed the available conventional VE standard(s) with 
the aim of improving its ability to provide the best value to project owners especially in sustainability or 
green building projects. A critical review of the available VE tools and their uses in construction projects 
led to a discovery that project owners always emphasized reducing the cost of projects at the initial 
stages and sometimes during the whole life cycle of projects. This was identified as a limiting 
characteristic of the conventional VE that could hinder the project and VE team from performing VE 
exercises that meet the value requirements of projects. Performance worth (PW) VE approach was used 
to address this limitation in the function identification and analysis phase of the VE methodology. 
Construction industry VE practitioners were provided with a presentation and then surveyed about the 
conventional VE and PW approaches, and their feedback used to validate the PW idea relative to 
sustainable design and construction. The results of data analysis showed that PW was better than 
conventional VE approach and thus, it was concluded that its inclusion in the VE job plan would benefit 
project owners by providing better value or improved project outcomes.  
Keywords: construction project, function analysis, performance worth, sustainable construction, value engineering. 

1. Introduction

Value engineering (VE) originated from General Electric, a defence contractor, as a strategic tool used 
by multidisciplinary team of professionals focusing on functions to deliver projects or systems at the 
lowest cost (Wao, 2015). L.D. Miles who initiated the VE idea at General Electric after World War II in 
the 1950s was faced with scarcity of resources and envisioned that items could only be bought for what 
they could do best or needed for. So the focus on function was key and a distinguishing factor in VE. 

The Society of American Value Engineers (SAVE)-International Value Management Body of Knowledge 
(VMBOK) of 2019 and Wao (2015) defined VE as a systematic application of strategic techniques that 
identify function of systems where good teamwork, specific creativity approaches and good 
communication by multidisciplinary team of professionals are integrated to develop strategic systems 
that are aimed at meeting the project requirements at the lowest overall cost and highest performance 
and quality levels. Great team effort and understanding, high level of performance and optimal cost are 
vital goals in the VE process. Alternative systems must be carefully understood in terms of their functions 
or what they do best in a project before selecting those that are most preferred for the project. Selecting 
the needed alternative require creativity from VE team members and free flow of ideas without any form 
of hindrance. The VE team leader who steers the team has to ensure that the VE team focuses on 
greater level of analysis of systems while considering the functions and project requirements before 
incorporating suitable evaluation techniques to arrive at the most preferred alternatives. Using a method 
that is flawed or one that overemphasize some parameters such as performance, quality or cost may 
result in a decision that does not meet the project owner’s overall requirements and possibly lead to 
project demise and owner dissatisfaction. VE employing appropriate method would ensure that the goals 
are met satisfactorily especially when focusing on better sustainable design and construction outcomes. 

With sustainable construction, the goal is to meet the needs of the present population without 
threatening the ability of the future generation to meet their own needs in the built environment (Wao et 
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al., 2016). This needs performance assessment of systems, ensuring that commissioning is well done, 
and that the performance level of systems is exceeding the goals over the life cycle of a project.  

There are varied tools that can be used to assess the performance level of systems in projects but VE 
stands out to be a potential tool that can be used to develop desired systems that are geared towards 
better sustainability outcomes. However, close analysis of some of the conventional VE processes show 
limitations in the VE job plan, especially when the goal is to improve sustainability outcomes (Wao, 
2014). Therefore, this research was centred on refocusing the conventional VE process to improve 
building sustainability outcomes especially the performance improvement of systems. The objective was 
to identify the possible limitation in the function identification and analysis phase of the VE methodology 
and then find possible ways to address it by developing a new VE method for performance improvement. 
The hypothesis was that the new approach would result in better building sustainability outcomes. The 
significance of the study was to provide project owners and construction industry professionals with a 
value-focused tool to improve performance of systems. 

2. Literature Review 

2.1. Value Engineering and Sustainable Construction 

The success of a VE process depends on the success of the functions analysis of systems using 
Function Analysis System Technique (FAST) in addition to a multidisciplinary team of professionals who 
have good relationship and better communication amongst themselves. Function analysis helps in 
understanding the items by moving the team from a general understanding to specific inner detailing 
that could lead to improved end-value. Focusing on functions make the VE process unique and different 
from other problem solving techniques (SAVE International VMBOK, 2019, Wao et al., 2016). 
Specifically, function analysis identifies necessary functions and potentially unnecessary costs of a 
specific aspect of a project. Thus, it is important to spend a lot of time on function analysis using FAST. 
This is because the most important function may not be visible and that an unsound choice from a range 
of options can lead to a different solution leading to high cost. Figure 1 shows FAST diagramming details. 

   

Figure 1. Technical FAST or function logic diagram (ASTM E2013-12). 

The purpose in a project or system is in the higher order functions of FAST (Figure 1). Asking ‘Why’ 
determines the relationship between a higher order function and lower order function. The answer 
constitutes the higher order function. A logic check must be completed by asking ‘How’ the higher order 
function is realized. The answer must be the lower order function. The basic function is to the right of 
the left hand scope line and the secondary functions are to the right hand of the basic function and 
continue to the lower order function by asking ‘How’ questions (ASTM E2013-12; Wao, 2014). Overall, 
the main goal of function analysis is to develop a full understanding of the project systems. Once there 
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is complete understanding of the functions, the project team members can then select areas for 
maximum return on the value study resources that are available for the project (Wao, 2014). 

Both sustainable construction and VE can be used to ensure better performance and quality of project 
over the life cycle (Mahadik, 2015). To achieve this, sustainability principles are integrated in projects to 
improve on their value, and VE can be used to achieve this value improvement goal by providing 
avenues to select better options for inclusion in sustainable construction projects (Wao et al., 2016). 

Researchers have proposed integrating VE with sustainable construction principles so as to deliver 
projects with enhanced value where the main goal is to have sustainability principles and cost effective 
systems over the life cycle of project (Wao, 2018; Gunarathne et al., 2022). This is hoped to benefit 
project owners largely as it will provide them with better value for their money spent in projects while at 
the same time have tangible benefits in terms of socio-economic and environmental sustainability 
otherwise called triple bottom-line approach to sustainability (Wao et al. 2016; Senarathne et al., 2014). 

Research has shown that limitations in time, lack of guidance on proper integration of sustainability 
principles, lack of knowledge of and awareness on sustainability and conflicting perceptions on 
sustainability are some of the barriers for integrating sustainability with VE (Gunarathne et al., 2022; 
Abidin and Pasquire, 2007). However, as stated by Yu et al. (2018), a systematic VE Job Plan can 
effectively guide the inclusion of sustainability principles during project life cycle. This job plan must not 
have limitations if it is to be effective. However, critical look at it shows some limitations.  

2.2. Limitations of the Function Analysis Phase of the Value Engineering Job Plan 

Since VE focuses on saving the overall cost, it is often found that project owners tend to focus on 
reducing first cost and so they may over-emphasize the cost reduction aspect, thereby downgrading 
other key objectives such as improving quality or performance attributes. Over-emphasis on cost comes 
from ASTM E1699-14 standard that discusses cost. The standard, also called the conventional VE tool, 
has sections and subsections that discuss the cost-worth (CW) process in VE. Section 7.3.2 of the 
ASTM E1699-14 describes the importance of relating function to cost and has improvement methods in 
the event of cost escalation. In addition, ASTM E2013-12 standard describes value using cost reduction 
approach. Therefore, it is evident that sustainability or performance goals may be overlooked during VE 
study as attention is on the cost of systems rather than on performance or quality improvements (Wao, 
2016). Thus, systems options for evaluation during the VE process are selected based on cost-to-worth 
ratios and not performance-to-worth basis. This could introduce bias in the end. 

2.3. Alleviating the Limitation in the Function Identification and Analysis Phase of the VE Job Plan 

Looking at the conventional VE process, the CW approach is first-cost driven. CW ratio identifies the 
systems that may need improvement by considering their CW ratios. Meeting the sustainability goals 
require refocusing the conventional VE process since there is a tendency to over-emphasize cost 
reduction at the expense of performance/quality improvement. Since, the CW analysis is conducted in 
the function analysis phase, improving the performance or quality outcome will be achieved by improving 
the guiding standard. This can be seen in ASTM E2013-12 standard which states that the FAST data 
help in identifying system’s alternatives with respect to their function costs.  

ASTM E1699-14 subsection 7.3.2.5 defines worth as the VE team’s estimation of the least costs, and 
this is the initial or first cost which is presented in the cost estimate needed to perform a specific system 
function. Subsection 7.3.2.6 stipulates that the CW ratio is calculated by dividing the design 
professional’s cost for each system or functional group by the basic worth (the VE team’s cost 
estimation). If the resulting ratio is greater than 1:1 (cost is higher in the estimate than the VE team’s 
estimate), then there is potential opportunity for cost improvement. This means that greater ratio implies 
greater chance for improvement using first-cost approach.  

Worth can also mean the VE team’s best or highest estimation of quality or performance as defined by 
the selected quality and performance indicators for the project system. The performance-worth (PW) 
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maybe calculated by dividing the projected performance indicators by the VE team’s target worth as 
represented by quality and performance indicators. Ratio less than 1:1, i.e., less performance realized 
from the design than the VE team’s estimate implies a potential opportunity for improvement.  

Integrating these changes in the VE job plan will consider all the VE objectives (cost, performance and 
quality improvements) in project. The VE team will discuss PW in addition to CW. The project owner 
can therefore obtain the best value for the lowest economic investment over the life cycle of a project. 

3. Research Methods 

The aim of this research was to refocus the conventional VE process to improve project sustainability 
outcomes. The objectives were to 1) identify limitation in the function analysis phase and find ways to 
alleviate the limitation, 2) evaluate the impact of the new VE method to sustainability. The hypothesis 
was that the new method would result in better building sustainability outcomes. The significance of the 
study was to provide owners and construction industry practitioners with a value-focused tool to improve 
performance of systems. Industry personnel were used in assessing the VE methods. 

3.1. VE Practitioners and Survey Questionnaire 

In order to provide a conclusive validation of the new or alternative VE approach, a group of VE 
practitioners (N = 15) were purposely selected to take part in this research requiring them to offer their 
opinions about the alternative VE approach aimed at improving sustainability outcomes. They were 
certified in value engineering (certified value specialists also called CVS) and were experienced in 
conducting VE in projects. A presentation was given showcasing the change in the conventional VE. 

Prior to presenting to them, their consent to participate in the research through this presentation and 
subsequent survey was sought through the assistance of the Institution Review Board (IRB) which 
approved the presentation and the survey protocol. The presentation was then provided to the VE 
practitioners and it detailed out the limitations of the conventional VE method and the avenues that were 
proposed to counter the limitations relative to improving sustainable design and construction outcomes. 
They were given time to discuss it through questions and comment section of the presentation. 
Immediately after the presentation, the VE practitioners were sent the online survey questionnaire via 
Qualtrics software so as to gather their opinions about the limitations of conventional VE method and 
the proposed new approach to VE.  The survey questionnaire entailed collection of the VE practitioners’ 
demographic data such as number of years in construction industry, number of years involved with VE 
and sustainability assessment tool. Emphasis was placed on the VE specific questions as shown in 
Table 1.  

Table 1.  Survey questions specific to VE and sustainable or green construction outcome 

Number Type of question  Coding 

Q.9 Whether or not to accept the various 
limitations in conventional VE process. 

Yes = 1, No = 0 

Q.10 Degree of agreement with the various 
limitations in conventional VE process in 
negatively impacting green building 
outcomes. 

Strongly disagree = 1, Disagree = 2, 
Neither agree or Disagree = 3, Agree = 
4, and  Strongly agree = 5 

Q.11 Level of satisfaction with the VE methods 
in meeting or improving building 
sustainability outcomes. 

Very dissatisfied = 1, Dissatisfied = 2, 
Somewhat dissatisfied = 3, Neutral = 4, 
Somewhat satisfied = 5, Satisfied = 6,  
and Very satisfied = 7 

Q.12 Additional thoughts or comments on VE 
and green building. 

NA 
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4. Results and Discussion 

The data from the survey of VE practitioners were analysed. The data were both quantitative and 
qualitative types (mixed method). Data analysis using SAS studio (2023) was mainly focused on the 
limitations of the conventional VE and the ability of the VE method to improve sustainability outcomes. 
The descriptive statistics results of the conventional VE and alternative VE were presented. The 
statistics mostly reported percentage scores and mean measures as part of the descriptive statistics 
because this was believed to provide good presentation of the data in a simplified format. 

Those who completed the survey were Certified Value Specialists (CVS), university professors, directors 
and presidents of companies, construction managers, and civil engineers from all over the globe.  

About 72% of the respondents had over 20 years of experience working in construction industry while 
14% of them were 6-10 years and 11-15 years of experience respectively. For their experiences, 100% 
of them had used VE in their projects while 57% had used LEED or other green building rating systems. 
Of those who had used VE in their projects, about 72% of them were over 20 years of experience 
working with VE while 14% of them had 11-15 years and 16-20 years of experience respectively. For 
those who had worked with green building assessment tools like LEED, approximately 50% of them had 
6-10 years of experience working with it while 25% had 2-5 years and 16-20 years respectively in 
working with it. This, in overall, depicted the high level of engagement in the construction industry and 
many years of using VE in projects which would imply greater reliability in the data or information they 
would provide because the many years meant experience and knowledge in their respective fields. 

The respondents were also asked about the description of their respective construction companies. A 
complete 100% of the respondents reported that their companies specialized in VE while construction 
management and cost engineering areas of specialization accounted for 29% of the respondents 
respectively. About 14% were involved in general contracting while about 29% were in business 
management and risk management field. Their projects were mainly commercial (57%) and industrial 
(57%). Others were heavy civil (29%), manufacturing and mining (29%), and residential projects (14%). 
Their full engagement in VE means that the data were mostly in VE and would provide reliable 
interpretation for eventual accurate research generalizability. 

They were also asked whether or not they accepted the limitations identified in the conventional VE 
process as actual or true limitations based on their VE experiences. Also, they were asked whether or 
not the identified limitations would negatively impact green building outcomes based on their opinions 
from the presentations and field experiences. Green buildings, sustainable buildings, energy efficient 
buildings, net zero energy buildings, high performance buildings and resource efficient projects were 
terms that were used interchangeably in the field of sustainable construction during the presentation.  

Considering the responses to the limitations on whether or not they were true or actual limitations, more 
than half of the respondents (57.1%) believed that over-emphasis on cost was indeed a limitation. 
Considering the negative impact of the limitations to green building outcomes, about half of the 
respondents (42.9%) disagreed with the limitation pertaining to over-emphasis on cost while about 
28.6% strongly agreed that it was actually a limitation relative to negatively impacting green building 
outcomes (Mean = 3.29). This feedback posed a potential venue for proposing a new method to VE 
whereby it was clearly feasible to discuss potential application of PW method to VE especially for 
performance improvement in sustainable construction projects. 

The qualitative data also showed that value planning (VP) and value management (VM) were more 
encouraged as opposed to VE. Some respondents held that VE had for a long time been focused on 
reducing or cutting cost. Therefore, VP and VM would be preferred concepts to improve performance of 
systems using function analysis as the basis for value analysis (VA). The performance goal is where a 
respondent held that the biggest optimization in the VE process could be achieved through the use of 
performance based attributes weighted by the client prior to the start of the VE workshop. Function 
analysis stimulates creativity and would be easy to understand where teams use it in defining items 
rather than as an activity like in critical path method in project scheduling. 
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Some respondents held that VE, VM, and VA are terms used by many practitioners and are applied in 
different project stages. For example, VM is typically applied as early as possible in the project with the 
aim of optimizing costs, VE is applicable in all project stages and may be used for assessment of project 
alternatives or refinement of systems, while VA may be applied at design stages. Noteworthy is that 
they are all aimed at refining, reducing cost, and improving performance and quality of systems. 

5. Conclusion 

This research investigated the conventional VE method, identified some limitations in the function 
analysis VE phase and then proposed a potential approach that could be integrated in the VE 
methodology to improve its outcomes especially for sustainable projects where performance is always 
held in high regard. It determined and assessed the PW method in the function analysis phase of the 
VE job plan in comparison to the conventional VE method. VE practitioners were involved in the 
validation of VE PW approach whereby they were presented to and then provided their candid feedback 
through anonymous survey questionnaire. Analysis of the VE practitioners’ feedback showed that the 
majority of them were in support of the PW idea, and that it could be a better approach in achieving 
sustainability goals in projects than conventional VE method. Thus, the hypothesis of the new VE 
approach being better and providing improved performance outcomes was supported. The PW idea 
could be a worthwhile inclusion in the VE function analysis phase to re-orient the VE teams, construction 
professionals, project owners and stakeholders from the routine thinking of cost reduction to inclusion 
of performance improvement ideas. The VE goals would be met while utilizing life cycle (and cost) 
analysis approach to attain the project goals. This research contributes to the VE studies body of 
knowledge especially those focusing on improving sustainable construction project outcomes. 

Future research may delve into applying the new VE method in a case study building to investigate its 
overall impact in providing value to project owners. The greater value may show in ‘platinum’ certification 
in LEED or earning the ‘restorative’ achievement level in Envision for sustainable infrastructure projects. 
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Abstract 
The existing human-centered safety diagnosis method for structure maintenance has problems with 
time, cost, accuracy, and safety. Recently, many attempts have been made to quickly and accurately 
check the condition of structures for maintenance by utilizing equipment. In this research, a framework 
was established to derive the priority of repairing cracks based on a 3D model after data was obtained 
by combining LiDAR, high-resolution camera, and thermal imaging camera with drones. Drones serve 
as a moving object for obtaining data and can be used in places where it is difficult to access with 
manpower, thereby improving the safety of workers. The framework is as follows: Step 1 is obtaining 
data of a structure through each sensor, which is classified according to two purposes. In Step 1-1, Point 
Cloud Data is obtained through LiDAR, and crack images of the structure are obtained through high-
resolutions camera. In this step, data can be obtained to determine the accurate location and size of 
cracks in the structure. In Step 1-2, thermal imaging data for measuring the depth of cracks is obtained 
through thermal imaging camera. Step 2 is processing and integrating data obtained through each 
sensor for 3D visualization of cracks on the structure. The PCD obtained through LiDAR is made into a 
mesh after removing noise, and a 3D model is constructed through texturing using high-resolution 
images and thermal images on the mesh, respectively. Step 3 is deriving the repair priority of cracks 
identified on the 3D model. Each crack has different characteristics such as location, size, and depth. 
For crack repair, cracks are classified according to grade and the repair priority is determined by 
considering the characteristics of crack. The framework can contribute to improving the economic 
efficiency, accuracy, and safety of structure maintenance by presenting criteria for deriving crack repair 
priorities. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Recently, the importance of maintenance has been emphasized due to the expansion, complexation, 
and rapid aging of construction projects. Old structures have weak durability, making them susceptible 
to problems such as leakage, cracking, and infiltration of weathering factors, which can lead to corrosion 
of reinforcing bars, concrete spalling, delamination, and reduced durability. To ensure the continuous 
safety management of structures, more advanced and continuous maintenance technologies are 
necessary [1]. However, current maintenance is labor-intensive and costly, and the visual inspection 
method of workers can vary depending on their skill and experience, which highlights the need for an 
objective safety inspection method [2]. In the construction industry, various attempts are being made to 
utilize drones for efficient and economical maintenance of old structures [3]. Previous studies on 
structural inspection technology using drones include Han. (2021), who conducted proximity 
photography and thermal imaging inspections of large structures that are difficult to access and visually 
inspect using human labor [4]. Kim et al. (2021) generated an orthographic image of dam facilities using 
drone photogrammetry technology and examined the validity of the technology [5]. Shin et al. (2022) 
developed a 3D structural analysis model by acquiring data from inside and outside of old structures 
using images captured by drones and ground-based LiDAR scanners to create 3D structural drawings 
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[6]. Many studies use drones equipped with sensors such as cameras and LiDAR to acquire structural 
data and utilize 3D modeling for maintenance. In this study, we equipped drones with LiDAR, high-
resolution cameras, and thermal imaging cameras to acquire data, and developed a framework for 
prioritizing crack repairs based on 3D models after processing and integrating. Each sensor used in this 
study has its own advantages. LiDAR is useful for efficient acquisition of vast 3D data in wide areas, 
while high-resolution cameras can identify weathering states such as cracks from captured images. 
Thermal imaging cameras can also identify cracks and are effective in achieving more accurate results 
when used in combination with observations from regular images. 

2. Methods 

2.1. Instruments 

The equipment used for data acquisition for 3D modeling in this study was as follows: a Matrice 300 
RTK drone(Figure 2a) was used in Step 1, which is a quadcopter weighing 6.3 kg with a payload of 2.7 
kg and a maximum flight time of 55 minutes, and has a manufacturer-declared range of 8 km. The 
Zenmuse L1 LiDAR(Figure 2b) was used, which has an accuracy of 0.1 m per 50 m in the horizontal 
plane and 0.05 m in the vertical direction. It has a maximum range of 190 m at a surface reflectivity of 
10% and a measurement speed of 240,000 points/second [7]. In Step 1-2, the Zenmuse P1 
camera(Figure 2c) was mounted on the drone, equipped with a DL 35 mm F2.8 LS ASPH lens with a 
resolution of 8192 × 5460 pixels (45 Mpix). In Step 2, the Matrice 30T drone(Figure 2d) was used to 
acquire data using the mounted thermal camera. 

 
  

Fig. 2. (a) Matrice 300 RTK; (b) Zenmuse L1; (c) Zenmuse P1; (d) Matrice 30T 
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2.2. Research framework 

The framework built in this study is shown in Figure 1. Step 1 is divided into two detailed steps according 
to the purpose to collect structure data using each sensor. In Step 1-1, Point Cloud Data is acquired 
through LiDAR and a crack image of the structure is obtained using a high-resolution camera. Through 
this process, data can be acquired to determine the exact location and size of cracks in the structure. In 
Step 1-2, thermal image (temperature) data is acquired to measure the crack depth using a thermal 
imaging camera. Step 2 is to visualize the cracks in the structure in 3D by processing and integrating 
the data acquired by each sensor. The PCD obtained through LiDAR is made into a mesh after removing 
noise, and a 3D model is built through texturing using high-resolution images and thermal images. Step 
3 is the step of deriving the priority of crack repair confirmed through the built 3D model. 

 

Fig. 1. Research Framework. 

2.2.1. Step 1. 
In the framework of Step 1, the target site is scanned using the Matrice 300 RTK with Zenmuse L1 
LiDAR and high-resolution camera, Zenmuse P1. Firstly, in Step 1-1, the target site is scanned using 
Zenmuse L1 LiDAR to acquire point cloud data (PCD). In this study, a part of Chosun University located 
in Gwangju, South Korea was selected as the target site for scanning. The flight for PCD acquisition 
was conducted at an altitude of 30m, a speed of 3.8m/s, and with a 70% overlap, taking approximately 
11 minutes to cover an area of about 6,200m2. The high-resolution image acquisition was conducted 
using the Zenmuse P1 camera. The flight parameters were set to the same altitude and speed as for 
PCD acquisition, with both vertical and horizonal overlap set to 80%, taking approximately 9 minutes to 
scan the same target site. In Step 1-2, the target site was scanned using the thermal camera mounted 
on the Matrice 30T. The flight was conducted at an altitude of 30m, a speed of 2m/s, with a vertical and 
horizonal overlap of 90%, taking about 40 minutes to acquire thermal images. Table 1 shows the flight 
settings and duration for each equipment used in Step 1-1 and 1-2. 
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Table 1. An example 

Step Payload Altitude(m) Speed(m/s) Time(min) Overlap 

1-1 Zenmuse L1 30 3.8 11 70 

Zenmuse P1 30 3.8 9 80 

1-2 Matrice 30T 30 2 40 90 

2.2.2. Step 2. 
Step 2 involves processing and integrating data acquired from each sensor to visualize 3D cracks in 
structures. For data processing and integrating, Pix 4D Survey and DJI Terra software were used in this 
study. First, the point cloud data (PCD) acquired through LiDAR is processed to remove noise and 
create a mesh. This step visualizes the 3D position information for maintaining structures. The created 
mesh is then used to build a 3D model using texture work with high-resolution images and thermal 
images. Texture work is performed on the mesh using high-resolution images and thermal images 
acquired from LiDAR to confirm the accurate 3D coordinate of the cracks. 

2.2.3. Step 3. 
Step 3 is a process of determining the priority of repairing cracks based on the 3D model built in Step 
2. Each crack has different characteristics such as location, size, and depth. To repair the cracks, they 
are classified into different grades based on their characteristics, and the priority of repair is determined. 

3. Results 

3.1. Step 1. 

In Step 1, we acquired data using drones, LiDAR, high-resolution cameras, and thermal cameras 
through three flights. During a total flight time of about one hour, we acquired 121,443,499 points through 
LiDAR (Figure 2), 528 images with a resolution of 8192 × 5460 through high-resolution cameras (Figure 
3), and 914 images with a resolution of 1280 × 1024 through thermal cameras due to relatively high 
overlap (Figure 4) for analysis. 

 

Fig. 2. Raw data_121,443,499 points. 
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Fig. 3. Raw data_528 high-resolution images 

 

Fig. 4. Raw data_914 thermal images 

3.2. Step 2. 

 In Step 2, Pix 4D Survey and DJI Terra software were used to process and integrate the raw data 
acquired from the instruments. Firstly, the noise and outliers in the LiDAR point cloud data were removed 
(Figure 4a). This is a crucial step to ensure the quality of the 3D model and to reduce analysis time. 
Next, point clouds were extracted from the high-resolution and thermal images for integrating with the 
LiDAR data. The Pix 4D software used in this study found feature points and correspondences between 
images to calculate the location, direction, and elevation of the camera and generate point cloud data 
in 3D format. The extracted point clouds were integrated and made into mesh(Figure 4b), and then each 
image was texturized to build the 3D model. Figure 5 shows the final 3D model textured with the high-
resolution image (Figure 5a) and thermal image (Figure 5b). 
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Fig. 4. (a) Removing noise & outlier; (b) Mesh 

 

Fig. 5. (a) Model textured with high-resolution images; (b) Model textured with thermal images 

3.3. Step 3. 

In Step 3, cracks in a structure are classified and prioritized for repair based on their location, size, and 
depth, as this approach is more cost-effective. This step involves examining the location, size, and depth 
of cracks in the constructed 3D model to determine the priority of repair, which enables data-driven and 
efficient repair work. In the 3D model built in this study, the 3D coordinates of each point and the length 
and volume of the particular points can be checked. 

4. Conclusion 

Resently, human-based safety inspection methods have issues with time, cost, accuracy, and safety. 
To address this, this study proposes a sensor-integrated 3D model-based crack detection framework 
for maintaining old structures. The framework consists of three main steps. In Step 1, data is acquired 
using a drone equipped with LiDAR, high-resolution camera, and thermal camera. In Step 2, the data 
acquired from each sensor is processed and integrated to visualize a 3D model. In Step 3, the priority 
for repairing identified cracks is determined from the constructed 3D model. Using this framework, a 3D 
model of the structure for crack maintenance was built. The accurate 3D coordinates, size, and other 
characteristics of the cracks in the structure can be quantitatively confirmed and managed, improving 
accuracy. In addition, the thermal images can be used to detect structural damage that is difficult to 
identify with the naked eye. Moreover, the data acquisition process is safe and can be completed within 
a short time of about an hour, compared to the conventional inspection method. This study has 
limitations in that only commercial software was used to perform 3D modeling, despite the wide range 
of algorithms available for post-processing in 3D modeling. Future research will address these limitations 
through: 1) evaluating the applicability of various data preprocessing algorithms for improving 3D model 
refinement, 2) verifying the accuracy of crack classification in structures, and 3) performing advanced 
analysis to determine priorities for crack repair. 
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A DESCRIPTIVE DIGITAL TWIN TO SUPPORT FACILITY 
MAINTENANCE 

Akhileswar Yanamala1, Ashit Harode1, Walid Thabet1

1 Virginia Tech, Blacksburg, USA 

Abstract  
A digital twin is a digital representation of a physical space, asset, or process. Digital twins are set up to 
include static (historical) record data and to capture dynamic real-time data from connected sensors, 
actuators, and other devices.  Recent literature has shown that there is a need for more Digital Twin 
implementation research to explore ways to integrate available technologies in order to define and test 
alternative digital twin system architectures. This paper focuses on the development and implementation 
of a descriptive digital twin prototype for various mechanical equipment housed in a 3-story classroom 
and laboratory building on the campus of an academic institution. The prototype was developed to test 
its ability to assist facility staff in monitoring the operational performance data of some components of 
the mechanical system in the building. The digital twin system architecture utilizes Navisworks models 
representing the different mechanical components. iConstruct Genus and BLogic VCAD were used to 
process the model file for import into MS Power BI. Static data collected from design drawings and 
submittals were linked to the model in Power BI. Real-time performance data collected from sensors 
attached to different equipment in the building were linked to the model in Power BI through an excel 
interface. The digital twin implementation involved regular meetings with facility staff over a period of six 
months to understand how the performance data is captured and interpreted for diagnostics and to 
receive feedback on the design and layout of the digital twin dashboards. During some of the meetings, 
some facility staff members self-navigated through the prototype to provide input on usability. Feedback 
received highlighted benefits realized from integrating static and dynamic data in a central platform that 
links the data to the graphical model. This provided access to all types of information within a single 
platform allowing a better visualization of the information and faster response to address facility 
maintenance needs or emergency requests.  

Keywords: building information model, digital twin, facility maintenance, internet of things, power bi. 

1. Introduction

[1] defined digital twin for facility management to be a virtual representation of physical assets, space,
or process where data from physical assets are collected and transferred to the virtual representation
using sensors/edge devices. [2] provided a more project driven definition of Digital Twin by labeling
Digital Twin as a dynamic data-supported framework that acts as an enabler leading to results, products,
outcomes, or new technologies in a business. Digital Twin is a means to an end, where the end is defined
as solving real-world problems using real-world data.

Digital Twins are capable of utilizing static asset data and real time operational data to support virtual 
inspection, analysis, and maintenance of assets. Project stakeholders such as facility managers can 
utilize Digital Twins to ensure that the data related to the building lifecycle are maintained, verified, 
validated, and analyzed through the building lifecycle [1].  

Depending on how different types of data are linked, processed, and utilized by  Digital Twins, leading 
industry organizations and the global research community have provided various classifications to define 
different maturity levels of a Digital Twin and its expected capabilities at each level. Table 1 shows an 
example of one classification provided [1]:  
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Table 1. Example Levels of Maturity Classification of a Digital Twin  
Digital Twin Level of 
Maturity  

Capability  Ability – Functionality (What it Does)   

Descriptive    
(What happened?)  

Data Visualization 
(Data Display)  

Use visualization tools to display static (historical) record data and 
dynamic real-time data (representing the current status of the 
physical twin) to present issues that may require attention or actions 
or may need to be resolved.  

Informative    
(Why did it happen?)  

Data Analysis  Leverage data analysis tools to generate insights that explain the 
issues identified and the reasons why they have occurred.  

Predictive    
(What will happen then?)  
  

Prediction of Future 
Events  

Leverage intelligent predictive tools (e.g. machine learning) to 
forecast the behavior and future state of the physical twin (i.e. what 
may happen to the physical entity) based on reasons identified from 
issues detected.  

Prescriptive    
(What should be done?)  
  

Prescription of  
Solutions and  
Actions  

Leverage prescriptive tools (e.g. machine learning) to suggest 
solutions and propose interventions to resolve the issues before 
they result in bigger problems.  

Autonomous    
(Self-tune and self-heal)  

Intelligence  Implement AI techniques including ML, natural language 
processing, knowledge modeling and representation, reasoning, 
inferencing, etc. to perform actions and take decisions like humans, 
to autonomously identify issues, determine reasons and resolve 
problems.  

  

Linking dynamic real-time operational data of an asset to its 3D model provides advantages to the 
utilization of the 3D model beyond established capabilities of the current state of the art of BIM. These 
advantages could include report on the location and functional or operational status of the asset. Facility 
managers can utilize Digital Twin to monitor asset performance in real time allowing them to make 
informed decisions about asset maintenance and management. Linking of real time data in a Digital 
Twin also enables prognostic and diagnostic opportunities in facility management [1]. To accelerate the 
implementation and adoption of Digital Twin in the AEC/FM industry, more research needs to be 
conducted focused on digital twin implementation [3].  

[4] created a digital twin by using IoT camera-based sensors to monitor occupancy in buildings. A 
framework for smart asset management using digital twins was developed by [5].  Research was also 
conducted to support urban facility management using digital twin where [6] presented design building 
blocks of the digital twin. Use of analytical ability of the digital twin to find anomalies in asset performance 
and support its management has been proposed by [7]. Facility management of a healthcare facility has 
also been explored by [8].    

This paper focuses on describing the development of a descriptive digital twin for various mechanical 
equipment in a 3-story academic building using a case study approach. The digital twin uses Power BI 
as the central platform to integrate both static (historical) record data and dynamic real-time sensor data 
with a graphical model of the mechanical system. Four main dashboards were created to display the 
data using a bi-directional interaction with the graphical elements of the model. The visualization of static 
and dynamic data allows to provide a descriptive digital representation of the critical equipment of the 
mechanical system. Visualization of dynamic data for each equipment allows to depict the current status 
of the physical twin and identify any issues that require the attention of facility staff that may need further 
actions to resolve the issues.  

The next section provides an overview of the case study used in the research. Section 3 details the 
methodology and its implementation adopted by the authors in this paper. Followed by section 4 detailing 
the conclusion and discussion of the findings of this paper.   

2. Case Study Overview  

The digital twin implementation focused on the mechanical system for a 3-story classroom and laboratory 
building on the campus of a large academic institution. Fig. 1 shows the Navisworks model for the 
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building provided by the facility staff. The model was configured to show the main building in transparent 
mode and highlight the mechanical room and the three air handling units, AHU-1A/1B used in the digital 
twin implementation, and AHU-2. The mechanical room is located on the ground floor and includes 
various equipment such as the chilled water and hot water pumps, heat exchangers, expansion tanks 
and steam pressure reducing valves. The air handling units are located on the roof and provide the 
primary heating, cooling, and ventilation for the building. The AHUs utilize chilled water and lowpressure 
steam produced by the university central utility plant.  

  
Fig. 1. Academic building showing mechanical room and AHUs.  

The Navisworks model file provided by the facility staff had to be slightly modified to add graphical 
elements used in the digital twin development. AHU-1A & 1B were originally modelled as a single box. 
This box was replaced by two individual boxes to represent each individual unit and allow to attach static 
data to each unit separately. In the mechanical room, most of the valves were not modelled and had to 
be graphically added to the model to allow to track the valve opening positions (status) as part of the 
dynamic data captured and linked in the Power BI central platform. This included chilled water differential 
pressure (DP) valve, Chilled water bypass valve, Steam (STM) heat exchanger (HX1) 1/3 valve, and so 
on. Water meters were also added to represent data such as water usage, water flow, etc. Various 
sensor probes were added to represent sensors measuring pressure and temperature of water and 
steam.   

A separate detailed model for the two main air handling units used for the digital twin implementation 
was created by the authors. Fig. 2 shows the Revit model for AHU-1A and AHU-1B illustrating its detailed 
components including outside supply and return air plenums, fans, valves, and energy recovery wheels. 
Sensors measuring dynamic data in specified location were also modelled.  
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Fig. 2. Developed detailed 3D model of AHU – 1A & 1B.  

Static data representing historical record information (e.g. model number, serial number, warranty dates, 
etc.) were captured from 2D plans and submittals and stored using an Excel format. The data was later 
input in the Power BI digital twin central platform and linked to the model. Static data could have been 
input directly to the graphical elements in Navisworks. The research team chose to link the data to the 
model in Power BI for more flexibility in case editing or reformatting of the data was required. Dynamic 
data from various sensors installed to track performance and operational data of equipment for regular 
maintenance purposes was also input and linked to the model in Power BI. Data from sensors is 
collected by a central BAS (Building Automation System) installed in the building and transmitted to a 
cloud-based SQL server. Required dynamic data was provided weekly to the research team in an Excel 
format. Accessing the data directly from the SQL server was not possible due to security reasons.   

3. Methodology  

The two main components of the descriptive digital twin are the 3D graphical model and static and 
dynamic equipment data. During the period of the project that lasted over 6 months, the authors had 
regular weekly or bi-weekly meetings with the facility staff to discuss what equipment to include in the 
development, determine what sensor data to use and conduct reviews of the prototype and make 
modifications based on feedback received. Fig. 3 summarizes the steps to create the digital twin.   

  
Fig. 3. Process to create the descriptive digital twin.  

3.1. Define Data Model  

Based on discussions with facility staff, four categories of mechanical systems were identified for 
inclusion in the digital twin prototype: chilled water system, hot water system, steam system, and forced 
air equipment (AHU-1A and AHU-1B). AHU-2 is a smaller unit with comparable data set to the other two 
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bigger units and, therefore, was not included in the case study. Table 2 provides examples of static data 
for one of the air handling units. Fig. 4 shows example of dynamic data for the same equipment.  

Table 2. Examples of Static data for AHU-1A.  
Parameter  Value  
ASSET_ID  AHU-1A  
ASSET_DESCRIPTION  Air Handling Unit  
WARR_DATE_TO  
TOTAL COOLING CAPACITY  

2021  
1470.2 MBH  

  

  
Fig. 4. Examples of dynamic data for AHU-1A.  

3.2. Process 3D Navisworks Models and Import into Power BI  

The final building and AHU Navisworks models shown previously in Fig.1 and Fig. 2 were uploaded into 
the BLogic VCAD platform to generate a Power BI template file. VCAD allows users to upload 3D models 
in Revit, Navisworks, or IFC file formats to generate a Power BI template file containing the visuals of 
3D graphics and any built-in data. iConstruct Genus is a similar platform that were tested by the authors 
and allows to convert Navisworks files into a readable file format for Power BI also using the Autodesk 
Forge visual. The converted Navisworks file using the VCAD platform was ultimately the one used in 
this research because of its ability to provide bi-direction connectivity between the 3D model and any 
linked external data within the Power BI platform. Within Power BI, this bi-directional connectivity allowed 
to highlight model graphical elements when data points were selected, or highlight data in tables and 
visuals when model graphical elements were selected. Additionally, the VCAD generated Power BI 
template files were further modified inside Power BI to eliminate unnecessary visuals and dashboards. 
These are automatically generated by VCAD during the conversion process and included with the files 
when imported into Power BI. Fig. 5 provides a summary for this process.   

  
Fig.5. Process to generate the Power BI template files using VCAD.  
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3.3. Import Static and Dynamic Data into Power BI and Link to Graphical Elements of the Various 
Models  

The static data collected from 2D plans and submittals was captured using an Excel spreadsheet. The 
respective element’s GUIDs were also identified and extracted from the 3D model and entered into the 
spreadsheet. GUIDs and the static data were imported into the Power BI to be linked to the 3D model.  

The dynamic data from the building BAS (Building Automation System) was provided to the research 
team weekly in Excel format. This data was cleaned to represent time stamp as rows and sensor IDs 
and their data in columns. The research team also created another table with the sensor IDs and 
corresponding GUIDs identified manually from the 3D model. Both tables were then imported into the 
Power BI and the dynamic data was linked to the 3D model using the GUIDs and sensor IDs table.  

Once static and dynamic data were imported into the Power BI, the VCAD automatically generated 
tables of the model were linked to the imported data tables using common GUIDs. One of the VCAD 
model tables, “VCAD_Properties” contains a “Value” column with all the property values embedded in 
the 3D model including GUIDs. The static data table was linked to the 3D model table by creating a 
relationship between both tables. The relationship was established based on the GUIDs column in static 
data to the value column in “VCAD_Properties” table. To link the dynamic data tables to the 3D model, 
two relationships were created in Power BI. One relationship was created between the  
“VCAD_Properties” table and GUIDs and sensor IDs table using the GUIDs column in each table. The 
second relationship was between the GUIDs and sensor IDs table and the dynamic data tables using 
the sensor ID columns. These new relationships established the connections between the imported 
dynamic data and the 3D model.         

3.4. Create Digital Twin Dashboards  

  
Fig. 6. Dashboards created for the Descriptive Digital Twin.  

As shown in Fig. 6, a total of 9 dashboards were created to display and visualize static and dynamic 
data linked to the graphical models. Dashboards 1 and 2 are intended to provide the user with a graphical 
interface to manipulate and navigate the mechanical room model and the AHU-1A and 1B models 
respectively. This allows users to become familiar with the detailed components in each model and their 
relative location to other components. Dashboards 3 and 4 provide various visuals that display static 
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data for the mechanical room equipment.  Dashboards 5, 6 and 7 provide various visuals that display 
dynamic data for the chilled water system, hot water system and low-pressure stem system respectively. 
All are located in the mechanical room. Similarly, dashboards 8 and 9 displays static and dynamic data 
for the forced air equipment (AHU-1a and AHU-1B).   

As indicated earlier, graphical model elements in these dashboards are linked to the data in the visuals 
using a bi-directional relationship. If a data point in any of the visuals are selected, the corresponding 
model element linked to the data is highlighted and vice versa. Dashboards displaying static data were 
augmented with slicer visuals that allow users to search equipment by specific data parameters and 
automatically highlight elements in the model graphical window. Fig. 7 and Fig. 8 show enlarged images 
of dashboards 3 and 9 respectively as examples.  

 
Fig. 7. Dashboard 3  

 
Fig. 8. Dashboard 9.  
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3.5. Validate the Descriptive Digital Twin  

During the development and following the completion of the digital twin, the authors conducted six 
onehour interviews with facility staff to discuss the layout and design of the dashboards and receive 
feedback. The dashboards were continuously updated by grouping the visuals of related datapoints and 
arranging the grouped visuals in a particular order based on the preferences of the facility staff and how 
they perceived the order of organizing and accessing the data. Historical trend data graphs of important 
data points like supply and exhaust fans were also added to provide insights into the performance of 
those important assets. According to the facility staff, this helped them in identifying any abnormal 
performance of the assets that would allow to flag any maintenance issue or predict future failures.  

Power BI also provides a cloud-based service option, where the created dashboards can be published 
and shared with other users within the organization or publicly. The developed Digital Twin dashboards 
were published from the Power BI Desktop to the Power BI Service to share with the facility staff as an 
end product.   

4. Conclusion  

The developed Descriptive Digital Twin allows to visualize the current status of the asset by providing 
the 3D graphics and its static and dynamic data. This digital twin allows the facility staff to navigate the 
3D model and retrieve the data associated with any asset with ease. It also helps visualizing the asset’s 
location and special arrangement beforehand to better diagnose its status, hence saving time during 
actual maintenance work. Without this digital twin, the facility staff has to review separately the 2D plans 
and BAS diagrams to visualize the data and establish relationships between equipment in the plans and 
data presented in BAS diagrams. This correlation of different systems can differ from person to person 
based on their understanding. It is also very time consuming which can be otherwise invested in 
diagnosing the issue.  

The Descriptive Digital Twin can be upgraded to an Informative twin by performing analysis on the asset 
data to identify any patterns of problems. This can be further upgraded to a Predictive twin by 
implementing machine learning algorithms to predict what may happen based on the data analysis 
performed. As there is a gap in the implementation of digital twins, the authors agree with [3] that more 
implementation research of digital twins is essential to the AEC industry. The implementation research 
of digital twins not only provides validation of the methods, but also helps in the maturity and evolution 
of digital twins in various possible ways.  
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Abstract 
This study proposes a model to measure the installation spacing of jack supports, which play a role in 
supporting the structure load during construction. The proposed model consists of two parts; one part is 
the jack support segmentation in an image, and another part is the installation interval measurement. 
The results of this study contribute to ensuring the construction quality of jack supports and further 
preventing building collapse accidents. For the further research, we will research the automated camera 
calibration algorithm to gain the angle and height of the camera. 
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1. Introduction

The jack support is widely used one of temporary structures used to prevent collapse accidents at 
construction and demolition stages [1]. Jack supports must be installed at appropriate intervals after 
checking the structural design drawing and jack support installation specifications. Compared to the 
specification, if jack supports are installed at too wide intervals, they cannot support the force, leading 
to a collapse accident. On the other side, if jack supports are installed at too narrow intervals, costs 
increase. 

The existing method of inspecting the jack supports installation intervals at construction sites is time-
consuming work because inspectors have to go to the site and measure the interval between the jack 
supports by devices like a ruler, but generally check by their eye. In addition, the existing method may 
lead to a collapse accident due to inaccurate supervision. 

Therefore, this paper conducted the preliminary study on the automatic jack support installation interval 
measurement model using images. The proposed model consists of two parts; one part is the jack 
support segmentation in an image, and another part is the installation interval measurement. The results 
of this study can contribute to ensuring the construction quality of jack supports and further preventing 
building collapse accidents.  

2. Methodology

The process of this study is shown in Fig. 1. Instance segmentation was preceded to extract the 
coordinates of the jack support from the image. In the instance segmentation step, reference points for 
measuring the distance between jack supports were extracted, and 3D coordinates were converted from 
2D coordinates using camera calibration. Finally, the distance between the two reference points in the 
real world was measured. 
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Fig. 1. jack support installation interval measurement model process 

2.1. Jack support segmentation 

For the jack supports segmentation in image, the recently released YOLOv8 [2] model with the best 
performance was used. We labelled image dataset with two classes of jack support and background as 
shown in Fig. 2. In the image segmentation step, jack support coordinate values were extracted. As a 
reference point for measuring the distance between jack supports, the bottom mid-points of the extracted 
coordinate values were used as the reference point. 

 

 

 

 

 

 

 

 

Fig. 2. (a) original image; (b) labeling image 

2.2. Measurement 

The next step is to measure the distance between the jack supports. It is necessary to convert the 2D 
points extracted in the previous step to 3D coordinates in the real world. Camera calibration was used 
to extract the focal length required for conversion into 3D coordinates in units of pixels. The angle and 
height of the camera required for conversion were measured in advance by installing the camera on a 
tripod. In order to convert a 2D point (�̅�𝑥, 𝑦𝑦�) on the image into a 3D point (X, Y, Z) in a real world, it was 
calculated as shown in Equations 1 and 2. In here, the y coordinate representing the height is set to 0 
because the bottom point of the jack supports is on the floor. 

 

Fig. 3. object localization 

𝑍𝑍 = �̅�𝑧
𝑦𝑦�
𝐿𝐿            (1) 
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𝑋𝑋 = �̅�𝑥
𝑦𝑦�
𝑍𝑍             (2) 

𝑋𝑋 is a value in a direction of the horizontally across the scene, 𝑍𝑍 is a value in a direction of the front of 
camera, 𝐿𝐿 is the camera height, �̅�𝑥 is a horizontal value in image, 𝑦𝑦� is a vertical value in image, and 𝑧𝑧̅ is 
a camera focal length. 

 

Finally, the distance (𝐷𝐷𝑖𝑖𝑖𝑖) between the reference points 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑖𝑖  of the 𝑖𝑖𝑡𝑡ℎ  and 𝑗𝑗𝑡𝑡ℎ  jack support was 
calculated as in Equation 3.  𝑋𝑋𝑖𝑖 and 𝑌𝑌𝑖𝑖 is the 3D coordinate of  𝑃𝑃𝑖𝑖 in a real world.  

 

 

 

 

 

 

 

  

Fig. 4. example of jack support measurement 

𝐷𝐷𝑖𝑖𝑖𝑖 = �(𝑋𝑋𝑖𝑖 − 𝑋𝑋𝑖𝑖)2 + (𝑍𝑍𝑖𝑖 − 𝑍𝑍𝑖𝑖)2           (3) 

3. Experimental Study 

We tested the validity the proposed model. The accuracy of the jack support segmentation algorithm 
was tested and then the accuracy of measurement algorithm was tested in the laboratory. Finally, jack 
supports installation intervals in construction site was measured using the proposed model.  

3.1. Test result of jack support segmentation algorithm  

To test the effectiveness of the instance segmentation algorithm, jack supports installed in the field were 
used. First, the 20 datasets for learning the segmentation model were classified into 16 training datasets, 
2 validation datasets, and 2 test datasets. The parameters of the learning model were set to 2,000 
epochs, batch size to 16, and learning rate to 0.01. As a result of model training, as shown in Fig. 6 
below, 1,971 epochs showed the lowest loss and highest precision. In addition, the validation results 
applied for each epoch showed the best results at 1,971 epochs like the training results. The mAP of 
the best model was 90.4%.  
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Fig. 5. (a) segmentation model training results; (b) verification results 

The test results of the jack support segmentation algorithm is shown in Fig. 6. 

    

Fig. 6. segmentation model results 

3.2. Test result of measurement algorithm 

To test the measurement accuracy of the measurement algorithm, the floor tiles of the laboratory corridor 
were used as target. The measurement test process is as follows. First, mount the smartphone on a 
tripod at the height of 1.0 m and take a picture in a direction of the front. Measure the height from the 
floor to the camera lens to convert 2D coordinates to 3D coordinates. Then, calibrate the camera to get 
the correct focal length. The size of floor tiles has measured a total of 4 times to determine the accuracy 
of measuring the spacing of corridor tiles using the images. The error rate was calculated by comparing 
the measured distance with the correct answer distance using the proposed model, and the accuracy 
was measured by calculating the average error rate. The measured image and the correct answer image 
are shown in Fig. 7. 
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Fig. 7. (a) corridor tile spacing ground true; (b) corridor tile spacing model measurement result 

A tile size of the corridor was 0.6m, and the test results are as shown in Table 1. When the tile measured 
by the camera was 3m away, it showed an error rate of -0.3% at 0.602m, showed an error rate of -0.3% 
at 0.592m when it was 3.6m away, and showed an error rate of 0.8% at 0.595m when it was 4.2m away. 
When it was 4.8m away, it was 0.592m, showing an error rate of 1.3%. As a result of the measurement 
test of the corridor tiles, the measurement accuracy was 99.2%. 

Table 1. Measurement error rate. 

3.3. Test result of the proposed model  

To test the effectiveness of the proposed model, we tested the proposed model to the images of jack 
support installation sites. The focal length was extracted through camera calibration. The angle of the 
camera was directly measured, and the height of the camera was calculated by measuring from the mid-
point of the camera lens to the bottom. And then, jack supports were segmented by the segmentation 
algorithm and reference points of jack supports were extracted. Finally, the distance was measured 
based on the reference points by the measure algorithm. The result of measuring the installation interval 
of the jack support through the proposed model is shown in Fig.8. 

Distance from camera Ground true Measurement Error 

3m 0.6m 0.602m - 0.3% 

3.6m 0.6m 0.592m 1.3% 

4.2m 0.6m 0.595m 0.8% 

4.8m 0.6m 0.592m 1.3% 
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Fig. 8. test result of the proposed model 

4. Conclusions 

In this study, an image-based jack support installation interval measurement model was proposed. The 
proposed model can automatically measure the jack support installation interval from the image. As a 
result of experimental study, the jack support segmentation algorithm was 90.4% mAP and the accuracy 
of the measurement algorithm was 99.2%. This result of this study would contribute to prevent collapse 
accident which may occur due to inaccurate jack support installation. For the further research, we will 
research the automated camera calibration algorithm to gain the angle and height of the camera. 
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Abstract 

In recent years, ‘platform’ has emerged as a buzzword for business. Despite widespread usage, there remains 
ambiguity in its meaning. Strategically, platforms capitalize on the advantages of commonality and have been 
successfully applied across multiple industries to deliver mass-customized products, increasing customer 
choice while maintaining efficient and effective production methods. It is known that the early involvement of 
stakeholders enables the platform logic, however that requires redefining their roles and motivations in the 
platform ecosystem. This paper aims to envisage redefined roles for each stakeholder in the construction value 
chain to create a shared vision roadmap by understanding their motivations for moving towards a platform 
ecosystem and how their engagement model will be changed. Four enterprises in Australia, that represent key 
stakeholders of the construction value chain, were selected for knowledge elicitation through individual 
discussions. The perspective pitches for the primary stakeholders comprise developers, general and specialized 
contractors, designers and engineers, while the rest of the value chain is grouped under associated 
stakeholders. In an attempt to define the new roles for the different stakeholders of the platform ecosystem, 
there emerged a shared vision that might enable a shift towards the platform approach. The intent for moving 
value-adding products and services upstream, expanding contribution to the value chain, continuous 
improvement through data-driven insights, seamless collaboration in a partnering environment and early 
prototyping were shared across stakeholder groups. A changed nature of engagement was observed where the 
general contractor ceased to be the single point of engagement with the associated supply chain actors; this 
role was most likely to be taken up by the developer or the platform consultant. For a longer study, the value 
chain actors in terms of financiers (upstream) and asset managers (downstream) are required to be included in 
the value chain and their motivations and roles explored.  

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: construction, platform, roadmap, stakeholders, ecosystem. 

1. Introduction

Platforms represent a collection of assets that are shared by a set of products; comprising components, 
processes knowledge and people [1]. While platforms originated with manufacturers using product platforms, 
today, technological platforms underpin many of the world’s most valuable companies and it is increasingly 
being considered that platforms have the potential to create value in the construction sector [2]. Platforms 
establish commonality with the strategic intent of achieving revenue benefits through finding and serving niche 
requirements, cost reduction by leveraging economies of scale and risk reduction through increased quality and 
reduced susceptibility to changing environments [3]. While academia and industry have focussed on the 
efficiency and productivity of platforms, it is now being demonstrated that platform-thinking also enables new 
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possibilities to effectively deliver design value to end-users [4]. Design for Manufacture and Assembly (DfMA) 
is the predecessor of the platform approach in construction; however, when baked together they unlock the true 
potential of digital design and simulation using computational design processes to create standardisation at 
component level but retain design flexibility at the asset level [5]. Given this, there is a need to investigated the 
implications of the emergence of platform ecosystems for each stakeholder in the construction value chain. The 
emergence of platform ecosystems necessitates construction businesses to consider how they can participate 
in a larger ecosystem as opposed to focusing solely on internal operations [6]. 
 
This paper aims to envisage redefined roles for each stakeholder in the construction value chain to create a 
shared vision roadmap by understanding their motivations for moving towards a platform ecosystem and how 
their engagement model will be changed. Four enterprises in Australia, that represent key stakeholders of the 
construction value chain, were selected for knowledge elicitation through individual discussions. The 
perspective pitches for the primary stakeholders comprise developers, general and specialized contractors, 
designers and engineers, while the rest of the value chain is grouped under associated stakeholders. In an 
attempt to define the new roles for the different stakeholders of the platform ecosystem, there emerged a shared 
vision that might enable a shift towards the platform approach.  

2. Emergence Of Product Platforms 

The earliest definitions of product platforms were “… the collection of assets that are shared by a set of products” 
[1] and “…a set of common components, modules, or parts from which a stream of derivative products can be 
efficiently created and launched” [7]. Product design was traditionally viewed as a singular, isolated activity in 
manufacturing. According to Meyer and Lehnerd [7], this traditional approach understated the potential for 
"commonality, compatibility, standardisation, or modularisation among different products and product lines." 
Manufacturers developed product platforms to enable the creation of simple product lines that could share 
elements of a common family structure in response to this challenge. Utilising a product platform allows for the 
efficient development of differentiated products through the sharing of physical components and production 
processes [8]. By summing up their definition as "a collection of basic assets that are reused to produce a 
competitive advantage," Kristjansson, et al. [9] highlighted that "reuse" was a prevalent theme across product 
platform definitions. The product platform concept ultimately enables organizations to effectively adjust to 
shifting market conditions and needs for mass customization, all while enhancing manufacturing and design 
efficiency via a mind-set centered on constant process improvements [8]. 

The construction sector has three primary ‘domains’: the client domain, the project domain and the product 
domain; Each domain plays a crucial role in the construction of the built environment but the way they interact 
frequently leads to inefficiencies that may be solved by the emergence of product platforms in some 
circumstances [2]. Sweden is one of the world’s leading producers of industrially built housing and Swedish 
success stories are dominant in literature about product platforms in construction [8]. Literature also cites Japan 
as a country where product platforms have been utilised in construction. The steady development of the sector 
in Japan was a consequence of “a combination of continuous incremental and disruptive innovations and a 
unique socio-economic and socio-cultural environment” [10]. However, prominent examples in literature always 
start with Boklok. Swedish multinational contractor Skanska collaborated with IKEA to develop Boklok, a low-
cost housing delivery system using a product platform aimed at critical workers with restricted wages. Using the 
IKEA brand, Boklok established a strong and consistent market identity that aims to serve the general public 
with high-quality, well-designed housing [11]. 
 
3. Emergence of Platform Ecosystems 

Platform as a concept is evolving in current applications; there has been a shift from viewing platforms as purely 
internal company structures as was the case of product platforms to considering them on a more industry-wide 
scale [8]. These platforms erode the traditional line of demarcation between businesses (companies) and the 
marketplace [6]. In such cases, a foundational platform created by a company allows other companies to build 
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upon it; thus, here the platform is neither a market nor a business (company), but something entirely novel [12]. 
The concept of ‘platform ecosystems’ is derived from ‘business ecosystems’ which is no means is new; business 
and economics theorist Moore [13] proposed that, ‘… a company be viewed not as a member of a single industry 
but as part of a business ecosystem that crosses a variety of industries. In a business ecosystem, companies 
co-evolve capabilities around a new innovation: they work cooperatively and competitively to support new 
products, satisfy customer needs, and eventually incorporate the next round of innovations.” In the context of 
platforms, such an integrative framework was seen in the work of Gawer [14] where platforms are classified into 
internal platforms, supply chain platforms and industry platforms. Internal platforms are managed through 
hierarchy and have closed interfaces and specifications are shared within the firm, but not disclosed externally. 
Supply chain platforms are managed through contractual relations between supply chain member organisations; 
therefore, interfaces are selectively opened and specifications are exclusively shared across the supply chain. 
Industry platforms are managed through governance mechanisms (which sometimes can be pricing) and have 
open interfaces that allow sharing specifications with complementors.  

4. Research Approach 
 

This section will explain the selection criteria, data collection and analysis protocols of the knowledge 
elicitation through individual discussions conducted in this paper.  

4.1 Selection criteria  
 

Four enterprises in Australia were selected for knowledge elicitation through individual discussions each 
representing a stakeholder group in the construction value chain. The first company (CS1) has around 1,000 
employees, operates throughout Australia, and provides specialist building services. The second company 
(CS2) has around 15,000 employees, operates throughout 18 countries, the company is the biggest 
manufacturer in Australia and is a top supplier globally, specializing in producing steel products and providing 
solutions for building and construction markets. The third company (CS3) has around 1,000 employees, 
operates throughout Australia, and it is a leader in technology implementation, product development and quality 
control, with a world-class manufacturing capacity and environmental standards that underpin a commitment to 
sustainably grown timber production and supply in Australia. The last company (CS4) has around 5,000 
employees, operates throughout Australia and Asia, the company is a global leader in residential construction, 
building materials and property development. As nominated by the companies, one or two representatives of 
each company were interviewed. The interviewee details, experiences, and stakeholder groups are shown in 
Table 1. 

Table 1. The participant details, experiences, and stakeholder groups for knowledge elicitation through individual discussions                                                     

 

 

 

The primary stakeholders for the perspective pitches are developers, general contractors, specialized 
contractors, and designers and engineers. The other stakeholders of the value chain are considered associated 
stakeholders. The authors acknowledge that there are some blind spots in the value chain actors presented in 
this paper in terms of financiers (upstream) and asset managers (downstream) who also will play critical roles 
in the platform ecosystem; however, during the course of this scoping paper, it was not possible to collect 
primary data from these actors.   

Code Experience   Area of Experience   Stakeholder group 
SDD 20+ Building services-integrated solutions Specialised Contractor/ Designers and Engineers 
GM 15+ Construction management  Developer/ 
SM 15+ Construction Business Development Developer/ Material Processing 
EM 15+ Engineering management of mega projects Material Processing/ Component Manufacturers 
BDL 20+ Construction Business Development Material Processing/ Component Manufacturers 
ETL 15+ Digital Transformation Material Processing/ Component Manufacturers 

SDD – Strategic Development Director 
GM    – General Manager 
SM     – Senior Manager 
EM     – Engineering Manager  
BDL    – Business Development Lead 
ETL    – Enterprise Transformation Leader 
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4.2 Data collection  

Data were collected using semi-structured interviews. The selected organizations who represent key stakeholders of 
the construction value chain nominated the most suited role to be interviewed. The interviews were conducted online 
via Zoom™ and recorded. The inspiration behind this shared vision roadmap originated in the thought starters 
presented in the McKinsey report ‘The next normal in construction: How disruption is reshaping the world’s largest 
ecosystem’ by Ribeirinho, et al. [15]. Fig. 1. illustrates how knowledge elicitation through individual discussions was 
conducted for this research. 

 

 

 

 
* Stakeholders groups include developers, specialized contractors, designers and engineers, while the rest of the value chain is grouped under 
associated stakeholders. 
 
Fig.1. Method for conducting knowledge elicitation through individual discussions                                                  

4.3 Data analysis 

The knowledge elicitation discussions were qualitatively analyzed with respect to the research objectives. The 
verbatim transcripts were de-identified, interpreted, and labelled to be uniquely identifiable for each interview and 
used as the unit of analysis. The outputs from the knowledge elicitation discussion were utilized to define the 
motivation, roles and engagement models for the different stakeholder groups in a platform ecosystem. In doing so, 
there emerged a shared vision that might enable a shift towards the platform approach as explained in the following 
section. 

 

5. Findings  
This section will present redefined roles for each stakeholder in the construction value chain to create a shared 
vision roadmap for platforms consisting of their motivations and roles. How would their engagement model 
change? This section is structured into four sub-sections; developers, designers and engineers, specialised 
contractors, and associated supply chain actors. 

5.1 Developers 

What could a developer’s motivation be?  

A developer’s primary requirement from a platform is seamless evaluation of prospective sites through 
automated feasibility analysis. If a platform could help decide whether a site is valuable to acquire and can be 
turned into a positive business, it would benefit the developer immensely. What a developer wants next is for a 
platform to enable partnering up with other actors on the engineering, design, and supply side of the value chain. 
Developers also would be motivated by the idea of accelerating sustainable building methods by focussing on 
early involvement of supply chain actors through the platform. 

A developer is further motivated by the promise of connectivity; a platform can take the feasibility model into 
production solidifying the financial backbone of the project. Moreover, if these steps occur in a collaborative 
platform with a partnering environment, it would help run iterations of different scenarios where developers can 
almost have a platform-based product and then back calculate to identify the lots that fit best with it. In the long 
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term, large companies could leverage economies of scale through a standardised kit of parts, continuously 
made efficient by feeding projects involving similar construction types and similar geographies.  

What could a developer’s role be? 

As a key player in the construction industry, a developer's role is multifaceted and critical to the success of any 
project. One of the most important responsibilities of a developer is to enable the horizontal integration of the 
supply chain actors towards the platform approach and initiate early prototyping with preconstruction activities 
integrated into the contractual arrangements of specialised contractors and suppliers. To further support this 
objective, a developer should enable an end-to-end information flow to support project delivery from feasibility 
and acquisition through to design and construction. Continuously improving the design (standardised kit of parts) 
and construction processes through the capture and analysis of operational data is also essential. Finally, a 
developer should seek to be more circular through design, material, process optimization and automation 
wherever possible in the project 

How would a developer’s engagement model change? 

A developer might now engage with more supply chain actors than just the main contractor. This interaction 
might be facilitated by a digital platform (marketplace). The engagement could start earlier to enable prototyping 
and injecting platform DNAs into existing products and processes. 

5.2 Designers and engineers 
 

What could a designer / engineer’s motivation be?  

The primary motivation of designers and engineers is to better utilize their digital capabilities to streamline the 
design and delivery process. In a completely BIM and digital engineering enabled setup, designers and 
engineers have the capacity to contribute to a larger part of the value chain. For example, using parametric 
design, they can instantly have a fully resolved model that can be manufactured and constructed. This places 
the designers and engineers in the most suited position to become go-to partners for design-to-manufacture. 

Designers and engineers are also well placed to assume an advisory role of the platform consultant that drive 
the platform approach for a client right from the early prototyping stage to training the specialised contractors 
for site assembly. This transforms the commercial model for designers and engineers from a typical hourly rate 
to outcome-based percentage of cost.  

Designers and engineers might also be motivated to become technology providers enabling the platform 
approach. The platform approach benefits from bringing value adding services upstream; given this by 
becoming technology providers, designers and engineers can license out their proprietary platform technology 
to gain scale and internationalize. This could create an opportunity for them to build their business around data 
through advanced analytics. 

What could a designer / engineer’s role be? 

To effectively utilize the platform approach, designers and engineers should develop strong customer 
relationships or a deep understanding of customer requirements to utilise the platform approach in the best 
possible way. They should also have a good knowledge and understanding of systemisation, commonality 
strategy (commonality in processes and enablers, not just physical components). Additionally, they must 
establish routines to carry digital models through to fabrication and create a dynamic marketplace for diverse 
supply chain actors to contribute to the platform ecosystem with a low barrier of entry. To support this, train 
associated supply chain actors based on the knowledge gained from early prototyping is needed, as well as, 
continuous improvement of by obtaining data-driven insights. Finally, they should embed circularity through 
design, material, process optimisation and automation. 

How would a designer / engineer’s engagement model change? 
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Designers and engineers might now engage with more supply chain actors than just the main contractor. The 
engagement could start earlier to enable prototyping and injecting platform DNAs into existing products and 
processes. 

5.3 Specialised Contractors 

A specialised contractor is somebody who simply does what is documented; it can be assembling on site, 
procuring materials or just supplying labour. Specialised contractors can also deliver a turnkey outcome 
including complete design and construction and be responsible for the safe performance and operation of the 
asset. In other words, specialised contractors mostly deliver a subcomponent of the superstructure; they are 
usually downstream in the value chain and typically do not initiate, design or manage projects in their entirety.  

What could a specialised contractor’s motivation be?  

Specialised Contractors are primarily motivated to take advantage of the digitalisation of design, construction 
and procurement to move upstream in the value chain in order to avoid the old school queueing up and improve 
their market position. Specialised contractors are also motivated towards the platform approach as it could 
enable collaboration across different stakeholders through workflows in an aggregator sense but also in a single 
stream sense (for their continuous improvement). Achieving economies of scale is also a motivation for 
specialised contractors; when a specialised contractor develops a platform solution, it opens up multitude of 
opportunities for them to replicate it across the commercial building sector (wherever a platform approach is 
implemented). As seen in the case of developers, specialised contractors are also looking for a trustful partner 
environment facilitated by the platform through sharing of Intellectual Property (IP) where all parties work upfront 
diligently towards project goals. Finally, safety is an important driver for motivating specialised contractors 
towards the platform approach as most of them play a key role in site assembly.  

What could a specialised contractor’s role be? 

To facilitate prototyping (mock-ups) and enable early involvement in the value chain, specialized contractors 
should be engaged at an early stage. They also should increase the level of modular designs and offsite 
production in order to limit time on site and enable upstream integration into the value chain through digital 
interfaces thereby improving bargaining power over general contractors, distributors and component 
manufacturers. Achieving operational excellence through continuous improvement of design, logistics and 
assembly is another important responsibility of specialized contractors. Finally, they should facilitate the 
reduction of embodied and operational carbon through design optimisation and the use of offsite facilities. 

How would a specialised contractor’s engagement model change? 
The engagement model might not change to a great extent but engagement through digital interfaces might 
increase. The engagement model might become more balanced through early involvement and equitable 
partnerships. 

5.4 Associated Supply Chain Actors 

The associated supply chain actors comprise material processors, component manufacturers, material 
distributors and logistics players. Such associated supply chain actors typically have a chain of business 
archetypes upstream to downstream. For example, they might produce a material, add value to it, provide value 
added products, provide total solutions or provide a channel for the distribution of the material. 

What could their motivation be? 

These associated supply chain actors are motivated by the notion that a platform approach can enable them to 
not only optimise their material processing, but also towards contributing to better buildings through product 
innovation. They typically have numerous disjointed initiatives; the platform approach creates an opportunity to 
operate or participate in an end-to-end offering. The future ready state from their perspective is not in selling 
material or products anymore, it is in participating in that whole end-to-end value generation through critical 
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enablers like digital and strategic marketing. The associated supply chain actors are motivated to shift to a 
platform approach as it can help them integrate businesses that they have acquired over time in the form of a 
shared services model. The peak of this integration, however, sits beyond the organizational boundaries in a 
digital marketplace that is self-serving of their own products. Trusted information sharing among the value chain 
players could enable better demand forecasting and ultimately enhance the total value of the system. Further, 
the platform approach comes with the promise that these associated supply chain actors can set a clear 
decarbonization pathway and contribute to the circular economy which becomes one of their biggest motivations 
and competitive advantage.  

What could their role be? 
Companies must develop a capacity to inject platform DNA into an existing suite of products and offer solutions 
that can integrate with a platform ecosystem in order to strengthen their engineering capabilities in product 
development through the integration of digital tools towards an end-to-end offering. Improving customer 
experience is essential, and companies can achieve this by understanding how to address their key challenges 
through digital interactions. Additionally, they must invest in the upskilling of a platform champion; a person who 
has the technical skills, theoretical knowledge and the motivation to lead and guide teams towards the platform 
approach. Finally, companies should advocate for products that embed circularity in the value chain. 

How would their engagement model change? 

Detailed technical review and consultations between the associated supply chain actors, the developer and 
platform consultant to evaluate if products from an existing catalogue can be repurposed for the platform 
approach.  
 

6. Discussion of findings 
 

The redefined roles of the stakeholder groups presented in this research align with the narrative that platform 
thinking erodes the traditional line of demarcation between businesses (companies) and the marketplace [6] as 
it necessitates construction businesses to consider how they can participate in a larger ecosystem as opposed 
to focusing solely on internal operations. To support new products, meet consumer demands, and finally adopt 
the next round of innovations, they must collaborate and compete [12]. The platform ecosystem provides a 
framework for understanding how companies can co-evolve capabilities and co-create value to leverage the 
capabilities of a broader engagement network among the construction value chain stakeholders [5]. Real 
industry cases also complement the findings of this research. In the much talked about Forge, that has been 
discussed by platform enthusiasts globally, the aim was to potentially create a dynamic marketplace for diverse 
supply chain contributors with a low barrier of entry (a positive supply chain competitive environment). Another 
striking difference in the case of the Forge, while there is a platform consultant (Bryden Wood), a developer 
(Landsec), a construction management expert (Sir Robert McAlpine and Mace JV) and several key trade 
contractors and suppliers (J Coffey Construction, N G Bailey, Tata Steel, Schneider Electric), there is no explicit 
mention of a general contractor. Through a different approach from the Forge, platform-based companies such 
as the Volumetric Building Companies are playing the role of a general contractor with an end-to-end value 
chain and companies like Intelligent City, who have originated with an architecture background are also now 
taking up roles similar to the general contractor., Despite this, the general contractor perhaps has the biggest 
opportunity in the platform ecosystem but would need to redefine their role based on their motivation and scale.  
 

In an attempt to define the new roles for the different stakeholders of the platform ecosystem, there emerged a 
shared vision that might enable a shift towards the platform approach. The intent for moving value adding 
products and services upstream, expanding contribution to the value chain, continuous improvement through 
data-driven insights, seamless collaboration in a partnering environment and early prototyping were shared 
across stakeholder groups. A changed nature of engagement was observed where the general contractor 
ceased to be the single point of engagement with the associated supply chain actors; this role was most likely 
to be taken up by the developer or the platform consultant. 
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7. Conclusions And Future Work 

The primary contribution of this paper was to develop a shared-vision roadmap for future platform-based building 
participants when moving from project-based work approaches to a platform-based approach. Prior to this 
paper, no research had investigated the implications of the emergence of a platform ecosystem for each 
stakeholder in the construction value chain. The emergence of platform ecosystems necessitates construction 
businesses to consider how they can participate in a larger ecosystem as opposed to focusing solely on internal 
operations.  

 
The theoretical contribution of this research was to understand and redefine roles for each stakeholder in the 
construction value chain to create a shared vision roadmap by understanding their motivations for moving 
towards a platform ecosystem and how their engagement model will be changed. Four enterprises in Australia, 
that represent key stakeholders of the construction value chain, were selected for knowledge elicitation through 
individual discussions. The perspective pitches for the primary stakeholders comprise developers, general and 
specialized contractors, designers and engineers, while the rest of the value chain is grouped under associated 
stakeholders. Across stakeholder groups we observed an intent for moving value-adding products and services 
upstream, expanding contribution to the value chain, continuous improvement through data-driven insights, 
seamless collaboration in a partnering environment and early prototyping were shared across stakeholder 
groups. 
 
The practical contribution of this research leads to the progression of companies towards the emergence of 
integrative frameworks of platform ecosystems as a changed nature of engagement was observed where the 
general contractor ceased to be the single point of engagement with the associated supply chain actors; this 
role was most likely to be taken up by the developer or the platform consultant. Despite the relevance of the 
findings of this paper, there are some blind spots in the value chain actors in terms of financiers (upstream) and 
asset managers (downstream) who also will play critical roles in the platform ecosystem; however, during the 
course of this scoping study, it was not possible to collect primary data from these actors. For a longer study, 
these actors are required to be included in the value chain and their motivations and roles explored.   
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Abstract  
In order to ensure the transparency of public works, disclosures of competitive bidding results are 
widely practiced in accordance with Japanese law. The purpose of research is to collect bidding 
results data in chronological order and to observe fluctuations. The data collection range is the Kanto 
region including the Tokyo metropolitan area. We targeted bidding result information of building works 
over 100,000 data after 2000 fiscal year. First, we surveyed the characteristics such as type, region, 
scale of construction, and bidding method. Second, we analyzed trends in the number of bidders and 
successful bid rates, which were calculated by 5 owner agency categories. Over the past 20 years, 
Japan's public procurement market has undergone a major system change from designated bidding to 
general competitive bidding. There are many construction markets where the number of participants 
per bid has decreased over time. Especially in Tokyo, not a little bid ended up with single bidder, 
which exposed the challenges of competition policy. In 2017 to 2018, the Tokyo Metropolitan 
Government had tried to cancel the project that was a single bidder, but finally gave up due to 
disturbance to the implementation of public works projects and the oppositions from the industry. In 
this paper, by analyzing bidding result data, we have described in detail the situation, such as when 
and in what layer the number of single bids occurred. Other major findings are as follows: 1) Although 
the number of bidders tends to decrease at each owner, there are differences depending on the 
bidding conditions. 2) Looking at the long-term transition of the successful bid rate, it dropped around 
2009 to 2011 after the Lehman Shock. 3) In many cases, it was also observed that as the number of 
bidders decreased, the successful bid rate increased. 

Keywords: big data, competitiveness, only one offer, single bid, tender, time series analysis 

1. Research purpose and scope

* This database need 
fee for membership. 
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It would be said that bidding results reflect the competitive situation of each market at that time. We 
believe that it is necessary to broadly collect, carefully monitor, and understand such long-term time-
series information. In particular, the number of bidders is an important indicator. Our research used 
bidding result information that has been collected over many years by a construction newspaper 
company. Much of the information is the result of painstaking collection of data released by public owner 
organizations under Japanese law: Act for Promotion of Proper Tendering and Contracting for Public 
Works (Act No.127 of 2000). They are big data of 5.92 million rows x 36 variables for 11 regions of 
Kanto: the central part of Japan, including the Tokyo metropolitan area. (see Fig. 1) 

In the analysis below, various ordering agencies are grouped into five broad categories - these are 
national, prefectural, municipal, related public organizations and private sector. And the target was 
narrowed down under 4 conditions below: (1) Bidding date is after 2001 so, the analysis period: Apr. 
2001 to Oct. 2022. (2) The work category limited to construction work, i.e. it does not include bids for 
consultancy work, etc. (3) The successful bid amount is 5 million yen or more. (4) Bidding method is 
limited to general competition or designated competition (not include negotiations, etc.). After all, number 
of analysed data limited to 142,672 bidding results. In this study, we mainly examined following 3 points:  

• Changes in bidding competition methods for more than 20 years in Japan 

• Changes in the number of bid participants in construction bidding  

• Trends and changes in single bids, and the relationship with the successful bit rate 

2. Coverage of the database 

The coverage of this database turned out to be high based on the statistics: Turnover-based values in 
public sector tables of general construction statistics obtained from eStat, which is a comprehensive 
statistical website provided by the Japanese Government.  

 

 

Fig. 2 Coverage of the database – compare with the Government’s " General Construction Statistics": the amount figures in the 
public table (based on the amount of work completed) supervised by MLIT: Ministry of Land, Infrastructure, Transport and 
Tourism. 

From whole databases, we created a subset of about 2.9 million construction-related projects, such as 
construction and civil engineering, whose bidding dates ranged from April 1994 to October 2022, and 
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Fig. 1. The database used (Source: https://www.nikoukei.co.jp/PurchaseItems/PurchaseNyusatunetAlpha). 
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calculated the monthly total value of successful bids of them. These figures were tabulated according to 
four categories of public ordering agencies. (see red dashed lines in Fig.2) On the other hand, using the 
public sector table of the latest general construction statistics in eStat, we investigated the monthly 
"public performance total" in the Kanto region by public ordering agency, and obtained monthly values 
from April 2013 to May 2022. (black line in each figures). Fig. 2 compares these two amounts by public 
ordering agency. Overall, these figures show the high coverage of the database. In this study, analysis 
was performed using 142,672 data extracted from the database with 4 conditions mentioned above.  

3. Over 20 years of competition system change 

Examining the trends in the composition ratio of the number of projects over the last 20 years, we find 
that the construction type has changed from new construction to maintenance work in many public 
ordering organizations. Fig. 3 shows the various attributes of 142,672 data over 20 years. 

 

 

Fig. 3. Composition ratio of cases (upper side) and amount (lower side) of analyzed construction work data (All data looks like 
this: N=142,672; 17.8 trillion yen; and ranged fiscal year of 2001-2022). 

In the case of MLIT (Ministry of Land, Infrastructure, Transport and Tourism) which is the main part of 
the National and which had taken the initiative for the reform, the bidding method changed significantly 
from 2005 to 2007. At that time, it had been gradually changed from designated competitive bidding to 
general competitive bidding. Such changes were expanded from large construction works to 
progressively smaller works. (see bold black line in Fig. 4). 
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Fig. 4. Trends in monthly composition ratio (%) of bidding method classification “General competitive bidding” by ordering 
agency category with 12 months moving average: (left) composition ratio of cases, (right) composition ratio of sum amount  

4. The number of bidders 

The number of bidders has been gradually decreasing (see Fig.5). The number of bidders of general 
competitive bidding in national and related public organizations has bottomed out around 2007, and has 
declined sharply since December 2005, when private demand such as the housing mini-bubble by the 
second generation of baby boomers increased, and the construction industry leaders declared a farewell 
to bid rigging at that time. We remember that it was a period when the trend was remarkably competitive. 
During the period when designated competitive bidding was dominant, 10 nominations were common. 
This is probably because the Accounting Law had stipulated that "in a designated competitive bidding, 
at least 10 bidders must be nominated to participate in a competition". And it is true that similar measures 
had been taken all around Japan under the Local Autonomy Law. 

The probability distribution of number of bidders had changed over time. Although there seems to be a 
difference in the distribution of number of bidders between the general competition and the designated 
competition over entire period, the difference due to bidding competition method is no longer clear for 
example in the probability distribution of the latest three years. 

 

Fig. 5 Changes in number of bid participants --Differences between general competitive bidding and designated bidding. 
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4.1. Occurrence trends of “single bids” 

As the number of bidders decreased, the single bids became more common. On February 13, 2014, 
three large construction projects related to the Toyosu New Market were ordered by the Tokyo 
Metropolitan Government (with successful bid amounts of approximately 24.7 to 41.5 billion yen), all of 
them were single bids won by JVs. In February of that year in Tokyo Metropolitan Government, a total 
of 134 bids all worth approximately 113 billion yen were all single bids. Later, under the newly elected 
governor of Tokyo, the reform of bidding system was tackled, and an attempt was made to cancel single 
bids in 2017 to 2018, but the impact on the implementation of public works projects was so great that 
the cancellation was abandoned. In addition, as regard the single bids, there is no written regulations of 
the JFTC (Japan Fair Trade Commission) regarding specific measures to be taken.  

Fig. 6 shows the trends in the appearance rate of single bids calculated on a monthly basis by attribute 
of public ordering agencies. Since the monthly aggregated values vary when the number of cases is 
small, we calculated the 12-month moving average and indicated it with a thick line. The left side of the 
figure is based on the number of bids, and the right side is based on the successful bid price amount. 
When the latter number is higher than the former, it means that there were independent bids for relatively 
large-scale. Looking at these time-series charts, it can be seen that independent bidding became 
apparent after 2005. At that time, private construction projects such as condominiums were booming, 
and construction companies were extremely busy. However, after the collapse of Lehman Brothers in 
2008, private construction demand plummeted, and interest in public works increased. Then, it became 
apparent again around 2014 after the Great East Japan Earthquake. During these period, the demand 
for post-earthquake reconstruction work had got into full-scale. In addition, with the Tokyo Olympic 
Games, the economy continues to improve, and private construction demand surpassed as if it were 
the bubble period in 1986-1991. And, there was a shortage of construction workers and construction 
costs soared.  

 

Fig. 6 Monthly occurrence of “single-bids” by ordering agency: (left) composition ratio of cases, (right) composition ratio of sum 
amount (12-month moving average; The number of single bids that occurred during the entire period, the total amount, and the 
ratio of each are shown in the legend column.). 
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4.2. How does the successful bid rate differ depending on whether it is a single bid or not?  

The ratio of the successful bid price to the scheduled price determined in advance by the ordering 
agency is called the successful bid rate. It cannot be calculated if there is no scheduled price. In addition, 
there were more than 200 data without information on the number of bidders. Since 24,146 data in this 
database meet these conditions, it should be noted that the number of valid data will decrease especially 
in the private sector. The successful bid rate is often used as a proxy variable for judging the 
competitiveness of the bid, and cases with a high successful bid rate are often considered to be inferior 
in competitiveness. Fig. 7 compares the differences in successful bid rate distribution for the whole 
period by comparing whether it was a single bid or not. The median (thick black line in the square box) 
lies 95% of the time within a 'notch' of the statistical distribution error. In every figure, there is no overlap 
between the notch values of the box plots on the left end and those on the centre and right ends. In 
other words, although there are individual exceptions, overall the successful bid rate for single bids is 
high, and conversely, it can be said that single bids are less competitive. On the other hand, single bids 
generally have a high successful bid rate, but there is no clear difference between "Single bid as a result 
of withdrawal" and "Pure single bid from the beginning". 

5. Conclusions 

The bidding result data collected by a construction newspaper company have revealed extremely high 
data coverage compared with the government statistics. A time series analysis was performed using 
these data. In recent years in Japanese construction tendering, the number of bidders has tended to 
decrease. In this survey, we were able to grasp the reality of single bids, which was not clear until now. 
The conclusions drawn in this study are summarized as follows:  

 Over the last 20 years, the bidding system for construction work in Japan has changed significantly 
to general competitive bidding. And the number of participants in the tender gradually decreased. 
As a result, many single bids have been observed. 

 Single bids has a higher successful bid rate than multiple bidding, and former cannot said to be 
tough competition compared with the latter by the analysis using successful bid rate metrics. 

 
 

Fig. 7 Comparing successful bid rate over the entire period by whether or not it was a single bid (by public ordering agency) -
-The data are divided into three parts: Multi-party bidding, Single bid as a result of withdrawal, and Pure single bid from the 
beginning. 
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 In single bids, it cannot be said that the presence or absence of bid declines has any bearing on 
the successful bid rate. 
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Abstract 
Project manager’s competences have become recognized as one of key project management actors in 
successful delivery of projects in today’s world. This paper gives a literature overview of existing 
competence models, with a special accent on competences breakdown, the main components and its 
relationship, obtained through systematic literature review. Moreover, authors give an application of 
theoretical knowledge on those competences that matter the most in construction industry, which is 
traditionally oriented towards technical elements of project management, but exposed to numerous 
people and context factors. This makes major construction projects great example of demonstrating 
project manager’s personality importance in successful project execution. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: competence, construction, personality, project manager. 

1. Introduction

Effective project management is crucial for successful project delivery [1]. Project managers play a vital 
role in managing project resources, schedules, budgets, risks, and stakeholders, to achieve project 
goals. However, the success of projects is not only determined by traditional, technical skills but also by 
project managers' competencies in managing project-related activities [2]. 

Competencies refer to a combination of knowledge, skills, attitudes, and behaviours that enable 
individuals to perform a job effectively [3]. Therefore, the competencies of project managers are critical 
in determining the success of projects. Several models of project management competencies have been 
developed to help organizations identify, assess, and develop the competencies of their project 
managers [4]. However, the breakdown of competencies in managing major construction projects is still 
an area that requires further exploration. 

This paper aims to provide an overview of the breakdown of competencies in managing major 
construction projects, with a focus on the construction industry. The construction industry is unique in 
that it is exposed to numerous people and context factors, which can impact project success [5]. 
Therefore, major construction projects provide an excellent example of demonstrating the importance 
of project manager's competencies in successful project execution. 

To achieve the aim of this paper, a systematic literature review was conducted. The review provides a 
comprehensive overview of existing literature on project management competencies, with a particular 
emphasis on the breakdown of competencies and their relationship. The authors will then apply 
theoretical knowledge on the competencies that matter the most in the construction industry. 

This paper is structured as follows: the first section provides an introduction to the importance of project 
management and the significance of project managers' competencies. The second section reviews the 
existing literature on project management competencies, with a focus on the breakdown of 
competencies. The third section discusses the application of theoretical knowledge on project 
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management competencies in the context of the construction industry. The final section provides 
concluding remarks and suggests areas for future research. 

2. Literature review: PM competences breakdown 

In order to make a systematic review on project management competences, databases (Science Direct, 
Google Scholar) were searched via key words: project management AND competence AND model OR 
breakdown. Only methodologies, standards and articles in English were examined. Authors analysed 
collected literature, and based on conducted research, an overview of different competence breakdown 
was made (Table 1). Some articles provided a detailed breakdown of competencies, while others simply 
provide an overview of the most important competencies for project managers. Only articles that present 
a specific set of competencies, were analysed. 

Table 1. An overview of competencies breakdown in literature 

Reference Competence 
categories 

Competences Total number 
of 
competences 

[3] 

Practice 
Project design; Requirements and objectives; Scope; Time; Organization 
and information; Quality; Finance; Resources; Procurement; Plan and 
control; Risk and opportunity; Stakeholders; Change and transformation 

29 People 

Self-reflection and self-management; Personal integrity and reliability; 
Personal communication; Relationships and engagement; Leadership; 
Teamwork; Conflict and crisis; Resourcefulness; Negotiation; Results 
orientation 

Perspective Strategy; Governance, structures, and processes; Compliance, standards, 
and regulation; Power and interest; Culture and values 

[6] 

Knowledge  Procedures; Instruments; Methods 

14 Performance  Initiating; Planning; Executing; Monitoring and control; Closing 

Personal  Communicating; Leading; Managing; Cognitive ability; Effectiveness; 
Professionalism 

[7] 

Setting up for 
success 

Life cycles; Governance arrangements; Sustainability; Financial 
management; Business case; Portfolio shaping 

29 

Preparing for 
change 

Procurement; Reviews; Assurance; Capability development; Transition 
management; Benefits management 

People and 
behaviors 

Stakeholder engagement and communication management; Conflict 
resolution; Leadership; Team management; Diversity and inclusion; Ethics, 
compliance, and professionalism 

Planning and 
managing 
deployment 

Requirements management; Solutions development; Quality management; 
Integrated planning; Schedule management; Resource management; 
Resource capacity planning; Budgeting and cost control; Contract 
management; Risk and issue management; Change control 

[8]  Emotional Intelligence; Collaboration; Adaptability; Critical Thinking; 
Problem solving 5 

[9] Performance Manage Stakeholder Relationships; Manage Development of the Plan for 
the Project; Manage Project Progress; Manage Product Acceptance; 
Manage Project Transitions; Evaluate and Improve Project Performance 

6 

[10]  Strategy and Project Management; Business planning, Lifecycle 
management, Reporting and Performance Measurement; Change and 
Journey; Innovation, Creativity and Working Smarter; Organizational 
Architecture; System thinking and Integration; Leadership; Culture and 
Being Human; Probity and governance 

9 

[11] Technical   

 Leadership 
(based on 
[12]) 

  

[12] Emotional 
competencies 

Motivation; Conscientiousness; Sensitivity; Influence; Self-awareness; 
Emotional resilience; Intuitiveness 15 
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 Managerial 
competencies 

Managing resources; Engaging communication; Developing; Empowering; 
Achieving 

 Intellectual 
competencies 

Strategic perspective; Vision and imagination; Critical analysis and 
judgement 

[13] 

General 
management 

Knowledge; Legal Skills; Communication; Social awareness; Action 
management; Financial Management 

 

Project 
Management 

Integration; Report; Risk; Scope; Human resource; Procurement; Time; 
Quality; Cost 

19 

Project 
specific 

Associated resume; Multiple project management; Technical skills; 
Availability for the project 

 

[14] 

 Organizational management capability; Integrated project management 
capability; Professional and technical capability; Construction site 
management capability; Experience and certification; Coordination and 
communication capability; External stakeholder management capability; 
Digital capability; Project team management capability 

9 

[15] 

Core 
competency 
areas: General 
Management 
skills 

Leadership; Negotiation; Communication; Team building 

23 

Core 
competency 
areas: Project 
Management 
skills 

Fundamental PM skills; PM tools and techniques; Organizational savvy 

Core 
competency 
areas: Industry 
skills 

Breadth (not depth) in specific application/industry knowledge 

Life cycle management 

Personality: 
Characteristics 

 

Aptitude, flexibility, and ability to adapt to change and cultural realities; 
Confidence and commitment; Pro-active, can-do attitude; Open 
mindedness; Common sense; Trustworthy; Creative 

Personality: 
People 
management 
skills 

Build and manage interpersonal relationships; Ability to influence and win 
respect; Know when NOT to manage; Politically sensitive; Active listening; 
Role model; Fairness 

[16] 

Behavioral Leadership; Communication; Emotional intelligence; Motivation; Influence; 
Dynamic; Creative; Flexibility; Ethical; Sensitivity 

29 
Technical or 
specific 

Product; Technical; Software; Industry; Engineering; Test 

Management Planning; Certification; Resource Management; Change Management; 
Monitoring; Negotiation; Risk Management 

Contextual Organization; Business; Relationship; Environment; Process; Marketing 

[17] 

Practical 
competencies 

People; Budget; Schedule  

Common 
Sense 
Competencies 

Patience; Wisdom; Sense of humor; Flexibility; Creativity; Knowledge of the 
law of unintended consequences; Subject Matter Expertise 

10 

 

Total number of 13 different PM competence breakdowns were analysed, and then synthesized into two 
main categories: hard and soft competence, which is an approach inspired by Crawford and Pollack 
[18].  

3. Application of PM breakdown on construction projects 

In order to make an application of competence breakdown on construction industry, especially 
infrastructure ones as the most complex, a breakdown based on Table 1 was given to group of experts. 
Focus group consisted of four project management professionals, all civil engineers, working on large 
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infrastructure projects in water sector, with at least 8 years of working experience on them. Expert task 
was to determine which hard and which soft competences from the Table 1 were the most relevant one 
for managing the most critical risks occurring on infrastructure projects in water sector. If they wanted, 
they could add or rename a competence to fit on the best possible manner to they beliefs. The 
identification of most critical risks emerged from [19]. They represent risks in all phases of project 
lifecycle, defined as 54 risks across 11 categories. Based on risk assessment on portfolio of 60 water 
and wastewater EU co-financed infrastructure projects in Croatia, the most severe risks were identified. 
For them, results provided by the focus group are given in Table 2. 

Table 2. Hard and soft competences crucial for managing most critical construction risks 

Risk Hard competence Soft 
competence 

Description 

Epidemic / Pandemic 
Crisis Management 

Resource 
Management 

Leadership 

Communication 

A project manager with crisis management skills will be 
able to respond effectively to the pandemic, while 
leadership, communication and resource organization 
skills are crucial for motivating and managing the project 
team through the uncertain and challenging times. 

Insufficient quality 
and errors in project 
documentation  

Quality 
Management 

Legal Knowledge 
Communication 

Quality management skills are necessary to ensure that 
project documentation meets the required standards, 
while communication skills are important for ensuring 
that all stakeholders understand the documentation 
requirements and processes. 

Delay of public law 
bodies in the 
procedures for 
making other permits 
and decisions 

Legal Knowledge Negotiation 

Legal skills are needed to navigate the complex legal 
and regulatory environment, while negotiation skills are 
necessary for managing relationships with public bodies 
and stakeholders. 

Economic crisis 

Financial 
Management 

Contract 
Management 

Resilience 

Financial and contract management skills are necessary 
to manage the project budget and finances during 
economic uncertainty, while resilience skills are needed 
to help the project team manage stress and stay focused 
on goals. 

Change in prices of 
construction 
materials and 
services 

Cost Estimation 

Contract 
Management 

Flexibility 

Cost estimation skills and contract management are 
necessary to manage project budgets and costs 
effectively, while flexibility skills are required to adjust the 
project plan or implement other resolution in response to 
changing market conditions. 

Difficulty in securing 
funding sources 

Financial 
Management 

Communication 

Negotiation 

Financial management skills are necessary for 
identifying funding sources and managing project 
finances, while communication is key to keep 
stakeholders informed of situation and process of 
securing funds. 

Delay in preparation 
of procurement 
documentation 

Procurement 

Time Management 

Teamwork 

Communication 

Procurement skills are necessary to manage the 
procurement process and ensure that documentation is 
completed accurately and on time, while time 
management skills are essential for meeting project 
timeline. Communication and teamwork is needed due to 
interdisciplinary and complexity of public procurement 
process. 

Insufficient quality 
and errors in 
procurement 
documentation 

Procurement 

Engineering and 
Technology 

Attention to 
Detail 

Procurement skills are necessary for managing the 
procurement process and knowledge on technics and 
technology ensures that documentation meets required 
standards, while attention to detail is important for 
ensuring that documentation is accurate and complete. 

Delay in review and 
evaluation of bids 

Procurement 

Time Management 

Teamwork 

Communication 

Procurement skills are necessary for managing the bid 
review and evaluation process, while time management 
skills are important for ensuring that the process is 
completed within the project timeline. Again, 
communication and teamwork is needed due to 
interdisciplinary and complexity of public procurement 
process. 
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Appeal in any part of 
the public 
procurement 
procedure 

Legal Knowledge 
Communication  

Coordination 

Legal knowledge is necessary for understanding the 
appeal process and ensuring that the project complies 
with legal requirements, while coordination skills are 
required for managing relationships with stakeholders 
involved in the appeal. 

Lack of Contractor's 
manpower  

Resource 
Management Team Building 

Resource management skills are necessary for 
managing project resources, while team building skills 
are required for building a strong project team and 
ensuring that the team is motivated and focused on 
project goals. 

Unresolved property-
legal relations  Legal Knowledge 

Problem Solving 

Negotiation 

Legal knowledge is necessary for resolving property and 
legal issues, while problem-solving and negotiation skills 
are required for identifying and addressing any 
underlying issues that may be contributing to the 
unresolved issues. 

Archaeological or 
conservation 
requirements and 
conditions, or sites  

Environmental 
Management 

Cultural 
Awareness 

Environmental management skills are necessary for 
managing the project in compliance with environmental 
regulations, while cultural awareness skills are important 
for understanding and managing the project in culturally 
sensitive areas. 

Unfavorable field 
conditions Site Assessment Adaptability 

Site assessment skills are necessary for understanding 
and assessing the risks associated with unfavorable field 
conditions, while adaptability skills are required for 
adjusting the project plan to address these risks. 

 

Based on these insights, a construction based critical PM competence breakdown for infrastructure 
projects in water sector was made and given on Figure 1.  

 

 

Figure 1. Construction PM competences breakdown for infrastructure projects in water sector 
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As it can be seen from Figure 1, there is a huge importance on so called soft competences, oriented on 
relations with people and self. Traditional technical knowledge on PM will always be a backbone to any 
successful PM attempt, but soft skills become if note more, than at least equally as important as time or 
budget management. This is of special importance on major construction projects, which by the 
definition are more complex not only in terms of budgets, scopes and timespan, but in number of 
stakeholders to manage, organizational and external changes and impacts – which are again designed 
from people – for people. Managing people not only within the team, but in broader sense of all interested 
formal and informal project parties becomes a crucial element in project success formula.  

4. Discussion and conclusion 

Effective project management is one of the most critical factors for overall project delivery success, 
mostly depending on competences of project manager. There are many different approaches for 
categorisation and identification of PM competences in general, but not as many in identifying specific 
competences for different types of projects or contexts. In this article authors gave suggestion of 
construction PM competence breakdown made upon the most critical risks on major infrastructure 
projects, which show great value of soft PM skills, both self- and people-oriented.  

Based on Figure 1, hard technical competence such as time, budget, scope, and quality management 
play an important role both in literature review and its application on water infrastructure projects. 
Competences such as procurement and contract management, and knowledge of applicable laws and 
regulations were emphasized on the portfolio because of many important legislations that shape the 
governance of those projects. Out of literature competences, creativity was not as important, because 
those projects are managed in accordance with strict predefined procedures. Out of competences 
dealing with people focus group stressed out communication and negation as extremely important 
competence in coordination of different stakeholders and situations. 

The results of this research are important because by building critical competence breakdown, PMs can 
focus on education and advancement of those competence that matter the most, which is especially the 
case in soft skills, that one does not learn in school.  

Limitations of this study lay in fact that the breakdown is proposed by employment of focus group 
method, and not verified by adoption of quantitative methodology on large sample. Also, it is made only 
for one type of construction projects. On the other hand, these results indicate possible way for future 
research on the field. 

Future research should aim at broadening suggested approach for different types of construction 
projects and in depth investigation of importance of PM soft skills on them.  

 

Acknowledgements 

Authors would like to thank Alma Mater Europaea and Croatian waters for support and motivation of this research. 

References 

[1] Z. Alias, E. M. A. Zawawi, K. Yusof, and N. M. Aris, “Determining Critical Success Factors of Project Management 
Practice: A Conceptual Framework,” Procedia - Social and Behavioral Sciences, vol. 153, pp. 61–69, 2014, doi: 
10.1016/j.sbspro.2014.10.041. 

[2] B.-G. Hwang and W. J. Ng, “Project management knowledge and skills for green construction: Overcoming challenges,” 
International Journal of Project Management, vol. 31, no. 2, pp. 272–284, Feb. 2013, doi: 10.1016/j.ijproman.2012.05.004. 

[3] International Project Management Association, "IPMA Competence Baseline, Version 4.0.," 2015. 
[4]  L. Crawford, “Senior management perceptions of project management competence,” International Journal of Project 

Management, vol. 23, no. 1, pp. 7–16, 2005, doi: 10.1016/j.ijproman.2004.06.005. 
[5]  W. Soon Han, A. Md Yusof, S. Ismail, and N. Choon Aun, “Reviewing the Notions of Construction Project Success,” 

International Journal of Business and Management, vol. 7, no. 1, 2011, doi: 10.5539/ijbm.v7n1p90. 
[6] Project Management Institute, “Project Manager Competency Development Framework – Second Edition”, 2007. 
[7]  Association for Project Management, “APM Competence Framework – Third Edition”, 2023. 
[8] UK government, “PRINCE 2 Methodology”, 2017. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-027

Keszthely, Hungary 
20-23 June 2023

206



[9]  Global Alliance for Project Performance Standards, “A Framework for Performance Based Competency Standards for 
Global Level 1 and 2 Project Managers”, 2007. 

[10]  International Centre for Complex Project Management (ICCPM), “Complex Project Manager Competency Standards, 
Version 4.1.”, 2012. 

[11] R. Müller and J. R. Turner, “Matching the project manager’s leadership style to project type,” International Journal of 
Project Management, vol. 25, no. 1, pp. 21–32, 2007, doi: 10.1016/j.ijproman.2006.04.003. 

[12] V. Dulewic and, M.J. Higgs, “Design of a new instrument to assess leadership dimensions and styles,” Henley Working 
Paper Series HWP 0311. Henley-on-Thames, UK: Henley Management College; 2003. 

[13]  M. Sadatrasool, A. Bozorgi-Amiri, and A. Yousefi-Babadi, “Project manager selection based on project manager 
competency model: PCA–MCDM Ap-proach,” Journal of Project Management, no. 10, pp. 7–20, 2016, doi: 
10.5267/j.jpm.2017.1.004. 

[14]  H. Liu, H. Zhang, R. Zhang, H. Jiang, and Q. Ju, “Competence Model of Construction Project Manager in the Digital Era—
The Case from China,” Buildings, vol. 12, no. 9, p. 1385, 2022, doi: 10.3390/buildings12091385. 

[15]  N. Udo and S. Koppensteiner, “What are the core competencies of a successful project manager?”, PMI® Global 
Congress 2004—EMEA, Prague, Czech Republic. Newtown Square, PA: Project Management Institute, 2004. 

[16]  S. Sajedi and M.A. Shirazi, “Critical Competencies in Project-Based Organizations: An Interpretive Structural Modelling 
approach”, Proceedings of the International Conference on Industrial Engineering and Operations Management Pilsen, 
Czech Republic, July 23-26, 2019. 

[17]  W. Turk, “21st Century Project Management Competencies”, Defense AT&L, no. January-February, 2007. 
[18]  L. Crawford and J. Pollack, “Hard and soft projects: a framework for analysis,” International Journal of Project 

Management, vol. 22, no. 8, pp. 645–653, 2004, doi: 10.1016/j.ijproman.2004.04.004. 
[19]  M. Sjekavica Klepo, D. Knezevic, T. Knezevic, and H. Mestrovic, “Artificial intelligence in risk management system on 

infrastrcture projects“, Creative Construction Coonference 2023, (submitted for publication). 
 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-027

Keszthely, Hungary 
20-23 June 2023

207



ARTIFICIAL INTELLIGENCE IN RISK MANAGEMENT SYSTEM ON 
INFRASTRUCTURE PROJECTS 

Mariela Sjekavica Klepo1,2, Domagoj Knežević3, Tomislav Knežević1, Hrvoje 
Meštrović3

1 Croatian Waters (Hrvatske vode), Zagreb, Croatia 
2 Alma Mater Europaea, Maribor, Slovenia 

3 Primakon d.o.o., Zagreb, Croatia 

Abstract 
Infrastructure projects are crucial elements of the way we perceive the world we live in – they are pillars 
of economy and society development. In order for them to be carriers of change, they are ought to fulfil 
their goals successfully. With the rise of complexity of project endeavours, uncertainty to accomplish 
them successfully rises, too. Therefore, risk management, with the aim to identify, analyse, respond, 
monitor and control potential unfavourable events on projects, has an even more important role in 
complex environment such as infrastructure projects are. In order to contribute to todays’ state-of-the-
art risk management dealing with infrastructure projects, but also to identify the most crucial risks and 
the way project managers could deal with them, this research was conducted. Research sample 
consisted of EU co-financed infrastructure projects portfolio in water sector. First, risks were identified 
and analysed by project managers. Then, the most critical risks and response strategies were identified 
for the whole portfolio. Afterwards, artificial intelligence was also engaged in order to formulate adequate 
risk response strategies. Both PM expert and AI strategies were overlapped, and adequate conclusions 
were made, in order to contribute to more efficient implementation of risk management procedures on 
projects. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

There is no doubt we live in a project world nowadays - it is estimated that around $18,3 trillion is spent 
on projects worldwide every year [1]. Projects are pillars of change, but in order for those changes to be 
implemented, project endeavours must be successful. This is stressed on a special manner if we speak 
about infrastructure projects, which are key drivers of economic growth and social development, critical 
for reducing poverty, improving health and education outcomes, and achieving environmental 
sustainability [2]. This means there is much more to manage then the traditional iron triangle of cost, 
time and quality, therefore, they require much wider, holistic approach to project management [3]. As a 
fundamental part of project management, risk management is emphasized especially through this 
holistic approach. Risk management, as an insurance that potential issues and uncertainties are 
identified and addressed in a proactive and strategic manner [4], is essential for the successful 
implementation of infrastructure projects [5]. 

In year 2020, it was stated that new possibilities arise in managing risks on construction projects with 
the implementation of artificial intelligence (AI) by helping project managers (PM) to identify potential 
risks more quickly and accurately, and to develop more effective risk response strategies [6]. 
Nevertheless, while AI holds promise as a tool for managing risks in construction projects, more 
research is needed to fully understand its potential and limitations [7]. 
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With this being stated, authors decided to conduct research which will contribute to the state-of-the-art 
on AI potentials in risk management on the example of water infrastructure projects. The portfolio 
consisted of 60 EU co-financed infrastructure projects dealing with drinking water and wastewater 
infrastructure in Croatia. 

Firstly, a review of relevant literature on the field of infrastructure risk management and AI in risk 
management was made. Then, an applicable risk matrix model created for water infrastructure projects, 
presented in the Appendix A, was used to collect data on the most significant risks on the portfolio. In 
the second part of the article, methods and results of conducted research are shown, consisting of 
identification of most critical risks and applicable response strategies delivered by PMs and an open-
source AI. Results are discussed and final remarks, as well as recommendations for the future studies 
are given in the conclusion. 

2. Literature review 

Risk management involves identifying potential risks, assessing their likelihood and impact, developing 
response strategies, and monitoring and controlling risks throughout the project lifecycle. In recent 
years, there has been growing interest in the use of AI for risk management in construction projects, 
which was highlighted by several studies. For example, Chen et al. highlight the potential of AI to 
transform risk management practices in the construction industry [6]. Similarly, Zhang et al. note that AI 
can be an effective tool for identifying, analysing, and managing risks on construction projects, 
leveraging large volumes of data and advanced analytics to improve decision-making and enhance 
project outcomes [7]. According to the findings [8], the management of cost, schedule, and risk, in 
particular, will be highly affected by AI. This is not surprising because registering and analysing historical 
information to estimate how long will it take to finish future tasks, as well as the associated costs and 
risks might become a slow and tricky task for PMs, so the automation by combining an AI-based solution 
with project management software will be extremely helpful [9]. However, there are also challenges and 
limitations associated with the use of AI for risk management in construction projects. Data quality 
issues, model interpretability, and the need for specialized technical expertise are among the key 
challenges that need to be addressed [7]. Also, there is an importance of considering human factors in 
risk management, noting that AI should be used as a complementary tool rather than a substitute for 
human judgement [10]. Despite these challenges, there is growing interest in the potential of AI for risk 
management in construction projects, as well as in other industries such as IT [11] or project 
management as general [12, 13], with some areas to explore [14]. 

Based on literature review, it is visible that future research in this area should focus on addressing the 
challenges and limitations associated with the use of AI for risk management, as well as on developing 
practical tools and techniques for integrating AI into existing risk management practices. 

3. Methods and results 

This research was conducted on portfolio of 60 water and wastewater EU co-financed infrastructure 
projects in Croatia, which by the nature are very sensitive to risks materialization. To ensure effective 
and efficient project implementation, eleven characteristic risk categories and fifty four unique risks 
presented in the Appendix A were identified. Grants Beneficiaries (water-utility companies) within 
portfolio mostly use FIDIC Red (for water and sewage networks) and Yellow Book (for wastewater or 
sludge treatment plants) contracts. The risk analysis was conducted by PMs appointed by the 
Intermediate Body of Level 2, via MS Excel file [15]. All gathered data was summarized for analysis and 
distinguished by FIDIC Red or Yellow book classification. Risks were assessed as materialized (if they 
had already occurred) or probable (if not). Within these two main categories, risks were evaluated by 
PMs assessment of impact that they gave/could give to a project, reflected by the intensity gradient 
ranging from “Low” to “Moderate”, “Significant”, “High”, and “Severe”. By combining the probability of an 
event occurring with its potential impact as a one-step exercise, the efforts towards investigating more 
suitable theories and approaches that appeal to practitioners and reflect their experience and practice 
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was utilized [16]. After completing matrixes for all risks, PMs filled in additional information about 
response strategies they employed to manage those risks. After completing data gathering, analysis 
was conducted following these methodological steps: 

1. Top 20% of the most frequent risks assessed as “Severe” were calculated for entire portfolio 
(Table 1). This was made by employment of Pareto 80/20 rule, which suggests that 80% of the 
project's risks may stem from 20% of the identified risks. Therefore, PMs can focus their efforts 
on the top 20% of the critical risks to effectively manage the project's overall risk profile [17]. 
The frequency of occurrence is marked as f (%), and risks are marked as given in Appendix A. 

2. Risk response strategies were qualitatively analysed and transformed into general notes on 
possible behaviours in accordance to the most critical risks (Table 2). 

3. As the last step, AI was prompted to generate risk response strategies. As a part of this step, 
authors used open source AI, ChatGPT [18]. The comparison between results from step 2 and 
step 3 are given in Table 2. 

Table 1. The most critical severe risks on portfolio 

RED FIDIC BOOK YELLOW FIDIC BOOK 

MATERIALIZED POSSIBLE MATERIALIZED POSSIBLE 

RISK f (%) RISK f (%) RISK f (%) RISK f (%) 

R.8.1 8,54% R.2.3 18,00% R.1.3 11,81% R.2.3 15,22% 

R.4.3 7,54% R.2.4 17,50% R.6.5 9,03% R.2.4 15,22% 

R.7.1 5,53%             

/ 21,61% / 35,50% / 20,84% / 30,44% 

The most critical possible risks for both FIDIC book contracts were shown to be R.2.3. and R.2.4., which 
in case of EU co-financed projects are interlinked risks on special manner, due to the lack of clear 
guidelines on eligibility of extra project expenses on the one hand, and the need to adopt to this situation 
regarding the current market state and fulfilment of contracts goals on the other hand. The most critical 
materialized risks detected on Red FIDIC book contracts were R.8.1., R.4.3. and R.7.1. Risk R.8.1. 
reflects recent state of construction labour market in Croatia, where there has been severe emigration 
of local manpower to other EU countries along with strictly defined insufficient worker import quotas. 
R.4.3. caused serious delays in project progress due to COVID restrictions of work and large number of 
sick leaves and quarantines in period 2020-2022. Risk R.7.1. is stressed on the special manner in Red 
FIDIC contracts, where the Employer is responsible for design documents, so all of latent design errors 
cause delays and extra costs in construction phase. Yellow FIDIC Book specifics were R.1.3. and R.6.5. 
Analogous to R.7.1. in Red FIDIC contracts, R.1.3. is quite often in Yellow FIDIC contracts, because 
obtaining construction permits is the responsibility of the Contractor, who often lacks control over the 
processes of other public entities, i.e. bodies responsible for issuing permits, which usually leads to 
extension of total contracted time. R.6.5. is common on public projects as a part of public procurement 
procedure, which can cause several-month delay in contracting. On Yellow FIDIC Book contracts this is 
especially the case due to higher average time needed to finalize design and build contracts in 
comparison to Red FIDIC Book contracts. For critical elaborated risks, risk response strategies given by 
PMs and AI are given in Table 2. 
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Table 2. Risk response strategies for the most critical severe risks on portfolio (strategies marked in matching colors within one 
risk category are PM-AI overlapping) 

RISK 

RISK RESPONSE STRATEGY 

PM AI 

STRATEGY CATEGORY f (%) STRATEGY 

RF, 
M, 
R.8.1 

Subcontractors contracting SHARING 36,36 

Working with alternative subcontractors or 
suppliers 

Reassigning tasks to other personnel 

Adjusting project timelines 

Increasing incentives for existing workers 

Introduction of multiple work groups/shifts MITIGATION 27,27 

Intensive recruitment advertising MITIGATION 18,18 

Pressure on the contractor to acquire 
additional labor force MITIGATION 9,09 

Dynamic plan revision MITIGATION 9,09 

RF, 
M, 
R.4.3 

Compliance with prescribed COVID 
measures ACCEPTANCE 62,50 

Implement health and safety protocols 
and measures 

Remote work 
On-line coordination and meetings MITIGATION 25,00 

Extension of contracted period MITIGATION 12,50 

RF, 
M, 
R.7.1 

Additional changes in project/design 
documentation MITIGATION 100,00 

Correction of project/design 
documentation  

Thorough review of project documentation 

Implement quality management systems 
(e.g. software tools or dedicated 
personnel to manage project 
documentation) 

RF, 
P, 
R.2.3 

Government motivating Employers to 
consider possibilities for adopting price 
differences within contractual provisions 

SHARING 79,16 Monitor market conditions due to 
procurement requirements  

Negotiating fixed-price contracts (the 
Contractor takes on the risk of any cost 
increases) 

Seeking alternative suppliers 

Re-evaluating project requirements 

Revision of planned procurement values 
for new contracts AVOIDANCE 8,33 

Contractors storing larger amounts of 
required materials MITIGATION 8,33 

Cancelling public procurement procedure AVOIDANCE 4,18 

RF, 
P, 
R.2.4 

Increase of co-financing rates by the non-
EU co-financiers 

TRANSFERENCE/ 
SHARING 71,43 

Seek alternative funding sources such as 
grants or private investors Phasing a project/ enabling financing from 

other operational programs TRANSFERENCE 28,57 

YF, 
M, 
R.1.3 

Extension of contracted period MITIGATION 72,72 Maintain regular communication with 
public law bodies to ensure that any 
issues or delays are identified and 
addressed in a timely manner and to 
expedite the decision-making process 

Reminders to public authorities to consider 
faster permits issuing MITIGATION 18,18 

Idea on prioritizing permits issuing for 
strategic / EU co-financed projects TRANSFERENCE 9,09 

YF, 
M, 
R.6.5 

Increase in quality and clarity of tender 
documentation AVOIDANCE 33,33 Ensure clear and well-defined evaluation 

criteria and the objective selection of 
bidders  

Ensure compliance with procurement 
regulations and guidelines to minimize the 
risk of appeals (e.g. involve engaging 
legal advisors or procurement specialists 
to advise) 

Idea on prioritizing appeals solving for 
strategic / EU co-financed projects TRANSFERENCE 33,33 

Phasing a project/ enabling financing from 
other operational programs TRANSFERENCE 33,33 

YF, 
P, 
R.2.3 

Government motivating Employers to 
consider possibilities for adopting price 
differences within contractual provisions 

SHARING 60,00 Monitor market conditions due to 
procurement requirements  
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Contractors storing larger amounts of 
required materials and equipment MITIGATION 40,00 

Negotiating fixed-price contracts (the 
Contractor takes on the risk of any cost 
increases) 

Seeking alternative suppliers 

Reevaluating project requirements 

YF, 
P, 
R.2.4 

Increase of co-financing rates by the non-
EU co-financiers 

TRANSFERENCE/ 
SHARING 100,00 Seek alternative funding sources such as 

grants or private investors 

A priori prompting AI for risk responses, it was “trained” to context of project management and risk 
management on legislative framework governing EU co-financed projects, and current state 
construction market in Croatia. Based on this setup, AI was prompted with list of the most critical severe 
risks (Table 1) and gave corresponding risk response strategies (Table 2) resulting with 21 different 
strategies. There is an overlapping of 52% in strategies between PM and AI in suggested actions, mostly 
among the most frequent occurring strategies. Among the “AI generated” strategies, one strategy is not 
as applicable to EU co-financed projects: Re-evaluating project requirements. Namely, project 
requirements are derived from project scopes, which are identified in project preparation phase, and 
verified through different steps (feasibility study, design documents, project application). Shrinking 
requirements to fit the new price would possibly lead to unfulfillment of designed project indicators and 
goals, which is extremely sensitive on EU co-financed projects and may lead to financial corrections. 
Among strategies that could be of added value, implementation of quality management system in 
accordance to verification of design documents prior to execution on field can be of extreme value. 
These systems could implicate standardisation of works and bill of quantities or implementation of BIM 
as a part of organizational strategy. Also, taking advice of legal experts in public procurement 
procedures could really lead to minimization of appeals in public procurement procedures. The most 
critical risk on both of FIDIC books contracts is definitely change in prices of construction materials and 
services. AI suggested to implement fixed price contracts which would shift all of the risks in price change 
to Contractor. Nevertheless, most of the PMs suggested more flexible approach in sharing that risk 
between Employer and Contractor in accordance to contract provisions and positive regulations and 
recommendations in specific national context. Namely, according to national law, even in the case of 
contracted fixed prices, the Contractor has the right for reimbursement of the price difference if it 
increases by more than a certain percentage, so it is never possible to completely transfer the risk of 
price change on the Contractor. Transferring this risk on Contractor solely would mean higher price of 
works a priori, which in case of normal market conditions would not be favourable to the Employer or 
EU budget. Moreover, it would put the Contractor to the risk of insufficient cash flow on the project, affect 
the works dynamics, and may ultimately result in the termination of the contract and legal disputes. 

To conclude, AI did gave some additional good and thought worthy strategies to consider, but human 
endeavour is needed in assessment of suitability and implementation of them within the given context. 

4. Conclusion 

Effective risk management is essential for the success of construction infrastructure projects. In this 
work, an overlapping of human and artificial intelligence was made in accordance to risk response 
strategies of the most critical severe risks on water infrastructure projects.  

While the use of AI for risk management in construction projects is a relatively new and rapidly evolving 
area, it holds promise as a tool for improving project outcomes, especially after the introduction of Open 
source AI, such as the one used in this research. However, more research is needed to fully reveal the 
potential and limitations of AI for risk management in construction projects, and to develop practical tools 
and techniques for integrating AI into existing risk management practices, e.g. broadening presented 
methodology on other infrastructure sectors. A lot of future research will be depended on the course of 
AI development both in general and specific directions, such as AI specialized for different PM areas. 
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Appendix A. Risk matrix   

SOURCE 
OF RISK RISK CATEGORY RISKS 

EX
TE

R
N

A
L 

1. POLITICAL 

R.1.1. Changes in legal regulations (building regulations, public procurement, other laws and 
regulations) 

R.1.2. Elections - local, national 
R.1.3. Delay of public law bodies in the procedures for making other permits and decisions 

2. FINANCIAL AND 
ECONOMY 

R.2.1. Economic crisis 
R.2.2. Insufficient availability of potential contractors 
R.2.3. Change in prices of construction materials and services 
R.2.4. Difficulty in securing funding sources 

3. SOCIAL R.3.1. Negative attitude of the local community towards the project 
R.3.2. Insufficient support from the local management structure 

4. ENVIRONMENT 
AND NATURE 

R.4.1. Natural disasters (earthquakes, floods, fires) 
R.4.2. Unfavourable climatic conditions 
R.4.3. Epidemic / Pandemic 

IN
TE

R
N

A
L 

5. MANAGEMENT 
AND 
ORGANIZATION 

R.5.1. Lack of support from top management 
R.5.2. Inadequate human resources involved in project management 
R.5.3. Insufficient coordination and communication within the team and on the entire project 

6. PUBLIC 
PROCUREMENT 

R.6.1. Inadequate human resources involved in the preparation and implementation of the public 
procurement procedure 

R.6.2. Delay in preparation of procurement documentation 
R.6.3. Insufficient quality and errors in procurement documentation 
R.6.4. Delay in review and evaluation of bids 
R.6.5. Appeal in any part of the public procurement procedure 
R.6.6. Administrative dispute 

7. DESIGN 
R.7.1. Insufficient quality and errors in project documentation  
R.7.2. Delay in delivery of project documentation  
R.7.3. Delay in the approval of project documentation by the Employer 

8. PEOPLE AND 
LOGISTICS 

R.8.1. Lack of Contractor's manpower  
R.8.2. Accidents and incidents at the construction site  
R.8.3. Unavailability of necessary equipment for work  
R.8.4. Unavailability of materials and equipment to be installed 

9. CONTRACT AND 
LEGAL 

R.9.1. Delay in concluding a contract after a successful public procurement procedure  
R.9.2. Ignorance of contractual provisions  
R.9.3. Poor management of contractual documentation by the Contractor  
R.9.4. Poor change management  
R.9.5. Unrealistically short deadlines for the implementation of works  
R.9.6. Errors in the contract documentation / poor quality of the contract  
R.9.7. Poor organization and management of contractors  
R.9.8. Insufficient construction communication and coordination between contracting parties  
R.9.9. Insufficient presence of stakeholders in contract management (Supervision, Contractor, 

subcontractors)  
R.9.10. Delay in resolving Contractor's claims and resolving contractual disputes prior to escalation  
R.9.11. Delay in making necessary decisions 

10. 
CONSTRUCTION 
SITE AND 
CONSTRUCTION 

R.10.1. Unresolved property-legal relations  
R.10.2. Inadequate and imprecise dynamic work execution plan  
R.10.3. The planned implementation technology does not correspond to the actual situation on the site  
R.10.4. Wrong staking out of the object and inconsistency with the cadastral plan  
R.10.5. Problems in granting the right of access to the construction site, difficult access to the 

construction site  
R.10.6. Insufficient coordination or delay in obtaining consent and closing certain streets for the purpose 

of carrying out works  
R.10.7. Finding protected habitats and species at the location of the works  
R.10.8. The amount of work significantly deviates from the contracted amount  
R.10.9. Inexperience and incompetence of contractors, subcontractors or suppliers 

11. PHYSICAL 
CONDITIONS 

R.11.1. Unexpected geological and geotechnical soil characteristics  
R.11.2. Archaeological or conservation requirements and conditions, or sites  
R.11.3. Groundwater level higher than predicted / expected  
R.11.4. Physical obstacles in the corridor of works  
R.11.5. Environmental pollution  
R.11.6. Unfavourable field conditions 
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Abstract 
Balancing private investment and community expectations is always crucial in social Public-private-Partnership 
(PPP) projects, such as schools, public housing, and hospitals. Evaluating the value of such PPPs requires the 
governments to accurately assess costs, risks, and benefits through their Public Sector Comparator (PSC). The 
Public Sector Comparator (PSC) focuses on the economic benefits and tangible value offered by bidders, such 
as whole-of-life financing costs, capital costs, operation, maintenance costs, and risk allocation as proposed by 
the government. Non-monetized benefits, which are vital during the delivery of social infrastructure, are typically 
evaluated heuristically by comparing specific solutions proposed by bidders. However, assessing uncertainties 
in government requirements and materialized risks when comparing a bid to Public Sector Comparator (PSC) 
using discounted cost techniques at a specific point in time is challenging. Therefore, this paper proposes a 
novel approach for evaluating investments that considers non-monetary benefits over a PPP project’s life cycle, 
based on the risks and benefits seen in recent social PPP projects. Engineering reliability analysis is preferred 
in this study to emphasize the performance reliability of investment decisions. The proposed reliability-based 
evaluation considers not only cost uncertainty and non-monetary benefits based on project observations but 
allows for time-based decision-making by being used at multiple points in time, to be incorporated into the 
original investment decision. Future case study is expected to demonstrate that the proposed approach allows 
for predicting long-term value by using a performance reliability index to measure the robustness of the original 
investment assumptions such as demand projections and future sustainability outcomes. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Over the years, public-private-partnership (PPP) projects are increasingly used around the world in delivering 
infrastructure or building services for governments in mitigating financial burdens [1]–[3]. According to the latest 
statistical data from [4], private investment commitments totalled $76.2 billion in 2021 in the low- and middle-
income countries, representing a 49% increase from 2020 due to economic recovery from COVID-19. As a 
particular procurement approach, PPPs bundle investment and service provision of infrastructure into a single 
long-term contract [5]. On the one hand, the developed policies and legal structures within PPP arrangements 
assist the involvement of the private sector [6], on the other hand, the governments have found ‘value for money’ 
in using a PPP approach for many infrastructure projects through an availability model of payment [7]–[9]. The 
‘Value for Money’ is often reported as a comparison of the bid prices received versus public sector comparator 
estimates, which has been a key objective of government to achieve the optimal combination of benefits and 
costs in delivering services users ‘wants’ [10]. However, the efficient and effective evaluation of such ‘Value for 
Money’ for PPPs investment has always been one of the points of major debates across governments and 
researchers. 
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[11]–[13] have criticized that Ineffective investment evaluation accounts for one of the reasons leading to the 
difficulties experienced in PPPs. There are examples where the private sector party has been dissatisfied [14], 
where poor long-term demand forecasts have resulted in facilities struggling to meet the expectations due to 
overcrowding, such as Southern Cross Station in Australia [15]. Currently, the investment evaluation of PPPs 
relies heavily on government’s pre-estimate of how much the project would cost, if traditionally delivered, using 
government funds [16]. This whole of life risk adjusted estimate of the provision of the service is termed as the 
Public Sector Comparator (PSC), which is a point estimate and therefore struggles to consider variances that 
occur over the commission period, usually 25 or 30 years, to the delivered performance. In addition, often the 
PSC emphasizes economic evaluation of value for money and is challenged to adequately or fully incorporate 
non-monetary benefits [17], [18]. While the real value of PPPs for government, particularly social infrastructure 
projects, i.e., schools, hospitals, and public housing, is judged by what the community experience rather than a 
point in time estimate used in the tender evaluation process [19]. Though some sought to consider changing 
assumptions with time using real option evaluation techniques, but this approach is also very dependent on the 
underpinning model assumptions [20], [21]. 

Considering PPPs, particular social PPPs, always need to balance the advantage of private investment against 
community expectations [19] during the government governs and controls the services provided over the long 
term. This study aims to explore the merits of considering the social PPP investment decision using a reliability-
based approach that incorporates costs and non-monetary benefit profiles quantification, and stochastic risk 
impact over a project’s life cycle. The proposed approach, firstly, contributes to the existing research of social 
PPP investment evaluation through measuring the non-monetary benefits from the perspective of community 
expectation. Next, the advantages of engineering reliability analysis were adopted to quantify the uncertainties 
in costs and non-monetary benefits over the whole project life cycle. Thus, this evaluation of the merits of the 
project in terms of costs and non-monetary benefits, could serve as a template for investment decision-making 
process in future similar PPP projects. 

This remaining content is organized as follows. Section 2 presents an extensive overview of relevant PPP 
investment evaluation literature. Section 3 develops the reliability-based evaluation approach.  Conclusions are 
given in section 4. 

2. Literature Review 

2.1 PPP and PFI 

The concept of PPP, also refers to 3P or P3, is underpinned by the governments desire to resolve financial 
constraints in the provision of public infrastructure and services by calling upon private management skills to 
increase the efficiency, effectiveness and quality of infrastructure and services delivery [22]. Although there is 
no uniform definition of PPP, it is generally accepted that it refers to a long-term arrangement between one or 
more public and private sector for the delivery of services and infrastructure [23]–[25]. It developed not only 
because of a need for increased investment in public infrastructure, but also as a method of improving service 
delivery by the public sector without having to resort to privatization or the need for increased public funding as 
it is structured on a project finance basis [26]. Compared with the conventional procurements, it is advantageous 
that it allows a long-term, output-based arrangement with risks being allocated to the party best placed to bear 
them, and the aim of minimizing cost overruns and delays by using private sector expertise, thereby achieving 
value for money [27]–[29]. Notably, the level of private sector involvement might range from service provision 
without recourse to public infrastructure based on public infrastructure usage, up to and including full private 
ownership of public facilities an operation of their associated services[30]. For example, within the typical PPPs 
in Australia, i.e., Design-Build-Finance-Operate-Maintain (DBFOM), the private sector is responsible for the 
design, build/construction, finance, operation or maintenance of the infrastructure assets and services, usually 
over a period of 25 to 30 years. In a similar way, The UK government has identified eight forms of PPPs, the 
most used one of which is the Private Finance Initiative (PFI)[29]. The key difference between PPP and PFI is 
the way of financing [26]. That is, PFI utilizes debt and equity finance provided by the private sector to pay for 
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the upfront capital costs, but the same is not required in a PPP, where the parties have more freedom to structure 
their contributions. Depending on this structure, PPP can therefore include public sector finance. A further 
difference is that a PPP may be structured as a joint venture or through contract, a PFI will make use of a special 
purpose vehicle (SPV) that will not only enter contractual arrangements with the relevant public sector entity, 
but also enter the financing arrangements with its shareholders and external financiers. As a result, it should be 
noted that while all PFIs will be PPPs, not all PPPs are PFIs. Though PFI was the very first term adopted by the 
British government, nowadays, PPP has become more popular and most used worldwide [31]. 

In this study, the focus will be put on the social PPPs, which refer to procuring the community services and 
resources such as health, education, early-childhood care, community support and development, culture, sport, 
recreation, and parks in PPPs that aim to support liveability of communities in meeting their social needs and 
wellbeing [32]. Compared to the other PPPs, like transport PPPs, social PPPs are more related to social benefit 
rather than revenues or profits. 

2.2 Current PPP investment evaluation approaches review 

 The investment evaluation approaches drawn from existing literature could be broadly categorized into two 
categories, i.e., quantitative evaluation and qualitative evaluation, see Table 1. Quantitative evaluation involves 
analyzing the financial data, such as cash flows, revenues, costs, and profits, associated with an investment 
opportunity in various projects. The investment indicators based on these financial data analyses have been 
widely adopted including Internal rate of return [33], [34]; payback period [35], [36]; benefit cost ratios [37]–[39] 
and net present value [40]. For example, [41] justified the use of internal rate of return method to evaluate the 
PPP investment evaluation under a proposition. [42], [43] developed the net present value model to facilitate 
the decision-making of determining the PPP concession period.  [39] built a base of cost benefit analysis for a 
PPP airport project in India. In spite of these traditional quantitative evaluation in PPP projects, value for money 
(VFM), which refers to delivering improved public infrastructure or services at lower cost, has been proposed to 
evaluate particular PPP projects with the common characteristics [44]. The structure of VFM also contains a 
quantitative component, called public sector comparator (PSC)  that measures to what extent the cost saving 
can be achieved when delivering through PPP compared to traditional public-sector procurement approach [45]. 
The PSC is a baseline of risk-adjusted life-cycle cost to delivering public infrastructure using traditional 
procurement method[46], including base costs, transferred risk, retained risk by government and competitive 
neutrality[47]. Lots of researchers [48]–[53] and governments [54], [55] have focused on the use and 
improvements of VFM in PPP projects.  

Table 1 Investment evaluation approaches 

Categories Investment indicators References 

Quantitative 
Cash flows; payback period; benefit cost 
ratios; internal rate of return; net present 

value 
[33]–[35], [38]–[41], [56]–[61] 

Qualitative Performance evaluation; qualitative 
comparative analysis [14], [62]–[66] 

Both quantitative and 
qualitative Value for Money [7], [8], [10], [46], [51], [54], 

[55], [67] 
 

While considering social PPPs are more related to social benefit rather than revenues or profits, the qualitative 
approaches are thus developed. For example, [62] explored the utilisation of qualitative comparative analysis in 
facilitating the complexity-informed evaluation for PPP projects. In earlier years, [68] integrated qualitative and 
quantitative risk analysis for investment in PPP projects in Indonesia. Some qualitative performance evaluation 
work can also revoke the social benefits thinking of PPPs. For example, [63] evaluated the operational flexibility 
and innovation into the benefits of PPP school projects. [11], [64], [66] proposed a process-based evaluation 
framework for PPP projects, which strategically places an emphasis on value for money to improve the effective 
of performance. Notably, VFM considerations include not only PSC but also a qualitative reflection of other 
factors, such as policy support, quality of service, delivery speed and macroeconomic conditions etc [67]. More 
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examples of research that has considered quantifying qualitative elements in investment decisions include: the 
work by [13] who identified the linkages between a PPPs financial and commercial structure with the quality of 
services received in power stations, or the work of [69]who developed a qualitative evaluation system of VFM 
using analytic hierarchy process. Real option-based approaches have been developed as an approach to 
maximize VFM but validation of these approaches is still required [70], [71]. However, The weight carried by 
these qualitative factors in the actual investment decision appears to vary considerably and there is no definitive 
guidance on how these factors should be considered. Some use weighted attributes others appear to use 
judgement. An ongoing concern in the use of VFM is that decision makers primarily rely on the financial analysis, 
and may inappropriately discount other social benefits and costs that don’t impact directly on the facility being 
examined [45].  

2.3 Research Gap 

Many of the inherent benefits in social PPP projects are non-monetary and evaluation of these factors involves 
significant uncertainty. When considering commercial investments, traditional quantitative analyses include 
consideration of systematic risks in the discount rate, and this is frequently sufficient to compare one project to 
another. In social infrastructure PPPs, the specific project risks and benefits are explicitly considered and thus 
the assumption regarding these risks requires particular attention [72]. Further, it is unpractical for PPPs to 
obtain accurate cash-flow data to achieve such evaluations, because of great uncertainty involved not only 
construction of the infrastructure, but often its long-term operation and maintenance in PPP infrastructure 
projects. The qualitative evaluation could make up the deficits of above financial methods by shedding light on 
considering the non-monetary benefits. However, it is difficult to provide an intuitive determination when making 
investment decisions for future similar social PPP projects. Mostly importantly, the quantitative and qualitative 
evaluations are based on single point estimates of costs and benefits taken at a particular time. Consequently, 
this kind of approach ignores potential fundamental changes over project’s life cycle time.  

The proposed evaluation approach for future social PPP investment are advantageous at clarification of cost 
uncertainty and quantification of observed benefits. The indicator of performance reliability, which is described 
as the probability of failure , of a project that does not meet it’s expected outcomes [19] is employed via 
engineering reliability analysis to calculate the impact of cost and benefit changes over a project life cycle. It 
can be used as an investment index for the future similar projects. Though[73] proposed to use this approach 
to focus on reliability and economics for infrastructure projects, There is limited specific research into the any 
enhanced benefits for social infrastructure investment procured under a PPP arrangement. These qualitative 
aspects include the quality of service delivered, the level to which community expectations are met and depth 
to which the sustainability development goals of [74] need to be considered. It is expected to  act as a potential 
managerial tool for governments to make logical decisions on social projects investment that more fully 
considers sustainability outcomes.  

3. Reliability-based Investment Evaluation Approach 

3.1 Quantifying Project Life Cycle Cost 

Industry accepts the basis of using cost-benefit analysis, and governments often use a benefit to cost ration as 
an important criterion to select favorable investment [75]. [58] applied cost-benefit analysis as a part of project 
sustainability assessment, which indicates cost performance as an important consideration for achieving 
sustainable projects. The approach being developed in this study extends cost benefits analysis to the specifics 
of social PPPs, and then to incorporate uncertainty that may vary with time via engineering reliability analysis. 

In considering costs associated with social PPPs, the featured payment mechanism is considered where the 
total cost is initially financed by ‘Project Co’ and then repaid by government during project concession period 
(generally via quarterly service payments), normally between 25 and 30 years. It is worth mentioning that total 
cost of social PPPs can be composed of construction costs, finance cost, operation cost and whole of life 
maintenance and refurbishment cost. In the development of quantifying cost performance in this approach, 
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operational costs are defined to include all ongoing costs, e.g., maintenance cost, rehabilitation cost, cleaning 
cost, etc. From the perspective of contract, the total payments made by government are the summation of the 
quarterly service payment (𝑄𝑄𝑄𝑄𝑄𝑄) through the whole concession period, (refer eqn 1). 

𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇 = �
𝑄𝑄𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡

(1 + 𝑖𝑖)𝑇𝑇
𝑇𝑇

𝑡𝑡=1
(1) 

Where 𝑖𝑖 is the discount rate. T means the term of the concession period. 

Over the long term life of a social PPP, there will invariably be the need for changes or additional services, the 
direct impact on cost performance of such changes remains a concern for both the public and private sector 
[76]. Minor changes are often envisaged in the original contract and these specific changes are dealt with via 
either preidentified projects or through mechanisms to undertake minor works. Price adjustments to the payment 
regime follow the contract. From time to time there may be a requirement for a major modification to the 
agreement. These modifications are not generally envisaged by the contract, but a clear mechanism is included 
in the contract through which price and scope adjustments can be determined. Cost adjustments associated 
minor works changes are reflected in the model by (𝑇𝑇𝑚𝑚𝑚𝑚) and modifications are reflected by (𝑇𝑇𝑚𝑚). Should 
“Project Co” not deliver the contracted services to an agreed standard, government may abate part of the 
quarterly payment, termed 𝑇𝑇𝑎𝑎. Therefore, the actual sum paid,i.e.,  𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞, is based on an adjusted cost base. The 
actual cost to government (𝐴𝐴𝑇𝑇) and total cost (𝐴𝐴𝑇𝑇𝑇𝑇) considering the cost uncertainty at the year 𝑡𝑡 and 𝑇𝑇 can be 
represented as detailed in eqns 2 and 3. 

𝐴𝐴𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 =
𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞,𝑡𝑡 +  ∑ 𝑇𝑇𝑚𝑚𝑚𝑚,𝑚𝑚,𝑡𝑡

𝑀𝑀𝑡𝑡
𝑚𝑚=1 + ∑ 𝑇𝑇𝑚𝑚,𝑛𝑛,𝑡𝑡

𝑁𝑁𝑡𝑡
𝑛𝑛=1

(1 + 𝑖𝑖)𝑡𝑡
(2) 

𝐴𝐴𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇 = ∑ 𝐶𝐶𝑞𝑞𝑞𝑞𝑞𝑞,𝑡𝑡+∑ ∑ 𝐶𝐶𝑚𝑚𝑚𝑚,𝑚𝑚,𝑡𝑡+
𝑀𝑀𝑡𝑡
𝑚𝑚=1

𝑇𝑇
𝑡𝑡=1

𝑇𝑇
𝑡𝑡=1  ∑ ∑ 𝐶𝐶𝑚𝑚,𝑛𝑛,𝑡𝑡

𝑁𝑁𝑡𝑡
𝑛𝑛=1

𝑇𝑇
𝑡𝑡=1

(1+𝑖𝑖)𝑇𝑇
(3) 

The index has been illustrated in the Table 2. 

Table 2. Index Description 

Index Explanations Values 

𝐴𝐴𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇 The actual total cost borne by the government at the year 𝑇𝑇 Provided by Equation (3) 

𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞,𝑡𝑡 The cost of quarterly service payment (𝑇𝑇𝑞𝑞𝑞𝑞𝑞𝑞) at the year t Historical data, predicted using time-series 
algorithm in MATLAB 

𝑇𝑇𝑚𝑚𝑚𝑚,𝑚𝑚,𝑡𝑡 
The cost of minor works (𝑇𝑇𝑚𝑚𝑚𝑚)  due to government for the 

𝑚𝑚𝑡𝑡ℎ time at the year t 
Historical data, predicted as normal 

distribution variable 

𝑇𝑇𝑚𝑚,𝑛𝑛,𝑡𝑡 
The cost of modifications (𝑇𝑇𝑚𝑚𝑚𝑚)  due to government for the 

𝑛𝑛𝑡𝑡ℎ time at the year t 
Historical data, predicted as normal 

distribution variable 

𝑄𝑄𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 
The planned quarterly service payment (𝑄𝑄𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔) in the 

contract 
Historical data in the contract 

𝑇𝑇𝑇𝑇𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇 The total cost borne by the government specified in the 
contract at the year 𝑇𝑇 Historical data in the contract 

𝑖𝑖 Discount rate, indicating the value of time in the investment 
evaluation process 2.85%, usually in the project summary report 

𝑚𝑚𝑡𝑡 Total times of minor works at the year t Historical data, predicted as random variable 

𝑛𝑛𝑡𝑡 Total times of modifications at the year t Historical data, predicted as random variable 

T The length of concession period Usually, 25 or 30 years 

 

Typically, the cost performance of infrastructure project is often in the form of cost growth, i.e. the percentage 
difference between the final contract amount and the contract award amount [77], [78], thus for social PFIs,  
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cost performance can be expressed as: 

𝑐𝑐𝑡𝑡(%) = 𝐴𝐴𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡

𝑄𝑄𝑄𝑄𝑄𝑄𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡
(4) 

𝑐𝑐𝑇𝑇(%) = 𝐴𝐴𝑇𝑇𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇

𝑇𝑇𝐶𝐶𝑔𝑔𝑔𝑔𝑔𝑔,𝑇𝑇
(5) 

A further cost performance assessment normalization is conducted to unitize cost and non-monetary benefits 
in social PPPs. In this study, a scale from 1 to 7 are used to replace the measurement of 𝑐𝑐𝑡𝑡, in which the cost 
overrun of -20%, 0%, 20% respectively representing the score of 1, 4 and 7, as illustrated in Fig 1. The higher 
scores, the worse cost performance. 

 

Fig 1. Cost Performance Assessment Normalization in Social PPPs 

3.2 Quantifying Observed Benefits 

Quantifying non-monetary benefits is the key point in the investment evaluation process of social PPPs, 
particularly for the decision-making of government. In this study, the quantifying of non-monetary benefits could 
provide a trade-off against the cost in social PPPs. However, the literature reviews show the benefit derived 
from social PPPs is complicated to capture also has not been valued in comparation with cost. In order to 
establish the benefit model in social PPPs, multi-criteria analysis, which has already been used in performance 
assessment of healthcare [79]transport projects [80] and sustainable water supply [81] is employed in this part 
to evaluate observed benefits. Multi-criteria analysis enables to evaluate what extent that the project satisfies 
performance criteria and thus has been the popular method for comprehensive assessment of economic, social  
and environmental benefits [58]. Here, a further improvement to combine multi-criteria analysis with analytic 
hierarchy process (AHP) [82] is adopted to quantify the observed non-monetary benefits of social PPPs, 
considering what and how the social infrastructure delivered is more highlighted than economic benefits. This 
part will shed light on the quantification of project benefit from two perspectives in [74], i.e., delivery of service 
and attracting and retaining the public. Three detailed steps are introduced for application in following process 
of framework test.  

3.2.1 Identifying benefit categories derived from social PPPs 

The identification of social PPPs benefit categories is a fundamental step for the quantification of non-monetary 
benefit in the reliability-based investment evaluation approach. Unfortunately, full benefit profile for social PPPs 
is difficult to obtain from literature. Under these circumstances, the adaptation of assessment indicators used in 
PPP sustainability from [83], [84] along with an in-depth expert interview, may be the best approach for this 
step. The benefit categories and its sub-items are listed in Table 3.  
 
Table 3. Benefit Categories for Social PFIs 
 

Benefit Categories Sub-items 

Delivery of service 
 (𝐷𝐷𝐷𝐷𝑄𝑄) 

𝐷𝐷𝐷𝐷𝑄𝑄1: performance of output specifications in terms of 𝐷𝐷𝐷𝐷𝑄𝑄 
𝐷𝐷𝐷𝐷𝑄𝑄2: performance of operations and cleaning activities in terms of 𝐷𝐷𝐷𝐷𝑄𝑄 

𝐷𝐷𝐷𝐷𝑄𝑄3: performance of maintenance activities in terms of 𝐷𝐷𝐷𝐷𝑄𝑄 
Attracting and 

retaining the Public  
(𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄) 

𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄1: performance of output specifications in terms of 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄 
𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄2: performance of operations and cleaning activities in terms of 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄 

𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄3:  performance of maintenance activities in terms of 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄 
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3.2.2 Allocating weights of benefit categories through AHP 

Observed benefit of social PPPs can be expressed as: 

𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 = 𝑤𝑤𝐷𝐷𝑔𝑔𝑄𝑄� 𝑤𝑤𝑖𝑖 ∙ 𝐷𝐷𝐷𝐷𝑄𝑄𝑖𝑖
3

𝑖𝑖
+ 𝑤𝑤𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄� 𝑤𝑤𝑗𝑗 ∙ 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄𝑗𝑗

3

𝑗𝑗
(6) 

 
𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 represents observed benefit for government at the year 𝑡𝑡; 𝑤𝑤𝐷𝐷𝑔𝑔𝑄𝑄 and 𝑤𝑤𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄 are assumed equally in this 
research, thus 50% for each other; 𝑤𝑤𝑖𝑖, 𝑤𝑤𝑗𝑗  (𝑖𝑖, 𝑗𝑗 = 1,2,3) mean the weight sub-items of 𝐷𝐷𝐷𝐷𝑄𝑄𝑖𝑖 and 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄𝑗𝑗 by using 
AHP method, which is popular in multi-criteria analysis [85]. The AHP procedure is simply showed here:  After 
identifying benefit categories and sub-items in the first step, a target-evaluation level, including respective 𝐷𝐷𝐷𝐷𝑄𝑄𝑖𝑖 
and 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄𝑗𝑗, is set up to figure out the pairwise comparison matrix 𝐴𝐴 by comparing their importance to each benefit 
categories, thus 𝐷𝐷𝐷𝐷𝑄𝑄 and 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄. For example, the element  𝑎𝑎𝑖𝑖𝑗𝑗 in 𝐴𝐴 represents the importance of the 𝑖𝑖th element 
compared to the 𝑗𝑗th element. To get  𝑎𝑎𝑖𝑖𝑗𝑗 , the opinions of experts are collected using 1-9 rating scale, i.e., 
1,3,5,7,9, where 1 represent equal importance, 9 represent extreme importance. In usual, an element receiving 
higher rating is viewed as superior compared to another one. 

𝐴𝐴 = �
𝑎𝑎11 ⋯ 𝑎𝑎1𝑗𝑗
⋮ ⋱ ⋮
𝑎𝑎𝑖𝑖1 ⋯ 𝑎𝑎𝑖𝑖𝑗𝑗

� (7) 

𝑎𝑎𝑖𝑖𝑗𝑗 complies with the following rules: 𝑎𝑎𝑖𝑖𝑗𝑗 = 1,3, … 9 𝐷𝐷𝑜𝑜 1, 1 3⁄ , … , 1 9⁄ , 𝑎𝑎𝑖𝑖𝑗𝑗 = 1 𝑎𝑎𝑗𝑗𝑖𝑖⁄ , and 𝑎𝑎𝑖𝑖𝑖𝑖 = 1 for  𝑖𝑖 and 𝑗𝑗.  

Once the pairwise comparison matrix 𝐴𝐴 is created, the normalized pairwise comparison matrix 𝐴𝐴𝑛𝑛 is derived 
through making the sum of the entries on each column equal to 1, i.e.: 

𝑎𝑎�𝑖𝑖𝑗𝑗 =
𝑎𝑎𝑖𝑖𝑗𝑗

∑ 𝑎𝑎𝑖𝑖𝑗𝑗𝑚𝑚
𝑖𝑖=1

(8) 

𝑚𝑚 is the number of elements in the evaluation level, here 𝑚𝑚 = 3; the weight of each element is computed by 
averaging the elements on each row of 𝐴𝐴𝑛𝑛: 

𝑤𝑤𝑖𝑖 =
∑ 𝑎𝑎�𝑖𝑖𝑗𝑗𝑛𝑛
𝑗𝑗=1

𝑚𝑚
(9) 

3.2.3 Measuring observed benefits of social PPPs. 

The last step is data collection based on the non-monetary benefit categories. Using questionnaire in the 1-7 
score Likert scale in accordance to the cost measurement, can get measurement matrix 𝑄𝑄. As shown in fig 2, 
the higher score is, the better benefit it achieves. It is worth mentioning that the normalization scale (1-7) is 
aimed for the normalization of comparison between cost and benefit.  

 

Fig 2. Observed Benefit Assessment Normalization  

Finally, a general score representing how the benefit is achieved is derived by multiplying 𝑺𝑺 and 𝑾𝑾, i.e., 

𝐵𝐵𝑔𝑔𝑔𝑔𝑔𝑔,𝑡𝑡 = 𝑤𝑤𝐷𝐷𝑔𝑔𝑄𝑄� 𝑤𝑤𝑖𝑖 ∙ 𝐷𝐷𝐷𝐷𝑄𝑄𝑖𝑖
3

𝑖𝑖
+ 𝑤𝑤𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄� 𝑤𝑤𝑗𝑗 ∙ 𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄𝑗𝑗

3

𝑗𝑗
= 𝑾𝑾 ∙ 𝑺𝑺 (10) 
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The detailed process for the benefit quantification is illustrated as the Fig 3. 

 

Fig 3. Observed Benefits Assessment Process in Social PPPs 

3.3 Reliability Evaluation for Social PPP investment 

Based on reliability analysis, the probability of failure (𝑄𝑄𝑓𝑓,𝑡𝑡) is figured out by eqn 11 [73]: 

𝑄𝑄𝑓𝑓,𝑡𝑡 = 𝑄𝑄(𝑁𝑁𝑄𝑄𝑁𝑁 < 0) = � 𝐹𝐹𝐵𝐵,𝑡𝑡(𝑡𝑡)𝑓𝑓𝐶𝐶,𝑡𝑡(𝑡𝑡)𝑑𝑑𝑡𝑡
∞

0
(11) 

Where 𝐹𝐹𝐵𝐵,𝑡𝑡(𝑡𝑡) is the cumulative distribution function of observed benefits,  𝑓𝑓𝐶𝐶,𝑡𝑡(𝑡𝑡) is the density distribution 
function of cost at time 𝑡𝑡, 𝑁𝑁𝑄𝑄𝑁𝑁 here meaning the quantified observed benefits over cost. Cost and observed 
benefit variables are assumed as normally distributed for simplicity, in which 𝜇𝜇𝐶𝐶,𝑡𝑡 and 𝜇𝜇𝐵𝐵,𝑡𝑡 are the mean value of 
cost and benefit variables, 𝜎𝜎𝐶𝐶,𝑡𝑡 and 𝜎𝜎𝐵𝐵,𝑡𝑡 are standard deviation depending on uncertainty, then the probability of 
failure (𝑄𝑄𝑓𝑓,𝑡𝑡) represented by NPV < 0, can be expressed as: 

𝑄𝑄𝑓𝑓,𝑡𝑡 = 𝑄𝑄(𝑁𝑁𝑄𝑄𝑁𝑁 < 0) = ∅ � 𝜇𝜇𝐶𝐶,𝑡𝑡−𝜇𝜇𝐵𝐵,𝑡𝑡

�𝜎𝜎𝐵𝐵,𝑡𝑡
2 +𝜎𝜎𝐶𝐶,𝑡𝑡

2
� (12)

Where ∅ is the cumulative distribution function of the standard normal variable; 𝑄𝑄𝑓𝑓,𝑡𝑡  is dependent on the ratio 
between the mean and standard deviation of variable NPV, which is called reliability index: 

Reliability index(𝜃𝜃𝑡𝑡) =
𝜇𝜇𝐵𝐵,𝑡𝑡 − 𝜇𝜇𝐶𝐶,𝑡𝑡

�𝜎𝜎𝐵𝐵,𝑡𝑡
2 + 𝜎𝜎𝐶𝐶,𝑡𝑡

2
(13)

 

Hence, 
𝑄𝑄𝑓𝑓,𝑡𝑡 = 𝑄𝑄(𝑁𝑁𝑄𝑄𝑁𝑁 < 0) = ∅[−𝜃𝜃] = 1 − ∅(𝜃𝜃) (14) 

 
When the data of cost and observed benefit is available at year 𝑡𝑡, the time-dependent probability of failure 𝑄𝑄𝑓𝑓,𝑡𝑡 
for social PPP investment could be calculated. 

In summary, engineering reliability analysis is used to evaluate social PPPs investment through quantifying cost 
and observed non-monetary benefits, which aims to incorporate project uncertainty and explore how the service 
delivered by private sector under PPP mechanism. The reliability-based evaluation approach, inclusing six 
steps, is presented in Fig 4. 

Step 1: Identifying social PPPs research context.  
Step 2: Establishing life-cycle cost and non-monetary benefit model within PPP payment mechanism and 
benefit quantification process.  
Step 3: Collecting data for the input variables in cost and benefit model.  
Step 4: Normalizing cost and non-monetary benefits variables within 1-7 scales, in case of preciseness and 
applicability of following engineering reliability analysis. 
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Step 5: Engineering reliability analysis is employed to explore uncertainty impact on social PPP investment, 
the result of which is in the form of probability of failure 𝑄𝑄𝑓𝑓,𝑡𝑡 and reliability index (𝜃𝜃𝑡𝑡). 

Step 6: Providing practical recommendations for decision-makers regarding further similar social PPP 
investment.  

 
Fig 4. Reliability-based Evaluation Approach for Social PFI Investment 

 

Discussion and Conclusions 

Social PPPs has been playing an important role in society development but also exposed to more uncertainty. 
Government’s investment evaluations of social PPPs are dominated using the public sector comparator (PSC) 
approach. This approach compares the risk adjusted, whole of life estimate of ‘normal’ government delivery with 
that offered by the private sector, which provides a best estimate of the project at pretender, but the approach 
lacks a mechanism to consider changes over time and non-monetary benefit in social PPPs. This is particularly 
highlighted when considering the reality of service outcomes obtained via PPP procurement. This paper seeks 
to improve current social PPPs infrastructure decision-making approach by incorporating time-based scenarios 
and tests of the reliability of costs and non-benefit benefits into the investment decision process. 

The proposed approach is mainly contributed to two parts, one of which is to consider non-monetary benefit of 
social PPPs into investment decisions and the other is to assess investment uncertainty using engineering 
reliability analysis to better measure the value for money of social PPPs. Admittedly, some drawbacks inevitably 
exist. Firstly, this approach considers only non-monetary benefit of social PPPs in terms of delivery of service 
(𝐷𝐷𝐷𝐷𝑄𝑄) and attracting and retaining the Public (𝐴𝐴𝐴𝐴𝑡𝑡𝑄𝑄) into investment evaluation, while a broad picture needed 
to be painted for all-sided benefit profile and sub-items, such as environmental, social, innovation, etc. in the 
future research. Secondly, due to the unavaliability of data in current stage, testing of this improved investment 
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approach has to be conducted in future studies once the intact and authentic data can be obtained. In addition, 
the indicators in this approach could be changed when analyzing other types of social PPP project, but the 
methodology is applicable. Consequently, for further studies, this reliability-based investment evaluation has 
potential to consider full-scale social-environmental cost and benefit of social PPPs into investment evaluation 
and conduct sensitivity analysis on investment uncertainty. Most importantly, this approach can be developed 
to evaluate social infrastructure sustainability, incorporating more refined wider economic or social impact 
analysis, which could encourage to achieve more VFM in social PPPs infrastructure projects.  
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CENTRALISED OPERATION OF RESIDENTIAL BUILDINGS: A CASE 
STUDY OF THE OLD BUDAPEST 

István Hajnal1 
1 BME, Budapest, Hungary 

Abstract  
With the age of Big Data in Facility Management, new systems of centralised operation are now 
available. How do those systems meet inhabitants’ requirements? As a case study from the past, 
socialist Budapest provides 40 years of experience for developers of new building operation systems.  
Budapest’s residential housing stock was operated by a single mega organisation, one centralised, 
state-owned company. The author has researched historical Budapest records of building operation 
from 1950 to 1985, gathering data on the resources used for maintenance and renovation. In parallel, 
data were gathered on customer satisfaction based on selected local daily publications. Under 
Hungarian Socialism, the residential segment and housing was a topic about which the public had limited 
opportunities to voice their criticism. This criticism appeared in various forms: letters to the editor, jokes 
and journalist reports. The housing stock, the applied resources and inhabitants’ opinions were analysed 
together in order to identify trends in the period of centralised operation.  
The study may be used as a significant input for new, intelligent systems of centralised Facility 
Management; however, the study’s applicability may be limited as the political context changes. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction, relevance of the subject, hypothesis

Now considered common knowledge, the real estate sector, and more specifically real estate operation, 
is entering a revolutionary new era. With Big Data, Artificial Intelligence (AI) and the Internet of Things 
(IoT), new, larger than ever, centralised operation systems can be created. The expected benefits of 
this new era are well known; however, many years of experience are still needed to be able to obtain 
and evaluate practical results and consequently fine-tune those systems. The research presented here 
aims to build on the knowledge of the past to inform the future design and deployment of large real 
estate operation systems.  

The period of socialism in Hungary (1946-1990) can be considered as a kind of great experimental 
laboratory. As such, the period has been interpreted as a societal “Petri dish” by scholars who wrote 
critical analyses of socialism as a social order (see [1], [2] and [3]). We believe that this period and its 
social phenomena can also provide useful lessons for the new era of the real estate sector (see our 
previous study on the SMART initiative’s forerunner [4]). During the various periods of socialist central 
control in Hungary, increasing resources were allocated to the maintenance and repair of housing units. 
In Budapest, building operation was centralised to a significant extent during this period. In this study, 
we wish to examine how end-users, i.e. residential perceptions, reflected the increase in resources; 
simply put, whether the additional expenditure incurred by centralisation paid off.  

Our analysis here is not based on using Market Value, as defined by the RICS [5], but the “community 
value”, or “public good”, which is becoming increasingly common in housing market analysis [6]. This 
approach is independent of the prevailing market and price level, so the results obtained in this way can 
be independent of the economic factors at the time and their changes over time. Under socialism, the 
community’s opinion, the “voice” (see Kornai for details, [3]) was mainly expressed through the various 
press products, and the press amplified that voice towards decision-makers and bureaucrats. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-030

Keszthely, Hungary 
20-23 June 2023

229



Accordingly, the research uses a statistical approach to the contemporary press thereby mapping the 
methodology of Stated Preference of community evaluation [7]. 

The hypothesis of the research is that the increase in resources allocated to centralised operation in 
socialist Budapest increased inhabitants’ satisfaction.  

The research period starts in 1960, following the post-World War II reconstruction cycle and the 
consolidation period after the Hungarian Revolution of 1956. The period ends in 1985 with the beginning 
of the mass privatisation of public housing, making the overall study period 25 years. 

After the introduction above, the study follows the following structure: the first section presents the 
relevant literature, first the history of socialist housing operation, and then the literature on modern, 
centralised real estate operation. The second section describes the research methodology and the data 
sources used. The third section presents the research findings, and, in the final section, the lessons 
promised in the introductory part are drawn, the hypothesis is evaluated, the limitations of the research 
are described and the future research programme is presented.  

2. Literature research 

Socialism in Hungary lasted from 1948, “the year of the turning point”, until the change of regime in 
1989, and this period can be divided into four phases [8]. The first phase between 1948 and 1953 was 
the period of post-war reconstruction in terms of the housing market, and the institutional system of 
forced centralisation was also established then. The defining event of the second phase is the 1956 
Revolution and the slow consolidation that followed, a period of turbulence that is also not suitable for 
our analysis. The third period, from 1960 onwards, is called the early Kádár era, while the later years of 
Kádárism, known as Goulash Communism, lasted until the regime change in 1989. During this period, 
from 1985 onwards, mass privatisation of housing began [9], and with that the erosion of the previously 
established centralised system [10]. As such, the period chosen for the present study stretches from 
1960 to 1985, which can be considered as a roughly homogeneous period from the aspect of the real 
estate market. 

Hungarian housing statistics have a long tradition, with very long time series and comprehensive 
analyses available [11]. However, the detailed data of the period are only available in processed form, 
and there is no doubt that authors of the period interpreted such data according to the political needs of 
the moment. It is against this background that we need to assess the available data publications and 
statements. 

The housing stock of Budapest changed significantly over the period. The Second World War caused 
enormous damage to Budapest’s housing stock. According to the data of the census of March 1945, 
more than 70 percent of all residential buildings in Budapest, i.e. over 66,000 housing units, were 
damaged, of which 23.1 percent were severely damaged and 3.8 percent (13,588 residential units) were 
completely destroyed [12]. Data on housing construction in Budapest during the period under review is 
shown in Figure 1. The total number of housing units built exceeded 300,000, resulting in an increase 
of nearly seventy percent on the previous housing stock. At the same time, overcrowding did not 
decrease and housing shortages persisted [13].  
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Fig. 1. Number of newly built housing units in Budapest. Source: [14] 

In the period under review, i.e. from 1960 to 1985, the central body of state construction management 
was the Ministry of Construction and Urban Development [15]. The first department of the Ministry was 
responsible for housing management, while the sixth department was responsible for real estate 
operation [15]. The actual functions of housing operation were transferred to state or local council-owned 
companies [16]. In Budapest, the Budapest Property Management Company (Fővárosi Ingatlankezelő 
Vállalat, FIK) and its directorates coordinated the tasks related to the operation and maintenance of 
state-owned real estate [17], so, in today’s real estate terminology, FIK performed property management 
tasks.  

Nationalisation was a key step in the centralisation of housing management. In 1952, all properties with 
more than six rooms and all state-owned corporate properties with more than 50% state ownership were 
transferred to the ownership of and managed by the Hungarian State [18]. The institutionalisation of 
property management continued until 1960. Direct supervision was transferred from the state to the city 
councils, which set up property management companies for implementation purposes. From 1960, 
records were added to a unified technical register, and this date marks the beginning of an 
institutionalised and permanent centralised operation [15]. In 1971, a so-called housing reform was 
introduced, which regulated and partially opened up the housing market [19]. A change of approach 
occurred in 1981, when the government made housing modernisation and maintenance a priority, 
recognising that mass construction could not address a significant part of society’s housing problem 
[17]. 

Housing management served as a channel for defusing social tensions, and was one of the few topics 
on which the population could express their opinions and criticisms [1]. This opinion was the social 
“voice” that appeared in public discourse, in the daily and weekly press, in literary works and in films [3]. 
There are countless examples of this, but, in Hungarian film art, films parodying the housing situation 
were released almost every year. Undoubtedly, the publications of the period do not represent a 
complete record of public discourse, but their intensity, or changes in intensity, became significant 
pieces of information. 

Real estate operation, or Facility Management (FM) in broader terms, is increasingly characterised by 
centralisation [20]. Integration is possible through the combined deployment of Building Information 
Modelling (BIM), and the Internet-based sensors and actuators (commonly called IoT) developed in 
conjunction with it [21]. The solution is a combination of decentralised control tools and centralised 
management. This minimises the use of human resources while keeping energy costs at an optimal 
level. Such an automated system is easily adaptable and meets flexibility requirements [22].  

Various communities, large companies and municipalities have chosen and are choosing to centralise 
FM activities. In Sri Lanka, the FM integration of similar companies has been proposed by Weerasinghe 
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and Sandanayake  [23]. In Denmark, 96 municipal FM organisations have been merged into a central 
system [24]. Goulden and Spence [25] argue that, in energy procurement practice, centralised FM 
service providers have greater business opportunities. According to Per Anker, the centralisation of FM 
is an advantage for international firms, as it simplifies the management of their business partners [26]. 
Overall, the relevant literature cited here as an example clearly favours the centralisation of FM systems, 
in other words real estate operation. 

3. Research methodology 

The literature of the period, which is still available today, is of course rather limited, but there is a 
summary publication that provides a comprehensive, chronological picture of the real estate operation 
of Budapest [16]. The data presented in this publication were compared with other available sources 
and, as they were found to be of a reasonable order of magnitude, this data set was used for the 
maintenance and renovation section. The national data for centralised real estate operation are not 
known in aggregate, as they were allocated to separate regional companies and their reports were not 
made public. Therefore, in this research we assumed that the change in volumes in the capital and the 
change in national volumes (over the period under study) occurred proportionately. Data on the 
expenditure in Budapest are shown in Table 1 below. Please note that there were no significant price 
increases in the period under review, so any inflationary effect can be discounted in the following 
analyses. 

     Table 1. Housing operation expenditures of the municipality of Budapest. Source: own editing 

 1951 1952 1962 1970 1972 1975 1980 1981 1982 
Number of buildings managed by the capital 14,848 34,326 35,573  35,264     
Number of flats managed by the capital 176,250 358,504 388,289  400,776     
Proportion of flats to the total of housing units in 
Budapest 

37.90%    60.50%     

          
Amount spent on housing renovation (million 
HUF) 

0 0 620 518 1,027 702 1,056 1,255 1,483 

Amount spent on housing maintenance (million 
HUF) 

29 148 380 336 513 558 1,072 1,248 1,341 

Housing maintenance cases (units) 33,773 197,036 656,196  441,299     
          
Total number of blue-collar employees of 
Budapest’s property management companies 

   5,360  5,845 6,043 6,077 6,083 

 

The Arcanum Digital Repository (www.arcanum.hu) and its built-in search engine were used for the 
social “voice”,. This data repository contains the Hungarian press products, including national and 
county newspapers and weekly publications, in a digital and searchable form. Some specific journals 
have not yet been digitised in the repository, but those presumably also provided less space for the 
community “voice” to be heard. The database provides a unique opportunity to study the contemporary 
press, and is used by researchers from a wide range of disciplines.  

The 1949 Constitution declared freedom of the press to be implemented “in the interests of the workers”. 
In the socialist period, the press was neither free nor independent, but people of the time could read 
“between the lines” and editors, depending on their individual preferences, did send such messages to 
the public [27].  

In the Arcanum Digital Repository, we conducted a systematic search for word combinations that deal 
with the quality and maintenance of housing and its shortcomings and that may have appeared in 
nationally distributed newspapers. The search terms given in various combinations were: Property 
Manager, IKV1, Housing Unit, Complaint, Fault. For the period between 1960 and 1985, these complex 
searches returned results in about 300 publications. After reviewing each of those results, 216 different 

1 Common Hungarian abbreviation for Property Management Company 
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and relevant publications were found.  Since the location concerned could not always be identified, it 
was assumed that the intensity of the national records was the same as that of Budapest.  

The 216 “voices of complaint” were processed as a time series and the results are shown in Figure 2 
below. The number of records increases over time, with a clear surge in the late sixties, but the trend 
seems to have stabilised from 1971 onwards. Without doubt, these publications could have been 
influenced by several factors: on the one hand, newspaper editors select the topics, and, due to external 
or internal editorial principles (censorship) they cannot publish the same topic several times. On the 
other hand, the loosening up of the socialist system provided steadily increasing (of course still limited) 
freedom of speech, and negative opinions could become more easily heard. Given the very large 
number of press products included in the survey (4383 titles at the time of the query), we believe that 
these two aspects result in minimal bias.  

 

Fig. 2. Complaint "voice" - number of press releases. Source: own research 

4. Research findings and their interpretation 

The previous chapter presented the basic data for the research. To test the hypothesis, we produced a 
time series of changes in the managed housing stock, using the number of housing units built and the 
known variables from previous years. This time series for the number of housing units was then 
compared with the time series for operation and maintenance extrapolated from existing data. A 
resource index per housing unit was generated from the known maintenance data (total annual 
expenditure, headcount of maintenance staff, number of cases). The index was constructed from the 
available variables using the following formula while taking into account the relative weight of each item: 

Annual expenditure index = Maintenance amount per housing unit (HUF) + Maintenance cases per 
housing unit (number) + Physical maintenance staff per 100 housing units (staff headcount) 

The annual breakdown of the expenditure index thus produced is shown in Figure 3. 
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Fig. 3. Annual expenditure index Source: own editing 

Comparing the second and third figures, it can be seen that the expenditure index is on an upward trend, 
while the number of complaints, i.e. the “voice”, is static. The period 1971-1974, when expenditure 
increased significantly is interesting; in 1974, the number of complaints fell significantly, presumably 
(although it cannot be verified statistically) due to the allocation of additional resources. This is the period 
of housing reform referred to in the literature review. The community was generally positive about the 
changes, so this may have been one reason for the “voice” being silent for a while. 

However, in later years, the expenditure index doubled, clearly indicating central efforts for the 
maintenance of the housing sector as dictated by politics. The public voice, however, remained the same 
in character as in previous years. Starting in 1980, the number of complaints fell by about a third and 
remained at this level. It can be seen that as the number of housing units increased, the “voice”, i.e. the 
general dissatisfaction of society, did not become stronger, while the same “voice” did not react directly 
to the increase in expenditure, as the time series shows.  

Our hypothesis that the increase in resources allocated to centralised operation increased the 
satisfaction of home-users is not supported by this research findings. At the same time, it can be 
concluded that, with the mobilisation of additional resources, the number of complaints in an increasingly 
liberated society stayed the same rather than increased. 

5. Conclusion and further directions of research 

Analysing the past can provide useful lessons for shaping our future. This universal truth is also 
applicable to the real estate sector. Another old saying is that social attitudes are deeply rooted and can 
only be shaped and reversed slowly. The findings of this research support this view: in the socialist 
Budapest of the past, society’s “voice” did not become silent, even after centralisation and the doubling 
of expenditure, yet these expenditures and political efforts were sufficient to keep criticism at its usual 
level and not to increase it.  

So what is the conclusion to be drawn from today’s centralisation efforts? As the authors cited above 
argue, real estate operation and FM are moving towards centralisation. The trend cannot be stopped, 
but the creators of new systems must recognise that end-user attitudes are difficult to change. With 
proper communication and preparation, the intensity of complaints can be reduced, but it is expected 
that it will take a long time until the public do not criticise new initiatives but support them. 

The present research is limited in that only partial expenditure data were available, and only the trend 
shown by them was used. If a complete time series can be found in archival data for an event in the 
period of socialism, the analysis will be richer and can be evaluated by statistical methods.  
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The socialist past in Hungary can serve as a good test case for analysing other recent changes in the 
real estate market. Such a test could be recommended on the efficiency of building management, the 
introduction of social housing units or the effectiveness of public regulation of real estate traffic.  
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Abstract 
Public-private partnerships (PPPs) arrangements have proved to play a key role in the enhancement of 
the infrastructure development globally. South Africa’s adaptation of PPPs strategies in infrastructure 
development, allows the government and private sector to work together in the delivery of much-needed 
public infrastructure services. This paper aims to summarise the views of professionals in South Africa's 
public-private partnerships (PPPs) platform on significant challenges facing the market for PPPs or 
policy framework in South Africa, concerning the challenges and how can we approach them. To achieve 
the aim of this paper, both primary and secondary data was sourced. The secondary data was sourced 
through an in-depth review of the literature. Quantitative method was used to source secondary data; 
the data collected using a structured questionnaire. The sample of 50 respondents was approached to 
partake in a study, respondents included built-environment professionals from both the public and 
private sector who are knowledgeable about PPPs. 34 of the 50 completed and returned questionnaires 
(a response rate of 68%). Following analysing the data received, the findings revealed that PPPs is a 
feasible option to enhance the delivery of infrastructure in South Africa; however, the government is 
reluctant to partner with private sector.  Findings further revealed that the main factors hindering the 
growth of PPPs utilisation in South Africa is lack of PPPs awareness and insufficient research on the 
PPPs model. Besides, skills shortage, policy bias toward traditional public procurement, tuning of 
municipal PPPs legislation besides capacity constraints were also found to be a problem. This research 
calls out to the infrastructure development entities to pay particular attention to skills development in 
both public and private sectors, in order to have capacity and ability to adopt PPPs model in 
infrastructure development and have equal responsibility in ensuring that PPPs are advanced 
accordingly. Moreover, expedite constructive discussions on the challenges addressed and jointly 
develop robust solutions. 

Keywords: infrastructure development, public private partnerships, public private partnerships challenges. 

1. Introduction

In the past 20 years, Public-Private Partnerships (PPPs) have been key item on the public agenda as a 
popular international strategy for enhancing infrastructure delivery. There has been much written on 
PPP over time, and a range of explanations have been canvassed. From the perspective of the OECD, 
PPPs are defined as “contractual agreements between the government and a private partner whereby 
the latter performs and funds public services using a capital asset while sharing the associated risk” [1]. 
PPPs in South Africa are essential models that can be utilised to enhance infrastructure delivery as 
envisioned on the Accelerated and Shared Growth Initiative for South Africa. 

However, infrastructure development is the key element of the country’s development, economic growth, 
and social welfare. According to [2], infrastructure development is a catalyst that can be utilised to 
improve the economic growth and the social development of the country. Majority of developing nations 
are incapable of delivering sufficient critical infrastructure which results into the economy of the country 
collapsing due to the high deficit in a fiscal [3]. Therefore, the delivery of critical infrastructure through 
Public Private Partnerships (PPPs) could assist in narrowing the gap between the demand and the 
delivery of infrastructure that exists in developing countries. PPPs in South Africa are governed by the 
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Public Finance Management Act (PFMA), which ensures that the partnership that the public and private 
enter is beneficial to all the stakeholders. 

In 2000, the South African National Treasury established the Public Private Partnerships (PPPs) Unit 
that will oversee the South African PPPs structure. The PPPs Unit plays a critical role in the 
establishment of PPPs as it has an authority to approve or disapprove proposed PPPs agreements [4]. 
According to [5], these partnerships are common and usual for all the stakeholders involved in the 
partnership to be critical of each party’s approach and methodology concerning the partnership. 
According to [6], the dialogue of PPPs in South Africa has come to be characterised by scepticism and 
suspicion amongst the sectors in the PPP stage. This suspicion has limited productive discussions on 
how to adequately improve PPPs in the country. Furthermore, it is through the merger of the public and 
private sectors that we notice how impactful the unified partnership can be on service delivery. Despite 
this progress, there are different challenges that the PPP adaptation still faces, and this will be discussed 
in this research. 

2. Literature Review 

The public-private partnerships (PPPs) mean a commercial transaction between the government and 
the private organisation, and that organisation is handed over rights to deliver the service or asset on 
behalf of the government using their resources, expertise, and innovation; and utilise that service or 
asset for its commercial gain for an agreed period then hand it over to the government for free. [7] 
assumed that “PPPs are institutional and legal contractual partnership arrangements between the public 
and the private sector for the transfer of goods or services to the public.” According to [8], PPPs 
arrangements are the long-term contract between the public and private sector whereby the private 
sector builds an infrastructure with their own money and resources, own and maintain it over the agreed 
period and all the risk lies with the private sector. In addition, public-private partnerships (PPPs) 
arrangement the private entity recoup the money they spent to develop an infrastructure by either 
charging the end user for the usage of the infrastructure are paid directly by the government over the 
agreed period [9]. [9] further stated that at the end of the contract the private sector hand over the 
infrastructure to the government at no cost, which is also viewed as an opportunity for the government 
to deliver infrastructure quicker without the associated ballooning of public debt. 

According to [10], the public-private partnerships (PPPs) are becoming a more common method to 
deliver infrastructure assets around the world, which indicate that there is a fundamental shift in between 
the public and private sectors relationship. The common infrastructure projects that are delivered 
through PPPs are social and economic infrastructure projects i.e., hospitals, schools, prisons, transport 
infrastructure, water and sanitation plants and telecommunication [9]. Even though the PPPs are 
beneficial to both the government and the private sector entity; it is the government that is on the high 
gain side as the PPPs enables the government to deliver a much-needed public infrastructure at the 
shorten time with the use of private financing, and they get to deliver infrastructure to the public without 
bearing any risks, as the financial, construction, operations and maintenance risks are transferred to the 
private sector during the cession period. 

2.1. Public-Private Partnerships Towards South African Infrastructure Development 

The concept of the Public-private partnerships (PPPs) is a fairly new method of delivering infrastructure 
in South Africa, hence there are not many PPPs infrastructure assets that have been developed in the 
country thus far. Even though there have been efforts in the past two decades to improve the state of 
infrastructure in South Africa, however, the country is still struggling to find means to deal with political 
and institutional challenges that emerges during the implementation of PPPs arrangements. Delivering 
and managing services and public infrastructure through PPPs reflects as an excellent public 
management. [9], stated that benefits of utilising PPPs include the provision of finance by the private 
partner, substantial risk transfer away from the public sector and efficiency gains.  [11] highlighted that 
even though PPPs arrangement are deemed to be fair and beneficial to all stakeholders, the private 
sector still needs to be monitored throughout the entire duration of the cession to ensure that quality is 
maintained.   
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2.2.   Challenges Facing Public-Private Partnerships in South Africa 

[12] alluded that Public-private partnerships (PPPs) projects normally take longer to implement than 
traditional procurement methods, and it is justifiable because it takes time and needs considerable 
attention to prepare for this kind of transactions. [13] further stated that leadership on PPPs at higher 
levels of government was lacking considerably, [9] supported this statement by stated that implementing 
agencies within government spheres were not aligned to acquire the set of skills that required to 
undertake the PPPs projects. Furthermore, there seems to be a lack of PPPs understanding from 
province to province, line department to line department and the PPPs knowledge is often not active at 
the highest political leadership level. Capacity and skills shortage was one of the critical challenges as 
enlisted by [9]. 

Sufficient time and resources are required for the country to have good Public-private partnerships 
(PPPs) agreements. Treasury looks at value for money, affordability and appropriate risk transfer, and 
it is important to note that meeting skill shortages should be a vital component of approval.  

3. Research Methodology 

The research methodology employed to collect, analyse and interpret data was thoroughly selected as 
the best method to achieve the aim of this study. Hence, a quantitative method was utilised to identify 
the challenges facing Public-private Partnerships (PPPs) for South African Infrastructure development. 
In addition, a quantitative method was used to collect, analyse and interpret data because it enables the 
researcher to easily describe the present status of what exists without manipulating any facts. The study 
was conducted in Republic South Africa, Gauteng province and the respondents for the study included 
built-environment professionals who are working for both the public and private sector and are 
knowledgeable about PPPs. 

The sample for the study was selected using the purposive sampling, where 50 respondents were 
approached to partake in a study. Only 34 of the 50 completed and returned questionnaires (a response 
rate of 68%). Close-ended questionnaire was created using the literature reviewed and were distributed 
to the respondents in a link via email. The respondents chose their response using a five-point Likert 
scale, which was then converted into Mean Item Score (MIS) for each challenge. The content of the 
questionnaire for this study was structured in a manner that it strives to obtain as much accurate 
information as possible; to obtain the highest level of co-operation from the nominated respondents and 
that it is also easy to facilitate the collection and analysis of the data.  

The data received was then analysed and interpreted using the IBM Statistical Package for Social 
Science (SPSS) to provide descriptive statistic results, i.e., mean item scores, frequency distributions 
and percentages 

4. Findings and Discussion 

4.1. Challenges in the adoption of Public-Private Partnerships (PPPs) in South Africa 

Based on the ranking (R) of the relative importance indices for the listed factors (see Table 1.1). It is 
quite apparent through the median item score (MIS) that majority of the respondents indicated that there 
is insufficient capital to deploy successful PPP deals in South Africa for infrastructure development (R=1; 
MIS=4.07). Suspicion and mistrust amongst the sectors were ranked second (R=2; MIS=3.97), 
Government policies being biased towards traditional procurement was ranked third, and the lack of 
PPPs awareness was also ranked third with a score of 3.85 and followed by other challenges as shown 
in the table according to the MIS ranking. 
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Table 1: Challenges in the adoption of public private partnership in South Africa 

 

 

 

 

 

 

 

 

 

 

Findings from the survey support that many challenges remain in Public-private Partnerships (PPPs) 
skills accumulation. [4], further states that disagreements between the two sectors is also a distinct 
challenge and this was clearly relayed in the findings. Insufficient funds for implementation of PPPs 
projects supports the work by [4]. One is persuaded to say that the capacity and the lack of skills is the 
influencing challenge towards the lack of implementing of PPPs project. In the absence of such 
capability, certain inherent inefficiencies associated with the public sector act as an inhibitor of the PPPs 
process.  

5. CONCLUSION AND RECOMMENDATION 

The success of Public-private Partnerships (PPPs) requires interaction and cooperation from different 
stakeholders, as well as the integration of different factors. The findings revealed that there is policy bias 
towards traditional procurement methods. Moreover, there is a lack of trust between the public and 
private sectors, and there are disagreements concerning risk transferring. Findings also reveal the lack 
of PPPs awareness and insufficient research on PPPs is a major challenge in adoption Public-private 
Partnerships (PPPs) in South Africa. The government still needs to pay particular attention to acquire 
PPPs related skills and use those skills find means to attract private sector to inject funds towards PPPs 
projects. The paper explored PPPs in South Africa and the challenges it currently faces. The results 
were verified against information obtained from a range of literature reviews on public-private 
partnerships. The study revealed that there are still essential challenges in fast-tracking infrastructure 
development and that the centre should be placed around Public-private Partnerships (PPPs) education. 
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Abstract 
Construction industry in Korea has grown based on apartments. Tiles are installed in most of bathrooms 
of apartment houses so the numbers of tiles are huge to manage. Therefore, this paper proposes a 
computer vision-based model for automated tile counting. This model uses line detection and rectangle 
packing algorithm. The results of proposed model appeared that the average of accuracy in line 
detection and intersection points extraction stage is 98.8% with standard deviation of 1.2%. In 
calculation stage, the proposed model shows 90.1% of accuracy with standard deviation of 9.4% This 
implies model can solve the overcounting problem by quickly and accurately calculating the number of 
tiles with images acquired by the inspector's mobile phone in the field. Furthermore, it can contribute to 
creating a transparent construction industry. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: automated counting, computer vision, rectangular packing, tile work,  

1. Introduction

Korea's housing type has grown based on apartments, and according to the Population and Housing 
Census [1] the number of houses nationwide as of 2021 was about 18.8 million, of which 11.94 million 
were apartments, accounting for 63.5% of the total. Based on this type of housing, Korea's construction 
industry has grown based on apartment buildings, especially focusing on high-rise apartments. 

Most of the bathrooms in apartment houses in Korea are finished with tiles, which is one of the work 
types with the largest number of resource inputs. In general, since the size of the bathroom does not 
match the multiple of the standard tile, the corner part is finished with tiles be cut. These characteristics 
of the tile work make the conventional method of calculating with the human eye take a long time and 
produce inaccurate results such as overcounting the number of tiles used 

Various studies have been conducted for automating the tile work. Wu et al [2] proposed a model to 
optimize floor tiles through BIM models at the design stage. Lin et al [3] proposed a model to investigate 
the alignment of tiles through computer vision. However, there are few research on the calculation of 
precise quantity of tiles including converting the nonstandard tiles to the standard tiles. 

Therefore, this study proposes an automated model that counts the number of tiles during construction 
using computer vision. The proposed model are verified through the experimental study comparing the 
results by the proposed model and the manual calculation of the used tiles. 

2. Literature Review

Computer vision, which belong to visual intelligence among artificial intelligence, is a field that enables 
computers to extract meaningful meaning from images like human eyes. With the remarkable progress 
of computer vision, automation technologies are being actively studied in various industries including 
the construction industry. In relation to earthworks, Kim et al [4] tried to interaction analysis through 
activity identification of earth moving excavator and dump truck. Yang Li et al [5] proposed real-time 
rebar counting through the YOLOv3 model. In particular, Hui et al [6] conducted a study of automated 
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brick for façade in video frame, but there is limitation of not calculating the cut bricks as a complete brick  
that causes overcounting in progress estimation. 

3. Methodology 

3.1. Model Configuration 

The characteristic of tile work is that 1) due to grouting work to fill the gap of tiles, square-shaped joints 
are inevitably formed for each tile. 2) There needs to be cut and install tiles on the edge of the remaining 
wall after attaching tiles. Using the characteristics of these tile works, each step of the model can be 
performed based on the joint line, and the validity of this model is verified through a method of calculating 
the number of uncut tiles using cut tiles. The overall flow of the proposed model is shown in Figure 1.  

The proposed model proceeds from the tile-constructed wall picture to 1) line detection, 2) intersection 
points extraction, and 3) calculation. 

3.2. Line Detection 

In the Line detection stage, the area of the tile can be distorted by perspective if the picture of the 
inspector is not taken from the front, so the area distortion of the tile is minimized by flattening the picture 
through the homography algorithm [7]. The method of the homography algorithm is as follows. In order 
to homography the image, the process of defining the four vertices of the square must be preceded, and 
when specified by the performer, a conversion matrix is generated based on this, and it acts on each 
pixel and spreads it in the forward direction. 
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The edges of the joint are extracted using the canny edge algorithm from photos with corrected 
perspective through homography. At this time, since the color contrast between the joint line and the tile 
is high, the canny edge threshold value is set high. Line detection is performed for each tile joint through 
houghline transform through the extracted edge. The K-means clustering algorithm is used to divide the 
detected line into vertical and horizontal lines. K-means clustering has the disadvantage of not 
performing well if the number of clusters, that is, k-value, is not appropriate, but in the case of the line 
to be detected, it is fixed vertically and horizontally at 2. The formula of the k-mean algorithm is as 
follows. 

Fig. 1. Overall flowchart of proposed model 
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3.3. Intersection Points Extraction 

In the line detection step, the intersection of each vertical and horizontal line can be extracted through 
a line divided vertically and horizontally. However, even in the Hough Line Detection stage, several lines 
are detected according to the Canny Edge threshold value, so several intersections may occur where 
each joint meets. In order to unify the 𝑥𝑥 coordinates into one, the average of the intersections generated 
based on the vertical line was sorted, and the average of the 𝑦𝑦 coordinates generated in the same way 
was also unified. 

Table 1. Pseudo Code of algorithm for Intersection Points Extraction 

Algorithm for Intersection Points Extraction 

1. Create an empty list to store intersection points 

2. For each vertical line and each horizontal line, calculate the intersection point:  

3. Add the intersection point to the list 

4. Return the list of intersection points 

3.4. Calculation 

In order to count the number of tiles, the area of the tile is defined based on the number of pixels  based 
on the intersection points sorted by the average value. By sorting the areas in descending order, define 
the largest and repeated area among the calculated list of areas as the area of the tiles. However, when 
the number of tiles is counted by the area of the nonstandard tile on the edge, there is a problem that 
the number of tiles is calculated while ignoring the rectangular shape, the most important feature of the 
tile. To solve this problem, we used a rectangular packaging algorithm to package non-standard tiles 
into fixed rectangles defined by area tiles to maintain rectangular characteristics of tiles such as length 
and width. The pseudo code, written with reference to Jukka’s algorithm [8] is as follows. 

Table 2. Pseudo Code of Calculation using rectangle packing algorithm 

Algorithm for Tile Packing Calculation 

1. Sort the sizes of tiles in descending order. 

2. Define the size of the largest and most frequent tile as standard size. 

3. Initialize an empty bin list as standard tile size. 

4. Sort height and width of non-standard tiles in descending order. 

5. Insert the first rectangle into it. 

6. For each subsequent rectangle 

a. Iterate over the bins to find the first bin that can accommodate the rectangle.  

b. If such a bin is found, insert the rectangle into it.  

c. If no bin can accommodate the rectangle, create a new bin and insert the rectangle into it.  

7. Output the list of bins. 

4. Result 

In order to verify the validity of the model, we compared the number which counted based on the actual 
length of the tile with calculated number of tiles through the model. The types of tiles to be tested were 
stacked bonds, monochrome, and subway tiles that are commonly used in bathroom in apartment 
buildings. In order to measure the effectiveness of line detection and Intersection points extraction 
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algorithm, the percentage error of the area using the coordinates of the pixels of the intersection points 
was calculated. In order to verify the proposed model, the tile counting results by the proposed model 
are compared to the ground true by the human eye.  

We tested total 30 pictures. The results shows that the average of accuracy in line detection and 
intersection points extraction algorithm is 98.8% with standard deviation of 1.2%. The proposed counting 
model shows the average of accuracy of 90.1% with standard deviation of 9.4% (Table 3).  

Table 3. Test results  

 Average Standard Deviation 

Line detection & 
Intersection points extraction 

98.8% 1.2% 

Calculation 90.1% 9.4% 

 

 

Fig. 1. (a) vertices performed by inspector; (b) intersection points extraction; (c) calculation 

 

5. Conclusion 

This paper proposed computer vision based tile counting model. The proposed model determined the 
number of tiles by specifying four vertices in the inspector's picture, correcting perspective, and packing 
the nonstandard tiles at the cut edge to the standard tile. As a result of the experiment in 30 pictures, 
the accuracy of line detection and intersection points extraction algorithm was 98.8% on average, and 
the tile counting model showed an average accuracy of 90.1%. 

The results of this study can solve the overcounting problem by quickly and accurately calculating the 
number of tiles with images acquired by the inspector's mobile phone in the field. It can contribute to 
creating a transparent construction industry. 
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Abstract  
In recent years the construction industry innovations have become an attractive market for investors. 
Innovations bring significant efficiency to construction companies while impacting business processes. 
Digital transformation in the construction industry is evolving slowly, as several criteria must be met 
simultaneously in order to be able to embrace these technologies for construction companies. In our 
research, we investigated which are the main pillars of the Construction 4.0 maturity model for 
organisations. As a result of our research, we created a Construction 4.0 organisational maturity 
model and verified the model by ontology development methodology. This model can help 
construction firms accelerate their digital transformation journey. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

The value chain of the construction industry has undergone a digital transformation, resulting in the 
introduction of new technologies, methodologies, and concepts. This transformation has not only 
enhanced efficiency but also rendered the industry more sustainable, ultimately resulting in the creation 
of the Construction 4.0 ecosystem that refers to a cyber-physical ecosystem that incorporates various 
technologies, methodologies and processes aimed to create a human-centered sustainable construction 
industry.  

The past two years have seen a growing number of construction companies taking substantial strides 
towards technological advancement as a result of the proliferation of digital technologies. Technological 
catch-up is further pushed by the recent availability of artificial intelligence to society. Yet the industry's 
adoption of technology-led business transformation has been comparatively sluggish due to 
management mindset [1], lack of IT knowledge, and limited process innovation that is necessary for the 
growing number of collaborating systems [2]. 

The slow pace of the Construction 4.0 transformation in the Construction Industry is attributed to 
insufficient education, unclear processes, and inadequately implemented technologies within the 
organisations. Providing strong external support can help companies navigate the digital transformation 
landscape and achieve optimal preparedness. 

Based on the novelty of Construction 4.0 concept that has been emerged in the past three years no 
guiding framework has been introduced yet. Thus, the aim of this research is to improve a Construction 
4.0 maturity model by building its ontology that guides construction industry organisations in order to 
assess and implement technologies.  

2. Research methodology

Throughout this research, a combination of Design Science, Maturity model building and Ontology 
development were employed. The frame of the research was guided by Design Science Methodology 
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which produces an artifact in the form of a model [3] that is widely used for maturity model building. 
Within the framework of maturity model building ontology development supports to logically clarify 
information’s. 

During the model building, we followed the six steps of the model building guideline proposed by de 
Bruin et al., 2005 as Figure 1 illustrates. 

 

Figure 1 The Model Building Guideline 

In the process of building the model, the initial step was to determine its scope. The primary objective 
of this model is to create an assessment tool for Construction 4.0 that enables construction companies 
to assess and enhance their business processes while supporting their digital transformation. The 
intended stakeholder for this model's development is academia.  

The design phase was the second step in building the model. The main categories of the initial model 
and its subdomains were defined from literature review and the definition of Construction 4.0. The 
subdomains consist of industry-specific elements identified from our previous research. The primary 
driver for the application of the model will be internal requirements, and the respondents will be from the 
management level. 

The populate phase is one of the most important parts of the model that defines what needs to be 
measured. It includes ontology building. Ontology is a "formal and explicit specification of a shared 
(shared) conceptualization" [5]. Ontology falls under the topic of knowledge representation within the 
field of artificial intelligence. It is one of the pillar of semantic technologies and knowledge-based 
decision support systems. The ontology development methodology provides a toolkit for mapping real-
world objects, their characteristics and properties into a computer-interpretable form, thus enabling the 
development of artificial intelligence-based systems. However, ontologies not only encapsulate this 
conceptual model, but also describe more precisely the relationships between the elements of the model 
through axioms and rules, which by definition reflect the logic of the domain. 

The populate phase was restructured with the ontology development approach (Figure 2). During our 
development process, prototypes and specific critical properties were formulated to determine the class 
membership. This was followed by a grammatically logical linking of the concepts, which was later 
combined into a complex set of ideas. The ontology thus constructed provides a description of the set 
of concepts of a domain. The ontology building includes seven steps: (1) defining scope and domain, 
(2) examining existing ontologies, (3) listing key terms, (4) defining classes and (5) class hierarchies, 
(6) defining properties of classes and (7) providing examples [6]. These steps can be done in a unified 
system using the Protégé software with the OWL2 Web Ontology Language, which has been developed 
by the University of Stanford for ontology machine processing. It includes the ontology built so far, which 
mainly helps to categorise the innovations.  

C4 Maturity 
model 

building

I.             
Scope

II.    
Design

III. 
Populate

IV.       
Test

V.   
Deploy

VI. 
Maintain

III. 
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Ontology

(1) Scope
(2) 

Exisisting 
ontologies

(3) Listing 
key 

elements
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(5) Class 
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(6) 
Properties 
of classes

(7) 
Examples

Figure 2 The Populate Phase - Ontology building steps 
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3. The research – Building the formal model of the maturity tool 

3.1. Scope 

The impact of digitalisation in industrial manufacturing, Industry 4.0, has already led to the emergence 
of many of the technologies. Three years after the announcement of Industry 4.0, researchers found 
that organisations need strategic guidance and a holistic approach to integrate Industry 4.0 [7] to enable 
companies to effectively transform their business processes by considering risks and recognizing 
opportunities. A readiness assessment is “the systemic analysis of an organisation’s ability to cope with 
and undertake a transformational process or change is defined as measuring or assessing readiness” 
[8]. Our long-term purpose is to develop a software to support technology implementation with giving 
advice. 

3.2. Design phase: The Maturity Model  

In 2019 defined five main dimensions: Manufacturing and Organisation, People Capability, Technology 
Driven Process, Digital support and Business Organisation strategy to evaluate SME’s readiness for 
Industry 4.0 [9]. In a subsequent study, 18 maturity models were examined using nine criteria to enhance 
a comprehensive digital readiness model that can be applied to various contexts [10]. This research 
defined five main process dimensions: strategic governance, information and technology, digital process 
transformation and workforce management. At this stage of the research, we still accept that readiness 
and capability are equivalent and use them as synonyms, but later on we will emphasize the distinction 
between them. 

The aim of this research was to create a tool for construction organisation to measure the organisational 
aspect of Construction 4.0. Thus, the first phase of this model building was to create the categories of 
Construction 4.0 within the organisation. Categories refer to the highest level of the model that defines 
the main Construction 4.0 aspects.  

Six categories were identified as the initial point of the model from the literature review: Technology 
Management and Business Applications [9], Culture and People Management [9], [11]–[14], 
Collaboration and Communication [11], [14], Technology for Automation[9], [11], [14]–[16], Innovation 
[11], [14] and Change Management and Processes[9], [12], [14]–[16]. 

Technology Management and Business Applications refer to the process of planning, organizing, 
and controlling the use of technology within an organization to achieve its strategic goals and objectives. 
It involves the IT management of technology-related resources, including hardware, software, data, 
networks, and people and Cybersecurity. 

Culture and People Management category pertain to overseeing the organizational framework, 
administering knowledge, and facilitating ongoing progress by means of digital leadership and persistent 
enhancement of skills among personnel within the organization.   

Collaboration and Communication refer to the collaboration, communication and cooperation within 
the physical and digital environment of the organisation as well as throughout its supply chain.  

The technology for Automation category includes the use of industry-specific automated devices, 
information modelling techniques, sensing systems and data infrastructure, AI and Machine learning 
and Human-machine interface to streamline and improve the efficiency of construction projects. 

The Innovation category evaluates the corporate culture, leadership approach, and feasibility of 
innovation to foster the creation and implementation of novel concepts, products, services, technologies, 
or procedures that generate value, instigate beneficial transformations for the organization, and set it 
apart in the construction sector. 

The Change management and Process category refers to the degree of alignment between 
organizational and digital processes that enable the company to promptly and efficiently address 
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customer requirements, as well as to integrate or introduce new processes. This category also 
incorporates the organisational capability of change management.  

These six lenses were selected to investigate the company maturity for technology adaptation. The 
literature review discovered that several common areas are in the maturity models meaning change 
management, people and culture, collaboration and so on [11]. Their main discrepancies are how these 
areas are emphasized, connected with each other and measured in these models. Our ultimate goal is 
to create a software that provides guidance for technology implementation, which necessitates the 
establishment of a rule-based system, hence we want to build an ontology-based system. The main 
advantage of the ontology development is to describe not just each category including its levels, but 
their relationships precisely for computer programs.  

3.3. Populate phase: Ontology development 

The Change Management and Process category was designated to illustrate how the ontology was built 
and serves what purposes. The ontology development put great emphasis on semantics of the concepts 
namely definitions, attributes, relations, axioms of classes [6]. The Change Management and Process 
category definition highlights  

• specific processes such as organisational, digital processes, process integration and 
transformation. They share the common characteristics namely each process has set of tasks, 
use resources and are target oriented. In this sense, they are connected to the Process class 
as subclasses. 

• the connection with change management whose importance was identified in many papers by 
[11]. The also stated that open and flexible organisational culture, leadership to conduct 
changes and shared learning among peers play pivotal role in enhancing change management. 
The characteristics of these concepts differ so they belong to other classes, but connected to 
the Change Management class through other relations (see Fig x). The light blue circles are 
related to the ‘Change Management and Process category’ view of the Maturity Model, the 
yellow ones are to the ‘Information modelling techniques (BIM / Digital Twin)’ below the 
‘Technology for automation’. 

 
Figure 3 The Change Management and Process category  

This model helps to design the questionnaire for detecting the company readiness for a given 
technology. It is worth noting that the measurement of customer-centric culture can differ in different 
countries due to the cultural aspects. Technical leadership is an ability so it can be measured by an 
ability test. Every process has input/output documents, so the existence of each process type can be 
detected by the specific documents. The model also presents that customer-centric culture is a driving 
factor of change management. The ‘Culture and People Management’ and the ‘Process category’ are 
connected via this link. If a change management is fully supported by a company with leadership and 
learning, but it is not customer-oriented, the technology implementation won’t be complete. This is only 
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an illustration how our rule-based computer program could give advice in a future in the respect of 
technology implementation. Once fully developed, the system can serve as a valuable tool not just for 
research and development, but also for industry to asses its Construction 4.0 capability and maturity. 

3.3 Test phase: Case study of Kész Group  

During the first test we verified the ontology thought a case study with KÉSZ Group from the construction 
of the Hungarian National Athletic Stadium where large volume metrology, BIM, DfMA, computer-
controlled cable tension and parametric design was applied. During the test phase we explained each 
subcategory and its relation within the Change Management and Processes class. 

Technical leadership was controlled by the company during the project and further consultancy 
company was involved. The combined use of these technologies required a direct guideline without 
which the company would not have been able to apply these technologies. 

While assessing the Process transformation, it was determined that proactive change was required 
due to the implementation of a collaborative software system. The case study indicated that the 
processes and ecosystem used had already been implemented in a previous project, and thus, were 
deemed a proactive action. 

The case study revealed that the innovations used to implement the complex project were generated by 
customer demand at the tender stage. The use of the innovations had to be defined by the company at 
the tender stage and was therefore assessed the Customer-centric culture as proactive behaviour. 

Process integration has become an additional element of our model, as demonstrated in the case 
study. Some of the processes required by the technologies had to be proactively integrated or re-
engineered into the company's existing processes. 

4. Discussion and conclusion 

The digital transformation of the Construction industry is a long journey in a complex environment, 
therefore, the key to achieving successful digitalization is to adopt a long-term strategy [17]. The purpose 
of research is to provide a guideline for creating this business strategy, and therefore contribute to the 
work of the research community. 

The case study conducted during the model's testing phase revealed that the impact of technologies in 
each category manifests in construction companies through indirect, direct, or proactive activities. These 
findings will assist us in developing additional metrics for the maturity model.  

We plan to continue our research by validating the entire model through qualitative and quantitative 
data. Additionally, we aim to establish measurable metrics, which can be used to develop a tool for 
market participants. 
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Abstract 
Major projects often exceed estimated costs and schedule. Therefore, they do not achieve the desired 
quality. The difference in objective interests of the project participants is a major problem. Based on 
the difficult contractual relationship. Also, the late involvement of subcontractors brings a lack of 
information for all involved with it. This lack can be described by the principal agency theory from the 
economic field. The current project execution models do not have a smart objective system that 
records the interests of the client from the start to the end of the project. They are neither documented 
at the start of the project nor adapted iteratively. With the help of the recently created project objective 
system (POS), the objectives of all project stakeholders can be selected, checked, and compared. 
Later on in the project procedure, the objectives will be transferred into risks. To know these risks and 
set the priority further on with the objectives. And the best fitting project delivery model can be chosen. 
The probability of successful project completion is much higher. Later, with the risk mitigation the 
objectives can be complied more efficiently. However the risk profile of the project and the risk 
aversion of the owner, decide on the delivery model. As a result of the POS with risk profile, for a very 
complex construction project the Integrated Project Delivery (IPD) with a cost-plus incentive fee 
contract would be the fitting model. IPD with the contractual relationship, the early involvement of all 
the participants creates understanding of the project early on. This can reduce information losses and 
risks. With the POS the incentive contract can be created and thus an incentive mechanism 
developed. In addition, the project delivery on time and within the budget is strongly supported. The 
POS is a software app for better usability. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: cost- and risk management, delivery model, Integrated project delivery (IPD), principal agency theory, 
project objective system (POS).  

1. Introduction and Motivation

Most of the time owners have to make decisions at an early stage of the project. At this time, the project 
is very unspecific. Goals and objectives are not clear or not well-defined. However, they need to be 
defined. An early defintion of the objectives enables the right choice for the delivery model can. In the 
late stages of the project only the perspective of the owner and stakeholders is relevant. Tosupport the 
owner, especially the public client,the Project Objective System (POS) will help to find the best solution 
for the specific project, all stakeholders and later on all participants. The focus of this paper is to develop 
a POS for owners to find the right delivery model and design the contract. 

2. Theoretical background from the economics

In the economics, there are many theoretical descriptions for the contractual relationship. To design a 
software tool that should find the right delivery model and contract. This theories help to better 
understand the different realitionships and design the POS. 
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2.1. Essential theories for the contractual design and describe a system 

The essentials theories to describe the contractual relationship and for the development a decision-
based software toolcan be separated in five categories: Cybernetics, New Institutional Economic, Game 
Theory, Organization Theory and Control Theory. 

2.2. Short breakdown of the needed information on Theories 

Cybernetics is an interdisciplinary field that describes the communication and control mechanisms in 
complex systems and also the role of information processing, feedback, and organization [1]. Systems 
Theory is a holistic approach to understanding complex phenomena, where a system is viewed as a set 
of interconnected and interdependent parts that interact with each other and their environment to 
produce emergent properties and behaviors [2]. The New Institutional Economics (NIE) The new 
institutional economics (NIE) is a collective term from economics. It summarises various sub-
approaches and gains in importance in joint consideration with business administration (BA) [3]. A part 
of the NIE is the Principal Agency Theory. It’s a framework that describes the relationship between two 
parties, where the principal hires an agent to perform a task. To align interests and reduce conflicts, 
incentives are used.[4]. The Transaction Cost Theory represents the cost of economic transactions, 
including the cost of searching for information, bargaining and enforcing contracts. This can have a 
significant impact on the behavior and efficiency [5]. There is no commonly accepted definition of the 
Theory of Incomplete Contracts. But it could be described as a suggestionthat not all possible 
contingencies can be anticipated and covered in a contract and that the allocation of control rights 
between parties. So there are always uncertainties [6]. Another part of this theory is the hold-up problem. 
It refers to a situation where one party makes a sunk, relationship-specific investment and then engages 
in bargaining with an economic trading partner [7]. Also, the Game Theory describes a relationship 
between two participants. It’s a framework for analyzing interactions between rational decision-makers, 
where the outcome of a decision depends on the choices of all the players which are involved [8] 
Organization Theory is firm through its structure, processes, and behavior of organizations, also 
including how they are designed, managed, and adapted to changing environments [9]. Another part of 
it is the theory of incentive concerned with the problem that a principal faces when his own objectives 
do not coincide with those of the other member. This problem can be fixed by an incentive [10]. Control 
Theory is an area of application-oriented mathematics. It’s theoretical framework  examines how 
systems can be regulated and stabilized through feedback mechanisms that monitor and adjust their 
behavior, aiming to maintain a desired state or goal [11]. 

2.3. Conclusion of the Theories 

The Theories or all important for developing a System and also for understanding the contractual 
relationship between the participants better. So to align the interests of the participants' incentive 
contracts can be used [12, 13]. Also, controlling (monitoring and reporting) is important [14, 15]. 
However, a contract is from the economical few always incomplete. 

3. From the Project Goal to the Delivery Model  

At the start of a project the owner has to set the project goals and, later on, the objectives [16] There 
are many definitions of the term "project goal and objective". In the following discussion, the definition 
of the International Project Management Association (IPMA) Competence Baseline (ICB 3.0) is used as 
a reference [17]:"The project goal is to provide value to the interested parties. A Project strategy is a 
high-level view of how to attain the project goal. The project objective is to produce the agreed end 
results, especially the deliverables, in the time-frame required, within budget and within acceptable 
parameters of risk. The project objectives are the set of targets that the project, program and portfolio 
managers should attain to provide the expected project benefits to the interested parties." So, a project 
goal is an achievable outcome that is broad and long-term. The project objective is a specific and smaller 
task that serves a broader goal. Since project goals and objectives are defined at the initiation stage, 
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they are an important instance of making project success or failure measurable. For this reason, the 
goals and objectives should be formulated clearly and unambiguously. After defining the project goals 
and objectives in the later planning during the construction phase the goals and objectives will be 
transformed into a risk. So, it depends on the know-how of the owner, the status of planning (also the 
complexity and so on), and the risk that will incurre which delivery model and contract is best to find the 
right project organization form. So it is  the priority to safe the project goals and to reduce the autonomy 
of the builder. Therefore, a cost-plus-fee contract which a Key Performance Indicator (KPI) model is 
much better. Especially complex project incentive contracts can be used to transfer the goal system of 
the owner to contractor. The owner can set incentives for every goal or objective. 

4. Traditional and Innovative delivery model also Public Private Partnership 

A Delivery Model is a model where the design, procurement, and construction of the project is managed. 
The choice of the right delivery model can have a significant impact. 

4.1. Traditional Delivery Model and Innovative Delivery Model 

In literature, there is no clear separation between the traditional delivery models and others. But most 
of the time the traditional models have bilateral contracts and hierarchical structures. In this paper the 
following delivery models are defined as traditional: Design-Bid-Build, Design-Build, Construction 
Management, Engineer-Procure-Construct (EPC) [18]. There are many more upcoming.  

Because of cost overruns in different countries, the construction industry tried to create new delivery 
models [19]. Resulting in a lot of literature, analyzing and identifying the characteristics of the multiple 
“new” delivery models [20–24]. Futher on the delivery models will be defined as innovative delivery 
models. [25] 

4.2. Public Private Partnership (PPP) 

Public Private Partnership (PPP) is a long-term contractual agreement between a public agency (federal, 
state, or local) and another private-sector entity [26],[27]. The contractual arrangements try to improve 
public services by capturing the benefits of private-sector involvement [26]. 

4.3. Conclusion and demarcation 

Table 1 is the conclusion and demarcation of the different delivery models and PPP. sTHe conclusion 
is, that if you want to transfer the risk of the operation time, PPP is fitting best. If you are at an early 
stage of a project and the planning level is very low, you use better an innovative delivery mode. The 
Traditional Delivery Model fits best by detailed planning.  

Table 1 Traditional, innovative and Public Private Partnership [28, 29] 

 Traditional Delivery 
Model 

Innovative Delivery Model Public Private Partnership 

Type Transactional Relational Relational  

Team 
structure 

Hierarchical  Flat Flat 

Contracts Separate contracts 
Setup detailing how to 
sue and claim for 
compensation 

Interlocking contracts  
Legally: direct and bind team activity 
Eliminate and reduce the ability to sue 
and claim compensation 

Concessional contract, transfer the 
project from the owner to the 
construction company with the 
option to transfer it later back 

Risk and 
reward 

Risk is primary allocated 
Reward payment is 
based on delivery 

Risk is primary shared Reward: pooled 
profit distribution is based on team 
success in achieving project goal  
Owner pays for additional extras 

Risk is transfer from the owner to 
the construction company 
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Decision 
control 

Hierarchical Joint decision making Major project 
decisions are taken by primary team 
members 

public owner are involved in the 
strategic planning. At the begin a 
high decision control which get with 
realization lost 

Process Linear information Cross sharing of information „Best for 
project” mentality 

Cross sharing of information, with 
later getting lower information flow 

5. Contracts in construction industry 

In the construction industry, there are a lot of different kinds of contracts. The contracts can be separated 
into different categories: unit price, fixed price, and cost-plus contracts. At Table 2 the different contracts 
are listed. In the list is a short description, the field of application when it fits best, and the principal of 
risk to be mitigated.  

Table 2. Contracts in construction industry (without Cost or Cost-Sharing and Time & Materials and more) [30–33] 

Name Field of application Risk to mitigated 

Firm-Fixed-Price 
(FFP) 

Requirement is well defined. 

-Contractor are experienced in meeting it. 
-Market conditions are stable. 
-Financial risks are otherwise insignificant. 

None Thus, the contractor assumes all cost risk. 

Cost-Plus-
Incentive-Fee 
(CPIF) 

An objective relationship can be established 
between the fee and such measures of 
performance as actual costs, delivery dates, 
performance benchmarks, and the like. 

Highly uncertain and speculative labor hours, labor 
mix, and/or material requirements (and other things) 
necessary to perform the contract. The owner 
assumes the risks inherent in the contract-benefiting if 
the actual cost is lower than the expected cost-losing if 
the work cannot be completed within the expected cost 
of performance. 

6. Development of the Project Objective System (POS) 

With the literature analysis and the analysing essential theories a deductive and inductive approach is 
used for developing the POS. That can be described as the concept of the Project Objective System. At 
Fig. 4 the flow can be seen. The figure shows, that, first of all, the goals have to be defined. After that, 
every goal needs an objective. In the later process of the project, the goals and objectives transfer into 
risks. As described previously, with a certain level of planning and the level of risk the right delivery 
model can be choosen. So, from the theories before you choose a model with a relational contract. For 
example, you can choose an innovative delivery model or a PPP. If the owner doesn’t want to give the 
Operate-Phase to another company he better chooses an innovative delivery model. To save the 
specific project goals in this case, he better chooses a Cost-Plus-Incentive Fee contract. Down below, 
the incentive mechanism is described. The horizontal axis shows the potential final costs for the client, 
the vertical axis the compensation of the contractor. The light blue dashed line shows the 
owner/contractor share-ratio. In this example, the ratio was set at 50/50 across all areas. This means 
that if the target cost is undercut or exceeded, the deviation is split equally between the two partners. At 
point (1) shows the target cost and the target profit, which were defined in the contract. The  point (2) 
shows a scenario at the end of the project in which the final cost is lower than the agreed target cost. 
Due to the lower final cost, the green dashed line shifts to the left. This can be achieved by, for example, 
increased efficiency, the use of new, innovative construction methods, etc. In this case, the contractor 
generates a bonus of 50% of the savings in addition to the target profit (increased profit). The remaining 
50% of the savings goes to the client. The point (3) represents a negative scenario. In this case, the 
target cost is exceeded, resulting in a reduction in profit. The final cost (yellow dashed line) shifts to the 
right in the horizontal axis. This can be caused, for example, by poor work performance, errors in the 
execution of the work, construction defects, etc. In this case, the Contractor is charged a penalty of 50% 
of the overrun of the target cost. The Client also has to pay 50% of the overrun. Point (4) shows a further 
increase in the final costs. In this scenario, the contractor would not make a profit at the end of the 
project and would lose part of his overhead. If this happens, there is no incentive left for the contractor. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-034

Keszthely, Hungary 
20-23 June 2023

255



In the worst case, only the production cost is covered. The distribution density of the potential final cost 
from the project risk twin. The distribution contains all uncertainties from base cost, risks, and escalation 
(future price increase) based on the direct project cost. In the example in KPI, an underrun probability 
of 50% (P50) is selected for the target costs. This means that the target cost will be reduced with a 
probability of 50%.[25] 

 

Fig. 1. From the Project Goal to the incentive mechanism 

7. Conclusion and Outlook 

The state of the research shows that there are some publications about finding the right delivery model 
and contract. Many of them choose the delivery model by qualitative evaluation. The praxis shows that 
owner in particular need the extern help of project managers to find the best fitting delivery model for 
thier project. Often it will be made a delivery report with a qualitative analysis. With a the risk approach, 
it is possible to make a quantitative choosing model.The previously shown POS is in development. In 
the next steps, the different kind of projects and their specific characteristic will be created. Also, the risk 
approach will be much more defined, and the creating of incentive mechanism is part of the process. 
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EFFECT OF BUILDING INFORMATION MODELING(BIM) 
INNOVATION ON QUANTITY SURVEYING  

Joel Ochieng’ Wao1 
1 Florida Gulf Coast University, Fort Myers, Florida, USA 

Abstract 
Quantity surveyors (QS) have various roles in the construction industry. One of their main roles is 
preparing bills of quantities that mainly entails taking measurements and pricing of construction work. 
They also develop schedule of project work, engage in construction project management, arbitration 
and dispute resolutions. Quantity take-off was their original role during 1820s when the profession was 
conceived. Critical observations brought criticisms alluding to the inability of the profession to survive if 
a tool could be developed that substituted QS roles in construction. Contingent to that criticism has seen 
the emergence of Building Information Modeling (BIM) that has specific attributes where the BIM 
technology can be used to quantify building works and produce schedule of works in 5D model interface. 
Thus far, has the BIM technological innovation posed threats to the QS roles and/or to the profession? 
The aim of this research was to investigate the effect of BIM innovation in the construction industry and 
to evaluate its effect on the quantity surveying profession. Is it a bane or boon to the QS profession? 
Specific objectives were to determine the extent of BIM usage by QS, the magnitude of relationship 
between the current BIM usage and the future of QS considering BIM growth in the construction field. 
Strength, Weakness, Opportunity and Threat (SWOT) analysis was conducted about BIM usage. Survey 
questionnaire was administered to investigate the effect of BIM, current usage and future standing in 
construction. The results showed that BIM was an opportunity that added to the progress of QS. It was 
concluded that QS needed to embrace BIM technology more with integration of digital twins for full 
benefit in the construction industry. 

Keywords: building information modeling (BIM), construction industry, estimating, project management, quantity 
surveying. 

1. Introduction

The profession of quantity surveying is important in the construction industry as it is involved in project 
cost estimates, cost control and overall project management. Quantity surveyor (QS) is the construction 
professional charged with these roles in the construction industry and they are from design phase, 
construction to maintenance and operation phase of a project; even to the demolition or deconstruction 
stage in the life cycle of a project. In some cases, they can be owner’s representative in projects. Alhasan 
et al. (2019) stated that the quantity surveyor is one who on behalf of the employer is professionally 
trained, qualified and experienced in dealing with issues of construction costs, construction management 
and communication issues. The QS has different names in different regions globally. They are called 
cost engineers in the USA, building economists in some parts of Africa, Asia and UK, and their roles in 
projects have been developing over the years (Wao and Flood, 2016). 

QS is found to have evolved overtime since its inception in 1820s where their main roles were taking 
measurements of work (Wao, 2015). This used to be manual and relied on 2D drawings to calculate 
quantities of work and to prepare bills of quantities (BOQ) as part of contract documents. At some point 
in the continuum, it was thought that any tool that would arise to better calculate and measure work 
would be a threat to the QS profession and render it obsolete in the construction industry (Wao, 2015).  

With the increasing demands of project owners and position in the construction industry, QS has taken 
many roles such as cost planning, measurement and quantifying construction work, cost control 
throughout the project life cycle, financial advice and management, offering procurement advice to 
clients, etc., (Gilchrist et al., 2021). As noted by Fung et al. (2014), these services can be tedious, 
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erroneous and inefficient especially if they involve a lot of information especially in large projects. Thus, 
QS had to find ways to keep up with the developments and maintain relevance in the industry. 

The information technology (IT) and effective communication have provided opportunities for the QS. 
Their role of representing project owners and also acting as point of contact in projects as well as 
managing critical areas of project required them to improve. Areas such as Value Engineering (VE), 
Lean Management, Sustainable Construction, Building Information Modelling (BIM), Internet of Things 
(IOT), Digital Twins (DT), Artificial Intelligence (AI) and ChatGPT have been prevalent lately in various 
fields. These new areas have potential applications in the construction industry and QS can possibly 
use them as opportunities to improve and in marketing themselves. For example, research on BIM has 
shown that BIM has presented challenges and opportunities for the QS especially in the design stage 
of construction (Gilchrist 2021). Also, research showed that BIM is not a threat but rather an opportunity 
for QS to provide better value services and improved efficiency to project owners (Smith, 2014).    

In spite of the viewpoints in favour of BIM use in construction, the implementation has been slow with 
some QS preferring to work with traditional methods to execute project work. Some have not embraced 
BIM as high cost of its implementation is hindering them from using it (Gilchrist et al., 2021). 

Therefore, this research investigated the effect of BIM innovation in the current construction industry 
and to find if its effect was a bane or boon to the QS. There is research in this area but the IT area is 
ever fast changing and this can significantly affect the field in less time, and so this research informed 
prior research by assessing the QS field taking into consideration the current IT uses mainly BIM and 
DT. Literature review section assessed the QS profession in relation to integrating BIM and DT.  

2. Literature review 

2.1. Quantity surveyor in construction project 

Quantity surveyor has key role of project execution in the construction industry. They oversee every 
aspect of the project right from preconstruction, construction to closeout, and also during operation, 
maintenance to deconstruction. The duties include quantity take-off, preparing bills of materials, 
scheduling of work, dispute resolution, project waste management, preparing bidding or tender 
documents as well as client/owner’s representative in projects (Wao and Flood, 2016). The profession 
is popular in the UK, Africa, Asia and Australia where they have more responsibilities in projects beyond 
cost estimating as in the USA where they may be referred to as cost engineers, project estimators, cost 
manager or construction project accountant. Noteworthy, the Royal Institution of Chartered Surveyors 
(RICS) has popularized the QS profession with its chapters in the international arena through 
professional certifications and memberships (Wao and Flood, 2016; RICS, 2023).  

The QS has had various challenges in providing their duties. These may include; other construction 
professionals competing with them for jobs in terms of services offered and fees, project owners 
increasing demands mounting pressure on them, perception that QS lack awareness for project value 
addition, and the current trends in construction such as sustainable construction and rapid technological 
advances which threaten to reduce QS roles (Gilchrist et al, 2021). Research on the challenges and 
avenues for QS to improve on project deliveries to remain relevant has shown that BIM is top in the 
opportunities (Alhasan, 2019; Wao, 2015). Professional organizations such as RICS have put 
competency requirements to improve on the value addition of QS in projects. RICS (2023) provide basic 
competencies which QS must meet such as having good understanding of professional practice and 
procedure, information and business skills, measurements and law. Core competencies such as 
quantifying and costing of building works by preparing BOQ, contracting and construction economics 
and preparing financial accounts for better project budget, are competences specific to improving QS. 
Optional competencies such as VE, risk management, BIM, research methods, arbitration and dispute 
resolution are areas of specialty and provide avenues for future career development and opportunities.  

The influx of IT in construction has seen BIM as an area for continuous professional development (CPD) 
for QS. This has provided opportunities and strength in their value addition services (Wao, 2015).  
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2.2. Quantity surveying and building information modeling (BIM) 

QS provides information about the project whether on procurement, cost, time, safety, or sustainability. 
These require providing information quickly for project success. This success depends on the QS in 
meeting the project goals efficiently. As noted by Alhasan (2019), the success criteria could be linked to 
time, cost, or quality which are key parameters for measuring project success over its life cycle.  

The use of BIM by QS has been investigated as potential avenue to improve the productivity and 
efficiency of service delivery of QS. Wao (2015) study on predicting the future of QS in the construction 
industry noted that BIM had potential for being used largely by QS. 

BIM is a collaborating process among construction teams where they exchange digital data of a project. 
That is, BIM is a technology and a set of processes to create, communicate and analyse building models 
in a way that is replicating what is to be constructed (Eastman et al., 2012). Those involved could be 
QS, engineers, architects, contractors, project owner, etc. BIM provides them with 3D modelling of the 
project and they could input cost in the model, hence called 4D, which is a cost loaded BIM 3D model. 
When time component is added, hence schedule, it becomes BIM 5D. Others from 6D to 9D could 
incorporate sustainability, facility management, lean management (for waste management), and safety. 
These can be integrated in 3D BIM. BIM can therefore greatly improve project quality by providing an 
overview of a project in a way that project data interchange is effectively communicated among teams. 

With the IT BIM skills, the QS skills is expected to be improved in areas such as cost estimation, team 
communication, project management, etc. In this case, BIM usage by QS has been investigated 
especially in areas of estimation, quantity take off and planning where it has been stated that it can be 
a good value addition to provide accurate cost information through application of most effective quantity 
take off tools over the life cycle of a project (Alhasan et al., 2019).  Even though this is an opportunity, 
BIM presents challenges especially early in the design stage. It has been noted that many QS are still 
behind in understanding BIM usage in projects and they are encouraged to embrace the technology if 
they want to reap the benefits. As noted by Alhasan et al. (2019), it is important that the project designs 
be detailed to replicate the actual project. It is obvious that BIM would not get accepted if the designers 
do not provide detailed digital information that is useful to the team over the project life cycle. As noted 
by Fung et al. (2014), there are several benefits of using BIM from preconstruction to post-construction 
during operation and maintenance periods, and these include speedy preparation of cost information at 
conceptual stage, providing initial cost data by extracting quantities from BIM models, generating cost 
information for different design alternatives, reducing design errors and cost revisions through clash 
detections, better 3D project visualization for improved design understanding, removing manual 
measurements and quantity take-offs, acting as project information management ,etc. These benefits 
can be avenues to market the QS with other professionals who maybe in competition with them (Wao 
and Flood, 2016). Noteworthy, BIM is a multi-dimensional construction tool that is promising to the QS 
since it can provide value addition to project owners. This promise is still farfetched because of lack of 
skilled personnel that understand BIM workflow, high cost of implementing BIM considering the high 
cost of hardware/software and related training and most importantly, lack of higher management or 
leadership support who are usually reluctant to embrace the technology (Gilchrist et al., 2021). 

2.3. Building information modeling (BIM) and digital twins (DT) 

Another area of IT that has been on the rise recently is the Digital Twins (DT) technology. BIM has been 
playing a key role in the design and construction stage of projects while DT which can be applied in the 
operation and maintenance phase of a project has the potential to shape a DT-enhanced BIM framework 
to fully enable whole life cycle digital/virtual construction (Honghong et al., 2023). 

Digital twins refer to replication or digital mirror of the actual project which can mimic all aspects of the 
physical processes under the integration of the physical project details, virtual details as well as 
connection data between the physical and virtual project (Pan and Zhang, 2021). As stated by Pan and 
Zhang (2021), DT can combine BIM, Internet of Things (IoT) and data mining techniques whereby IoT 
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connects the physical world and the internet/cyber world to capture real time data or information for 
building modelling and related analysis, and data mining methods incorporated in virtual building model 
is focused on discovering hidden knowledge in the collected data or information. This process can be 
done in the whole building life cycle, and so BIM based digital twins is a possible inclusion in the 
operation and maintenance of the construction world because it would be useful to see how the building 
operates in a virtual world and the construction team is able to identify errors and correct them before 
damages occur. This is why DT (initially proposed in 2003) was used by National Aeronautics and Space 
Administration (NASA) to simulate, forecast and evaluate spacecraft state with the aim of stopping 
potential dilapidation or failure of aircrafts. Just like lean management, VE and sustainable development, 
the concept of digital twins can be integrated in the construction industry to improve processes.   

Pan and Zhang (2021) researched about building a data driven DT framework with BIM for advanced 
project management. Honghong et al. (2023) discovered that the adoption of DT in bridge engineering 
caused confusion which hindered the DT fusion to achieve its full capability and so their study focused 
on a DT enhanced BIM framework to shape full life cycle digital transformation for bridge engineering. 
And there could be other various ways by which BIM can be integrated with IoT and Artificial intelligence 
(AI); even with the current ChatGPT based on bot. Noteworthy, these studies show the value in 
integrated BIM-DT in projects but there is still lack of relationship between them. BIM has operational 
standards but not DT. This is an area for QS to venture into for full use of BIM-DT enhanced interface 
for improved project operations and maintenance. Therefore, this research focused on assessing BIM 
innovations and its effect to the QS profession. The following was the research methodology employed. 

3. Research Methodology 

This research set to investigate the effect of BIM innovation in the construction industry and to evaluate 
its effect to the QS profession. Is it a bane or boon to the QS profession? The specific objectives were 
to determine the extent of BIM usage by QS, the relationship between the current BIM usage and the 
future of QS considering the growth of BIM in the construction industry. Strength, Weakness, 
Opportunity and Threat (SWOT) analysis were conducted about BIM through literature reviews. Survey 
questionnaire was administered to explore the current BIM usage and future standing in the industry. 

3.1. Survey questionnaire  

Survey questionnaire was used to gather the views of the respondents about QS involvement in the 
construction industry and their ideas about BIM and DT. Emphasis was placed on their knowledge and 
use of these technologies in projects. The questionnaire consisted of multiple-choice and open-ended 
questions. A section of the questionnaire focused on demographic information such as work title, 
number of years in the field, being a project owner representative, role in projects, knowledge about BIM 
and DT and possible uses of these tools in projects, and their level of utilization in projects in terms of 
project budget. The other part required the respondents to rate their current level of satisfaction with 
using BIM in their projects/company on a five (5) point Likert scale (1 = not rewarding, 2 = neutral, 3 = 
somewhat rewarding, 4 = rewarding, 5 = very rewarding). In addition, they were asked their opinion 
about the overall growth in the usage of BIM in the next 10-15 years on a similar scale (1 = not improve, 
2 = neutral, 3 = somewhat improve, 4 = improve, 5 = improve highly). Finally, they were to give reasons 
for the growth (or not). 

3.2 Sample size and Data Synthesis 

The study utilized 33 quantity surveyors who completed the survey. This sample size (n = 33) was 
considered adequate for statistical analyses and tests for adequate statistical power. SAS on Demand 
was used for quantitative data analysis which was mainly descriptive statistics. The descriptive statistical 
analysis results utilized the measures of central tendency that mainly comprised of mean/average 
values. The main purpose of the analysis was to determine the level of satisfaction with the current state 
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of BIM use and to provide ideas for growth in future. Qualitative data were gleaned and assessed by 
content analysis. 

4. Results and Discussion 

Majority of the respondents were directors, senior quantity surveyors, senior cost managers, or 
professors. This shows that the sample was from a population that held leadership and managerial roles 
in construction. Out of the sample, 93% were males, 3% were females and 3% preferred not to say their 
gender. This outcome leads to a deduction that the QS field is male dominated and so it is important to 
encourage other genders to get into QS. The results also showed that about 90% of the respondents 
had over 10 years of experience, 72% had over 15years of experience with about 23% having over 30 
years of experience and so it was prudent to conclude that they would provide invaluable ideas in regard 
to the BIM and construction industry. They were mainly involved in commercial construction projects 
(31%) and residential construction projects (26%) with industrial and heavy civil projects accounting for 
19% and 11% respectively. About 62% had been project owner’s representatives. Their roles included 
cost planning and control; contract administration; construction management; project management and 
integrative delivery partnerships; and consultancy. These roles aligned with those in the study by Wao 
and Flood (2016). About 97% of the respondents were registered with professional organizations and 
they mentioned that the benefits tied to those registrations and memberships were for idea/information 
sharing and networking, CPD, and being recognized as professionals by peers and institutions.  

With regard to knowledge and familiarity with BIM, about 80% of respondents stated that they were 
familiar with the term with about 45% having first heard of BIM from reading while about 30% got to 
know BIM first from taking a course with about 15% hearing it first from job training. It can be concluded 
that avenues such as CPD and academics need to be used more to propagate BIM knowledge. 
Noteworthy, this familiarity and knowledge was not for long term use in projects. About 44% of the 
respondents had used BIM in their construction projects and from those who had used it in their projects, 
70% of them had used BIM for about 2-5years with about 18% having used it for 6-10years and the rest 
(12%) having used it for less than 1 year. This states that BIM usage by QS was still in its infancy and 
needed to be embraced. For those who had used BIM in projects, about 53% had used it in 2-5 projects, 
26% for 6-10 projects while 7% had it in over 20 projects. Again, this shows that a few embraced BIM. 

Of those who had used BIM in projects, about 40% had used it in the design phase, 32% in the 
construction phase, 15% in facilities management and 4% in the deconstruction phase. Others (10%) 
used it in university training course. This implied that a few got involved with BIM training in the 
academia. Noteworthy, it was used in the facilities management and deconstruction phase which is an 
opportunity to integrate DT with BIM since DT is used more in the operation and maintenance phase. 

When asked about the aspect of project they used BIM in, about 24% had used it in quantity take-off, 
18% in estimating, 14% for 3D building simulation and clash detection respectively, 12% for scheduling, 
6% for project presentation and 4% for waste management. The other (8%) had used it in sustainability. 
This shows that majority use BIM4D for QTO and estimating but also for the other extended versions 
like 5D, 6D to 9D which opens various applications and opportunities for QS. Also, about 26% of them 
used BIM in projects worth $2millions-10 millions, 12% in $51-100millions worth of projects with about 
10% in projects over $100 million. In these projects, 89% of the respondents mentioned benefiting from 
using BIM. However, some experienced some difficulties in using BIM. They stated that BIM software 
were expensive with deep learning curve. This aligns with the literature review which stated that some 
of the hindrances to the BIM adoption by QS. Also, some cited getting ‘buy in’ from all the supply chain, 
information overload for some of the parties and too many revisions to drawings as some of the problems 
in BIM usage which also aligned with other viewpoints from the literature review. Also, some stated that 
there are few BIM operators which calls for more training of BIM professionals in the industry. A notable 
one stated that some design consultants fell behind with regular uploads of their developing models 
making them not able to be clash managed prior to tendering and this resulted in change management 
and additional costs post contract. This posed serious problems which should be addressed. 
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On the topic of digital twins, only 27% were familiar with DT. Of those familiar with it, 30% had heard 
about it from taking a course and from reading respectively while 10% from colleagues and from job 
training. When asked if they had used it in their projects, only 10% had used it. When asked if DT and 
BIM could be related, about 60% thought they were related. This provided opportunity for training on 
BIM and DT integration in construction. Majority of QS practitioners were not familiar with it, and so 
training and CPD, possibly by RICS, may have these put in the core or optional competencies for QS. 

When asked about rating the current use of BIM in their companies, about 62% of the respondents 
thought that it was rewarding with about 27% being neutral and about 6% on the somewhat rewarding 
range while about 5% stated that it is not rewarding. Average score of 4 meant it was rewarding on a 5-
point Likert scale. The same percent scores were seen when asked for the level of satisfaction with the 
current use of BIM in their companies with a mean score of 4 implying satisfied on a 5-point Likert scale. 

For the growth in usage of BIM in projects in the next 10-15years, 70% believed that it would greatly 
improve, 10% were neutral while 20% thought it would somewhat improve. So about 90% of the 
respondents believed that BIM would be better in future and this could provide a great opportunity for 
QS. This aligned with Wao (2015) that also noted BIM for greater use in future. Some viewpoints of the 
respondents for future of BIM alluded to BIM evolving with great potential for improvement, more 
contracts requiring BIM uses and the fact that BIM was increasingly getting adopted in projects with 
more innovations and applications expected in years to come. 

5. Conclusion 

This research has used survey questionnaire to investigate the effect of BIM on QS profession and to 
determine the breadth of its current usage and future standing in construction. Strength, Weakness, 
Opportunity and Threat (SWOT) analysis was conducted on BIM. It was found that BIM had not been 
fully embraced within the QS field and the few who had embraced it had not employed full potential of 
BIM in projects. DT as integrated with BIM was also not popular in the QS field and was not applied fully 
in projects. As such, the QS field needed to integrate full use of these technologies to enhance their 
value addition in projects and also to develop professionally. 

This research added into the body of knowledge that focused on the application of IT in the construction 
industry with special emphasis on BIM and DT. The use of BIM had shown that it was rewarding to the 
QS, and BIM was expected to improve in the next 10-15 years. Future research could focus on DT and 
its application in the construction industry especially in the operation, maintenance and deconstruction 
stage which focuses on closed loop system or circular economy and sustainable construction. 
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Abstract 
Throughout the United States Army Corps of Engineers, the process of workforce planning and workload 
management remains a challenge. The purpose of this research was to understand the tools available 
to assist with these functions, determine how these functions have been performed in the past, collect 
best management practices from leaders in the organization and engineering industry, analyze current 
processes and limitations, understand impacts of the current working environment on planning and 
management, and identify ways to improve mission delivery, prevent employee burnout, and more 
evenly distribute workload. The researcher used qualitative methods, including literature review, action 
research, and semi-structured interviews, to perform the research. The responses provided during the 
interviews were analyzed to determine common themes – most critically, that there is no single tool 
identified that could perform both workforce and workload management functions and that all parties, 
whether part of USACE or private sector firms, were performing these tasks differently. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

The Office of Personnel Management (OPM) defines workforce planning as “the systematic process for 
identifying and addressing the gaps between the workforce of today and the human capital needs of 
tomorrow” [14]. See Figure 1. Workforce planning involves analyzing the makeup of an existing 
organization, determining future workload and requirements, and identifying areas for improvement 
(new hires, training, etc.) to enable mission success in the future. Workforce planning remains critical 
as it allows managers, leaders, and corporate executives the opportunity to evaluate the organization’s 
status versus where the organization may need to grow or change to successfully complete future work. 
It provides the time to strategically analyze not only how many employees an organization has, but also 
to examine the knowledge, skills and abilities possessed by the team in conjunction with the projected 
types of work or tasks to be completed in the future.  

Figure 1 OPM’s Workforce Planning Model [14] 
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2. Research Background 

To retain the most valuable resource in an organization, people, leaders are having to adapt and find 
new and creative ways to meet and exceed expectations of its employees. It is no longer enough to 
provide an employee a place of work and compensation, it is just as important to provide a quality 
workplace and ensure that the employees genuinely want to come to and enjoy their work. Since the 
COVID-19 pandemic, America has experienced a period known as the “Great Resignation.” This era is 
defined as “an ongoing economic trend in which employees have voluntarily resigned from their jobs en 
masse, beginning in early 2021.” Potential causes of this trend include safety concerns with working 
during the pandemic, increased cost of living without increased wages, lack of childcare due to schools 
and childcare facilities closures during the pandemic, and the desire for remote or telework positions [7].  
 
As industry continues to rebound, managers and leaders must work to create optimal working conditions 
to ensure retainage of employees and minimize the need for personnel actions to backfill vacant 
positions. As resignations continue, managers are tasked with reshuffling workload, selecting, and 
onboarding new employees, often in a virtual setting. To prevent additional resignations, managers must 
determine the balance of distributing and managing the workload to execute the mission while ensuring 
employees are not overtasked to prevent burnout. In addition to multiple resignations across the 
enterprise, the USACE received a significant increase in workload due to two laws passed by the 
administration this year, the Infrastructure Investment and Jobs Act (IIJA) and the 2022 Disaster Relief 
Supplemental Appropriations Act (DRSAA). These two acts include more than $22.5 billion in additional 
projects for the agency [3]. With every distribution of funds from the two laws, the question remains the 
same – can the organization handle the amount of work presented? 

3. Research Aim 

The aim of this research is to investigate available tools for workforce planning and workload 
management to effectively and efficiently determine if an organization can execute additional projects 
while minimizing the occurrence of resource overload or employee burnout. 

3.1 Objectives 
1. Understand the tools available to assist with workload management and workforce planning and 

document best management practices 
2. Analyze current processes and limitations 
3. Understand how the current work environment has further affected the ability to plan 
4. Identify methods of planning to improve mission delivery, prevent employee burnout, and more 

evenly distribute workload amongst the workforces 

3.2 Key Questions 
1. What is the most effective method of workload management and workforce planning? 
2. Is there a tool available that not only allows workload and workforce planning but also workload 

management to include analysis of work performed or real-time earned value analysis? 
3. How are managers scheduling projected workload in a constantly changing work environment 

that is affected by COVID-19?  
4. How are leaders performing project prioritization when resources are limited or constrained?  
5. How can managers most effectively forecast future workload to ensure the organization is 

resourced appropriately? 

4. Literature Review 

Workload management is defined as the “process of assigning tasks to keep the team working while 
monitoring progress over the course of [a] project” [19]. It is the task of distributing work or assignments 
amongst a team to complete a project, ensuring that the right resources are allocated and available 
when needed to perform. It also involves monitoring distribution of workload to avoid over- or under-
utilizing resources and ensuring tasks are completed on schedule, within budget, and meeting or 
exceeding quality standards. With over 37,000 employees, the United States Army Corps of Engineers 
(USACE or enterprise) remains one of the world’s largest public engineering, design, and construction 
management agencies [17]. With a $7.8 billion operating budget in 2021. With this magnitude of 
employees and subsequent volume of projects, workforce planning and workload management remain 
crucial components of the agency’s success. 
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During the pandemic, telework became an essential part of the USACE organization to ensure 
continuity of duties in a socially distanced environment. Telework provided the flexibility needed to 
allow employees to log on from their homes, increased work-life balance, and provided an additional, 
temporary benefit of family caretaking while working. Government teleworkers exceeded expectations 
after initial proverbial roadblocks (limited virtual private network (VPN) access, learning curve for 
conducting virtual meetings, etc.) were cleared and statistics show increased productivity and job 
satisfaction since telework was authorized for the wider employee population. For those who have 
worked in a telework or remote work environment for the past two years, it is not something that most 
are willing to compromise on in their careers moving forward. It has become a valuable benefit for job 
seekers with “50% of employees want[ing] their next job to offer flexible working conditions” [10]. With 
the assistance of telework, the USACE has pivoted from a traditional cubicle/office organization to a 
more flexible, mostly hybrid working environment.  
 
4.1 Shift in Age of Employees 
 
Over time, the average age of the USACE employee group has decreased with around 25,000 (67.5%) 
employees over forty years of age and approximately 12,000 (32.4%) employees forty years of age or 
younger in 2019 as compared to just ten years ago, in 2012, where 77.3% of the workforce was forty or 
older. The agency’s demographics are starting to trend younger, and as such, the need for workforce 
planning and workload management is increasing to effectively manage transitions and project 
reassignments as the older population retires more frequently and positions are backfilled. It is also 
important to note that younger employees are more likely to resign from their federal positions than their 
older coworkers and the enterprise should evaluate all alternatives to ensure retainage, including 
improving the workforce planning and workload management process to ensure reduced risk of 
resignation due to stress or overload [11]. 
 
4.2 Influx of Work 
 
The President’s Budget provided approximately $4.6 billion in fiscal year (FY) 2017 funding for the 
USACE civil works program. The President’s Budget for the current FY, 2022, included roughly $6.8 
billion in funding for the USACE civil works program, an increase of over $2 billion in just five years. 
Along with increased funding from the President’s Budget, the USACE also received funding through 
the IIJA and DRSAA programs. These two acts provided more than $22.5 billion in additional funding 
for the agency in FY22. Overall, the enterprise is responsible for $29.3 billion of projects between the 
President’s Budget, IIJA, and DRSAA, not including military funding or other sources. This is over six 
times the budget received just five years ago. As most of this influx is temporary, the USACE is mostly 
planning to determine methods to execute the work with existing resources for the time being but to 
successfully execute this tremendous surge of work, planning must be conducted more diligently than 
in the past. 
 
4.3 Current Job Market Conditions in Engineering 
 
The construction industry was predicted to see the highest percentage in job growth (13%) from 2018-
2028 when compared to all other industries in the United States. While the overall industry is expected 
to experience continued growth, there is a difference in compensation when comparing the pay of 
federal employees versus their private sector counterparts. This is debatable and subject to many 
variables, including locality, number of years’ experience, specialization in engineering, etc..., but one 
thing remains the same – the organization is experiencing loss of mid- to upper-level engineers to private 
sector companies who have the flexibility to compensate the employees at a higher level than what is 
attainable within the limits of the Office of Personnel Managment (OPM) General Schedule pay table. In 
the USACE, a typical early career engineer with licensure would be employed as a GS-12, starting at 
Step 1 with an annual salary of $68,299. If the location where the employee is working does not qualify 
for locality pay or other adjustments, this salary is almost $35,000 lower than the average annual salary 
for all engineering occupations. 
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Another item to consider is the resignation rate of the federal sector, which has gone from 0.2% in 
June 2009 to 0.7% as of November 2021. This translates to approximately 70 employees previously 
resigning to 245 employees currently exiting the USACE monthly. While this number seems relatively 
small in comparison to the overall number of USACE employees (35,000), it remains a concern. There 
are many factors that could be attributed to the increase in rate – COVID-19 and associated health 
concerns, childcare instability, and shift in how Americans feel about work but one way the industry 
can work to reduce this rate is to ensure fair distribution of work, better scheduling of tasks, and 
reduced stress as a result of improved planning [6].  
 

4.4 Automated Information Systems (AIS) 
 
The automated information system (AIS) mandated for use in the USACE project management 
community of practice is the Project Management Automated Information System (PROMIS or P2). P2 
was created in 1988 and utilizes Oracle Primavera software for project scheduling. Oracle Primavera is 
a software developed by the Oracle Corporation that encompasses the total project management 
processes including “project management, scheduling, risk analysis, opportunity management, resource 
management, collaboration and control capabilities, and integrates with other enterprise software” 
(“Primavera (software),” 2022). P2 is a competent tool for workforce planning and workload 
management but it is limited to resourcing to the organization and is not easily utilized for resourcing to 
the individual employee.  
 
Microsoft (MS) Project is utilized by project management at the Wilmington District to develop detailed 
schedules with milestones that flow into P2. MS Project is software that has been the most popular 
amongst project managers of all industries for years [12]. The program allows users to build schedules 
with tasks, durations, dependencies (predecessors and successors) as well as resourcing organizations 
or individuals. MS Project also produces a Gantt chart to allow for schedule visualization and, with the 
appropriate coding, can feed data into other applications such as P2, Power BI, or other data 
management and visualization tools. MS Project does require license purchasing but is a tool that a 
core group within the district are familiar with and know how to utilize and edit schedules. MS Project 
does not provide a summary of workload across a program without the use of a data visualization 
application, such as Power BI or Qlik Sense. 
 
Excel spreadsheets are a more rudimentary software for scheduling but can still be effective in workforce 
planning and workload management. This tool can be used satisfactorily for smaller programs and 
projects but becomes ineffective and cumbersome for larger projects. (Windsor, n.d.) There are ways to 
format an Excel spreadsheet to create templates or add-ins to install to assist with building Gantt charts 
and simulating task predecessors, successors, and interdependencies, but there are other programs 
available that can perform these tasks with less manipulation. Another disadvantage with Excel is that 
it does not communicate with other USACE applications (P2, USACE financial management system 
(CEFMS), etc.) and therefore creates a duplicate schedule, introducing the potential for error.  If a 
schedule is started in Excel, it can easily be imported into MS Project for additional formatting and 
organization [15]. Use of Excel does not require any additional licensing and is familiar to most within 
the organization but would be difficult to use for program-level analysis. 
 
Engineering Management System (EMS) is a web application developed by the USACE in 2014 and is 
used by engineering staff to develop budgets, assign resources, build internal detailed schedules, 
monitor execution, and provide reports for analysis. This tool was specifically built to resource and 
analyze workload to the individual and was designed to complement P2 and other established USACE 
project management systems. EMS pulls data from the CEFMS and allows functional managers and 
project managers to quickly access project information and obtain real-time earned value and scheduling 
analyses. One of the drawbacks to EMS is that it does not interface with MS Project, so the USACE 
Wilmington District would need to replicate schedules created in MS Project in EMS. This effectively 
creates duplicate schedules within the district, introducing potential for error and additional workload 
when MS Project schedules are updated. EMS allows multiple users to edit budgets, schedules, and 
other components simultaneously, which allows for quicker development of products. It is also a no-cost 
tool, and no licenses are needed, making it one of the more cost-effective options. 
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Data Visualization Tools: Qlik Sense and Power BI are becoming more popular in resource 
management [18]. The ability to use data and tools to provide graphic representations of a project or 
program status is a new trend in the project management community of practice. Tools such as Qlik 
Sense and Power BI allow leaders and managers to prepare concise reports with real-time information 
to ensure accurate reporting and facilitate efficient decision-making when challenges arise. The 
USACE is utilizing both tools with Qlik Sense more widely used currently. Districts are working towards 
implementation of Power BI due to its ability to integrate with other systems and ease of use. (Team, 
2019) Additional comparison of the two tools is illustrated in the chart below. While neither tool is the 
direct source for workforce planning and workload management, they are critical in creating the 
graphic visualizations needed to convey status of the workforce and project execution.  
 
4.5 Practices to Improve Mission Delivery 
 
Strategic agility, commitment to values and goals, vertical and horizontal alignment, and team diversity 
are all practices to improve mission delivery. There are ways that each of these practices could be 
supported in implementing a more detailed workforce planning and workload management process. In 
today’s environment, it is more critical than ever for large organizations to maintain a sense of 
strategic agility. Strategic agility is defined by Harvard Business Review as “the ability to improve 
performance – not just survive but thrive – amid disruption” (Wade et al., 2021). In short, organizations 
must maintain some measure of fluidity, to be able to move from one project to another and the ability 
to move resources from one project to another as the situation calls. The same is true for the USACE. 
As projects are deferred, put on hold, or funded unexpectedly, the enterprise must remain agile to 
remain relevant and productive. One way to maintain this agility is to have a tool that allows for quick 
view of projects and programs, allowing for real-time scenario development – expansion of the “if/then” 
process – to better understand potential outcomes for different situations. For example, resource 
managers and leadership could game plan a scenario to show impacts to billable hours for employees 
if a district were to lose or gain a major project or determine how to re-assign resources to ensure all 
remained appropriately resourced in the event of a project loss.  
 
Another practice to improve mission delivery is to have the team committed to shared values and 
goals. Introducing further detailed workforce planning and workload management could allow for all 
members of the team (resources, resource managers, project managers, district leadership, 
stakeholders, etc.) to visually see how the team plans to meet the shared goal of project execution and 
understand how the subject project may (or may not) impact other projects. This visibility could foster 
improved decision-making and workload prioritization. In turn, providing vertical (leadership) and 
horizontal (project delivery team) alignment to ensure a project’s success. Having a fully resourced 
project schedule with buy-in from the team can go a long way in overall mission execution and is 
critical to ensuring the project gets the best start possible.  
 
4.6 Burnout/Mental Health 
 
In refining the workforce planning and workload management process, the USACE could recognize 
benefits from a mental health perspective. Mental health and stress remain one of the top sixteen 
reasons that two in five people are prepared to resign from their current employers in 2022 [1]. In fact, 
the current rate of resignation is at a 20-year high and does not appear to be decreasing any time 
soon [10]. In an organization like the USACE, where projects are executed within tight timelines, 
budgets, and are in support of important missions (national security, hydropower, navigation, and 
research and development to “protect the environment and enhance quality of life”), there is no 
surprise that mental health remains a focus of the enterprise [13]. Through shadowing multiple leaders 
throughout the enterprise in previous leadership development training, the author heard many 
confessions when they experienced burnout, the causes that led to it, and ways to avoid experiencing 
the feeling altogether. Burnout is defined as “a form of exhaustion caused by constantly feeling 
swamped. It is a result of excessive and prolonged emotional, physical, and mental stress. In many 
cases, burnout is related to one’s job” [4]. Most often, feelings of having too much work to do and not 
enough resources or time to do it were leading causes of burn out. One way to reduce the potential of 
burnout is to perform more comprehensive planning to provide a better understanding of existing 
workload, projects, and resources. If there was a tool to provide a quick snapshot of an individual’s 
workload, the first level supervisor could identify any issues, including over-resourcing, before they 
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occurred and could either re-assign other team members to assist with the workload or pursue 
brokering the workload with another district to avoid the potential of burnout due to exhaustion.  
 
4.6 Resource Leveling 
 
Resource leveling is defined as the process of resolving a constraint when one resource is required to 
perform more than one task at a time. It is the process of resolving the conflict and usually comes at 
the expense of one of the traditional project constraints – scope, time, and cost [16]. Resource 
leveling, if performed correctly, can lead to reduced potential of resource overload, and allows 
reasonable expectations to be set at the onset of the project (proactive vs reactive management). If 
not performed, resource overload can occur and can lead to mistakes, inefficiencies, and breakdowns 
in overall mission execution [5]. A single tool to provide a quick snapshot of an organization’s workload 
could allow more effective resource leveling, eliminating the “guess work” employed by first line 
supervisors. While previous literature highlights the importance of resource leveling, there is not 
sufficient published information to document how this occurs and methods to avoid overload in a 
matrix, multi-project organization like the USACE enterprise.  
 
4.7 Retaining Talented Workforce 
 
All the previously mentioned subtopics - practices to improve mission delivery, prevention of burnout, 
and resourcing leveling - are elements in retaining a talented workforce. In 2014, twenty percent of the 
USACE workforce was eligible for retirement with an additional twenty percent eligible for early 
retirement – that is a total of forty percent of the current workforce that could retire immediately [2]. 
Understanding the wealth of knowledge possessed by the forty percent of retirement or early 
retirement eligible employees, the USACE must find creative ways to not only attract new talent but 
also retain the current workforce. One of those ways is to provide a stable, predictable work 
environment with a healthy work-life balance. In utilizing a better tool and more effectively integrating 
technology to provide a more detailed approach to workforce and workload planning, the enterprise 
could ensure that the talented workforce currently onboard remains and potentially gain new 
employees by ensuring minimization of resource overload in addition to other recognized benefits 
(insurance, flexible working hours, performance awards, moving expenses, etc.) [8]. 

5. Reasearch Methodology 

Semi-structured interviews are defined as “in-depth interviews where the respondents have to answer 
present open-ended questions…” [9]. Semi-structured interviews were selected as a method for this 
research to gain insight and knowledge regarding the current workforce planning and workload 
management process from leaders within the USACE’s South Atlantic Division Engineering community 
accompanied by a brief demonstration of the tool developed as part of the action research. The intent 
of the interview was to gain insight from leaders and managers who are part of the process and to 
receive feedback on the tool for further refinement. The interviews were conducted via WebEx or 
teleconference. 

6. Results 

Questions established creditability of the interviewees and documented their level of experience to 
further understand their responses to the remaining questions. All interviewees are at the second level 
manager or higher-level leadership within their respective organizations with all having at least fifteen 
years of experience in engineering and management. Almost all interviewees, whether USACE 
employed or private sector employed, currently use Excel to some extent to perform workload 
planning and workforce management. Half of the interviewees are utilizing MS Project for detailed 
project scheduling.  
  
Question to collect additional data on larger shifts in the planning and management field where 
presented. Overall, it appears that the associated tasks are being accomplished using automated 
information systems (AIS), with increased focus on projects completed by multiple team members by 
task for increased efficiency as opposed to the traditional assignment of an individual to complete the 
entire project. Most interviewees expressed a noticed shift in unpredictability of timing and funding of 
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projects, leading to increased difficulty in planning and management. A noted challenge across the 
data was the ability to hire and on-board quality personnel. Interviewees noted that this challenge 
seems to be more difficult than in the past.   
 
Insight into who is performing updates to workforce forecasts, how often workforce needs are assessed, 
and how often workload forecasts are updated was questioned. Five of the nine interviewees stated that 
upper leadership with input from resource managers or other members of the team perform updates to 
workforce forecasts. Four of the nine interviewees stated that workforce is assessed on an annual basis 
and eight of the nine interviewees update workload forecasts on a weekly basis. Although workforce is 
assessed on an annual basis, the amount of time utilized to review workforce needs varies from 
interviewee to interviewee, ranging from six to eighteen months, and even as far as three years.  
 
Overall, most interviewees did not view a project being put on-hold or delayed as a major challenge. 
Eight of the nine interviewees mentioned that if a project is put on hold unexpectedly, they re-assign 
team members to other work or contact other offices to see if support is needed. The intent of this 
questioning was to determine how unexpected stoppage of work and re-assignment of staff is handled 
by each individual and to determine if there were specific processes or tools used to manage this type 
of event. One of the nine interviewees mentioned that their company uses downtime because of work 
stoppage or delay to further develop their staff through formal training or opportunities to shadow 
senior staff.  Eight of the nine interviewees detailed collaborative processes to determine project 
prioritization if deliverables become stacked with decision making conducted by leadership and 
communicated to the remainder of the team.   
 
All the interviewees identified soft skills (communication, flexibility, levelheadedness, honesty, and 
sense of your workforce, understanding the big picture) as important skills for workload management 
in engineering, which is often viewed as a mostly hard skill, technical skill, and knowledge. Five of the 
nine interviewees confirmed usage of earned value management (EVM) or other tools to measure 
progress and performance. Within USACE, EVM was only required for mega-projects and the policy 
requiring its use has since expired. Many interviewees expressed the desire to have a tool that would 
allow the functionality of EVM – the ability to analyze the cost, budget, and schedule performance of a 
project – but it is not currently widely used amongst the interviewees. Preferred features to incorporate 
into the report and dashboard developed through this effort to determine if the team had inadvertently 
missed an opportunity or could improve upon the product. Six of the nine interviewees mentioned the 
need to have schedule and budget (planned versus actual) displayed as part of an application. Most of 
the interviewees are using separate tools for schedule (MS Project), budget (Excel or other), and 
expressed the challenge with combining the data from the two systems for analysis.   
 
None of the interviewees expressed major changes in their method for forecasting workload since the 
pandemic began. Three of the nine interviewees stated that there remains a challenge with 
determining the appropriate balance of in-person versus virtual or remote workers within their 
organizations. Allowing the interviewees to comment on anything that the researcher did not identify in 
the previous questions related to workforce planning and workload management yielded three of the 
nine interviewees detailed difficulties with building the workforce in the current work environment and 
on-going challenges with the hybrid (in-person and virtual/remote) workplace.  

7. Conclusion 

There is no single tool widely used that performs both tasks within the same application. Through 
analysis of the semi-structured interview responses, it is apparent that most leaders within the 
industry, whether federal or private sector architect-engineering firms, are using a combination of 
financial applications and Excel with some quantity of manually entered information. Another key 
theme across the interviewees was that there is does not seem to be a tool that effectively compares 
budget to schedule but this is a feature that most of the interviewees are seeking or would find 
valuable in an application. As programs and projects become more fluid, due to funding sources and 
the passage of massive federal legislation, the need for a tool that allows resource manager and 
leaders to evaluate multiple courses of action and shuffle resources quickly when things change 
becomes more critical to evaluate impacts. With the ability to game plan, the ability to produce visually 
pleasing graphics to assist in “telling to story” to non-technical staff becomes a more valued and 
sought-after feature. Items like heat maps, line graphs, etc. are useful to the entire team and can be 
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produced easily with the appropriate data and data visualization tool. Although there is no single tool 
that performs both functions (workforce planning and workload management), there are tools available 
to assist with mining the data existing in current USACE automated information systems (AIS) and 
using Power BI or similar data visualization applications is critical as the enterprise moves forward and 
seeks to modernize its processes.  
 
Overall, COVID-19 does not seem to have had a major impact on how engineering managers and 
leaders perform workforce planning and workload management. Employees throughout engineering 
encountered a learning curve when the pandemic started over three years ago, but all have adjusted 
accordingly and recognized some efficiencies from the mostly hybrid (in-person and virtual) work 
environment. Although all interviewees agreed that project prioritization is being performed by senior 
leadership with input from resource managers, clear and frequent communication with staff regarding 
project prioritization or changes to prioritization is critical to ensure the team remains aware and 
focused due to the hybrid nature of the work environment. There is not often the opportunity to pull 
everyone quickly into a conference room to review changes on the go, communications must be 
deliberate and reach all personnel, whether in-person or virtual. Another recognized theme throughout 
the research is the challenge in countering the negative impacts of the hybrid work environment, most 
notably the challenge with fostering camaraderie and sense of ownership and belonging within the 
workplace. Managers and leaders within organizations need to continue to look for opportunities to 
build the sense of team while continuing to provide the flexibility so many jobseekers value. Along with 
decreased camaraderie and sense of ownership and belonging, managers are noticing an increased 
challenge in hiring and building the workforce. The latest generation of engineering employees value 
flexibility in work hours and location (telework) and are willing to switch employers more frequently if 
needed to obtain the valued benefits. Another shift in the industry is the decrease in willingness to 
work the 40+ hour workweeks that engineering and architecture often require, with more employees 
requesting to working part time or compressed schedules to maintain a better life work balance. These 
conclusions are significant shifts in values from those most often performing at the management level 
in the traditional hierarchy of engineering organizations and pose a challenge for managers and 
leaders, as the need for more engineers remains constant.  
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Abstract 
This research study focuses on examining the Army’s facility construction program during the fiscal 
years 2006 through 2013, known as Military Construction Transformation.  For this program, the Army 
had goals to build better facilities, constructed faster and at less cost.  To accomplish this, the Army 
gave contractors additional consideration for contract awards if the contractors proposed innovative 
design solutions, such as modular construction.  This research examines construction costs, 
construction schedules, and maintenance records to determine if the Army’s goals were met.  There 
were more than 7,000 maintenance records available, covering more than ten years for the facilities 
evaluated.  The results of the data revealed that modular construction is not providing the durability and 
maintainability that the Army paid for when compared to conventional construction through comparative 
case studies.  A recommendation was provided as well as considerations for future research. 
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1. Introduction

Billions of dollars are spent on Army facilities for both new construction and maintenance. In 2006 the 
United States Army, through the United States Army Corps of Engineers (USACE), implemented a 
construction buildout of $44.6 Billion that was required to be completed within the Fiscal Year (FY) 2006 
to FY 2013 timeframe.  To accomplish the construction on a highly accelerated schedule and massive 
scale, the Army relaxed several requirements that included allowing Type V Construction, such as 
modular buildings, and allowing industry criteria to be used instead of all Unified Facility Criteria (UFC) 
requirements that are highly prescriptive. This initiative also emphasized using Design-Build (D-B) 
instead of Design-Bid-Build (D-B-B) procurements. The Army called this endeavor MILCON 
Transformation, abbreviated as MT. MILCON stands for Military Construction.   

By adopting performance-based criteria and industry best practices, contractors could utilize Type V 
(combustible) construction, which was previously not permitted in Military Construction. Type V 
construction enables the use of “modular units” – pre-manufactured sections constructed in workshops 
and delivered and installed onsite.  Type V construction is built from combustible light wood framing-the 
least fire-resistant of all construction types.  Fire ratings fall to zero for Type V-B construction (Allen & 
Lano, 2013).  Realizing the need for fast construction, the Army placed incentives in D-B Requests for 
Proposals (RFP), stating contractors that proposed innovative design solutions, such as modular 
construction, would receive additional consideration from the source selection evaluation board.  The 
Army was aware that the modular facilities would not provide the same longevity when compared to a 
concrete structure.  The MILCON Transformation program specifically sought a 25-year 
rehabilitation/repurpose cycle instead of the 50-year cycle typical of previous construction requirements. 
Through onsite post-occupancy evaluations of the constructed facilities, many installation facility 
managers stated concerns that the buildings constructed using modular methods are inferior and 
perform poorly compared to buildings constructed using more robust and restrictive methods.  
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2. Research Background 

In 2006, the United States Army Corps of Engineers (USACE) was responsible for executing six major 
Army initiatives that required the complete construction of facilities totaling approximately $44.6 Billion 
(FY 06 – FY 13) in a short timeframe.  This requirement necessitated changing the current design, 
construction, and acquisition processes.  Corps of Engineers leadership issued orders to update design 
and construction processes, titled, USACE Policy on Applicability and Use of the Military Construction 
Transformation Model Request for Proposal. This order stated: The Army faces a significant resource 
shortfall in providing permanent facilities to support a transforming Army at war. The Vice Chief of Staff 
of the Army (VCSA) has directed that standard facilities will be constructed to meet Warfighter functional 
and operational capabilities.  This includes providing facilities that meet the quality-of-life features based 
on non-military considerations, such as equivalent living conditions in academia, and working facilities 
that meet requirements for current and future use, such as tactical equipment maintenance facilities that 
can service existing vehicles and vehicles the Army intends to field in the next five to ten years.  
 
The Department of Defense budget request for the construction of new facilities and sustainment, 
restoration, and modernization is $21 Billion for FY 21. Even with this funding, it, on average, funds 80 
percent of DOD facility sustainment requirements across the enterprise [5]. A backlog of $134 Billion in 
Renovation and Modernization (R&M) projects and low overall funding levels continue to cause the 
degradation of Army infrastructure [4]. Existing research has analyzed how the DOD and Army best 
utilize their construction funding. There is well-researched information focusing on decision-making 
when various construction methods can be used, as well as the cost and schedule impacts of different 
construction methods. For example, Modularization has the potential to address many recurring industry 
challenges, including a shortage of skilled workforce, tight budgets, schedule compression, and reduced 
site risk by reducing onsite labor [2]. Average construction costs per square foot are lower for facilities 
constructed with combustible materials than for facilities with higher levels of fire protection [7].  The 
Army appears to have achieved some savings in selected construction projects by expanding the use 
of wood materials and modular construction methods for some of its facilities. Still, the Government 
Accountability Office found little quantitative data on whether the use of these materials and methods 
will result in savings over the long term compared to the traditional use of steel, concrete, and masonry 
materials and onsite building methods [9]. Research on the overall Department of Defense facility 
spending between 2010-2016 shows $4.2 Billion in savings [1]. 

3. Research Aim 

The scope of the research will look at unaccompanied personnel housing and administrative facilities 
constructed at Fort Bliss, TX, and Fort Carson, CO, as these facilities were constructed for the same 
purpose using both conventional and modular construction. This will allow for the most relevant analysis 
possible. The research will include maintenance records for the buildings from the first available record 
to 2022. Those buildings erected before MT are considered “legacy” facilities and were subjected to all 
applicable UFCs, establishing stringent construction requirements. These facilities required Type II 
construction [3]. Type II requires that building elements be of noncombustible materials [6]. As such, 
legacy facilities were not considered for evaluation.  
 
The objective of this study is to explore whether the Army’s modular buildings are inferior in quality and 
do not provide efficient lifecycle facilities.  The study focused on Unaccompanied Enlisted Personnel 
Housing (UEPH), also known as barracks and Administrative Facilities.   
  
Archival data will provide information on the following themes: 

1. Did modular construction hold up over time compared to conventional construction?    
2. Are building systems in modular facilities performing as well as systems in conventional 

construction?    
3. Did the Army get what it paid for in modular construction regarding durability and 

maintainability?   
 
4.  Literature Review 
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Modular construction in the context of this research is the method of assembling as much of a facility as 
possible, including structure, building systems, and finishes in a factory setting, as well as transporting 
the modular unit to a construction site for final assembly and completion. MT demonstrated that facilities 
could be constructed quickly and cheaper than before MT [1]. The compromise was the overall useful 
life of the facility before a major renovation, which was reduced to 25 years from 50 years. Before MT, 
the average construction duration of a $25 Million barracks was approximately two years or 720 calendar 
days. MT required that the total number of proposed calendar days for design and construction through 
completion, ready for turnover, shall not exceed 540 calendar days [11]. Since the projects were first 
initiated, many Army Installation Departments of Public Works (DPW) were concerned that the facilities 
would be poorly constructed and cause a significant resource drain on limited maintenance funds. The 
U.S. Army Corps of Engineers Inspector General developed a report that stated: Installation officials 
feared that the less-stringent commercial specifications and construction standards allowable under MT 
would result in increased Operations and Maintenance (O&M) costs in the future – additional expenses 
that already stressed DPW budgets might not be able to afford. 
 
Senior Army leadership was committed to providing equitable delivery of projects within the Army's Total 
Obligation Authority to meet both mission and quality of life requirements. (Temple, 2006).  USACE 
leadership further stated that in order to meet these challenges, the Army is implementing MT. A key 
component to successfully implementing MT was the Model RFP. The Model RFP, also known as the 
RFP Wizard, provided a web-based tool to develop D-B RFPs for standard Army facility types quickly.  
The technical performance requirements suitable for a D-B RFP, such as the architecture, mechanical, 
electrical, and structural elements, were developed in advance of projects for standard facility types.  
Minimal input was required from the technical team developing the D-B RFP; only the site, infrastructure 
and aesthetics of the building exterior required significant technical resources.  
   
Many with a professional background indicated during post-occupancy reviews that the potential 
increased cost in the future to maintain facilities constructed using commercial construction standards 
outweighed any perceived cost savings claimed during the project delivery process. Almost all admitted 
that it was too early to conclude; however, no data was available to support their contentions at this 
point [10]. This research will look at the data collected and see if there is data-driven validity to the 
concern that Type V and modular construction are an inferior product. Given the significant dollars in 
the program, providing Type V facilities that meet service life and quality standards can save taxpayer 
money versus going back to more restrictive construction. 
 
Modular buildings are manufactured facilities that provide factory-controlled environments in an 
assembly line configuration. Completing as many of the building components in a controlled environment 
allows the manufacturer to minimize inclement weather impacts, manage supply lines of individual 
components, and control quality through the assembly line method. Recent academic research in the 
last ten years, as well as older research, has referenced the following for a consistent definition of the 
term module, “A module is a product resulting from a series of remote assembly operations. It is usually 
the largest transportable unit or component of a facility. A module consists of a volume fitted with all 
structural elements, finishes, and process components, which regardless of system, function, or 
installing craft, are designed to occupy that space. Modules may contain prefabricated components or 
preassemblies and are frequently constructed away from the job site” [8]. 
  
It is noted that the Types of Construction (Type II and Type V) discussed in this research are fire-
resistance ratings for exterior walls based on fire separation distance [6]. This fire resistance rating was 
frequently used to convey the quality of materials and is at the heart of the research. The use of “Type 
II” and “Type V” is used synonymously with quality in the Army vernacular. This is partly because, in 
Type II buildings, the materials and components are required to be non-combustible. As such, all the 
components that go into building assemblies must be rated as non-combustible. Electrical wiring in a 
Type II facility must be run in conduit, whereas a Type V facility may use non-metallic cable such as 
Romex. Light fixtures and outlet boxes may also be rated. Also, HVAC penetrations can be more 
sophisticated in Type II Construction, and finishes may have a higher rating. Substantial research has 
been conducted on modular construction, including the categories of modular construction and research 
on exactly how much academic literature has been developed on the modular construction industry.  
 
Much of the existing literature discusses the use of modular construction in the industry and how it 
benefits project completion. One academic journal provided a succinct description of why modular is not 
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used. An Investigation of Critical Factors and Constraints for Selecting Modular Construction Over 
Conventional Stick-Built Technique. This journal discusses that more coordination in the planning and 
procurement process is required, and there is less flexibility to make changes late in the project. The 
journal provides an excellent evaluation of why modular is not used in two different sections. The first 
states, “In most cases, the decisions are made based on the experience and gut-feelings of senior 
project managers and modularization experts” [2]. This is followed up with the following conclusion, 
“Some of the barriers preventing the widespread use of modularization for commercial building projects 
include lack of modularization provisions in typical project design, lack of awareness of the benefits of 
modular construction among owners, the non-availability of prefabrication units in the project vicinity, 
restricted site layout, and modular design rigidity” [2]. 
  
Few academic journals or articles go into detail, specifically discussing the Army’s use of modular 
construction during the 2006-2013 timeframe and comparing the results to traditional construction.  The 
most relevant data is a Government Accountability Office (GAO) report to the House of Representatives 
Armed Services Committee.  This report published in 2010 and did not have the opportunity to evaluate 
the buildings in a long-term manner to assess their lifecycle performance.  Acknowledging this, the GAO 
report stated, “Without long-term or life-cycle analyses that consider not only initial construction costs 
but also possible differences in facility service lives and annual operating and maintenance costs 
between the construction alternatives, it is not clear that the Army’s expanded use of wood materials 
and modular building methods will achieve the Army’s intended purpose of reduced facility costs over 
the long term” [9]. 
  
Army Corps of Engineers personnel visited several different modular manufacturers during the initial 
stages of the MT buildout.  The modular manufacturers indicated through in-person interviews at the 
time that the Army’s requirements for the facilities were more robust than the traditional manufacturing 
of commercial facilities and residential buildings.  The increased robustness was based on Anti-
Terrorism and Force Protection (ATFP) requirements and the prevention of progressive collapse 
requirements when the constructed facility would be three stories or higher.  These requirements 
required the manufacturers to increase overall structure rigidity and add considerations for glazing for 
blast resistance, as well as other building system considerations not present in commercial or residential 
construction.  The modular manufacturers would have to set up the assembly lines specific to the Army’s 
projects. They would run the entire order through the plant at once, so the assembly line could be 
converted back to standard lines of business. 

5. Research Methodology 

Research was conducted using a quantitative method of analyzing archival data from initial construction 
award documentation and maintenance records for a specially selected number of facilities. Eight 
facilities across two locations will be utilized for the research, because the facilities provide the 
opportunity to examine similar buildings constructed at the same time. Four buildings used modular 
construction and four buildings used traditional methods.  
 

Four buildings are located at Ft. Bliss, TX and include two barracks (one modular and one traditional 
construction) and two administrative facilities (one modular and one traditional construction).  The 
second set of four buildings are located at Ft. Carson, CO and include the same make up and 
construction types as Ft. Bliss.  Between the eight buildings, there are more than 7,300 maintenance 
call records to analyze spanning more than ten years. 
 

6. Results and Discussion 

Out of the 7,370 maintenance calls, there were more calls for modular facilities than those constructed 
via conventional methods. The four modular facilities received a total of 4,804 maintenance calls 
compared to the 2,566 that were recorded for the four conventional facilities which is depicted in Table 
10 below. 
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Table 10 Maintenance Calls 

 

An interesting result of the data analysis is that all the facilities receive a similar percentage of building 
system issues and normal maintenance.  The average percentage across all facilities for building system 
issues is 61%.  The average percentage across all facilities for normal maintenance issues is 36%.  The 
most noticeable difference is the total number of service calls received for the facility types.  The modular 
facilities received many more maintenance calls. For the Barracks, maintenance calls to modular 
facilities represents 65% percent of the total. Conventional facility maintenance calls are only 35% of 
the total. For the Admin Facilities, maintenance calls to modular facilities represents 65% percent of the 
total. Conventional facility maintenance calls are only 35% of the total.  
 

All modular facilities analyzed had more maintenance calls than the comparable facility using 
conventional construction.  This is a strong indicator that the modular facilities are not holding up over 
time compared to conventional construction and that the building systems in modular facilities are not 
performing as well as the conventionally constructed counterpart. “The Army set goals to reduce its 
estimated construction costs by 15 percent and building timelines by 30 percent” [9]. Based on the 
projects analyzed, the average cost savings were 13%, but on average, it took 16% longer to construct 
the facilities. It is interesting to note, that modular construction took longer to complete for both 
installations, the modular barracks at Ft. Bliss and the Admin Facility at Ft. Carson.   
  
A significant limitation is the small sample size of Army facilities constructed at the same time that include 
both modular and conventional construction.  The selection of facilities was made to evaluate the 
differences most accurately in first costs, construction duration and total maintenance calls.  However, 
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the number of maintenance calls, more than 7000, provides a large sample size to evaluate across the 
facility types selected. Additionally, there was bias in the fact that the author was involved with the 
MILCON Transformation program attempting to achieve all the goals stated. Results of the data were 
not favourable to continuing modular construction.  

6. Conclusion 
 
The goal of MILCON Transformation was to provide facilities that could be built better, faster, and 
cheaper.  The modular facilities analysed experienced 87% more maintenance calls than the 
conventionally constructed counterparts.  This is almost twice as many service calls to maintain the 
facility.  An interesting data point is that the type of calls are similar between routine maintenance and a 
building system issue for both types of construction; however, there are almost twice as many 
maintenance requests to the modular facilities. The Army’s goal was to reduce construction timelines 
by 30% when compared to conventional construction methods. The data analyzed indicates it took on 
average 16% more days to complete the construction of modular facilities when compared to the 
conventionally constructed counterpart. Another goal was to reduce cost by 15%. The data indicates 
the costs savings was less than 15%.  
  
Modular facilities require almost twice as many maintenance calls to reach the 25-year 
rehabilitation/repurpose cycle, it does not appear modular construction is holding up over time compared 
to conventional construction and that modular facilities are not performing as well as conventional 
construction regarding durability and maintainability.  In addition, the cost savings indicate the Army’s 
goals were not achieved.  Based on the fact that none of the MILCON Transformation goals appear to 
be met, modular cannot be recommended in future Army construction projects. Based on the data 
available, catastrophic failure of building systems is rare. With the limited data available, the Army would 
need to do determine if fiscal programming requirements need to be allocated based on housing soldiers 
on the normal occurrence of service calls, or what happens when a catastrophic failure occurs. Future 
research can evaluate the potential impact of catastrophic conditions.  
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Abstract 

The arrangement of temporary facilities within a construction site is essential for successfully 
undertaking a project, as it enhances productivity and ensures both safety and environmental protection. 
The Construction Site Layout Planning (CSLP) problem is a challenging discrete combinatorial 
optimization problem involving multiple objectives and has been tackled using various methods, from 
linear programming to heuristic and meta-heuristic techniques. Evolutionary algorithms have patently 
been preferred for solving the CSLP problem due to their ability to provide efficient (near-optimal) 
solutions in reasonable computational time. The present work aims to comparatively evaluate the 
effectiveness of five well-known evolutionary algorithms in terms of these performance indicators based 
on a number of case studies of different structure and characteristics. The model implementation is 
structured in an Excel environment to facilitate the problem setting and calculations while the 
optimization algorithms have been implemented in the Matlab software. The examined case studies 
include simple, single-objective formulations (i.e., minimizing the total traveling distances among 
facilities) and multi-objective formulations that consider, in addition, preferences or constrains in facility 
setting to account for operational, safety, and environmental considerations. The evaluation results 
indicate that all methods perform reasonably well from a practical point of view, however, those based 
on harmony search, simulated annealing, and particle swarm optimization appear to be more flexible in 
attaining better solution quality and lower computational time. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: construction operations, construction site layout planning, evolutionary algorithms, metaheuristics, 
optimization. 

1. Introduction

Cost, safety, and environmental protection are critical factor for designing an efficient construction site. 
The Construction Site Layout Planning (CSLP) problem deals with determining the optimum placement 
of the temporary facilities within the construction site area to facilitate the operational plan of the 
construction work. The main objective of the CSLP analysis is to minimize the resource consumption by 
reducing the cost associated with the resource movements among facilities (traveling distance 
reduction) while satisfying any spatial or other constraint of the problem.  

The CSLP problem is developed in two types, according to the way that the temporary facilities are 
allocated within the available space of the construction site. The general formulation in which the 
facilities can be freely assigned in any unoccupied area is known as the "facility-to-site (FSP)" problem. 
This approach efficiently exploits the whole construction site area; however, as the number of facilities 
or spatial constraints (restricted areas) increase, the problem becomes more complex and requires 
increased computational effort. A simplified consideration to overcome this difficulty is to pre-determine 
several specific areas for potential facility allocation and searching for the best combination of facility 
placement within these areas, leading to the "facility-to-location (FLP)" problem. The problem can be 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-038

Keszthely, Hungary 
20-23 June 2023

280



further distinguished to an "equal" or "un-equal" area problem depending on whether all facilities can fit 
to all locations or not. 

The CSLP "facility-to-location" problem falls within the NP-hard combinatorial optimization problems. As 
the exhaustive search is not tractable, meta-heuristic techniques prevail in solving the problem, as they 
can promptly provide efficient (near-optimal) solutions. Most existing research efforts employ a specific 
type of algorithm and focus on describing the mathematical formulation and evaluating its performance 
based on some case studies and operational scenarios. In the present study, a number of known 
evolutionary algorithms are implemented and comparatively evaluated to explore the pros and cons of 
such methods in optimizing the CSLP problem. 

2. Background 

The literature review indicates that several studies have aimed at solving the facility-to-location CSLP 
problem by proposing various models and techniques, from Linear programming (LP) to swarm 
intelligence (SI) and evolutionary algorithms (EA). Yeh [1] combined Artificial Neural Networks (ANN) 
with Simulated Annealing (SA), while Tam et al. [2] introduced a non-structural fuzzy decision support 
system that integrates both expert judgment and computer decision modeling. 

Genetic algorithms (GA) are the most widely applied evolutionary algorithms. Li and Love [3,4] 
introduced models for equal and unequal "facility to location" CSLP problems utilizing GA for 
optimization, while Mawdesley [5] proposed a sequence-based genetic formulation applying various 
values of crossover and mutation operators. Cheung et al. [6] handled a site precast yard layout problem 
through Palisade Evolver software, and Lam et al. [7] introduced GAs conjoined with a max-min ant 
system for improving the quality of the initialization. Finally, Papadaki and Chassiakos [8] presented a 
model involving multiple parameters and employed GAs for the implementation. 

Swarm Intelligence (SI) algorithms have also been implemented to solve the CSLP problem. Gharaie et 
al. [9] illustrated an Ant Colony Optimization (ACO) methodology, while Lam et al. [10] merged fuzzy 
logic and entropy technique with an Ant Colony Optimization (ACO) algorithm. Calis et al. [11] 
demonstrated an Ant Colony Optimization algorithm with Local Analysis (ACO-LA) to improve the quality 
of the results, while later [12], they expanded this research by introducing parametric analysis.  

Liang et al. [13] employed the strategies of Tabu Search to solve the models of Li and Love [4], while 
Gholizadeh et al. [14] developed a Harmony Search (HS) algorithm evaluating its performance in the 
same benchmark model. Zhang and Wang [15] presented a particle swarm (PSO-based) optimization 
approach for solving unequal-area CSLP problems. Furthermore, Lien et al. [16] introduced a Particle 
Bee Algorithm (PBA), which combines the benefits of Particle Swarm and Artificial Honeybees in global 
and local analysis respectively. 

The literature review indicates that most of the research efforts focus on developing innovative 
algorithms adapted to specific CSLP problem requirements and utilizing previous research as a 
benchmark for the implementation. Therefore, the strengths and limitations of each algorithm may not 
be readily apparent. The present study intends to provide a comparative evaluation among several 
existing algorithms in terms of solution quality and computational efficiency. A number of operational 
scenarios are analyzed to broadly support the algorithm evaluation. 

3. Model formulation 

For the purposes of the current research, the "facility-to-location" model presented in Farmakis and 
Chassiakos [17] has been considered for the comparative evaluation of the algorithm performance. This 
model involves multiple objectives, parameters and constraints in the directions of construction 
efficiency, safety, and environmental protection. The model includes parameters related to direct 
expenditures for facility placement and transport operations associated with resource flows, distances, 
and operational conditions. Besides direct costs, additional parameters are considered to ensure that 
construction processes run smoothly, efficiently, and safely. These parameters are modelled as 
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proximity (or remoteness) preferences (or constraints) between pairs of facilities or between facilities 
and locations. The optimization model is structured upon the Quadratic Assignment Problem (QAP) and 
is mathematically formulated as follows: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑤𝑤1𝑓𝑓1 +𝑤𝑤2𝑓𝑓2                                                                                                                                      (1) 
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where f1 is the function of the total cost, f2 is the equivalent safety and preference component 
(representing bonuses or penalties for preferences and constraints), w1 and w2 are weight coefficients, 
n is the number of facilities and locations, δxi is a binary permutation parameter connecting facility i to 
location x, fij is the frequency of trips between facilities i and j, uij is the unit transport cost of the 
movements between i and j, dij is the Euclidean distance between i και j,  cxi is the construction cost for 
facility i at location x, αij and αxi are binary variables indicating whether two facilities i and j or facility i 
and location x are in an acceptable distance range, eij and fxi are bonuses (or penalties) if the 
corresponding distance preferences or constraints are (not) satisfied.  

4. Algorithms and software 

A preliminary evaluation of several commonly utilized algorithms showed that algorithms adapted to 
solve pure permutation formulations modeled as a Quadratic Assignment Problem (QAP) can provide 
efficient (near-optimal) solutions to the "facility-to-location" problem in reasonable computational time. 
As a result, the current research focuses on five robust permutation-based algorithms, namely Genetic 
Algorithm (GA), Particle Swarm Optimization Algorithms (PSO), Simulated Annealing Algorithms (SA), 
Harmony Search Algorithms (HS), and Differential Evolution Algorithms (DE).  

Two commercial software tools have been utilized in the current study for model implementation, 
Microsoft Excel for data handling and performing the necessary calculations and Matlab for developing 
the algorithms. Every Microsoft Excel spreadsheet consists of the data entry fields (e.g., frequencies of 
trips between facilities, location coordinates, etc) and the output presentation while the calculations 
associated with the optimization algorithms are implemented in the Matlab software. 

5. Case studies 

Three operational scenarios with increasing level of complexity are employed to evaluate the algorithm 
performance. C1 refers to a small-sized (11 facilities and 11 locations) problem with a single objective 
of minimizing the transportation cost of resource movements ([8], [9]). C2a and C2b are mostly directed 
to the mutli-objective formulation in which the input data of Tables 1 to 3 and Figure 1 apply (16 facilities 
are to be allocated in 20 available sites). In C2a, the main and side gates need be placed close to the 
access roads with a properly scaled bonus (-3000), if succeeding so. In C2b, the following preferences 
and constrains are further considered: a) the concrete batch plant needs to be placed close to the 
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reinforcement steel workshop and the cement/aggregate storage yard to enhance productivity, b) the 
site office should be located close to the side gate to ensure safe personnel entrance, and c) the fire 
equipment storage should be placed adjacent to the electric generator & fuel storage for safety reasons. 
Appropriate bonuses (-50) are imposed for each preference accomplishment. Unit costs of 0.002, 0.004 
and 0.006 per m are applied for human resource, light vehicle, and heavy truck movement respectively.  

Table 1. Facilities and construction costs              Table 2. Resource movement frequencies between facilities 

FACILITY Constr. Cost 

1 Building 0 

2 Main gate 15.000 

3 Side gate 10.000 

4 Site office 25.000 

5 Labor rest area 25.000 

6 Guard house 10.000 

7 Concrete batch plant 40.000 

8 Reinforcement steel workshop 30.000 

9 Scaffold storage yard 25.000 

10 Equipment maintenance shop 30.000 

11 Warehouse (Material storage yard) 25.000 

12 Cement/aggregate storage yard 30.000 

13 Electric generator 10.000 

14 Fuel storage 25.000 

15 Fire equipment storage 15.000 

16 Electricity equipment & water-supply  10.000 

 

Table 3: Location coordinates 

 

Location X Y 

1 20 10 

2 20 45 

3 10 70 

4 30 90 

5 20 110 

6 30 135 

7 50 140 

8 70 125 

9 90 140 

10 120 120 

11 140 135 

12 140 100 

13 130 70 

14 140 45 

15 130 30 

16 110 20 

17 90 40 

18 70 20 

19 40 30 

BUILDING 80 80 

 

Figure 1. Construction site layout 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

1 0 9 2 6 4 1 9 9 9 9 6 2 1 3 2 2 

2 9 0 2 4 2 1 6 6 3 6 9 9 2 6 2 2 

3 2 2 0 6 4 2 2 2 2 2 2 2 1 2 2 1 

4 6 4 6 0 2 1 4 6 4 4 4 4 1 1 1 1 

5 4 2 4 2 0 1 2 2 2 2 2 2 1 1 1 1 

6 1 1 2 1 1 0 1 1 1 1 1 1 1 1 1 1 

7 9 6 2 4 2 1 0 2 1 6 4 9 1 6 2 1 

8 9 6 2 6 2 1 2 0 6 6 4 2 1 4 2 2 

9 9 3 2 4 2 1 1 6 0 4 2 2 1 4 1 1 

10 9 6 2 4 2 1 6 6 4 0 9 3 2 6 2 1 

11 6 9 2 4 2 1 4 4 2 9 0 2 1 3 2 1 

12 2 9 2 4 2 1 9 2 2 3 2 0 1 6 1 1 

13 1 2 1 1 1 1 1 1 1 2 1 1 0 1 2 1 

14 3 6 2 1 1 1 6 4 4 6 3 6 1 0 2 1 

15 2 2 2 1 1 1 2 2 1 2 2 1 2 2 0 1 

16 2 2 1 1 1 1 1 2 1 1 1 1 1 1 1 0 
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6. Results 

Multiple runs of each algorithm have been performed to account for the stochastic search process and 
the results of all cases are presented in Table 4. In case C1 (small-size problem), all algorithms provide 
comparable performance. Among them, HS and PSO can be considered the most robust algorithms 
with good convergence performance. In case C2a, while SA develops the best value in a single run, HS 
appears to generally be the most efficient algorithm, providing near-optimal solutions in all iterations. In 
terms of time requirement, these two algorithms generate effective layouts in approximately half time 
compared to all other algorithms. Finally, in case C2b, the results show that SA, PSO, HS, and GA 
present comparable performance in terms of the optimal value acquisition, with PSO reaching the best 
value among all runs. Further, HS and SA require the least time. A graphical representation of the 
collective results, in terms of deviations from the best value in each case, is shown in Figure 2. The 
graph indicates that HS and SA appear to perform better than other algorithms; however, the outcome 
needs further validation with larger and more complex case studies 

Table 4: Algorithm performance evaluation results   

Case Study Evaluation parameter HS PSO SA DE GA 

C1 

Best value 12,150 12,150 12,150 12,266 12,306 

Average value  12,259 12,294 12,405 12,370 12,449 

Standard deviation (SD) 67.4 139.2 204,5 58,5 118.5 

Running time (min: sec) 7:40 10:30 7:10 8:40 11:30 

C2a 

Best value 40,657 40,913 40,500 41,700 41,581 

Average value 40,927 41,521 41,528 42,737 42,515 

Standard Deviation (SD) 260 776.0 545.8 603 591 

Running time (min:sec) 19:50 34:10 19:03 32:21 33:21 

C2b 

Best value 494 477 485 532.4 486 

Average value 503.2 495.2 494.8 535.74 508.8 

Standard Deviation (SD) 10.5 10.1 5.5 2.2 18.0 

Running time (min:sec) 20:30 28:30 19:20 33:25 32:12 

 

 

Figure 2. Comparative algorithm performance results in the three cases studies 
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7. Conclusions 

Two case studies and three operational scenarios have been employed to comparatively evaluate the 
performance of five metaheuristic algorithms in solving the "facility-to-location" CSLP problem. All 
algorithms can provide acceptable (near-optimal) solutions within reasonable computational time with 
both performance indexes to degrade as the size and complexity of the problem increase. The results 
of this initial investigation indicate that SA and HS may be the most promising algorithms for the specific 
problem. In particular, SA is a non-population-based method, utilizing temporary memory instead, and 
usually leads to fast and acceptable convergence. HS emerges as a stable algorithmic approach due to 
the improvisation process which adds new data in the solution population. PSO is a reliable algorithm, 
especially in larger and more complex cases, and tackles all cases quite efficiently as particles are 
influenced by the best-found running solution; however, it requires increased running time due to the 
required internal computations. DE presents comparable performance with other methods in small-sized 
problems but this performance appears to decay in larger-scale problems because candidate changes 
between iterations are imperceptible. Similarly, GA performance deteriorates with the problem size and 
this may be the result of the population-based algorithm structure and the limited influence of the running 
best solution into the new gene development. The above outcomes can be considered indicative and 
further analysis is required to obtain a more robust evaluation. 
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Abstract 
Construction projects are revolutionized by the introduction of Building Information Modelling (BIM) in 
the construction industry. It changed the way projects are managed and executed as a collaborative 
approach to building design, construction, and management. A relatively new concept that has been 
adopted in several countries around the world is the BIM-based permit process. This process involves 
the use of BIM technology to optimize the permit process for construction projects. The traditional 
process of obtaining a building permit involves multiple stakeholders and numerous steps and is often 
handled using paper documents or digital file submissions. Inefficient building permit procedures are 
considered time-consuming and prone to errors. Additionally, the demand for building permits has 
increased due to rapid urbanization, placing more significant pressure on regulatory authorities. This 
paper presents an analysis of the experiences of countries where the BIM-based permit process has 
been implemented: Singapore, Norway, Estonia, Finland and Netherland. Reviewing the existing 
literature and case studies, the advantages and challenges of this method are presented. The benefits 
identified include increased efficiency, improved accuracy, and reduced costs and delays in the permit 
process. However, there are many challenges, such as resistance to change and legal support. The 
paper also highlights the importance of government policies, stakeholder collaboration, and adequate 
training and education in successfully implementing the BIM-based permit process. The study concludes 
that the BIM-based permit process has the potential to improve the permit process for construction 
projects significantly, but its success depends on various factors.  

Keywords: Building Information Modelling, building permit, compliance checking, case study. 

1. Introduction

Construction projects are revolutionised by introducing BIM (Building Information Modelling) in the 
construction industry. It changed how projects are managed and executed as a collaborative approach 
to building design, construction, and management [1], [2]. Construction is currently the least digitised 
and industrialised of all industries. However, at the same time, it has the most opportunities and a 
comprehensive range of directions in which it can progress. What started digitisation is the emergence 
of all modern technologies. They are applied to some extent in construction projects, and BIM 
technologies are the most prominent [3]. 

According to the definition from the “National Building Information Modelling Standard” [4], the adequate 
description of the BIM is: “A BIM is a digital representation of physical and functional characteristics of 
a facility. As such, it serves as a shared knowledge resource for information about a facility forming a 
reliable basis for decisions during its lifecycle from inception onward“. Although BIM technologies are 
emerging fast in the AEC (Architecture, Engineering & Construction) industry, a common problem is its 
implementation in public institutions and the processes of obtaining specific permits and legal 
documents. These processes are responsible for delays at the very beginning of the project, along with 
frequent errors and a large amount of human work. The issuance of building permits is considered one 
of the leading indicators for measuring a country’s business [5].  
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Obtaining a building permit is a complex process involving the cooperation of many stakeholders through 
multiple steps [6]. In many countries, this process needs to be updated - where the paper format of 
documents is still used, with a low share of digitisation and process optimisation. Many governments 
are handling digital documents on different e-platforms, but still with a high range of manual work prone 
to errors and delays in the construction process. Rapid urbanisation has also led to an increased need 
for digitalisation, setting pressure on local authorities by increasing the number of requests for building 
permits [7]. A large number of researches in the past few years aimed to define the factors affecting the 
implementation of BIM technologies. The most commonly identified factors are grouped into categories, 
including top management and leadership, a workflow of the processes, technology and software 
availability, people and skills, standards and legal requirements, collaboration and communication [8]. 
Analysing the processes in the cities of Finland and Estonia resulted in four key categories: technology, 
people, process and policies, with the highlighted following factors: compatibility with the building 
regulations and codes, government support and willingness of employees to use a BIM-based building 
permit process, potential time savings with code compliance checks, and level of information 
standardisation [9]. In addition to affecting the speed of obtaining a building permit, these factors affect 
all processes during the facility’s lifetime. Accordingly, it is necessary to work on their optimisation and 
digitisation urgently. 

This paper presents an analysis of the experiences of countries where the BIM-based permit process 
has been implemented. Reviewing the existing literature, interviews with construction industry experts, 
reports and case studies, the advantages and challenges of this method are presented, together with 
the factors affecting adoption. 

2. The concept of BIM-based permit process 

Regarding the digitization of the construction permit system, it is possible to determine four primary 
levels of development. The first level is the system of issuing building permits in the outdated traditional 
way - on paper. Such a process is primarily inefficient and error-prone, leading to inconsistencies in 
estimates throughout the construction process. The second level refers to electronic building permit 
systems that are partially digitized, where building permit applications can be made online through 
documents in "pdf" format, allowing users to download forms and upload documents but not exploiting 
the full potential of digitization. A further step is complete digitization with interoperable machine-
readable documents, modelling information about objects and automating processes in a BIM 
environment [10], [11]. 

 

Fig. 1. Four levels of permit process development [12] 

The fourth level represents the digitization of construction permits in the BIM environment integrating 
with GIS technologies for a more significant degree of automation. Both technologies can collect 
valuable data about the built environment. However, with different characteristics, special attention 
should be paid to their interoperability [13], [14]. 
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2.1. Case studies of countries that have implemented the BIM-based permit process 

Norway and Singapore have the highest degree of digitisation of construction permits, with projects that 
have been in practical use for over ten years and have undergone several revisions to meet current 
needs. The benefits of digitisation in construction permit systems include faster and more efficient 
processing of applications, reduced paperwork, and improved transparency [15]. In Singapore, the 
Building and Construction Authority’s “CORENET e-Submission system” enables electronic submission 
and processing of construction permit applications in a centralised and standardised way. Singapore 
has made significant efforts to encourage the implementation of BIM to promote the adoption of BIM 
across the industry and improve productivity and quality. Since July 2015, architectural and engineering 
electronic submissions in BIM format have been mandatory for all new building projects with a gross 
floor area of over 5,000 m2 [16]. In Norway, the Norwegian Building Authority developed "ByggSøk" and 
"ByggNett" project as solutions for verifying filled-in application forms related to specific types of 
applications. "ByggSøk" is an online application portal for building permits that enable applicants to 
submit and process their applications electronically. "ByggNett" is a web-based solution that provides 
access to information about building permits and other relevant regulations and standards [17]. 

Based on the 2021 report “Digitalisation of the construction sector” by the European Union, the level of 
digitalisation in the construction permit systems of member countries is provided. The report identifies 
five member states, Germany, Estonia, Netherlands, Austria, and Finland, that have integrated BIM into 
their building permit systems, enabling an automated process with 3D models [10]. In Estonia, the 
project “BIM-based process for building permits in Estonia” was launched in collaboration with the 
Estonian Ministry of Economic Affairs and Communications, where 3D digital twin plays an essential 
role in forming and arranging the design of the built environment and checking all kinds of restrictions 
such as zoning plans, existing underground infrastructure, or noise barriers [18]. In Finland, over 60% 
of Finnish municipalities have joined the online service platform “Lupapiste,” which enables digital 
interaction between citizens, companies, and authorities based on permits for the built environment. The 
pilot project, completed in 2018 after the success of the “KIRA-digi” project, showed that all the 
information required for issuing a building permit could be accessed and interpreted directly from the 
BIM model [19], [20]. In the Netherlands, several projects for digitising building permits have been 
launched recently, of which the “EuroSDR GeoBIM” project stands out. This project focuses on data 
integration, interoperability, data quality, and user requirements. The project team is working to develop 
best practices, guidelines, and tools that will enable the integration of geospatial and BIM data [13], [21], 
[22]. Twelve other countries have a digitised system of issuing construction permits without BIM, while 
only two countries still rely on a traditional paper-based system [10]. 

Software companies and governments worldwide are developing an automated code compliance 
checking platform, which, in addition to BIM and artificial intelligence, can analyse a building model 
against all relevant building, fire, or energy codes. Among the first are the governments of Singapore 
and the United States [23]. A model of an automated code compliance process is shown in Fig. 2. 

 

Fig. 2. The automatic code checking process that is based on BIM [23] 
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The United Kingdom has formed a network for digitising Requirements, Regulations, and Compliance 
Checking Processes in the Built Environment - Digital COMpliance (D-COM). In 2019 they accomplished 
a state-of-the-art review describing academic and industry implementations of "Automated compliance 
checking" (full and partial implementations). This document sets out the UK's goals for progress until 
2025, the target date for the public sector adoption of openBIM (Fig. 3.). The importance of digitalisation 
is emphasised, given that the traditional way of checking takes time and increases costs and errors. 
This plan recommends a step-by-step approach, starting with the engagement of all stakeholders in the 
project, piloting, industrialisation and community outreach. In order to fulfil the goal, constant progress, 
government support and funding from the state are needed [24]. 

 

Fig. 3. Proposed model of the automated compliance checking process - plan for 2025 [24] 

3. Advantages of the BIM-based Permit Process 

3D digital twin plays an essential role in forming and arranging the design of the built environment and 
checking all kinds of restrictions and codes. Reviewing research and case studies of mentioned 
countries showed the advantages of the BIM-based permit process presented in this chapter. The same 
advantages were defined by Noardo et al. [12], who did a literature review on BIM building permits, 
analysed case studies of various methods from different countries, and defined: increasing efficiency, 
transparency and reduced costs.  

The electronic issuance of a construction permit significantly speeds up and simplifies the processes of 
construction projects. The optimisation was achieved by coordinating with modern international 
standards, technologies and practices for efficient construction project implementation. The benefits of 
digitisation in construction permit systems include faster and more efficient processing of applications, 
reduced paperwork, and improved transparency. A mechanism of transparency is ensured through the 
precise determination of procedures.  

Increasing automation with less human work was proposed, involving BIM software and machine 
learning algorithms. This integration can reduce the manual work required to process applications, 
resulting in faster permit processing times and fewer errors. Increased levels of automation also help 
reduce costs and improve the accuracy of the permit application process [25]. Noardo et al. (2020) 
presented a method for semi-automating the project compliance process. The method was tested on a 
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case study of the design of a residential building in Rotterdam, whose architectural model already 
existed, in order to best reflect the actual situation with BIM models in practice. The results show that it 
can successfully identify non-conforming design elements. The method can reduce the time and effort 
required for manual checks and improve the accuracy of the review process [26]. 

The data accuracy advantages follow the BIM environment that allows precise 3D models, which 
increases the accuracy of data on the object's geometry and its characteristics. The data validation 
system uses the rules defined in the legislation, which ensures that the data entered into the system is 
accurate and correct. Introducing BIM methodology into the building permit process also allows data to 
be updated in real-time during construction, ensuring data accuracy and reducing errors. Several 
mentioned studies have attempted to use artificial intelligence technology to extract the regulatory 
information necessary for automated code checking automatically. All these advantages contribute to 
greater accuracy of data in issuing construction permits, which can contribute to better planning and 
management of the construction of buildings [27]. 

4. Challenges of the BIM-based Permit Process 

The adoption of BIM in the building permitting process has the potential to improve the AEC industry 
significantly. However, some fundamental challenges are being faced - current technical deficiencies 
and the need for standardization and digitization of technical regulations. Due to the many different 
regulations in each country, with the frequent updating of the regulations, developing an automatic code-
checking system requires significant work. Eventually, the overall efficiency of a construction project 
depends heavily on the actions and decisions of the authority.  

Resistance to change involves difficulties in convincing stakeholders to adopt new technologies or 
processes. At the same time, the lack of legal support and government policies relates to the need for 
more explicit guidelines and frameworks to guide its implementation. The paper emphasizes the 
importance of cooperation between the client, the architect, the engineer and the local authorities 
responsible for issuing the building permit. A collaborative approach also reduces errors and delays in 
the permit application process [28], [29].  

 

Fig. 4. The business model for Talin City Government [30] 
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A new business organization model must be developed for successful BIM adoption, as it was for the 
Talin City Government. Talin's business model is shown in Fig. 4., and had the primary task of mapping 
the functions of the departments involved in the permit-issuing process. It enables the creation of 
detailed checklists for comparing relevant application parameters against the national building code. 
Nevertheless, it all depends on if the submitted BIM project is standardized. Therefore, it is necessary 
to create national BIM standards, including precise IFC format minimum requirements [30]. Based on 
the experience of the existing methods, to use the verification system, it is necessary to increase the 
quality of human work by improving the training and education of the involved participants. Such an 
improved model would be a helpful input and a first step towards further developing tools for automatic 
model validation, following more apparent constraints, definitions and criteria. 

5. Conclusion 

The emergence of all modern technologies, primarily BIM, has triggered much research and proposed 
methods. A common problem is implementing BIM in public institutions and obtaining specific permits 
and legal documents. The issuance of building permits plays an essential role in the AEC industry and 
is the leading indicator for measuring a country's business. This process needs to be updated in many 
countries, with a low share of digitisation and process optimisation.  

The paper analyses the application of Building Information Modelling technology in issuing building 
permits to optimise a process that is often time and financially demanding, with many users and steps 
involved. Using BIM requires the cooperation of all stakeholders and can reduce the amount of 
paperwork and errors that occur in the process. Integrating BIM software and machine learning 
algorithms, manual work can be reduced, contributing to greater data accuracy in issuing construction 
permits. Advantages include increased efficiency, improved accuracy, reduced costs, and delays in 
obtaining permits. In contrast, challenges include the establishment of standardisation and digitisation 
of technical regulations, resistance to change, and the necessity of training participants in the process. 
However, success depends on various factors, adequate support from the authorities, and all 
stakeholders' cooperation. The paper presents the experiences of countries that have applied this 
method: Singapore, Norway, Estonia, Finland and the Netherlands. 

The study concludes that the BIM-based permit process has the potential to improve the permit process 
for construction projects significantly, but its success depends on various factors. The most commonly 
identified factors affecting adoption are grouped into categories: top management and leadership, a 
workflow of the processes, technology and software availability, people and skills, standards and legal 
requirements, collaboration and communication. The directions for further research have a wide range, 
but what needs to be improved in the current research are methods and guidelines on practically 
applying all proposed methods in public institutions and defining the application's precise steps and 
algorithm. 
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Abstract 
The past few years have brought major disruptions to historically stable industries. Events such 
as the COVID-19 pandemic, labor shortages, low-carbon initiatives, and infrastructure 
investments have been driving organizations to rethink their current-traditional ways and 
models of conducting business, and in turn, initiating major organizational change efforts. The 
capital projects industry is no exception,  as capital project organizations are dealing with an 
endlessly changing environment that is continuously destabilizing the design, construction, 
delivery, operation, and management of capital projects. Thus, to remain successful in this 
changing environment, capital project organizations need to properly plan and successfully 
execute their change efforts. As such, the objective of this study is to investigate change 
practices that can be essential in supporting the successful execution of organizational change 
efforts and allowing organizations to effectively adapt to changing environments.  To achieve 
the desired objective, a three-step methodology was adopted. First, a series of interviews were 
conducted with capital project organizations to learn about their past and ongoing 
organizational change efforts. Next, thematic analysis was employed to code common themes 
and identify the utilized change practices. The practices were then defined using the existing 
research corpus. The methodology resulted in a set of 60 change practices that are presented 
and defined in this paper. The findings of this study can be important for industry practitioners 
as they can use the change practices in planning and executing their change efforts, as well 
as researchers who can build on the change practices when investigating organizational 
change both inside and outside the capital projects industry.  

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: capital projects, change efforts, change management, change practices, organizational change. 

1. Introduction

The capital projects industry plays a crucial role in developing and maintaining complex and large-scale 
projects that are essential for economic growth and development such as highways, airports, and power 
plants [1]. For the past few years, the industry has been navigating a rapidly changing environment that 
is fueled by multiple factors such as an aging workforce [2], labor shortage [3], technological 
advancements [4], aging infrastructure [5], and environmental legislation on carbon emissions [6] and 
resource efficiencies [7].  

To adapt to these changes, capital project organizations have been undergoing organizational change 
efforts to transform their traditional business practices [8], and such efforts have significantly accelerated 
after the COVID-19 pandemic [9]. In fact, the majority of industry leaders and decision-makers recognize 
the need to rethink the current state of conducting business [10]. This recognition also comes at a time 
when global capital project spending is projected to reach 130 trillion dollars globally by 2027 to 
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decarbonize and renew critical infrastructure, thereby creating vast opportunities for capital project 
organizations to seize market opportunities and generate profit [6].  

1.1. Point of Departure and Objective 

To understand the dynamics of organizational change in the capital projects industry, and upon building 
on organizational change studies, three major aspects need to be considered [11]: 

• Drivers for change, i.e. the factors that characterize the changing environment and drive an 
organization to undergo change efforts.  

• Response to change, i.e. the resulting decisions and actions an organization implements in 
response to the changing environment and change drivers to adapt and achieve the desired 
outcome.  

• Challenges facing change, i.e. the obstacles that the organization can face and need to overcome 
for a successful organizational change implementation. 

Thus, the objective of this paper is to identify and define change practices that can play a critical role in 
the success of change efforts.   

2. Methodology 

To achieve the desired objective, this paper adopts a three-step methodology.  

2.1. Identifying capital organizations and conducting interviews 

A total of 11 semi-structured interviews were conducted with 10 capital project organizations as 
described in Table 1. The semi-structured approach offers researchers flexibility when gaining insights 
and developing an understanding of industry-related topics especially when dealing with large 
industries, different types of organizations, and topics that have not been extensively discussed before  
[12]–[15]. The companies chosen were either “owner” or “contractor” as they play a pivotal role in the 
value chain of capital projects [10]. According to [16], [17]: 

• Owner capital project organizations can be defined as social structures that pursue and manage a 
collection of capital projects in support of the company strategy and possess the authority and 
independence to make decisions and drive change. 

• Contractor capital project organizations can be defined as social structures that manage a collection 
of capital projects that align with both the owner's and their own company’s strategies and possess 
the autonomy and power to make decisions and enact change.  

Interviewing the two big players can provide a holistic understanding of organizational change within the 
capital projects industry. Thus, the authors and a Task Force of 15 industry practitioners created a list 
of candidate organizations from different sectors to interview. This list included owner and contractor 
capital project organizations that were known to have recently undergone an organizational change.  

The semi-structured interviews focused on four main aspects: the organization’s background 
information, the organization’s current capabilities, the organization’s future direction, and the 
investigated change effort in terms of drivers, response, and challenges. It should be noted that the 
authors delve into the various aspects of drivers (i.e., the weight of the past, the push of the present, 
and the pull of the future), reponse, and challenges (i.e, across strategy, structure, people and culture, 
process and technology). The results presented in this paper, however, outline the results from a high 
level only, i.e., practices associated with drivers, responses, and challenges.  
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2.2. Performing content analysis 

Content analysis can be defined as a “research technique for making replicable and valid inferences 
from texts or other meaningful matter to the contexts of their use” [18]. It is a regularly used technique 
in research to interpret raw data collected from interviews and systematically convert it into concise key 
results [19], [20]. Content analysis can be summarized in four main stages [19], [21]: (1) condensation 
or condensing interview transcripts by reading, evaluating, removing unnecessary information, and 
eliminating ambiguities; (2) coding where condensed units that share the same meaning or insights are 
assigned to a “code” or a label that is generally made up of one to two words; (3) categorization by 
grouping or clustering codes that are “related through content or context”; and (4) theme that 
communicates the underlying meaning of the clustered categories. The “Nvivo” software was used to 
perform the analysis. A total of 60 themes were generated as a result of the content analysis, where 
each theme represents a unique “change practice”.  The generation of these themes is illustrated in Fig. 
1 which shows how many new change practices were generated after analyzing the content of every 
interview transcript (for example: “17 new themes” in “B” means that 11 new change practices were 
identified after analyzing Case study B in addition to the 33 change practices that were firstly identified 
in Case Study A). Fig. 1 also shows that the study achieved “theoretic data saturation” where the data 
no longer generated new themes as more interviews were analyzed [22]. This indicates that the 11 case 
studies performed were enough to identify the common change practices and no further case studies 
were needed.  

Table 1. Description of case studies.  

Case 
Study Company Size Company 

Type Company Age Interviews and 
Interviewees 

Change Description 

A 1-1,000 
employees Owner More than 100 

years 
4 Interviews 
6 Interviewees 

New Market (implications of Lithium growth 
opportunities for the company) 

B More than 10,000 
employees Contractor 

 More than 
100 
yearsChevron, 
more than 10, 

2 Interview 
1 Interviewee 

Digitization (implications of digitization on 
EPC operations) 

C More than 10,000 
employees Owner More than 100 

years 
1 Interview 
2 Interviewees 

Execution Model (implications of a new 
capital projects operating model) 

D More than 10,000 
employees Owner 25-50 years 1 Interview 

1 Interviewee 
Remote Working (implications of remote work 
on an airport authority) 

E More than 10,000 
employees Contractor More than 100 

years 
1 Interview 
1 Interviewee 

New Market (implications of new market 
segment shift on an EPC business) 

F More than 10,000 
employees Owner More than 100 

years 
1 Interview 
1 Interviewee 

Execution Model (implications of the adoption 
of integrated project delivery on the 
company’s execution model) 

G1 More than 10,000 
employees Owner 50-100 years 1 Interview 

2 Interviewees 

Execution Model (implication of public-private 
partnerships on the agency) execution model 
implications of new support  

G2 More than 10,000 
employees Owner 50-100 years 1 Interview 

2 Interviewees 
Execution Model (implications of a new 
support model on the agency)  

H 5,001-10,000 
employees Owner 25-50 years 1 Interview 

1 Interviewee 
Acquisition (implications of acquisition on a 
power generating company)  

I More than 10,000 
employees Owner More than 100 

years 
1 Interview 
1 Interviewee 

Low Carbon Shift (implications of the market 
shift to low carbon on the company) 

J More than 10,000 
employees Owner 25-50 years 1 Interview 

1 Interviewee 
Low Carbon Shift (implications of the low 
carbon future on EPC operations) 

2.3. Presenting Definitions from Literature 

After identifying all change practices, each of them was defined using the existing body of knowledge. 
This step was critical to ensure consistency in the interpretation of the themes. Academic papers (journal 
and conference), books, and blogs were reviewed to extract definitions that explain each theme.  
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Fig. 1. The total number of “new themes” generated after analyzing the transcript of every case study and the cumulative total. 

3. Results 

The 60 themes identified from the content analysis are shown in Fig. 2. The “frequency” indicates the 
total number of codes that related to the theme when analyzing the interview content in regards to 
drivers, response, and challenges. 

Moreover: 

• For drivers for change, Market Shift (19) was the most common change practice, followed by 
Resistance to Change (12), Nature of Industry (9), Client/Owner Needs (7), and Market Expansion 
(6). 

• For response to change, Restructuring (20) and Communication (20) were the most common 
change practices, followed by Training (18), Partnerships (17), and Recruitment (16).  

• For challenges facing change, Resistance to Change (17) was the most common change practice, 
followed by Retaining Workforce (13), Nature of Industry (9), Restructuring (7), and Training (6).  

 

Fig. 2. The resulting change practices (i.e. themes) and their distribution between "Drivers", "Response", and "Challenges". 
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Frequency Change Practices Drivers Response Challenges Frequency Change Practices Drivers Response Challenges

29 Restructuring 2 20 7 7 Regional/unit requirements 2 5
29 Resistance to change 12 17 6 Feedback collection 6
28 Communication 3 20 5 6 Network 4 2
25 Training 1 18 6 5 Competitive advantage 3 2
23 Market shift 19 1 3 5 Digitization 3 2
23 Partnerships 2 17 4 5 Diversity and inclusion 5
19 Nature of industry 9 1 9 5 Effective leadership 5
19 Supportive leadership 2 13 4 5 External/internal benchmarking 5
17 Internal capabilities 4 12 1 5 Gov’t participation/control/support 4 1
17 Organizational design 4 8 5 5 Knowledge management 5
17 Recruitment 16 1 5 Leadership changes 1 4
16 Market expansion 6 9 1 5 Relationships with private and public entities 5
16 Organizational commitment 5 8 3 5 Resource efficiency 5
15 Resources 3 7 5 5 Termination 5
15 Retaining workforce 2 13 5 Workforce 1 1 3
13 Clients/owners needs 7 2 4 4 Accountability 4
13 Integration 11 2 4 Owner/client requirements 1 1 2
13 Portfolio 5 6 2 4 Subs and suppliers adaptability 3 1
13 Remote work 4 6 3 3 Career progression 3
12 Shift in the required skillset 3 5 4 3 Competitive bids 1 2
12 Strategic objective 2 8 2 3 Continuous improvement 2 1
12 Technology 2 10 3 Innovation 3
11 Anticipation 1 10 3 Research and development 2 1
11 Human resource allocation 8 3 3 Scaling 1 1 1
9 Operating model 4 2 3 3 Stage-gate processes 3
9 Project execution 7 2 2 Adaptive changes 2
8 Reporting 7 1 2 Budget 1 1
8 Sustainability 7 1 2 External growth opportunities 2
7 External interactions 1 5 1 2 Investment 2
7 Process re-engineering 4 3 1 Metrics 1
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Table 1. The definition of coded “change practices” from literature. 

Change Practice Definition 

Accountability The extent to which one’s actions are evaluated by an external constituency that has relevant 
rewards or punishment. A process that activates when personnel reaches a state which the 
authoritative entity within the organization wishes to hold them to account for [23], [24]. 

Adaptive changes Small, incremental changes that organizations and managers create to adapt to business 
challenges. These changes aim to improve existing processes rather than altering the organization 
as a whole [25]. 

Anticipation An organization attempts to manage its future activities and shape its surroundings. Not the simple 
unfolding of events, but rather anticipatory activities that serve to gauge and guide the 
organization’s future actions [26]. 

Budget A financial plan for a defined period that includes costs and expenses, assets, liabilities, and cash 
flows of an organization. A sum of the finances allocated for a particular purpose [27]. 

Career progression Advancement in an employee’s level of position and/or level of reward within an organization [28]. 

Clients/owners’ 
needs 

A high-level representation of the clients' or owners’ requirements to solve a problem or achieve an 
objective [29]. 

Communication Sending and receiving information through different formats (e.g., oral, written, electronic). Can 
occur at different levels (unit, department, enterprise), in different forms (formal, informal), and 
within or outside the organization [30]. 

Competitive 
advantage 

Factors that allow an organization to deliver its services better and more cost-effectively than its 
rivals. This relates to the financial, strategic, and technological capabilities of the organization [31]. 

Competitive bids The process through which a group of organizations competes to win a bid from a client to deliver a 
project at a particular point in time and for a specified cost  [32]. 

Continuous 
improvement 

Ongoing efforts to improve services or processes within an organization [33]. 

Digitization  The process of connecting different systems with the value chain of an organization. Working with 
digital tools and different technologies to improve organizational workflow  [34], [35]. 

Diversity and 
inclusion 

Achievement of a work environment in which all individuals from a variety of individual values, 
races, and beliefs are treated fairly and respectfully, all have equal access to opportunities and 
resources, and all can contribute to the organization’s success [36] 

Effective leadership Strong leaders communicate a change initiative message throughout the organization [37], [38]. 

External growth 
opportunities  

Leveraging external relations with existing clients to facilitate growth [39]. 

External 
interactions 

An organization’s decision to partner and interact with external entities (whether local, international, 
or governmental) to achieve its organizational strategy [39]. 

External/internal 
benchmarking 

A systematic process of measuring an organization’s performance against recognized peers to 
evaluate current status. Determining best practices that can lead to superior performance when 
utilized [40]. 

Feedback 
collection 

An organization’s collection of feedback about current or future organizational changes [41]. 

Government 
participation/ 
control/ support 

Exposure to policy changes and a wide range of government involvement can happen through 
enforced laws or collaboration [42]. 

Human resource 
allocation 

The process of assigning and managing resources (people) to support an organization’s strategic 
goals [43].  

Innovation The search for, the discovery of, development, improvement, adoption, and commercialization of 
new processes, new products, and new organizational structures and procedures to achieve short- 
and long-term goals, improve productivity, and increase profitability [44], [45]. 

Integration The extent to which distinct and interdependent organizational components constitute a unified 
whole [46]. 

Internal capabilities Organizational characteristics that enable an organization to conceive, choose, and implement 
strategies. Capabilities could include product innovations and responsiveness to market trends and 
marketing [47].  

Investment The allocation of resources of any kind and purpose that is relevant to the organization [48]. 

Knowledge 
management 

Protected and unprotected knowledge creation and transfer through various means, such as face-
to-face interactions (planned or ad hoc), mentoring, job rotation, and staff development [49], [50]. 
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Table 2. The definition of coded “change practices” from literature (continued). 

Change Practice Definition 

Leadership 
changes 

Changes to a leadership position within an organization (at the unit or corporate level) that occur as 
a result of an organizational restructuring process, financial losses, attrition, or layoffs [51]. 

Market awareness Entering a new market (i.e., geographic, demographic) to sell existing products or services) [52]. 

Market shift Significant and permanent changes in market needs and behaviors [53]. 

Metrics Quantifiable measures are used to track and assess the status of a specific organizational process 
or performance [54]. 

Nature of industry Essential qualities or characteristics that an industry is known for (e.g., fragmentation in the AEC 
industry) [55].  

Network A social structure is made up of a set of social actors (people or organizations) that interact with 
each other [56]. 

Operating model A model that describes how an organization delivers and achieves value for owners, customers, 
and itself [57], [58]. 

Organizational 
commitment 

The act of pledging or promising to fulfill an obligation to the organization. A strong belief in the 
organization’s goals and values [59]. 

Organizational 
design 

A set of actions taken by an organization to shape the way it operates. Aims to integrate people, 
strategy, structure, and technology [60]. 

Owner/client 
requirements 

A condition or capability that clients or owners require to solve a problem or to achieve an objective 
(the need) [61]. 

Partnerships An ongoing collaborative relationship between two or more legally separated organizations is 
based on a commitment to share the costs, risks, and rewards derived from working together [62]. 

Portfolio A group of projects and services that an organization manages together to coordinate interfaces 
and prioritize resources, thereby reducing uncertainty in their execution and helping the 
organization achieve its strategic goals [63]. 

Process re-
engineering 

The analysis and redesign of workflows and processes within an organization, to enhance and 
streamline business structures, processes, management systems, and external relationships to 
deliver value [61]. 

Project execution Performing project activities and scopes of work following project plans and specifications [64]. 

Recruitment A process that provides the organization with a pool of qualified job candidates from which to 
choose [65]. 

Regional/unit 
requirements 

A set of requirements is needed in an organization’s unit or by certain regions in which the 
organization operates [39].  

Relationships with 
private and public 
entities 

Collaboration between two organizations (private and/or public) to achieve business goals [66]. 

Remote work The ability for employees of an organization to perform their jobs from a location other than the 
central office, often via communications technology [67]. 

Reporting The process of compiling and reviewing the information within a specific functional area of an 
organization (e.g., operations), where performance is monitored and measured [68]. 

Research and 
development 

Investments an organization makes in research and development to gain a technological and 
competitive advantage [69]. 

Resistance to 
change 

Opposition by workforce and employees to an organizational change initiative that will change 
and/or disrupt the status quo [70]. 

Resource 
efficiency 

Enhancing organizational resource utilization (e.g., people, assists, financials) to minimize waste 
such as idle time [71]. 

Resources The tangible and intangible entities available to an organization enable it to efficiently and/or 
effectively produce a market offering that has value for some market segment or segment [72]. 

Restructuring There are three types of restructuring: organizational, portfolio, and financial. Divestments, 
acquisitions, and/or mergers that involve two or more major businesses, including asset 
restructuring and internal management changes. The reconfiguration of an internal administrative 
structure is associated with an intentional management change program [44]. 

Retaining 
workforce 

The actions an organization makes to retain workforce. This can include fostering a positive work 
atmosphere, providing competitive pay and incentives, and promoting employee engagement [73]. 

Scaling The growth (scale up) of an organizational initiative/process. Can be horizontal (i.e., growth within 
an area of operation or region) or vertical (i.e., within the organization itself) [74]. 
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Table 2. The definition of coded “change practices” from literature (continued). 

Change Practice Definition 

Shift in the 
required skill set 

Changes in the workers’ knowledge and skills requirements are driven by changes in the 
environment, technology, and market demand [75]. 

Stage-gate 
processes 

A systematic process by which a change initiative is divided into distinct stages or phases to drive 
its transformation from idea to execution [76]. 

Strategic objective Purpose statements create a vision and set goals with measurable steps to help an organization 
achieve a desired outcome [77]. 

Subs and 
suppliers’ 
adaptability 

The ability for subcontractors or suppliers to adjust their structure and processes to successfully 
achieve their goals [78]. 

Supportive 
leadership 

Leadership encourages various change initiatives at different levels within an organization [51]. 

Sustainability Activities taken by an organization, whether voluntary or governed by law, demonstrate its ability 
to maintain viable business operations (including financial viability, as appropriate) while not 
negatively affecting any social or ecological systems. Meeting the needs of the present without 
compromising the ability of future generations to meet their own needs [79]. 

Technology The total sum of manmade devices or processes that alter, refine, or create the new goods and 
services delivered by organizations. Includes electronics, software, documents, new techniques, 
or any combination thereof used in the delivery of services [80]. 

Termination The end of an employee’s work with an organization, whether voluntary or involuntary. Involuntary 
termination can be defined as an employer-initiated decision to terminate an individual's 
employment at an organization based on a particular cause (e.g., downsizing, performance 
problems, or insubordination) [81]. 

Training An intervention aimed at increasing the knowledge and capacities of individuals to cope better 
personally, work more effectively with others, and/or perform their jobs better to help an 
organization achieve its goals [82]. 

Workforce People engaged in or available for work, either in a country or area or in a particular organization 
or industry. The workforce can be unionized or nonunionized [83]. 

4. Conclusions 

The main objective of this paper is to identify and define change practices that can play a critical role in 
the success of change efforts within the capital projects industry. Case studies were conducted on 
contractor capital project organizations and owner capital project organizations via interviews to 
investigate what drives their change (i.e. drivers), how they respond to change (i.e. response), and the 
obstacles during the change effort (i.e. challenges). Upon performing content analysis on interview 
transcripts, a total of 60 change practices were identified, and each practice was then defined from 
existing literature. As the aim of this study was solely to identify and define the change practices, the 
next studies will quantitatively evaluate the change practices to understand their significance and how 
their importance varies across different types of change efforts, as well as organization characteristics 
(such as sizes, types, and age). Furthermore, the findings of this study have significant implications for 
industry practitioners and researchers in the field of organizational change. For practitioners, the change 
practices identified in the study can serve as a valuable resource in planning and executing change 
efforts in their organizations as they can adapt and apply the practices within their unique organizational 
contexts. Similarly, researchers can use the findings of the study as a foundation for investigating 
organizational change in other industries and contexts and develop new theories and models of change 
that can be applied across a range of organizational contexts. 
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EXPLORING THE IMPACT OF TECHNOLOGY ON HVAC 
COMMISSIONING PRACTICES 
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Abstract 
The primary method to ensure that systems are operating as designed is heating, venting and air 
conditioning (HVAC) commissioning, painstakingly stepping through a sophisticated process of running, 
testing, and verifying that the various components move, react, and respond in a way that fully utilizes 
the equipment and meets the environmental needs of the building occupants. The significant positive 
impact of technology on HVAC Commissioning is undisputed. Little research exists, however, on the 
field challenges and resource implications of rapid changes to HVAC components and control software 
for owners and contractors. This research explores solutions to the challenges that arise when advanced 
HVAC controls technology becomes burdensome and disadvantageous. The role of HVAC 
Commissioning within the very real constraints of federal mandates for energy use and the trend to 
convert from fossil fuels to “clean” fuels cannot be overlooked. The “trade-offs” encountered are 
substantial when highly sophisticated control sequences are utilized with HVAC equipment in the private 
sector and government facilities. The consequence of the lack of skilled technicians clearly has the 
opposite effect on utility savings. This research validates the effect of the practices of skilled 
professionals that make up the commissioning team to ensure that building HVAC systems perform as 
intended by the designer and building owner. Data was collected from commission professionals in 
construction, research and design fields. Qualitative data analysis yielded six primary themes that 
represent sub-themes that were repeatedly described as challenges, positive benefits or obstacles to 
progress. Thematic analysis of the primary themes peeked beneath the surface of the interview 
narratives to ask what is the structure that supports the major themes. Looking for broader implications 
and consequences, interpretation led to three proposed action topics. Recommendations are offered to 
improve commissioning practices by solving the implications of technology on human resources and 
developing partnerships with the industry that promote HVAC systems’ efficiency. Finally, a compilation 
of industry experts’ perspectives is laid out for re-aligning HVAC equipment, software, and controls 
technology to fully utilize the vast opportunities for utility savings, equipment longevity, and occupant 
comfort. 

Keywords: HVAC, Commissioning, Cx, ASHRAE, Energy Efficiency, DDC 

1. Introduction

Commissioning (Cx) is a plan (road map) consisting of steps and procedures to increase the reliability 
of any building system by designing, testing, and checking interfacing components to ensure the 
systems operates as intended by the designer and as requested by the owner. A commissioning process 
may be applied to any system -- electrical, mechanical or the building as a whole system. While it is 
most common for commissioning to be performed during new construction, it can be done at any point 
in a building’s life. Existing building commissioning (recommissioning) is a type of commissioning that is 
not done during new construction. Rather, recommissioning is done after the building or system has 
been functioning for years and seeks to ensure energy savings and operational improvements last over 
time. It may be initiated as part of a preventative maintenance plan or when the building function changes 
or as a diagnostic tool to identify causes of excessive energy usage or a need to investigate that 
minimum ventilation standards are met in a medical facility.  
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Retro-commissioning process involves investigating a building’s equipment and systems together after 
the facility HVAC equipment has been functional for months to years to understand and improve their 
operation. The facility owner/manager may have reported systemic operational problems since first 
occupation or issues that developed over the life of the building. A successful retro-commissioning 
means improved building performance with the addition of or fine-tuning of operations and maintenance 
procedures (O&M). Commissioning existing building systems has nearly unlimited potential for reducing 
the owner’s energy consumption and increasing equipment life because it is a systematic process for 
improving an existing building’s performance. The process will identify and allow implementation of 
relatively low-cost operational and maintenance improvements before an expensive loss of equipment 
occurs [1]. Ongoing commissioning combines continuous commissioning and monitoring-based 
commissioning (MBCx) and uses retro-commissioning techniques but adds the requirement for ongoing 
monitoring. Continuous and MBCx employ monitoring devices that collect energy use data based on 
equipment operation including hourly, daily, and seasonal energy use for the building. A departure from 
the energy use baseline then alerts the facility manager that the change might be an opportunity for 
improvements or repairs. 

Monitoring-Based Commissioning or MBCX, is the newest technology for keeping buildings fit and 
equipment running as intended as an ongoing process. “MBCX leverages technology and innovative 
commissioning techniques to integrate energy management in a continuous fashion. Think of it as an 
ongoing process, wherein Monitor-Based Commissioning allows the commissioning agent to take a real-
time look into building systems and operations, to fine-tune the system operations and identify areas 
that need improvement.” [2]. This research focuses on commissioning of Heating, Ventilating, Air 
Conditioning (HVAC) systems and explores HVAC commissioning as it has evolved with recent 
technological innovations in HVAC equipment as well as control/monitoring capability. The ability to 
remotely view and operate HVAC systems will be explored to establish the impact of HVAC 
Commissioning during initial construction and functional operation of buildings. Interactive access to 
HVAC equipment that allows visual real-time systems status, environmental setpoints, and trend 
reporting ability of remote creating lessons learned and recommendations from which corrective action 
and process revision can be implemented [3]. 

2. Literature Review  

HVAC commissioning is a process that ensures that heating, ventilation, and air conditioning systems 
are designed, installed, and operated properly. It is a critical step in ensuring the energy efficiency, 
comfort, and durability of HVAC systems [4]. The commissioning process typically begins during the 
design phase of a project. The commissioning agent works with the architect, engineer, and contractor 
to develop a commissioning plan. The plan outlines the steps that will be taken to ensure that the HVAC 
system meets the owner's requirements. Commissioning of the HVAC systems often uncovers faulty 
equipment and mistakes that waste energy and adversely impact indoor air quality and comfort. 
Performance studies of schools’ HVAC systems found a short payback of 1–3-year payback from the 
investment of thorough commissioning of HVAC systems often due to correcting faults associated with 
the HVAC equipment and control [4]. 

Once the HVAC system is installed, the commissioning agent conducts a series of tests to verify that 
the system is operating as designed. These tests may include checking the system's energy efficiency, 
verifying that the system provides the desired level of comfort and ensuring that the system is operating 
safely. If any problems are found during the commissioning process, the commissioning agent works 
with the contractor to correct them. Once the system is operating properly, the commissioning agent 
prepares a commissioning report. The report documents the commissioning process and the results of 
the tests. HVAC commissioning can provide several benefits to building owners, including reduced 
energy costs, improved comfort, increased system reliability, extended system life and reduced 
maintenance costs [5]. The cost of HVAC commissioning varies depending on the size and complexity 
of the project. However, the benefits of commissioning can far outweigh the costs. HVAC commissioning 
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is a wise investment that can help building owners save money, improve comfort, and extend the life of 
their HVAC systems [5]. 

In the connected information age, buildings are capable to be remotely monitored through connected 
devices and monitoring equipment [6]. With the rapid expansion of the Internet of Things (IoT), a plethora 
of new devices have been introduced, tested, and integrated into building and HVAC applications. These 
devices include low-cost and versatile sensors, smart thermostats, and occupancy sensors [6]. Studies 
have shown that use of connected buildings can potentially save building owners savings in energy 
costs [7]. Commissioning of these connected  buildings requires a new forms of expertise to maximize 
the potential energy savings and performance efficiency [3]. This research explores the evolution of 
these new technologies and their impact on the commissioning process. 

3. Research Methodology 

HVAC commissioning experts and construction professionals were individually interviewed to capture 
the state of play, and the future of HVAC Commissioning by asking the following questions to reach the 
objective of the study: 

• Gain an understanding of the challenges and benefits presented with innovative HVAC equipment 
commissioning processes to all the stakeholders in the construction lifecycle. 

• Develop specific recommendations from research data to portray the present value and future 
benefit of online monitoring and control of Monitoring-Based Commissioning or MBCX.  

The qualitative research method of conducting semi-structured interviews allows for discussion and 
follow up questions for a more thorough and nuanced understanding of the interviewees’ experiences 
[8]. The insights developed from these interviews will be used to better understand HVAC 
commissioning as it relates to the design, construction, and occupancy of a building’s life cycle. The 
literature review did not reveal information about the difficulties and high cost of the HVAC 
commissioning process. Nor did the literature speak to the common pitfall of HVAC commissioning 
delaying construction projects prior to building turnover. Interviews are important and vastly different 
than surveys. Surveys are predetermined questions that have minimal freedom and space for the 
surveyor to answer. While interviews usually have predetermined questions as a guide, the interviewer 
can change and adapt to the interviewee which allows them to continue with more detailed answers or 
to follow through on a topic that was not presented in the questions. The transcribed interviews were 
analyzed to find common themes that support valid recommendations for HVAC commissioning 
processes refinement. 

3.1. Interview Questions 

Interview questions were developed to gain a better understanding of the interviewees’ experiences with 
HVAC Commissioning. Areas of special interest include determining the interviewees roles, experience 
levels and observations about the development of HVAC Commissioning practices from 1990’s to 
present as well as their vision for the future. Each interviewee was asked to describe their 
experiences/roles with HVAC commissioning and number of years’ experience in the industry so that a 
broad base of perspectives would be represented in the research data. After the introductions, the 
interviewer asked for general personal observations about the evolution of HVAC commissioning in their 
experience. The questions become more focused on the aims and objectives of the research topic with 
the follow-on questions about what primary technology advances in equipment or controls have 
expanded/affected HVAC Commissioning. Questions were formulated to find out if and why technology 
is helpful and probe into the challenges and potential solutions to technology problems encountered. 
The interviewer questioned how HVAC commissioning affects facility energy efficiency and whether 
there are negative impacts to owners. One of the final questions is intentionally open-ended inquiring 
as to the interviewee’s opinion about the biggest challenge with HVAC commissioning. Lastly, 
participants were asked to share their thoughts about benefits and challenges of ongoing and re-
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commissioning. Participants were selected based on their past and current roles in the HVAC 
Commissioning Industry and was invited by e-mail with a follow up phone call to describe the focus of 
the research questions. Survey participants will each be provided the same format with the same 
questions for consistency and transparency. This study interviewed 12 professionals to ensure adequate 
data collections can be used as this section for qualitative analysis. 

4. Results 

Content analysis and thematic analysis of the data was performed to understand the feedback from 
interview data. In this paper, only thematic analysis of the interview data that was performed to identify 
the main themes in the is presented, due to space restrictions. During the effort of reading, coding, and 
grouping the data, three unique themes emerged. These main themes and related issues are presented 
in a pictorial form and further discussed. 

4.1. Build Work Force 

 

Figure 1 - Thematic Analysis – Build Work Force 

A recurring pattern in the interviews described the lack of skilled work force within the members of the 
commissioning team. The participants responses included the roles of commissioning specialist, general 
contractor, mechanical and electrical subcontractors, controls technicians, facility managers and 
operators. The positions for these vital workers go unfilled for assorted reasons. The bottom line, though, 
is that people are not compelled to gain the skills for these trades nor pursue these types of vocations 
in sufficient numbers.  

4.2. Prioritize through Education 

Currently in the U.S., there is an emphasis to lower carbon emissions, conserving natural resources, 
and improved air quality by moving away from fossil fuel consumption. Considering that well-reported 
reality, one would surmise that most people in the U.S. possess a broad understanding of the role that 
HVAC systems play. However, the challenges of HVAC commissioning supported by the research data 
proves otherwise. Several participants observed that the HVAC commissioning is viewed as a 
misunderstood yet immense task that must be hurriedly accomplished before buildings can be occupied. 
The necessary end-of-project timing of the task does not motivate the contractor nor anyone on the 
commissioning team to be proactive about first rate installation and quick remedy of field problems. Even 
the owner is eager to cut corners during commissioning so they can get moved in. The education piece 
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is supported by a respondent who stated, “They're HVAC techs, and they have an aversion, to the 
control system, the electronic side. They want everything to be manual so they can go out there and flip 
a switch and turn a wrench and make it work. So, educating, teaching our technicians is still an issue.” 

 

Figure 2 - Thematic Analysis – Prioritize through Education  

4.3. Incentive Programs 

A primary topic of interviewees was that federal or other government mandates for energy reduction 
focus on equipment energy ratings and annual energy reduction percentages for HVAC equipment. But 
the fact that facilities need to staff to check, adjust and repair the components that vibrate out of 
adjustment or fail because of wear is overlooked.  

 

Figure 3 - Thematic Analysis – Incentive Programs   

 

Commissioning is completed (poorly or well) and the assumption seems to be that the automation will 
take care of everything afterwards. Participants recommended that for buildings to work efficiently in 
terms of energy use of HVAC equipment, they must be regularly monitored and recommissioned. The 
general contractor can play a key role in ensuring that new buildings are properly commissioned by 
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allocating sufficient time for the Cx process. It is well-known that profit is a motivating force for most 
people. If the energy mandates get the ball rolling toward energy efficiency, using creating monetary 
incentives that engage the commissioning process may keep it rolling along toward the goal. It was also 
recommended that incentives be included in the contracts to motivate all key participants in the 
construction process to get it right the first time. 

5. Conclusions 

Technical experts, construction managers, and owners provided insights into pitfalls in schedule 
progress during commissioning and noted that the inherent focus on moving to the next project 
encourages parties to forego important last steps in the process such as second season testing and 
facility occupancy scheduling. Valuable lessons were shared and recommendations with high potential 
for success were brought forward in the interview dialogue. The participants responses offered a 
comparison of pros and cons about the merit and relevancy of ongoing and re-commissioning. The 
review of the history and progress of HVAC Commissioning verified that technology advances such as 
direct digital controls, Wi-Fi-enabled remote monitoring and software that diagnoses mechanical system 
problems has a significant effect on building systems’ energy efficiency. Literature review presented the 
previous and current state of HVAC Commissioning to allow a comparison of differences, benefits, and 
disadvantages. The interview dialogue with industry installers, contractors, owners, and designers 
provided an understanding of the reality of the challenges with and potential of innovative HVAC 
equipment, controls, and in the facility lifecycle.  

By objective examination of common themes and parallel perspectives, the research presents an image 
of the HVAC commissioning industry highly impacted by technology but struggling to overcome a critical 
gap of people with the skills and incentive to meet the intent of the commissioning process. The impact 
of technology on HVAC Commissioning is direct and simple if one merely looks at direct digital controls 
and computer advances. Participants widely agreed that the onset of digital components and electronic 
communication was an incredible boost to the ability to commission HVAC systems. However, 
complexity and human factors are variables that complicate full utilization. Technology is not the 
problem, but its implications must be considered. Some salient recommendations of this research 
include the following: 

• Develop programs to encourage students to learn a trade that supports HVAC Commissioning. 
• Develop creative ways to incentivize high quality HVAC installation, Commissioning to ensure facility 

utility savings are a reality. 
• Establish an educational campaign focused on increasing awareness about the pivotal role of HVAC 

Commissioning in advancing the goal of enhancing HVAC system efficiency by minimizing energy 
use. 
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Abstract 

As the building industry is a significant contributor to Australia's economy, understanding the impact of 
Industry 4.0 on this sector is crucial for its continued growth and competitiveness. This creates a need 
to explore the interdependencies between the implementation of an industrial and digitally enabled 
building industry and business model and value chain innovation to shape a digitally mediated platform 
ecosystem configuration. As the building industry faces challenges in adopting manufacturing 
techniques and technologies, the paper examines significant yet understudied implications of Industry 
4.0 along industrial value chains. This study aims to understand how the building industry in Australia 
can adapt to the shift towards industrialised-digitalisation by exploring the opportunities for innovation in 
business models and value chains. The research approach will draw on a literature review, and a series 
of workshops in four Australian cities to understand perspectives determining business model 
innovation. Examining integration, servitization, and expertization the paper illuminates the impact of 
digital connectivity, information exchange, and design value on the industry. The paper's framework 
focuses on assessing dynamic capabilities (sensing, seizing, and reconfiguring) and the ecosystem 
lifecycle (birth, expansion, leadership, self-renewal) to comprehend business model innovation in the 
Australian construction ecosystem. It also uncovers how diverse stakeholders, including developers, 
contractors, consultants, supply chain actors, and digital platform owners, create value and progress 
through these phases. Identifying prospects in offsite manufacturing, standardization, technological 
advances, and value chain integration allows developers, clients, and contractors to enhance efficiency 
and results. Consultants can utilize their design value and project management know-how to promote 
cooperation among stakeholders. Additionally, digital platform proprietors can access multi-sided 
marketplaces for direct communication and efficient procedures. Ultimately, implementing these insights 
assists industry participants in adapting to changing market dynamics, encouraging innovation, and 
bolstering the competitiveness of the Australian construction industry. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Industry 4.0, value chains, platform, ecosystems, business model innovation 

1.0 Introduction 

Industry 4.0 is catalyzing a gradual change in the construction industry's paradigms. Most existing 
research in the built environment focuses on the remarkable technological capabilities of Industry 4.0, 
with minimal attention given to its effects on the construction business model. However, responsible 
innovation takes place at the level of the business model itself reconceptualizing the fundamental role 
of business in society [1]. Since the advent of Industry 4.0, construction firms are experiencing significant 
changes in their existing business models; Industry 4.0 technologies can create new value propositions, 
expand customer segments, influence channels and modify key activities through automation and data-
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driven operations [2]. Initial studies discussing business models in construction-related literature do not 
align with the definition of a business model as "a representation of an organization's value logic"; 
Instead, these studies treat business models as a way to justify costs, essentially discussing to them as 
commercial models [3, 4]. In this regard, Pekuri, et al. [5] argued that construction managers had trouble 
articulating their company's business model and value-creation logic, indicating a limited understanding 
of customer values. Boldly, the study suggested that this could be a primary cause of the ongoing 
customer dissatisfaction prevalent in the industry. Although business model innovation has been 
recognized as a "theory of business" since Drucker [6], it has only recently captured the interest of 
researchers in the built environment primarily due to the emergence of two main streams of research, 
industrialised house building business models [7, 8] and circular business models [9, 10] because both 
of these approaches to construction created added value in terms of efficiency, sustainability, continuous 
improvement, customer-centricity to name a few that could be monetized. Analysing construction firms 
using the lens of a business model can help address two of construction’s eternal problems; firstly, 
develop an increased understanding of customer values [11] and secondly, look at a firm’s value 
creation and value capturing interlinkages with a holistic view and not stagewise (design, construction, 
operation) or project-wise (one project to another) [7].  

In a very recent study by Criado-Perez, et al. [12], the authors investigated the prevailing issues in the 
digital transformation of the Australian construction sector. While the apparent cause identified were skill 
deficit, resistance to change, insufficient investment in digital infrastructure and regulatory challenges, 
Criado-Perez, et al. [12] stressed on an underlying cause; Construction firms are engaging in sporadic 
digital transformation efforts that primarily focus on technology, without giving due consideration to the 
underlying business model; as a result, these initiatives often face difficulties when it comes to scaling 
up. The authors They recommend embedding business model thinking in the industry which involves 
an understanding of how to proactively change an existing business model. Given the above, this paper 
is an attempt to answer the question, ‘How will business models transform in the Australian construction 
ecosystem in Industry 4.0?’. Therefore, this study aims to understand how the building industry in 
Australia can adapt to the shift towards industrialized-digitalization by exploring the opportunities for 
innovation in business models and value chains. The paper is structured as follows: Section 2 presents 
a critical literature review on Industry 4.0 and value chains, industrialized-digitalized business models 
and how to create, offer and capture value in Industry 4.0. Section 3 presents the research approach 
taken in this paper. Section 4 presents the findings followed by a discussion of the findings in Section 5. 
Section 6 concludes the paper and presents future research directions. The paper is a result of an 
ongoing research initiative, findings will be further developed as the project reaches completion. 

2.0 Literature Review 

2.1 Industry 4.0 and Value Chains 

Industry 4.0 necessitates a re-evaluation of traditional business strategies by focusing on fostering 
collaborative ecosystems enabled by digital capabilities [13]. ‘Virtual value chains’ characterized by 
digital connectivity, information sharing, and real-time data exchange emerged in Industry 4.0 to facilitate 
better decision making [14]. Nottbrock, et al. [15] stated that Industry 4.0 innovations are shifting value 
chain structures from linear, hierarchical models towards more decentralized, networked configurations 
enabling greater flexibility, collaboration, and co-creation among various stakeholders. Dzwigol, et al. 
[16] also highlighted the importance of collaboration and ecosystem-based thinking in the Industry 4.0 
era where organizations need to establish partnerships with various stakeholders, including suppliers, 
customers, research institutions, and competitors, to share knowledge, resources, and capabilities in a 
rapidly changing environment. Taking the case of the manufacturing sector, Culot, et al. [17] observed 
that Industry 4.0 technologies, such as IoT, AI, and big data analytics, are enabling greater integration 
within manufacturing value chains facilitating real-time data exchange, improved communication, and 
enhanced collaboration among value chain actors. The study adds that Industry 4.0 technologies also 
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impact the scalability of manufacturing value chains; advanced manufacturing techniques, such as 
additive manufacturing and automation, allow firms to achieve greater flexibility and responsiveness to 
market changes, enabling them to scale production more effectively. Similar observations have been 
reported from the textile industry. Chen [18] stated that cooperation can facilitate knowledge sharing, 
technology transfer, and joint innovation, which can further boost value creation in large textile firms as 
well as SMEs. Thus, there is consensus in the literature that Industry 4.0 is driving the development of 
new business models that rely on collaboration, data-driven decision-making, and customer-centricity 
[14, 19, 20]. Consequently, it has been found that assessing the integration of digital technologies and 
innovative business models at each stage of the value chain can help organizations better understand 
the overall effects of Industry 4.0 on their operations [21]. 

2.2 Industrialized - Digitalized Business Models 

Industry 4.0. business models are impacted by the twin currents of industrialisation and digitalisation. 
Weking, et al. [22] investigated 32 case studies of Industry 4.0 business model innovation and identified 
that integration, servitization and expertization are the three super patterns of business model innovation 
in Industry 4.0; integration attempts to integrate parts of the supply chain through new processes 
whereas new combined products and services are the basis for servitization. Expertization is a hybrid 
approach that utilizes product and process focussed business models including consulting services and 
multi-sided platforms. Mass customization is a form of integration, life-long partnerships a form of 
servitization and product or process-related platformisation are forms of expertization. Similar findings 
were reflected in Ibarra, et al. [23] where the authors identified three complementary approaches to 
business model innovation in Industry 4.0; service orientation, networked ecosystems and customer 
orientation. They can be described as specific product-service bundles as a solution for the customer 
where suppliers, customers and other partners become part of a networked ecosystem; often new actors 
arise and the roles of existing actors change. Customer orientation requires firms to develop new 
capabilities in learning more about their customers and their value creation process utilising digital 
means. Digital platforms serve as catalysts for inter-organizational cooperation and enable businesses 
to co-create value. Veile, et al. [24] investigated industrialised-digitalised business models by critically 
reviewing 11 cases to understand how digital platforms change industrial firm’s business model and 
inter-company relationships. The study highlighted key aspects of such business models; customer 
relationships - customer integration from silos to cooperation, new forms of buyer-supplier relationships; 
key partners – ecosystem partners with higher levels of trust among partners, new ways of digital 
communication and higher communication frequency; key activities – pre-phase platform creation, 
recurring tasks ecosystem development; key resources – technological and digital along with human 
resources and knowledge; value propositions – improved value offers (processes), extended value 
offers (services), value through data and digitalisation; channels – direct channels through the platform 
and indirect channels through the ecosystem. Thus, it is evident that digital platforms serve as catalysts 
for inter-organizational cooperation and enable industrial firms to co-create value [25].  

2.3 Creating, Offering and Capturing Value in Industry 4.0 

Exemplars of how value is created, offered and captured in industrialised-digitalised business models 
were demonstrated in Müller and Buliga [26]; real-time sensor data, simulation and data analytics, 
condition monitoring, predictive maintenance and preventive maintenance are exemplars of value 
creation; reducing time customers spend designing prototypes, reducing customer’s unexpected 
downtimes, optimizing energy consumption in the production line are exemplars of value offer and 
licensing, subscription, pay-per-use, pay-per-feature, pay for guaranteed results etc. are exemplars of 
value capture. Similar findings are reflected in an extended work by Müller, et al. [27] where they stated 
that value is created at manufacturing sites through high-grade digitalization of manufacturing data 
which allows demand optimization, failure reduction, and productivity increases (value offer). Ibarra, et 
al. [23] propose a four-step framework to shift from traditional business models to new business models 
and illustrate how value can be created, delivered (offered) and captured at each step. The four steps 
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proposed in the study are internal and external process optimisation, customer interface improvement, 
new ecosystems and value networks and new business models (smart product and services); they 
demonstrate a shift from incremental innovation to radical innovation. For example, at the process 
optimization stage, value is created through more efficient production, logistics, quality control and more 
transparent management (data-driven); value is delivered through more flexible offers including 
customization and value is captured through cost optimization due to more efficient processes and use 
of resources. On the other end of the spectrum, at the new business model stage value is delivered 
through smart products, innovation in associated services (such as predictive maintenance), co-creation 
that includes customers in the value creation process and direct relationships between the firm and the 
customers. This requires value creation through new physical, human and intellectual resources and 
allows for value capture through new revenue streams such as dynamic pricing, pay-per-use etc. The 
different mechanisms for value creation, offer and capture in Industry 4.0 business models were 
assimilated from literature and presented in Table 1. 
 
Table 1. Value creation, offer and capture in Industry 4.0 business models [22, 23, 27] 
 

Value creation Value offer Value capture 
   
Customization - Mass production, mass 
customisation, mass individualisation 
 
Role of a value chain firm – integrator, 
service and support, intermediary 
 
Factory – mega factory, micro factory 
 
Production paradigm – pull / on-
demand, push & pull 
 
Partners – higher intercompany 
connectivity, co-design of value offers, 
joint data analysis, higher information 
transparency 
 
Information exchange – real time 
information about production, 
inventories, sales, availability of 
personnel, etc. 
 
 
 
 
 

Products – Physical only, physically, 
digitally charged, digital only 
 
Service – Repair & maintenance, 
monitoring and predictive maintenance, 
production, technology, advice & 
consulting, digitalization services, data 
analytics services, virtual product 
development 
 
 

Market – B2B only, B2C only, B2B & 
B2C, multi-sided market 
 
Segmentation – Based on customer 
knowledge and data analysis 
 
Customer interaction – hybrid (direct 
and intermediary), direct selling leading 
to long-term relationships 
 
Revenue model – sales, revenue 
sharing, freemium, rent/lease, 
subscription, pay-per-use, pay-per-
feature 
 
Continuity of revenue – once, mixed, 
continuous 
 
Sales model – ownership / service 
delivery, use / availability, result 
 
Payment methods – Digital accounting 
and automated invoices, increased 
payment reliability 

  Cost – Potential for cost reduction for all 
stakeholders due to most efficient 
processes and information sharing 

 
 

  

 
The following section will elaborate on the research approach taken in this paper.  

3.0 Research Approach 

Workshops as a research methodology have been used in prior research to identify, articulate and 
explore problems in areas where there is a lack of common language to produce reliable and valid data 
about the domain being investigated [28]. The research approach in this paper follows the four-step 
framework proposed by Storvang, et al. [29] to use workshops in business research. The four steps as 
illustrated in Fig. 1., comprise the diagnosis, planning, facilitating and analysis phases. The diagnosis 
phase involves understanding the system within which the research problem resides which was 
accomplished through a critical review of literature on Industry 4.0 value chains and business models in 
this paper. The planning phase involves selecting the participants, venue and developing the content 
for the facilitated workshops. In this phase, the social process of what the participants will be doing in 
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the workshop and what would they get out of it is defined along with technical considerations such as 
context, time and place. In this paper, workshops were scheduled to be conducted in four Australian 
cities of Adelaide, Melbourne, Sydney and Brisbane; of which the workshops in Adelaide and Melbourne 
have already been conducted and the ones in Sydney and Brisbane are scheduled for the month of May 
2023.The participants were invited from all stakeholder groups in the construction value chain including 
architects, engineers, consultants, contractors, government bodies, digital platform providers and 
representatives from client bodies. The total number of participants in the Adelaide and Melbourne 
workshops amounted to 60. The facilitated workshops ran for an entire day with the morning sessions 
dedicated to presenting the literature findings and educating the participants about Industry 4.0, the shift 
in value chains from linear, hierarchical models towards more decentralized, networked configurations 
or ecosystems and the various mechanisms of value creation, offer and capture in Industry 4.0 business 
models. The afternoon sessions were utilised to facilitate discussions on the opportunities and 
challenges of the new ecosystem in the context of the Australian construction sector. Mentimeter, which 
is considered as an effective tool to engage a cohort of participants [30, 31] was used for real-time data 
collection on the opportunities and challenges. The final phase is the analysis phase where the data 
collected from the workshops were evaluated and related back to the original research question, ‘how 
will business models transform in the Australian construction ecosystem in Industry 4.0?’ The four steps 
are iterative given there are four facilitated workshops, with minor fine-tuning after each workshop to 
evolve from pre-understanding to understanding to a new level of understanding and so on [29]. The 
following section presents the findings of the paper. 

 

Fig. 1. Research Approach 

4.0 Findings and Discussion 

4.1 Digitally mediated ecosystems business models 

The Australian construction ecosystem has produced exemplars of all three archetypes of Industry 4.0 
business model innovation identified from the literature; integration, servitization and expertization [22]. 
One of the main benefits of the ecosystem business model that the workshop participants consented to 
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was the opportunity to move value adding activities upstream; which is an exemplar of integration. Some 
of the Mentimeter outputs have been quoted as is; “I am a prefab manufacturer, and I can be involved 
at a design level as early as possible in a project lifecycle to provide constructability input…. I am a 
modular builder and I can assemble a complete value chain and bid for a complete package rather than 
small elements….” Complementing what the literature says, the participants believed that such supply 
chain integration is enabled through digital connectivity, information sharing, and real-time data 
exchange [14]. New combined products and services is the basis of servitization which was also evident 
among the workshop responses. “I am a steel manufacturer and supplier, and I can bundle value-added 
elements for example, I can embed digital services for condition monitoring….” As seen in Müller and 
Buliga [26], real-time sensor data, simulation and data analytics, condition monitoring, predictive 
maintenance and preventive maintenance exemplify value creation in industrialised-digitalised business 
models. Exemplars of expertization represents a blended strategy that employs both product-centric 
and process-centric business models, incorporating consultancy services and multi-sided platforms [22]; 
the participants belonging to the stakeholder group ‘architects’ aligned most with the expertization 
business model. “I am an architect and I can pivot to the design of systems and not buildings using 
parametric and generative design tools; I can then directly engage with the supply chain during design 
instead of traditional linear additive procurement. I can design smarter and cleaner as part of an 
ecosystem led by multiple agendas….” This supports the fact that design value holds the key to 
accessing untapped markets, ensuring responsible design and enhancing cost-effectiveness; This value 
not only brings about tangible business advantages, but also enriches the wider social, cultural, and 
economic aspects of a building [32]. The workshop participants repeatedly raised the point about directly 
engaging with the supply chain. This is also evident in some real industry cases where multi-sided 
platforms are being utilised for direct buying and selling. A start-up that originated in Sydney, Australia 
called ptblink, offers a digital platform that enables the parametric design of multi-storey buildings as a 
kit of configurable parts and then provides a marketplace for direct dealing between buyers and sellers. 
They consider themselves a software development company now, but they have evolved from a 
construction background in the 1990s thereby representing ‘expertization’.  

4.2 Dynamic Capabilities 

The workshop inputs were further analysed by mapping them to existing frameworks in the literature to 
understand the current status of business model innovation in the Australian construction ecosystem. 
Dynamic capabilities empower business models, as organizations with such abilities can swiftly test and 
fine-tune novel business models [33]; dynamic capabilities include the evaluation of technological 
opportunities and threats in relationship to customer needs (sensing), mobilization of resources to 
address those needs and capture value from doing so (seizing), and continued renewal (reconfiguring) 
[34]. A set of dynamic capabilities are required for each stage of the ecosystem lifecycle [35]. The 
lifecycle of an ecosystem commences when a value proposition is devised (birth), continues with scale 
and refinement (expansion), becomes stronger by keeping customers and partners engaged 
(leadership) and finally reconfigures with new ideas (self-renewal) [36]. Industry stakeholders are 
sensing business model innovation opportunities through shifting of on-site construction to offsite 
manufacturing, standardising components into a predefined platform, systematically using building 
projects to develop the platform and aiming for improved efficiency through technology innovation; as 
they integrate value-chains by building specifications that conform to both the platform and client 
requirements through standardization of processes and long-term agreements or relationships, they are 
moving into the seizing stage; and they can reconfigure through cross-industry collaboration and 
research, routinized learning and cyclic business streams [37, 38]. From the responses, developers, 
clients and contractors are actively sensing opportunities and moving into the expansion stage of the 
ecosystem lifecycle. Consultants have capability within their businesses to guide this ecosystem; both 
in terms of ‘design value’ and ‘project management’. Quoting a project management consultant among 
the participants; “I am a project management consultant and I can curate a team of likeminded 
businesses/producers on a project. I can bring the client, design team, builders and subcontractors 
together to work towards the best outcomes for all involved….” As noted earlier in the discussion, 
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associated supply chain actors such as prefab manufacturers, material manufacturers and suppliers 
and modular builders are already seizing business model innovation opportunities through value chain 
integrations and servitization business models. Slightly ahead in the trajectory are some of the digital 
platform owners that are already reconfiguring through multi-sided marketplaces. Fig. 2 illustrates the 
current status of business model innovation in the Australian construction ecosystem. 

 

Fig. 2. Business Model Innovation in the Australian construction ecosystem 

4.3 Challenges  

The workshop also discussed the challenges towards adoption of an ecosystem business model. The 
primary concern among supply chain stakeholder groups was interoperability in case the ecosystem 
business model encompassed a product platform. According to platform theory, product platforms 
should have defined interfaces which can be made available to the designers and suppliers of peripheral 
or complementary products. This should enable the product platform to be reliably integrated with other 
parts of a building without being wholly dependent on the platform provider [39]. However, the 
participants expressed concern on whether the products they offer will be compatible with the platform. 
“I am a bathpod manufacturer and I don’t know if my products will be compatible with the platform….” 
Ecosystem business models yield advantages when shared resources are utilized at scale; Although 
this presents opportunities for enhanced efficiency and cost savings, it may also raise issues related to 
intellectual property, risk management, and liabilities [39]. This was a major concern among the 
workshop participants too. “I am a contractor and now I have more data, risk and exchanges occurring 
across the ecosystem….” The workshop participants were of the view that cultural barriers will perhaps 
be the biggest roadblock towards implementing such an ecosystem business model. Collaborative 
exchanges and early involvement are difficult in an industry that is historically categorised as fragmented 
with adversarial relationships among its stakeholder groups [7]. There was consensus among the 
participants that traditional expectations of return on investment and short-term thinking were still 
prevalent in the industry. Owning and participating (ecosystem business model) can provide better 
returns over a longer term; however, a collaborative commons approach is yet to take over from pure 
capitalism in the industry. “I am a modular builder and it is a challenge to convince all stakeholders to 
collaborate and initiate a cultural shift in the industry….” “I am a modular builder and it is a challenge to 
convince the client to adopt a new business model….”  Embracing an ecosystem approach as a novel 
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business model, might necessitate modifications in the contractual arrangements among organizations. 
Ensuring well-defined relationships, aligned interests, and suitably distributed risks within the ecosystem 
will be crucial [39]. The participants concluded that even though stakeholder groups have the ability to 
involve from the moment of inception to create better value for the client, the current rigid procurement 
model and contractual arrangements do not allow for such innovation to occur. The final challenge 
identified was skill deficit. “I am a contractor and my challenging is keeping up with the changing 
perceptions within the business and building the skills to deliver prefab projects….” To achieve the 
benefits of an ecosystem business model it requires the development of new skills, new ways of works 
and collaboration, both across and within organisations in the value chain [39]. It is a subject of further 
research leading to policy decisions. 

5.0 Conclusions and Future Research 

The theoretical contribution of this paper lies in illustrating the application and manifestation of Industry 
4.0 business model innovation within the Australian construction ecosystem. By exploring integration, 
servitization, and expertization, it sheds light on the role of digital connectivity, information sharing, and 
design value in shaping the industry. The framework proposed in the paper centres on the analysis of 
dynamic capabilities (sensing, seizing, and reconfiguring) and the ecosystem lifecycle (birth, expansion, 
leadership, self-renewal) to understand business model innovation in the Australian construction 
ecosystem. The paper reveals how various stakeholders, such as developers, contractors, consultants, 
associated supply chain actors and digital platform owners are embracing opportunities and transitioning 
through these stages. By examining their roles and progress, the paper offers insights into the current 
state and future direction of business model innovation in the Australian construction sector. 

The practical implications of the paper suggest that stakeholders in the Australian construction 
ecosystem can benefit from understanding and embracing dynamic capabilities and the ecosystem 
lifecycle stages to drive business model innovation. By recognizing opportunities for offsite 
manufacturing, standardization, technology innovation, and value chain integration, developers, clients, 
and contractors can improve efficiency and project outcomes. Consultants can leverage their expertise 
in design value and project management to facilitate collaboration among all parties. Furthermore, digital 
platform owners can tap into multi-sided marketplaces to enable direct interactions and streamlined 
processes. Overall, applying these insights can help industry players adapt to the evolving market 
conditions, foster innovation, and enhance the competitiveness of the Australian construction sector. 

The challenges associated with the ecosystem business model identified in this paper provides a clear 
direction for future research. Future research needs to (a) investigate strategies to ensure compatibility 
and seamless integration between product platforms and peripheral or complementary products to 
address concerns raised by industry stakeholders (b) examine the challenges and potential solutions 
related to shared resources, intellectual property rights, and risk distribution in an ecosystem business 
model (c) explore the factors that hinder collaboration and early involvement in the construction industry, 
and identify ways to foster a shift towards a more collaborative commons approach (d) assess the impact 
of novel business models on contractual arrangements, and develop frameworks for well-defined 
relationships, aligned interests, and suitable risk distribution within the ecosystem (e) analyze the skill 
gaps and challenges faced by industry professionals in adapting to ecosystem business models, and 
propose strategies for skill development and capacity building within the sector and (f) examine the 
potential policy decisions that can support the adoption of ecosystem business models in the 
construction industry. 
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Abstract 
For decades, labor shortage has been a consistent recurring struggle in the construction industry. A 
well-trained craft workforce is crucial to maximizing the worker’s potential and productivity. Studies in 
the existing literature have highlighted the importance of workforce training and its role in mitigating the 
impact of widespread workforce challenges and tight labor markets. Despite that, no research has yet 
quantified how training impacts workers’ performance. The objective of this paper is to analyze and 
understand the impact of workforce training on the self-evaluated performance record (including safety, 
attendance, quality, productivity, and initiative) of construction workers and frontline supervisors in the 
construction industry. To achieve the research objective, 2468 construction craft workers and frontline 
supervisors were surveyed using an online questionnaire. The survey participants were asked to self-
evaluate their work personal performance record. The participants were additionally asked to specify 
how many hours of training they have completed in recent years including craft skills, job management 
skills, and planning skills. The collected data was then analyzed. Key findings indicate workforce training 
had a statistically significant impact on increased worker performance. 

© 2023 The Authors. Published by Diamond Congress Ltd.  

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: craft, performance, training, workforce. 

1. Introduction and Background

The US construction industry stands at a crossroads. The aging infrastructure of the United States is in 
dire need of renewal as we face a major shortage of labor and craft workers [1]. The construction industry 
is plagued with numerous workforce challenges. The skilled craft labor shortage has been a consistent 
and unfortunate recurring struggle for the past three decades [2]. Moreover, recent trends show that the 
construction workforce has been aging rapidly, aggravating the labor shortage challenge and negatively 
impacting project performance in terms of cost, schedule, and safety [3]. Additionally, the construction 
industry lacks workforce diversity, particularly gender diversity, where women make up only 4% of the 
construction craft workforce in the US [4]. Still, the construction industry faces major headwinds 
regarding the treatment of women in the construction industry. A recent study found that women in 
construction are on average more likely to feel disrespected at work, treated unprofessionally, and be 
subjected to derogatory remarks [5]. Furthermore, the industry has not been able to consistently attract 
and retain skilled workers due to industry image problems, insufficient training, and an aging workforce 
[6]. Moreover, the industry still suffers from the lack of adequate supervision and failure of frontline 
supervisors to provide the necessary planning, information, support, and motivation [7], especially as 
frontline supervisors have a critical responsibility of ensuring safe and healthy work practices, and they 
create the missing communication link between management and the craft workforce [8], [9]. Multiple 
studies have extensively highlighted the importance and major influence frontline supervisors have on 
construction productivity [10]–[12]. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-043

Keszthely, Hungary 
20-23 June 2023

319



The consensus by industry experts is that the construction industry will look radically different over the 
next 20 years [13]. With the increasing level of sophistication in the construction industry, companies 
are turning to innovative approaches to gain a competitive advantage [14], from attempting to increase 
the adoption construction technologies [15], to increasing the use as-built models to meet maintenance 
needs of the future [16], and highlighting the importance of workforce training [17]. 

Construction workers are the backbone of the construction industry, as they make up a sizable portion 
of overall production costs. Therefore, their performance and productivity are critical to the successful 
execution of construction projects [18]. An important issue facing the construction industry is the 
declining rate of worker productivity and performance [19]. Because construction workers play a huge 
role in overall productivity, it is essential to understand the determinants of what impacts their 
performance. Factors involving tools and construction equipment, materials, and technologies were 
found to have a major impact on worker performance [20]. For instance, one study examining the impact 
of several technologies on construction workforce performance and information access found that using 
several information, material, and equipment technologies offers a statistically significant improvement 
of average workforce performance in the construction industry [21]. Another study found that gender 
and ethnic crew diversity enhances worker performance and information access in the construction 
industry [22]. A third study that analyzed the administrative and computer skill proficiencies of 
construction workers showed that such skills enhance performance and information access [23]. Other 
determinants of worker performance and productivity include increased level of supervision [24], 
communication and efficient information flow [25], adequate financial compensation [24], proper work 
planning of construction tasks, materials, and methods [26], continuous work training and education, 
[24], and implementation of effective safety measures [27]. 

The prioritization of construction workforce training is critical to meeting construction industry needs [17]. 
Several studies have attempted to evaluate the benefits of craft and workforce training. For instance, 
[28] found that construction training has a benefit-to-cost ratio (B/C) ranging from 1.5:1 to 3.0:1. 
Moreover, [29] evaluated a B/C ratio of 2.7:1 for craft training, and [30] found that the B/C ratio for 
construction workforce training ranges from 2.8:1 to 3.1:1.  

While the importance and benefits of worker training have been highlighted in existing work, no research 
has yet studied how craft training, job management skills training, and planning skills training impacts 
the worker’s self-evaluated work performance. This study attempts to bridge this gap of knowledge using 
a survey of construction workers that investigates the number of training hours a worker has in each 
category and the respondent’s performance record. The aim of this paper is to analyze and understand 
the impact of craft training, job management skills training, and planning skills training on the self-
evaluated personal performance record of construction workers in the construction industry. 

2. Methodology 

In this study, a survey of construction workers in the US was conducted using an online questionnaire 
published through “Qualtrics”. Among other questions, the survey asks construction workers about their 
self-evaluated personal performance, and the number of training hours in each of three categories: craft 
training, job management skills training, and planning skills training. The survey received 2468 
responses from all 50 states to the questions being studied, with the responses having a gender 
breakdown of 94.8% male and 4.9% female. Of the survey respondents, 41% are craftspersons/ 
journeymen, 14% are foremen, 13% are apprentices/helpers, 13% are superintendents, 7% are general 
foremen, 3% are project managers, and 9% indicated that they hold another title. The breakdown of the 
respondents by age showed that 30% of them are over the age of 55, 25% are in the 45-54 age group, 
25% are in the 35-44 age group, 17% are in the 25-34 age group, and 3% are under the age of 25.  

The survey asked construction workers the following question relating to their performance record: 

• For the last year, please rate your personal performance record (including safety, attendance, 
quality, productivity, and initiative) on a scale from 0 to 10, 0 being “weak”, and 10 being “superior”. 
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The survey additionally asked construction workers about the number of training hours in each of three 
categories: craft training, job management skills training, and planning skills training. The respondents 
were asked to input their response using a slider ranging from 0 hours to 200 hours, with an increment 
of 20 hours. If they have more than 200 hours of training, they were asked to select 200. 

• How many hours of craft training and craft skill updating have you had in the last 3 years? (Including 
re-certification and safety).  

• How many combined hours of training have you had in job management skills in the last 3 years? 
(Crew coordination, inter-and intra- craft coordination, selection of work packages, and leadership) 
(Include FORMAL on-the-job training).  

• How many total hours of training have you had in planning skills in the last 3 years? (Material, 
equipment, tools and information request, short-term planning, and scheduling) (Include FORMAL 
on-the-job training).  

To measure if training hours in each category has an impact on the personal performance record, the 
average personal performance record is calculated for each total number of training hours for each 
group. The Kendall tau-b correlation coefficient was used to test if there is a relationship between the 
total number of training hours in each category and the average personal performance record. The p-
value of the Kendall tau-b correlation coefficient is obtained and compared to the significance level, α, 
of 0.1.   

3. Results and Analysis 

The average personal performance record of workers based on the total number of training hours in 
craft, job management skills, and planning skills training, is presented in Tables 1 through 3. Each table 
shows the average personal performance record for each total number of training hours. The results 
presented show the Kendall Tau-b correlation coefficient and the p-value of the Kendall Tau-b to 
examine if there is a relationship between the number of training hours and the personal performance 
record, and if that relationship is statistically significant.  

Table 1 shows the average personal performance record for the total number of craft training hours. 

Table 1 Average personal performance record for the total number of craft training hours (Sample Size = 2468) 

Craft Training Hours Average Personal Performance 
Record 

0 8.530 

20 8.541 

40 8.499 

60 8.592 

80 8.568 

100 8.444 

120 8.554 

140 9.043 

160 8.750 

180 8.682 

200 8.684 

Kendall Tau-b 0.4545 

P-Value 0.0601* 

    *Kendall Tau-b is statistically significant 

The correlation analysis in Table 1 was carried out to examine if there is any relationship between the 
total number of craft training hours a worker has and their average personal performance record. The 
results of the analysis show a modest positive Kendall tau-b correlation coefficient of 0.4545 between 
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the number of craft training hours and the average personal performance record of the construction 
workforce. This means that an increase in the number of craft training hours is likely to increase the 
respondent’s average personal performance record. The p-value of the Kendall tau-b is 0.0601 
indicating that the correlation coefficient is statistically significant. 

Table 2 shows the average personal performance record for the total number of job management skills 
training hours. 

Table 2 Average personal performance record for the total number of job management skills training hours (Sample Size = 
1817) 

Job Management 
Skills Training Hours 

Average Personal Performance 
Record 

0 8.359 

20 8.486 

40 8.534 

60 7.965 

80 8.587 

100 8.488 

120 8.449 

140 8.800 

160 8.674 

180 8.955 

200 9.013 

Kendall Tau-b 0.6364 

P-Value 0.0057* 

    *Kendall Tau-b is statistically significant 

 

The correlation analysis in Table 2 was carried out to examine if there is any relationship between the 
total number of job management skills training hours a worker has and their average personal 
performance record. The results of the analysis show a slightly strong positive Kendall tau-b correlation 
coefficient of 0.6364 between the number of job management skills training hours and the average 
personal performance record of the construction workforce. This means that an increase in the number 
of job management skills training hours is likely to increase the respondent’s average personal 
performance record. The p-value of the Kendall tau-b is 0.0057 indicating that the correlation coefficient 
is statistically significant. 

Table 3 shows the average personal performance record for the total number of planning skills training 
hours. 

The correlation analysis in Table 3 was carried out to examine if there is any relationship between the 
total number of planning skills training hours a worker has and their average personal performance 
record. The results of the analysis show a weak positive Kendall tau-b correlation coefficient of 0.2728 
between the number of planning skills training hours and the average personal performance record of 
the construction workforce. This means that an increase in the number of planning skills training hours 
is likely to increase the respondent’s average personal performance record. However, the p-value of the 
Kendall tau-b is 0.2830 indicating that the correlation coefficient is not statistically significant. Therefore, 
no definitive conclusions can be made about the relationship between the number of planning skills 
training hours and the personal performance of a construction worker.  
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Table 3 Average personal performance record for the total number of planning skills training hours (Sample Size = 1968) 

Planning Skills 
Training Hours 

Average Personal Performance 
Record 

0 8.463 

20 8.344 

40 8.617 

60 8.525 

80 8.479 

100 8.444 

120 8.360 

140 8.750 

160 8.417 

180 9.000 

200 8.983 

Kendall Tau-b 0.2728 

P-Value 0.2830 

    *Kendall Tau-b is statistically significant 

4. Conclusion, Limitations, and Future Work 

The construction industry has been increasingly focusing on workforce training in an effort to improve 
productivity and enhance worker performance. While research has extensively studied and highlighted 
the importance of workforce training, little existing work has studied its direct impact on worker and 
performance. The objective of this paper is to analyze and understand the impact of craft training, job 
management skills training, and planning skills training on the worker’s self-evaluated personal 
performance record in the construction industry. Using data from a survey of 2468 construction workers, 
correlation analysis showed that there is a statistically significant positive correlation between the 
average personal performance record and the number of hours of 1) workforce craft training and 2) job 
management skills training.  

While this study presents a correlation analysis of the impact of workforce training on worker 
performance, the study does have certain limitations. The survey of construction workers does not ask 
any multiple-choice detailed questions or open-ended questions that discuss specific types of training, 
training techniques, worker experience and perception of the training process, or factors that resulted in 
enhanced access to information and performance. Therefore, while this analysis can empirically 
measure a positive impact on performance, the study cannot answer the questions related to why 
workforce training resulted in improvements. Future research can build on this study and attempt to 
answer these specific questions, to create a roadmap for the leaders of the construction industry to 
identify pathways that build the skillset of the workforce that will maximize potential benefits based on 
their specific construction needs. 
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Abstract 
The construction industry is one of the world’s precursors in labor force development and economic 
engagement. However, it confronts with several challenges. The digital revolution might provide some 
solutions to the encountered problems in the construction industry, which is traditionally slow to adopt 
the efficiency afforded by information technologies. There are numerous studies focused on the 
challenges faced by the construction industry. However, there need to be more studies investigating the 
level of construction professionals’ recognition level of new technologies and their expectations 
regarding the problem-solving capabilities of Construction 4.0 technologies. This study aims to fill this 
gap by summarizing Construction 4.0 technologies, encountered problems in the construction industry, 
and the expected benefits from these technologies while comparing the perceptions of different groups 
of respondents’ companies. Based on a comprehensive literature review, 13 Construction 4.0 
technologies, 11 main problems encountered in construction projects, and 17 expected benefits from 
Construction 4.0 technologies were identified, and a questionnaire was developed. The questionnaire 
data obtained from 188 Turkish construction professionals were analyzed using a mean score analysis. 
According to the study’s findings, medium/large size companies rated the recognition level of 
Construction 4.0 technologies and expected benefits of these technologies higher than micro/small 
firms, while they gave lower ratings for the main problems in construction projects. Additionally, 
construction firms working mainly on international projects gave higher ratings for Construction 4.0 
technologies and main problems, while national and international enterprises had similar expectations 
for Construction 4.0’s benefits. Likewise, enterprises with IT employees ranked Construction 4.0 
technologies and the main problems in construction projects higher than those without IT staff, and the 
expected benefits of Construction 4.0 technologies were very similar. The findings of this study may 
guide construction professionals in deciding which innovations to support and encourage academics to 
create new technologies regarding real-world concerns. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Construction 4.0 technologies, expected benefits, problems in construction, questionnaire, Turkish 
construction professionals.

1. Introduction

Digitization and automation technologies introduced by the fourth industrial revolution, a.k.a. Industry 
4.0, has been influencing many industries such as business services, manufacturing, finance, transport 
and utilities, etc. as well as the construction industry [1]. Construction 4.0 was first introduced in 
Germany [2] and adopted the theoretical foundation of Industry 4.0., which is characterized by technical 
developments. It is commonly acknowledged that the construction industry suffers from many problems 
such as delays, cost overruns, safety, quality and sustainability problems, disputes, low productivity, etc. 
New forms of technology, but especially digital technologies, can help to overcome these problems to 
some extent as they make the industry's operations more efficient and improve workforce capabilities 
[3]. However, construction professionals highly resist to the integration of these technologies into their 
businesses [4-6]. In the construction management literature, there are only limited sources that 
investigated the recognition level of Construction 4.0 technologies, the main problems encountered by 
the professionals in construction projects, the benefits that the professionals expect from these 
technologies, and whether the perspectives and perceptions of different groups of construction 
professionals differ from each other. These gaps raise the following research questions: 
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• Q1.  How much do the professionals working in the construction industry recognize Construction 4.0
technologies?

• Q2.  What are the main problems experienced by professionals in construction projects?

• Q3.   What benefits do the professionals expect from Construction 4.0 technologies when integrated
with their business processes?

• Q4. Are there any significant differences in the perspectives and perceptions of the construction
professionals on the aforementioned research questions with respect to the relevant characteristics
of the companies in which they are employed?

The main objective of this study is to fill this knowledge gap by answering these research questions. For 
this purpose, first, the previous studies on Construction 4.0 were reviewed and a questionnaire, which 
mainly investigates the participant professionals’ recognition level of Construction 4.0 technologies, the 
challenges encountered in construction projects, and the expected benefits from these technologies, 
was designed and distributed to the Turkish construction professionals. The findings of this study may 
support professionals in deciding in which technology to invest and academia in developing 
technological innovations based on industry’s actual needs. 

2. Literature Review

Forcael et al. [7] conducted a literature review to determine the origin and meaning of Construction 4.0 
to comprehend this idea. They reviewed 257 papers from 2014 to 2019 and aimed to identify all essential 
components of the Construction 4.0 concept. Perrier et al. [1] analyzed 200 research articles on 
construction 4.0 technologies and the phases in which they are implemented. According to the findings, 
most of the technologies are used during the pre-construction stages and have enormous potential for 
the construction phases. Schönbeck et al. [8] reviewed more than 200 articles on Construction 4.0 
technologies and found that there was no notable rise in the number of journal articles about new 
technologies from 2015 to 2019. Newman et al. [9] analyzed the literature on Industry 4.0 and related 
construction technologies, and conducted a case study on the advantages and disadvantages of 
implementing these technologies and discovered that human reaction is one of the hurdles to technology 
implementation and that Building Information Modelling (BIM) is the most extensively utilized technology 
in the construction industry. Yang et al. [10] conducted a literature study of important leadership 
competencies in the framework of Construction 4.0 for directing digital transformation and identified 22 
key competencies for leaders based on 21 articles. Craveiroa et al. [11] reviewed mainly additive 
manufacturing, whereas Sepasgozar [12] examined this concept in the context of the digital twin and 
distinguished it from other 3D modelling methods. Calvetti et al. [13] stated the Worker 4.0 concept, 
which includes workers and ambient factors that may be monitored by sensor technology, hence 
enhancing safety and productivity. Begić and Galić [14] analyzed Construction 4.0 inside BIM 4.0 and 
claimed that most of the Construction 4.0 technologies are interrelated. Osunsanmi et al. [15] surveyed 
South African construction professionals regarding their understanding, readiness, and perception of 
the significance of implementing construction 4.0 ideas. Hossain and Nadeem [16] studied the 
incorporation of the Construction 4.0 concept in enterprises. However, a lack of training and digital 
culture serves as a barrier to adaptation. According to a survey conducted by Osunsanmi et al. [17] with 
91 construction professionals in South Africa, the construction industry is willing to implement 
Construction 4.0 technologies. However, the likelihood of extensive integration of the technologies into 
the construction industry is limited, most likely because of a lack of understanding of the technologies. 
According to a case study by García de Soto et al. [6], Construction 4.0 will evolve and generate new 
professions in the construction industry. They found that traditional construction processes and 
automated systems will coexist up to a point in the future. Aghimien et al. [18] conducted a questionnaire 
in South Africa to examine the digitalization of construction organizations through an example of digital 
partnership. Muñoz-La Rivera et al. [5] investigated the "methodological-technological framework" for 
construction technologies and the most significant obstacles to applying these technologies in the 
construction industry.  
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3. Research Methodology

The methodology of this study has five phases: (1) literature review, (2) questionnaire design, (3) data 
collection, (4) data analysis, and (5) discussion. In the literature review phase, the most commonly used 
Construction 4.0 technologies, the main problems encountered in the construction industry, and the 
benefits expected from these technologies were identified. The most commonly used Construction 4.0 
technologies include: Prefabrication and modularization (CT1), Radio Frequency Identification (RFID) 
(CT2), Building Information Modelling (BIM) (CT3), Internet of Things (IoT) (CT4), Internet of Services 
(IoS) (CT5), Big data (CT6), Cloud computing (CT7), Augmented Reality (AR) and Virtual Reality (VR) 
(CT8), 3D printing (CT9), Wearable technologies (CT10), Cyber Physical Systems (CPS) (CT11), 
Robots (CT12), and Drones (CT13) [3, 4, 17]. It is commonly acknowledged that the construction 
industry suffers from several severe problems. Within the scope of this study, only the problems that 
can be overcome by employing the Construction 4.0 technologies are identified. These problems can 
be summarized as follows: Low productivity of labourers (MP1), Ineffective usage of machinery (MP2), 
Delays (MP3), Cost overruns (MP4), Communication problems among stakeholders (MP5), Interrupted 
information flow between construction site and office (MP6), HSE problems (MP7), Clashes in design 
documents and constructability problems (MP8), Material wastes (MP9), Quantity take-off errors 
(MP10), and Reworks due to quality problems (MP11) [4,11,19,20]. Having identified the Construction 
4.0 technologies and main problems mostly encountered in the construction industry, the benefits that 
the construction professionals expect from these technologies were investigated. These benefits 
include: Increased productivity (EB1), Effective usage of machinery (EB2), Time savings (EB3), Cost 
savings (EB4), Improved information flow between construction site and office (EB5), Obtaining real-
time information on the project’s progress (EB6), Quick response to the encountered problems in the 
project (EB7), Increasing safety (EB8), Timely detection of inadequacies of the project (EB9), Minimizing 
waste amount (EB10), Improving sustainable operations (EB11), Reducing human errors (EB12), 
Enhancing quality (EB13), Easy access to places where human access is difficult (EB14), Increasing 
customer satisfaction (EB15), Achieving competitive advantage in the market (EB16), and Being a 
pioneer in the market (EB17) [15, 19, 21-23]. 

In the light of the information gathered from the literature review, a questionnaire was designed. The 
questionnaire's main body was divided into three sections. The first section was intended to learn about 
the respondent professionals’ recognition level of Construction 4.0 technologies using a scale of 1 – 3, 
where "1" - "Unaware," "2" - "Neither aware or unaware," and "3" - "Aware". In the second section, 
respondents were asked to identify the importance of the pre-identified problems in their projects. In 
order to evaluate the importance of each problem, an ordinal five-point Likert scale was adopted (1– not 
important, 2 – slightly important, 3 – moderately important, 4 – very important, and 5 – extremely 
important). The third section was intended to learn about the respondents’ expectations from the 
Construction 4.0 technologies using a scale of 1 – 5 (1– very low, 2 – low, 3 – medium, 4 – high, and 5 
– very high). The questionnaire was designed using Google Forms and the survey link was delivered
electronically to over 2500 respondents in Turkey with the help of the Union of Chambers of Turkish
Engineers and Architects (UCTEA). A total of 193 responses were collected, and out of 193 responses,
5 questionnaires were eliminated due to invalid responses or incompleteness. 50.53% of the respondent
companies employed less than 250 technical and administrative staff (CS1) and 49.47% of them
employed more than 250 technical and administrative staff (CS2). 38.30% of them operated only in
national market (MR1) whereas 61.70% of them mostly operated in international markets (MR2). 49.47%
of the respondent companies did not employ IT staff (IT1) and the remaining 50.53% of them employed
IT staff (IT2).

4. Findings

4.1. Results of Mean Score Analysis on Construction 4.0 Technologies 

The results of the mean score analysis for all respondents (see Table 1) revealed that "Internet of 
Services (IoS)" (CT 5), "Drones" (CT 13), and "Cloud computing" (CT 7) were ranked as the three most 
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recognized Construction 4.0 technologies in descending order. All groups below “company scale” (CS) 
(e.g., CS 1 and CS 2), “the market region in which the firm predominantly operates” (MR) (e.g., MR 1 
and MR 2), and "IT staff availability in the firm" (IT) (e.g., IT 1 and IT 2) ranked the top three most well-
known Construction 4.0 technologies in the same order of all respondents. 

Table 1. Mean score analysis of construction 4.0 technologies (CTs) 

CTs 

Overall 
Respondents 

(N=188) 
Company Scale Market Region IT Staff 

 

Mean Rank CS1 
(N=95) Rank CS2 

(N=93) Rank MR1 
(N=72) Rank MR2 

(N=116) Rank IT1 
(N=93) Rank IT2 

(N=95) Rank 

CT1 2.346 5 2.326 5 2.366 5 2.208 5 2.431 5 2.269 5 2.421 5 

CT2 1.697 12 1.621 12 1.774 12 1.528 12 1.802 12 1.570 12 1.821 12 

CT3 2.277 6 2.147 7 2.409 4 1.972 7 2.466 4 2.075 6 2.474 4 

CT4 2.170 7 2.158 6 2.183 7 2.014 6 2.267 7 2.043 7 2.295 7 

CT5 2.707 1 2.737 1 2.677 1 2.653 1 2.741 1 2.710 1 2.705 1 

CT6 1.824 11 1.758 11 1.892 10 1.737 10 1.879 11 1.753 11 1.895 10 

CT7 2.473 3 2.495 3 2.452 3 2.417 3 2.509 3 2.430 3 2.516 3 

CT8 1.963 8 1.916 8 2.011 8 1.917 8 1.991 8 1.914 8 2.011 8 

CT9 2.367 4 2.400 4 2.333 6 2.361 4 2.371 6 2.398 4 2.337 6 

CT10 1.920 9 1.874 9 1.968 9 1.889 9 1.940 9 1.849 9 1.989 9 

CT11 1.468 13 1.432 13 1.505 13 1.319 13 1.560 13 1.409 13 1.526 13 

CT12 1.840 10 1.832 10 1.849 11 1.736 11 1.905 10 1.828 10 1.853 11 

CT13 2.543 2 2.505 2 2.581 2 2.500 2 2.569 2 2.505 2 2.579 2 

4.2. Results of Mean Score Analysis on Main Problems Encountered in the Construction Industry 

According to Table 2, the mean score analysis for all respondents, “Delays” (MP 3), “Cost overruns” 
(MP 4), and “Low productivity of laborers” (MP 1) were ranked as the top three problems encountered 
in construction projects, in descending order. Two groups under “company scale” (CS) (e.g., CS 1 and 
CS 2) and “the market region in which the firm predominantly operates” (MR) (e.g., MR 1 and MR 2) 
ranked “Delays” (MP 3) and “Cost overruns” (MP 4) in the top three problems encountered in 
construction projects. Moreover, the CS 1 and the MR 1 groups ranked “Low productivity of laborers” 
(MP 1), and the CS 2 and the MR 2 groups ranked “Communication problems among stakeholders” (MP 
5) within the top three problems experienced in construction projects. Two groups within the "IT staff 
availability in the firm" (IT) category (e.g., IT 1 and IT 2) ranked “Delays” (MP 3) in the top three 
challenges encountered in construction projects. Additionally, the IT 1 group rated " Low productivity of 
laborers " (MP 1) and " Clashes in design documents and constructability problems " (MP 8) among the 
top three construction project problems, whereas the IT 2 group ranked " Cost overruns " (MP 4) and " 
Communication problems among stakeholders " (MP 5). 

Table 2. Mean score analysis of main problems encountered in the construction industry (MPs) 

MPs 

Overall 
Respondents 

(N=188) 
Company Scale Market Region IT Staff 

 

Mean Rank CS1 
(N=95) Rank CS2 

(N=93) Rank MR1 
(N=72) Rank MR2 

(N=116) Rank IT1 
(N=93) Rank IT2 

(N=95) Rank 

MP1 2.723 3 2.800 2 2.645 4 3.083 1 2.500 4 2.860 2 2.589 5 

MP2 2.234 9 2.284 9 2.183 10 2.431 9 2.115 8 2.301 9 2.168 10 

MP3 2.920 1 2.853 1 2.989 1 3.001 2 2.871 1 2.892 1 2.947 2 

MP4 2.851 2 2.747 3 2.957 2 3.000 3 2.759 2 2.680 4 3.021 1 

MP5 2.681 4 2.621 5 2.742 3 2.903 5 2.543 3 2.677 5 2.684 3 

MP6 2.560 5 2.516 7 2.602 5 2.736 6 2.450 5 2.516 7 2.600 4 
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MP7 2.287 8 2.484 8 2.086 11 2.709 7 2.026 11 2.505 8 2.074 11 

MP8 2.559 6 2.653 4 2.462 7 2.917 4 2.336 7 2.688 3 2.432 7 

MP9 2.548 7 2.526 6 2.570 6 2.708 8 2.448 6 2.581 6 2.516 6 

MP10 2.223 10 2.180 10 2.269 8 2.403 10 2.112 9 2.247 10 2.200 8 

MP11 2.202 11 2.179 11 2.226 9 2.375 11 2.095 10 2.226 11 2.179 9 

4.3. Results of Mean Score Analysis on Expected Benefits from Construction 4.0 Technologies (EBs) 

The mean score analysis for the overall respondents presented in Table 3 indicated that “Obtaining real-
time information on the project’s progress” (EB 6), “Improved information flow between construction site 
and office” (EB 5), “Being a pioneer in the market” (EB 17) were ranked as the top three expected 
benefits from Construction 4.0 technologies, in descending order. Two groups under “company scale” 
(CS) (e.g., CS 1 and CS 2), “the market region in which the firm predominantly operates” (MR) (e.g., 
MR 1 and MR 2), and "IT staff availability in the firm" (IT) (e.g., IT 1 and IT 2) ranked “Obtaining real-
time information on the project’s progress” (EB 6) and “Improved information flow between construction 
site and office” (EB 5) among the top three expected benefits from Construction 4.0 technologies. 
Moreover, “Quick response to the encountered problems in the project” (EB 7) by the CS 1 and the IT 2 
groups, “Being a pioneer in the market” (EB 17) by the CS 2, the MR 2, and the IT 1 groups graded 
inside the top three expected benefits from Construction 4.0 technologies in construction projects, while 
“Easy access to places where human access is difficult” (EB 14) ranked by the MR 1 group. 

Table 3. Mean score analysis of expected benefits from Construction 4.0 technologies (EBs) 

EBs 

Overall 
Respondents 

(N=188) 
Company Scale Market Region IT Staff 

 

Mean Rank CS1 
(N=95) Rank CS2 

(N=93) Rank MR1 
(N=72) Rank MR2 

(N=116) Rank IT1 
(N=93) Rank IT2 

(N=95) Rank 

EB1 3.803 8 3.811 8 3.801 7 3.794 10 3.810 7 3.742 8 3.863 7 

EB2 3.862 5 3.876 5 3.849 5 3.903 6 3.836 6 3.806 6 3.916 5 

EB3 3.702 12 3.632 12 3.774 10 3.821 8 3.629 13 3.634 12 3.770 10 

EB4 3.351 17 3.200 17 3.505 15 3.361 17 3.350 16 3.183 17 3.516 15 

EB5 4.000 2 4.042 2 3.957 2 4.042 2 3.974 2 3.989 2 4.011 2 

EB6 4.191 1 4.211 1 4.172 1 4.236 1 4.164 1 4.226 1 4.158 1 

EB7 3.910 4 3.937 3 3.882 4 3.935 4 3.897 4 3.892 4 3.928 3 

EB8 3.410 15 3.337 16 3.484 16 3.472 15 3.371 15 3.366 16 3.453 16 

EB9 3.851 6 3.874 6 3.828 6 3.861 7 3.845 5 3.828 5 3.874 6 

EB10 3.378 16 3.432 15 3.323 17 3.431 16 3.345 17 3.387 15 3.368 17 

EB11 3.569 14 3.568 13 3.570 14 3.722 13 3.474 14 3.602 13 3.537 14 

EB12 3.649 13 3.505 14 3.799 8 3.667 14 3.638 12 3.527 14 3.768 11 

EB13 3.718 10 3.690 9 3.753 12 3.819 9 3.657 10 3.656 11 3.779 9 

EB14 3.814 7 3.832 7 3.796 9 3.944 3 3.733 8 3.796 7 3.832 8 

EB15 3.707 11 3.687 10 3.731 13 3.792 11 3.655 11 3.720 9 3.695 13 

EB16 3.723 9 3.684 11 3.763 11 3.736 12 3.716 9 3.699 10 3.747 12 

EB17 3.915 3 3.895 4 3.935 3 3.931 5 3.905 3 3.903 3 3.926 4 

5. Conclusions 

The purpose of this study was to examine the recognition level of Construction 4.0 technologies, the 
principal problems encountered by professionals in construction projects, the anticipated benefits of 
these technologies, and whether the perceptions and perspectives of different groups of construction 
companies vary for these subjects. For this purpose, a questionnaire survey was conducted and 188 
duly completed questionnaires were collected from Turkish construction professionals. The mean score 
analysis method was used to determine how different groups varied about recognition level of 
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Construction 4.0 technologies, the main problems encountered in construction projects, and the 
anticipated benefits of these technologies. Although some of the recognized Construction 4.0 
technologies, the challenges encountered in construction projects, and the expected benefits from these 
technologies evaluated similarly by all the groups, others were ranked differently, and some of them 
were only ranked among the top three for a certain group. The findings of this study may guide 
construction professionals in deciding which innovations to support and encourage academics to create 
new technologies regarding real-world concerns. 
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Abstract 
Successful operation and maintenance of buildings relies on facility management (FM). Effective 
implementation of FM practices still poses diverse challenges. Through a comprehensive literature 
review, this research examines the current state of facility management and identifies the key gaps and 
challenges faced in this field. The findings indicate that major challenges concern inadequate 
information infrastructure, a lack of standardized processes, poorly identified required data, bad 
information quality and insufficient training.  Common to the listed challenges is a need for a better 
management of knowledge. In this context, the paper explores the possible tools for better utilization of 
knowledge in management processes including centralized information sharing, continuous learning 
and improvement, and effective use of technology. This contribution demonstrates that the future 
research should focus on optimizing stakeholder engagement, streamlining processes, and supporting 
knowledge, enhancing cognitive requirements, and the supporting technology to make better use of 
knowledge in the construction industry. 
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1. Introduction

Facility Management (FM) is an integrated approach that helps organizations, facility managers, owners, 
and end-users to achieve their main objectives by ensuring the functionality of the built environment [1]. 
In other words, FM encompasses multiple disciplines that work together to ensure that the built 
environment is optimized for the people who use it. The most recent definition of facility management is 
“a profession that encompasses multiple disciplines to ensure functionality of the built environment by 
integrating people, place, process, and technology.”  It is interesting to note that this newest definition 
highlights the importance of technology, which was lacking previously [2, 3]. 

Facility managers require access to accurate and reliable information about building systems and 
components, which enables them to make informed decisions and take actions that enhance efficiency 
and productivity [1]. However, FM presents many challenges, including data loss, time wasted searching 
for information, lack of interoperability, and data inconsistency [4]. Due to the increasing demand for a 
high quality of life, globalization, and the development of information technology, managing properties 
and facilities in the built environment has become increasingly important. To meet these challenges, 
facility managers are constantly looking for new approaches that enable them to harness the power of 
technology and leverage data to improve their operations to fulfil the evolving needs of their stakeholders 
[5]. 

The Architecture, Engineering, Construction and Operation (AECO) industry and FM play a vital role in 
shaping the built environment and ensuring that it meets the needs of people. The rapid changes in the 
technology and societies affect the construction sector as well as the requirements of an efficient facility 
management system today. In the following section, the research presents the literature review that was 
used for examining the current state of facility management and identifying key gaps and challenges 
faced in this field.  
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The rest of this paper is organized as follows: Section 3 provides a comprehensive examination of the 
significance of knowledge management in the realm of facility management. Section 4 elaborates on 
the six essential steps involved in the knowledge management process. Section 5 subsequently outlines 
the various concepts and tools that can be leveraged for effective knowledge management. Ultimately, 
the paper investigates how these tools can potentially mitigate the identified gaps and challenges and 
improve the field of facility management within the construction sector and concludes the research. 

2. Current Gaps and Challenges of Facility Management in Construction Sector 

As part of a broader research investigation, a literature review and analysis were conducted by using 
the keywords “facility management”, “construction, and “gap” on Scopus database to detect existing 
research on this focus area. The inclusion criteria were English journals and conference papers. Total 
97 papers were found on the database. After removing irrelevant content and private access papers, 45 
articles remained. 

 

Fig. 1. Search process 

Firstly, the main gaps and challenges have detected in the research, then the articles are grouped 
according to the gaps and challenges pointed in the research. Total five categories identified, which are 
the inadequate information infrastructure, the lack of standardized processes, the poorly identified 
required data, bad information quality, and insufficient training. 

 

 

Fig. 2. Category of the pointed gaps and challenges 

All the 45 papers gathered are summarized in Table 1. While 12 paper are concerning about inadequate 
information infrastructure, 10 papers point lack of standardized processes, 9 papers highlight insufficient 
training. Total 8 paper discuss bad information quality and 6 paper underline the challenges of poorly 
identified data. Not all papers were referenced due to limitations required on the length of this paper. 
The difference between the number of papers in the archive and the referenced ones can be worked 
out from columns no.3 and no.4 in Table 1, respectively. 
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Table 1. Categorization of the papers. 

Category  Sub-Category  N. of Total 
Papers 

N. of Referenced 
Papers  Selected Referenced Papers 

Inadequate Information 
Infrastructure 

information gap 2 1 (De Silva et al., 2017) 

integration gap 1 1 (Wang et al., 2013) 

interoperability gap 1 1 (Ozturk, 2020) 

knowledge gap 2     

tool gap 4 1 (Wu & Lepech, 2020) 

validation gap 2     

Lack of Standardized 
Processes 

collaboration gap 1 1 (Mehedi & Shochchho, 2021) 

information gap 3     

interoperability gap 1     

knowledge gap 5 2  (Kamaruzzaman et al., 2016); 
(Abideen et al., 2022) 

Insufficient Training 

awareness gap 1     

education and training gap 5 3 (Maile et al., 2007); (Low et al., 
2019); (Edirisinghe et al., 2017);  

knowledge gap 2     

technical skills gap 1 1 (Marocco & Garofolo, 2021) 

Bad Information Quality 

communication gap 2 1 (Hilal et al., 2019) 

integration gap 1     

knowledge gap 1     

validation gap 4 1  (Chen & Tang, 2019);  

Poorly Identified Required 
Data 

collaboration gap 3 3 (Mervi, 2003); (Wen et al., 
2021); (Sedhom et al. 2022) 

information gap 2 1  (Ozturk, 2020) 

validation gap 1     

 

One of the primary gaps identified on literature is the inadequate information infrastructure that hinders 
the effective management of facilities. Wang et al. (2013) emphasized the need for an integrated data 
source that provides information support for the building lifecycle, and the suggestion that Building 
Information Modelling (BIM) can fill this gap [6]. De Silva et al. (2017) pointed the gaps and lack of 
relationships among stakeholders, indicating a need for better communication, collaboration, and 
information sharing among stakeholders to achieve better value and performance in total facilities 
management [7]. The text also discusses the difficulty of achieving design for adaptability without the 
relevant information from the FM team and appropriate integration platform. Ozturk (2020) mentioned 
the lack of interoperability in BIM in order to increase knowledge-integrated, ontology-based, IT-based 
managed, collaborative, automated, well-visualized, and sustainable outcomes [8]. Wu & Lepech (2020) 
highlighted there exist no fundamental tools for the life-cycle management of durability performance of 
built structures leveraging multi-physics models and building information models (BIM) [9].  

Another gap is the lack of standardized processes that hinder the effective management of building 
data. Mehedi & Shochchho [10] stressed lack of standardization and interoperability in the construction 
industry, which hampers the adoption of BIM technology. Kamaruzzaman et al. (2016) identified lack of 
focus on the roles of professionals and their coordination towards enhancing the implementation of 
BIMFM, including establishing a process workflow and guidelines [11]. Abideen et al. (2022) noted the 
need for a general facility maintenance knowledge database with an emphasis on the maintainability 
assessment at different life cycle phases and decreasing the number of maintenances interventions 
[12]. 
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Insufficient training is the following challenge mentioned in literature that inhibits the efficient facility 
management. Maile et al. (2007) pointed educational gap among engineers and other stakeholders that 
needs to be overcome [13]. Low et al. (2019) stressed that future graduate students lack the soft skills 
needed by Industry 4.0 [14]. Edirisinghe et al. (2017) points that BIM-enabled FM is still in its infancy 
and has not yet reached its full potential [15]. This is partly due to the fact that organizations need to 
undergo a learning curve to fully implement BIM and realize its productivity gains. The text also highlights 
the importance of internal leadership and knowledge management in the BIM-enabled FM 
implementation process. Marocco & Garofolo (2021) mentioned the lack of the technical skills to manage 
cutting edge technology in the operational phase, especially for maintenance management [16]. They 
also recommend developing a platform which allows multiple FM teams to work at the same time in the 
same building zone by sharing information, such as position and time span of tasks and whether 
including potential hazards. 

Bad information quality is also discussed as a challenge  which obstructs the effective management of 
facilities for the construction sector. Hilal et al. (2019) pointed out the construction project delivery 
systems have enormous communication gaps, especially between the constructor and operator/owner 
[17]. Chen & Tang (2019) draw attention to the knowledge gap between maintenance theories and 
practical maintenance management in the design and construction phase [18].  

Lastly, the poorly identified required data creates challenge for successful facility management. Mervi 
(2003) discussed the gaps between scientific information and the information needs of industry and 
other businesses have been a main concern of dissemination of research results. Therefore, he 
suggests consulting activities for co-operation between scientists and industrial partners to bridge the 
gap [19]. Ozturk (2020) urged the need for practical research that focuses on the full integration of 
cognitive technologies and the BIM platform to turn it into a digital twin of a built entity for increasing 
knowledge utilization for effective decision-making and efficient outcomes throughout the project 
lifecycle in the near future [8]. Wen et al. (2021) realized that few researchers focus on the continuous 
information transfer solution from the BIM model to FM systems during the building in-use phase. They 
also suggest an interface to be established for the “conversation” between the frequent changes of 
building and the FM systems in the post-construction period [20]. Sedhom et al. [21] discussed the lack 
of involvement and participation required by stakeholders. There is a lack of clarity in identifying the 
required data that is needed to manage stakeholders effectively. 

These gaps and challenges have been noted by researchers across several studies, and they can be 
addressed through effective knowledge management. In the following chapter, we will explore in detail 
the ways in which knowledge management can be utilized to improve facility management practices in 
the construction sector. This will include a discussion of the various tools and concepts that can be 
implemented to ensure that the necessary knowledge is effectively created, captured, shared, and 
utilized, ultimately leading to better outcomes. By taking a proactive approach to knowledge 
management, stakeholders in the construction sector can stay ahead of the curve and improve their 
overall performance. 

3. Knowledge Management for Facility Management  

In today's dynamic and competitive environment, the ability to acquire and utilize knowledge is 
increasingly recognized as crucial for survival. Knowledge management (KM) is the set of methods for 
creating, sharing, using and managing an organization's knowledge and information [22]. Integral to 
knowledge management is incorporating the socio-technical perspective of people, processes, and 
technologies [23]. Knowledge is the most fundamental organizational resource in FM services and has 
the highest strategic value in understanding and managing the relationships between physical resource 
performance and its impact on the people they serve.[24]. 

The subject of knowledge opens to a particular view within FM services, starting from the conceptual 
chain, that links [25]: 
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• data (i.e., numbers, texts, images, etc.), that obtain meaning and value only in relation to a 
context and processing; 

• information that is data processed according to specific goals, referred to a context and 
managed to be used, shared, and combined; 

• knowledge that is the result of applying, processing, relating, combining information in specific 
contexts. The process, that leads information to enter in a system able to develop knowledge, 
creates the actual value and competitive advantage for an organization. 

Fikri & Anumba [26] argue that most construction knowledge is tacit wherefore appropriate KM 
mechanisms must be allocated. In the realm of knowledge management, there are a variety of factors 
to consider, including information, communication, human resources, and intellectual capital. It involves 
facing a number of challenges such as usefulness of the knowledge, its transfer to others and its 
quantity. Therefore, effective facility management requires a range of cognitive skills such as critical 
thinking, problem-solving, decision-making, and analytical skills.  It requires formulating and 
implementing strategies, improving processes, and monitoring and evaluating what knowledge exists, 
and its effective management. It is important yet difficult to scope, define and understand the processes, 
but to do so is necessary if organizations are going to be able to cope [27]. 

4. Knowledge Management Processes 

Knowledge management is a systematic process which involves the development of policies, strategies, 
and tools to support the acquisition, sharing, and utilization of knowledge, with the ultimate goal of 
improving organizational performance and achieving strategic objectives. A well-designed set of 
processes is essential for successful knowledge management because they allow the business to 
collect, maintain, and share knowledge throughout the organization. The discourse surrounding 
knowledge management processes has been extensively examined by numerous scholars and has 
constituted the focal point of numerous investigations.   From the findings of the questionnaire survey, 
the research of Fong & Choi  confirms the six knowledge management processes namely acquisition, 
creation, storage, distribution, use, and maintaining [28]. 

1. Knowledge acquisition: It is the initial step in the knowledge management process that involves the 
identification and collection of knowledge from various sources. This process enables organizations to 
create a knowledge base that can be used for decision-making and problem-solving. 

2. Knowledge creation: The process of generating new knowledge by combining existing knowledge 
through research, experimentation, and collaboration. This process leads to innovation and helps 
organizations to stay competitive. 

3. Knowledge storage: The process involves organizing and preserving knowledge for future use. 
Knowledge is easily retrievable when needed, and it also helps to prevent information loss due to 
employee turnover or system failure. 

4. Knowledge distribution: The process of disseminating knowledge to those who need it, whether 
through training programs, documentation, or other means.  

5.  Knowledge use: The process of applying knowledge to solve problems, make decisions, and improve 
organizational performance. So, the knowledge is not just stored but is utilized to make a positive impact 
on the organization. 

6. Knowledge maintaining: It involves keeping knowledge up-to-date and relevant over time. This 
process ensures that knowledge does not become obsolete and is continuously improved to meet 
changing organizational needs. 
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5. Innovative Tools for Knowledge Management  

Innovation in KM can be defined as an organization's willingness to apply new methods to knowledge 
management [29]. According to empirical findings technological, social, and organizational factors are 
equally important for KM processes and they show a possible categorization for innovations in the KM 
field [30]. The technological KM innovations are related to ICT in knowledge management systems  (e.g., 
intranet platforms for storing knowledge) which are socio-technical systems [31]. Social innovations 
involve the human factor and the interaction between individuals such as motivational incentives for 
knowledge sharing. Moreover, organizational innovations are related to structure and hierarchy, for 
example, the breaking down of knowledge silos by interdisciplinary knowledge exchange groups. 

The primary focus on knowledge management systems which are socio-technical systems that have 
the ability to assist KM processes using information and communication technology (ICT) as well as 
organizational and sociological theory. Schenk's research points to eight innovative concepts in the field 
of knowledge management which are Artificial Intelligence (AI), Big Data (BD), Communities of Practice 
(CoP), Digital Artifacts (DAs), Enterprise Social Media (ESM), Gamification Open Innovation (OI), and 
Virtual Reality (VR) [29]. The concepts range in scope and degree from practical approaches to full 
models (Figure 3).  

 

Fig. 3. Classification of identified KM concepts [29] 

A variety of tools are available to support the KM concepts and processes. These include tools for 
accessing knowledge, which provide access to explicit knowledge that can be shared and transferred 
through enterprise information systems. Semantic mapping tools, including ontology tools, allow users 
to quickly organize and analyze information, as well as create visual representations of their research 
and analysis. Knowledge extraction tools support structured queries and replies and interpret 
relationships among different elements and documents to help with text mining. Tools for expertise 
localization enable quick location of knowledge holders within the enterprise and facilitate collaboration 
and knowledge exchange. Finally, tools for collaborative work enable teams to globally share dedicated 
spaces for managing project lifecycles, conducting live discussions and interactions, and maintaining a 
repository of materials associated with every step of the process [32]. 

KM tools focus on the assimilation, understanding and learning of knowledge by individuals who will 
transform data and information into knowledge [32]. Regardless of the amount of other individual 
knowledge embedded in it, the visible part of explicit knowledge is just information. Therefore, there is 
a need of KM tools, which can collect, categorize, organize, and share knowledge. Also, it is required to 
transfer information hidden in various forms and types of documents and media for facilitate information 
contextualization, intelligently transfer information, facilitate social interactions and networking, and 
present a customized human-computer interface.  
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Table 2 presents the web-based IT tools created by Ghani in 2009. In his study, Ghani discussed the 
emergence of a new group of web-based information management tools based on freeform social 
software that enhance individual knowledge work, group communication, and collaboration, referring to 
them as Web 2.0. However, more than a decade later, Web 2.0 cannot be considered a new technology 
and should be discussed along with many other existing KM tools. 

Table 2. Web-based Information Technology Tools for Knowledge Management. (Adopted by Ghani, 2009) 

Technology Description/examples 

Traditional Database Tools 

These tools attempt to allow users to create general data properties implicitly within a 
database. They allow for the creation of objects that have certain properties, can communicate 
with other objects and so on.  

Process Modelling and 
Management Tools 

Processes that involve the transformation of physical material have been the focal metaphor. 
Tools have been built to support these processes encode considerable knowledge of the 
process. 

Workflow Management Tools 
These are the process management tools for information-intensive organizations. Workflow 
tools allow for the specification of the movement of documents in information processes. 

Enterprise Resource 
Management Tools 

Enterprise modelling tools are being developed to provide all the modelling capabilities of 
ERP/ERM systems along with the explicit representation of organizational and environmental 
knowledge. 

Agent Tools 

These tools rely on agents, relatively autonomous programs that can perform a variety of 
tasks. Agents may be provided with the specifications of the information that the user is 
interested in, and these will then search the web and specified other databases to find the 
information. 

Search Engines, Navigation 
Tools, and Portals 

Some of the search engines perform automatic text-only searches while others relied on 
human interpreters who would access web pages and then analyze and classify them. 

Visualizing Tools 

Tools to investigate the structure of knowledge domain and knowledge within domains. These 
tools have been used for data visualization in the areas of financial market to molecular 
biology. 

Collaborative Tools For setting of bulletin board and for real-time video conferencing, whiteboards, and chat rooms. 

Web 2.0 Tools A set of web-based tools such as wikis, blogs, tags. Social media platforms  including 
Facebook, Twitter, Instagram, LinkedIn, and wikis, blogs, tags. 

 

6. Discussion 

The literature review has identified several technologies and tools that can be used for knowledge 
management. These technologies and tools can be utilized to improve facility management practices in 
the construction sector by addressing the identified gaps and challenges. Figure 4 shows the mapping 
of the tools for improving gaps and challenges in FM for the construction industry. 

 

Fig. 4. Mapping of the tools for improving the gaps and challenges. 

The challenge of inadequate information infrastructure can be addressed through tools such as 
traditional database tools and visualizing tools can be used to present complex big data in a more 
understandable format. Agent tools can help facility managers to process and analyze data more 
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efficiently. Moreover, Web 2.0 tools such as social media platforms can contribute continuous 
communication and collaboration between the stakeholders of the projects for a better understanding of 
project requirements. 

The lack of standardized processes can be addressed through tools such as process modelling and 
management tools to manage the lifecycle of documents and to create a consistent and sustainable 
building information flow. Workflow management tools share information and computing resources 
among employees, while enterprise resource management tools automate and manage core business 
processes for optimal performance. 

Insufficient training needs to be supported by a learning system with collaborative tools, visualizing tools 
and Web 2.0 tools. Collaborative tools can be used to locate people by their knowledge while Web 2.0 
tools provide a big support to communicate and share this knowledge. For example, social media 
platforms created by skilled professionals and supported by videos and visuals, such as YouTube, can 
provide online learning portals for students and workers. 

Bad information quality in the construction project delivery systems or in the maintenance theories can 
be improved by search engines, navigation tools and portals with Web 2.0 tools. Search engine can be 
used to search the contents and to validate the relevant information, while Web 2.0 can assist with 
managing electronic content including multimedia files. Moreover, traditional database tools allow for 
the creation of objects that have certain properties, can communicate with other objects. 

The challenge of poorly identified required data requires Web 2.0 tools and collaborative tools. Web 2.0 
tools such as social networking sites, wikis, blogs, and video sharing platforms can facilitate participatory 
information sharing and communicating, while collaborative tools can be utilized to locate people by their 
knowledge and to ensure that the right people are involved in the management process. These 
processes can be supported by social media features. Professionals, workers, or students can connect 
and interact within the selected platforms. Agent tools may be provided with the specifications of the 
information that the user is interested in, and these will then search the web and specified other 
databases to find the information. 

Overall, the tools for knowledge management can support FM processes by facilitating knowledge 
sharing, collaboration and communication among stakeholders, and continuous learning and 
improvement. By applying these tools and strategies for knowledge management, stakeholders in the 
construction sector can improve their overall performance and meet the emerging project needs. 

7. Conclusion 

There are several gaps and challenges in facility management practices in the construction industry. 
These challenges include inadequate information infrastructure, a lack of standardized processes, 
insufficient training, bad information quality and poorly identified required data, all of which require a 
better management of knowledge. The paper explores the possible tools for better utilization of 
knowledge in management processes, including centralized information sharing, continuous learning 
and improvement, and effective use of technology. By addressing these gaps and challenges through 
the utilization of various concepts, tools and strategies, stakeholders in the construction sector can 
improve their overall performance and meet the evolving needs. Overall, the implementation of these 
tools and strategies can facilitate knowledge sharing, collaboration, and communication among 
stakeholders and support continuous learning and improvement in FM processes. The future research 
should focus on optimizing stakeholder engagement, streamlining processes, and supporting 
knowledge, enhancing cognitive requirements, and the supporting technology to make better use of 
knowledge in the construction industry. 
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Abstract 
Due to rising demands, Construction Management as well as Real Estate Management are recently 
developing into increasingly complex organisation issues. In particular, these fields are characterized 
by a very high degree of division of work and interdisciplinarity. Numerous participants are contributing 
their specific capabilities and skills as well as naturally pursue their individual goals. Traditionally, these 
contributors are interconnected via bilateral contracts, which are well-understood and theoretically 
modelled using the LEN approach. Therewith, the unavoidable incompleteness of contracts is 
formulated and tackled via a fundamental estimation of incentives on both sides. More recent attempts 
to solving the challenges coming with the rising granularization of projects like Lean Construction and 
Agile Methods propose multi-party contracts instead, advertising the introduction of strong common 
goals to all participants. The paper presented here extends the LEN model to multi-party approaches in 
order to estimate the required share of incentives to be distributed to the individual parties allowing for 
interconnected objectives and therewith common-targeted activities. This situation is investigated for 
different scenarios of forming the overall product, in particular for cumulative contributions as well as 
factorial contributions to the common objective. On this background, the fundamental, i.e., system-
theoretical limits of multi-party contracts are pointed out, discussed and thoroughly evaluated. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 
2023. 

Keywords: Construction Management, Multi-Party Contracts, Principal-Agent Model, Real Estate Management, 
Systems Theory. 

1. Introduction

As projects of all kinds are becoming more and more complex, i.e., comprising increasingly numerous 
participants, which are strongly interacting, the art of organisation is developing into the fundamental 
science of reducing complexity [1, 2]. System’s Theory [3, 4, 5, 6] allows modelling and understanding 
organisational issues [7, 8, 9], where a number of interacting players are bound to achieve a common 
goal while pursuing individual interests [10, 11, 12]. Several theories of production have been developed 
on this background [13, 14, 15, 16]. Recent approaches to organisation like, e.g., Lean Construction 
and Lean Management [17, 18], Agile Management [19, 20], etc., refrain from introducing strong 
hierarchical structures [21, 22] and set a strong focus on collaboration in shallow levelled organisations. 
Thus, the matter-of-factly given complexity of current projects [23] is not forced into structures which are 
not really covering the issues but taken account of by allowing for all kind of communication. The driving 
force required for this to happen in a productive way is the willingness to contribute to the project goal 
[24], formulated in respective multi-party contracts [25]. 

This is the formal assignment of the classical “Allmende”-problem [26, 27], well-known in game theory, 
where a number of participants make use of a common limited resource in order to gain individual profit. 
In the end, the question of introducing incentives to act sensibly remains. The nature of incentives can 
be institutional rules applying sanctions or premiums as well as strategical issues or social pressure. 
Thus, all kinds of incentives can easily be modelled as utility functions and shares taken from the 
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advantage of the produced good. The origin of this kind of interaction between partners is the classical 
bilateral contract [24, 28, 29].  

Remark: In game theory, consequences and strategies have effects only locally, i.e., within the current 
“game” or contract, which is the “one-shot”-situation or possibly reach out to future situations, presuming 
a known or unknown number of repetitions [30]. In this paper we are restricting the research to the local 
collaboration where the findings may most likely be adjusted when investigating strategies based on 
multiple sequential contracts.  

2.  Fundamental Understanding 

We assume a principal to be in charge of producing a certain well-defined good. All the required 
organisation as well as the design work has been done and is to be paid for accordingly, e.g., as a 
General Contractor. Finally, the (sub-)product needs to be produced and, hence, considered to be out-
sourced to a subcontractor (agent). So far, simply, the good is to be produced at the least cost, in 
particular cheaper than being produced by the principal. Usually, the agent is suited better to accomplish 
this task through his specific expertise and the difference in cost (overall profit) is shared between the 
principal and the agent in order to make the bargain work. Assumedly, this (technical) share of profit 
due to job-specialization is already subtracted from the deal, leaving a situation where both participants 
are coming out equally.  

 

Figure 1. Fundamentals of sharing between principal and agent            

However, this is true for work contracts only where a lump-sum is agreed on for a certain well-defined 
good. The agents’ work efforts are directly transferred into the agents’ profits or losses.  

For service contracts, the agents’ work efforts are directly impacting the efficiency which is to be paid 
for as a loss to the principal’s side. A single work hour provides only as much result as the agent is 
willing to throw efforts in. Therefore, a partially fixed salary makes the agent work at all and settle the 
contract, however, a further variable salary proportional to the result incentivizes to increase the efforts. 
This may be a positive incentive like additional remuneration per result as well as a negative, e.g., by 
the rising thread of cancelling the contract due to low performance. Therewith, the agent’s performance 
is coupled to the result leaving the result only to some degree with the principal while the remaining 
share goes to the agent. 

The operating range between work contracts and pure service contracts, thus, can be formulated 
accordingly: The respective good of a contractually given quality is produced by the agent balanced by 
a fixed lump-sum while other parameters of control, e.g., duration, readiness to comply with fast 
organisational modifications, probably also contractually agreed-on flexibility regarding the product itself, 
are subjected to a variable add-on. 
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3.  The LEN Model 

The well-known LEN-model [31, 32] allows in a very fundamental way to formulate the difference 
between the first-best and the second-best solutions of the Principal-Agent Problem. 

The focus lies on a two parties’ interaction where a creation value ( , )x x a aϑ β ϑ= = +  is produced 
linearly depending on the amount of work a  of the agent at the productivity β , and some random 
circumstances ϑ  ( 0 €ϑ = , 2var( )ϑ σ= ) which may reduce as well as improve the resulting creation of 
value. The personal discomfort of the agent 21

2( )V a aη= is understood as (negative) creation of value. 
The remuneration ( ) ( , )c vs x s s x a θ= +  of the agent is linear with the creation of value where the share 
represents the incentivization. 

The utility functions for the principal as well as for the agent are modelled exponentially: 

  
max,

( ( ))

( )
1( )
1 P

x s x

e
eG x
e

ρ

ρ

− −

−

−
=

−
  (Principal)   and   

max,

( ( ) ( ))

( )
1( )

1 A

r s x V a

r e
eH x

e

− −

−

−
=

−
           (Agent)                  (1) 

The principal is assumed to be risk-neutral 1ρ <<  leading to ( ) ( )G x x s x= −  and the average utility 
[ ] [ ] ( )( ) ( ) 1 v cE G x E x s x s a sβ= − = − −  

The risk within the agent’s utility function is replaced by the certainty equivalent (where H0 is the minimal 
benefit) 

  [ ] 2 2 21 1
02 2( ) ( ) ( ) ( ( ))

2 c v v
rE H x E s x V a Var s x s s a a rs Hβ η σ = − − = + − − =  

                  (2)                                                

The remuneration would be the minimal benefit plus discomfort and certainty equivalent   

  2 2 21 1
0 2 2c v vs s a H a rsβ η σ+ = + +                                                               (3) 

Hence, the first-best solution is the principal’s optimum: 

  0 ( ) FB FBE G x a a
a

ββ η
η

∂ = = − ⇒ = ∂ 
                                                 (4) 

The second-best solution preconditions unobserved working efforts allowing the agent to optimize the 
personal utility function 

  [ ] 2 2 21 1
2 20 ( ) c v SB SB v v SB SB vE H x s s a a rs s a a s

a
ββ η σ β η
η

∂
= = + − − = − ⇒ =

∂
                 (5) 

Obviously, the working effort is reduced by the share vs  and reaches the first-best solution only if the 
complete creation of value is passed through to the agent (work contract situation). 

On this background, the principal would optimize the utility function with respect to the optimal share vs
(with 2 /FB FBT a β β η= = ) leading to 

  
22 2

2
2 2 2 2

/0 ( )
/

SB v

FB
v v v

v FBa s

TE G x s rs s
s r T rβ

η

β β β ηη σ
η η β η σ σ

=

 
∂ = = − − ⇒ = = ∂ + +

  

           (6) 

Comment: Risk neutrality (r = 0) or no risk existing (σ = 0) lead to sv = 1, i.e., optimally passing through 
the complete production’s value to the agent. This is sensible since a work contract leaves all chances 
and risks to the agent who exhibits, however, a risk neutral attitude. For existing risk and risk aversity 
(r>0) the denominator increases, the optimal share is decreasing indicating some of the risk to be left 
with the principal. As the certainty equivalent vanishes with reduced variance or reduced risk aversity, 
the share is to be increased in order to cover the minimal benefit.  
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4.  Centralized Multi-Party Contracts – Cumulative Approach 

Centralized multi-party contracts are representing situations where a central principal hands out certain 
parts of the production to a number of agents which are to contribute to the total creation of value. The 
cumulative approach models the final product as the cumulated products of the participants: 

  1..( , )C C i i n i i
i

x x a aϑ β ϑ== = +∑                                                        (7) 

4.1.  Fundamental Equations for Cumulative Production 

The first-best solution is given by the optimized utility function of the principal based on a constant utility 
function of the respective agent (assuming the agent receives a variable share sv.j proportional to the 
total production cumulated from the individual contributions): 

  2 2 2 2 2 21 1 1 1
, 0, , 0,2 2 2 2( )j c v j i i j v j c v j i i j j v

i i
E H x s s a a rs H s s a H a rsβ η σ β η σ  = + − − = ⇒ + = + +  ∑ ∑       (8) 

This leads to the principal’s decision for the required work effort of the agent j (First Best solution): 

  ( ) ( )2 2 21 1
0, , ,2 20 ( ) j

i i i i i v j j j FB j FB
i ij j j

E G x E a H a rs a a
a a

β
β ϑ η σ β η

η
   ∂ ∂  = = + − + + = − ⇒ =    ∂ ∂        

∑ ∑    (9) 

Comment: This is identical to the single-party contract. The optimal solution would be proportional to the 
individual productivity of the agent over the individual discomfort. From the investors point of view there 
is no difference between a single agent providing the service or a number of agents contributing to the 
product. The risk of agents deviating from the expected work effort is in average zero and the variance 
is part of the overall variance σ of a failing result. 

The second-best solution rests on the optimization of the individual agent: 

2 2 21 1
, , , , , , , ,2 20 ( ) j

j c v j i SB i i SB j v j v j j j SB j SB j v j
ij j

E H x s s a a rs s a a s
a

β
β η σ β η

η
∂  = = + − − = − ⇒ = ∂ ∑          (10) 

This result also remains unchanged, based on the individual share passed through to the agent. 
However, the First-Best solution can only be achieved if each agent is assigned the complete profit of 
all individual contributions which is to be addressed in a later section. 

Comment 1: The individual agent might be understood as being subjected to an additional risk derived 
from the unknown and inaccessible work effort of the other agents. Since only a certain share of the 
profit is produced by a particular agent, the remaining share is risky. Since σ2 covers the total risk for 
the principal, the uncertainty of contribution of the agents is included. Hence, this total risk is to be 
shared between all contributors and the principal.   

Comment 2: This result is sensible since a risk-neutral agent would be not affected by average positive 
nor negative results as long as the average is as agreed on. Only risk-averse agents would reject to 
share the total risk, be it a consequence of outer circumstances or other agents’ work effort. 

This is correct as long as the risk is independent of the own workload, i.e., completely originated outside 
the system. Assuming the risk is completely formed by the other agents’ effort, some influence is 
possible by adjusting the own work load. Nevertheless, the impact is insignificant as a number of agents 
leaves only a small share of the risk to be influenced which is too little to affect the optimal solution in 
general. 

Finally, the choice is left to the principal to decide the optimal overall share given to all agents 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-046

Keszthely, Hungary 
20-23 June 2023

343



  

,

2222
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, ,

0 ( )
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i iv j v j i i j ja s

E G x E s H s r s s r s
s sβ

η

β ββ βϑ σ σ
η η η η

=

 
   ∂ ∂ = = + − + + = − −      ∂ ∂      

∑ ∑     

(11) 

Therewith, introducing the individual share of the creation of value 2
, /j FB j jT β η= : 

2
,

, 2 2 2
,

/
/

j j j FB
v j

j j j j FB j

T
s

r T r
β η

β η σ σ
= =

+ +
                                                         (12) 

Hence, linear cumulation of production also leads to no changes to the required share (but refers to the 
individual contribution of agent j) and has no consequences beyond the cumulated agency cost. The 
logical consequence again would be to hand out work contracts to risk-neutral agents. 

Comment: This approach does not take into account, that the complete creation of value cannot be 
passed through to each of the agents. The optimal share for any risk-neutral agent would equate 1 
leading to a work contract for the total production while only contributing a share to it. This equals a 
situation with a very large lever available for each agent to be paid by the principal in addition to the 
creation of value via the product. This would make them highly overpaid (and risk loaded) just to make 
the agents work optimally.  

4.2.  Characteristics and Consequences Due to Multiple Agents with Focus on the Principal 

The decision of the principal for the individual share based on optimizing his own utility function in this 
scenario implies that the complete production of value needs to be distributed to each of the n agents 
(if these are risk neutral). Hence, even the maximum second-best solution is not equal to the first-best 
solution but roughly limited to 1/n if equally distributed. This perspective is to be elaborated and 
discussed in this section. 

In order to identify the optimal distribution, the condition of sharing the profit at max on all participants 
needs to be taken care of while optimizing. Using the Lagrange parameter λ we modify: 

 
22

,2 2 21 1
, 0, , , , ,2 2 2

, , ,

0 1 1j FBi i
v i i v i i v i v i v j

i i iv j i i j FB j j FB

T
E s H s r s s s

s T r T
β β λϑ σ λ
η η σ

     ∂  = + − + + + − ⇒ = −          ∂ +       
∑ ∑ ∑  (13) 

Hence, we obtain an expected reduction (λ>0) of share depending on the boundary condition, in 
particular, not as a general scaling but varying with the individual contribution.  

This is to be inserted into the boundary condition: 

, ,0
,

, , ,0 , ,02
, , , , ,0 ,

1
1 1

/

v i
i FB i

v i v i v i
i i i ii FB i i FB i FB v i i FB

i

sT
s s s

T r T T s T
λ λ λ

σ

− 
= = − = − ⇒ =  +  

∑
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          (14) 

Comment: The overhead share, which cannot be assigned, is distributed over all the shares weighted 
with their contribution 

In order to provide a sensible explanation for the Lagrange parameter λ, parameters E  and E  are 
introduced. Considering the numerator of λ yields:  

, , ,
, ,0

, ,

i SB NoBC i SB
v i

i i i FB i FB

T T
s n nE

T T
= = =∑ ∑                                                     (15) 

, ,/i SB i FB iE T T E= =  represents the average efficiency reduction of all agents. Then, introducing the 
share , /i i FB FBS T T= (share of production by agent i) and therewith E  as the average efficiency 
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reduction, scaled up to the total production ( ) ( ), , ,/ / / /i SB i FB i FB FB i iE T T T T E S= = , the denominator 
is 

, ,
, ,0 ,

, , , ,

/ i SB i SBFB FB
v i i FB

i iFB i FB i FB FB i FB i FB FB

T TT Tn n ns T E
nT T T T T T T

= = =∑ ∑                                 (16) 

Remark: This value represents the average of the efficiency reductions of agent i if agent i were effective 
on the total production, i.e., if agent i were the only creator of value.  

Overall, λ is simplified to:     
, ,0

, ,0 ,

1
1 1/

/ /

v i
i

FB
v i i FB FB

i

s
nE E nT

s T nE T E
λ

−
− −

= = =
∑

∑  
                                           (17) 

Comment: λ is the average total loss stepping from First Best to Second Best solutions (minus the 
individual contribution of one) over the average loss if each agent would be the creator of the total value. 

The averages can be expressed as follows:  

,
SB SBFB

v j
iFB FB FB

nT TTnnE s E
T n T T

= = ⇒ =∑   and for equal agents ,( )
, ,0

, ,

1
1

i SBeq SBFB
v i

ii FB i FB FB

T TT nE s nE n
T T n T

= = = =∑  

The so far given constant λ is to be inserted into the computation of sv,j: 

( ) ( ),
, , , ,0 ,2

,

1 / 1 /j FB
v j j FB v j j FB

j FB j

T
s T s T

T r
λ λ

σ
= − = −

+
                                         (18) 

Hence, the Lagrange parameter λ reduces the share as well as the total production. Using 
( ) /eq

SB FBE T T= , ( ) ( ) /eq eq
SB FBE nE nT T= =  and ,0 /v SB FBs T T= , for equally contributing agents, the share 

of value develops into: 

( )

, , ,0 ,0 ,0( )
, ,

/1/ 11 1 1
eq

SB FB SB FB
v j v j v FB veq

j FB j FB SB FB SB

T T n T TE ns s s T s
T E T T T nT n
λ       −−

= − = − = − = =                 


            (19) 

Comment: Most remarkably, no influence of the risk attitude is left at this point (possibly only differences 
in attitude due to the even distribution). Obviously, the terms regarding the risk aversion r are 
compensated by the reduction-of-share mechanism. 

On this background, the overall system is expected to run at a less than optimal state. The total 
production under this restriction (boundary condition BC) is:  

( )

( ) ( )

2

, , , ,0 ,

, ,0 , , , ,0 , , ,0 , , ,0 , ,0

1 /

1 /

i i
SB BC SB BC v i BC i v i i FB

i i ii i

SB BC v i i FB i FB v i i FB v i i FB v i SB v i
i i i i i
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η η
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= − = − = − = −

∑ ∑ ∑
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   (20) 

With ( )1/ /FBT E n Eλ = −  and using ( ) /eq
SB FBE T T= and ( ) ( ) /eq eq

SB FBE nE nT T= =  we obtain for equal 
agents as expected: 

1/ 1/ FB FB FB
SB BC SB FB SB FB SB FB SB SB

T T TE n E nT T T nE T T nE T T E T T
E nE n n n+

− −
= − = − = − + = − + =


   (21) 

The overall production is clearly brought down to an nth of the First Best solution and furthermore 
independent of the risk attitude of the agents.  

Remark: From this we conclude the obvious possibility to control the production in a multi-party’s 
contract by introducing a risk independent mechanism of incentive, which, though, exceeds the result of 
the product by a factor of n.  
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Summary: We would expect the return (share) of a participant to be dependent on the effort of all 
contributors, while the individual effort is returned only to a degree determined by the ratio of 
contribution. This general aspect would lead agents to reject this concept due to being depended on all 
other players to a higher degree while the own effort goes mainly to others.  

However, since the return is also scaled, failures as well as positive contributions obviously are 
balanced. The major outcome is the reduction of productivity since the incentives cannot be adjusted to 
the risk attitudes of the participants but in contrast need to be reduced to a degree, where mostly no 
incentives are in effect anymore. 

Comparing this situation to the same number of bilateral contracts reveals the fundamental problem, 
here laid out for equal agents for simplicity: If participating in the total result as well as in the risk of the 
total result, the single agent requires the same share of the total result as well as he would optimally ask 
for with a bilateral contract for just the partial volume covered there: Sharing foreign risks demands for 
proportionally higher remuneration shares to compensate. Therefore, coupling a number of formerly 
independent bilateral (work-)contracts to an optimized cumulating multi-party contract produces 
additional cost of the order FBnT . 

5.  Centralized Multi-Party Contracts – Factor Approach 

In contrast to situations where the creation of value is formed by cumulative contributions, sensibly we 
need to consider the context where the overall value is given as the product of factors where each 
participant’s result scales the effort of all other participants. This approach leads to production functions 
like 

  
1..( , )F F i i n i i

i

x x a aϑ β ϑ== = +∏
                                                              (22) 

5.1.  Fundamental Equations for Factor-based Production 

The first-best solution is again based on the agent’s minimal utility 

  [ ] 2 2 2 2 2 21 1 1 1
0 02 2 2 2( )i c v i i i i i v c v i i i i i v

j i

E H x s s a a r s H s s a H a r sβ η σ β η σ= + − − = ⇒ + = + +∏ ∏             (23) 

and the principal’s decision for the required work effort of the agent j:  
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              (24) 

Then, the second-best solution results from the optimization of the individual agent: 
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∏ ∏

∏
     (25)         

Comment: This optimization only reflects the attitude of the local agent j. Hence, it is valid, if all other 
participants are not changing their working effort, be it that all are doing their best or that already having 
optimized their effort.  
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In contrast to the cumulative contract, the optimal second-best working effort comes to be the first-best 
scaled with the square-root of the remuneration share, which is significantly less than the linear 
approach. 

On this background, the principal decides for the optimal individual share: 

( ) ,

, ,

2 2 21 1
, 0, , ,2 2

, ,

0 ( )
k SB k

k
SB i v i

i

ai SB i i i SB i i v i
iiv j v j a s

E G x E a H a r s
s s β

η

β ϑ η σ
=

  ∂ ∂   = = + − + +    ∏ ∂ ∂       
∑∏        (26) 

Introducing the actual total production ,i SB i
i

P aβ= ∏ and therewith 
, ,2v j v j

P P
s s
∂

=
∂

we obtain  
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Remark: For vanishing risk or neutral risk attitudes we have at this point: 

2 2
, , , ,

3 3 20 0 0
2 4 4 2 3j v j v j v j v j
P P P Pr s s s sσ = ⇒ = − − ⇒ = ⇒ =  

Hence, from this second order equation we obtain two formal solutions for the individual share s for 
agent j using 2

, 8 /j rel jR r Pσ=  : 

2
2 2 2 2

, , , , , , ,
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,
,

,

3 9 4 j rel
v j

j rel

R
s

R
± +

= −                                                                 (29) 

Comment: As stated, this value is 2/3 for vanishing risk or risk aversion, and decreasing from there. 
Compared to bilateral contracts or even cumulative multiparty contracts, the situation is different: Since 
the own impact affects the total result as a factor, the lever at the agents’ side is large. Nevertheless, 
the risk implied by the fellow agents is large as well. Due the non-linearity of the problem, the balance 
turns out to be at a slightly different equilibrium share of 2/3, however, still in balance. Again, the 
boundary condition in this situation enforces non-optimal assignments for all participants as well. 

In order to evaluate more encompassing values of the system like the total creation of value, the 
individual deviation of parameters, in particular the individual risk attitude from the average needs to be 
formulated: 

( ), , , , ,
1 1 / 1 /rel i rel i rel j rel rel j j j rel rel j rel rel rel

i
R R R R R R R R R R

n
ν ν δ= = ⇒ = = + = + −∑         (30) 

Hence, the average value can be used, but is corrected by an additional factor jν , formed by the relative 
deviation. For equal participants, this factor is 1jν = . 

On this background, the total production using the optimized individual share can be computed. 

,
, , ,

,

3 9 43 9 4 j reli rel
SB i SB i i v i FB i FB FB

i i i ii rel j rel
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P a s a P P

R R
ν

β β
ν
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The deviation factor can be neglected for the additive terms, i.e., set equal to 1: 
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(restricted to a first order approximation, since the average deviation is zero per definitionem). 

From the two options, obviously, only the (-)-version is permitted:  
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Figure 2. Loss of value with rising numbers of participants in factor approach (Rrel=0..10)             

Remark: As stated before, the limit for vanishing relR  is , 2 / 3v is → , hence the loss is 2 / 3 0.816= at 
n=1. 

5.2.  Characteristics and Consequences Due to Multiple Agents with Focus on the Principal 

Taking into account the effect of numerous contributing agents, the overall share cannot exceed the 
complete creation of value. This leads to the boundary condition ,1 v ii

s= ∑ which must be observed, 
modifying the principal’s optimization equations. Again, we are using a Lagrange parameter µ:  

( )2 2 2 21 1
0, , , , , ,2 2

,

30 1
2 4i v i i v i v i v j j v j

i iv j

P PE P H s P r s s s r s
s

ϑ σ µ σ µ
  ∂  = + − + + + − = − − +   ∂     

∑ ∑            (34) 

Using 2
, 8 /j rel jR r Pσ=  and 8 /rel Pµ µ= yields 
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In order to find a respective value for µrel these results are to be inserted into the boundary condition.  
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The first term is proportional to 1 1/ j
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=∑  which equates 1 in first order development for 1jν ≈ .  
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This can be rearranged providing the Lagrange parameter µrel using furthermore the second order 
development for 1jν ≈  (The first order provides no contribution.): 
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The Lagrange parameter inserted into sv,j finally allows determining the optimized individual share  
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The last term can again be neglected for small deviations from equality. Then, the remaining root must 
be a positive, hence, we deduce only µrel,(+) represents a real solution.  
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Formally, two solutions for sv,j are determined. In order to determine the sensible option, the validity of 
the boundary condition is to be ensured, tested for equal participants: 
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Obviously, sv,j,(-) violates the boundary condition unless 0n = which does not make sense or ,j relR = ∞  
which also is not sensible. This leaves only the trivial result. 

The total production based on the individual share, however, including the observation of the boundary 
condition (BC) for equal contributions which, though, are of no relevance here, leads to: 
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and 
2
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8
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σν ≅ +                                                     (44) 

Comment: Again, the overall result becomes independent of the share and the individual risk attitude. 
In second order approximation some effect is caused by the variance of the risk attitudes which further 
reduces the total production. 

 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-046

Keszthely, Hungary 
20-23 June 2023

349



Figure 3. Overlayed loss of value with rising numbers of participants in factor approach observing the boundary condition 

6.  Conclusion 

Any organization of projects is controlled by the strength of given incentives which are handed out to 
the participants. The closed model (game-theoretical one-shot situation) used here is restricted to the 
overall creation of value of the given project, which limits the incentives that can be distributed to the 
agents. 

With two-party contracts the sensible share is depending on the risk attitude of the agent and determines 
the position in the linear space between work contracts and service contracts. In multi-party contracts, 
with cumulative production functions, the share required to optimize the single agents’ contribution 
ranges from 0 to 1, with factor-based production functions from 0 to 2/3 of the total creation of value, in 
both cases decreasing with rising risk or risk aversion of the agents. As soon as the limit of incentives 
to be distributed to all agents is taken into account, in both cases the share becomes mainly independent 
of the risk attitudes, furthermore independent of the degree of contribution and approaches 1/ n  
(cumulative) respectively 1/ n (factor based). Therewith, the total creation of value decreases to 1/ n
resp. 1/ n as well.  

Remark: In this paper, only effects of linear incentives are tackled, modified by the respective 
Arrow-Pratt-Measure. Strongly nonlinear or even non-continuous incentivisation as might 
occur with strategical issues, e.g., high specificity of supply or demand, and therefrom resulting 
unbalanced markets may very well modify the optimal work-effort in a different way. 

This result clearly points out, that the local (one-shot) incentives available with any multi-party contract 
are by far not providing the required volume to ensure optimal efforts for any kind of work contract, 
forcing the use of service contracts instead. Only in case of strongly risk-averse agents and high risks 
the optimal share could be handed out, however, in this case the contracts are mainly service contracts 
due to the risk attitudes. Multi-party contracts are based on collaboration, i.e., in particular, sharing the 
risk of a common goal. Thus, service contracts are not helpful, the focus lies on work contracts.  

Remark: Eventually occurring non-linear incentives on the background of markets or strategical issues 
are typically not assigned to the project at hand but to the individual agent. Therefore, these represent 
no sharable risk and cannot be transferred to fellow agents or the principal. 

On this background, the sensible use of multi-party contracts in one-shot environments is limited to a 
small number of participants. Though, even then, the created value is decreasing with the number of 
players which can only be compensated by introducing further incentives, which are clearly not located 
within the considered model. These are therefore not covered by the contract itself but created from the 
strategical environment (which is, e.g., immanently the case with service contracts) including non-linear 
individual effects. In particular, the chain store model suggests a significant impact of the contractual 
context, namely the opportunities provided by connected future collaborations (multi-shot chains). These 
external benefits, however, are bound to provide up to about the n-fold (or at least n -fold) value of the 
contract to effectuate optimal contributions.  
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Abstract 
The development of infrastructure, creation of jobs, and general economic expansion are all facilitated by the 
construction sector, which is important to Oman's economy. Small- to medium-sized businesses (SMEs) have 
become key actors in this sector, promoting innovation, employment growth, and local entrepreneurship. To better 
understand the problems, possibilities, and contributions made by SMEs to the construction industry in Oman, this 
research offers an outline of the study related to SMEs in Oman. The Sultanate of Oman's government has been 
fostering a working environment that is encouraging for small and medium-sized businesses for a decade to 
diversify the sources of income for the country's gross domestic product. Reduced oil dependency, which now 
stands at 80%, is one of the government's top priorities. As a result, there was a propensity to develop local 
businesses that were dependent on other forms of commerce. To provide funding for these businesses, the Public 
Authority for Small and Medium-Sized Enterprises and the AlRaffd Fund were founded. This process has continued 
for a long time. Although there are fewer firms listed on the market, and the majority of those registered with the 
General Authority for Small and Medium Enterprises are ineffective businesses, there are still failures. A mixed-
methods strategy is used in the research to collect both qualitative and quantitative data. In-depth interviews with 
key stakeholders, including SME owners, industry experts, and government representatives, are conducted during 
the qualitative phase to learn more about the distinctive qualities and difficulties experienced by SMEs in the 
construction industry. In the quantitative phase, questionnaires are sent to a sample of SMEs to collect information 
on their company practices, financial performance, and growth goals. Initial findings point to numerous important 
issues. First off, SMEs in the construction sector confront conventional difficulties such restricted access to 
financing, red tape, and a lack of competent workers. These elements limit their potential for expansion and make 
it difficult for them to compete with larger businesses. Second, the study points to a number of possibilities that 
SMEs might seize, including public-private collaborations, government assistance schemes, and technology 
improvements. By taking advantage of these chances, they may increase their competitiveness and market 
presence. The survey also reveals the important contributions made by SMEs to the building sector. SMEs, although 
having minimal resources, are essential for creating jobs, especially for local areas. Through their flexibility, 
adaptability, and openness to adopt cutting-edge building techniques, they also promote innovation. In addition, 
SMEs support local economic growth by encouraging entrepreneurship and fostering the expansion of auxiliary 
sectors. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: small enterprise, medium enterprise, construction industry, construction challenges, construction 
opportunities 

1. Background

Expansion of the various infrastructure projects of the country, generation of jobs, and general 
advancement are all facilitated by the construction sector in Oman, which is crucial to the nation's 
economic prosperity. Small- to medium-sized businesses (SMEs) have become significant actors in this 
industry, promoting innovation, local entrepreneurship, and economic diversity. For SMEs to be 
successful and increase their contributions to Oman's economy, it is essential to understand both the 
opportunities and challenges they encounter in the construction sector. SME growth and sustainability 
in the construction sector are impacted by a unique combination of possibilities and difficulties. To create 
strategies and policies that promote their development, it is crucial to investigate these aspects. To 
increase their competitiveness and increase their market share, SMEs might take use of public-private 
partnerships, government assistance programs, technical breakthroughs, and specialized markets. On 
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the other hand, they face difficulties such restricted access to financing, red tape, a lack of competent 
workers, and strong competition from larger enterprises. 

Alhasmi [1], the Board of Directors of the Public Agency for Small and Medium Enterprises Creation 
(Riyada) has reported that more than 10% of the tenders and purchases should be allocated to small 
and medium enterprises registered in Riyada as part of the support for entrepreneurship initiatives and 
to provide them with business opportunities. Whereas the number of small and medium-sized 
companies registered under "Riyada" is only 2.5%. This is very low percentage of what those authorities 
expected. Most data, according to Kumar [2], show that a portion of all yearly contracts are given to 
small and medium-sized businesses. However, the numbers show that these contracts are in the area 
of supply and services and have nothing to do with building, which is contrary to the data provided by 
the General Authority. This shows that the industry lacks passion and concentration, in contrast to other 
industries that design an exciting workplace and rules that suit their needs. The government has 
launched numerous initiatives in recent years to support the expansion of small and medium-sized 
businesses throughout the Sultanate of Oman. But these have been hampered by a lack of coordination 
that is incompatible with the success of an organized approach and by numerous policy and feasibility 
deficits [3]. This research investigates the status of SMEs in Oman's construction sector, illuminating 
the possibilities they may take advantage of and the difficulties they must face. This research aims to 
give a deeper knowledge of the distinctive dynamics and features of SMEs in Oman construction sector 
by performing a thorough study using a mixed-methods approach, integrating qualitative and 
quantitative data gathering approaches. 

2. Research problem and significance 

Small and medium-sized businesses (SMEs) are crucial to the construction sector's ability to innovate, 
expand, and create jobs in Oman. However, SMEs in the construction sector confront several difficulties 
that limit their ability to expand and make a general contribution to the industry. It is essential to 
recognize and solve the issues SMEs face to ensure their sustained growth and optimize their beneficial 
effects on Oman's building sector. The main problem lies in the opportunities and challenges facing 
small and medium enterprises in the construction sector. Sultanate of Oman is one of the countries that 
is based on the continuity of developing the infrastructure and constructs many construction projects. 
Therefore, the chances are high for small enterprises to obtain their share of these projects, and here 
emerges one of the reasons that the research will focus on, which is the imposition of strict laws and 
financial penalties on everyone who does not assign 10% of the contract value to small and medium 
enterprises. The issue statement includes the requirement to identify the primary barriers impeding the 
development of SMEs in the construction industry. Policymakers, industry participants, and SME owners 
may collaborate to discover practical answers to these problems by being aware of them. Additionally, 
analysing how these issues affect SMEs' development, competitiveness, and sustainability will assist in 
developing focused strategies and policies that support their growth and increase their contributions to 
Oman's construction sector. 

3. Literature Review 

In literature [4]–[7], it is emphasized how essential SMEs serve the construction sector, especially in 
developing nations like Oman. SMEs support local entrepreneurship, economic diversity, and job 
development. They are commended for their adaptability, creativity, and capacity to satisfy changing 
market demands. The literature has identified several issues that SMEs in the construction sector face. 
The difficulty SMEs have in acquiring loans from traditional sources owing to perceived risk and a lack 
of collateral is a typical topic of worry [8]. SME operations and project execution are also hampered by 
administrative obstacles including difficult rules and drawn-out administrative processes. In addition, 
SMEs struggle with a lack of competent personnel, making it difficult to recruit and retain qualified 
professionals. Literatures identifies plenty of opportunities that SMEs may take advantage of to increase 
their competitiveness. Based on the review, construction-related SMEs provide a substantial 
contribution to job creation, especially for local areas. Their adaptability and readiness to adopt new 
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technology encourage innovation and enhance business procedures. By encouraging entrepreneurship 
and fostering expansion in auxiliary sectors, SMEs also support regional economic growth [4]. 

4. Research methodology 

A mixed-methods approach was used in the research technique for this study to offer an in-depth 
understanding of the challenges faced by small and medium-sized firms (SMEs) in the Omani 
construction sector. In this study, data were gathered using a survey questionnaire from tens of SME 
owners or managers in Oman's construction sector using a quantitative and qualitative research 
approach. Due to the unavailability of a complete database of SMEs in the construction industry in 
Oman, snowball sampling was employed to select respondents. 

A representative sample of Oman's SMEs in the construction sector received a structured questionnaire. 
The survey collected quantitative information on number of different topics related to the challenges and 
potential opportunities of supporting SMEs in Oman construction industry. To produce descriptive and 
inferential statistics, the quantitative data has been evaluated statistically. In addition, qualitative data 
have been collected through in-depth interviews and focus groups. Owners of SMEs, industry 
professionals, public authorities, and other pertinent stakeholders were included in the sample. These 
in-depth qualitative interviews on the issues encountered by SMEs documented participant opinions, 
experiences, and insights. Thematic analysis method is used to examine the qualitative data in order to 
find recurrent themes and patterns. Table 1 shows the sample size, and the participants sectors as well. 

To give a thorough examination of the difficulties faced by SMEs in the construction sector, qualitative 
and quantitative data were individually and jointly assessed. To find important themes and patterns, the 
qualitative data was evaluated using thematic coding and interpretation. To study the relationships 
between variables and offer numerical insights, the quantitative data has been evaluated using statistical 
techniques such frequency analysis, correlation analysis, and regression analysis. 

       Table 1: Sample size and participants’ sectors 

Sector Participants % 
Government sector 44 45.4 
Private sector 53 54.6 
Total 97 100 

 

5. SMEs challenges 

The various obstacles that SMEs in Oman's construction sector face have been highlighted in multiple 
research studies. Lack of access to capital, governmental rules and regulations, a skilled labor shortage, 
the high cost of raw materials, and inadequate technical expertise are a few of the current issues. Intense 
competition, poor enterprises margins, late payments, and cash flow problems present further 
difficulties. SMEs in the construction sector sometimes struggle to get sufficient finance [9]. Construction 
projects may be viewed as high-risk by conventional financiers, which would limit the amount of finance 
available to SMEs. The situation is further complicated by the absence of collateral and the cyclical 
nature of the construction sector, making it challenging for SMEs to get financing for working capital, 
company development, and investment in machinery and technology. When dealing with regulatory 
regulations, getting permits, licenses, and approvals from numerous government authorities, SMEs 
encounter bureaucratic hurdles. Long administrative procedures, intricate rules, and ambiguous 
guidelines can cause project delays, raise expenses, and generally reduce the effectiveness of SME 
operations.  

In addition, there is a lack of trained workers in Oman's construction sector, including engineers, 
architects, project managers, and specialist craftspeople. Due to fierce competition from bigger 
businesses, a lack of resources for paying competitive compensation, and the attractiveness of job 
prospects abroad, SMEs frequently struggle to attract and retain competent experts [10]. The quality 
and timely completion of construction projects may suffer from a lack of competent personnel, which 
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might hinder the competitiveness and expansion of SMEs. SMEs in the construction sector compete 
strongly against bigger, larger companies that have more financial resources, a better reputation, and 
long-standing connections with clients and suppliers [7]. Since big contracts and projects are often given 
to larger companies based on their track record and capability, SMEs sometimes find it difficult to 
compete for them. The development potential and market share of SMEs in the construction industry 
may be constrained by this unfavourable playing field [6]. Based on the conducted survey, Table 2 
shows the factors affecting in SMEs contribution in Oman construction industry. Most of participants 
confirmed that major reason is because of employer trust in SMEs then the contract general terms and 
conditions. 

Table 2: Factors affecting the contribution of SMEs in Oman construction industry 

Factors Strongly 
disagree Disagree Natural Agree Strongly 

agree 
The Employer does not trust SMEs 1 4 20 28 44 
The general terms and conditions of the tenders 
exceed the capabilities of SMEs 1 8 33 37 18 

Technical criteria exceed the capabilities of 
SMEs - 12 40 31 14 

SMEs submission of the tender document does 
not comply with the employer aspirations 3 17 42 21 14 

Other 7 8 57 18 6 
 

For SMEs, the construction industry's fast technological development presents both possibilities and 
difficulties. While technology may increase productivity, streamline operations, and improve project 
management, SMEs may find it difficult to afford the costs associated with integrating new technologies 
[11]. Lack of knowledge, a lack of financial resources, and an aversion to change might prevent SMEs 
from fully using the advantages of technology improvements in the construction industry. Risks and 
uncertainties are a natural part of every construction project, and these might include things like 
changing material pricing, project completion delays, and unanticipated difficulties. Small and medium-
sized businesses (SMEs) may find it more difficult to properly manage and mitigate these risks, which 
might have an influence on project profitability and overall business performance [2]. SMEs in Oman's 
construction sector to thrive and flourish sustainably, it is imperative that these issues be resolved. By 
putting supportive measures in place, offering targeted financial assistance, streamlining regulatory 
procedures, promoting skills development programs, and encouraging cooperation between SMEs and 
larger industry players, policymakers, industry associations, financial institutions, and SME owners can 
work together to overcome these obstacles. By resolving these issues, SMEs may improve their 
competitiveness, broaden their market reach, and considerably boost the growth of Oman's construction 
sector [12]. For Oman construction industry, Table 3 shows the major challenges and barriers that faces 
SMEs and need immediate intervention to sort it out by all stakeholders. Lake of knowledge, limited 
capacity and financial issues are the major challenges for SMEs in Oman. 

Table 3:SMEs challenges and barriers in Oman construciton industry 

Factors Strongly 
disagree Disagree Natural Agree Strongly 

agree 
Lack of business necessary knowledge. - 7 25 47 18 
Lack of financial access and guarantees provided to 
funding institutions. 1 5 34 46 11 

Hidden trade and government tax because of lack of 
regulation and administrative burdens. - 7 45 37 8 

Limited capacity to grow. 1 9 23 39 25 
Lack of will and method from employees about the 
incorporation of modern technology in business.   3 7 52 27 8 

Other 1 9 60 20 7 
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According to Kolosz'ar [13], one of the crucial elements for a competitive economy is the development 
of a robust, globally competitive SME sector. SMEs are experiencing poor management.  Kolosz'ar [13] 
conducted a thorough examination and analysis of the lean approach-using SMEs operating in 
Hungary's industrial sector. Small- and medium-sized business participants, primarily CEOs and 
managers from Hungary's manufacturing sector, undertook the study. It first demonstrates the low 
amount of lean usage among Hungarian SMEs. Additionally, the most crucial fundamental element in 
this sector is client orientation. Dana [9] and Pauceanu [10] states that GCC SMEs businesses have 
issues in getting financing from the commercial banks. Risk capital, private equity, and angel-investor 
equities are examples of alternative investments. These include measures made by the European Union 
that permit India's non-institutionalized involvement in the need for SMEs to invest in stock exchanges 
and that encourage public sector banks to provide promissory stocks to SMEs in the region. It might be 
difficult for the GCC to promote private equity in the SME sector. To reduce this risk, GCC governments 
should implement initiatives to assist SMEs that struggle to draw in investors from private equity.  

6. SMEs opportunities in Oman construction industry 

Several actions have been made by Omani government authorities and foreign organizations to 
encourage the expansion and development of SMEs in the nation. To close the funding gap and offer 
mentorship, training, and support services for SMEs, programs including the Al Raffd Fund, Riyada, the 
Public Authority for SME Development, and the National Business Centre have been formed. 
Additionally, the government has implemented regulations to improve SME possibilities in public 
procurement and to simplify regulatory procedures [11]. The effects of SMEs on the national economy 
in the Omani construction sector have been studied by researchers. Al-Balushi and Bagumire [12] 
emphasized the considerable contribution made by SMEs to Oman's GDP through the creation of jobs 
and the reduction of poverty. They also stressed the sector's significance in promoting regional growth, 
innovation, and productivity. Oman government has many resources and support to acknowledge the 
worth of SMEs. The directorate's role is to coordinate with government departments, give entrepreneurs 
with structured information and training, and identify alternative financing sources to handle their 
financial issues. Small and medium-sized enterprises (SMEs) are crucial for the development of Oman's 
construction sector. Based on the conducted interviews with various stakeholders, following are some 
of the potentials for SMEs in Oman's construction sector: 

• The Omani government has introduced several programs to support the expansion and 
sustainability of SMEs in the nation. The Al Raffd Fund, Riyada, Public Authority for SME 
Development, and National Business Centre are just a few of the initiatives that provide access 
to funding, coaching, training, and other crucial support services. 

• The government of Oman has put in place procurement procedures that give SMEs preference 
for building contracts. Due to these rules, SMEs now have more opportunity to participate in 
public infrastructure projects and grow their companies. 

• The government of Oman is making significant investments in infrastructure development, 
giving SMEs the chance to participate in these large-scale projects. In addition to roads, 
hospitals, airports, and ports, these developments also include housing developments and 
tourist attractions. 

• Adopting contemporary building technology may present SMEs with fresh chances to improve 
output, effectiveness, and efficiency. Using BIM (Building Information Modeling), off-site 
manufacturing methods, and other cutting-edge tools can assist SMEs in streamlining 
operations and lowering operating expenses. 

• SMEs can work together and establish collaborations with larger construction enterprises and 
foreign businesses. These collaborations may create chances for information sharing, 
collaborative project bidding, and access to bigger construction contracts, facilitating SME 
expansion within the sector. 

• Opportunities for SMEs to specialize in green construction methods are presented by the push 
for sustainable development in Oman and the escalating environmental concerns. SMEs may 
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meet the rising demand for sustainable building approaches by implementing eco-friendly 
materials and energy-saving techniques. 

• For SMEs, the lack of trained workers in Oman's construction sector presents an opportunity to 
concentrate on training and skills development initiatives. SMEs will be better able to deliver 
high-quality services within the sector if the skills gap is closed. 

7. Conclusion 

In summary, this study describes the main obstacles and possibilities that SMEs working in Oman's 
construction sector must overcome. Fostering the expansion of SMEs through specialized policies and 
assistance programs may contribute to economic growth, job opportunities, and innovation within the 
construction industry. The efficiency of government assistance initiatives and the potential advantages 
of partnerships between SMEs and bigger construction companies both require additional study. The 
research has, however, also identified a wide range of prospects for SMEs in Oman's construction 
sector. Infrastructure development, affordable housing, travel and hospitality efforts, industrial and 
commercial facilities, rehabilitation and retrofitting, government programs, green construction and 
sustainability techniques, and technology adoption are some of the options that are available. SME's 
may build their companies, increase their market presence, and aid in the economic growth of Oman by 
utilizing these chances. Small and medium-sized businesses (SMEs) must overcome the difficulties 
highlighted in order to flourish in this cutthroat market. To achieve this, they must apply for funding from 
specific programs, increase their competitiveness through specialized services, adopt sustainable 
practices, embrace technology, and take advantage of government initiatives. For SMEs to succeed, 
collaboration with bigger construction firms, networking with industry players, and ongoing professional 
growth are also essential. The study provided important light on the potential of SMEs in Oman's 
construction sector. It provides a framework for more research and the development of policies to aid in 
and accelerate the expansion of SMEs. Oman may provide an enabling environment for SMEs in the 
construction sector by putting in place helpful measures such simpler access to finance, regulatory 
simplification, capacity-building programs, and market information distribution. 
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Abstract 
The development of real-time communication technology has accelerated and enlarged conflict 
propagation, resulting in social conflicts in modern society. Social conflict significantly impacts the 
execution of a public construction project. Conflict of interest between stakeholders may cause 
construction delays and even cease the project. Against this backdrop, the authors aim to develop a 
proactive conflict management system based on Natural Language Processing (NLP) for public 
construction projects. As a point of departure, this paper introduces a social acceptance assessment 
model using Social Network Service (SNS) data. The authors employ Korean Bidirectional Encoder 
Representations from Transformers (KoBERT) for the text model development. The proposed model 
has two main functions. One is to filter out irrelevant text with the execution of a construction project. 
The other is to measure the degree of agreement on an ongoing construction project as social 
acceptability considering the semantic context of input text. Then, the keyword analysis is done to draw 
out the main thesis of social conflicts in public construction projects. An illustrative case application is 
done to validate the model’s applicability and to illustrate how sentiment analysis and keyword analysis 
be done. The proposed model is expected to detect potential social conflict signals through real-time 
monitoring, enabling the proactive reaction to prevent social conflicts during the execution of public 
construction projects. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

1.1. Research background 

The development of real-time communication technology has accelerated and enlarged conflict 
propagation. People can share information and communicate with each other without any time or place 
constraints. Therefore, there are lots of surfaced social conflicts in modern society. Social conflict 
significantly impacts the execution of a public construction project. Conflicts may cause construction 
delays, increased costs, or even termination of the project [1]. Since conflict keeps increasing in the 
construction industry, and conflicts are becoming inevitable, conflicts should be managed systematically 
to successfully implement public construction projects. Several studies have been conducted in line with 
problems that tried to manage conflict, but they mainly focused on internal conflict [2]. Moreover, 
previous studies have analyzed conflict management strategies on a conflict-by-conflict basis. However, 
due to the nature of the construction sector, no comprehensive project-level conflict management 
system has been proposed to the best of our knowledge. Therefore, this study aims to develop a 
proactive conflict management system using Natural Language Processing (NLP) to deal with social 
conflict problems for public construction projects. 
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1.2. Research framework 

 

Fig. 1. Proactive conflict management system 

Fig. 1 shows the overall structure of conflict management system. The proposed system enables conflict 
management throughout the whole project lifecycle from preventing possible conflict to resolving 
occurred conflict. This collects text data and extracts information related to construction conflict using 
NLP. Based on the extracted information, the model assesses where the conflict is in its current phase, 
suggests possible scenarios which are likely to play out, and establishes corresponding management 
strategies 

This paper presents the development of a model for extracting sentimental information that corresponds 
to the part marked by grey boxes within the entire system. This model serves to extract a piece of 
information to drive the entire system. Through the model, sentiment information is extracted and used 
to assess the social acceptability score. The social acceptability score is an index regarding conflict 
status and conflict that illustrates the citizen’s acceptance toward a public construction project. The 
deduced score is used as a variable to assess the current state of conflict and helps us get an insight 
into how the conflict is going to be developed.  

2. Literature Review 

2.1. Conflict management in construction sector 

Previous studies related to the conflict in construction focused on investigating the nature of the conflict. 
Jaffar et al. [1] provides an overview of the factors that contribute to conflict in construction projects, and 
identifies three types of conflict factors: behavioral, contractual, and technical driven conflicts. This paper 
aimed to serve a guideline for effective conflict management based on identified conflict factor types. 
Jehn et al. [3] examined three types of conflict (task, relationship, and process) and four dimensions of 
conflict (emotions, norms, resolution efficacy, and importance). Moreover, this study investigated effects 
of conflict types and dimensions on productivity and viability, and concluded that all types of conflict 
decreased productivity and viability. Brockman [4] defined triggers and consequences of interpersonal 
conflict on a construction site and their consecutive financial costs based on interview toward 
construction industry personnel. This study concluded that to keep the cost of conflict at a minimum, 
resolving conflict closest to the trigger event in both space and time is the most effective way, and 
emphasized the importance of prevention and early intervention of conflict. Lee et al. [2] suggested a 
social conflict management framework based on causes, impacts, and resolutions of conflicts through 
case studies from Korean megaprojects. Moreover, five conflict scenario types were derived, and they 
defined root causes, pathways of conflict propagation, and characteristics of derived conflict scenarios. 
These approaches tried to address conflict via analysis of conflict itself. They tried to get a better 
understanding of the conflicts, and thus gain keys to conflict management. 

Meanwhile, some researchers regarded the conflict as a stakeholder management problem. According 
to Nguyen et al. [5], there were 4 themes related to stakeholder management: stakeholder analysis, 
stakeholder influence, stakeholder management strategies, and stakeholder engagement. This study 
showed that stakeholder analysis and stakeholder engagement were the main topics of stakeholder 
management approach and concluded that these are effective in addressing the complexity of conflicts. 
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Li et al. [6] noted that stakeholders’ engagement to project decision making can address issues such as 
failing to meet the concerns and expectations of stakeholders which result in many project failures. 
Along this line, this study suggested a means of evaluating the effectiveness of public participation 
through the measurement of stakeholder satisfaction considering that stakeholder participation affects 
construction conflict significantly, adopting a fuzzy approach. On the other hand, Olander [7] analyzed 
a stakeholder impact index as a part of stakeholder analysis. The proposed index was introduced to 
reveal the impact and probability of stakeholders’ influence to effectively manage stakeholders and 
mainly focused on analyzing characteristics of stakeholders rather than analyzing their engagement into 
the project. 

Along with the development of digital technology, tangible information related to the conflict exists in the 
form of documents represented by reports, news, and SNS. Previous studies have focused on 
qualitative research such as case study or survey. However, there was little study that focused on 
quantitative analysis based on text analytics that can assure the objectivity of the study.  

2.2. Text-based research in construction sector 

NLP technology, which enables human language to be understandable by machines, has developed 
rapidly and research using NLP technology has been actively conducted in the construction domain [8]. 
There are potential advancements using NLP in construction engineering and management for that 
abundant data is valid by digital transformation. Previous studies in construction have applied NLP to 
solve practical problems such as using safety documents, bidding, and contract documents. SNS data 
is also one of promising sources. Tang et al. [9] compared construction industry in China and the United 
States by using network link analysis and NLP tools. This study used SNS data for analysis and revealed 
that the two countries shared similar trends, but the biggest difference was that the US focused more 
on safety and energy, while China focused more on infrastructure. Zhou et al. [10] proposed an analytical 
framework to extract public opinion using LDA(Latent Dirichlet Allocation) and rule-based sentiment 
analysis. Milestone events and special events were extracted through topic modelling, and concerns 
revealed through topic modelling were reflected in increasing negative sentiment toward the project. 

Conflict during construction projects is related not only to internal but also to external stakeholders such 
as local residents, environmental oragnizations, etc. Thus, recognizing external stakeholders’ needs 
and requirements is essential to manage conflict. The authors determined that SNS is one of the 
promising sources for identifying how external stakeholders, who are end-users of the public 
infrastructure, perceive the planned or ongoing projects.  

3. Methodology 

3.1. Sentiment analysis 

Sentiment analysis is a method of extracting sentimental information presented in a given text and 
classifying the text into predefined categories based on the context of each text.  Sentiment analysis is 
also known as opinion analysis because of its ability to detect opinions toward products. There are 
several ways to perform sentiment analysis such as lexicon-based approach, ML-based approach, or 
hybrid approach. Lexicon-based approach does not require training data, but highly domain oriented. 
To overcome its limitation, ML-based approach has been developed. ML-based supervised learning 
methods are more commonly used due to their accurate results, but they need to be trained before 
application. Hybrid approach combines these two methods [11]. After the introduction of Bidirectional 
Encoder Representations from Transformers (BERT) which employed the self-attention mechanism, 
ML-based approach has shown superior performance compared to other methods. Therefore, this study 
performed the sentiment analysis based on Korean BERT (KoBERT) to analyze sentiment of text written 
in Korean. The extracted sentiment is analyzed in the form of ratios and utilized to assess the social 
acceptance of projects. Moreover, algorithms that are used to perform sentiment analysis can be applied 
to general text classification tasks because the essence of sentiment analysis is text classification. 
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3.2. Pretrained language model 

3.2.1. BERT 
BERT is a pretrained language model based on the self-attention mechanism which can access the 
global information of the text. The model is composed of 12 transformer encoder blocks, 768 hidden-
size word embeddings, and 12 self-attention heads. Utilizing the pre-trained BERT model and fine-tuning 
all the parameters using training data allows good performance on downstream task such as 
classification. Fine-tuning method enabled inexpensive application to downstream tasks without any 
explicit training data, while guaranteeing fine performance [12]. 

To apply BERT to classification tasks such as sentiment analysis, input data is represented by a 
sequence of tokens. Tokenizer is used to tokenize the input data, and convert it into a sequence of 
tokens. BERT applied WordPiece Tokenizer which is a subword tokenization technique that segments 
words into smaller units and assigns a unique token to each subword unit. Each token is embedded by 
the sum of token embedding, segment embedding, and position embedding. At the front of the token 
embedding sequence, [CLS] token is added as special token embedding for classification tasks that 
implicate the whole information of the sequence. [CLS] token is mainly used for document-level or 
sentence-level classification tasks.  

3.2.2. KoBERT 
Google AI Language researchers introduced several language models including BERT base multilingual 
cased which is for multilingual texts, but it showed relatively poor performance with texts written in 
Korean compared to English. SKTBrain developed Korean BERT (KoBERT) in the purpose of 
overcoming the poor performance of processing Korean texts using BERT base multilingual cased. The 
model’s architecture of BERT and KoBERT is the same, but KoBERT is trained with a corpus of millions 
of Korean sentences collected from Korean Wikipedia and News instead of BooksCorpus and English 
Wikipedia which BERT used. Due to the nature of Korean as an agglutinative language, KoBERT 
developed its own unique tokenizer based on SentencePiece method to reflect the nature of Korean as 
an agglutinative language. This study employed KoBERT as a basis pretrained language model and 
fine-tuned it for the sentiment analysis task.  

3.3. KeyBERT 

KeyBERT is a keyword extraction technique that uses embeddings generated by BERT to extract words 
that are most similar to a document [13]. Document embeddings and word embeddings are extracted 
by BERT, and the words that are most similar to the text are selected. Various methods such as cosine-
similarity, max sum similarity, and maximal marginal relevance are used to calculate the similarity of the 
word and the text. Cosine-similarity allows obtained keywords to be consistent, while using max sum 
similarity or maximal marginal relevance allows for getting diverse keywords. In this study, KeyBERT is 
applied to define the main topic and subject of the input text by extracting keywords that are 
representative to a document. To identify topics running through a text, we decided to apply cosine-
similarity which can extract consistent keywords. 

4. Experiment 

4.1. Data collection 

4.1.1. Web crawling 
This study used SNS text data to analyze sentiment toward public construction projects. The authors 
crawled SNS texts related to four representative public construction projects which had severe conflicts 
in Korea (Table 1). 
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Table 1. Basic information of selected projects 

Project Name Project Type Conflict Factors. [2] 
Gadeok Island Airport Airport Environmental concerns 

Location selection issue 

Miryang Transmission Tower Transmission Tower Environmental concerns 

Enforcement of project 

Jeju Naval Base Military Base Environmental concerns 

Damage to properties 

4 Major Rivers Project Infrastructure (Barrage) Environmental concerns 

Opaque project objective 

 

This study collected the Twitter and Instagram text data posted over the past five years (2017- 2022). 
As a result, 1,265 Instagram postings and 1,906 Twitter tweets were collected. Then, the authors 
labelled each text into four classes (positive, neutral, negative, and irrelevant). Table 2 presents an 
overview of the labelled dataset. 

Table 2. Overview of datasets 

Data Source Positive Neutral Negative Irrelevant Total 

Instagram 116 112 344 693 1,265 

Twitter 267 290 1,091 258 1,906 

Total 383 402 1,435 951 3,171 

 

After labelling, the dataset was split randomly into a training dataset and a test dataset at a ratio of 8:2. 
When splitting the dataset, the class distribution was taken into account to deal with unbalanced data 
distribution.  

4.1.2. Text preprocessing 
Text data collected by web crawling contains various components that can negatively affect the model 
performance. While maintaining the original meaning of the data, text cleaning was done by removing 
words such as “RT @”, “Retweeted”, “RT”, HTML characters, garbage words, and recurring special 
characters.  

4.2. Sentiment analysis  

In this paper, sentiment analysis is performed through two functions: validity classification and polarity 
classification. Because the purpose of the sentiment analysis is to detect sentiment toward project 
related to conflict issues, input text first passes through the validity classification model to sort 
construction-related text. After that, the sorted text passes through the polarity classification model which 
classifies the sentiment of the input text. 

After passing through the KoBERT model, a fully connected layer is added to the last layer of the position 
of [CLS] token embeddings for classification. The output of this layer contains scores for each class, 
and the model predicts the class of input text by selecting the class with the highest score. For the loss 
function, we applied the cross-entropy loss function which is widely used for multiple classification 
problems. The hyperparameters of the models were set as follows; a learning rate of 5e-5; a dropout 
probability of 0; a batch size of 64. For optimizing, we adopted AdamW optimizer.  

4.3. Keyword analysis 

To define the main topic and subject of the argument, this study performed the keyword analysis. The 
top 3 relevant keywords were extracted from each input text by deducing words that are most similar to 
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the text based on cosine similarity. Frequency analysis was then performed to identify the main subject 
of the argument during the given period. By extracting main keywords monthly, the authors identified 
changes and flows of arguments and interpreted them in conjunction with the sentiment analysis results. 

5. Result 

5.1. Evaluation metrics 

In this research, the performance of the model is measured based on F1 score. Because the dataset is 
imbalanced, accuracy can be a misleading metric. On the other hand, F1 score is better suited for 
imbalanced datasets because it gives more weight to class with fewer samples. In this study, the micro 
average of F1 score is calculated to account for data imbalance.  

5.2. Experiment result 

The average F1 scores of the validity classification and polarity classification are 87.1% and 82.9% 
respectively. The performance of the validity classification model was better than the performance of 
the polarity classification model. The reasons for this result are as follows. First, sentiment toward the 
construction project is expressed in various ways. For example, some text shows negative sentiment 
toward the project by direct wordings such as ‘Completion of Gadeok Airport on Time, we will make it 
happen’. On the other hand, some text shows negative sentiment toward the project in indirect ways 
such as showing negative sentiment toward key stakeholders promoting the project, using antonyms, 
and supporting alternative options for implementing the project. This ambiguity in the way of voicing the 
opinion affected the performance of the model. Second, the balance of classes is imbalanced. Positive 
and neutral text data is relatively fewer than negative text data. Negative text data takes up a large 
portion of the overall dataset. This imbalanced dataset affected the training of the sentiment analysis 
model. 

5.3. Case application 

This study performed a real case application to validate the proposed model and illustrate how sentiment 
analysis and keyword analysis can be used. The authors selected the Ilsan bridge project as a real case 
that suffered from conflict related to the facility price issue. Conflict around this project started in 2021 
and is still ongoing. Key events of the conflict surrounding this project, and a timeline of the conflict are 
presented on Fig. 2. On September, 2021, the conflict was triggered by the governor who cited the 
facility’s executive tolls as a problem and announced that it would be made free. On November, 2021, 
collectivization of the facility was done by the local government, but an injunction was granted by the 
court resulting in tolls remaining the same. On November, 2022, the court ruled that the local 
government’s actions were in violation of the rules. 

 

 

Fig. 2. Conflict timeline 

The total of 3,215 tweets were collected from 2021 to the present. After conducting the validity 
classification, 2,714 tweets were separated out to be the relevant data. Irrelevant tweets were mostly 
daily tweets or advertisements. Toward the relevant tweets, polarity classification was conducted, and 
result is given on Fig. 3. 
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Fig. 3. Case application result 

Collectively, 63.19% of the tweets was determined to be negative, so negative opinions were dominant 
throughout the all period. We observed how key events affect public opinion through sentiment analysis 
results over time. On September, 2021, after the governor’s announcement, many tweets were posted, 
and 75% of the tweets posted in this period were negative which is more than normal. It was a time that 
conflict started, and the suddenness of the governor’s announcement brought out a lot of dissenting 
opinions. On November, 2021, negative tweets have decreased to 56.71% which is 20% lower than on 
September, 2021. Also, both positive/negative tweets decreased, and neutral tweets increased. 
Because of the intervention of the law, mitigation of the conflict was observed. On November, 2022, 
after the court’s judgment, negative tweets decreased to 30.69% which is 26% lower than that of 
November, 2021. Even though conflict can be reignited by raising of issue again, the court’s ruling had 
the effect of quelling conflict and reducing dissent. 

Keyword analysis by period was conducted to verify whether the keyword analysis captures the main 
thesis of each analysis period: September, 2021, November, 2021, November, 2022, respectively. The 
top 3 most commonly used keywords on September, 2021 were “Ilsan bridge”, “National Pension 
System (NPS)”, and “Jaemyung Lee” which are the main parties of the conflict. Moreover, keywords 
such as “toll fee” or “Gyeonggi province” were also detected frequently which implicate a point of the 
conflict and the main party involved. The top 3 most commonly used keywords on November, 2021 were 
“court”, “Jaemyung Lee”, “Ilsan bridge”. Extracted keywords were in line with the previous result, but the 
new keywords “court” replaced “NPS” which implies that legal intervention was made. Considering the 
result of the sentiment analysis, legal intervention decreased the number of pros and con opinions and 
moved to more neutral opinions. It implies that the intervention of the law mitigates the controversy. 
Moreover, after the court’s intervention, a number of tweets posted decreased, which means that 
surfaced conflict has been mitigated. Lastly, the top 3 most commonly used keywords on November, 
2022 were “losing a suit”, “Gyeonggi province”, “Ilsan bridge” which implies that the court’s ruling was 
made. The term “losing a suit” and “Gyeonggi province” implies that Gyeonggi province lose a suit. 
Considering the result of the sentiment analysis, negative opinion severely decreased, because the 
court’s decision was at odds with the dissenting opinion. Based on the analysis, we concluded that 
keyword analysis successfully drew out the main thesis. 
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6. Conclusion 

This study proposed the sentiment analysis model using KoBERT to analyze sentiment toward public 
construction projects. To validate the proposed model, this study conducted a case application. The 
authors observed how key events affect the public opinion revealed by sentiment and keyword analysis. 
The result of the experiment verified that fine-tuned sentiment classification model is applicable to 
unstructured text from SNS in the construction domain. Collecting and utilizing real-time information is 
crucial to preventing and analyzing conflicts, but post-mortem based conflict analysis cannot address to 
real-time information. This study revealed that NLP tools can identify real-time conflict information on 
SNS and automate the information collection process. However, since this paper presented a pilot 
sentiment and keyword analysis model only based on the original KoBERT, the proposed model showed 
somewhat insufficient performance for practical application. In future research, the authors will improve 
the performance of the model by applying aspect-based sentiment analysis and rebuilding the model 
architecture. 
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Abstract 
The construction industry requires large amounts of capital expenditure. There are many sub-units in 
the construction industry such as residential, commercial, road, bridge, etc. which is making the sector 
prone to many risks. One of the most important criteria at the beginning of the decision-making process 
in construction project is the selection of the right land. The cost analysis should be done correctly in 
the selection of the land and the benefit to be obtained from the project should be determined by 
considering all the details. Therefore, the feasibility study of the land can be compared with the 
investment cost and project benefit. In order to determine the suitability of the investment to be made, 
Net Present Value (NPV), Internal rate of return (IRR) and benefit/cost analysis criteria should be 
checked. This study covers a feasibility study for a project in Antalya. The study is aimed to calculate 
Net Present Value (NPV), Internal rate of return (IRR) and benefit/cost criteria. The purpose of this study 
is to emphasize the importance of feasibility study on land selection in projects. In the study, sample 
fields were selected for the purpose and feasibility studies were performed for these lands. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Introduction 

Shelter has always been one of the most basic human necessities throughout history. Overcrowding of 
the population led to the creation of new development areas and the extension of construction outwards 
from the places designated as settlement centers as the historical process continued. As the population 
density rose as a result of this circumstance, new zoning areas were determined. 

In a rapidly developing world, the basic need for housing and shelter is increasing day by day. This basic 
need is only for shelter for low-income groups. In addition to shelter, featured and certified dwelling 
structures are preferred for higher-income groups. The diversification of the housing sector for different 
income groups and the fact that this need has never diminished and even gradually increased in any 
period keep the interest of investors in this sector at a high level. Over time, the increase of investors in 
the housing sector, as well as the expansion of investment projects in each new project, has prompted 
other investors from other sectors to gravitate to this sector.  

Decision-making process is one of the most critical factors in every sector. Making the appropriate 
decisions can have a positive or negative impact on every process from start to finish. To reduce 
uncertainties and ensure the successful completion of the project, it is necessary to think carefully and 
in detail about the decisions to be made on time, to consider all elements thoroughly, and to examine 
the options in detail. Every stage in the entire process, from the initial idea of the project to the completion 
of the project and bringing it to the sector, should be considered thoroughly, and all alternatives should 
be discussed in all detail in the decisions to be taken.  
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As in every sector, before investing in the housing sector, the investor considers his/her own capital and 
thinks thoroughly about which region and with which features he/she will invest in a housing project and 
decides accordingly. In the decisions taken, many factors such as the development of the district and 
neighborhood, especially the city where the project will be built, the income levels of the people who 
prefer the region, housing features such as the preferred indoor space, number of rooms, quality of 
materials used, etc. play an important role.  
 
If the right decisions are not taken at the beginning or during the project, it is likely that the investor will 
not make the desired profit, incur losses, or even have undesirable consequences such as bankruptcy. 
All of the aforementioned negativities are not only project-based but may appear as failures in other 
investment processes of the investor, and gaining the trust of participants and customers in other 
projects may negatively affect the investor. The decision-making process should be carried out 
meticulously to avoid these negativities. Land selection is one of the most important stages of the 
decision-making process.  
 
During land selection, the cost analysis should be done correctly, and the benefit to be obtained from 
the project should be determined by considering all the details. The feasibility study of the land enables 
a comparison of the cost required for the investment to be made and the benefits to be obtained from 
the project. Net Present Value (NPV), Internal rate of return (IRR), and cost/benefit analysis criteria 
should be checked to determine the suitability of the investment.  
 
In this study, Net Present Value (NPV), Internal Rate of Return (IRR)i and cost/benefit criteria were 
calculated for residential lands in 4 different districts in Antalya province. The lands in question are 
located in the districts of Mollayusuf Mahallesi- Konyaaltı, Sütçüler Mahallesi- Kepez, Çağlayan 
Mahallesi- Muratpaşa and Altınkale Mahallesi- Döşemealtı.  

Feasibility Study 
Capital investment is required for the implementation of a construction project in any region. When the 
characteristics of the construction sector are analyzed, there is a high level of uncertainty. Therefore, a 
feasibility study is required before starting any project [10]. 
 
In the study prepared for the preparation and evaluation of investment projects, the issues related to 
investment and preparation of investment projects were examined in detail, and investment proposals 
based on the net present value and internal rate of return methods were discussed [6]. 
 
In the studies, Net present value (NPV), internal rate of return (IRR), and cost/benefit analysis were 
used as commonly used criteria to check the suitability of the project in the feasibility study of a housing 
project in the Pimpri Chinchwad area in India. The aim of this study was to determine whether the project 
is feasible or not [10]. 
 
In the study conducted in Malaysia, another country located in Asia, a feasibility study and economic 
evaluation research was conducted on Green Building projects to help the client decide whether the 
project is feasible and worth continuing [7]. In the study conducted in Hanoi, Vietnam, the potential for 
Construction and Demolition Waste (CDW) recycling facilities was evaluated by estimating the potential 
supply and demand and assessing the probable costs and benefits. NPV and IRR methods were also 
utilized in this evaluation [8]. 
 
In addition to housing projects, green building projects, and recycling facilities, feasibility studies were 
also carried out for investment projects such as irrigation canal construction projects and railway 
construction projects. In one of these studies, a feasibility study was carried out in the research to 
determine the suitability of the irrigation canal construction project in order to increase the yield in the 
fields in Indonesia [13]. Furthermore, in Tanjung Perak Port, Indonesia, a feasibility study was conducted 
as an intermediate model for the railway construction project, and the railway construction project was 
categorized as much as possible by determining the NPV, IRR, and benefit/cost ratio [1]. 
 
In order to emphasize the importance of feasibility study in the construction sector, due to the delay, 
cost, and other issues that directly and negatively affect the construction sector in Iraq, as well as other 
issues that affect the quality of construction projects, a study was conducted to assess the level of 
awareness of feasibility study in construction projects and to identify the effects of feasibility study in the 
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construction sector, and to identify the causes of feasibility study violations in the construction sector 
[11]. 
 
If we examine the studies carried out in Turkey country, a thermal hotel project to be developed in 
Afyonkarahisar region was taken into consideration and SWOT analysis was used in the strategic 
evaluation of the project and, discounted cash flow method was used in the cost analysis. Net Present 
Value, Internal Rate of Return were calculated in the study [12]. The thesis study was carried out in 
different regions of the province of Istanbul, and the study was completed with a Financial Analysis study 
by making Residence, Home - Office, and Hotel Project Development in Kartal-Soğanlık Region and 
Residence, Office, Shopping Center, and Congress Hotel Project Development in Pendik Region [3].  
 
Studies have been carried out in other sectors apart from the construction sector, and it aimed to 
produce kaolin from the Balıkesir - Sındırgı field to meet the needs of the ceramic enterprises in the 
region. It was recommended, that the selection between alternative investment projects should be made 
according to the NPV criterion [4]. 
 
Moreover, research conducted to provide information on economic internal profitability, which is a 
measure of how much the investment project will contribute to the national economy, was tested with 
methods using discounted cash flows, and calculations were made according to the internal profitability 
ratio, net present value, benefit/cost ratio and net benefit/cost ratio method [9]. 
 
In another study, revenue and expenditure forecasts in investment projects were mentioned. The study, 
by mentioning that the expenditures made in investment projects were often not completed within a year 
and that expenditures occur at different times during the project, and that the revenues to be obtained 
from the project cannot be collected at the same time; it was emphasized that revenues and 
expenditures were not at the same values. Noting that these value differences should be analyzed over 
similar time periods, it was explained that some of the valuation methods used in the calculations based 
on the estimates were Net Present Value (NPV), Internal Rate of Return (IRR), and Benefit/Cost Ratio 
[6]. In a different study, the methods of evaluating the economic efficiency of investment projects for the 
construction of industrial facilities of industrial organizations under uncertainty and risk were examined. 
In the study, NPV, and IRR examinations were studied for scenarios [5]. 
 
The purpose of feasibility study can be listed as follows. 

1. Determine the benefit/cost ratio for the project 
2. To determine the Net Present Value (NPV) and Internal Rate of Return (IRR) for the project. 
3. Analyze the parameters to determine if the proposed project is appropriate. 

Net Present Value (NPV) 

The Net Present Value (NPV) method is a method of calculating the net value (net) at the present time. 
The present assumption is to explain that the initial time of the calculation coincides with the time the 
evaluation is carried out or in the 0 year period in the calculation of investment cash flow [13].  
 
In order for a project to be accepted by this method, it must be equal to or greater than 1. Among 
alternative projects, the project, which has the largest ratio, is prioritized, with greater than 1. As with 
the NPV method, the selection and magnitude of the discount ratio to be used in this method affect the 
analysis results very much. The purpose of the method is to prioritize the project, which has the largest 
benefit/cost ratio in investments to be made, thus maximizing the investor's B/C ratio. 
The formula used to calculate the NPV value is: 
 
NPV=PWB – PWC 
 
 

PWB =∑ 𝐶𝐶𝐶𝐶𝐶𝐶(𝐹𝐹𝐹𝐹𝐶𝐶)𝐶𝐶𝑛𝑛
𝐶𝐶−0  

PWC=∑ 𝐶𝐶𝐶𝐶𝐶𝐶(𝐹𝐹𝐹𝐹𝐶𝐶)𝐶𝐶𝑛𝑛
𝐶𝐶−0  

 
PWB = Present Worth of Benefit;  
PWC = Present Worth of Cost; 
Cb = Cash flow benefit;  

(1) 
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Cc = Cash flow cost;  
FBP = Present Interest Factor;  
n = Investment period;  
t = Time period; 
 
If the difference is positive, the project is accepted (NPV > 0). In the case of multiple projects, the project 
with the NPV high should be preferred. If NPV = 0, it is clear that annual acquisition flows barely cover 
operating costs and annual investment costs [6]. 

Internal Rate of Return (IRR) 

Internal Rate of Return (IRR) is an interest rate (not bank interest) that describes the level of profit from 
a project or investment in percentage when the NPV value is equal to zero. IRR is the interest rate that 
illustrates that the benefits presented are equal to zero [13]. 
 
The formula used to calculate the IRR is; 
 

IRR =iNPV0+ 𝑁𝑁𝑁𝑁𝑁𝑁0
(𝑁𝑁𝑁𝑁𝑁𝑁0+𝑁𝑁𝑁𝑁𝑁𝑁1) (𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁0− 𝑖𝑖𝑁𝑁𝑁𝑁𝑁𝑁1) 

 
iNPV0 = interest rate net present value at i0;  
iNPV1 = interest rate net present value at I;  
NPV0 = net present value at i0; 
NPV = net present value at i. 
 
In order for a project to be accepted, the calculated IRR investor must be greater than the minimum 
discount rate accepted. In a selection between alternative projects, the IRR largest project is prioritized. 
If the IRR has more than one option higher than the discount rate, the IRR higher investment project will 
take priority. 

Benefit Cost Analysis 

Benefit/Cost Ratio is calculated in two different ways. According to the first method, also called the most 
used profitability index, the Benefit/Cost Ratio is the ratio of the sum of the current values of the benefits 
(cash inflows) that a project will provide during its economic life, the sum of the costs (investment 
expenditures and other cash outputs) to the sum of the current values. The second method, called the 
benefit/cost ratio of investment, is calculated by dividing the total of net reduced cash flows into the 
reduced investment total. 
 

BCR=𝑁𝑁𝑃𝑃𝐶𝐶
𝑁𝑁𝑃𝑃𝐶𝐶 

 
PWB = Present Worth of Benefit;  
PWC = Present Worth of Cost. 
 
In order for a project to be accepted by this method, it must be equal to or greater than 1. Among 
alternative projects, the project, which has the largest ratio, is prioritized, with greater than 1. As with 
the NPV method, the selection and magnitude of the discount ratio to be used in this method affect the 
analysis results very much. The purpose of the method is to prioritize the project, which has the largest 
benefit/cost ratio in investments to be made, thus maximizing the investor's B/C ratio [2]. 

Purpose of the Study 

One of the most important stages at the beginning of all investment projects in the construction sector 
is the selection of the land. The benefit to be obtained from the project to be developed on the selected 
land is one of the most important items in terms of the evaluation of the project by the investor. Therefore, 
every detail, criterion, and all option must be evaluated in order to make the right decision in land 
selection. This is the same for housing projects as in other construction branches. In this study, the data 

(2) 

(3) 
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required for the feasibility study were determined by literature research and expert opinions, NPV, IRR, 
and Benefit/Cost ratios were calculated, and the final ranking was made. 
 
Within the scope of the study, 4 parcels where the housing project can be realized were selected. In the 
selection process, attention was paid to the fact that the lands were parcels designated as residential 
zoned and that they were located in areas with high housing density and preferred by buyers. For this 
study, surveys were conducted in the fields and regions, and expert opinions were obtained from 
previous articles, theses, and studies. With the identified data, NPV, IRR, and Benefit/Cost ratios were 
calculated on the lands, and the final ranking was aimed. 

Location of the Case Study 

According to TurkSTAT data published on February 6, 2023, Antalya province is the 5th largest city in 
Turkey with a population of 2,688,004 people and its surface area is approximately 20,177 km². 
According to TurkSTAT data published on February 6, 2023, there are 19 districts and districts including 
Akseki, Aksu, Alanya, Demre, Döşemealtı, Elmalı, Finike, Gazipaşa, Gündoğmuş, İbradı, Kaş, Kemer, 
Kepez, Konyaaltı, Korkuteli, Kumluca, Manavgat, Muratpaşa, Serik, and a total of 914 neighborhoods 
in these distributions. 
 
As in Turkey in general, the demand for shelter is increasing day by day due to the growing population 
in Antalya. Due to important factors such as tourism, local and foreign settlers prefer Antalya province. 
An analysis of TurkSTAT data shows that the number of residential building permits issued by the 
issuance in 2022 in the districts where the study was carried out among 19 districts constitutes 
approximately 34% of the province in general and 45% of the occupancy permit. 

Comparative Feasibility assessment of the predicted housing zones 

NPV, IRR, and Benefit/Cost ratios were studied for the four parcels specified in the study area. The 
acceptances and assumptions made in the studies are as follows; 
 
-In the determination of the Construction Area, the precedent rights determined for the lands and 30% 
of the area excluding the precedent were taken into consideration.  
-For the Saleable Area, 20% of the construction area was deducted from the approximate construction 
area with the assumption that the common areas will be more because the immovables in Konyaaltı and 
Muratpaşa are qualified, 10% because the immovable in Döşemealtı is a villa, and 10% with the 
assumption that the common area of the immovable in Kepez district will be lower. 
-Considering that the buildings to be built in Konyaaltı, Muratpaşa and Döşemealtı will be of higher 
quality, the cost item that constitutes the expense item has been taken higher than that of Kepez district. 
-In the sales figures that make up the income, zero housing price averages were taken, taking into 
account the research made in the region. 3,100 USD/m2 for Muratpaşa, 1,150 USD/m2 for Kepez, 2.700 
USD/m2 for Konyaalti, 2,300 USD/m2 for Döşemealtı were foreseen. 
-The percentage of contractors in the regions is 40% for Muratpasa, 50% for Kepez, 44% for Konyaaltı, 
45% for Dosemealti. 
-The reduction rate for NPV is taken as 10%. 
 
The results of the work carried out are as follows. 
 
 
 
 
Table 1. Results Obtained 
 

  Muratpaşa Kepez Konyaaltı Döşemealtı 
NPV (USD)       1.832.292 USD        208.527 USD      1.635.589 USD    1.430.652 USD  
IRR 31% 18% 25% 25% 
BenefitCost 39% 19% 33% 31% 
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Figure 4. Graphical Display of Results 
 
Table-1 shows the data obtained as a result of the study. Figure-4 is the graphical representation of the 
results obtained.  
 
As can be seen from the results obtained, the district with the best Benefit/Cost ratio, NPV, and IRR 
results was calculated as Muratpaşa district. 

Results 

Within the scope of the research aiming at the selection of residential land, first of all, all the criteria that 
should be considered in the selection of an investment land were identified through other articles, 
research, theses, publications and interviews with experts.  
 
Considering that housing projects were developed for all lands, NPV, IRR, and Benefit/Cost Ratios were 
determined by taking into account the income to be obtained from the lands in case of completion of the 
projects and the costs to be spent and ranking was made among the regions. As a result of the feasibility 
study, it was seen that the best alternative could be the land in Muratpaşa district.  
 
Research and studies have shown that the proximity of the land to the center, the completion of the 
infrastructure and especially the high turnover to be obtained from the sale of housing, which constitutes 
the income item of the project, can be important items in the selection of the land.  
 
When the NPV, IRR and Benefit/Cost Ratios are analyzed; it is contemplated that the investment can 
be considered for the land in Konyaaltı and Döşemealtı districts in addition to the land in Muratpaşa 
district. Due to the development of the Döşemealtı district, the increase in interest recently, and the 
expansion of detached housing throughout the country, it is thought that better results may be obtained 
in new studies to be conducted in the coming period.  
 
In this study, the criteria are considered in terms of deciding on land selection at the beginning of a 
project have been shown with sample applications. The criteria, calculations, and acceptances in the 
study have been taken into account by considering the four selected lands, and do not cover the districts 
in general. All the details in the study are specific to the field and the process in which the research was 
conducted.  
 
Finally, in all studies, including the decision-making to be carried out in these districts, land-specific 
criteria should be determined, research should be carried out, and a project-specific decision should be 
considered. In addition, the study was conducted on the data identified during the research process, 
and therefore, future research is recommended even for the same lands, during the investment decision-
making process for the process outside the research. 
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Abstract 
The Theory of Information in Construction based on the hypothesis that failures in critical infrastructures 
(C.I.) are the result of loss of control in the information system of the CI as a result of information overflow 
of the system. The theory is established on four phases: (I) Statistical analyses: Probability Density 
Function of incoming events (PDF), Cumulative Distribution Function (CDF), Power function expressing 
the magnitude of events, and Scatter analysis; (II) Information Constraint (IC) expressing the capacity if 
the system, (III) Control circuits (feed-back loops), and (IV) Artificial Intelligence, Machine learning, 
Artificial Neural Network. The hypothesis of the theory is that failures, deficiencies, accidents and 
cascading failures are the result of an overflow of information in the system beyond the system's 
Information Constraint (IC). A similar hypothesis also refers to the performance of critical infrastructures, 
exposed to extreme abnormal events, caused by extreme events such as climate change, terrorism and 
seismic events. The events put the critical infrastructures in an extreme situation causing high risk to 
the continuity of performance of the CI, affecting vital services to civil society. This paper proposes a 
novel method for multi-hazard risk assessment of overhead transmission lines (OTL) grid. The main 
objective is to estimate the annual risk using failure rates estimated from historical failure data and 
modify them by reanalysis data and a dynamic Bayesian scheme. For this purpose, a comprehensive 
database of power grid supply failures is gathered. ANN is implemented to predict the incoming events, 
assess the risk and propose preventive activities. 

Keywords: Construction Defects, Critical Infrastructures, Quality Control, Resilience, Risk Management and 
Assessment, Artificial Intelligence, Machine learning.

1. Introduction

Energy supply continuity management is vital to support, prevent, respond to, manage and recover from 
fallouts of an incidents or a disruptive undesired event. It assists in maintaining uninterrupted availability 
of all resources required for the continuous provision of essential services. 

Extreme events such as climatic hazards, geo-hazards, potential terrorist attacks, rocket impact, 
explosion, and other man-made threats may lead to loss of Power Transmission Grid functionality and 
consequentially, interruption or operational disruption of vital services, and cause severe loss to critical 
facilities operations. Such events may develop cascading and rippling effects in other critical facilities, 
and consequentially might cause environmental contamination, injuries, fatalities, and systemic failure 
at the state level. Therefore, it is critical to understand, assess and manage risks associated with power 
disruptions to enhance its reliability and ensure uninterrupted power supply and the continuous 
performance of critical operational services. 

The complexity of electricity networks makes it vulnerable to extreme events consequences. As 
compared to random failures in another infrastructures, extreme events or terrorist attacks specifically 
targeting Power Transmission Grid can result in high impact failure and be followed by serious 
consequences. 
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Energy continuity planning is that part of operational risk management that establishes which are the 
correct reactions and the cost-effective measures to be taken when a disruptive event occurs, to avoid 
energy supply interruptions and which strategies take place for proactive avoidance of such events and 
to maintain the performance of critical Infrastructures robust and operational during emergency times. 

The present research focuses on the development of AI based analytical tools for the assessment and 
mitigation of the vulnerability of Overhead Power Transmission Grids under extreme events. 

 

2. Literature review 

The hypothesis of the theory is that failures, deficiencies, accidents and progressive failures are the 
result of the flow of information in the system beyond the possible capacity (its Information Constraint). 
A similar hypothesis also applies for the continuous perfoamce of Critical Infrastructures that are 
exposed to unusual events, according to (N. Yonat, S. Isaak and I. M. Shohet , 2022)[7] additionally, 
Global climate change the cause of extreme variation in phenomena such as extreme temperature 
regime, extreme precipitation patterns, and storms all of which cause critical infrastructures face extreme 
service conditions and in high risk of the continuous performance of the infrastructures and civil society 
in general and the citizens in particular. 

Climate change creates unusual events, manifested in extreme winds, heat and cold waves. 

Fractals were found in all research subjects. Fractals in PDF that is, the same curves repeat at every 
scale and in every part of the sample. Fractals Fourier Transform of the sample show the same 
frequency occurrences in each segment on the frequency axis, the failure curves also show a repeat 
occurrence, and in the spatio-temporal curve in each axis. 

According to the research of Yonat Niv and Shohet Igal M.” Complex Infrastructure Systems Analysis 
and Management, a Case-Study” (2023)[8], The behavior of the number of faults, on the grid axis, it 
behaves in the form of a fractal, So the main function consists of a series of functions distributed in the 
same way and vice versa. 

According to the research of (Heron and Reason 1997)[1] for knowledge sharing we see a direction of 
developing integrated systems engineering experience and machine learning. 

Failure rates in assessing the risks of the transmission lines  - In the literature there are two main 
approaches to reliability depending on the weather. 

1. Using a Markov chain model with two or more states (Billinton et al. 2002)[5]. However, this 
method is not suitable for large real-time systems (Panteli and Mancarella, 2015)[3].   

2. Simulations using Monte Carlo is another relevant approach (Panteli and Mancarella, 2017)[2].  

failure rate, the most basic parameter in reliability assessment, calculated primarily by calculating the 
mean value based on several years of statistics similar to the first article published on reliability 
assessment Billinton and Bollinger (1968)[6].Since then, several researchers have noted that extreme 
weather events are the main cause of transmission line failures. This article (Solheim and Kjolle, 
2016)[4] presents a method for calculating the risk assessment in overhead transmission lines based 
on past failure rates annual failure rates, and updated using Bayesian update. Finally, a sample scenario 
based on Monte Carlo simulation for the transmission lines was carried out to simulate the occurrence 
of failure events, and then, the annual exceedance probabilities of the loss. 
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2.1. Summary review main failure factors: 

The major root causses of failures in overhaed power grids are: 
 

• Extreme weather such as wind, snow and cold loads 
• Oil pipelines 
• Emergency shutdown of a hazardous liquid pipeline 
• Man-made damages 

2.2.  Summary of literature review by topics: 

Figure 1 delineates the topics classification of the literature on failures in Overhead Power Supply lines. 

Statistical

The monthly distribution 
of network failure

Bayesian model neural 
network based failure 

prediction

Bayesian Hierarchy 
Network

A method for calculating 
time-varying probabilities 
of failure and Bayesian 

updating

Markov model

Monte Carlo simulations.

Poisson-gamma random 
model

Estimation of annual 
failure probability of 

scenario sampling method

Analysis of statistical data 
for power outages, to 

predict repair and 
restoration time

Characteristics

Image of behavior of 
towers and cables

Artificial neural networks 
and multinomial logic 
regression for failure 

source prediction

A machine learning 
model for assessing the 

state of the electrical 
network components, in 

response to extreme 
events, to support risk-

based decisions

Model analysis

Quantifying the effect of 
failure factors on the 
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VOLL and ENS

Modeling high 
vulnerability events in a 

low frequency power grid

Risk-based duration 
analysis

Developing a model using 
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durations.

Insights

Modeling and 
quantification of electrical 

system durability

A risk modeling approach to 
catastrophe, for performing 

risk assessments of 
independent assets, for 

interdependent systems.

Figure 1 - Topics classification of the literature review 
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3. Methodology 

3.1. The research framework 

The research method steams from the Theory of Information and combines statistical features of the 
failure events with learning tools:  AI, ML. 

 

3.2. The research method  

The research followed five phases: 

Phase I - Locating data base  for research on non-delivery minute data on the website of the Israel 
Electricity Company [9]. 

Phase II - Data cleansing and establishment of a database encompassing about 69.3 thousand faults 
in the electricity network over a period of  the years 2017-2022. 

Phase III - Statistical analyses of the data, including: adjustment Probability Distribution Function (PDF), 
adjustment Cumulative Distribution Function (CDF), Power Function (PF), Scatter Analysis, Correlation 
and Regression analyses. 

Phase IV - Data network construction in the method Artificial Neural Network (ANN): district (4) → sub 
stat (192) → line (3,648) → Prolonged interruptions (40,653) & transient disorders (28,672). 

Phase V - Adjusting  and building the predictive Machine Learning model employing Artificial Intelligence 
tools. 

Using methods of: Linear regression, supervised learning, support vector machine, logistic regression, 
ensemble methods, reinforcement learning, naïve bayes etc. When the final run of the method will be 
done according to the statistical analyses of the data. 

Figure 2 - research framework 
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4. Findings 

The model is developed as a network receiving incoming given events, the events are learned and 

characterized by Probability Distribution Functions (PDF) as a means for precise prediction of the 

magnitude and location of future events. The frequency of events that will take place in the coming 

year (planning horizon) and their effect on the power grid (and finding the high impact lines), If no 

preventive actions will be taken is derived from the PDF and Power Function. The model investigates 

the relationship between transient faults and prolonged outages in order to find the root-causes of the 

prolonged power supply interruption. 
 

4.1. Phase II  – statistics 

4.1.1. Probability Distribution Function: 

Histogram Mean outages duration (minutes) for the years 2017-2021 
Distribution: Exponential   
Expression: EXPO (48.5) 
Square Error: 0.002572 
Chi Square Test:  Corresponding p-value < 0.005 

Histogram Amount Prolonged interruptions for the years 2017-2021. 
Distribution: Exponential   
Expression: 0.999 + EXPO (3.13) 
Square Error: 0.000400 
Chi Square Test: Corresponding p-value < 0.005 
Kolmogorov-Smirnov Test: Corresponding p-value < 0.01 

 

Figure 3 – Histogram of  Mean outages duration in minutes 
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Histogram Energy not supplied (ENS  ) for the years 2017-2021. 
Distribution: Exponential   
Expression: -0.001 + EXPO (7.08) 
Square Error: 0.000516 
Chi Square Test:  Corresponding p-value < 0.005 

 

Conclusions from the statistical analyses: 

 Histograms and fitting an exponential distribution, in confidence tests with α <0.05 

 Proof that the data behaves according to the "fractal" theory. 

 Proof of the "Pareto" principle when about 10% of faults have the highest impact. 

 

 

 

Figure 4 - Histogram of Amount Prolonged interruptions 

Figure 5 - Histogram of Energy not supplied 
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4.1.2. Correlation  
 

The heat map and Correlation matrix shows the significance and correlation of dependence between 
the variables relativel, the darker the color, the higher the dependence between the variables. And 
represents the correlation number when the value is 1 the relationship is the strongest between the 
variables. A high dependency can be seen between NUM_of_Prolonged_interruptions and 
Calculated_ENS with a value of 0.75. and a high dependency between 
NUM_of_Prolonged_interruptions and Outages_Cumulative_Duration_(minutes) with a value of 0.65 

 

 

4.1.3. Regression  
 

Figure 7 - Heat Map of Correlation 

Figure 6 - Correlation matrix 
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 A regression analysis on the timeline for the fault data shows a direct relationship, because over the 
years the unreliability of the network has started to decrease. 

Graphs of NUM_of_Prolonged_interruptions and Calculated ENS are the same, which proves a direct 
relationship between them.  

 

Figure 10 - Regression between NUM of Transient Disorders to Time 

Figure 9 - Regression between Outages Cumulative Duration in minutes to Time 

Figure 8 - Regression between ENS  to Time 
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4.2. Phase IV - Artificial Neural Network (ANN) 

Artificial Neural Networks are biologically inspired systems which convert a set of inputs into a set of 
outputs by a network of neurons, where each neuron produces one output as a function of inputs. 

Artificial Neural Networks may be used to identify and classify outstanding failures from recorded data 
base that caused severe outages at power transmission lines. 

 

4.3. Phase V – Artificial Intelligence (AI) by Machine Learning (ML) 

The model is based on machine learning and receives input of its faults and characteristics, the model 
learns from the data and its behavioral patterns, adjusting the model accordingly. 
The purpose of the model, is the identification of failure factors prior to a state of collapse in the power 
grid, analysis of the vulnerability of the electricity network and establishment of risk management tools 
for proactive prevention of prolonged power supply interruptions events. 
The model is based on the “Forecast” technique - A forecast model is a mathematical or statistical 
representation of a system or process used to predict future outcomes or events. It utilizes historical 
data and various variables to generate forecasts or predictions about future conditions or trends.  These 
models help in decision-making, resource allocation, risk assessment, and strategic planning. 

 

Figure 11 - Regression between NUM of Prolonged interruptions to Time 

Figure 12 - diagram of model Artificial Neural Network 
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5. Conclusions 

The paper introduces the implementation of Statistical Inference tools based on TIC for prediction 
prevention of failure events in Overhead Power Grid. The research includes five phases as follows: 

 Phase I - Locating data base. 

 Phase II - Data cleansing  

 Phase III - Statistical analyses. 

 Phase IV - Artificial Neural Network (ANN) 

 Phase V - Building the predictive Machine Learning model employing Artificial Intelligence tools. 

The statistical tests stood with p-value < 0.01. 

The research is innovative and creative due to the use of (ANN) Artificial Neural Networks may be used 
Prediction and prevention of failures in electricity transmission systems. 

The model built as a network receiving incoming given events, the events are learned and characterized 
as a means for precise prediction of the magnitude - location - effect of future events.  

So, in the prediction platforms preventive activity can be performed that saves millions of dollars to 
maintain the reliability of the electricity grid. 
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Abstract 
The construction industry is plagued with numerous workforce challenges. The skilled craft labor 
shortage has been a consistent and unfortunate recurring struggle for the past three decades. Moreover, 
recent trends show that the construction workforce has been aging rapidly, aggravating the labor 
shortage challenge and negatively impacting project performance in terms of cost, schedule, and safety. 
Studies in the existing literature have highlighted the different workforce challenges and strategies to 
address them and mitigate their impact, mostly from a research perspective. However, no research has 
yet studied how top contractors in the United States are dealing with these workforce issues. The 
purpose of this study is to analyze the challenges the top contractors in America face and synthesize 
the strategies they employ to address these challenges and increase workforce performance. To 
achieve the research objective, the authors analyzed recent annual reports of top contractors and 
summarized the challenges they face and the policies and strategies they have institutionalized to 
respond to current challenges. 
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1. Introduction and Background

The US construction industry stands at a crossroads. The United States infrastructure us deteriorating 
and is in dire need of replacement as we continue to face a major shortage in the labor force [1]. The 
construction industry struggles with plenty of workforce challenges. The skilled craft labor shortage has 
been an unfortunately recurring challenge for the past few decades [2]. Moreover, trend data shows that 
the construction workforce has been rapidly aging, exasperating the labor shortage challenge and 
negatively impacting project performance in terms of safety, schedule, and cost [3]. To add, the 
construction industry suffers from a lack of workforce diversity, especially gender diversity, where 
women make up less than 4% of the construction craft workforce in the United States [4]. Despite this 
small female participation percentage, the construction industry faces major struggles relating to the 
treatment of women in the construction industry. One recent study concluded that women in construction 
are more likely, on average to feel disrespected at work, be subjected to derogatory remarks, and be 
treated unprofessionally [5]. Moreover, the construction industry has failed to consistently attract and 
retain skilled workers due to the negative industry image problems, an aging workforce, and insufficient 
training [6]. Furthermore, the industry continues to suffer from inadequate frontline supervision and 
failure of frontline supervisors to provide the necessary information, planning, support, and motivation 
[7], especially as frontline supervisors have the essential responsibility of ensuring safe and healthy 
work practices, and they create the missing communication link between the craft workforce and 
management [8], [9]. Several research efforts have extensively highlighted the importance and major 
influence frontline supervisors have on construction productivity [10]–[12]. 

There is an apparent consensus by industry leaders and experts that the construction industry will look 
radically different over the next 20 years [13]. With the increasing level of sophistication in the 
construction industry, construction companies are turning to unique and innovative approaches to gain 
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a competitive advantage [14], from increasingly adopting construction technologies [15], to increasingly 
using as-built models to meet the maintenance needs of the future [16], and to highlighting the need for 
workforce training [17]. 

Construction workers are the cornerstone of the construction industry, especially as they constitute a 
sizable segment of overall production costs. Consequently, their performance and productivity are 
essential to the successful completion of construction projects [18]. One major problem facing the 
construction industry is the drop in the rate of worker productivity and performance [19]. Because 
construction workers play an outsized role in overall construction productivity, it is important to 
understand the factors of what impacts their productivity and performance. Factors involving tools and 
construction equipment, materials, and technologies were found to have a major impact on worker 
performance [20]. For instance, a study that examined the impact of 13 types of technologies on 
construction workforce performance and information access found that the use of several information, 
material, and equipment technologies offers a statistically significant improvement of average workforce 
performance in the construction industry [21]. One study that analyzed the impact of administrative and 
computer skills of construction workers showed that such skills increase performance and information 
access [22]. Another study found that ethnic and gender crew diversity improves worker performance 
and information access in the construction industry [23]. Other determinants of workforce productivity 
and performance include: an increased level of supervision [24], effective communication and 
information flow [25], sufficient financial compensation [24], adequate work planning of construction 
tasks, methods, and materials [26], continuous work training and education, [24], and the effective 
implementation safety measures [27]. 

While workforce challenges in the construction industry and strategies to mitigate their impact have been 
thoroughly studied in existing literature, no research has yet studied the challenges the leading 
contractors in the United States face or the strategies they employ to address them and increase 
workforce performance. This study aims to analyze the challenges the top contractors in the US face 
and synthesize the strategies they employ to address those challenges and increase workforce 
performance.  

2. Methodology 

This study aims to analyze the challenges the top contractors in the US face and synthesize the 
strategies they employ to address those challenges or increase workforce performance. To achieve the 
research objective, the authors analyzed recent annual reports and websites of the top 10 contractors 
in the United States and summarized the challenges they face and the policies and strategies they have 
institutionalized to respond to current challenges and increase workforce performance and productivity. 
The authors analyzed the contents of annual reports and other available resources on their websites 
and highlighted those major challenges they face and policies they institute. In this study. Project-
specific challenges or strategies are beyond the scope of this analysis. 

The results of the analysis are represented in word clouds in Figures 1 & 2. A word cloud is a visual 
portrayal of word/phrase frequency in the composed text. The more often a word/phrase appears in 
composed text, the larger it appears in the developed image [28]. A larger font size in the graphic 
indicates a higher frequency of occurrence in the text or the narrative. This visualization is a helpful tool 
to assist investigators in evaluating textual data and highlighting words/phrases with high frequency [29]. 

The list of top 10 contractors used for this analysis was selected based on the list of top contractors from 
Engineering News-Record (ENR). ENR provides the engineering and construction news, analysis, 
commentary, and data that construction industry professionals need to do their jobs more effectively. 
Additionally, ENR reports on the top design firms, both architects and engineers, and the top 
construction companies and contractors as well as projects in the United States and around the world 
[30]. 

Table 1 shows the list of the top 10 ENR contractors that were analyzed [31], their year of founding, 
annual revenue, and references/sources used in the analysis. 
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Table 1: List of ENR top 10 contractors used for analysis [31] 

2022 Rank Contractor Year 
Founded Revenue References/Sources Used 

1 The Turner Corp. 1902 $14.4B Website [32], Annual Report [33] 

2 Bechtel  1898 $17.6B Website [34], Annual Report [35] 

3 Kiewit Corp. 1884 $13.7B Website [36] 

4 STO Building Group  1971 $8.1B Website [37], Annual Report [38] 

5 Flour 1912 $15.6B Website [39], Annual Report [40] 

6 The Whiting-Turner Contracting Company 1909 $9.2B Website [41], Annual Report [42] 

7 DPR Construction 1990 $6.8B Website [43] 

8 Skanska USA 1887 $17.2B Website [44], Annual Report [45] 

9 Clark Construction Group 1906 $5.0B Website [46] 

10 AECOM 1990 $13.3B Website [47], Annual Report [48] 

 

3. Results and Analysis 

The results of the analysis in this study are portrayed in Figures 1 & 2. Figure 1 shows a word cloud of 
the major challenges top contractors face, while Figure 2 shows a word cloud of the strategies they 
employ to address them or increase workforce performance. 

 
Figure 1: Word cloud of major challenges that top contractors mentioned 

In Figure 1, we can observe a word cloud representation of the of the major challenges that top 
contractors face that they have mentioned throughout their reports and websites. As can be seen, labor 
shortage was the primary challenge contractors face. All of the 10 top contractors discussed labor 
shortage as a problem they struggle with. This is consistent with what we see across the literature in 
construction research as this is a problem the industry has been struggling with for decades [2]. The 
second biggest challenge contractors faced was having to deal with COVID-19 and its impacts. Such a 
challenge, which was mentioned by nine of the 10 companies, strained the workforce in addition to the 
skyrocketing material cost, supply-chain bottlenecks and overall industry-wide disruptions. COVID-19 
presents as a major challenge as this analysis refers to reports developed for periods during the 
pandemic. However, it is unclear whether this will only be temporary problem, or if COVID-19 will have 
other long-term impacts on the industry. Due to the labor shortage and COVID-19, companies are facing 
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rising labor costs and are forced to employ workers without the sufficient amount of necessary skills to 
perform their jobs. All of these factors lead to a decrease in productivity and construction output. Another 
challenge companies mentioned was the aging workforce of the United States. Research suggests that 
the median age of the construction workforce is projected to rise to from 42.9 in 2020 to over 46 by 2030 
[1]. Moreover, two of the contractors had struggles with discrimination and harassment, and one of them 
was sued for racial discrimination and was forced to settle the lawsuit. This is not surprising given the 
nature of the workforce culture of the construction industry, especially as one study found that 
construction workers are more likely to be treated unprofessionally and subjected to derogatory remarks 
at work compared to the national workforce [5]. Furthermore, contractors are struggling to recruit and 
retain workers, especially in light of competition from other industries and workers deciding to retire 
early. Finally, immigration restrictions has been limiting the contractors’ ability to hire foreign workers as 
a backstop to fill the gap in the skilled labor shortage in the construction industry in the US.  

 
Figure 2: Word cloud of strategies top contractors indicated they use to address challenges or increase performance 

In Figure 2, we can observe a word cloud representation of the of the major strategies that top 
contractors employ to address the challenges they face or improve productivity that they have mentioned 
throughout their reports and websites. As can be seen, increasing diversity and inclusion is one of the 
main policies contractors use to address their challenges, as it was mentioned by all 10 contractors. 
Women make up less than 4% of the construction labor force and other minority groups are 
underrepresented in the industry [4]. Contractors realize that women and minority groups form a well of 
untapped labor potential that can fill the labor shortage gap, and diversifying the workforce can help 
attract more women and minorities into the labor force. Additionally, contractors are hyper-focused on 
workforce training and development to give their workers the necessary skills to do the job, and also 
offering them the needed mentorship and sponsorship to guide them in their career. Moreover, 
contractors continue improve their safety procedures and strive for a zero-incident goal in an effort to 
protect their employees and create a safe working environment. Several Companies are offering their 
workforce leadership training to build up future leaders in their companies. Furthermore, contractors are 
attempting to recruit students directly out of high schools and colleges, and are directly engaging with 
employees to listen to their needs. Still, in an effort to retain their workforce, contractors are starting to 
offer better compensation and benefits, focusing on health and wellness of their workforce, streamlining 
the promotion process, and one is even offering stock options for workers. In order to improve 
productivity, one company is increasing the level of frontline supervision. Finally, because of the limited 
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available on-site labor, two contractors are increasingly using offsite fabrication to decrease the amount 
of on-site construction working hours.  

4. Conclusion, Limitations, and Future Work 

The construction industry continues to struggle with numerous workforce challenges. There has been a 
consistent skilled craft labor shortage that has been unfortunate recurring problem for the past three 
decades. This study aims to analyze the challenges the top 10 ENR contractors in America face and 
synthesize the list of strategies they employ to address those challenges or increase workforce 
performance. The results of the analysis show that major challenges contractors face include labor 
shortage, COVID-19, labor cost, unskilled labor, decreased productivity, an aging workforce, 
discrimination and harassment, industry competition, workforce recruitment and retainment challenges, 
early retirement, and immigration restrictions. In an effort to address such challenges and increase 
workforce performance, contractors have employed several policies and strategies. Those include: 
increasing diversity and inclusion in the workforce, workforce training and development, improving safety 
procedures, offering mentorship and sponsorship, recruiting students out college and high school, 
offering leadership training, offering better compensation and benefits, focusing on health and wellness 
of the workforce, engaging with employees, improving frontline supervision practices, streamlining the 
promotion process, offering employees stock options, and moving to offsite fabrication. 

While this study presents a content analysis of the annual reports and websites of the top 10 ENR 
contractors to identify the major challenges they struggle with and the strategies they use to limit the 
impact of those challenges and increase performance, we are limited to what the contractors write down 
in their reports and websites. Therefore, this analysis may not have the full scope of the issues they 
face, as some companies may be reticent about sharing and detailing all the problems they have. Future 
research can build on this study and attempt to analyze the challenges and policies of a significantly 
larger set of top contractors to get a better picture of the status of challenges in the construction industry, 
including small and medium sized contractors. 
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Abstract 

In building and infrastructure projects, construction planning and scheduling refer to a process of 

defining project policies and procedures and breaking them down into specific construction activities, 

which significantly affect various aspects including cost, time, safety, and quality. Construction planning 

and scheduling have been shifting from manual to automatic with the adoption of information and 

communication technologies, and numerous methods, such as optimization algorithms, have also been 

used in construction planning and scheduling. However, due to the multiplex, evolving, and unstructured 

nature of sites and tasks, construction planning and scheduling with previous technologies and methods 

do not work well for practical applications, especially during the execution phase of building and 

infrastructure projects. With the development of artificial intelligence in recent years, machine learning 

that is able to deal with complex, dynamic, and uncertain things shows the potential to assist with that 

problem. To structure and standardize construction planning and scheduling with the application of 

machine learning, this study proposes a framework with reinforcement learning, imitation learning, and 

transfer learning, and discusses their respective benefits and limitations. With the proposed framework, 

application effectiveness and efficiency could be enhanced and application clarity and repeatability 

cloud be promoted. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

In building and infrastructure projects, construction planning and scheduling refer to a process of 

defining project policies and procedures and breaking them down into specific construction activities [1]. 

During this process, a detailed construction plan associated with a schedule is developed for executing 

a project under various constraints (e.g., sequence, resource) to minimize budget overruns, the risk of 

delays, as well as safety and quality issues [1]. Construction planning and scheduling typically involve 

the following steps: first, the scope of a project is defined; next, specific activities to be completed are 

identified; then, dependencies between activities (e.g., finish to start, start to start, finish to finish) are 

identified; after, resources needed to complete each activity (e.g., labor, material, equipment) are 

determined; and finally, a plan associated with a schedule that estimates duration and assigns start and 

end times to each activity is developed [2]. 

Before the advent of modern technologies, including computers, software and networks, construction 

planning and scheduling were conducted primarily by hand with simple tools such as pencils and paper, 

which can be time-consuming and error-prone [3]. To identify potential delays and bottlenecks, 

coordinate activities and allocate resources in a simple and visual format, graphical and network 

representations have been developed for construction planning and scheduling [4]. For example, the 

Gantt chart is a type of bar chart that illustrates the start and end times of activities [5]; the activity-on-

arrow (AOA) is a type of network diagram where arrows and nodes represent activities and events, 

respectively [6]; and the activity-on-node (AON) is a type of network diagram where nodes and arrows 

represent activities and dependencies between them, respectively [7]. Over the past several decades, 
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construction planning and scheduling have been shifting from manual to automatic with the adoption of 

information and communication technologies [8]. One class of traditional tools used to promote the 

automation of construction planning and scheduling is project management software. Project 

management software, such as Microsoft Project and Oracle Primavera, is a type of computer 

application, which can effectively facilitate construction planning and scheduling [9]. Another relatively 

new class is based on building information modeling (BIM). BIM is a digital representation of projects 

that supports different aspects of construction management. BIM-based construction planning and 

scheduling, such as Autodesk Navisworks and Bentley Synchro, can leverage information stored, 

simulate and optimize strategies and solutions, and visualize potential conflicts and problems [10][11]. 

With the development of mathematics and engineering knowledge, numerous methods have been used 

in construction planning and scheduling. Once the duration of different activities has been determined, 

the overall duration of a project can be estimated applying the critical path method (CPM) to identify the 

longest stretch of dependent activities from a deterministic perspective [12], while the program 

evaluation and review technique (PERT) can be utilized to calculate the expected overall duration of a 

project with optimistic, pessimistic and most likely estimates from a stochastic perspective [13]. To 

coordinate activities considering the allocation of resources, resource leveling is applied to adjust the 

start and end times of activities with resource constraints while balancing the supply and demand of 

resources [14], and resource smoothing is utilized to adjust the start and end times of activities while 

reducing the fluctuations in resource demand [15]. To select strategies and solutions for construction 

planning and scheduling, multiple categories of optimization algorithms, including heuristics, 

mathematical programming, and metaheuristics, are widely used. Heuristics, such as greedy algorithm, 

are a category of optimization algorithms that applies experience-based strategies and is easier to 

understand and implement in contrast to more rigorous optimization algorithms [16]. Mathematical 

programming, such as linear programming, integer programming, and dynamic programming, is a 

category of optimization algorithms that formulates problems and tasks with mathematical models and 

provides strategies and solutions with more quality assurance [17]. Metaheuristics, such as genetic 

algorithm, simulated annealing, and tabu search, are a category of optimization algorithms that 

combines random and local search mechanisms, handles a wider range of problems and tasks, and 

solves large-scale problems and tasks in a faster way [18]. 

Nowadays, artificial intelligence has been sweeping the world. As a subset of artificial intelligence, 

machine learning is being extensively used in various industries, including the construction industry. 

Machine learning enables machines, such as computers and robots, to learn from data and make 

predictions and decisions without being explicitly programmed [19]. Therefore, compared to other 

algorithms and models, machine learning is smarter when dealing with complex, dynamic, and uncertain 

things. In building and infrastructure projects, due to the multiplex, evolving, and unstructured nature of 

sites and tasks, construction planning and scheduling with previous methods do not work well for 

practical applications, especially during the execution phase. In this context, machine learning provides 

a chance for a new round of transformation and upgrading of construction planning and scheduling. In 

recent years, machine learning has been applied to the field of construction planning and scheduling, 

such as the development of a construction activity schedule and a tower crane lifting plan [20][21]. 

However, construction planning and scheduling with the application of machine learning are currently at 

an early stage, and machine learning still has great application potential to explore. To enhance 

effectiveness and efficiency and promote clarity and repeatability, it is useful to establish a framework 

to structure and standardize construction planning and scheduling with machine learning. Considering 

the sequential characteristics of construction planning and scheduling, three machine learning methods, 

namely reinforcement learning, imitation learning, and transfer learning, can be suitable and play a 

significant role in this process [22][28][33]. 

With the above background, this study aims to propose a framework with reinforcement learning, 

imitation learning, and transfer learning for construction planning and scheduling. The rest of this paper 

is organized as follows. In Section 2, the concept and classification of three machine learning methods 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-052

Keszthely, Hungary 
20-23 June 2023

392



are introduced. Section 3 details the proposed framework and discusses the benefits and limitations of 

three machine learning methods. Conclusions and outlook are provided in Section 4. 

2. Machine learning methods 

In this section, the concept and classification of three machine learning methods, namely reinforcement 

learning, imitation learning, and transfer learning, are introduced.  

2.1. Reinforcement learning 

Reinforcement learning is a type of machine learning method where the agent interacts with the 

environment and receives rewards by taking actions to learn a policy that maximizes accumulated 

rewards over time [22]. Reinforcement learning can be classified into different categories based on the 

corresponding criteria, and there are five main criteria listed as follows: (1) The first criterion is whether 

to build a model of the environment involving transition probabilities between states, actions, and 

rewards. Model-based learning uses the built model to predict the outcomes of state-action pairs and 

update the policy, while model-free learning directly updates the policy through trial and error without 

the built model [23]. (2) The second criterion is how the agent updates the policy. On-policy learning 

updates the policy according to the experience generated from the policy that is currently being used, 

whereas off-policy learning updates the policy according to the experience generated from a different 

policy than the current one [24]. (3) The third criterion is how the agent selects actions. Value-based 

learning selects actions that maximize the value function of state-action pairs, while policy-based 

learning selects actions based on the probability distribution of state-action pairs [25]. (4) The fourth 

criterion is whether the agent adapts and reacts to changes in the environment in real time. On-line 

learning constantly interacts with the environment and updates the policy according to the rewards 

received, whereas off-line learning updates the policy according to a dataset of experience that was 

collected from the environment beforehand [26]. (5) The fifth criterion is the number of agents interacting 

with the environment. Single-agent and multi-agent learning interact with the environment using a single 

agent and multiple agents, respectively [27]. 

2.2. Imitation learning 

Imitation learning is a type of machine learning method where the agent is trained to perform a task by 

imitating the behavior of human experts and then learns to perform the task relying on its own [28]. 

Imitation learning can be implemented using different approaches, and there are four main approaches 

listed as follows: (1) The first approach is behavioral cloning which learns a policy by directly mapping 

states to actions observed from human expert demonstrations [29]. (2) The second approach is dataset 

aggregation which learns a policy by iteratively aggregating self-generated data in addition to human 

expert demonstrations [30]. (3) The third approach is inverse reinforcement learning which infers 

underlying rewards from observed human expert demonstrations [31]. (4) The fourth approach is 

generative adversarial imitation learning which uses a generative adversarial network to learn a policy 

that is indistinguishable from human expert demonstrations by the discriminator [32]. 

2.3. Transfer learning 

Transfer learning is a type of machine learning method where the knowledge learned from a source task 

is transferred to a different but related target task, namely a trained model from the source task is fine-

tuned in the target task [33]. Transfer learning can be implemented using different approaches, and 

there are four main approaches listed as follows: (1) The first approach is domain adaptation which 

adapts a model trained on the source task to the target task with a different data distribution [34]. (2) 

The second approach is multi-task learning which trains a model on multiple related tasks 

simultaneously [35]. (3) The third approach is one-shot learning which adapts a model trained on the 

source task to the target task with limited labeled data [36]. (4) The fourth approach is zero-shot learning 

which adapts a model trained on the source task to the target task without any labeled data [37]. 
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3. Machine learning framework for construction planning and scheduling 

In this section, the framework with reinforcement learning, imitation learning, and transfer learning is 

detailed, and their respective benefits and limitations are discussed.  

Reinforcement learning

Imitation learning

Transfer learning

Agent Reward Target project

State

Action

Project team Target project

Observation

Action

Agent

State

Action
End

Reward

Start

Learning from 

other projects?

No; Learning from 

the project team?

Yes

Yes

No

Knowledge

Agent Reward Target project

State

Action

KnowledgeSource project

 

Fig. 1. Machine learning framework for construction planning and scheduling. 

The proposed framework consists of three situations, as shown in Fig. 1. If the agent learns neither from 

other projects nor from the project team, then reinforcement learning will be used, which is Situation 1. 

If the agent learns not from other projects but from the project team, then imitation learning will be used, 

which is Situation 2. If the agent learns from other projects but not from the project team, then transfer 

learning will be used, which is Situation 3. For construction planning and scheduling, specific problems 

and corresponding tasks that determine how these three machine learning methods model should be 

clearly defined, and the development of a detailed construction plan associated with a schedule needs 

to explicitly identify project objectives, specifications, and constraints for formulating problems and tasks. 

Next, the three situations with different machine learning methods are elaborated on in the following 

subsections, respectively. 

3.1. Situation 1 with reinforcement learning 

In Situation 1 with reinforcement learning, there are five components, namely target project, agent, state, 

action, and reward. The target project is seen as an environment in reinforcement learning, and it refers 

to the system where the agent interacts. The scope of the target project has a great impact on the 

complexity of the problem to be solved and the task to be performed in construction planning and 

scheduling, and an accurate understanding of project objectives, specifications, and constraints is 

necessary before the definition of the scope of the target project. The agent refers to the entity that 

observes states, takes actions, and receives rewards in the target project, and it can be conceived as a 

building, a tower crane, and so on. Depending on the problem to be solved and the task to be performed 

in construction planning and scheduling, the agent needs to be defined with different levels of autonomy. 

The state refers to the situation of the target project that the agent observes at a given time step, and it 

can be conceived as the progress of a building, the direction of a tower crane, and so on. Since the state 
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is typically represented as an array of values that correspond to specific aspects of the target project, it 

should be concise and informative so that the agent can effectively observe from the target project. The 

action refers to the prediction or decision that the agent makes to interact with the target project at a 

given time step, and it can be conceived as the next construction activity in a building, the next 

construction resource to be transported by a tower crane, and so on. The space of actions determines 

the range of possible predictions and decisions that the agent can make, and actions can be represented 

as discrete choices, such as the number of workers for a construction activity, or continuous values, 

such as the velocity of a tower crane for transporting a construction resource. The reward refers to the 

feedback that the agent receives about the desirability of the action which it took at a given time step in 

the target project, and it can be conceived as the cost of a construction activity, the transportation time 

of a construction resource, and so on. The well-defined reward should provide a distinct feedback to the 

agent for the corresponding action. 

Situation 1 with reinforcement learning enables the agent to learn from scratch without additional 

intervention, which offers several benefits listed as follows (Table 1) [22][38][39]. First, it can be applied 

to a wide range of construction problems and tasks with the high-dimensional space of states and 

actions, making the agent to learn a policy in a multiplex environment that conforms to building and 

infrastructure projects. Also, the agent can be allowed to explore the target project to discover new 

construction strategies and solutions, facilitating a more creative and adaptive prediction or decision 

making process in construction planning and scheduling. Furthermore, the agent can be enabled to 

optimize construction strategies and solutions in real time, which is well suited for the dynamic and 

uncertain environment of construction sites and tasks.  

On the other hand, there are some limitations to Situation 1 with reinforcement learning (Table 1) 

[22][40][41]. Since the agent needs to learn a policy by trial and error, it usually requires a large number 

of interactions with the target project when construction problems and tasks are complex, which may be 

time-consuming in construction planning and scheduling. Moreover, it lacks supervised feedback during 

training due to absence of labeled construction data, and therefore requires significant computational 

time and effort to exploit and explore, resulting in potentially suboptimal construction strategies and 

solutions. 

3.2. Situation 2 with imitation learning 

Situation 2 with imitation learning is divided into two main parts. In the first part, the project team 

demonstrates how to perform a task by observing the target project and taking actions in the target 

project; and in the second part, the agent imitates these demonstrations to learn a policy based on the 

knowledge where the project team performs the task. There are two main steps to be executed in the 

first part. First, the information about the state of the target project, the corresponding action taken by 

the project team, and the resulting reward is collected, and relevant features from the information are 

extracted and used as inputs to train a model with the mapping between states and actions to imitate 

the behavior of the project team. Then, the model is trained using the features prepared and is evaluated 

with the metrics that measure how well the model imitates, and the trained model as the source of 

knowledge is used for the learning of the agent once it is deemed satisfactory. The second part is similar 

to the process of reinforcement learning. The main difference is that the trained model from the first part 

is updated with new information about the simulation where the agent performs the task. 

Situation 2 with imitation learning allows the agent to learn from human expert demonstrations by 

leveraging the expertise of the project team, and there are several benefits listed as follows (Table 1) 

[28][42]. First, it not only reduces the training time required for the agent to learn a policy and potentially 

enables faster construction planning and scheduling, but also reaches a better performance than 

random exploration and ensures a more reliable prediction or decision making process in construction 

planning and scheduling. Next, since it is based on the demonstration of the project team, the trained 

model is more interpretable, enhancing the trust and acceptance of construction strategies and solutions. 
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In addition, it can provide a cost-effective way for construction planning and scheduling to save 

computational resources by reducing the amount of trial and error during training.  

However, Situation 2 with imitation learning also has some limitations (Table 1) [28][43]. The 

performance of the trained model is sensitive to the demonstration of the project team. Since the 

behavior of the project team is easily impacted by various factors such as preferences and biases, and 

usually, it is not possible to cover all states and actions, the trained model may not be able to generalize 

well, and its adaptability is limited sometimes in construction planning and scheduling. Furthermore, in 

building and infrastructure projects, it is not always readily available to obtain labeled demonstration 

data, especially for complex construction sites and tasks, which may become an obstacle in construction 

planning and scheduling. 

3.3. Situation 3 with transfer learning 

Situation 3 with transfer learning is divided into two main parts. In the first part, the source project (i.e., 

other projects) has demonstrated how to perform a different but related task; and in the second part, the 

agent learns a policy based on the transferred knowledge where the source project performs the task 

for the target project. There are two main steps to be executed in the first part. First, the information 

about the state of the source project, the corresponding action taken by the source project, and the 

resulting reward has been used to train a model, and this trained model is a desired neural network 

architecture depending on the problem to be solved and the task to be performed. Then, relevant 

features extracted from the trained model (e.g., one or more layers of the neural network) are transferred 

as the source of knowledge for the learning of the agent in the target project. The second part is similar 

to the process of reinforcement learning. The main difference is that the model of the target project is 

built on relevant features from the first part and fine-tuned with new information about the simulation 

where the agent performs the task. 

Situation 3 with transfer learning allows the agent to learn a different but related source task by 

leveraging the experience of other projects, offering several benefits listed as follows (Table 1) 

[33][44][45]. First, it enables the knowledge learned from other projects to be transferred to the target 

project, even if construction problems and tasks are not exactly the same, which significantly reduces 

the amount of construction data required for training and effectively provides a faster way to achieve 

convergence. Besides, it can give a favorable starting point for the agent to learn a policy by initializing 

the model of the target project with weights from the trained model of other projects, leading to a good 

level of accuracy in construction planning and scheduling.  

Although Situation 3 with transfer learning can help take advantage of the experience of other projects, 

it also comes with some limitations (Table 1) [33][46][47]. The effectiveness of the trained model 

depends on the relevance and common feature of source and target construction problems and tasks 

as well as the availability and completeness of project information, and it is potentially harmful for the 

performance of transfer and even results in a negative transfer effect in construction planning and 

scheduling when the requirements are not met. Additionally, if the knowledge learned from other projects 

is too specific towards the source construction problem and task, the trained model may overfit, and its 

generalization and adaptability can be adversely impacted in construction planning and scheduling. 

4. Conclusions and outlook 

Construction planning and scheduling are one of the most important elements in building and 

infrastructure project management, which significantly affect various aspects including cost, time, safety, 

and quality. To improve the accuracy and automation of construction planning and scheduling, various 

tools, techniques, algorithms, and models have been used for this process. However, due to the 

multiplex, evolving, and unstructured characteristics of sites and tasks, construction planning and 

scheduling cannot be conducted well, which is particularly obvious during the execution phase of 

building and infrastructure projects. With the development of artificial intelligence in recent years, 

machine learning that is able to deal with complex, dynamic, and uncertain things shows the potential 
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to assist with that problem. Therefore, this study selects reinforcement learning, imitation learning, and 

transfer learning that can be suitable and play a significant role in construction planning and scheduling, 

establishes a framework consisting of three situations for structuring and standardizing the application 

of these three machine learning methods, and discusses their respective benefits and limitations. With 

the proposed framework, application effectiveness and efficiency could be enhanced and application 

clarity and repeatability cloud be promoted. In future work, the construction planning and scheduling 

models with reinforcement learning, imitation learning, and transfer learning for specific application 

areas will be created, respectively, and their capabilities and performance will be verified and compared 

with case studies. 

     Table 1. Benefits and limitations of three situations with machine learning for construction planning and scheduling. 

Situations with machine learning Benefits Limitations 

Situation 1 with reinforcement learning 

• Applicable to wide and high-

dimensional construction problems and 

tasks 

• Beneficial to a more creative and 

adaptive construction prediction or 

decision making process 

• Suited for the dynamic and uncertain 

environment of construction sites and 

tasks 

 

• May be time-consuming in 

construction planning and scheduling 

• Resulting in potentially suboptimal 

construction strategies and solutions 

Situation 2 with imitation learning 

• Potentially enabling faster construction 

planning and scheduling and ensuring a 

more reliable construction prediction or 

decision making process 

• Enhancing the trust and acceptance of 

construction strategies and solutions 

• Providing a cost-effective way for 

construction planning and scheduling to 

save computational resources 

 

• May not be able to generalize well 

and its adaptability is limited 

sometimes in construction planning 

and scheduling 

• Not always readily available to obtain 

labeled demonstration data especially 

for complex construction sites and 

tasks 

Situation 3 with transfer learning 

• Reducing the amount of construction 

data required for training and providing 

a faster way to achieve convergence 

• Leading to a good level of accuracy in 

construction planning and scheduling 

• Potentially harmful for the 

performance of transfer and even 

resulting in a negative transfer effect in 

construction planning and scheduling 

• Generalization and adaptability of the 

knowledge learned from other 

construction projects may be 

adversely impacted 
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ACTIVITIES OF RESTRICTED DURATION IN NETWORK TIME 
MODELS OF CONTRUCTION PROJECTS 

Zoltán A. Vattai 1, Levente Mályusz 1 
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Abstract 
Activities of fixed-, flexible-, intermittent-, distributable-, and unknown duration in general network time 
models are discussed in the paper on basis of preset lower and upper bounds on their time extent. After 
a short historical review, we discuss the theoretical background and we introduce a modified Floyd-
Warshall algorithm to calculate a generalized network time model (GTM) highlighting differences of well-
known techniques of PERT, CPM, MPM and PDM. Finally, we publish a small construction problem to 
demonstrate practical application and modelling activities of these kinds. 
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1. Introduction

Computer aided management, dynamic time models, anticipating consequences of any changes in 
planned performance, being informed on actual progression are unceasing expectations and eternal 
challenges of modern project management. CPM, PERT, MPM, PDM are well-known acronyms of 
techniques inseparable of evolution of computers and developed to ease the work of experts responsible 
for time management of projects on various fields of human life and of economy. Principles of all before-
mentioned techniques can be derived from a primal-dual pair of problems in applied mathematics, 
namely, the problem of finding the Longest Path(s) between two distinguished nodes of a weighted 
directed graph and the problem of constructing a Minimum Potentials’ system having limitations (lower 
and/or upper bounds) on pair-wise differences of its elements. Algorithms to solve these problems are 
usually based on some kind of labelling techniques (such as Dijkstra’s [1] for finding the shortest path(s)), 
to construct the potentials’ system first, that provides basis for identifying the longest path(s) [4][6][8][9]. 
The logic works in a reversed way too. Identifying the longest path(s) between a distinguished pair (or 
all pairs) of nodes of the graph first, the system of minimum potentials’ can be constructed [11] too. It is 
common in both approaches that weights of directed edges – that is, lower bounds on pair-wise 
differences of potentials – are input values for the calculations while potentials’ system is an expected 
output. 

Construction management frequently faces situations that time extent of some efforts (activities or sub-
projects) are unknown or can be estimated with significant uncertainty or it is not expedient to set them 
in advance but let them be adjusted to more certain components of the project. 

Subject of our research is the ways and tools of integrating these kinds of efforts (activities of flexible 
duration, activities broken by idle times, activities performed by parallel teams, and activities of unknown 
duration) in dynamic time model of construction projects. 

2. Historical review

At first steps of developing modern computer aided project management techniques Kelley and Walker 
[6] developed a time model on a particular structure of data that can be demonstrated by a directed
weighted graph with one originating node, with one terminal node, with no circular references, and with
non-negative weights assigned to the edges. The structure was referred as “network”. By evolution of
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computer techniques all before-mentioned restriction on data structure became omissible but the only 
one that is essential for a valid mathematical solution: no positive circular references allowed. They used 
AOA (Activity-On-Arrow) correspondence of project time elements and their in-graph representatives. 
Nodes are establishing direct links between preceding activities (represented by arrows entering the 
nodes) and succeeding activities (represented by arrows leaving the nodes). Weights of arrows are input 
values for calculations. The aim is to determine minimum overall timespan of the project, that is, to 
calculate the length of the longest by-arrow sequence(s) of directed edges (referred as Critical Path) 
between the originating node and terminating node of the graph (CPMtime model). 

Based on fast computer-aided calculations and involving time-cost trade-off of project components focus 
of time planning could be set on finding an optimal time policy for shortening the overall timespan of the 
project in a cost-effective way. Method of optimization was derived back to recursive calculations of the 
network (network time analysis) and changing the input values (weights of activities) step-by-step in a 
purposeful way for each succeeding recalculation (CPMcost model). Acceptable ranges of durations were 
set by upper bounds (normal times) and lower bounds (crash times) while the trade-off functions (cost 
slopes) between them was assumed to be linear. 

Weights (estimates on activity durations) were also in focus of examinations in technique developed for 
US Navy at the end of fifties of the last Century referred as Program Evaluation and Review Technique 
(PERT) [7]. Uncertainty of estimating time extent of activities (sub-projects) was integrated in the model 
on a probabilistic basis (assuming Beta distribution, based on triplets of time estimates for each activity: 
optimistic, realistic, and pessimistic ones) but the CPMtime typed network time analysis was derived back 
to a single calculation with deterministic values (expected durations). 

AOA typed correspondence of project elements and their graph representatives proved to be insufficient 
to model mutual dependencies of activities that can be overlapped in time. Reversed correspondence, 
that is, nodes representing activities of fixed duration and weighted arrows representing technological 
dependencies, provided tools for modelling any relative time positions of related activities. (Activity-On-
Node (AON) correspondence) Assuming linear progression of each activity Fondahl [3] and Roy [9][10] 
proposed four basic types of relations (Finish-to-Finish, Finish-to-Start, Start-to-Finish, Start-to-Start) to 
guide relative time positions of succeeding activities. But special combination of these relations together 
with fixed durations of activities can result in a paradox of durations [5][12][15] and imply negative 
weights and circular references in the graph model [13].  

Vattai and Mályusz [11] approached the network time scheduling problem in a reversed way. Find the 
longest path(s) and assign time potentials for the individual project components along them. They 
adapted the well-known Floy-Warshall algorithm [2][14] to determine all-pairs longest path(s) in the 
weighted directed graph and discarded all restrictions on the graph structure. They recalled the early 
AOA correspondence of project components and their graph representatives in a generalized way. 
Arrows are representing time extents (regardless of their technical meaning – activity duration or lead 
or lag time) and nodes are representing time positions (regardless of their technical meaning – deadline, 
milestone, or direct link). Applying various bounding schemes on acceptable ranges of activity durations, 
appropriate values of them can also be a partial output of (and not input for) network time analysis. 

This paper aims at discussing practice and proper use of bounding schemes on activity durations to 
promote modelling some scheduling challenges typical in Construction Management. 

3. Introducing lower and upper bounds on duration of activities 

Activity durations are “bounded” in all network techniques some-how. CPM, PERT, MPM, PDM imply 
activities of fixed duration only and acceptable increments or delay(s) of their timing is handled by series 
of float- or slack values (Total Float, Free Float, Independent Float for activities, Slack for events). The 
novelty of proposed General Time Model (GTM) is that actual values of durations are defined by ranges 
bounded from down, or from up, or both, or neither – instead of fixed discrete values – while the model 
keeps calculable. Below we review basic types of activities of limited duration and their application in 
context of construction projects. Figure 1 shows proposed shields for activities indicating their bounding 
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schemes and arrangement of time data (Early Start, Early Finish, Duration minimum, Duration, Duration 
maximum, Late Start, Late Finish) within them. We also introduce a denotation “CR” for a special kind 
of duplex relation, namely, for Finish-to-Finish (FF) and Start-to-Start (SS) relation together, with the 
same bounding value for defining technological breaks (succession times) between succeeding 
activities overlapped in time – regardless of their actual duration. (Graphics below have been created 
by computer application “GRProject” developed for educational purposes at BUTE DCT&M 2022-2023 
to demonstrate different types of network techniques, such as CPM, MPM and GTM.) 

 

Figure 1. Representation- and arrangement of time data in shields of activities  
of variously limited duration in app. “GRProject” 

 

Figure 2. Introducing relation CR to represent technological break  
between succeeding activities overlapped in time 

 

3.1. Milestone 

An “activity” duration of which is fixed to value “zero” (Dmin=D=Dmax=0) and is frequently referred as event 
or milestone. It has no time extent but time position. Mostly used to indicate special states or fulfilment 
of some expectations, achieving an intermediate- or ultimate target, or simply indicating a common 
deadline for some parallelly ongoing efforts. Transition of events and activities is an inherent question 
in all network techniques since duration of activities can be approached as elapsing time between two 
events (between start and finish – see CPM and PERT activities) and events can be handled as zero-
duration activities (see CPM dummy activities and MPM milestones). 

3.2. Activity of unknown duration 

Also referred as hammock activities [4]. Most of scheduling software applications available on the market 
(such as Microsoft Project, Gantt Project etc.) are – as considered – provided with tools to integrate 
activities of this kind in network time models (usually as summary activities) but the comparison is 
incorrect. In before mentioned applications time positions (starting and ending times) of these activities 
are not integrated in the network model but are projected from results of network time analysis. The 
need for integrating activities of this kind in the network time model emerges when availability of some 
resources assigned to them is essential consideration of the project. Such as: tower cranes, dewatering 
pumps, guarding-, occupying (renting) public areas etc. We can define the first time we need them during 
execution of the project, and we can define the last time too. Actual period of need for them is determined 
by other activities in the time model. Their improper use can lead to a strange situation – as an outcome 
of network time analysis – that the activity should be finished before it has been started (?!). It can be a 
true blunder – or can be an indication that progression of the activity (sub-project) would be better 
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scheduled in opposing direction than it had been assumed in advance. (This later is easier to interpret 
at linear structures such as bridges, tunnels, retaining walls, transmission lines, highways etc.) 

3.3. Intermittent activity 

Activity performance of which can be paused and restarted any times as needed in the execution period. 
Its minimum time extent can be estimated accurately but idle times are allowable during its completion. 
The range of acceptable duration is set by a lower bound only (Dmin≤D) based on the estimated time 
needed to perform the whole activity without any break. Appropriate range of idle times and the whole 
timespan to complete the activity can be derived from output of network time analysis. Losses due to 
idle times in periods of on-site works are essential problems. Assigning alternative jobs for the teams 
performing these activities can be an effective way of reducing them. Such as: formwork in, formwork 
out or temporary support in, temporary support out at concrete works of structures like retaining walls, 
bridges, tunnels, high-rise buildings, etc. Workers are performing more jobs during the execution period 
in an alternating way (“alternating team”). 

Figure 3 shows an example of applying intermittent activity and explains principles of turning primary 
results of time analysis (e.g.: early starts, early finishes) to detailed schedule of its performance. (Idle 
times are spread in time evenly.) 

Relations 1-4 below can be used to prepare a detailed schedule of intermittent activities. 
 

 (1) 

 

 (2) 

 

(3) 

 

(4) 

 

Where:  D = scheduled timespan (Duration) to complete the activity 
  ES, EF = Early Start and Early Finish of the activity, output from network time analysis 

n = number of periods of breakless performances 
S = delay (Step) time for starting succeeding period of breakless performance 
Ds = Duration of performing one breakless period 

D = EF - ES 

n = min { Dmin ; D - Dmin } 

S = D 
n 

Ds = 
Dmin 
n 
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Figure 3. Scheduling intermittent performance of activity “B”. (Dmin=DBmin=8; D=DBact=12; n=4; S=3; Ds=2) 

3.4. Distributable activity 

A strange and to be handled carefully type of activities – bot not far from construction reality. Significant 
expensive and unacceptably slow at construction site, and usually “accelerated” by mobilizing more 
parallel teams and/or machines to perform them. The number of mobilized teams/machines are usually 
set in advance, but – in an accepted range – can be derived from results of time analysis of the network 
time model. Range of acceptable duration is set by an upper bound (D≤Dmax), based on the estimated 
time needed to perform the whole activity by one team/machine. Since the minimum side is not set in 
advance, in case of uncarefully constructed time model it may occur that the activity should be finished 
before it has been started(?!) – that is an evident mistake. So, both the start and the finish of these 
activities should be guided properly by the related activities in the time model. 

Figure 4 shows an example of applying parallel teams and explains principles of turning primary results 
of time analysis (e.g.: early starts, early finishes) to detailed schedule of their performance. 

Relations 5-9 below can be used to prepare a detailed schedule for parallel teams. 

 

(5) 

 

 (6) 

 

(7) 

 

 (8) 

 

(9) 
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Where:  D = scheduled time frame (Duration) to perform the activity 
  ES, EF = Early Start and Early Finish of the activity, output from network time analysis 

C = number of parallel teams (Capacity) to be mobilized to perform the activity (rounded up) 
n = number of sections the activity is to be distributed (segmented) among 
S = delay (Step) time for succeeding parallel teams to start their sections 
Ds = Duration of performing the activity by one team in one section 

Remark: relations 5 - 9 are applicable if n>2 and Dmax ≠ k·D where k is an integer 

 

Figure 4. Applying 3 parallel teams to perform activity “B”. (Dmax=DBmax=30; D=DBact=12; C=3; n=10; S=1; Ds=3) 

3.5. Flexible activity 

Also referred as stretchable activity. Scheduled or expected duration of the activity is restricted to an 
accepted range set by a lower and an upper bound (Dmin≤D≤Dmax). Though the rest of the activities in 
construction practice is of this type, most of the network techniques do not provide a tool to involve them 
in the time model. Assigning ranges of acceptable duration values for the individual activities makes 
possible to determine the best fitting durations by the network time analysis itself [8]. That is: actual 
durations of activities are expected outputs of network time analysis. 

3.6. Activity of fixed duration 

Scheduled or expected duration of the activity is well known and its technical content is specified exactly. 
Both the lower- and the upper bound of the time extent equals to the expected duration (Dmin=D=Dmax). 
In MPM and PDM techniques it is the basic type of activities, and their durations are pre-set input values 
of network time analysis. Due to the manifold relations allowed in MPM/PDM techniques consequences 
of any changes of duration of critical activities of this kind can be forecasted via thorough analyses of 
their dominant relations [5][12][15]. 

4. Network time analysis 

In a General Time Model relative time position of each project component (activity or milestone) is 
defined by a pair of time potentials – one for its start (πs) and one for its finish (πf). Relations 10-11 are 
for calculating indices of time potentials of a project component m. 

s = 2·m – 1       (start potential)     (10) 

f = 2·m        (finish potential)     (11) 
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All restrictions on differences of time potentials are transformed to a single or to a duplex of lower bound 
typed limitation(s) (See relations 12-14). 

πj – πi ≥ τij        (lower bound)         (12) 

πj – πi ≤ τij             ≡ πi – πj ≥ -τij    (upper bound)      (13) 

πj – πi = τij             ≡  ( πj – πi ≥ τij )   ∪   ( πi – πj ≥ -τij )  (fixed value)     (14) 

 

Where:  πi and πj are related time potentials in potentials’ system 

  τij is the bounding value set on difference of time potentials πi and πj  
 

Potentials are assigned to nodes of the graph, and restriction(s) on pair-wise differences of potentials 
are represented by weighted directed edges – where weights are the bounding values themselves.  

A modified Floyd-Warshall algorithm can be used to prepare transitive closure (An) of the structure matrix 
(A0) of the weighted directed graph. Cells of the former contains length of the longest path(s) (if any) 
between all pairs of nodes. Figure 5 shows a Delphi routine for the modified Floyd-Warshall algorithm.  

 

Figure 5. Delphi routines of modified Floyd-Warshall algorithm. a[i,j] represents calculated value in i,j cell of the distance matrix. 
w[i,j]  represents weight of directed edge between nodes i and j.  E is for set of edges of the graph. M is a marker value representing 
still not discovered connection in the given relation. Running indices are for rows (i), columns (j) and recursions (k). n=2·m. 
 

Early time potentials (πj) are defined as length of longest path(s) between the starting node(s) and the 
actual node of the graph. Late time potentials (π’i) are defined as length of longest path(s) between the 
actual node and the finish node(s) of the graph. (See relations 15-17) 
 

πj = max {0, maxi aijn}  ∀ j         (15) 

Π = maxj πj = maxij aijn           (16) 

π’i = min {Π, minj (Π-aijn)} ∀ i         (17) 
 

For more details see Vattai 2016 [11]. 

5. Sample project 

To demonstrate application of above-mentioned activities here we cite some details of a small project 
to be elaborated by students of civil engineering studies at Budapest University of Technology and 
Economics. The job is to prepare time and resource estimates of building a RC retaining wall at a fictive 
highway correctional project. In our example height of the wall is 4 m and length of it is 400 m.  

According to the assignment: time and resource estimates are to be based on calculations including 
quantities, standards/outputs of performances and available capacities. Quantity of formwork can cover 

{ Preparing (A0 ) matrix }  
for i:=1 to n do 
    for j:=1 to n do begin 
        a[i,j]:= w[i,j]*; 
        { … } 
    end; 

{ Preparing transitive closure (An) of structure matrix (A0) } 
 

for k:=1 to n do                      {outer cycle, selecting node k as transitive node} 
    for i:=1 to n do                                        {inner cycles, tabular calculations} 
        for j:=1 to n do 
            if a[i,k]+a[k,j]>a[i,j] then begin                  {conditional exchange…} 
                a[i,j]:=a[i,k]+a[k,j];              {  ... of calculated values } 
                { … } 
            end; *a[i,j]:=w[i,j], if (i,j)∈E;   

  a[i,j]:=M      otherwise 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-053

Keszthely, Hungary 
20-23 June 2023

406



maximum 100 m long a section of the structure. Progressions of works are to be synchronized in time 
as much as can be. 

Figure 6 shows a schematic cross-section of the structure. GTM network time model of the project can 
be seen in Figure 7. Detailed schedule of works is presented in form of a linear schedule in Figure 8. 

 

Figure 6. Schematic cross-section of the wall 
 

Figure 7. GTM time model of works. (Summary activities and milestones are separated from the core of the model.) 

 

Figure 8. Linear schedule of works based on GTM time model (graphic output from app. “GRProject”) 
 

GTM Network Model 

Preparation 
0 
0 

22 
22 

Topsoil Exc 
16 
16 

0 
0 

16 
16 

Sheetwall 

32 
1 
5 

21 
21 

Exc.bef. Sheetw 
16 
16 

6 
6 

22 
22 

Foundation 
8 
8 

32 
32 

Trench Exc. 
16 
16 

8 
8 

24 
24 

Blinding 
16 
16 

9 
9 

25 
25 

Reinf.Found 
16 
16 

11 
11 

27 
27 

Formw.Found 
8 13 

13 
29 
29 

Concr.Found 
16 
16 

14 
14 

30 
30 

Striking Found 
8 16 

16 
32 
32 

Trench Refill 
16 
16 

32 
32 

Wall Structure 
17 
17 

38 
38 

Reinf.Wall 
16 
16 

17 
17 

33 
33 

Formw.Wall 
8 19 

19 
35 
35 

Concr.Wall 
16 
16 

20 
20 

36 
36 

Striking Wall 
8 22 

22 
38 
38 

Finishing 
27 
27 

46 
46 

Drain Refill 
16 
16 

27 
27 

43 
43 

Rem.Sheetwall 
15 
20 

29 
29 

45 
45 

Rendering 
16 
16 

30 
30 

46 
46 

MS 1 
0 
0 

MS 2 
46 
46 

FF5 
CR1 

SS1 

CR2 

CR1 CR2 CR2 CR1 CR2 CR0 

CR1 

CR2 CR1 CR2 

CR5 

CR2 CR1 

Original terrain 

New terrain 

Embankment to be demolished 

Refill 

Foundation 

Re
ta

in
in

g 
w

al
l 

Blinding 

Temporary sheetwall 

Drain fill 

Schematic Cross-section 

H 
= 

4 
m

 

ID Name 
Duration 
Minimum 

Duration 
Maximum 

Scheduled 
Duration 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 

SITE PREPARATION 
Excavating topsoil 16 16 16 
Sheetwall piling 32 20 
Excavation at the sheetwall 16 16 16 

FOUNDATION WORKS 
Excavating foundation trench 16 16 16 
Blinding 16 16 16 
Reinforcing foundation 16 16 16 
Formworking foundation 8 16 
Concreting foundation 16 16 16 
Striking, demolishing formwork 8 16 
Refilling trench along foundation 16 

WALL CONSTRUCTION 
Reinforcing the wall 16 16 16 
Formworking the wall 8 16 
Concreting the wall 16 16 16 
Striking, demolishing formwork 8 16 

FINISHING WORKS 
Drain fill behind the wall 16 16 16 
Removing sheetwall 15 20 16 
Rendering along the retaining wall 16 16 16 

Milestone 1 (Start) 0 0 0 
Milestone 2 (Finish) 0 0 0 
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Sheet-wall piling is represented by a distributable activity in the model (ID3 - red lines). Formworks are 
modelled as alternating jobs for teams performing them (ID9 and ID11 - green lines; ID15 and ID17 - 
blue lines). Trench refill of small quantity along the foundation is inserted in the model as activity of 
unknown duration (ID12 – dotted line in ochre). Progression of removing sheet-wall is represented by a 
flexible activity scheduled duration of which is also an output of GTM time analysis (ID20 - red line). 
Other jobs are built in the time model as activities of fixed duration (grey progression lines). (Summary 
activities and milestones are not indicated in the linear schedule.) 

6. Conclusions 

After a short historical review of network techniques, we introduced a General Time Model applicable to 
construct network time models including activities ranges of acceptable durations of which are set by 
lower and/or upper bound values. Via technical examples and via a small theoretical road correctional 
project we demonstrated their use in context of Construction Industry. We highlighted main differences 
of traditional network techniques used to develop dynamic time models of different types of projects and 
we also pointed at the common mathematical background of them. The proposed GTM model is based 
on calculations of all-pairs longest paths by a modified Floyd-Warshall algorithm. Research is going on 
to develop even more efficient methods and to overcome disadvantages of admittedly time and memory 
consuming Floyd-Warshall algorithm, with special consideration of sparse graphs, that is a characteristic 
feature of network time models typical in construction practice. 
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SCHEME FOR MULTI-OBJECTIVE MIXED INTEGER PROGRAMMING 
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Abstract 

The significance of time-cost trade-off is well recognized for over five decades ever since the 

development of the critical path method. This trade-off originates from the fact that faster 

accomplishment of project activities, and thereby the project as a whole, is possible should there be 

more productive resources assigned. Increasing productivity, on the other hand, typically comes at a 

cost but possibly helps avoid incurrence of additional overhead and/or penalty expenses. The precise 

determination of the balance between the planned productivity and the aforesaid costs often poses a 

tough decision to make by the management. The process of finding the proper combination of execution 

modes gets particularly complex and computationally expensive for real-scale projects. Accordingly, to 

help set the proper balance between the time and cost of large projects, an ε-constraint method is 

presented in this study featuring a clever adaptive mode elimination scheme. The proposed approach 

involves the iterative optimal solution of the trade-off problem over the feasible project durations. For 

each project realization, the complexity of the optimization problem is first reduced with the aid of the 

adaptive mode elimination by discarding the redundant execution mode(s). This study uses mixed 

integer linear programming for formulation and development of the proposed model and uses a project 

example borrowed from the literature to experiment its usefulness. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: ε-constraint method, mixed integer programming, mode elimination, multiobjective optimization, 

network reduction. 

1. Introduction

The main objectives of most projects are completing them on time, within budget, and with high 

stakeholder satisfaction. In the construction industry, competition among companies often involves 

offering unique scheduling proposals that result in reasonable profits. Project stakeholders typically aim 

to complete projects as efficiently as possible to free up resources and gain financial benefits. There are 

often multiple alternatives available for execution of each project activity in terms of both duration and 

cost. Many activities can be performed using more efficient construction methods or by allocating 

additional resources for speeding them up. Decision-makers seek to expedite the project while 

minimizing extra expenses by finding the best range of alternatives for performing project activities and 

taking advantage of slack times in the project network. To achieve this, decision-makers strive to find 

the optimal balance between direct and indirect project costs since on the one hand, reduced project 

duration leads to a decrease in the project cost, on the other hand, the additional direct costs required 

for acceleration will outweigh the amount of indirect cost savings due to the duration reduction. 

Achieving a suitable trade-off between the cost and duration of a project is thus an intricate and 

computationally challenging problem solving which necessitates taking a systematic approach. The 

issue of balancing time and cost in a project, which is commonly known as the time-cost trade-off 

problem (TCTP), has been widely recognized in the literature and studied under various assumptions. 

Within the body of literature, there are three common types of the time-cost trade-off problem (TCTP) 

that have been studied: the deadline problem, the budget problem, and the Pareto front problem. The 

goal of the deadline problem is to identify a set of time-cost alternatives that will minimize the total cost 
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of a project, including bonuses and penalties, while adhering to a given deadline [1,2]. The budget 

problem, on the other hand, seeks to minimize the duration of the project without exceeding the allotted 

budget [3]-[6]. Finally, the Pareto front problem, being the focus of this study, involves identifying the 

non-dominated time-cost profile over the set of feasible project durations to generate the efficient frontier 

known as the Pareto front [7]. 

The research area of TCTP first emerged in the 1960s, coinciding with the introduction of project network 

analysis techniques by Kelley and Walker [8], Fulkerson [9], and Kelley [10]. Since then, there has been 

significant progress in this domain, fueled by advancements in computer science and technology. There 

exists a substantial body of research that focuses on different variants of this problem and seeks to 

develop effective solutions that can help decision-makers navigate the complexities involved in 

balancing time and cost objectives. As such, it has attracted significant attention from scholars, 

researchers, and practitioners alike, who pursue developing practical solutions that can be applied in 

real-world situations. The ongoing efforts to develop more effective and efficient methods for managing 

the TCTP reflect the importance of this problem in project management and the significant impact it can 

have on a project's success. These methods mainly include heuristics, exact approaches, among others. 

Such methods differ in terms of their computational complexity, solution quality, and applicability to real-

world situations. Due to their capability in locating the optima, many exact approaches have been used 

to model TCTP, such as linear programming proposed by Kelley [10], dynamic programming by Butcher 

[3], hybrid linear/integer programming by Liu et al. [11], and branch-and-bound algorithm by 

Demeulemeester et al. [2]. Though, it is a well-known fact that  exact methods tend to require great 

computational effort. Accordingly, several researchers have attempted to simplify TCTPs through 

various reduction techniques. As such, the notion of reducing the size of TCTP through mode elimination 

is not a new concept and has been previously explored in the literature for both the deadline and the 

budget problems. The most noteworthy of the studies on problem size reduction are due to Akkan et al. 

[12], Hafizoglu and Azizoglu [13], who explored utility of mode elimination in the deadline TCTP, as well 

as Degirmenci and Azizoglu [14], who examined the use of a similar technique in the budget TCTP. 

However, to the best of author’s knowledge, this study is the first to examine the potential benefits of 

integrating mode elimination into the truly multi-objective Pareto front TCT problem. The proposed 

methodology employs a dynamic problem size reduction mechanism, which leads to the concept of 

adaptive mode elimination, and provides a novel contribution to the literature on TCTP research. By 

leveraging this approach, this study aims to enhance the efficiency and effectiveness of the solution 

procedure for Pareto front TCTPs, which are inherently complex and require decision-makers to 

consider multiple objectives instantaneously. Therefore, this study presents an ε-constraint method that 

incorporates an adaptive mode elimination technique to assist in achieving the optimal balance between 

project duration and cost specifically for large Pareto front TCTPs. The proposed approach entails an 

iterative process of solving the deadline TCTP over the complete set of feasible project durations via 

adjusting the ε value. At each level of ε, the size of the search space gets reduced with the aid of the 

clever adaptive mode elimination by detecting and discarding the redundant execution mode(s). The 

redundant modes are detected as the ones which cannot contribute to capturing of the current ε. The 

mixed integer linear programming (MILP) method is utilized to formulate and develop the proposed 

optimization model. In order to explore effectiveness of the present method, a benchmark TCTP is 

borrowed from the literature. Comparisons are made between the reduced and unreduced search 

spaces highlighting the usefulness and efficacy of the proposed optimization model. 

The remainder of this paper is organized as follows. Section 2 elaborates on the steps of the proposed 

optimization model. In Section 3, the proposed approach is experimented for reduction of multi-objective 

search space. Finally, Section 4 provides conclusions. 

2. Methodology 

As an activity gets expedited, a decline in productivity is expected to happen after a certain point due to 

several reasons including congestion of the construction site. Accordingly, individual activities forming 
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a TCTP will lead to a convex solution space. Convexity of the solution space, on the other hand, 

facilitates converging to global optima even for large TCTPs using mathematical models, should there 

be no limitation on the processing computer’s memory. In this study, the mathematical model is 

formulated using mixed integer linear programming (MILP) and Gurobi Solver version 9.5.1 is employed 

to solve the model. The proposed optimization procedure incorporates a particular strategy to reduce 

the problem size that helps solve complicated Pareto front problems with substantially reduced 

computational effort and time. 

Mathematical formulation 

The formulation used to construct MILP for Pareto front time-cost trade-off problem is given in Eqs. (1)-

(7). 

 (1) (2)( , )minimize f f=f  (1) 
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where; (1)f  denotes the first objective function, i.e., duration; (2)f  denotes the second objective 

function, i.e., cost; jkdc  is the direct cost of k -th mode of j -th activity; jkx  is a binary variable which is 

set to 1 when k -th mode is selected for j -th activity, is set to 0 otherwise; ic  denotes the rate of daily 

indirect cost; jkd  is the duration of k -th mode of j -th activity; jSt  is the start time of j -th activity; jFt  

denotes the finish time of j -th activity; and jSc  is the set of immediate successors for j -th activity. Eq. 

(1) defines the objective function for the Pareto front TCTP. Objective function of cost is calculated per 

Eq. (2). Constraint defined as Eq. (3) secures selection of only a single time-cost alternative at a time 

for each activity. The precedence relationships are sustained using Eq. (4). Constraints defined as Eqs. 

(5) and (6) represent the bounds on project duration based on ε’s value and the finish time of the last 

activity. Start time of the first activity is set using Eq. (7). 

Adaptive mode elimination technique 

As discussed earlier, reducing the dimensionality of a problem would exponentially decrease the search 

space, leading to a significant reduction in computational effort. One way to decrease the dimension of 

a TCTP is to systematically eliminate the execution modes that cannot contribute to achievement of a 

particular project duration. This problem size reduction technique is hailed as mode elimination which is 

established based on the preprocessing techniques described by Akkan et al. [12]. Mode elimination 

has been the subject of research studies focusing on deadline TCTP [12,13] and budget TCTP [14] but 

has never been deployed for solution of Pareto front TCTP. To address this gap in the literature, a clever 

adaptive mode elimination strategy is proposed in this study which specifically aids unravelling Pareto 

front TCTPs. The optimization model of the present study incorporates the adaptive mode elimination 

into the well-established ε-constraint method [15]. The ε-constraint-based method involves iterative 

solution of the deadline TCTP by sweeping ε from minimum possible duration to maximum possible 

duration in steps of one. At each level of ε, the adaptive mode elimination reduces the problem size by 
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discarding the redundant time-cost mode(s) as follows. Initially, for each activity, the associated all-

crashed mode is selected and CPM calculations are carried out. Next, the so-called long modes are 

identified per Eqs. (8)-(10) and eliminated since they cannot contribute to capturing of the current ε. 

Discarding the so-called short modes at the current ε level ensues subsequent to elimination of the long 

modes as follows. For each activity, the corresponding all-normal mode is selected and CPM 

calculations are performed. Next, short modes are eliminated per Eqs. (11)-(13) since their contribution 

to achieving the current value of ε is null. 

eliminating long modes: 

 C SLF = −  (8) 

 j j CLF LF = +  (9) 

 
if 2 remove modes 1 to

otherwise, dismiss

j j jkLF ES d k
Decision

− + 



 (10) 

 

eliminating short modes: 

 N SLF = −  (11) 

 j j NLF LF = −  (12) 

 
if 1 remove modes 1 to ( )

otherwise, dismiss

j j jkLF ES d k m j
Decision

− +  +



 (13) 

     {1,..., ( )}{1,..., } andS kj m j     (14) 

 

where; C  denotes the difference between ε and late finish time of the last activity in all-crashed 

schedule; jLF represents the late finish time of j -th activity; jES is the early start time of j -th activity; 

jkd  denotes duration of k -th mode of j -th activity; and N denotes the difference between ε and late 

finish time of the last activity in all-normal schedule. 

Upon completion of the first round of mode elimination, the schedules containing the all-crashed and 

the all-normal modes are updated based on the remaining shortest and longest modes. Further 

elimination of long and short modes is carried out in accordance with the conditions outlined in Eqs. (8)-

(14). This process of adaptive mode elimination is repeated until no further long or short modes can be 

eliminated using the aforementioned rules. As per the proposed optimization method, the simplified 

problem is utilized to identify the optimal solution for the current ε level. Following this, the value of ε is 

incremented by one, and the size reduction rules mentioned earlier are applied once again to reduce 

the search space. This process of mode elimination and optimization is then repeated iteratively until all 

feasible completion durations have been explored. Pseudo-code given in Fig. 1 describes the main 

steps involved in implementation of the proposed algorithm. The overview of this methodology is 

presented as a flowchart in Fig. 2. Based on the MILP formulation described in Eqs. (1)-(7) and the 

adaptive mode elimination rules presented in Eqs. (8)-(14), a Gurobi Optimization model is created using 

C# on Visual Studio 2019. 
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Algorithm (f) 

1 PF ←   

2 While (  ≤ max ) { 

3  Apply Mode Elimination rules (8)-(14) for ε 

4  Solve MILP formulation (1)-(7) for ε 

5  Sol ← ( (1)f , (2)f ) 

6  if (Sol ≠ nil ˄ (∄ Solʹ ∊ PF : (2)

Solf  
 < (2)

Solf )) { 

7   PF ← (PF ∪ {Sol}) \ {Solʹ ∊ PF : Sol ≻ Solʹ} } 

8    ←   + 1 } 

9 return (PF) 

Fig. 1. Pseudo-code of the proposed optimization method. 

Start

Initiate ε

Set kj = m(j)

  j        S}
Perform CPM δC = ε ˗ LFS

LFj = LFj + δC LFj – ESj + 2    djk j = j + 1

Remove

     k} j    S

Set kj = 1

  j        S}

Perform CPM δN = ε ˗ LFS j = 1

LFj = LFj ˗ δN LFj – ESj + 1 >  djk j = j + 1

Remove 

{k+1,  m(j)} j    S

ε = ε + 1

ε   εmax

Return PF

No

Yes

No

No

Yes

No

Yes

Yes No

Yes

Solve MILP Add Sol to PF

 

Fig. 2. Flowchart of the proposed optimization method. 

 

3. Computational experiments 

The proposed reduction strategy is experimented for optimization of a well-studied benchmark TCTP 

which was introduced by Hegazy [16]. The activity-on-node (AoN) representation as well as the time-

cost modes of this problem are given in Fig. 3. As seen in Fig. 3, this TCTP contains 18 activities and 

up to five time-cost execution modes, with a single activity having two modes, ten activities with three 
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modes, two activities with four modes, and five activities having five modes. Therefore, this problem can 

be configured in numerous distinct mode combinations, resulting in 5,904,900,000 possible schedules. 

The effects of the adaptive mode elimination strategy on the performance of the proposed optimization 

method is explored by comparing the results over this benchmark TCTP by assuming an indirect cost 

of $0/day. 
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Fig. 3. Unreduced problem. 

Table 1 provides the details of the obtained results by shedding light on the size of the reduced search 

spaces associated with every value of ε. In addition, a general overview of the impact of the mode 

elimination technique is covered in Table 2. As can be followed from Table 1, the ε-constraint-based 

method can achieve 44 non-dominated solutions ranging from (100 day, $133.320) to (169 day, 

$99,740). With reference to Table 2, size of the search space can be reduced at least by 96.29% down 

to size 218,700,000, for ε’s 118, 119, 120, 121, 122, 124, and 125. On the other hand, the size of the 

search space is reduced by a maximum amount of 99.99% down to size 48, at ε=100. Figs. 4 and 5 are 

presented to exemplify how adaptive mode elimination removes the redundant modes at the two 

extreme points of ε=100 and ε=169, respectively. It should be pointed out that in these illustrations, the 

dimmed text indicates that the time-cost mode has been discarded. As can be followed from Fig. 4, there 

can be 113×24×31, i.e., 48 possible configurations when all combinations of the retained modes are 

considered. Similarly, it can be seen from Fig. 5 that for the reduced problem, a total of 111×27, i.e., 128 

different realizations are possible at ε=169. Such remarkable drops in the search space complexity can 

potentially lead to significant reductions in computational burden of Pareto-oriented TCTP analysis. 
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Fig. 4. Reduced problem at ε=100. 
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Fig. 5. Reduced problem at ε=169. 

The potential of the adaptive mode elimination is demonstrated by successfully reducing the search 

space of the employed problem and the results are summarized in Table 1. The first row of this table 

(shown in italics) presents the unreduced number of available activity modes and the corresponding 

size of search space for any duration between 100 and 169 days. The remainder of the table provides 

insight as to how the mode elimination mechanism enables reducing the search space per each level 

of ε. The computational experiment indicate that the proposed method is capable of locating Pareto front 

for this instance by searching merely a significantly small fraction of the search space. In fact, as 

summarized in Table 2, only 3,013,047,572 possible schedules are explored instead of 

259,815,600,000, subsequent to reducing the problem per the proposed strategy. This is due to the fact 

that a conventional ε-constraint method would have explored 44×5,904,900,000=259,815,600,000 

number of schedules for this problem had it not been reduced by the adaptive mode elimination strategy. 

It can therefore be claimed that the proposed method is capable of capturing the entire efficient frontier 

by searching only 1.16% of the unreduced search space required to be explored for the 44 Pareto 

solutions. 

     Table 1. Pareto front achieved through iterative problem size reduction. 

Duration 
(day) 

Total Cost 
($) 

No. of Available Modes 
 Search Space  

Reduction 
(%) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

100-169  133,320-99,740  5 5 3 3 4 3 3 5 5 3 3 4 3 3 2 5 3 3 5,904,900,000 0.00 

100 133,320 1 1 1 1 2 1 3 1 1 1 2 1 1 2 1 2 1 1 48 99.99 

101 128,320 2 1 1 1 3 1 3 1 1 1 3 1 1 2 1 2 1 1 216 99.99 

102 128,070 3 1 1 1 3 1 3 1 1 1 3 2 1 2 1 2 1 1 648 99.99 

103 127,820 3 1 1 1 3 1 3 1 2 1 3 2 1 1 1 1 1 1 324 99.99 

104 120,320 3 3 1 1 4 2 3 2 2 1 3 2 1 2 2 3 2 1 124,416 99.99 

105 120,070 3 3 1 1 4 2 3 2 3 1 3 2 1 2 2 2 2 1 124,416 99.99 

106 119,820 3 5 1 1 4 2 3 3 3 1 3 3 1 3 2 4 2 2 2,799,360 99.95 

107 119,770 4 5 1 1 4 2 3 5 3 2 3 3 1 3 2 5 2 2 15,552,000 99.73 

108 119,270 4 5 1 1 4 2 3 4 4 2 3 4 1 3 2 5 2 2 22,118,400 99.62 

109 119,020 4 5 1 1 4 2 3 5 4 2 3 4 1 3 2 5 2 3 41,472,000 99.29 

110 106,270 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

111 106,020 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

112 105,770 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

114 105,270 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

115 105,020 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

116 104,770 5 5 1 1 4 3 3 5 5 2 3 4 1 3 2 5 3 3 145,800,000 97.53 

118 104,470 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

119 104,220 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

120 103,970 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 
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Duration 
(day) 

Total Cost 
($) 

No. of Available Modes 
 Search Space  

Reduction 
(%) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

121 103,820 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

122 103,570 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

124 103,070 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

125 102,820 5 5 1 1 4 3 3 5 5 3 3 4 1 3 2 5 3 3 218,700,000 96.29 

126 102,570 5 5 1 1 4 3 3 4 5 3 3 4 1 3 2 5 3 3 174,960,000 97.03 

128 102,320 5 5 1 1 4 3 3 3 5 3 3 4 1 3 2 5 3 3 131,220,000 97.77 

131 102,170 5 5 1 1 4 3 3 3 5 3 2 4 1 3 2 5 3 3 87,480,000 98.51 

132 101,970 5 5 1 1 4 3 2 2 5 3 2 4 1 3 2 5 3 3 38,880,000 99.34 

133 101,820 5 5 1 1 4 3 2 2 5 3 2 4 1 3 2 5 3 3 38,880,000 99.34 

134 101,570 5 5 1 1 4 3 2 2 5 3 2 4 1 3 2 5 3 3 38,880,000 99.34 

137 101,510 5 5 1 1 3 3 1 1 5 3 1 4 1 3 2 5 3 3 3,645,000 99.93 

138 101,470 5 5 1 1 3 3 1 1 5 3 1 4 1 3 2 5 3 3 3,645,000 99.93 

139 101,170 5 5 1 1 3 3 1 1 5 3 1 4 1 3 2 5 3 3 3,645,000 99.93 

140 100,970 5 4 1 1 3 3 1 1 5 3 1 4 1 3 2 4 3 3 2,332,800 99.96 

142 100,870 5 3 1 1 2 3 1 1 5 3 1 4 1 3 2 3 3 3 874,800 99.98 

143 100,770 5 3 1 1 1 3 1 1 5 3 1 4 1 3 2 3 3 3 437,400 99.99 

145 100,570 5 2 1 1 1 3 1 1 5 3 1 4 1 2 2 3 3 3 194,400 99.99 

148 100,270 5 1 1 1 1 3 1 1 5 3 1 4 1 1 2 1 3 3 16,200 99.99 

151 100,070 5 1 1 1 1 3 1 1 5 3 1 4 1 1 2 1 3 3 16,200 99.99 

154 100,010 5 1 1 1 1 3 1 1 5 3 1 4 1 1 2 1 3 3 16,200 99.99 

156 99,950 5 1 1 1 1 3 1 1 4 3 1 4 1 1 2 1 3 3 12,960 99.99 

158 99,900 5 1 1 1 1 3 1 1 3 3 1 4 1 1 2 1 3 3 9,720 99.99 

159 99,870 5 1 1 1 1 3 1 1 3 2 1 4 1 1 2 1 3 3 6,480 99.99 

161 99,820 4 1 1 1 1 3 1 1 2 2 1 4 1 1 2 1 3 3 3,456 99.99 

169 99,740 2 1 1 1 1 2 1 1 1 2 1 2 1 1 2 1 2 2 128 99.99 

 

     Table 2. Search space comparison for unreduced and reduced problems. 

Description Value 

Size of smallest reduced search space 48 

Size of largest reduced search space 218,700,000 

Size of avg. reduced search space 68,478,354 

Min reduction in search space (%) 96.29 

Max reduction in search space (%) 99.99 

Overall size of unreduced search space for locating 44 Pareto solutions 259,815,600,000 

Overall size of reduced search space for locating 44 Pareto solutions 3,013,047,572 

Percent reduction in overall size of search space for locating 44 Pareto Sols (%) 98.84 

 

4. Conclusions 

The significance of achieving an adequate balance between cost and duration of a project has been 

already well debated in the time-cost trade-off problem (TCTP) literature. However, studies focusing on 

this matter have scarcely addressed the potential of reduction techniques for Pareto front TCTPs. Of 

the problem size reduction technique, mode elimination has been the subject of research studies 

focusing on deadline and budget TCTPs but has never been deployed for solution of the more complex 

Pareto front variant. Accordingly, this study proposes a clever adaptive mode elimination strategy 

particularly designed for unravelling Pareto front TCTPs. The optimization model of the present study is 

based on the conventional ε-constraint method featuring the proposed clever adaptive mode elimination 

strategy. This optimization model is formulated and developed using mixed integer linear programming 

(MILP) and its effectiveness is experimented using a benchmark TCTP taken from the literature. It is 

shown that by leveraging this approach, the entire efficient frontier of the benchmark instance can be 

captured by exploring less than two percent of the overall unreduced search space. Such remarkable 

reductions in the solution space can potentially speed up the search and lower computational complexity 
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of Pareto front TCTPs that are inherently complicated and require decision-makers to consider multiple 

objectives instantaneously. 
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Abstract 
Modular construction is well known for its ability to provide numerous productivity and overall cost 
benefits over the conventional stick-built method through sophisticated off-site environments. 
However, although the advantages of modular construction are recognized, it is still considered a 
secondary means for delivering construction projects in the U.S. Consequently, modular projects often 
fail to achieve full benefits due to stakeholders’ lack of expertise and experience. Existing studies 
examined the on- and off-site modular process optimization, whereas module transportation is 
relatively unconsidered. Among the modular benefits, the expedition of construction project 
schedules is paramount as it directly impacts the project delivery time. A meaningful portion of time 
for modular projects is allocated for transporting the completed module to its final installation spot, 
and its optimization will contribute to the project schedule expedition. Accordingly, this paper, 
through the examination of the volumetric modular house transportation project, will identify 
potential schedule-delaying elements and recommend corrective measures that will minimize, if not 
eliminate them. Transportation time stamps were collected with the two sets of 2 channel dashcams 
installed inside the module and divided into three stages (Lifting, Transporting, and Offloading). The 
modular project took two days to complete, going over the anticipated 10-hour duration. The most 
impactful schedule-delaying elements originated from the use of lumber stacks as temporary supports 
for hydraulic jacks and disconnected tandem axle dollies for the bogey support system. The analysis 
conducted by this paper will help industry stakeholders eliminate the schedule-delaying elements of 
modular transportation projects and achieve the full benefits of modular construction. 

Keywords: construction optimization, modular challenges, modular construction, modular drivers, 
module transportation. 

Introduction 

In essence, modular construction substitutes most of the on-site work hours, with off-
site work hours, and in controlled off-site factory environments [1]. Off-site module 
manufacturing tasks and remaining on-site tasks, such as foundation work, can be 
commenced concurrently, which is one of the biggest advantages of modular construction 
over stick-built methods [2,3]. However, as it stands, the stick-built method is still adopted in 
the U.S. construction industry as the primary method for delivering construction projects [1]. 
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There exist distinct differences and constraints, with the most notable ones including module 
design envelope considerations, high initial investment costs, and enhanced coordination and 
alignment on goals among project stakeholders from the early project planning phase [4]. 

These constraints must be met in order to successfully obtain the full benefits of using 
modular construction – which the stick-built accustomed U.S. construction stakeholders 
struggle to address, hindering a smooth transition from one method to another [5]. Such 
transition-hindering elements are often labeled as ‘modular challenges’ and pose the need 
for research efforts to establish appropriate measures to help the companies incur full 
modular benefits. Many research efforts have been allocated to bridge the expertise and 
experience gap through the identification of critical factors dictating modular projects’ 
performances to aid stakeholders in adopting appropriate practices and making modular 
decisions [6,7,8,9]. 

The modular construction processes include an additional phase of transporting the 
off-site manufactured module to its final job site location via tractor-trailers on the roads. A 
meaningful portion of time is allocated for this additional phase. First, the module is lifted at 
the fabrication location, most commonly using cranes or forklifts [10]. Second, the module is 
loaded and secured to the trailer beds. Last, the module is unloaded at its on-site installation 
spot, marking the completion of the transportation phase. In the U.S., the current module 
transporting practices are often unoptimized, meaning modular projects experience schedule 
losses during the transportation phase. 

Despite the aforementioned shortcomings, no previous research was identified that 
examined the potential module transportation schedule optimization. Therefore, this paper 
conducted a case study with the transportation of a volumetric modular house, ‘Mojave 
Bloom,’ fabricated by the team Las Vegas from the University of Las Vegas, Nevada, for the 
2021 Solar Decathlon competition to identify potential schedule-delaying elements. Time 
stamps for each notable activity were created, and their schedule efficiency was validated by 
rationalizing the total time consumed to complete them. Ultimately, this paper recommends 
more schedule-efficient alternative practices and/or equipment to lift, transport, and offload 
the volumetric module. 

Literature Review 

For lifting and offloading multi-module structures, it is optimal to use the crane [11]. 
Limited Jobsite access, overhead power lines, and public safety concerns are the notable 
constraints of using crane lifting. Thus, forklifts or other more flexible substitute means of 
lifting equipment could be more desirable. The modular construction industry does not have 
federally regulated building codes such as HUD-Code [12]. Therefore, the volumetric module's 
dimensions and weight can vary, and they are mainly dictated by the respective states' 
building codes from which the modules are being manufactured and delivered. The volumetric 
modules typically weigh up to tens of thousands of pounds and have widths ranging from 10 
~ 16 ft., with 12 and 14 ft. being the most common. The length spans up to 70 ft. with 2 ft. 
increments and the height ranges from 11 ft. to 13 ft [5,12]. The cost increases as the 
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transportation distance increase, thus the typical maximum transportation distance is 125 
miles, and anything beyond that is considered economically impractical [13,14].  

The review conducted considered the volumetric module transportation to comprise 
three sub-phases: Lifting (1), Transporting (2), and Offloading (3), and it was identified that 
design compliance and safety were the most common research themes among the previous 
studies. No study was identified that examines the potential modular project schedule 
expedition by optimizing the three transportation sub-phases. A decent portion of the 
modular project schedule is dedicated to the transportation phase – its optimization will 
meaningfully compress the overall project schedule, and the lack of research led to the 
recognition of the need for research.  

This paper aims to identify schedule-delaying unoptimized lifting, transporting, and 
offloading practices for a Mojave Bloom modular house transportation project based on the 
time stamps created using dashcam footage and ShockLog time data slots for each activity, 
and, upon the completion of identification, corrective measures will be rationalized. 

Methodology 

 The selected modular house subjected for the transportation and case study was 
‘Mojave Bloom,’ designed and developed by UNLV’s 2021 Solar Decathlon team and 
Design+Build Studio. The modular house was first located at the off-site fabrication yard on 
top of the steel piers. A hydraulic jack supported by a lumber stack was used for the lifting and 
was installed at each corner of the modular house. For transportation, two tandem axle dollies 
were attached underneath the rear of the modular house, and its front was attached to the 
fifth wheel hitch of a truck tractor. Hydraulic jacks and lumber stacks were used again to 
offload the modular house. The measures adopted for the lifting, transportation, and 
offloading phases are visually represented in Figure 1. 

 

 

Figure 1. Lifting with hydraulic jacks (left), Transportation using tandem axle dollies (middle), 
Offloading with hydraulic jacks (right) 

The sub-phase ‘transportation’ in this paper indicates the period between when the 
modular house exited the fabrication yard and when it arrived at its installation spot. The 
transportation distance was approximately 13.2 miles from the off-site location to the final 
job-site location. The work stopped with the completion of the Transportation phase and 
resumed the following day with the offloading phase. 
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ShockLog 298 sensor and two sets of BlackVue DR750-2CH dash cameras were 
installed inside the modular house for data collection. The sensor was set to record time slots 
once every ten seconds through all processes of the transportation. The dash camera footage 
displayed the time and speeds at which the modular house was traveling. The recorded time 
slots were exported in CSV format. The time slots collected before the commencement of the 
lifting phase and after the completion of the offloading phase were discarded. After the 
screening process, time slots were manually matched accordingly with the speeds displayed 
on the dash cameras for the transportation sub-phase. The matched data points were then 
distributed into the three sub-phases by visually referencing the footage recorded for making 
distinctions among the sub-phases. The analysis was conducted for each sub-phase based on 
the allotted data and recommendations on alternative corrective measures are discussed in 
the discussion section. The overall workflow adopted for this paper is illustrated in Figure 2. 

 

Figure 2. Module transportation schedule-delaying elements analysis workflow 

Results and Discussion 

 The Mojave Bloom modular house transportation project took two days to complete, 
going over the anticipated 10-hour duration. Excluding the idle time when the transportation 
was halted, the project took 15 hours and 30 minutes to complete. The time stamps for each 
phase and their respective descriptions are shown in Table 1. 

Table 1. Transportation time stamps  

Phases Time Stamps Description 

Lifting 
8:34 AM Begin lifting 
12:56 PM Attached to truck 
2:09 PM Leaving Off-site 

Transportation 

2:10 PM On road 
2:18 PM Bogey support failure 
2:28 PM Resumed 
3:18 PM Job-site arrival 
5:32 PM Installation spot 

Offloading 
8:50 AM Begin offloading 
12:13 PM Equipment removed 
3:20 PM Approximate completion 
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Lifting 

A few layers of lumber stacks were utilized with each hydraulic lift as its lifting capacity 
could not lift the modular house high enough to install the two axle dollies, and a wooden 
beam was used to establish a bogey support system by connecting the two axle dollies. The 
front side of the modular house was lifted once again after installing the axle dollies to be 
connected to the truck’s fifth wheel. Table 1 shows that there was a delay of 1 hour 14 minutes 
after the modular house was lifted, which was necessary to balance the bogey support system 
and the truck tractor with the modular house. In total, the lifting phase took 5 hours and 35 
minutes to complete. 

Transportation 

The transportation took 3 hours and 22 minutes to complete. While on the roads, a 
wooden beam used as a part of the bogey support system failed and caused a delay of 10 
minutes. Due to the balancing issues, the modular house was traveling noticeably slower than 
the posted speed limits, taking a total of 58 minutes of on-road time for 13.2 miles distance –
a 32-minute trip assuming moderate congestion according to Google Maps. The traveling 
speeds of the modular house on roads are represented in Figure 3. 

 

Figure 3. Traveling speeds vs. posted speed limits  

 The transportation route included seven different roads and excluded highways. 
There were thirteen stops, and excluding these instances, the average traveling speed of the 
modular house was 14 mph, and the top speed was only 30 mph in the 45-mph zone. The 
posted speed limits were 25, 35, and 45 mph. On average, the traveling speed was 59% slower 
than the posted speed limit. The entrance to the job site was extremely limited, with a 6-inch 
concrete slab on its path, as shown in Figure 4. Given the balancing issues with the bogey 
support system, a careful and time-consuming maneuver was necessary. The modular house 
was located at its installation spot 2 hours and 14 minutes after it arrived at the job site. 
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Figure 4. Modular house job site installation spot 

Offloading 

The work halted for the day and resumed after 15 hours and 18 minutes of idle phase 
with offloading phase, which took approximately 6 hours and 33 minutes to complete. As 
shown in Figures 1 (right) and 4, two sections of the metal fences lined up adjacent to the 
modular house were temporarily removed to allow sufficient space for hydraulic lift and 
lumber stacks to be placed. The hydraulic lifts then directly offloaded the modular house, 
marking the completion of the Mojave Bloom transportation project. 

Conclusion and Recommendation 

 This paper conducted case study research with the Mojave Bloom transportation 
project to identify the potential schedule-delaying elements in the practices adopted. Given 
the originally anticipated 10-hour duration and counting the 15 hours and 18 minutes long 
idle phase, the accumulated delays throughout all phases of the modular house 
transportation was 15 hours and 48 minutes. Among all elements identified, the use of the 
alternatives for lifting and transporting measures in hydraulic jacks + lumber stacks and a 
bogey support system comprising two disconnected tandem axle dollies + a wooden beam 
were the two most impactful schedule-delaying elements. During lifting, the need for manual 
stacking of lumbers incurred schedule delays. A wooden beam failure that occurred after eight 
minutes of being on the road only resulted in 10 minutes of delay, but it could have caused a 
more significant delay. On roads, the modular house was traveling on average 59% slower 
than the posted speed limits due to the balancing issues with the bogey support system, which 
led to a delay of 26 minutes. Similar to lifting and transportation, the lumber stacks and bogey 
support system have caused delays during the offloading phase. 

 As discussed earlier in the literature review section, Forklifts had been a well-known 
flexible alternative to crane lifting, but a case with the Mojave Bloom validates the use of 
hydraulic jacks as another alternative method for lifting. However, it seems desirable to adopt 
hydraulic jacks with sufficient lifting capacity to avoid having to additionally lift the modular 
house manually. The bogey support system as an alternative for the typical flatbed tractor-
trailer was also validated to an extent, but the use of axle dollies with pre-established 
connections is recommended. 
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 The typical maximum transportation distance of a volumetric module is 125 miles, 
and the Mojave Bloom was only transported for 13.2 miles. If the distance was to be longer, 
the schedule delays incurred from avoiding highways and traveling on average 59% slower 
than the speed limits could have been more impactful. Moreover, no other case projects that 
provided the time consumed to complete each of the lifting, transporting, and offloading 
phases of the volumetric module using other alternative equipment were available. A 
comparison of times spent for each phase of each project was unavailable, hindering full 
validation of the schedule delays identified in this paper. Regardless, this paper identified 
potential schedule-delaying elements and recommended adequate corrective measures that 
will help the practitioners optimize module transporting practices to incur the full benefits of 
modular construction. 
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SCHEDULES THROUGH REPETITIVE SPATIOTEMPORAL MODEL 

Adel Francis1 
1 École de technologie Supérieure, Quebec University , Montreal, Canada 

Abstract  
Traditional planning models, based on Gantt-Precedence logic, focus on defining activities and 
establishing their constraints. Resources can then be assigned to those activities. Spatial constraints 
are usually neglected, resulting in site congestion or relaxation. This is due to the lack of representation 
of the sequence of work and supply flows on the site. Spatiotemporal models are considered more 
appropriate, especially for planning the construction of buildings projects. These models simultaneously 
consider activities, resources, and space as constraints to construct a realistic execution schedule. In 
addition, multi-story buildings share many common components and activities. Thus, it is plausible to 
think of establishing standardization in order to create an automated system to support the construction 
of validated schedules. The objective of this study is to develop an automated and standardized 
approach for creating construction schedules for multi-story buildings. Using the data from many studies, 
a mapping of multi-story construction schedules through repetitive spatiotemporal approaches can be 
created to allow for a consistent and systematic representation of the schedule. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

For planning building construction projects, the Gantt/Precedence diagram, which presents the critical 
path of execution, has an almost absolute monopoly. Despite this, managers still encounter many 
difficulties in using this method, despite countless research works aimed at improving it. In addition to 
the anomalies related to the calculation of the critical path and the activities margins, this method is 
unsuitable for the planning of repetitive building projects, because it is difficult to show the sequence of 
work in the different units, zones or floors. Spatiotemporal scheduling is then more appropriate due to 
its ability to consider activities, resources and spaces simultaneously. The strength of this modelling lies 
in its ability to easily simulate different site conditions in graphical form and acting as a visual optimization 
tool that does not require complex calculations based on incomplete parameters, as suggested by 
algorithmic optimization methods. The objective of this study is to develop an automated and 
standardized approach for creating construction schedules for multi-story buildings. Using the data from 
many studies, a mapping of multi-story construction schedules through repetitive spatiotemporal 
approaches can be created to allow for a consistent and systematic representation of the schedule. 

The main objective of this research is to automate and standardize multi-story building construction 
schedules using repetitive spatiotemporal models. The goal is to use spatiotemporal models that link 
spatial and temporal aspects, promote efficient site utilization, and ensure suitable rotation of the 
workforce as the basis for normalizing multi-story construction schedules. 

2. Linear Projects

Planers and the researchers share their disagreement to apply the Bar chart and the Critical path Method 
CPM to the linear projects. The essential reason is the weaknesses of these methods to apply changes 
to the various repetitive units. [1] note that the CPM are unable to distinguish between the progression 
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rate of activities and the number of completed units. Another reason is that they do not support a 
continuity of use of each type of resource. The concept of these methods rests on the fact that the 
interventions of the resources are specific and planning is directed according to requirements of 
precedence between the activities. [2] mentions that schedules oriented by resources are more realistic 
than those dominated by activities. These methods show graphically any imbalance due to uneven 
progress of activities and quickly allow the manager to quantify the deviation [3]. The inability of CPM to 
accurately model the continual and repetitive nature of linear construction has been identified by several 
authors [4; 5; 1]. Briefly, these limitations include arbitrary division of repetitive activities from one 
location to another, inability to plan continuity of resources, large number of activities required to 
represent a repetitive or linear project, difficult to visualize the rate of progress of activities. CPM does 
not accurately reflect the status and progress of activities at the project site [6]. The work of [7, 8] to 
determine the critical activities in linear planning was an important step in getting industry agreement to 
incorporate it. Linear methods were designed to plan projects such as roads and railways. In these 
projects, the machinery performs the work in a continuous and linear manner. 

2.1. The beginning of linear methods - a short history 

The Line of Balance method was developed to respond to linear projects and promote continuity of use 
of the workforce. This method is designed to maintain the sequence of each specialty between the 
different units. An approach that prioritizes the critical space on the critical path of activities is proposed. 
Several alternatives of this method have brought improvements such as varying progress rates, 
representing work interruptions.  

2.2. The combination of LOB and CPM 

Several works have been developed to combine the advantages of CPM and LOB. In the beginning, [9] 
integrated the planning tools of the PERT method with the control elements of the LOB. [10] proposed 
a technique for compressing networks. This technique uses a CPM to analyse the project. This is 
translated to a diagram. Then, using linear programming, the network is compressed and the resulting 
extra cost is calculated. 

[11] developed an approach called Repetitive Project Model (RPM). This approach incorporates three 
techniques: a network technique, a graphical technique and an analytical technique. The network 
technique uses the presentation of ADM to define the activities and their dependencies for a typical 
repeating unit. The graphical technique establishes the time/cost curve of each activity and the flow 
curve. The latter represents the movement of a work team for an activity from the initial state until the 
end of the project. The slope of each line shows the production rate for each activity. The analytical 
technique uses linear programming for its mathematical formulation. 

In 1991, [12] developed a mathematical method that calculates the duration of the project, the beginning 
and the end of each activity for each repeating unit. [1] developed a method that combines CPM and 
LOB. The method uses CPM for non-repetitive activities to avoid burdening the network and LOB for 
repetitive activities. [13] have developed a method that considers the work surfaces required for the 
storage of equipment and for the movement of labour on the site. This method reduces the conflicts that 
may exist on construction sites and improves team productivity. [14] used a method that combines CPM 
and LOB. Through the CPMs, they produce a typical unit. For this unit, the critical path is calculated and 
the parallel branches are defined. [15] propose PICASSO a hybrid diagram which combines CPM with 
Cyclone. This diagram contains three components: resources, activities and their connections. The 
general network is divided into sub-networks. Each subnet contains the three components and its 
number of repetitions. Although the simulation adapts perfectly to linear activities, the graphical 
representation, independent of activities and resources, for large networks becomes too complex. [16] 
developed the Repetitive Scheduling Method RSM. This method combines the advantages of LSM, 
thus, it promotes the continuity of the use of resources and accepts variable progress rates and CPM, 
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thus it demonstrates the relationships between activities and it can graphically present the activities in 
parallel. 

3. Repetitive Projects 

Modelling repetitive projects [17] is designed to plan projects where tasks are repeated and assigned 
from unit to unit, floor to floor, or area to area. Resources move around to repeat the same tasks. This 
differentiates them from linear projects, in which machines run continuously. The main objective of 
repetitive projects is the constant use of resources. A model is resource-based, in which the availability 
of resources determines the dependencies between tasks. This feature distinguishes it from the 
traditional Gantt-Procedure chart, which is primarily oriented by constraints between activities. The rate 
of progress of operations is linearized to ensure smooth execution. The number of shifts required is 
calculated by the quotient of the time required to complete a single unit by the total time available to 
complete the work of that specialty for all units, to ensure linearity of execution. 

Repetitive methods can model vertical projects, such as multi-story buildings, and horizontal projects, 
such as the construction of several similar units. The approach uses two presentation axes. The x-axis 
represents time and the y-axis models the units, floors and areas to be built. The activities/resources 
are represented graphically by an independent entity that can use the quantities to be executed as an 
internal measure. This strategy supports both activity and resource-oriented planning. 

4. Space Planning Techniques 

Space Planning Techniques schedule projects by combining space and time. Most work on space 
planning has focused on mathematical, deterministic or stochastic optimization techniques. Statistical 
methods [18, 19, 20] ignore the possible reuse of site space. While dynamic optimization techniques 
[21, 22, 23, 24] allow it. These purely algorithmic solutions are not too suitable for optimizing site 
operations, which are very complex. The number of parameters to consider is quite large. In addition, 
some parameters depend on site circumstances or management decisions. This makes the cost of 
modelling disproportionate to the benefits. Thus, this paper argues that graphical solutions are more 
suitable for this type of optimization and can be considered as decision support systems. For this, the 
bibliographical search cites only the researches which have contributed to the advancement of the 
graphic modelling. 

New planning techniques, based on graphical approaches that use the spaces as principal parameter, 
appeared in the 1990s. [25] presented a construction space model which defines a collection of 
descriptive space types and typical models space utilization in the construction of multi-storey buildings. 
The model identifies 12 uses and patterns of space for construction activities. In 1997, [26] presented 
the methods of planning the specific spaces necessary for the activities and introduced the sequence 
of work for which the spaces will be occupied and the spatial conflicts for the construction of multi-storey 
buildings. [27] proposed a knowledge-based system for planning repetitive work in multi-stage projects. 
[28] formalized and automated a method of spatial-temporal conflict analysis to help construction 
managers proactively manage spatial conflicts between activities on their sites. 

The Chronographic method [29] for planning building construction projects is a spatiotemporal approach 
that promotes the modelling of repetition in the execution of works in order to optimize the use of 
construction sites. This approach prioritizes the planning of critical resources and spaces over the critical 
path theory. Francis [30] defined the conceptual framework, the graphic protocol, the processes, the 
logical constraints, and the association and organization models [31]. A scheduling method that presents 
the same site information using compatible models. The planner can switch from one approach to 
another by manipulating the graphical parameters. The graphical optimization of the calendar [32] can 
therefore be done on the basis of a hybrid concept comprising graphical, procedural, and algorithmic 
techniques. 
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5. Combining Repetitive Modelling to Space Planning 

Methods based on the Gantt-Precedence logic often neglect the modelling of workspaces, thus causing 
site congestion, or relaxation [33]. The integration of repetitive and spatiotemporal modelling promotes 
better use of the construction site [34, 35, 36]. This association supports the continuity of use of spaces 
and teams, as well as linear production. Team works are modelled on the different areas of the 
construction site and the activities are planned as attributes of the resources. Ensuring only a linearity 
of activities is counterproductive. Activities are only critical through resources and spaces. It is the 
limitation of the latter that determines whether an activity becomes critical. To better model linearity, the 
Spatiotemporal Chronographical method combines three linearities: resources, spaces, and activities. 
Thus, this modelling ensures at the same time the linear rotation of the teams and a better occupation 
of the site. 

6. Automate and Standardize Multi-Story Building 

For repetitive vertical projects, such as multistorey buildings, most specialties are repetitive, such as 
floor structures, systems, and finishing, while some other activities are non-repetitive, such as foundation 
and the roof. In this type of building, a large majority of activities are common from one project to another. 
Thus, it is plausible to think of establishing standardization in order to create an automated system to 
support the construction of validated timetables. This standardization will facilitate the automation of 
schedules, reduce the planning task, and assure validated schedules. Using data from numerous 
studies, a logical map was created.  

Figure 1 shows a logic map for a repetitive vertical project. The x-axis (top of the figure) represents the 
work specialties coded according to the MasterFormat specification divisions and the y-axis (left of the 
figure) models the different floors, from the foundation and basements to the penthouses and roof of the 
building. The logic between the specialties and the activities are represented on the logic map.  

At the beginning of the project, the planner defines the number of floors for each repetitive group and 
their respective zones according to the construction stages (Structure; systems; envelope; space 
division; finishing, and space closure) and then reviews the specialties and logical constraints. From this 
information, an automated space-time schedule is produced based on the various chronographical 
models [30]. 

 

Fig. 1. Logical map for a repetitive vertical project 
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7. Conclusion 

Multi-story building projects are repetitive projects with a large majority of activities in common. A 
standardization of activities and specialties is therefore a plausible solution. This standardization will 
facilitate the automation of the schedules, will lighten the planning task, and will ensure validated 
schedules. Managers will concentrate more on coordinating work sites and optimizing the execution 
process. The use of graphical models based on repetitive spatiotemporal concepts has a considerable 
advantage in facilitating visual optimization without requiring complex calculations. Repetitive planning 
methods integrate space management, operations, and shift rotation from the planning stage.  The 
space-time method combines three linearities: resources, spaces, and activities. By modelling spaces, 
it is also easier to plan traffic and intermediate inventories. 
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Abstract 

Overall Equipment Effectiveness (OEE) is a widely used productivity metric for different pieces of 

equipment. It provides information on the effectiveness of production, so the percentage of valuable 

operation time to planned uptime of the machine. The OEE, as the core metric of Total Productive 

Maintenance (TPM), helps to identify losses in production and quantify operational efficiency allowing 

actions to be taken that contribute to the continuous improvement of the plant. Despite or perhaps due 

to its popularity, OEE is not an accurate, well-defined measure. This is because the same considerations 

cannot be used equally well in different industries or may serve different purposes from one company 

to another, causing modifications in the calculation and measurement methods. Therefore, the OEE 

concept may mean other things from company to company, industry to industry. Researchers have tried 

identifying and overcoming the drawbacks of the original OEE by defining new calculations and creating 

new metrics. This study aims to overview the indicators available in the literature and compare their 

advantages/disadvantages. It also seeks to clarify these different definitions, naming conventions, 

calculation methods, and investigate their usability and the limitations of applicability. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: key performance indicator, overall equipment effectiveness, production losses, productivity 
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1. Introduction

Measuring production efficiency is widespread in all fields of industry, as it can be used to detect various 

errors and identify hidden capacities. This benefit allows the latent capacities to be exploited, and 

productivity can be increased without any investment. In addition, increasing efficiency is critical due to 

today’s rising resource prices and energy reduction directives. For this reason, we dare to suppose, 

there is no production manager today who does not prioritise production efficiency. The authors of this 

article attempt to characterise and compare measures of production efficiency developed in recent 

decades from the original Overall Equipment Effectiveness (OEE) concept to nowadays’ metrics. This 

study aims to explore the advantages and disadvantages of measures and clarify definitions that are 

often used inconsistently. 

2. Basic OEE calculation

The OEE calculation was originally proposed by Nakajima [1] as one of the main key performance 

indicators (KPI) for Total Productive Maintenance (TPM). The OEE measurement aims to detect 

production losses and maximise equipment effectiveness. The production-related losses, often 

mentioned as “six big losses”, are the following: 

Downtime: 

• Equipment failure

• Setup and adjustment

Speed losses: 
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• Idling and minor stoppages

• Reduced speed

Defects: 

• Process defects

• Reduced yield

As defined by Nakajima, the OEE is derived from the multiplication of three sub-KPIs (Key Performance 

Indicator), which focus on the three different types of losses: 

𝑂𝐸𝐸 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ∙ 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ∙ 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 

The availability refers to the rate of operation time to loading time: 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

Due to the purpose of the OEE, the time baseline is not the total available time (e.g., usually one month 

or one year), but the loading time of the equipment. The loading time does not include scheduled 

downtimes due to the production plan, as this does not contribute to the operational efficiency of the 

equipment. Thus, capacity utilisation and traditional capacity indexes are not considered in the OEE 

calculation. The loading time – so the baseline of the calculation – can be calculated by subtracting the 

planned downtime from the total available time: 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒 = 𝑇𝑜𝑡𝑎𝑙 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑡𝑖𝑚𝑒 − 𝑃𝑙𝑎𝑛𝑛𝑒𝑑 𝑑𝑜𝑤𝑛𝑡𝑖𝑚𝑒 

The planned downtime includes the planned maintenance time, bank holidays, and the pre-scheduled 

downtime in the production plan. Operation time counts the exact amount of time when the given 

equipment is running. Therefore, the loading time can be divided into operation time and equipment 

downtime, such as breakdown, and setup/adjustment time.  

The second component of the OEE is performance efficiency which is the product of the operating speed 

rate and the net operating rate.  

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 ∙ 𝑁𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 

The operating speed rate refers to the production speed losses. It indicates the differences between the 

actual and ideal speed or cycle time: 

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑠𝑝𝑒𝑒𝑑 𝑟𝑎𝑡𝑒 =
𝐼𝑑𝑒𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

The net operating rate takes the minor stoppages into account. The value shows how stable the 

production is, so it is a comparison between the actual processing time and operation time: 

𝑁𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 ∙ 𝐴𝑐𝑡𝑢𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

The performance efficiency, as the product of operating speed rate and net operating rate, is the ratio 

between the ideal time required to produce the given amount and the operation time of the machine. 

Therefore, it indicates slowdowns compared to the ideal speed and minor stoppages during production: 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 ∙ 𝐼𝑑𝑒𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒

The rate of quality reflects to the defects, as the time spent producing scrap is wasted time: 

𝑅𝑎𝑡𝑒 𝑜𝑓 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 =
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 − 𝐷𝑒𝑓𝑒𝑐𝑡 𝑎𝑚𝑜𝑢𝑛𝑡

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡
=

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑔𝑜𝑜𝑑 𝑎𝑚𝑜𝑢𝑛𝑡

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑎𝑚𝑜𝑢𝑛𝑡
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After performing the multiplication, the OEE can be calculated as follows: 

𝑂𝐸𝐸 =
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑔𝑜𝑜𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 ∙ 𝐼𝑑𝑒𝑎𝑙 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

It shows how much time would be needed to produce the actually manufactured qualified amount of 

product under optimal conditions compared to the loading time of the machine. The relations of the OEE 

defined by Nakajima, the six big losses and the 3 sub-KPIs are summarised in Figure 1. 

Fig. 1. Overall Equipment effectiveness defined by Nakajima 

3. New KPIs based on OEE calculation

The OEE calculation has evolved significantly in the last three decades, leading to new indicators. The 

reasons for the improvements are manifold. The following section summarises the new measures based 

on the OEE, investigates the reasons behind the development, and analyses the 

advantages/disadvantages.  

Ames et al. [2] interpreted the OEE calculation for semiconductor manufacturing equipment and defined 

SEMATECH’s approach to Overall Equipment Effectiveness. The main difference from the original 

concept is that the availability and, therefore, the OEE take the nonscheduled time (e.g., holidays, 

shutdown) into account. Due to this modification, the time basis of the calculation is the total time instead 

of the loading time. This change can be particularly beneficial for measuring high-value machines’ 

efficiency, where the nonscheduled periods should be avoided because of the cost of unused capacity. 

However, this calculation method can be misleading for intermittent or seasonal production, setting 

unachievable and meaningless goals. 

Total Effectiveness Equipment Performance (TEEP) measures the equipment’s effectiveness relative 

to the total time, similar to Ames’s OEE calculation. The TEEP calculation also includes another factor, 

which is utilisation [3]: 

𝑇𝐸𝐸𝑃 = 𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ∙ 𝑂𝐸𝐸 

where 

𝑈𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒

So, TEEP indicates the scheduling losses in production as well and is useful for the same cases as 

Ames’s OEE if the production runs 24/7. 
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The concept of Production Equipment Effectiveness (PEE) [4] for discrete-type production operations is 

similar to the original OEE by Nakajima. Accordingly, the same three sub-KPIs are included but allow 

weighting of the individual components. The significant parameters are given a higher weight so that 

PEE better reflects the critical losses, which are more important for the plant. The calculation method is 

as follows: 

𝑃𝐸𝐸 = 𝐴𝑘1 ∙ 𝑃𝑘2 ∙ 𝑄𝑘3 

The authors suggest using the analytical hierarchy process (AHP) to determine the appropriate 

weighting factors.  

In the case of continuous process operations, the PEE is a function of availability, attainment, 

performance efficiency, quality rates, product support efficiency, and operating utility: 

𝑃𝐸𝐸 = 𝐴1
𝑘1 ∙ 𝐴2

𝑘2 ∙ 𝑃𝑘3 ∙ 𝑄𝑘4 ∙ 𝑃𝑆𝐸𝑘5 ∙ 𝑂𝑈𝑘6 

The 𝐴1 availability refers to the scheduled downtime and 𝐴2 attainment reflects the unscheduled 

downtime. Thus, 𝐴1 and 𝐴2 can be seen as sub-categories of the OEE’s availability (𝐴). With this 

separation, the two indicators can be given different weights. PSE and OU take account of transaction 

losses and no demand time; however, these can also be calculated as downtimes.  

The OEE, despite its name, not only reveals the losses related to the equipment, but also considers the 

malfunctions and shortages in the environment of the equipment. Losses include not only failures or 

slowdowns caused by the equipment, but also stoppages and speed losses due to shortages of raw 

material and workforce, which concerns the organisation of production rather than the equipment itself. 

This feature was criticised by de Ron and Rooda [5], and they created a new metric, Equipment 

Effectiveness (E), which focuses solely on the equipment. The authors distinguished equipment-

dependent and equipment-independent statuses and defined the effective time, which means when the 

equipment was able to perform its dedicated production task. The effective time excludes the equipment-

independent causes and the duration of this status. The base of the Equipment Effectiveness (E) is the 

effective time. Thus, this KPI excludes production losses that cannot be closely linked to the operation 

of the equipment, which can be both an advantage and a disadvantage. On the one hand, it can be an 

advantage, e.g., the maintenance team, who are only concerned with the breakdowns and settings of 

the equipment. However, for coordinators, whose job is to manage the whole production, this KPI can 

mask severe errors, which is disadvantageous.  

Hung et al. [3] defined new OEE-based KPIs, the value-added OEE and value-added TEEP (VAOEE 

and VATEEP). Common to both metrics, the original ones are multiplied by a design factor, which 

describes the design cycle. The production cycle can be divided into value-added and non-value-added 

sub-processes, and the ratio of the value-added steps to the whole cycle is the design factor: 

𝐷𝑒𝑠𝑖𝑔𝑛 =
Value-added 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑎 𝑑𝑒𝑠𝑖𝑔𝑛 𝑐𝑦𝑐𝑙𝑒

𝐷𝑒𝑠𝑖𝑔𝑛 𝑐𝑦𝑐𝑙𝑒 𝑡𝑖𝑚𝑒
 

Thus, the VAOEE can be calculated as follows: 

𝑉𝐴𝑂𝐸𝐸 = 𝑂𝐸𝐸 ∙ 𝐷𝑒𝑠𝑖𝑔𝑛 =
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑑 𝑔𝑜𝑜𝑑 𝑎𝑚𝑜𝑢𝑛𝑡 ∙ (𝑉alue-added 𝑡𝑖𝑚𝑒 𝑖𝑛 𝑎 𝑑𝑒𝑠𝑖𝑔𝑛 𝑐𝑦𝑐𝑙𝑒)

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
 

The authors questioned the assumption that the design cycle is the shortest possible time. If this 

approximation is not met, the OEE-based developments have limitations, and hidden capacities remain 

in production despite the maximised OEE. Nevertheless, process optimisation cannot significantly 

impact production efficiency if the original OEE-related losses are enormous. Alternatively, in some 

fields of industry, due to the nature of manufacturing, it is difficult to bypass or omit some non-value-

added but necessary steps. 

Some KPIs derived from OEE target not only operational efficiency but also include financial 

implications. The Overall Resource Effectiveness (ORE) broadens the scope of OEE with the value of 

resources [6]. ORE is the ratio of recovered investment (output) to the overall investment (input).  
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The inputs are split into two groups, namely the material and resource inputs required to run the process. 

Both types of inputs have an efficiency parameter: the first one is material efficiency, and the second 

one is the OEE. Material efficiency evaluates how efficiently the raw materials are transformed, while 

the OEE, in this interpretation, measures how efficiently the production-related resources are used. The 

ORE combines these two aspects of the production and can be calculated with the following expression: 

𝑂𝑅𝐸 =
𝑂𝐸𝐸 ∙ 𝑃𝐼𝑀𝑉 + 𝑀 ∙ 𝑀𝐼𝑀𝑉

𝑃𝐼𝑀𝑉 + 𝑀𝐼𝑀𝑉
 

Where the process input monitoring value (PIMV) and the material input monitoring value (MIMV) 

represent the economic investment in materials and resources to sustain a process. The ORE focuses 

not only on production effectiveness, but also on the value of the components involved in manufacturing, 

making it both an operational and financial KPI.  

Wudhikarn et al. [7] argued that the OEE is unsuitable for benchmarking and prioritising because it 

neglects the different capacities of the machines, the production cost, and the product’s value. Without 

these considerations, the focus can be inappropriate, as the impact of operational losses in the money 

dimension is not equal for different pieces of equipment. The OECL calculation considers the opportunity 

cost and the production cost as well. With OECL, production inefficiencies can be translated into cost, 

making it more transparent for financial managers. This approach was further developed by combining 

it with the cost of quality, resulting in the Overall Equipment Quality Cost Loss (OEQCL) [8]. 

Several authors have extended the understanding of the OEE from the machine level to the 

manufacturing line level or even to the whole plant, factory level. In general, machines are not 

independent of each other, and are not stand-alone pieces of equipment. The previous or next machine 

often influences the given machine in the manufacturing line. Therefore, it is more suitable to measure 

the effectiveness of the whole line instead of calculating the individual machines’ OEE one by one. It is 

possible with the concept of Overall Line Effectiveness (OLE) [9]. In this KPI, the availability is replaced 

by the line availability (𝐿𝐴) and the performance efficiency is merged with the rate of quality resulting in 

the line production quality performance efficiency (𝐿𝑃𝑄𝑃): 

𝑂𝐿𝐸 = 𝐿𝐴 ∙ 𝐿𝑃𝑄𝑃 

The line availability is calculated from the 𝑛th (last) machine’s operating time and the planned line 

loading time. While the 𝐿𝑃𝑄𝑃 can be obtained from the processed good amount by the 𝑛th machine 

(𝐺𝑛), the cycle time of the bottleneck machine (which is the largest cycle time) (𝐶𝑌𝑇𝑏𝑛) and the operating 

time of the 1st machine (𝑂𝑇1): 

𝐿𝑃𝑄𝑃 =
𝐺𝑛 ∙ 𝐶𝑌𝑇𝑏𝑛

𝑂𝑇1

 

The equation can be used to calculate the line effectiveness. However, it has to be highlighted that this 

relation is only applicable in that case, when the machines are connected in series, the line is continuous 

(no buffers), and the operating time of the previous equipment is the loading time of the following 

equipment in the series. 

Braglia et al. [10] criticised the OLE metric as it only focuses on the last machine in the manufacturing 

line, making it hard to recognise where the main criticalities occur. They proposed a new metric, namely 

the Overall Equipment Effectiveness of a Manufacturing Line (OEEML). The OEEML can be calculated 

from the good amount processed by the 𝑛th machine, the bottleneck cycle time (𝐶𝑌𝑇𝑏𝑛) and the line 

loading time (𝐿𝐿𝑇): 

𝑂𝐸𝐸𝑀𝐿 =
𝐺𝑛

𝐿𝐿𝑇
𝐶𝑌𝑇𝑏𝑛

 

Scott and Pisa [11] proposed the Overall Factory Effectiveness (OFE), which is a factory-level OEE-

based KPI. They did not publish a well-defined metric to measure plant efficiency, considering that 

different companies and factories have other goals [12]. So, they proposed that the firms build their own 
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OFE measures by combining metrics that are important for them. These KPIs can be, for example, the 

OEE, capacity utilisation, yield, and ramp-up performance.  

One possible OFE metric was announced by Huang et al. [13], the Overall Throughput Effectiveness 

(OTE). The OTE can be calculated on a given time period as 

𝑂𝑇𝐸 =
𝐺𝑜𝑜𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑓𝑎𝑐𝑡𝑜𝑟𝑦

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑎𝑡𝑡𝑎𝑖𝑛𝑎𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑢𝑡𝑝𝑢𝑡 𝑓𝑟𝑜𝑚 𝑓𝑎𝑐𝑡𝑜𝑟𝑦 𝑖𝑛 𝑡𝑜𝑡𝑎𝑙 𝑡𝑖𝑚𝑒
. 

The OTE can be determined for different types of sub-systems, such as machines in series or parallel. 

Then, the OTE for the sub-systems can be used to calculate the OFE level indicator. 

4. Conclusion 

The advantages and disadvantages of the above metrics are discussed below. More precisely, it is 

impossible to present pro-contra properties since the same feature of a given efficiency indicator is 

advantageous in some cases and disadvantageous in other applications. Therefore, discussing 

industrial applications rather than benefits and drawbacks is more beneficial. 

Table 1. shows the KPIs presented in the article, grouped into five categories based on how the original 

OEE was modified. The main features are also summarised in the table. 

Table 1. Presented KPIs’ main features. 

Modification of OEE KPIs Main feature 

Reallocate/extend the 

production-related time 

Ames’s OEE 
Utilisation is part of the calculation 

TEEP 

E Omits the non-machinery losses 

VAOEE/VATEEP Considers the value-added/non-value-

added steps 

Weighting components PEE Allows weighting 

Considering financial 

aspects 

ORE Value of resources is part of the 

calculation 

OECL Calculates with the opportunity cost and 

production cost loss 

OEQCL OECL extended with the cost of quality 

Extending to line level OLE Shows the efficiency of the production 

line without buffers 

OEEML Shows the efficiency of production lines 

with buffers 

Extending to plant level OFE Product of different KPIs 

OTE It is calculated from the production sub-

systems of the factory 

 

These key properties determine the usability of each metric. They can be used to decide which indicator 

is appropriate considering the production parameters. 

Ames’s OEE and the TEEP are technically the same. The baseline of the calculation is the total time. 

Using total time as baseline is advantageous when the production is 24/7 or if the machine is high-value, 

highly automated. In this case, the cost of unused capacity would be very high if there were much 

unscheduled time on the machine. 

The Equipment Effectiveness (E) focuses solely on the machine and not on external factors affecting it, 

as it excludes the machine-independent losses from the calculation. It can be useful for the maintenance 

department of the firm, but not for production managers. 
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VAOEE and VATEEP allow a higher resolution by also analysing the cycle time that is considered ideal. 

These metrics can be helpful when the original OEE can no longer be realistically improved. In some 

industries, such as pharmaceuticals, where there are many processing and purification steps in addition 

to a main process, it is impossible to leave out the necessary but non-value-added steps. Consequently, 

VAOEE/VATEEP cannot be raised above a certain level. 

PEE allows the inherent OEE components to be weighted resulting in a measure that focuses more/less 

on different problems. It is advisable to use it when, for example, there is a known high-impact loss to 

which the plant wants to pay more attention.  

ORE, OECL, OEQCL consider financial aspects as well. The ORE calculates with the value of the 

resources, which allows e.g. scrap or rework to be expressed in monetary dimension rather than just in 

time. It is thus possible to show that the same time losses have different financial impacts depending on 

the product’s value. OECL can also show opportunity costs and production cost losses. The OEQCL is 

further extended with the cost of quality. With these changes, the OEE production indicator has become 

a financial KPI, which can be a valuable indicator for strategic decisions and the financial department of 

the company. 

OLE and OEEML are production line-level indicators. While OLE does not, OEEML allows the use of 

buffers between machines. These indicators measure the performance of the whole line. This is 

particularly useful where machines are highly interdependent, where it makes no sense or is not even 

possible to describe the performance of just one single piece of equipment.  

In addition, OFE is an even higher-level metric, as it can describe the factory performance. It is a product 

of different KPIs and less well-defined than the KPIs discussed so far. On the one hand, it is 

advantageous that each company can define its own plant-level indicator. However, it is not suitable for 

benchmarking between companies. A well-defined OFE metric is the OTE. The OTE can be used to 

describe the efficiency of each sub-system, which can be summed to obtain the efficiency of the factory; 

althought, the calculation for large systems can be complex. Another disadvantage of higher-level 

indicators is that the more information they are composed of, the more difficult it is to see the actual 

content. 
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Abstract 

In the construction project execution phase, the decision-making process greatly relies on quality and 

timely data acquisition. The comparison analysis approach, i.e., as-planned vs as-built, is common for 

progress tracking in construction projects. This approach requires continuous real-time data acquisition 

from the construction site for further integration into a construction schedule for progress analysis. Due 

to the complex and dynamic environment on the construction site, the main goal of data gathering 

efficiency increase lies in its automation. This paper presents a data acquisition system for automated 

updating of the precast concrete project schedule. The system is BIM-based, in which data collected 

from the construction site, i.e., actual starts and actual finishes of assembled elements, are automatically 

transferred and integrated into the project schedule. In the BIM environment, each element is uniquely 

determined by its work breakdown structure (WBS) code, which corresponds to its quick response (QR) 

code in the project schedule attached to the element on the construction site. The first discrete scan of 

the code on the construction site marks the actual assembly start of an element, and upon its assembly, 

the last discrete scan marks its actual finish. The system automatically transfers the data into the project 

schedule and updates the following assembly activities. The system was applied to a precast concrete 

project case study in laboratory conditions. The system performed smooth and efficient data collection, 

transfer, and integration into the BIM environment. 

Keywords: automation, BIM, data acquisition, precast concrete project, schedule update. 

1. Introduction

The decision-making process throughout the execution phase of a construction project primarily 

depends on prompt and quality data acquisition, wherefore construction progress monitoring and timely 

schedule updates are essential for project success. Construction projects are commonly deadline- and 

budget-oriented, whilst unfortunately reports constantly show that over 53 % of projects are behind 

schedule while over 66 % have experienced cost overruns [1]. The lack of efficiency and accuracy in 

construction progress monitoring is found to greatly aid to aforementioned issues. Continuous 

construction progress monitoring is essential for finding discrepancies between the as-planned (AP) and 

as-built (AB) states for swift implementation of the necessary corrective actions [2]. Since the 

construction sector is prone to traditionalism, it is common practice to adopt time-consuming, slow-

moving, error-prone, and frequently redundant progress reporting procedures that hinder stakeholders 

from taking proactive actions. Instead of providing the crucial real-time update, such progress monitoring 

approaches are based on labor-intensive and manual information gathering, documenting, and reporting 

procedures [3]. Project success depends on the timely, accurate, and effective collection of monitoring 

data. Therefore, choosing useful data acquisition and detection methods for construction progress 

monitoring is particularly significant since it ensures data dependability and minimizes plausible errors 

[1]. Contemporary information and automation technologies are highlighted as an efficient alternative 

on construction sites due to the complex and dynamic environment therein. In this context, three primary 

types of advanced technologies standout, i.e., laser-based methods, tag-based methods, and image-

based methods, which have been introduced and successfully utilized for data acquisition on 

construction sites [4]. As usual for construction project planning, precast project schedules are sensitive 

to uncertainties due to the required high level of coordination and interdependences among the 

activities. It is crucial to assess the schedule in terms of project and activity duration while also keeping 

track of the progress being made in order to prevent actual project delays [5]. Moreover, precast 

elements can be located using geospatial tracking technologies, which allow interactions with physical 
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assets through communication with tags or sensors [6]. There are two types of geospatial asset tracking 

technologies that are frequently used in the construction industry: Quick Response (QR) codes and 

radio frequency identification (RFID). 

Considering the suggested research directions and technologies, the authors propose a system for 

automated schedule updating of precast concrete projects which is tested in the laboratory conditions. 

The system’s main goal is to automatically record the assembly of a precast concrete construction in 

real-time, where the monitoring is object-oriented. The system is aimed to be user-friendly, but swift and 

efficient tool for AB data acquisition while ensuring a bi-directional input/output data transfer between 

the cyber (nD BIM model) and physical (construction site) segments of the project. The rest of the paper 

is structured as follows: the second part presents a concise literature review of relevant research on the 

subject matter. The third part presents the research methodology, in the fourth part, there are 

discussions and conclusions. 

2. Literature review

One of the pioneers in automating the construction monitoring was reported in 2000, when the authors 

Abeid and Arditi [7] developed a system for planning and controlling construction progress named Photo-

net. It was an automated real-time monitoring system with an object-oriented programming focus that 

was created in the Delphi environment. The system time-linked sequences of photos taken by a 

stationary camera (i.e., time-lapse) into films of construction activities and generated graphs using the 

critical path method. Time-lapse films recorded by cameras installed on the construction site could later 

be used to compare the planned and realized states of completion. The system's primary drawbacks, 

according to the authors, are the use of a single stationary camera with constrained frame rates and the 

requirement for manual recording of activity progress. Authors Dawood et al. [8] carried out a study in 

2002 on the automation of a communication system that would allow information sharing among project 

members. The study's findings revealed savings in working hours of over 90 %, which also resulted in 

significant savings in total costs. Furthermore, it was estimated that the system provided time savings 

of over 98 % for the entire registry of technical documentation and its distribution process. In 2003, 

Abeid et al. [9] developed PHOTO-NET II, as an enhancement of the Photo-net system. PHOTO-NET 

II utilized the technology in long and complex construction projects on personal computers and 

presented a novel idea in time-lapse photography that allowed users to alter frame frequencies. The 

need for automating the updating of schedules was emphasized in 2005 in the paper [10], where the 

need for recording, transferring, and storing data to assess the completion of the project was shown in 

the example of a highway construction site. It was detected that the most significant problems were 

related to recording quantitative data, especially those requiring measurements or calculations. To get 

around the shortcomings of earlier RFID and global positioning system (GPS) technologies, authors 

Jang and Skibniewski [11] created a tracking system that combined radio frequency and ultrasound to 

localize materials. Steel supports, precast concrete elements, and polyvinyl chloride (PVC) pipes were 

highlighted in this research. 

Despite the earlier stated necessity, initiatives to automate schedule updates only started to develop 

years later. In 2012, a system for automating the monitoring of construction progress that incorporated 

4D modeling, laser scanning, and data gathered on the construction site was presented by the authors 

Tang et al. [12]. Previous methods of schedule updating were based on direct manual data entry into 

the plan, which is still largely present today. In 2013, authors Kim et al. [13] introduced an automated 

4D computer-aided-design (CAD) model update technique using automated project planning, 

comprising construction site image gathering, construction progress identification, and 4D CAD 

development. In 2018, a method for automated continuous monitoring of construction progress that used 

multiple 3D scans on the construction site in real-time was presented by the authors Pučko et al. [14]. 

The presented system was based on a comparison between the 4D BIM models for the designed and 

constructed buildings, where the point clouds were gathered using the workers' helmets. According to 

the authors, to achieve automated partial point cloud registration, worker helmets should feature a 

subsystem for precise positioning and orientation. In paper [15], a system for automated plan updating 

using data from 4D BIM models combined with a 3D point-cloud recorded on the construction site was 

presented and tested on a simple reinforced concrete building. Similar approach utilizing the 4D BIM 

model was used in [16] where the element's progress data was incorporated into the BIM model, and 
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the elements were colored depending on their expected and actual progress. Also, activity durations 

dates have been updated by updating the activities actual starts and finishes.  

Nowadays, unmanned aerial vehicles (UAV) are increasingly being used to collect construction site 

information. Hence, a study that employed drones to track the development of an office building was 

carried out in 2020 [17]. The technique was based on the identification of the building's structural 

components, including a cross-section approach, an estimation of the volume of the concrete, 

measurements of height and distance, and defect detection. Data gathering, data processing, and data 

analysis were the primary components of the procedure, which was shown to be effective. As one of the 

most widely used technologies today, the real-time data collection technique of using QR codes is also 

recognized in the construction industry. Its benefits and possibilities of usage were analyzed in multiple 

papers regarding construction site monitoring, element production processes, material logistics, etc. 

Using RFID technology, Lanko et al. [18] proposed in 2018 usage of the blockchain in the logistics of 

construction materials. The authors used the production and transportation of ready-mixed concrete as 

an example and discovered that using RFID and blockchain technology together will greatly lessen 

human influence and erroneous information. They have also proposed the use of QR codes instead of 

RFID due to their affordability and availability on widely used smartphones. In 2019, Zhang et al. [19] 

proposed a smart hard-hat system for monitoring non-hard-hat use (NHU). The NHU detection system 

was able to identify the user's personal information and connect it to a specific worker to correlate the 

NHU detection record with the individual's personal information. After the users sign into the smartphone 

app with a username and password and tie the smartphone app to the hard hat using a QR code, they 

can access these features. A mechanism for fusing QR code tracking outputs of the as-built state with 

the as-planned state in smart contracts was presented by Groesen and Pauwels [6] in 2022. The authors 

created a fully functional mobile QR-code application to let construction stakeholders gather and 

manage physical asset data. They contend that this approach is better since designing a QR-code 

application takes less time than designing an RFID application. 

It is necessary to point out here that the approaches have shown various examples of QR code 

application in the construction industry, even in construction monitoring, but none of them have used 

them as a tool for automated construction schedule updating.  

3. Methodology 

3.1. Baseline 4D BIM 

The baseline 4D BIM modelling phase initializes the cyber segment of the cyber-physical system of the 

data acquisition system for automated updating of the precast concrete project schedule. It consists of 

a BIM model of a precast concrete structure, its baseline schedule, and simulation-ready model as 

shown in Fig. 1. From the BIM model elements with their information (i.e., WBS codes, list of elements, 

and physical characteristics) are exported to a spreadsheet prepared model (i.e., dataset), which is 

dynamically linked with the baseline schedule and simulation model. Such order provides a dynamic 

connection between the mentioned system’s segments.  

As common for the realization phase of a construction project, the BIM model should be structured with 

a level of detail at least 400. This is because it contains comprehensive details regarding every system 

and component inside the project, including fabrication, assembly, installation, accurate dimensions, 

material specifications, installation details, and connections. Due to the characteristics mentioned 

above, it is possible to perform accurate take-offs, clash identification, and other evaluations that could 

enhance project results. It is also important to add here that the object-oriented work-breakdown-

structure (WBS) codes in the BIM model and in the baseline schedule should uniquely correspond. This 

dataset also merges the unique WBS code of each precast element with its corresponding unique QR 

code. The process flow of the whole system is shown in Fig. 2. 
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Fig. 1 4D BIM database 

3.2. Construction 

The construction execution phase initializes the physical segment of the cyber-physical system of the 

data acquisition system for automated updating of the precast concrete project schedule. This segment 

includes the assembly of the precast concrete construction and the monitoring. Monitoring of the 

construction site in this context requires that the unique QR codes are assigned to each construction 

element prior to the assembly. This can be done using adhesive stickers or ideally by embedding the 

codes directly into the element during the manufacturing process. Either way, during the construction 

phase, it is important to ensure that the QR codes are not damaged or obscured for the system to 

function properly. 
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Fig. 2. Process flow of data acquisition system for automated updating of precast concrete project schedule 

3.3. Data acquisition 

The data acquisition in the execution phase corresponds to the physical segment of the cyber-physical 

system of the data acquisition system for the automated updating of the precast concrete project 

schedule. During this phase, a mobile phone application developed for this purpose decodes the QR 

codes attached to the precast concrete construction elements. The precast concrete element WBS 

code, the date, and precise time are all obtainable by decoding of each QR code. The application was 

developed using Microsoft Power Apps [20], with a simple user interface. By pressing the scan button, 

the phone camera scans the QR code of an element and decodes the Element (i.e., WBS code), Time 

(i.e., start or finish of the assembly), and Date fields (i.e., date of the assembly), whereas the Submit 

button sends the scanned data to a specified spreadsheet as presented in Fig. 3.  
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Fig. 3. Workflow of the data acquisition 

3.4. Data processing 

Upon the decoded QR code in the data acquisition phase, the corresponding information (i.e., date and 

time of the actual start or finish, and the WBS code) is submitted to the spreadsheet, where an analysis 

of the data is performed. The spreadsheet is also used in the baseline 4D BIM modelling phase for 

generating the QR codes, enabling all the processes to be performed in the closed, circular environment 

of the system. The spreadsheet is modelled in such a way that the first discrete scan of the QR code on 

the construction site marks the actual assembly start of an element, and upon its assembly, the last 

discrete scan marks its actual finish. The actual assembly start, and the actual assembly finish are 

further used for the calculation of the actual duration of an assembly activity. This calculation considers 

the duration of the daily work shift and the non-working holidays, finally providing the actual duration of 

an activity in hours. 
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3.5.  Data analysis 

In this phase the previously obtained actual durations of activities in hours are transferred using a 

dynamic link between the spreadsheet and the project planning software in which the baseline precast 

concrete structure schedule is updated (shown in Fig. 3.). This automatizes the schedule update and 

allows a direct comparison between the baseline precast concrete structure schedule and the updated 

schedule based on the actual data collected. As shown in Fig 4. it is possible to see the updated 

schedule, executed activities, i.e., which have obtained the actual start, finish, and duration, as well as 

the following activities which have not been executed yet. Any delays, inefficiencies, or other problems 

that can affect the project's timeline can be found using this analysis. The data analysis stage is, in 

general, a crucial part of the cyber-physical system of the data acquisition system for automated 

updating of the precast concrete project schedule, allowing for real-time updates and adjustments to the 

project plan based on actual progress and data gathered during the construction phase.  

 

Fig. 4. Updated schedule based on collected data 

3.6. Updated 4D BIM 

The initial baseline 4D BIM is updated using the data from the previous data analysis phase, therefore 

updating the initial baseline schedule. Besides, this phase also offers a simulation-ready model to 

simulate the updated 4D BIM and its actual construction schedule and sequence. With the most recent 

data and an accurate reflection of the project's development, the updated 4D BIM offers a visual 

representation of the construction process. Construction managers may better comprehend the project 

and identify any possible conflicts that might emerge during the following construction by using the 

updated 4D BIM. By incorporating real-time data and providing a visual representation of the 

construction project, it allows to make more informed decisions. 

4. Discussion and conclusion 

This paper presents a data acquisition system for automating precast concrete project schedule 

updates. Prior research on automated construction schedules has shown various possibilities and 

technologies. Also, research on QR codes in the construction sector has shown that they can be used 

for various purposes. To our knowledge, no study has yet demonstrated their use in automating the 

schedule update process, i.e., the combination of these two research topics. The system is in 

development and has been tested in laboratory conditions, where it has proven to be efficient, functional, 

and user-friendly. Besides automating the update process of an assembly schedule, system’s premise 
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is also to provide a user-oriented system that ensures essential data for the construction site 

management while employing the standard software used in everyday engineering practice. The system 

is based mainly on smartphones, a common tool used in various industries. The system also doesn't 

need an extensive budget because using QR codes is a standard, low-cost technology generated in a 

closed dataset system (i.e., spreadsheet). In addition to smartphones, the system requires a personal 

computer, a tool that nowadays every engineer possesses. 

Furthermore, using smartphones and personal computers ensures the system is portable and 

accessible to users on the construction site and in the office. This flexibility allows for real-time updates 

and communication, which can improve project coordination and decision-making. The system will 

undergo additional testing in laboratory assembly environment and on the construction site. In the further 

development the system's performance has to be tested for several stochastic difficulties common at 

construction sites, i.e., logistical problems, environmental concerns, and safety considerations. 

Additionally, evaluating the system in controlled laboratory assembly environments will allow assessing 

its correctness and dependability. The test results will improve the system, and any issues identified will 

be resolved, resulting in a more reliable and efficient system that can be applied on a greater scale.  

The system's key drawbacks are the necessity for the stable and continuous internet access, ensuring 

the urgency and accuracy required for QR code scanning, continuous recording and monitoring on the 

construction site. Despite the system's relative independence, it is nonetheless advised that the 

construction site manager conducts an assessment and confirms the accuracy of the assembly. This is 

since the quality and comprehensiveness of the data collected are crucial to the system's efficiency. 

Therefore, it is necessary to ensure that all information is entered correctly and promptly into the system 

to avoid delays and potential errors in the project schedule. Despite the potential drawbacks, the 

development and implementation of the system can lead to more efficient construction practices. 

Furthermore, this research can serve as a starting point for further exploration of the potential 

applications of QR codes in the construction industry.  
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Abstract 

Tracking and monitoring become particularly important during the implementation phase of projects; 
however, participants should maintain some form of tracking and monitoring at all stages. It has taken 
decades for the use of milestones to be accompanied by sophisticated methods, even those required 
by law. Earned Value Management (EVM) is a managerial method used to control projects in terms of 
cost, time, and progress. Although many researchers have studied the EVM concept, only a few have 
attempted to suggest EVM frameworks for concurrent analysis of additional elements beyond time, cost, 
and progress. The importance of EVM is indicated by the fact that it is now a permanent chapter in 
methodologies and standards. In the meantime, several studies have shown EVM’s shortcomings, and 
a number of researchers have proposed possible solutions (e.g., Earned Schedule or Earned Duration). 
This conference paper will summarize the most critical and recent additions, and based on them, further 
extension possibilities can be suggested. 
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and monitoring.

1. Introduction

Earned value management (EVM) is a managerial method used to control projects in terms of cost, time, 

and progress. EVM is used as a guide for decision-making during the course of a project. It can be used 

as an alert system that lets management know when they need to take action in order to keep the project 

on track. This can help reduce problems before they become major issues, which will ultimately save 

money and time. Many different ways earned value management can be used. It can be used to monitor 

and control budgets, schedules, resource requirements, quality controls, and much more.  

EVM can also be used as a predictive tool. This means that it can be used to predict when certain tasks 

will be completed, how much money they will cost, and how many resources will be needed. This can 

help managers plan ahead for upcoming events to ensure that everything goes as planned. Although 

many researchers have studied the EVM concept, only a few have attempted to suggest EVM 

frameworks for concurrent analysis of cost, quality, schedule, and risk. The Project Management Book 

of Knowledge (PMBoK) describes EVM as an approach that incorporates schedule, costs, and scope to 

assess and measure project performance [1]. Moreover, ISO 21508:2018 specifies earned value 

management principles for project and program management. It applies to any kind of organization, 

public or private, in any size or sector, as well as any type of project or program, regardless of 

complexity, size, or duration. However, it does not provide guidance on the use of specific processes, 

methods, or tools in the practice of earned value management, focusing instead on terms and 

definitions, benefits of an EVMS, an overview of the types of processes used, and the basic 

requirements of an EVMS [2].  
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2. Earned value management shortcomings

Nowadays, EVM is widely acknowledged as the most frequently used and approved project cost control 

system. Despite this widespread acceptance of EVM, a significant percentage of projects fail to meet 

baseline time and cost goals [3]. While numerous factors can contribute to project failure, a lack of 

attention to duration planning and control, as well as the reliability of estimations used in 

planning/scheduling etc. Although EVM was designed to monitor both time and cost, most research has 

focused on the cost factor. However, earned value management includes two well-known schedule 

performance indices to monitor project progress: schedule variance (SV) and schedule performance 

index (SPI) [4]. 

The SV compares the amount of work actually completed (i.e., earned) to the amount of work planned. 

However, the SV does not measure time but is presented in monetary units. If SV is less than zero, less 

work has been completed as planned, and the project is behind schedule. If SV is greater than zero, 

more work has been completed as planned, and the project is ahead of schedule. If SV=0, the 

completed work is as planned. The SPI is a dimensionless indicator used to measure work efficiency. It 

is the ratio of earned value to planned value, i.e., SPI=EV/PV. If SPI is less than 1 (=1, >1), the 

scheduling efficiency is less than (equal to, greater than) planned. At the completion of a project, the 

SPI is always equal to 1. On the other hand, whenever CV<0 and CPI=1, the project has over-costs 

(otherwise, if CV=0 and CPI=1, the project is under budget). 

2.1. SV and SPI 

Many authors have criticized the interpretation and behavior of the earned value management 

performance indicators SV and SPI over time. First, the SV is measured in monetary units rather than 

time units, which makes it harder to understand and, as a result, it is frequently misinterpreted. Second, 

an SV=0 (or SPI=1) might indicate that the work has been completed, but it could also indicate that it is 

running as planned. Finally, at the end of the project, the SV always converges to zero, signifying great 

performance even if the project is overdue. Likewise, even if the project is overdue, the SPI always 

converges to one at the completion, indicating 100% schedule efficiency. The SV and SPI thus lose 

their predictive power at a specific point in time, which is known as the “grey time area,” and often 

happens during the last third of the project [5].  

As a matter of fact, this is generally the most critical stage where the predictions must be accurate, 

because top management needs to know when they can move on to the next project stage. Therefore, 

Lipke [5] proposed the concept of earned schedule (ES) to address the deficiencies with the earned 

value schedule performance indicators. This approach involves tracing the earned value forward or 

backward to the performance baseline (S-curve) or PV at a certain time point. It converts the EV into 

time increments and compares the actual project performance to the planned time performance. An 

SV(t)=0 (>0) represents the number of time units by which the project lags (ahead) of its 

planned performance. The behaviour of SV(t) over time results in a final SV(t) that equals exactly the 

actual time difference at completion, while the SV always ends at zero. Moreover, the SPI(t) indicator 

has a final value representing project schedule performance while the SPI always equals 1 [5].  

2.2. Project risk analysis 

The EVM framework includes variances and performance indicators to notify project managers whether 

the project is overrun in costs or delays, but they do not notice whether the overruns are within the 

project’s expected range of variability. Due to the fact that EVM does not consider project risk analysis 

and variability, Javier Pajares, and Adolfo López-Paredes [6] developed two new metrics for integrating 

EVM with project risk management methodologies: Cost Control Index (CCoI) and Schedule Control 

Index (SCoI). These indexes compare EVM metrics with the maximum values the project should have 

if it ran under the risk analysis hypothesis [6]. So these two new metrics integrate EVM with project risk 

management methodologies, as EVM does not consider project risk analysis and variability. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Mirosław J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-059

Keszthely, Hungary 
20-23 June 2023

450



 

 

2.3. Forecasting accuracy 

Some researchers have proposed extensions to the basic procedures, mainly related to forecasting 

improvement. Vandevoorde and Vanhoucke [7], [8] summarise some of the cost and schedule 

forecasting methods and study their accuracy in real and simulated projects. In their comparative 

research of schedule performance metrics, they concluded that SPI(t) is a better indicator of project 

schedule performance than all other measures, including the traditional Schedule Performance Index 

[7], [8]. Lipke et al. [9] did a similar study, comparing the accuracy and reliability of a variety of indicators 

that may be used to predict the duration of a project at various stages of completion, presumably based 

on prior performance. They stated that SPI provides reasonably good forecasts only for big 

projects where the duration of the project is long, and the number of data used in the forecasting process 

is huge, whilst SPI(t) performs better in general. Whereas SPI(t) is suggested to be a better alternative 

for measuring duration/time performance than SPI, it has certain conceptual shortcomings and cannot 

be validated as a generic approach that applies to all cases [9]. The fundamental disadvantage of SPI(t) 

is that the same as SPI, it measures schedule performance in monetary terms of Earned Value (EV) 

and Planned Value (PV). In other words, the earned schedule method uses EV as a proxy to calculate 

the equivalent duration. ES, like any technique which uses EVM’s cost-based measurements, is 

inherently insufficient for measuring duration performance. By using such models, the greater the 

disparity between a project’s time and cost profiles, the more inaccurate the schedule performance 

offered. In such cases, SPI(t) and SPI will both produce inaccurate results, and SPI(t) may even perform 

worse than SPI [10]. 

EVM was designed primarily to focus on the large picture, i.e., total duration and cost at each stage. In 

other words, the project status is displayed as green as long as the total planned and actual cost and 

time metrics match. This method ignores the dynamics of event occurrence inside the system and has 

been disputed by other practitioners and researchers as well. To increase the accuracy of duration-

focused performance assessment in EVM, Khamooshi and Golafshani [10] added earned duration while 

keeping the unique interplay of the three key project management variables of scope, cost, and time. 

The Total Planned Duration, Total Earned Duration, and Total Actual Duration graph (called EDM graph) 

is a highly strong tool focused on the duration that may serve the same purpose that the EVM graph 

does for cost. The newly proposed Project Progress Index (PPI), Duration Performance Index (DPI), 

and Earned Duration Index (EDI) are more effective duration-based performance indicators for project 

control and management. These metrics solve the shortcomings of cost-based schedule performance 

indexes [10]. Moreover, Byung-cheol and Reinschmidt [11] have proposed a new probabilistic 

forecasting method based on Bayesian inference and the Beta distribution, which integrates original 

estimates with observations of new actual performance. Furthermore, under this methodology, new real 

data generated during project run time is used to describe trends for the future project total cost and 

finishing date based on past performance [12].  

2.4. Quality 

Quality, as the third angle of the iron triangle, should be considered and controlled in the same way as 

schedule and cost to complete the goals of projects [13]. It is a challenge for many researchers and 

practitioners to suggest a framework to apply EVM to monitor and control the cost, quality, schedule, 

and risk of projects efficiently and effectively. 

Khesal et al. [13] represented a new EVM framework by considering a quality control index. Particularly, 

some control indices and cumulative buffers are defined by two proposed methods, namely the linear- 

and Taguchi-based methods. The first proposed technique calculates Quality Actual Cost (QAC), which 

is the actual quality cost of work performed, based on a linear relationship with Quality Earned Value 

(QEV) which is the budgeted quality cost of work performed. Quality, according to Taguchi, is defined 

as the loss inflicted on society. As a result, the level of desirability is determined by the amount of loss. 

Furthermore, reduced quality loss leads to increased product desirability. Taguchi relates this loss to 

any variation in quality characteristics around its optimal point. This loss may involve dissatisfaction, 
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inconvenience, financial and physical damage. The Taguchi technique is more strong in its approach to 

the cost of quality. The Taguchi loss function plays an important role in achieving Quality Actual Cost 

(QAC); thus, the Taguchi loss function is considered the loss function of quality cost in projects. The 

major output of this study is the control indices of cost, schedule, and quality. Therefore, new metrics 

and indices are prepared to compare cost, schedule, and quality variances with a maximum control 

deviation per time unit. Three new control indices, namely, Cost Control Index (CCoI), Schedule Control 

Index (SCoI), and Quality Control Index (QCoI), are defined to integrate EVM with quality and risk 

management. 

Gao, X.K. and Ye, Z.M. [14] improved the model, which is based on the traditional EV model, quoting 

the definition of quality cost and combining the cost, progress, and quality, then forming the quality 

earned value system and coordinate coefficient of quality and progress. The coordinating coefficient 

index gives a new method for analyzing the scheduling condition and quality performance. The quality 

cost, an integral part of the total cost, can be decomposed into quality prevention, appraisal, and quality 

loss costs [14].  

Moreover, Miguel, Madria, and Polancos [15] addressed the shortcomings and restrictions of the 

conventional EVM and suggested a new project management framework by integrating earned 

schedule, quality management, and risk management into earned value management. Using quality 

performance measures, their proposed model demonstrated how the quality issue affects a project’s 

cost and schedule risk. Their model effectively uncovered hidden expenses such as rework and risk 

costs and integrated them into project and performance management, providing managers with better 

visibility. The standard EVM, on the other hand, is incapable of showing hidden costs and 

thus understates the project’s progress. They introduced the quality performance indicators, which 

measure the ability of the project to deliver quality requirements throughout the project execution by 

calculating firstly the quality requirements (QR), which are the specifications set for the output of each 

milestone of the project. Secondly, the quality index number (QIN) is only the average of the QR rating 

for a certain milestone output. It indicates how much of the QR is met. If QIN < 1 indicates it did not meet 

its respective quality requirements. Thirdly, the quality earned value (QEV) is the portion of the earned 

value that passes the quality requirements. Finally, the quality performance index (QPI) this performance 

index indicates the efficiency of the project in meeting the quality requirements [15].  

3. Conclusion

Earned value management is a project management approach used to control projects in terms of cost, 

time, and progress. EVM can help reduce problems before they become significant issues, save money 

and time, and can be used as a predictive tool to plan. EVM incorporates schedule, costs, and scope to 

assess and measure project performance, according to the Project Management Book of Knowledge 

and ISO 21508:2018. However, a significant percentage of projects fail to meet baseline time and cost 

goals despite the widespread acceptance of EVM. Most research on EVM has focused on cost rather 

than schedule performance. While EVM includes two schedule performance indices (SV and SPI), they 

lose their predictive power in the last third of the project, which is the most critical stage. Earned 

Schedule is a concept proposed by Lipke to address the deficiencies of EVM. ES compares actual 

project performance to planned time performance and traces earned value forward or backward to the 

performance baseline or planned value at a certain time point. ES converts the earned value into time 

increments and can accurately predict the time difference at completion. EVM also does not account for 

project risk analysis, including whether overruns are within a project’s expected range of variability. To 

address this, researchers have proposed integrating risk analysis into the EVM framework to increase 

the accuracy of project cost and schedule forecasts. One of the primary goals of the earned value 

methods is to discover obstacles in execution instantaneously so that decisions may be made at the 

appropriate and required time. Similar to any approach, the value acquired has advantages and 

drawbacks; nevertheless, to get the desired outcomes in its application, it is necessary to be familiar 

with the application system. When appropriately used, the value earned is an essential tool for any 
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project manager, assisting them in completing any project while fulfilling the basic criteria of time, cost, 

and scope. 
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Abstract 

This article presents a method for multi-criteria optimization of repetitive construction processes 

schedules. Considering the limitations in planning the realization of such projects using classical tools 

and methods, the use of swarm algorithm for finding non-dominated solutions to the problem was 

proposed. An example of the application of the particle swarm optimization algorithm to the development 

of a schedule for the repetitive construction processes realization and the selection of work crews in 

order to minimize the realization time of the project and downtime in the work crews was also presented. 
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optimization, repetitive project scheduling. 

1. Introduction

The realization of construction projects often includes the execution of a number of repetitive processes 

on the objects of a given construction project or their parts, referred to as working units. In literature, this 

type of projects are described as repetitive [1]–[3]. Due to the specific nature of the realization conditions, 

the classical planning methods (critical path method, PD method or PERT) are not adapted to support 

the management of this type of projects [4]–[6]. Therefore, a number of methods have been developed 

dedicated to the design of repetitive construction projects realization, such as LSM (Linear Scheduling 

Method) [7], RSM (Repetitive Scheduling Method) [8] or TACT and e-TACT methods [9]. One of the 

more popular approaches to support the management of repetitive construction projects when seeking 

multi-criteria optimization is mathematical modelling of construction management's preferences 

regarding optimization goals, taking into account the imposed realization constraints, and then solving 

the developed model using exact or heuristic (usually of high computational complexity), or meta-

heuristic methods – in the case of complex scheduling problems occurring in practice. Meta-heuristic 

algorithms provide a general scheme for solving an optimization problem, based on processes occurring 

in nature, e.g. adaptation in the evolution process. An example of meta-heuristic algorithms, often used 

to solve scheduling problems, especially in industry, are swarm algorithms, for which an attempt was 

made in this paper to apply them to solve the problem under study. 

2. Literature review

2.1. Meta-heuristic swarm algorithms 

Optimization of schedules for repetitive construction projects is a difficult and complex process due to 

the following problems [10]–[12]: 

• the number of possible solutions in the search area is so large that it makes it impossible or

meaningless to use a comprehensive search to find the best solution,

• the model of the problem usually includes many constraints, which makes it difficult to generate

even one acceptable solution, let alone find the optimal solution,
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• the problem is so complex that in order to obtain a solution with a reasonable amount of 

computational time, it is necessary to use problem models so simplified that any solution is 

practically worthless, 

• the value of the criterion function is affected by many decision variables, therefore it is necessary to 

review many solutions acceptable for various combinations of their values, 

• the person solving the problem usually does not have the appropriate knowledge and skills in 

solving complex mathematical models. 

Due to the aforementioned difficulties in finding solutions to the problem of scheduling repetitive 

construction projects, more and more perfect algorithms are constantly being sought to find an 

approximate, but still useful solution. One of the most popular approaches to finding suboptimal solutions 

to real problems is the use of meta-heuristics algorithms. Many of them are inspired by phenomena 

occurring in nature – the observation of behavior occurring in nature makes it possible to transfer existing 

phenomena to algorithmic procedures [13]. Among the numerous methods belonging to this group, the 

following can be mentioned: 

• evolutionary algorithms, including genetic ones, based on the mechanisms of natural evolution, 

• quantum genetic algorithms using the laws of quantum physics, 

• artificial immune systems based on processes occurring in the immune system, 

• artificial neural networks, imitating the processes in the human brain, 

• simulated annealing algorithms resembling the annealing phenomenon known from metallurgy, 

• herd algorithms, also called swarm algorithms, which derive from the so-called swarm intelligence 

of social organisms living in colonies. 

Swarm algorithms have become increasingly popular in recent years. One of the reasons for this is their 

very large variety and the ability to adapt to the problem under consideration. Organism communities 

are a decentralized system composed of autonomous individuals, which can be described by certain 

probabilistic behavior – reactions to stimuli. The basic rules of their behavior are the result of local 

interactions and guarantee the spread of information within the colony and affect the attitudes of each 

individual. In herd behavior, coordination within a group of individuals corresponds with the organization 

of tasks required to solve a particular problem, while proper communication helps to make the best 

choice by exchanging information between individuals [13]. Table 1 summarizes the types of organisms 

and the type of herd behavior on which optimization in previously developed swarm algorithms is based. 

The general scheme of the swarming algorithm can be written as follows [13]: 

• coding and initialization of the initial population of solutions and evaluation of their quality, 

• until the stopping criteria of the algorithm are met, cyclically repeat the following steps: 

○ identification of the vicinity of current individuals, 

○ selection of individuals representing the best solutions from the vicinity, 

○ acceptance or rejection of candidate solutions, 

○ creating a new population of solutions, 

• decoding the best solutions found. 
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Table 1. Types of herd organisms on whose behavior swarming algorithms are based (based on [14]) 

. 

Organism Type of herd behaviour 

ants foraging 

particles aggregating 

bees foraging 

masses gathering 

wolves preying 

bats echolocation 

bacteria growth 

fish aggregating 

birds mating 

dolphins clustering 

monkeys climbing 

fruit fly gathering 

firefly gathering 

cockroaches foraging 

cuckoos brooding 

krill herding 

frogs jumping 

2.2. Repetitive construction projects 

In the unusually rich literature on the subject, one can find various tools tailored to optimize construction 

schedules of repetitive projects. The most frequently used methods of optimizing the schedules of 

repetitive projects include exact methods of solving mathematical models in the form of linear [15]–[16] 

or dynamic programs [17], as well as heuristic and meta-heuristic methods, e.g. genetic algorithms [18]–

[19] and other more advanced ones [20]–[21]. Approaches using fuzzy logic are also being developed 

[22]. Some works have developed methods for determining construction schedules under risk conditions 

using simulation [23]. 

Regardless of the method of solution or modelling, the problem of scheduling repetitive projects was 

formulated with the following objectives in mind: minimizing the total project realization time [24]–[25], 

ensuring that the project deadline is met [26], minimizing the total cost of the project [27], seeking a 

compromise between the time and cost of the project [28], maximizing work efficiency [29], schedule 

resilience and reliability [30], ensuring the continuity of resources (minimizing downtime) [4], [16], 

minimizing the cost of breaks in the crews work [19] a combination of these criteria [5], [31]–[32]. 

For example, Sroka et al. [33] presented a model for scheduling repetitive construction projects in order 

to support the selection of the appropriate method of their realization and optimize the general 

contractor's profit, taking into account the amount of direct and indirect costs, as well as contractual 

penalties and the cost of downtime of work crews and credit service costs. The model was solved using 

a hybrid algorithm using a simulated annealing algorithm and a genetic algorithm. The operation of the 

proposed model was presented on a calculation example, and the results obtained in the model are fully 

satisfactory. 

In turn, Tran, Chou and Luong [34] developed a stochastic model minimizing the realization time of a 

repetitive construction project, taking into account the different priorities of process significance. A new 

fuzzy hybrid evolutionary approach, called the artificial bee colony approach, was used to solve the 

developed model. Experimental results indicate that the proposed method provides the shortest average 

project realization time and the smallest standard deviation in relation to the optimal solution among the 

model algorithms considered in the work. 
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The same authors developed a method of finding compromise schedules due to the time and cost of 

realization. In [21] an adaptive multi-criteria search algorithm for symbiotic algorithms was developed. 

Two case studies were analyzed to validate the scheduling method, as well as to demonstrate the 

possibility of using the new algorithm to generate solutions. The obtained results indicate that the 

proposed algorithm is more effective in comparison with the basic search algorithm for symbiotic 

organisms and others analysed in this work. 

The model developed by Wang et al. [35] makes it possible to search for a compromise between the 

time, cost and quality of repetitive construction projects. The authors used the NGSA (Non-Dominated 

Sorting Genetic Algorithm) to find non-dominated solutions to the developed problem model. An 

undoubted advantage of their approach is the quantitative consideration of the quality of the realized 

works. 

The genetic algorithm was also used by Altuwaim and El-Rayes [19] to simultaneously minimize the 

duration of a repetitive construction project, the downtime of work crews and the cost of these 

interruptions. The algorithm for solving this problem includes four modules: optimisation, initial 

scheduling, intermediate scheduling and determining the cost of downtime for crews. 

3. USING THE SWARM ALGORITHM FOR SCHEDULING REPETITIVE CONSTRUCTION 

PROCESSES – EXAMPLE 

New methods of scheduling repetitive construction projects have been developed very dynamically in 

the last decade based on increasingly modern and advanced techniques. Nevertheless, it is very difficult 

to find in the literature examples of the use of swarm algorithms for scheduling the realization of repetitive 

construction projects. These algorithms are an extremely flexible and effective tool for finding suboptimal 

solutions to even very complex computational problems. Therefore, in this publication one of the swarm 

algorithms (particle swarm optimization algorithm) was used to determine the schedule of an exemplary 

construction project. The block diagram of this algorithm is shown in Figure 1. 

The analyzed project consists of seven real processes and two fictitious ones: the beginning and the 

end of the project. The project includes the realization of three identical working buildings, being 

separate working units. The same processes are performed on each of them. Sequence relationships 

between processes within one working unit are shown in Figure 2. Two crews are available: crew B1 

and crew B2. They can be assigned to realize different processes. The realization times of individual 

processes are shown in Figure 2 (the realization times of processes on individual work plots are the 

same). Due to the use of the learning effect, the crew assigned to realize a particular process will realize 

it on all work plots. 

 

Fig. 1. Block diagram of the particle swarm optimization algorithm (based on [36]) 
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Fig. 2. Network model of processes realized on one working unit of an exemplary construction project (times of realization of 

individual project processes by crews B1 and B2, expressed in working days, are given in brackets) 

As an example, the project realization schedule was simultaneously optimized in terms of three criteria: 

• minimizing the realization time of the project 

• minimizing the downtime of working crews, 

• minimizing the realization time of construction facilities, remaining in relationship with the reduction 

of downtime on work fronts assuming that they are equivalent. 

 

The example was solved using a particle swarm optimization algorithm. The calculation time was 46.53 

seconds. The resulting schedule is shown in Figure 3 in the form of a beam graph. Crews B1 and B2 

work without breaks, the realization time of the entire project was 57 working days, and the realization 

of each building object averaged 46 working days. 

The developed algorithm can also be used for scheduling the realization of processes repeated on 

heterogeneous units, finding the optimal order of plot realization. Extensive examples of its use are 

presented in [37]. 

4. Summary 

The article presents a method of scheduling repetitive construction projects using one of the swarm 

algorithms – the particle swarm optimization algorithm. The method presented in the article makes it 

possible to obtain compromise solutions due to three optimization criteria: minimizing the realization 

time of construction objects (work units) and the entire project, and minimizing the downtime of crews 

work. The obtained results indicate that the use of swarm algorithms for scheduling repetitive 

construction projects generates very good results and can support construction managers in finding 

solutions to this complex problem. 
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Fig. 3. Beam project realization schedule (solution for equal weights of optimization criteria) 
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STUDY ON SIMULATION TECHNOLOGY TO EVALUATE WORKING 
TIME FROM BIM DATA AND MESH DATA 

Ishida Kosei1 
1 Waseda University , Tokyo, Japan 

 

Abstract  

Research on four-dimensional (4D) building information modeling (BIM) simulations has recently 

been actively conducted. However, the 4D BIM simulation often draws the installation order of the 

building parts. Therefore, only a few studies have analyzed the changes in working time owing to 

differences in the installation order of building parts. In this study, the effect of the difference in the 

installation order of the building parts on work time was investigated. After reproducing the construction 

site in the virtual space, an agent that shuttles between the stockyard and the installation location was 

created. This agent can move around and avoid newly installed members as construction progresses. 

Therefore, the total moving distance of the agent changes depending on the installation order of the 

building parts. Based on changes in the total moving distance, a method was devised for evaluating the 

goodness or badness of the installation order of building parts. Subsequently, the developed simulation 

system was applied to install studs on the partition walls. In addition, the simulation system was applied 

to new constructions and renovation works. When applying the system to renovation work, simulations 

were performed using mesh data created based on the point-cloud data of existing buildings. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: 4D simulation, building information modeling, installation order, worker movement routes.  

1. Introduction 

In Japan, building information modeling (BIM) data are widely used in construction work, particularly for 

clash detection between the structural frame and building equipment. Four-dimensional (4D) BIM 

simulations have also been extensively applied for construction visualization. Thus, the use of BIM data 

has become common in new constructions in Japan. However, several issues are associated with 4D 

BIM simulations, among which a method whereby a human considers and inputs the construction order 

is mainstream.  

In recent years, 4D simulations have been extensively studied, and several studies have been 

conducted on the automatic creation of construction sequences. Many technological developments have 

been made in 4D simulations [1]–[3]. Some studies applied 4D simulations to safety measures [4], and 

numerous examples of applied research linking 4D simulations and virtual reality have been reported 

[5]. Many 4D simulations have reproduced the movements of cranes [6], [7] and have been applied in 

the production of unitized building parts [8]. The organization of BIM data in 4D simulations has also 

been investigated [9], [10]. In addition, studies and discussions regarding the introduction status and 

future of 4D simulations have been reported [11], [12]. 

In this study, considering the interior finishing work in building construction, a system that simulates 

the interior finishing work procedure was developed. In this simulation of interior construction, a 

mechanism was introduced, wherein the movement route of a worker changed depending on the order 

in which the walls were assembled. Considering this, the order of the detailed tasks was determined as 

good or bad. In addition, the number of new construction projects in Japan is expected to decrease, and 

that of renovation projects will increase. Therefore, we developed an application for simulating interior 

construction during renovation. 
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2. Method for predicting work time from BIM data 

2.1. Processing procedure for predicting work time from BIM data 

A system that predicts the work time for specific types of interior construction work was developed in 

this study. This system can automatically determine the route of a worker from the stockyard to the 

installation points of building components. In addition, by installing building members, a mechanism was 

introduced, which created spaces that workers were unable to pass through. 

The developed system predicts work time according to the following calculation procedure: 

(1) Entering the installation location of building components 

(2) Determining the installation order of building components 

(3) Calculating the movement route of the workers 

(4) Aggregating the total distance traveled 

This system was developed using Unity. BIM data was read in 3ds format, which creates the movement 

route of the worker and draws a 4D BIM simulation. 

2.2. Entering the installation location of building components 

Installation points were set up for building components such as studs to execute a 4D BIM simulation 

that installs the interior components. 

Figure 1 shows the substrates of the two interior partition walls. The left side of Fig. 1 shows the complete 

shape of the interior partition walls. The right side of Fig. 1 shows the installation positions of the studs 

forming the base of each wall. Workers in the virtual space move from the stockyard to the installation 

point. After completing the installation, the worker returns to the stockyard to pick up the next building 

member. 

 

Fig. 1. Installation points for building components such as studs. 

 

2.3. Determining the installation order of building components 

Next, the installation order of the building components was determined, which consisted of two orders: 

the work order of the installation work group for walls and the installation order of each building 

component within the installation work group. 
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Figure 2 shows an example of an installation work group in an interior wall substrate. One installation 

work group comprised a series of walls. Figure 3 shows the relationship between the installation work 

group and the building component installation order within the group. 

 

 

Fig. 2. Installation work group in an interior wall substrate. 

 

Fig. 3. Relationship between the installation work group and 

the building component installation order within the group. 

 

2.4. Calculating the movement route of the worker 

2.4.1. Creation of an agent that goes to its destination 

In interior construction, a worker removes one component from a stockyard where building components 

are temporarily placed and carries it to the installation location of the building component. Therefore, 

the calculation of the movement route connecting the stockyard and the installation location of the 

building components is essential. In addition, this movement route should avoid the structural frame and 

installed studs. The movement path between these two points was calculated in this study using the 

NavMesh of Unity. 

 Figure 4 illustrates a schematic of the situation in which a worker moves to install a building component. 

The figure shows the route in which an agent (representing a worker) moves to a goal point (representing 

an installation location) while avoiding obstacles. The blue plane indicates the range within which a 

worker can move. The movable range of the workers was obtained using NavMesh. 

 

Fig. 4. Schematic of the situation in which a worker moves to install a building component. 
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Additionally, interior construction workers must place building components at different installation 

locations. Therefore, a mechanism by which the workers move toward the installation positions of the 

interior components must be introduced to reproduce the interior construction work in a virtual space in 

the aforementioned manner. 

In this study, a procedure by which workers move toward this destination was developed, which 

consisted of two steps. The movements of the workers were reproduced by preparing a list of 

destinations and repeating the following two steps: 

  (1) The agent representing the worker moves toward the sphere representing the goal. 

  (2) When the agent touches the ball, the goal ball moves to its next destination. 

Figure 5 shows the agents traveling to the four destinations. Four points (points 1 to 4) were set as 

destinations. The two agents headed toward the red ball which marked their goal. If one of the two 

agents touched the goal ball, the red ball moved to the next point. Figure 5 also shows the two agents 

moving to the next destination. 

 

Fig. 5. Two agents traveling to four destinations. 

 

2.4.2. Changing the moving area of the worker by installing building parts 

In actual construction work, the range in which a worker can move changes when installing building 

components. For example, when installing a stud, workers cannot walk through the installation location 

of the stud. 

Therefore, even in a virtual space, the range in which a worker can move each time a building 

component is installed must be changed. Based on this, a mechanism was introduced, which 

recalculates the range within which a worker can move each time a building component is installed. 

Figure 6 shows the manner in which the range of the blue plane (which indicates the range in which the 

worker can move) changes with the installation of the studs. The lower right of Fig. 6 confirms that the 

wall is no longer passable owing to the installation of all studs that form the wall. 
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Fig. 6. Diagram showing the situation where the movable range of the worker changes due to the installation of studs. 

 

2.5. Aggregating the total distance traveled 

A worker in the virtual space records the process of assembling building components, while the system 

developed in this study calculates the distance traveled by the worker. Even when installing the same 

building components, the movement distance changes depending on the position of the stockyard and 

order of assembly. The working time was evaluated, and the efficient assembly order was calculated by 

comparing the moving distances. 

Figure 7 shows the route taken by an agent representing a worker to install building components. 

  

Fig. 7 Route taken by an agent to install a building component. 

3. Analysis of changes in worker movement routes  

Using the system described in the previous section, the changes in worker movement paths and 

differences in total worker movement distance owing to differences in the order of the building parts 

were analyzed. In particular, two orders of building walls were prepared, and the differences between 

them were analyzed. 
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The two walls were placed in a virtual space, as shown in Figure 8, which were labeled “Wall1” and 

“Wall2.” Subsequently, simulations performed for the following two assembly orders: 

  (1) Build Wall2 after building Wall1 

  (2) Build Wall1 following building Wall2 

Figure 8 shows the movement route of the worker, which is indicated by the pink line. The left side of 

Fig. 8 shows the movement route when Wall2 was installed after Wall1, and the right side of Fig. 8 

shows the movement path when Wall1 was installed after Wall2. To install Wall1 first, the situation in 

which the worker avoids Wall1 and moves away was confirmed. 

Subsequently, the total travel distance was calculated based on the changes in the position coordinates 

of the workers’ in these two simulations. Table 1 lists the calculation results for the total distance moved. 

The procedure for creating Wall1 after Wall2 required a shorter total movement distance than that for 

creating Wall2 after Wall1. Because the number of components to be attached is the same, the 

difference in movement distance is considered to correspond to the difference in working time. 

Therefore, the procedure for creating Wall1 after Wall2 was more desirable. 

 

Fig. 8. Difference in worker movement routes due to differences in wall assembly order. 

 

Table 1. Total movement distance 

Order Total travel distance 

Wall1 → Wall2 567.7 m 

Wall2 → Wall1 545.1 m 

 

4. Application of work-order simulation method to repair work 

4.1. Procedure for creating a three-dimensional (3D) model for the simulation of the work order for 

repair work 

Although the number of new construction projects in Japan is decreasing, many renovation projects are 

required to maintain the enormous building stock. Therefore, the method described in the previous 

section was applied to the repair work. 
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For aforementioned application, a 3D simulation model must be created. The existing building are left 

in place, while new interior and facility work are conducted during the renovation. Therefore, the 

incorporation of the 3D shape of existing buildings into 3D models is essential. Accordingly, the 3D 

shape of the building was measured using a 3D laser scanner. 

The procedure for creating a 3D model to simulate the work sequence for this repair work is as follows: 

  (1) the target location for the construction was measured using a 3D laser scanner. 

  (2) The density of point-cloud data was reduced 

  (3) The point-cloud data were converted into mesh data. 

  (4) The mesh and BIM data were integrated into the same coordinate system. 

 

4.2. Creation of 3D models for 4D simulation 

A 3D model was constructed for a 4D simulation of the repair work. The 3D model must be able to 

reproduce existing buildings. Hence, a 3D laser scanner was used to create a 3D model of an existing 

building. Figure 9 shows the point-cloud data obtained by measuring an existing building using a 3D 

laser scanner. Subsequently, mesh data based on the point-cloud data were obtained.  

First, the point-cloud data were arranged at intervals of 2 cm, and their capacities were compressed. 

Subsequently, point-cloud data were converted into mesh data; Bentley’s context capture was used. 

Figure 10 shows the created mesh data. The color of the point-cloud data is reflected in the texture of 

the mesh data. 

Next, the mesh data were read in Unity, and NavMesh was used to calculate the range within which the 

worker could move. Figure 11 shows the calculation results; the blue plane represents the range within 

which a worker can walk. 

After performing these processes, the BIM data for the partition wall installed in the area were read. 

Figure 12 shows the 3D model for simulating the installation at the base of the partition wall. The partition 

wall consists of five walls. 

 

Fig. 9. Point-cloud data obtained by measuring an existing building with a 3D laser scanner. 
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Fig. 10. Mesh data based on point-cloud data. 

 

Fig. 11. Calculation results of the range in which the 

worker can move. 

 

 

 

Fig. 12. 3D model for simulating the installation at the base of the partition wall. 

4.3. Analysis of the difference in the total travel distance due to the difference in the assembly order 

A simulation of the installation of the studs was conducted assuming that the retrofitting work was 

performed on an existing building. The 3D model described in the previous section was used. Five 

walls were used in the construction, which were labeled as Wall1, Wall2, Wall3, Wall4, and Wall5 (Fig. 

12). First, the installation order of Wall1–Wall5 was simulated, and Figure 13 shows the agents placing 

studs according to their assembly orders. The manner in which the agent avoids the studs, pillars, and 

walls of existing buildings can be observed. 

Subsequently, the change in the total moving distance due to the change in the installation order of the 

walls was analyzed. The following three patterns were used to prepare the installation orders of the 

walls: 

(1) Wall1, Wall2, Wall3, Wall4, Wall5 

(2) Wall4, Wall5, Wall1, Wall2, Wall3 

(3) Wall3, Wall5, Wall2, Wall4, Wall1 

Table 2 lists the total moving distance for each of the three installation orders and an image that 

visualizes the moving path of the worker. 
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The movement route was the shortest when the order of walls was Wall3, Wall5, Wall2, Wall4, and 

Wall1. This order applies to walls built the furthest from the stockyard. By installing them from the 

back, the previously installed studs were installed in an order that did not hinder worker movement. 

Therefore, this movement route was considered the shortest travel route. 

However, when installing in order of Wall4, Wall5, Wall1, Wall2, and Wall3, the entire movement route 

of the workers was the longest. By installing the front wall first, workers had to make a long detour to 

move. 

Thus, the method shown in this study can be appropriately calculated for new construction and 

renovation projects. 

 

Fig. 13. Situation of agents placing the studs according to the assembly order. 

 

Table 2. Total movement distance. 

Assembly 

order 
1,2,3,4,5 4,5,1,2,3 3,5,2,4,1 

Total 

travel 

distance 

916.6 m 937.3 m 889.5 m 

Image of 

calculated 

route 
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5. Conclusion 

In this study, a simulation system was developed that determined the effect of changing the installation 

order of the building parts on the working time of the workers. The construction work was reproduced in 

a virtual space, and an agent that moved back and forth between the stockyard and construction site 

was created; this agent can move around and avoid the newly installed members. Consequently, a 

change in the movement route of workers can be simulated when the order of installation of the building 

parts is changed. 

This simulation system was applied to install studs on partition walls during renovations. The change in 

the order in which the walls were installed at a virtual construction site changed the movement path of 

the workers. This simulation confirmed performing installation work from the placement side as much 

as possible is efficient. 

 

References 

[1] J. Jupp, “4D BIM for environmental planning and management,” Procedia Eng., vol. 180, pp. 190–201, 2017, doi: 

10.1016/j.proeng.2017.04.178. 

[2] A. L. C. Ciribini, S. Mastrolembo Ventura, and M. Paneroni, “Implementation of an interoperable process to optimise design 

and construction phases of a residential building: A BIM Pilot Project,” Autom. Constr., vol. 71, pp. 62–73, 2016, doi: 

10.1016/j.autcon.2016.03.005. 

[3] V. Getulia and P. Capone, “Computational workspaces management: A workflow to integrate workspaces dynamic planning 

with 4D BIM,” 35th Int. Symp. Autom. Robot. Constr. (ISARC), pp. 1117–1124, 2018, doi: 10.22260/ISARC2018/0155. 

[4] K.-T. Pham, D.-N. Vu, P. L. H. Hong, and C. Park, “4D-BIM-based workspace planning for temporary safety facilities in 

construction SMEs,” Int. J. Environ. Res. Public Health, vol. 17, no. 10, 3403, 2020, doi:10.3390/ijerph17103403. 

[5] M. Afzal and M. T. Shafiq, “Evaluating 4D-BIM and VR for effective safety communication and training: A case study of 

multilingual construction job-site crew,” Buildings, vol. 11, 319, 2021, doi:10.3390/buildings11080319. 

[6] A. N. Tak, H. Taghaddos, A. Mousaei, A. Bolourani, and U. Hermann, “BIM-based 4D mobile crane simulation and onsite 

operation management,” Autom. Constr., vol.128, 103766, 2021, doi:10.1016/j.autcon.2021.103766. 

[7] C. Boton, “Supporting constructability analysis meetings with Immersive Virtual Reality-based collaborative BIM 4D 

simulation,” Autom. Constr., vol. 96, pp. 1–15, 2018, doi: 10.1016/j.autcon.2018.08.020. 

[8] J. Lee and J. Kim, “BIM-based 4D simulation to improve module manufacturing productivity for sustainable building 

projects,” Sustainability, vol. 9, no. 3, 426, 2017, doi: 10.3390/su9030426. 

[9] C. Boton, S. Kubicki, and G. Halin, “The challenge of level of development in 4D/BIM simulation across AEC project lifecyle. 

A Case Study,” Procedia Eng., vol. 123, pp. 59–67, 2015, doi: 10.1016/j.proeng.2015.10.058. 

[10] B. Butkovic and D. Heesom, “ Towards a framework for multi-LOD 4D BIM simulations,” Int. Res. Conf. 2017: Shaping 

Tommorrow’s Built Environ. Conf. Proc., pp. 578–586, 2017. 

[11] P. Farnood Ahmadia and M. Arashpourb, “An analysis of 4D-BIM construction planning: Advantages, risks and challenges,” 

Proc. 37th Int. Symp. Autom. Robot. Constr. (ISARC), pp. 163–170, 2020, doi: 10.22260/ISARC2020/0025. 

[12] O. Doukari, B. Seck, and D. Greenwood, “The creation of construction schedules in 4D BIM: A comparison of conventional 

and automated approaches,” Buildings, vol. 12, no. 8, 1145, 2022, doi:10.3390/buildings12081145. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-061

Keszthely, Hungary 
20-23 June 2023

471



THE BEHAVIOUR OF INFLUENCE LINES OF SCHEDULE 
NETWORKS WITH MAXIMAL RELATIONSHIPS  

Adrienn Lepel1, Miklós Hajdu1,2 

1 Budapest University of Science and Technology, Hungary 
2 Chaoyang University of Science and Technology, Taiwan 

lepel.adrienn@edu.bme.hu 

Abstract: The internal rules of influence lines, which show the transitions of activities’ criticality types, 
were previously investigated in case of PDM networks, where the four minimal end-point relationships 
or point-to-point relations were allowed. This paper examines the effects of the introduction of maximal 
relationships on the criticality types and their behaviour. The research contributes to a better 
understanding of influence lines and the effects of changing an activity’s duration on the project 
duration. 

Keywords: CPM, Precedence Diagramming Method (PDM), Influence lines 

1. Introduction and literature review
The Precedence Diagramming Method is the most widely used time scheduling technique for
its flexibility in modelling the connection between the activities. Yet, the general use of PDM
networks utilises only the four minimal end-point relations: start-to-start, start-to-finish, finish-
to-finish and finish-to-start, as per the original ideas of Fondhal [1] and IBM [2]. Roy [3], in his
MPM network, used start-to-start connections with minimal and maximal lags.

The four minimal end-point relations do not use the full potential of this method. Point-to-
point connections were introduced to extend the possibilities in PDM. According to Hajdu’s [4] 
paper, these can connect any arbitrary point of two activities, not just those ends. Another 
improvement can be the use of maximal relationships. While minimal relations define the 
minimum delay between the related activities, meaning that the task cannot start/finish earlier 
than the relation gives it, maximal relationships define the maximum lag for connecting two 
activities, not allowing them to exceed a specific difference. Maximal connections are 
explained by Hajdu [5, 6].  

The criticality of the activities, describing how they affect the project duration when they get 
shorter or longer, was represented first by Weist [7] and then refined by Hajdu [5]. Influence 
lines depict this effect, showing on a diagram how the project duration depends on the activity 
duration. The influence lines were presented by Hajdu [8], and the internal rules of the 
behaviour of influence lines were described by Lepel and Hajdu [9], with the following 
limitations:  

• activities were assumed to be linear, non-splittable, and non-stretchable;
• only the four minimal end-point relationships were allowed;
• calendars were not allowed;
• hard constraints (such as Must Start at, Start Earlier than) were not allowed;
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• resources and their limitations did not affect the time analysis results. 

2.  Research goals and limitations 
This paper aims to examine the criticality types and the influence lines if not only minimal but 
also maximal connections are allowed. The study deals with end-point relations. The other 
generalisations related to the activities (linear, non-splittable and non-stretchable) and the 
schedule (calendars and hard constraints are not allowed) are kept. 

3.  Criticality types and influence lines in case of maximal connections 
There are six known criticality types if only minimal relations are allowed in a network. The 
criticality types depend on where the critical path enters and leaves the activity (Table 1). 
Allowing maximal relationships does not change the criticality type itself because, during time 
analysis, the activities' early start and early finish are calculated in the first place. The earliest 
possible dates are chosen in this process, which means primarily the minimum connections 
determine how the changes in B affect the project duration. 

Table 1. Criticality types based on the effect of the incoming and outgoing critical paths 

Criticality type Effect of 
increasing 
activity duration 

Effect of 
decreasing 
activity duration 

Critical path 

Normal critical Increasing project 
duration 

Decreasing project 
duration 

 
Neutral critical  No effect on project 

duration 
No effect on project 
duration 

   
Reverse critical Decreasing project 

duration 
Increasing project 
duration 

 
Increasing normal 
decreasing 
neutral critical 

Increasing project 
duration 

No effect on project 
duration 

   
Increasing neutral 
decreasing 
reverse critical 

No effect on project 
duration 

Increasing project 
duration 

   
Bi-critical Increasing project 

duration 
Increasing project 
duration 
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Figure 1. Influence line of a bi-critical activity. 

If a PDM network utilises only minimal relations, then the activity duration is limited by a few 
factors in theory. Inspecting the influence line of a selected activity can show the task’s 
minimal, maximal and optimal time (when the project duration is the shortest). Figure 1. 
illustrates the influence line of a bi-critical activity: the minimum activity duration is zero, the 
maximum is infinity, and the optimum is at the inflexion of the diagram. In Figure 2. a normal 
critical activity is depicted. Here, the minimum activity duration is either zero or the point where 
the influence line reaches zero project duration. Maximum task and project length are, in this 
case, also eternity. Figure 3. shows a reverse critical activity. It can be noticed that the minimal 
length of the task is zero, producing the longest project duration, and the maximum duration is 
reached when the project duration becomes zero. A general influence line, where the activity 
is reverse, then reverse-neutral, then neutral, then normal-neutral and finally normal, is 
depicted in Figure 4. In this case, the minimum of the task duration is zero, the maximum is 
eternity, and the optimum is between the durations that belong to reverse-neutral and normal-
neutral criticalities. 

 
Figure 2. Influence line for  
normal-critical activities. 

 
Figure 3. Influence line for  
a reverse-critical activity. 

 

 
Figure 4. A general influence line. 

As mentioned earlier, minimal relations define the smallest difference between the two 
connected points; for example, a minimal FS3 connection means that the following activity can 
start earliest three days after the preceding activity is finished but can start any time after. On 
the contrary, maximal relationships define the most extended delay between the two points. 
So, a maximal SS4 relation means that the following activity can start the latest four days after 
the preceding task is started. Minimal and maximal connections are often combined, offering 
a time frame for the start or finish of the proceeding activity.  
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Figure 5. Activity with a minimal relation, activity with a minimal and a maximal relation 

Figure 5. shows an activity without and with maximal relations. It is visible how maximal 
connections limit the activity's starting and finishing dates and possible durations. The lag of 
the maximal relation has to be equal to or higher than the lag of the minimal connection.  

Inspecting the influence line of a critical activity in a network with only minimal connections 
and one with combined minimal and maximal connections points out the main difference: 
Figure 6. shows a network with three activities (A, B, and C) and four minimal precedence 
relations. The project duration is 19 days. The influence line for activity B indicates the project 
duration for different activity durations.  

 

 
Figure 6. A network and the influence line of activity B, with only minimal relations 

A one-day increment (from 6 to 7 days) in B’s duration accelerates the project; a two- or 
three-days increment does not result in any further change; the activity is neutral-critical. If 
activity B is faster than the original (with a duration of 5 and below), it increases the project 
duration. If B’s length is 0, the project span is 25; between 7 and 0, the activity is reverse-
critical. Increasing the duration of B to 10 or with any amount above it results in the same 
increment in the project duration. Theoretically, the activity duration, along with the project 
duration, could reach infinity. 
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Figure 7. A network and the influence line of activity B, with minimal and maximal 

relations 

The same network with additional maximal relations is shown in Figure 7. The activity is 
reverse-critical between 1 and 7, reverse-neutral at 7, neutral between 7 and 9, and normal-
neutral at 9. Above the duration of 9, it becomes normal-critical, but when B reaches 14, the 
A→B FFmax relation becomes critical - any more increment in B’s duration is invalid since the 
maximal connection cannot be fulfilled. When B is 1 day long: B→C FFmax relation becomes 
critical; accelerating B would contravene the requirements of the relationships. As a result of 
the maximal relations, the possible durations for B are limited between 1 and 14, thus the 
project span is 24 when B is the shortest, 23 when B is the longest; the minimum project 
duration is 18, and it is reached when B is between 7 and 9. 

 
Figure 8. A network and the influence line of activity B, a bi-critical activity,  

with only minimal relations 

Another example is indicated in Figure 8. This three-activity network with only minimal 
relations shows a bi-critical activity. The project duration is the shortest (18 days) when activity 
B is 6 days long. Increasing or decreasing B's duration results in a more extended project; the 
increase in the project duration will be the same as the increase or decrease in B's length. The 
influence line of B also shows the minimal project duration of 18, where B is 6. Theoretically, 
the time of B can be between zero and infinity, and project durations are 24 and infinity, 
respectively.  
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Figure 9. A network and the influence line of activity B, a bi-critical activity,  

with minimal and maximal relations 

Figure 9. displays the same network with additional maximal relations. B is still bi-critical, 
meaning that changing its duration in any way leads to an extension of the project. The main 
difference is the limitation brought by the maximal relations: B cannot be smaller than 4, 
because the B→C FFmax relation gets critical at this point. The maximum of B is 10; above 
this, the A→B FFmax relation would be violated. The limitations do not only apply to the 
duration of B: the project span is limited accordingly to a maximum of 22 (it is 20 when B is 4). 

4.  Rules for the shape of the influence lines 
In the case of networks with only minimal end-to-end relations allowed, the influence lines can 
fundamentally have two shapes. One is based on the transition from reverse-critical through 
reverse-neutral, neutral-critical and normal-neutral to normal-critical (Fig. 10.). The other is in 
the case of bi-critical activity, where the transition chain is reverse-critical, bi-critical and then 
normal-critical (Fig. 11.). These forms are only modified if the activity or project duration gets 
zero; thus, the influence line crosses the vertical or horizontal axis. While the calculations can 
be performed with negative durations, according to present knowledge, no negative durations 
exist. 

 

 

Figure 10. Transition between 
criticalities, a general influence line 

 

Figure 11. Transition between 
criticalities, influence line of a bi-critical 

activity 

The activity with zero duration can be of any criticality type (Fig. 12.). As a basic rule, it can 
be stated that the duration of B can vary between zero and infinity, and the project duration 
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can take a value between its minimum (reached where B is bi-critical or normal-critical) and 
infinity.  

 
Figure 12. Different criticality types at zero duration and the corresponding influence lines  

As shown in the examples, maximal relations limit the possible values for the activity 
duration, and the project duration follows this. Depending on how the activity length is limited, 
the influence line is cut. Any section of the fundamental shapes can occur; this is depicted in 
Figure 13. The transitions between criticality types are the same as in networks with only 
minimal relations as long as the activity duration is a valid value. 

 
Figure 13. Examples of possible influence lines in the case of maximal and minimal 

relationships 

5.  Conclusions and further research 
The results of our previous research on the shape of the influence lines in networks where only 
minimal end-point relations are allowed can also be applied to the networks extended with 
maximal connections. It is true that:  
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• influence lines are convex; 
• they have zero, one, or a maximum of two break-points;  
• they are linear or piece-wise linear.  

The main difference between influence lines in networks with or without maximal relations 
is that maximal relationships can cut the influence line between two points, while limited to 
minimal relations, the influence line ends if a duration gets zero. 

The other generalisations concerning activities as linear, non-splittable, non-stretchable, 
and relationships as end-point relationships also apply to this research. Further investigation 
direction can be removing one or more restrictions concerning the activities, as in practice, 
activities are often non-linear, splittable or stretchable. 
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Abstract 

Reducing material usage and ensuring adequate performance and safety of bearing structures became 

fundamental aspects of modern engineering design and optimization. Reinforced concrete slabs in multi-

storey buildings transfer vertical floor loads and horizontal shear loads to other bearing elements, such 

as walls, columns, or beams. They provide stability and contribute to overall structural integrity. 

Especially in large structures with a repeating floor plan over several storeys, material consumption in 

reinforced concrete slabs can add up quickly. Structural optimization aimed at reducing material usage 

can provide significant benefits in terms of sustainability and conservation of resources. This paper 

presents a recommendation for a framework of structural multi-objective optimization (MOO) of storey 

slabs made of reinforced concrete and highlights the need for efficient use of resources, especially in 

the context of sustainable development. A case study of the suggested structural MOO-framework is 

carried out on an existing concrete slab of a large residential building using “C-SLOP” (Concrete SLab 

OPtimizer), a tool developed for this purpose. Using the case study results as a basis, input parameters 

for the optimization process were calibrated in order to obtain more realistic results, to consider the 

structural aspects from the execution phase and to find an optimized design solution. The paper 

highlights the importance of multi-objective structural optimization of simple common bearing parts, such 

as reinforced concrete slabs, in early stages of structural design and emphasizes the potential for 

material savings in the construction industry. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: parametric modelling, structural multi-objective optimization, reinforced concrete slabs 

1. Introduction

Concrete is well known as the most used material in construction industry due to its durability and 

strength, however its consumption is responsible at least for 8.6% of all anthropogenic CO2 emissions 

[1, 2]. Despite its popularity, there is a significant lack of parametrical structural optimization of common 

bearing parts and elements during the civil engineering planning process [3]. Even though such 

parametric optimization and decision support (POD) model framework has proven to be very effective 

to identify potential savings in terms of the economic and environmental resource efficiency of structural 

objects and buildings at a very early design stage [4] by generating solutions with an aid of multi-

objective optimization (MOO) process and investigating them on quantified findings, while still ensuring 

the strength and safety of the structure [5].  

This paper presents a novel pipeline of implementation of structural MOO process into the daily based 

task of structural engineering, such as design of reinforced concrete storey slabs with repeating floor 

plan. For this occasion, a tool called C-SLOP (Concrete SLab OPtimizer) has been developed within 

this research. This paper aims to present the framework of the above-mentioned tool and to emphasize 

the potential for material savings in the construction industry, especially of common bearing parts and 

elements. As test case, an already built up real reinforced concrete slab of a large residential building 

will be examined with C-SLOP. In order to find an optimized design solution and to consider the structural 
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aspects from the execution phase, the results of the examined case study were compared with the real 

results. The examination of deviation between both cases helped to calibrate input parameters for the 

MOO process and get more realistic results. 

2. Framework 

The computational framework of C-SLOP finds itself within the CAD-Software Rhinoceros3D [6]. Its 

visual programming language Grasshopper3D [6] allows the creation of complex parametric algorithms 

and power them with generative evolutionary solvers, e.g. Octopus [7], which was used within C-SLOP´s 

framework described in following chapters. The finite element analysis (FEA) is performed with an aid 

of Grasshopper´s plugin Karamba3D [8]. 

2.1. Structural FE model and analysis 

The structural model is represented by the 2D finite element (FE), located parallel to the cartesian XY-

plane, whereby the height (Z-coordinate) can be chosen freely by the user. Within the slab geometry, 

the slab openings can also be defined (e.g., lift shaft, infrastructure shaft etc.). Fig. 1(a). exemplarily 

depicts a slab geometry with opening and line support definition in C-SLOP. The walls are represented 

by line support definition along the wall-slab connection. The line support definition includes free degree 

of freedom (DOF) for rotation around local x-axis and translation perpendicular to wall-slab connection 

line (local y-axis). The translation along global Z-axis and along local x-axis of the connection is rigid. 

Fig. 1(b) depicts the described line support connection at the reference FE surface of the slab. 

                                      

Fig. 1. (a) Slab geometry with openings and line supports; (b) wall-slab connection. 

Within the process of the structural analysis of reinforced concrete slabs, it´s significant to consider the 

load distribution along the whole slab´s geometry. Thus, the slab is normally separated into individual 

sections, so called fields. This separation allows to apply different loads and their combination 

independently on every slab field. As also envisaged by the standards and codes, it´s mandatory to 

consider all possible (advantageous and disadvantageous) load combinations scenarios in structural 

analysis due to their effects on the structural performance. Thus, some loads can act in different 

directions and partially cancel other loads (advantageous). Disadvantageous loads act accordingly in 

the same direction and produce grater level of stress and deflection. Building codes and standards, such 

as Eurocode, address this problem with so called safety factors 𝛾𝐺,𝑑𝑖𝑠, 𝛾𝐺,𝑎𝑑𝑣 for permanent and 𝛾𝑄,𝑑𝑖𝑠, 

𝛾𝑄,𝑎𝑑𝑣 for variable loads. Fig. 2(a) depicts a possible contribution of the field in a slab. The application of 

different load combination scenarios for this exemplary field distribution is shown in Fig. 2(b).  

Structural analysis is performed for all possible load combinations in ultimate and serviceability limit 

states (ULS & SLS). The long-term deflection of the slab, which includes the effects of creep and dwindle 

of concrete, is calculated in SLS quasi-permanent.  

As a part of structural analysis, the required amount of steel reinforcement per layer and direction is 

calculated with the Karamba3D´s component “Optimize Reinforcement” [9], based on the sandwich 

model approach of Marti [10, 11]. However, this approach doesn´t cover the amount of needed overlap, 

edge, and connection reinforcement.  

       (a)                                                                                             (b) 
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Fig. 2. (a) Slab field overview; (b) Different load combinations on slab fields. 

2.2. Optimization 

As mentioned before, the novel approach of MOO is used within the described framework. Variable 

inputs in C-SLOP are listed in Table 1. 

Table 1. Input parameter of the test case 

Name Description 

Variables:  

Concrete sort C20/25, C25/30, C30/37, C35/45, C40/50, C50/60 

Slab thickness 18cm, 19cm, 20cm, 21cm, 22cm, 23cm, …, 60cm 

1st bottom main grid of reinforcement* Ø8/25, Ø8/20, Ø10/25, Ø8/16, Ø10/20, Ø12/25, … 

2nd bottom main grid of reinforcement* Ø8/25, Ø8/20, Ø10/25, Ø8/16, Ø10/20, Ø12/25, … 

1st upper main grid of reinforcement* Ø8/25, Ø8/20, Ø10/25, Ø8/16, Ø10/20, Ø12/25, … 

2nd upper main grid of reinforcement* Ø8/25, Ø8/20, Ø10/25, Ø8/16, Ø10/20, Ø12/25, … 

Goals:  

Minimization of used concrete mass Reduction of environmental and cost impact 

Minimization of used steel reinforcement mass (𝐴𝑠,𝑡𝑜𝑡𝑎𝑙 in Fig. 3) Reduction of environmental and cost impact 

Deterioration of concrete sort  Reduction of environmental and cost impact  

Maximization of the step of rebars in the main grid Minimization of time effort in reinforcing process  

 

* Only standard-complaint reinforcement grids are considered. It means, that only main grids with 

provided amount of reinforcement 𝐴𝑠,𝑝𝑟𝑜𝑣,𝑚𝑎𝑖𝑛 greater than the minimal required amount of reinforcement 

𝐴𝑠,𝑟𝑒𝑞,𝑚𝑖𝑛 acc. to Eurocode 2 [12, 13] are used as variables in MOO-process. This approach allows to 

consider all possible variants of structure, where the usage of heavier main grid could lead to smaller 

usage of additional reinforcement 𝐴𝑠,𝑟𝑒𝑞,𝑎𝑑𝑑 and overall used steel reinforcement material  

𝐴𝑠,𝑡𝑜𝑡𝑎𝑙 = 𝐴𝑠,𝑝𝑟𝑜𝑣,𝑚𝑎𝑖𝑛 + 𝐴𝑠,𝑟𝑒𝑞,𝑎𝑑𝑑 + 𝐴𝑠,𝑐𝑜𝑛𝑠𝑡𝑟. Constructive reinforcement 𝐴𝑠,𝑐𝑜𝑛𝑠𝑡𝑟 describes edge, lap 

joints and connection reinforcement. Fig. 3 depicts other above-mentioned definitions of steel 

reinforcement amount (exemplary on two-fielded slab strip spanned in one direction). 

                   

Fig. 3. Definition of the steel reinforcement amounts. 

The SLS-criteria in characteristic (initial deflection) and quasi-permanent (long-term deflection) 

according to Eurocode 2 take role as constraints during the MOO-process. 

(a)                                                                             (b) 

𝑨𝒔,𝒓𝒆𝒒 

𝑨𝒔,𝒓𝒆𝒒,𝒎𝒊𝒏 

𝑨𝒔,𝒑𝒓𝒐𝒗,𝒎𝒂𝒊𝒏 

𝑨𝒔,𝒓𝒆𝒒,𝒂𝒅𝒅 

 
 
 
ൠ 𝑨𝒔,𝒕𝒐𝒕𝒂𝒍 
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3. Test case 

As already mentioned before, the test case study is applied to already built-up residential project. It 

contains a concrete floor slab with 10 repeating storeys. The dimensions of the structural FE-model are 

depicted in Fig. 4. 

 

Fig. 4. Dimensions of the structural FE-model of the test case slab geometry 

Generative structural multi-objective optimization took place with the input data and load definition listed 

in Table 2. The local axis of the reinforcement direction is aligned in such way, that the shortest span 

length of the field represents the direction of the 1st rebar layer. The 2nd rebar layer is located crosswise. 

     Table 2. Input parameter of the test case 

Name Description 

Variables: 

Range of applied concrete sort C25/30, C30/37, C35/45, C40/50, C45/55, C50/60 

Range of applied slab thickness 18cm, 19cm, 20cm, 21cm, 22cm, 23cm, …, 40cm 

Range of applied amount of reinforcement steel  

as the main grid 𝐴𝑠,𝑝𝑟𝑜𝑣,𝑚𝑎𝑖𝑛 
Minimal standard acceptable main grid, …, Ø20/15 

Constant values:  

Steel sort of the reinforcement B550B acc. To Eurocode 2 [14, 15] 

Loads:  

Self-weight Self-weight of the structure is calculated automatically within 

the FE-Analysis of Karamba3D  

Dead load Areal load 2,50 kN/m², permanent loads 

Payloads Areal load 3,00 kN/m², variable loads 

FE-mesh resolution ~0,25 meter 

MOO-parameters:  

Elitism 0.500 

Mutation probability 0.200 

Crossover rate 0.800 

Population size 100 

Maximal generations 20 

4. Results 

Due to competing properties of possible optimal solutions, no overall optimal variant of the structure can 

be found. Therefore, the so called pareto front is examined and compared. Pareto solution of the test 

case are listed in Table 3 and depicted in Fig. 5 with the dependence on concrete sort (CS), slab 

thickness ℎ [𝑐𝑚], 1st upper rebar layer (1+), 2nd upper rebar layer (2+), 2nd button rebar layer (2-) and  

1st button rebar layer (1-). 
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     Table 3. Input parameter of the test case 

CS_h_1+_2+_2-_1- Needed concrete mass  

[kg] and [% from the lowest] 

Needed steel mass [kg] and [% 

from the lowest] 

C25/30_18_Ø8/23_Ø8/23_Ø8/23_Ø8/23 225587 100% 4115 100% 

C25/30_18_Ø8/23_Ø8/23_Ø8/22_Ø8/23 225587 100% 4149 101% 

C25/30_18_Ø10/25_Ø8/23_Ø8/23_Ø8/23 225587 100% 4520 110% 

C25/30_18_Ø10/25_Ø8/23_Ø10/25_Ø8/23 225587 100% 4880 119% 

C45/55_18_Ø12/24_Ø12/25_Ø10/25_Ø10/25 225587 100% 7229 176% 

C45/55_18_Ø12/24_Ø12/23_Ø10/25_Ø10/25 225587 100% 7438 181% 

C35/45_19_Ø10/25_Ø10/23_Ø10/24_Ø10/25 238120 106% 5936 144% 

C30/37_19_Ø10/25_Ø14/25_Ø14/22_Ø12/25 238120 106% 9494 231% 

C30/37_21_Ø10/25_Ø10/23_Ø10/24_Ø10/25 263185 117% 5925 144% 

C25/30_24_Ø10/24_Ø10/25_Ø10/25_Ø10/25 300783 133% 5789 141% 

 

 

Fig. 5. Fitness values of pareto genomes 

Due to small differences in the rebar step (from 22cm to 25cm) and accumulating time effort, one can 

neglect this objective. Based on this accusation, one variant may be chosen as optimal and be used for 

further analysis – the slab with C25/30 concrete sort and 18 [cm] slab thickness. This variant is compared 

to the existing slab which is build out of C25/30 concrete sort with 20 [cm] thickness. For more realistic 

comparison of overall used mass of reinforcement steel, reinforcement plans of the C25/30_18 slab are 

created with the consideration of edge, overlap, and connection reinforcement. This variant is called 

C25/30_18_realistic in the further comparison which is listed in Table 4. 

     Table 4. Comparison of the already built-up slab C25/30_20, optimal solution of C-SLOP C25/30_18 and practical variant of 

the optimum C25/30_18_realistic. 

Name 
Concrete volume [m³] 

Mass of used  

reinforcement steel [kg] 

Degree of  

reinforcement [kg/m³] 

Built-up C25/30_20 109,3 6630 60,7 

Optimum of the test case C25/30_18 98,37 4115 41,8 

Realistically designed C25/30_18_realisitc 98,37 6627 67,4 

5. Conclusion 

The primary objective of the research presented in this paper is to introduce a novel methodology for 

the optimization of reinforced concrete slabs using the developed tool C-SLOP (Concrete SLab 

OPtimizer). The tool is aided by parametric modelling, structural finite element analysis and multi-

objective optimization. To prove its functionality, a test case was conducted on an already built-up 

concrete slab with repeating floor plans. The results of the optimization process were analyzed and lead 

to following conclusions: 

• Comparing the thickness of existing and optimized slab, one may have reduced it from 20 cm 

to 18 cm without higher reinforcement effort (see also Table 4). Such reduction in thickness of 

the slab could have led to significant lower environmental and price impacts due to material 
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saving, considering the repeating geometry of the slab over 10 storeys of the building (almost 

11 m³ concrete per slab and 110 m³ in total). 

• However, the calculated needed amount of reinforce steel is significantly lower than the

realistically imitated structurally designed model of the same slab with 18 cm thickness. This

discrepancy occurs due to the lacking functionality (consideration of overlap, edge, and

connection reinforcement) of used framework for the calculation of the needed rebar amount.

Therefore, the actual amount of steel required for the optimized slab geometry is 61% higher

than the calculated one (6627 kg to 4115 kg).

• The case study has estimated that the difference in the rebar step between all pareto optimal

solutions is not significant for this exact slab geometry (see also Fig. 4).

Summarized, the C-SLOP tool could potentially lead to substantial material savings and lower 

environmental impact providing several possible solutions and establishing the range for decision 

making support. However, further research is needed to improve tool´s functionality regarding more 

precise output for amount of reinforced steel. Occasionally, the computational framework of C-SLOP 

may be included in common structural FE software and become an everyday habit in the design process. 
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Abstract 

China is the largest construction market in the world and keeps growing at about 5% per year in terms 
of construction market value. China’s construction equipment is also the world’s largest in terms of units 
of sales. Most of the equipment units are diesel powered due to need for high power output and the 
diesel engines emit toxic pollutants of particulate matters (PM), Nitrogen oxides (NOx), unburned 
hydrocarbons (HC), and carbon monoxide (CO) of large amounts, which are proved to be detrimental 
to human health. There has been a pressing need for the government to control emissions from diesel 
engines by implementing stringent requirements on emission standards and regulating the 
manufacturing and operations of construction equipment in a progressive approach. This paper 
conducts a review of China's current emission status of construction equipment, emission standards for 
diesel equipment engines and equipment operations, a summary of China's related emission regulation 
policies on construction equipment is made, and a comparison analysis is conducted with some 
developed regions such as the United States and EU countries. 

Keywords: construction equipment, exhaust emissions, emission standards, regulatory control, comparative 

study.  

1. Construction equipment market in China

Construction equipment is the essential engineering equipment required for construction works, 

including hydraulic excavators, bulldozers, loaders, graders, pavers, road rollers, cranes and forklifts. 

China has been holding one of the leading positions in the global construction equipment market. Data 

shows that compared with other regions, China's growth rate of equipment manufacturing has steadily 

increased from 2015 to 2018. In 2019, China's construction equipment market surpassed North 

America, reaching 169.38 thousand units, ranking first in the world (iimedia, 2019). 

Fig. 1. Global construction equipment market distribution (Thousands of units) 

According to the Annual Report on China Mobile Source Environmental Management (MEE, 2022), 

non-mobile sources in China emitted 168 thousand tons of SO2, 429 tons of HC, 4789 tons of NOx, and 

234 Tons of PM. In terms of percentage values in emissions from mobile sources, 26% of HC, 30% of 

NOx, and 32.1% of PM are from construction equipment. In 2021, in the registration database of 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-064

Keszthely, Hungary 
20-23 June 2023

486



nonroad machineries in China, there are 197 thousand excavators, 137 thousand loaders, 13 thousand 

rollers, 4 thousand bulldozers, 2 thousand pavers, 1 thousand graders. Among the construction 

equipment, excavators emitted 37%, loaders emitted 44.1% of HC; loaders emitted 42%, and 

excavators emitted 36.3% of NOx; Excavators emitted 52.9%, and loaders emitted 35.9% of PM, which 

shows excavators and loaders are equipment types emitting the most criteria pollutants during 

operations. Around half of the pollutants from construction equipment are emitted from China non-road 

Tier-3 equipment and others from Tier-2 and Tier-1 and pre-Tier 1 equipment. Since China Tier-4 non-

road mobile diesel engine standard came into effects in Dec 2022, there are very few Tier-4 equipment 

units in the market. Most of the in-service construction equipment unit in China are of high-pollution old 

generations. 

2. Emission standards of construction equipment  

Diesel engine emissions are measured on an engine dynamometer over a standardized emission test 

cycle to simulate the real word operations in the laboratory (DieselNet, 2023). Portable emission 

measurement systems (PEMS) can also be used to verify the emissions for certification or for in-service 

conformity (ISC) testing in real operations of the equipment. Diesel engine regulatory limits are 

expressed in grams of pollutant per kWh, for different categories of engine horsepower. 

According to the "Emission Limits and Measurement Methods of Diesel Engine Exhaust Pollutants for 

Non Road Mobile Machinery (China Phase 3 and 4)" (GB20891-2014) issued by the Ministry of Ecology 

and Environment (MEE, 2023a; MEE, 2023c), China's emission standards for non-road mobile 

machinery for Tier 3 engine was Implemented on 1 October, 2015. MEE later revised GB20891 and 

issued technical standard “Emissions control technical requirements of non-road diesel mobile 

machinery” (HJ 1014-2020) in 2021. After some delays, China Tier-4 standard on non-road diesel 

engines came into effect on 1 December, 2022.  

GB20891-2014 Tier 4 standard mainly tightens the limit requirements for NOx and particulate matter. 

For HC and NOx, Tier 4 has made more detailed requirements, and the emission limits have been 

lowered. For engine power of 56<P<75, the combined emission limit of HC + NOx specified by Tier 4 is 

reduced by 26% compared with Tier 3; for 75<P<130, the reduction is 13%; for 130<P<560, the 

reduction is 45%; when P>560, the reduction is 39%. For pollutant emission, after the implementation 

of the Tier 4 standard, the PM levels of diesel engines above 37kW have been reduced to varying 

degrees, especially the reduction of particulate matter. The PM limit for equipment above 560kW 

becomes 50% of the original limit. From 37kW to 560 kW, the PM limit is about 10% of the original limit.  

HJ 1014-2020 standard further improved the specifications and technical tests of Tier 4, such as adding 

detailed specifications for non-road transient cycle (NRTC) and portable emissions measurement 

system (PEMS), it also introduced the PN limit and test requirements for wall flow diesel particulate filter 

(DPF). At the same time, the requirements for the emission warranty period have been extended. If the 

emission-related components fail or are damaged during the warranty period, causing the emission 

control system to fail, or the vehicle emission exceeds the limit requirements of this standard, the 

manufacturer should bear the relevant maintenance costs. HJ 1014-2020 requires Tier 4 standards to 

be implemented from December 1, 2022. All non-road mobile machinery below 560 kW (including 560 

kW) manufactured, imported and sold and the diesel engines installed there-on shall meet the 

requirements of Tier 4 standards. 

Major global economies have already imposed legislative restrictions on pollutant emissions from 

construction equipment (categorized as non-road diesel engines in general), and established a phase-

wise progressive tightening of emissions standards. In US, EPA Tier 4 was implemented from 2008 to 

2015 (Tier 4i: 2008-2014, Tier 4F 2014+). On September 14, 2016, the European Union issued the 

latest Stage V pollutant emission standards for non-road mobile machinery, namely Regulation 

EU2016/1628. Subsequently, supporting regulations were successively issued, including technical 

requirements, vehicle management requirements and document management requirements. 
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The updated non-road standards adopted by the United States, the European Union, Japan and 

China are US Tier 4, EU Stage V, Japan 2016 and China non-road Tier 4. The detailed regulatory 

limits on the emissions of various pollutants are shown in Table 1 for comparison. 

     Table 1. Comparison of Diesel-engine emissions standards of non-road mobile engines: China and overseas 

Engine Power Region CO HC NOx NMHC PM PN Smoke 

(kW)  (g/kWh) (g/kWh) (g/kWh) (g/kWh) (g/kWh) (#/kWh)  

kW < 8 

US 8.0   7.5  0.4   

EU 5.5 7.5  0.4 -  

JP        

China Tier 3 5.5 7.5  0.6   

China Tier 4 5.5 7.5  0.6 5×1012  

8 ≤ kW < 19 

US 6.6  7.5 0.4    

EU 5.5 7.5  0.4 -  

JP        

China Tier 3 5.5 7.5  0.6   

China Tier 4 5.5 7.5  0.6 5×1012  

19≤P<37 

US 5 - 4.7 0.03   

EU 5 4.7  0.015 1×1012  

JP 5  4 0.7   25 

China Tier 3 5.5 7.5  0.6   

China Tier 4 5.5 7.5  0.6 5×1012  

37≤P<56 

US 5 - 4.7 0.03   

EU 5 4.7  0.015 1×1012  

JP 5  4 0.7   25 

China Tier 3 5 4.7  0.4   

China Tier 4 5 4.7  0.025 5×1012  

56≤P<75 

US 5 0.19  0.4  0.02   

EU 5 0.19 0.4  0.015 1×1012  

JP 5  0.4 0.19   25 

China Tier 3 5 4.7  0.4   

China Tier 4 5 0.19 3.3  0.025 5×1012  

75 ≤ kW < 130 

US 5 0.19 0.4  0.02   

EU 5 0.19 0.4  0.015 1×1012  

JP 5  0.4 0.19   25 

China Tier 3 5 4.0  0.3   

China Tier 4 5 0.19 3.3  0.025 5×1012  

130 ≤ kW < 225 

US 3.5  0.4 0.19 0.02   

EU 3.5 0.19 0.4  0.015 1×1012  

JP 3.5  0.4 0.19   25 

China Tier 3 3.5 4.0  0.2   

China Tier 4 3.5 0.19 2  0.025 5×1012  

225 ≤ kW < 450 

US 3.5  0.4 0.19 0.02   

EU 3.5 0.19 0.4  0.015 1×1012  

JP 3.5  0.4 0.19   25 

China Tier 3 3.5 4.0  0.2   

China Tier 4 3.5 0.19 2  0.025 5×1012  

450 ≤ kW < 560 US 3.5  0.4 0.19 0.02   
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EU 3.5 0.19 0.4  0.015 1×1012  

JP 3.5  0.4 0.19   25 

China Tier 3 3.5 4.0  0.2   

CN Tier 4 3.5 0.19 2  0.025   

kW ≥ 560 

US 3.5  0.67 0.19 0.03   

EU 3.5 0.19 3.5  0.045 -  

JP        

China Tier 3 3.5 6.4  0.2   

China Tier 4 3.5 0.4 3.5  0.1 5×1012  

It is observed that emission limits of CO  and HC are similar as compared with US Tier-4 and EU Stage 

V, China’s non-road Tier-4 emission limits are still very lenient in PM, NOx, and NHMC emissions as 

compared with overseas standards. Overall, China non-road Tier-4 standards are considered 

comparable with US Tier 4 interim and EU stage IV standards. However, the control of nonroad diesel 

emissions in China is considered to be a very comprehensive and holistic approach according to the 

government sources. 

In order to control black smoke of diesel engines, solid particle number (PN) test requirements are 

added in China non-road Tier-4 standards. PN value is controlled to be less than 5x1012, per kWh, 

Diesel Particulate Filter (DPF) technologies are usually adopted to control the PN values to meet the 

requirements. 

3. Diesel engine emissions control of non-road mobile machineries  

Similar to the EU requirements in Commission Delegated Regulation (EU) 2017/655 for in-service 

testing, China required the non-road diesel engines with horsepower over 37 KWh be tested using 

vehicle carried PEMS system during the operations period. Over 90% of the tested results on CO and 

NOx emissions should have their in-service conformity (ISC) values below 2.5.  

GB36866-2018 sets the requirements for testing of smokes from non-road diesel engines (MEE, 

2023c). For China non-road Tier-3 or Tier-4 engines, the light absorption coefficient should be measured 

by opacity meter and get a result of less than 0.5 per meter for engine horsepower more than or equal 

to 37 KWh, or 0.8 for larger engines. Ringelmann blackness class should not more than 1 for all engine 

tiers. Visible smokes from any diesel engines are disallowed. 

Smoke measurements can be carried out with an opacity meter according to national standard GB 

3847-2018 or using the Ringelmann method as described in an appendix to GB 36886-2018.  

National technical standard HJ 1014-2020 has included the requirements for the installation of engine 

telematics and satellite navigation precision positioning systems for non-road mobile machinery 

equipped with diesel engines of horsepower equal to or above 37kW. All the in-service construction 

equipment units are required to transmit emissions related data and locations to the centralized 

management and supervision system operated by MEE according to the specified data types and data 

format.  

Since 2017, 10 ppm diesel, low emission diesel fuel with a sulphur content of less than ten parts per 

million, has been widely supplied in Chinese market, which can fully meet the requirements of non-road 

tier-4 diesel engines. Use of biodiesel in non-road engines are not compulsory, but both production, 

sales, and use of biodiesel can take advantages of government support in the forms of taxes, loans, 

fundings, et. in green technology support area. 

Plagued by serious air pollutions in large cities such as Beijing and Shanghai, more stringent measures 

have been taken to control the emissions from construction equipment at the municipality level. Beijing 

implemented non-road Tier-4 standards as early as Dec 2021, Shanghai and Shenzhen implemented 

in May 2022, all ahead of national commencement time of 1 Dec 2022. Most of the large cities set low-

emission zones to prohibit the use and operations of so called yellow-label equipment of high-pollution 
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engines. Video surveillance cameras are also used in some strategic areas to automatically identify and 

report on smoky vehicles or equipment.  

4. Conclusions 

Although China lagged behind in setting strict emission criteria for construction equipment, for 

construction industry which heavily relying on non-road mobile diesel equipment. The new non-road 

Tier-4 standard implemented in China since Dec 2022 will effectively control and greatly reduce 

emissions of construction equipment in the world’s largest construction market and the largest 

construction equipment market. A comprehensive and holistic approach has been taken in the emission 

control of construction equipment in China. Apart from the more stringent emission standards in 

construction equipment manufacturing, sales, import, and deployment, there are strict registration and 

administration systems in place to track, control and manage the real time emissions of construction 

equipment. Vehicle carried PEMS systems are used to measure the emissions of in-service construction 

equipment. Construction equipment units with black smokes are strictly prohibited through technical 

measures and management procedures. 
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Abstract 

There is a need for change in the construction industry to respond to increasing competitive pressure for more 

productive systems. Thus, given the concern for improving productivity levels in the industry, it is necessary to 

face the problem from all perspectives. One of these perspectives of analysis is the worker, who plays a key 

role in the productivity and final results of a project. This is especially relevant in those parts of the world where 

construction work remains labour-intensive, so occupational and chronic diseases become of interest. Healthier 

workers are physically and mentally more energetic, robust, productive, and less likely to be absent from work 

due to illness. Although many employers are now concerned about the health of their workers, their efforts have 

focused more on medical costs (insurance) than on interventions to understand the impact of health on 

workforce productivity. Through a systematic literature review, this article describes the status of some 

occupational and chronic non-communicable diseases in developing countries and how they affect productivity 

in the construction industry. This will make it possible to have clarity on the diseases that affect construction 

workers and that have been most studied, such as cardiovascular diseases, chronic respiratory diseases or 

diabetes, and also to identify diseases whose impact has been little studied and that require further analysis in 

order to propose concrete actions to deal with them. Thus, cardiovascular diseases, chronic respiratory diseases 

and diabetes are the most analyzed diseases in the construction sector. However, mental health, 

musculoskeletal disorders and audiological diseases are also becoming relevant. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: cardiovascular diseases, construction workers, diabetes, musculoskeletal diseases, productivity. 

1. Introduction

Construction productivity is a significant determinant of success in the projects carried out in the industry [1] 

since it promotes cost savings and the effective use of resources [2]. There is a need for change in the 

construction industry to respond to growing competitive pressure for more productive systems, given that the 

sector presents important problems concerning productivity. Thus, given the concern for improving productivity 

levels in the industry, it is necessary to address the problem from all perspectives. 

One of the most analyzed perspectives is the economic one. In this context, economic losses from occupational 

accidents in some industrialized countries have been estimated at 3 to 5% of gross domestic product (GDP), 

with the World Health Organization [3] stating that economic losses (resulting from incapacity for work and early 

mortality related to exposure to occupational risk factors) can reach 10 to 15% of GDP. 

Another approach focuses on the worker, who has a fundamental role in the productivity and results of a project. 

Occupational diseases are of interest in those parts of the world where construction work remains labour-

intensive. According to estimates by the International Labor Organization [4], 5,000 workers die per day from 

work-related diseases in what are considered occupational accidents, occupational diseases, "work-related 

diseases", and diseases made worse by work and during 2016, almost 1.9 million people died from work-related 

diseases and injuries [5]. 

Healthier workers are physically and mentally more energetic, robust, productive, and less likely to be absent 

from work due to illness. Although many employers today are concerned about the health of their workers, their 

efforts have focused more on medical costs (insurance) than on interventions to understand the impact of health 

on workforce productivity. 
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Materials, tools, rework, work acceleration, poor coordination, project changes and their management are the 

main factors that affect productivity [6] and therefore are the most researched topics. The health problem and 

its impact on productivity differ from the research focus in the construction sector [7]. 

While it is true that most of the research conducted focuses on cardiovascular diseases [8, 9, 10,11], studies 

are also beginning to extend to somatic and mental illnesses [12, 13, 14], including acute and chronic pain [15]. 

The importance of non-immediate consequences to prolonged exposure to noxious agents has also been 

studied in osteoarticular; musculoskeletal; dermal; respiratory; neuropsychological; otological; or fatigue 

diseases [16]. 

Thus, this article analyzes research on some occupational and non-communicable diseases in non-developed 

countries, aiming to deepen the understanding of how this affect productivity in the construction industry. 

Through a systematic review using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-

Analyses) methodology [17], we describe the status of these occupational diseases, compare the data and 

analyze the effect of these on productivity in the construction industry in undeveloped or developing countries. 

2. Method 

This review was carried out following the methodology PRISMA checklist 2009 [17]. Publications from 2000 to 

2023 indexed in the Google Scholar, Scopus, Scielo and Latindex databases were retrieved using the keywords 

"diseases", "construction worker", and "list of LATAM country". 

The results obtained from these databases were 43. Each of these articles was reviewed by the authors, taking 

into consideration that each study had to meet the following criteria: (1) analysis in the construction sector, (2) 

studies on diseases, (3) articles where the study was conducted in Latin America, (4) published between 2000 

and 2023, (5) articles written in English, Spanish or Portuguese and (6) articles published in peer-reviewed 

journals. 

In the screening stage, 19 articles were eliminated because they were not related to the construction sector, 

and in the eligibility stage, seven articles were eliminated because they did not have peer review. Figure 1 

shows the PRISMA flow chart, showing that after the entire process, 17 articles were included in the qualitative 

analysis. 

 

Figure 1. PRISMA Flow diagram of literature search and review. Source: By Authors based on PRISMA 2009 [17]. 

2.1 Selection of articles based on the selected criteria 

Finally, based on the criteria selected for the analysis, the aim is to understand which occupational and non-

communicable diseases are analyzed in LATAM and how they affect productivity in the construction industry. 

The 17 articles included in the analysis, results and discussion are shown in Table 1. 
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Table 1. Articles retained for analysis 

Authors Year Country Sector Disease 

Zarate et al. [18] 2009 Chile Miners; N= 4673 obesity, diabetes, 

cardiovascular 

disease 

Salinas et al. [19] 2014 Chile Construction worker; N=194 obesity 

Salinas et al. [20] 2016 Chile Construction worker; N=142 obesity 

Caichac et al. [21] 2013 Chile Miners; N=94 obesity 

Rodríguez [22] 2015 Colombia Construction worker; N=291 obesity 

Rodríguez Nieves et 

al. [23] 

2019 Ecuador Construction worker 

N=54 

metabolic syndrome 

Viana and Carvalho 

de Oliveira [24] 

2017 Brazil Civil construction; N=50 cardiovascular 

disease 

Martinez and Dias 

de Oliveira [25] 

2006 Brazil metal and steel company’s workers; 

N= 3777 

diabetes 

Machado Susseret, 

Briceno-Ayala and 

Radon [26] 

2019 Argentina Migrant construction workers 

N= (134+141) 

musculoskeletal 

Olivares, Villalobos-

Rodríguez and 

Cerda [27] 

2019 Chile Construction workers; N=186 musculoskeletal 

Cabrera Pazmiño 

and Quinde Alvear 

[28] 

2021 Ecuador Civil worker; n=4 hearing disease 

Loera Gonzaléz et 

al. [29] 

2006 Mexico Construction worker 

statistics of occupational diseases and 

occupational accidents 

hearing disease 

Ostos [30] 2019 Venezuela Construction worker n=20 respiratory 

Barrios et al. [31] 2023 Chile Construction worker; N=180 mental health 

Da Costa Leao et 

al. [32] 

2018 Brazil Migrant construction workers 

N=709 

mental health 

various 

Fajardo-Zapata et 

al. [33] 

2009 Colombia Construction worker; N=1175 various 

Silva [34] 2002 Argentina, Brazil, 

Paraguay & 

Uruguay 

Database various 

3. Analysis 

One of the most studied topics has been obesity to understand its prevalence and direct impact on work and 

cost. Zarate et al. [18], when investigating the cost of health and work absenteeism associated with obesity, 

found that in the study group, the prevalence of obesity was 28.2%. Therefore, the increase of severe and 

morbid obesity increases the health cost by 17% and 58%, respectively, regarding absenteeism, subjects with 

arterial hypertension, diabetes mellitus and dyslipidemia, present on average 17.7, 21.2 and 13.5 days of 

absenteeism respectively. Salinas et al. [19] shows the prevalence in a group of Chilean workers of overweight 

(41.8%) and obesity (40.2%). Rodríguez Nieves et al. [23] did something similar with 54 Ecuadorian workers, 

where 57.4% were overweight and 14.8% obese. In the case of Colombia, Rodriguez [22] showed that of the 

291 subjects studied, 46% of workers were overweight and 15% obese. Another study in Brazil of 50 subjects 

showed that 52% were overweight and 18% obese [24]. 

Associated with the previous topic, Salinas et al. [20] demonstrated the importance of performing interventions 

in construction workers. Interventions decreased the metabolic syndrome from 44.4% to 38.3%, associated with 

a high rate of accidents. Caichac et al. [21], like Salinas [20], evaluated the importance of intervention. Although 

he did not obtain a significant decrease in the results (a decrease of only 0.4 points), he did show a decrease 

in systolic blood pressure, glycemia and triglycerides. 
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Martinez and Días de Oliveira [25] showed that the prevalence of blood pressure was 24.7%, intense work 

stress, sedentary lifestyle, alcohol consumption, body mass index over 25, altered cholesterol and triglycerides 

were associated with high blood pressure. On the diabetes mellitus side, the value was 11.5%. 

Regarding musculoskeletal diseases, Machado Briceño-Ayala and Radon [26] describe the precarious situation 

of immigrant workers in Argentina, where 80% of workers reported suffering from low back pain, compared to 

42% of local workers. The results show that immigrant workers are more afraid to report poor working conditions 

or health problems because they fear legal punishment or deportation. Olivares [27], on the other hand, analyzes 

compliance with the maximum weights allowed by Chilean regulations on construction sites, where it was 

observed that hand labourers exceed the Recommended Weight Limit by 15.69 kg, bricklayers by 15.17 kg and 

ironworkers by 10.7 kg, even though the weight handled is under the limit of 25 kg established by Chilean Law 

20.949. This article highlights that a technical, administrative, and engineering reflection is required to avoid 

musculoskeletal problems for workers. 

Concerning to hearing diseases, Loera González [29] analyzes hypoacusis as acoustic trauma in occupational 

diseases in Mexico. In 2000, this disease accounted for 41% of workers' illnesses, where cases resolved by 

lawsuits increased by 105% in 4 years, and the estimated monthly cost per worker was 277 Mexican pesos. 

Cabrera Pazmiño and Quinde Alvear [28], on the other hand, upon conducting a field analysis, determined that 

there is an overexposure and acoustic overdose of workers who handle compaction equipment for long hours 

and generate a high level of noise, where the health recommendations presented by the WHO are not being 

complied with since the values exceeded 85dB. 

Ostos [30] studied the general knowledge that construction workers have about respiratory diseases. Thirty 

percent of the respondents do not know the origin of occupational asthma, 60% are not familiar with silicosis, 

and 65% are not aware of actions to prevent respiratory diseases. 

Regarding mental health studies, Barrios et al. [31] analyzed sleep quality and fatigue. The results show that 

workers are at high risk for other health problems. For example, BMI measures show that many suffer from 

overweight and obesity. The cognitive-behavioural intervention showed that workers reduced their levels of 

sleepiness and fatigue. 

Da Costa et al. [32], on immigrant workers in Brazil, analyzed the ailments of this group, where the results 

indicated physical and psychosocial suffering, along with pains in the spine, head, stomach, or throughout the 

body, in addition to intense effort, fatigue, insecurity in the execution of activities, among others. They also 

mentioned intimidation, humiliation, lack of respect and homesickness. 

In various topics category, the Fajardo – Zapata, Méndez-Casallas and Molina [33] study showed that 34% of 

the Colombian workers in the construction industry who were studied presented hypoacusis. In contrast, 30% 

presented some visual refraction defect, 13% had pterigion, 13% had varicose veins, 4% had abdominal wall 

hernias, 16% were overweight, 4% obesity and 6% had alterations of the spinal column. Meanwhile, 9% of the 

group evaluated had had occupational accidents. 

Finally, Silva [34], comparing the situation of workers in Argentina, Brazil, Paraguay and Uruguay, pointed out 

that there is sufficient data and a lack of periodic medical examinations in Argentina. Even so, the most 

frequently identified diseases were respiratory, eye and musculoskeletal diseases. In Brazil, health concerns 

have been improving, and the list is not only limited to obesity issues but also to hearing loss, dermatosis, 

repetitive strain injury, ophthalmologic problems, or pneumoconiosis. In Paraguay, it is challenging to evaluate 

workers because 95% still need a contract. Finally, in Uruguay, the databases are outdated and until 1999, skin 

diseases, allergies, acoustic trauma and musculoskeletal problems predominated. In general, there needed to 

be a higher level of control in the countries analyzed in this study. 

4. Conclusion 

Few studies have been conducted in LATAM on the health of construction workers. The country with the most 

significant number of studies was Chile, with seven studies focused on obesity or cardiovascular problems. Of 
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the 17 studies analyzed, only one focused on health costs and absenteeism as factors related to productivity. 

The rest are only descriptive. 

Regarding obesity, some LATAM countries share the same rates of obesity and overweight, but some studies 

highlight the excellent results of early interventions. 

There has also been an increase in research on construction work among migrants where precariousness and 

mental health problems stand out. 

In hearing or musculoskeletal diseases, the problem is repeated in the construction sector, where tasks must 

be performed manually, affecting hearing (compacting machines or cango) or transporting loads 

musculoskeletal issues. 

The results show that there still needs to be more knowledge about how illnesses impact workers' performance 

and quality of work and personal life. It is necessary to conduct more studies that address these issues to 

develop actions that help to reduce the prevalence of these diseases and help to form a healthier, motivated 

and committed workforce. 
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Abstract 

Biomass is the largest source of renewable energy in the European Union, of which 60% comes directly 
or indirectly from forests. The most common way of producing energy from biomass is combustion, and 
this process yields substantial quantity of ash. The cement and concrete industry has been identified as 
one of the main potentials for biomass ash utilization. This paper presents the results of an experimental 
study aimed at determining the influence of wood fly ash on the properties of concrete. Wood ash was 
sampled from three power plants using different technologies of incineration and different types and 
parts of wood were used as a fuel which consequently had a large impact on the properties of ash. 
Subsequently, workability, heat of hydration, stiffness development, 28-day compressive strength, 
apparent porosity, and capillary absorption were determined on concrete mixes prepared with WFA as 
cement replacement from 5–45% by weight. Cement replacement up to 15% with the finest WFA 
accelerated hydration, stiffness development, and increased compressive strength of concrete up to 
18%, while replacement with coarser WFA's led to a decrease in compressive strength of up to 5% and 
had more gradual heat liberation. The dominant effect that could explain these findings is attributed to 
the filler and filling effect mechanisms. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

The need to reduce greenhouse gas emissions accelerates the transition to renewable energy sources. 

Biomass is the largest source of renewable energy in the European Union (EU), of which 60% comes 

directly or indirectly from forests [1, 2]. The most common way of producing energy from biomass is 

combustion, and this process yields on average a quantity of ash between 2.7% and 3.5% of the original 

weight of wood biomass [3]. It is estimated that in 2018 about 11 million tons of ash were produced in 

the EU-28 countries, most of which is wood biomass ash (WBA) [4]. 

During combustion in a biomass plant, two types of ash are generated: bottom ash and fly ash. Ash from 

the combustion of natural woody biomass contains valuable plant nutrients such as K, P, Mg, and Ca, 

most of which are contained in the bottom and coarse fly ash, while volatile heavy metals are 

concentrated in the fine fly ash fraction [5]. Therefore, it has been suggested that the bottom and coarse 

fly ash fraction should be returned to the forest from which they originated, while the fine fly ash should 

be utilized in industrial processes or disposed of [5].  

The cement and concrete industry has been identified as one of the main potentials for biomass ash 

utilization [6]. The application of WFA is currently outside the scope of the standard for fly ash for 

concrete (EN 450-1:2012). Extensive research has been conducted to investigate the possibilities of 

using WFA as a cement re-placement material [7–16]. It has been reported that WFA from grate 

combustors and fluidized bed combustors can have hydraulic and/or pozzolanic properties [7, 10, 13]. 

The utilization of WFA as a cement replacement modifies the workability and mechanical properties of 

the tested material. As the cement replacement level increases, water demand usually increases and 

the compressive strength decreases [7–12, 14]. However, replacing cement with WFA can also increase 

compressive strength when the cement replacement level is low [11, 17]. Improved workability has also 

been found when WFA was used as a filler and partial replacement for fine aggregate in concrete [13]. 
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Most of the studies on the influence of WFA produced during combustion in biomass plants on the 

properties of cement composites have been tested on cement pastes and mortars and only a small 

number of experiments have been scaled up to the concrete level. To develop guidelines for the use of 

WFA in structural concrete, the interdependence between properties of WFA and the properties of fresh 

and hardened concrete must be clearly established. The aim of the experimental work presented here 

is to show the influence of WFA with different physical and chemical properties, used as partial cement 

replacements, on the properties of fresh and hardened concrete and to identify the most probable 

mechanisms that govern these changes. The WFA used originates from three different power plants 

with two types of incineration technologies. 

2. Materials and methods 

2.1. Characterisation of fly ash and cement 

Wood fly ash (WFA) is collected from three powerplants in Croatia. All three plants are co-generation 

biomass plants producing both heat and electrical energy. Plant F4 is the smallest plant with 1 MW of 

electrical capacity and 4.1 MW of heat capacity. Wood species mostly used as a fuel are given in Table 

1 and the parts of wood used as a fuel consist of wood chips made from roundwood and thinning 

residues, including twigs, tops, and branches. Plant F5 has a production capacity of 2.75 MW of 

electrical and 15 MW of heat energy. Plants F4 and F5 use fixed bed combustion in which wood fuel is 

burned in a grate furnace [18]. Plant F6 is the largest biomass plant with the capacity of production of 

8.6 MW of electrical and 16 MW of heat energy. Wood fuel is used in the form of wood chips made from 

whole trees containing bark, twigs, and leaves. Plant F6 uses a bubbling fluidized bed combustion 

system with quartz sand as s bed material [18]. The fly ash particles carried from the combustor are 

captured by bag filters [18].  

The information about the incineration temperature of wood biomass is given by the technologists in the 

power plant. The chemical and physical properties of WFA used in this work are presented in Table 1. 

The median particle size (d50) is determined from a laser diffraction method using a dry measurement. 

Elemental composition is determined by X-ray fluorescence according to standard ISO/TS 16996:2015. 

Loss on ignition (LOI) has been determined according to ASTM D7348-13, density according to ASTM 

C188-17, and pH value according to EN 12176:2005. More detailed information about fly ash 

characterisation is presented in [4]. 

2.2. Concrete mix design and testing methods 

WFA was stored in the laboratory for a period of approximately six months before being used in concrete. 

During storage, WFA was kept sealed in plastic bags and then stored in closed plastic containers. The 

cement used in this study was Portland cement type CEM I 42.5 R conforming to European standard 

EN 197-1:2011. The aggregate was crushed dolomite with an average bulk density of 2.8 kg/dm3 and 

absorption of 0.47%, 0.66%, and 0.32% for fractions 0/4, 4/8, and 8/16 mm, respectively.  

The compositions of the concrete mixes are given in Table 2. Each mix is designated according to the 

WFA used and the cement replacement percentage. All mixes had the same water/(cement + WFA) 

ratio of 0.5. A total of 7 concrete mixes containing WFA were prepared with cement replacement 

percentages of 15% and 30% for ash F4, 15%, 30% and 45% for ash F5, and 5% and 15% for ash F6. 

In the first stage of the experimental work, a reference concrete mix (M0) and mixes with 15% cement 

replacement were made. The decision to increase or decrease the cement replacement level in the 

further mix design process was based on the influence of WFA on the workability of the fresh concrete. 

Workability was evaluated by the slump test, and cohesiveness was determined by visual inspection of 

each mix. Before mixing, all constituents were conditioned to a temperature of 20 ± 2°C. 

In the fresh concrete consistency by slump test (EN 12350-2:2019), density (EN 12350-6:2019), air 

content (EN 12350-7:2019), and temperature were measured. The concrete was compacted on a 

vibrating table. After compaction, the specimens were stored in a room with a temperature of 20 ± 5°C 
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and covered with a plastic sheet. After 24 h, the specimens were demoulded and moved to a curing 

room where they were cured in the air at a temperature of 20 ± 2°C and a relative humidity of >95%. All 

measurements were performed on concrete from the same batch. 

Table 1. Chemical and physical composition of cement and WFA 

 CEM F4 F5 F6 

Combustion technology  GC GC BFB 

Incineration temperature (°C) - 700–950 up to 800 up to 850 

Wood type  
beech, oak, fir, 

spruce 

beech, oak, 

hornbeam 

beech, oak, 

hornbeam, poplar 

P2O5 0.22 1.82 1.35 4.03 

Na2O 0.85 0.65 1.32 0.63 

K2O 1.25 6.05 4.77 6.21 

CaO 59.80 46.75 16.25 47.35 

MgO 2.01 8.26 4.30 4.71 

Al2O3 4.94 6.16 10.50 3.56 

TiO2 0.23 0.34 1.17 0.25 

Fe2O3 3.15 2.85 4.23 1.69 

SiO2 21.88 19.80 39.95 14.45 

SO3 3.33 2.73 0.60 3.95 

LOI (at 950 °C) 3.60 3.80 8.30 12.70 

pH 12.86 13.15 12.97 13.22 

d50 (µm) 9.4 71.9 120.7 17.8 

Density (g/cm3) 3.10 2.59 2.63 2.33 

            GC – Grate combustor; BFB – Bubbling fluidized bed 

Table 2. Concrete mix composition (quantities per 1 m3 of concrete). 

Mix Designation M0 F4-15 F4-30 F5-15 F5-30 F5-45 F6-5 F6-15 

Cement (kg) 380 323 266 323 266 209 361 323 

WFA content (kg) 0 57 114 57 114 171 19 57 

Cement + WFA (kg) 380 

w/(cem. + WFA) ratio  0.5 

Water (kg) 190 

Aggregate (kg) 1821 1811 1801 1811 1801 1791 1816 1805 

Fine aggregate (kg) 648 645 641 645 641 638 646 643 

Coarse aggregate (kg) 1173 1167 1160 1167 1160 1154 1169 1162 

 

The heat of hydration is monitored with the ToniCAL 7336 heat flow differential calorimeter on a 

cylindrical specimen with a diameter of 150 mm and a height of 300 mm. The rate of heat generation 

was monitored during the first 5 days of hydration.  

Concrete stiffness development was monitored by measuring ultrasonic pulse velocity (UPV) at 1, 2, 7, 

and 28 days of age using a portable ultrasonic instrument with 54 kHz longitudinal wave transducers. 

The measurement was performed on concrete cubes with a side length of 150 mm. The same cubes 

were used for testing the compressive strength of concrete at 28 days of age according to standardized 

procedure (EN 12390-3:2019). 

The capillary absorption measurement was performed on cylinder specimens 150 mm in diameter and 

height 50 mm, obtained by sawing from the standard cylinder 150 mm in diameter and height 300 mm. 

Upper and bottom slices of the cylinder were not tested to avoid effects of different boundary conditions. 

The first 10 mm of side surface in contact with water was coated with epoxy resin. Prior to testing, the 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-066

Keszthely, Hungary 
20-23 June 2023

499



specimens were oven-dried at a temperature of 105 ± 5°C until the change in mass for two consecutive 

weighing became less than 0.5 g (≈0.025% of mass). After cooling to ambient temperature, the 

specimens were placed in a water container on cylindrical rods, and the water level was adjusted so 

that the bottom surface of the specimens was immersed in the water 2-5 mm. The mass of the 

specimens was measured at an interval of 5, 15, 30, 60, 120, 240, and 1500 min. From each mix, three 

specimens were tested for capillary absorption. 

After the capillary absorption test, the water level in a water container was gradually increased at the 

rate of approximately 1/4 of the height of the specimens per day until the specimens were completely 

immersed. The specimens were kept under water until the mass of the specimens changed by less than 

0.5 g after two consecutive measurements. The specimens were then weighted in surface dry conditions 

in air and in water. Bulk density in dry (ρz,dry) conditions, apparent solid density (ρa), and apparent porosity 

(pa) were calculated according to Eqs. (1)-(3). The term apparent is used here because it is assumed 

that only open pores are filled with water. 
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where mdry is the mass of dry material, msat is the mass of saturated material, msat,w is the mass of 

saturated material weighted in water, and ρw is the density of water. 

3. Results and Discussion 

The fresh concrete density varied between mixes in the range of 2440-2500 kg/m3. For ashes F4 and 

F5, the density slightly decreased with increasing WFA content, while for ash F6, the density increased 

with increasing ash content. This observation on the fresh concrete was confirmed by the results of the 

bulk density measurements on the hardened concrete (Table 3). The air content was low in all mixtures, 

indicating dense packing of the concrete constituents after compaction on the vibrating table. The 

highest air content in mix F6-15 may be partially attributed to the low slump value, which made the 

compaction of concrete harder. The initial temperature of the concrete varied between 22.2 and 25.1 

°C. Only mixes with ash F4 showed a consistent increase in temperature with the increase in ash 

content. This could be caused by fast initial heat liberation on contact with water but could also be 

attributed to temperature variations of the concrete constituents prior to mixing. 

All mixes had adequate workability to be placed in moulds and compacted on a vibrating table without 

the loss of homogeneity. The influence of cement replacement on workability, as determined by the 

slump test, is shown in Table 3. Ash F6 at 15% cement replacement had the largest influence on slump 

values, where slump decreased from 90 mm measured on the reference concrete to 5 mm. Concrete 

produced with 15% cement replacement with F4 and F5 ashes showed only minor deviations from the 

slump value measured on the reference mix. A significant decrease in slump was also present with the 

F4-30 mix. The cement mix with ash F5 had almost no influence on the slump values. However, mix F5-

45 gave a harsh concrete typical for low cement content concrete [21]. This mix also showed increased 

bleeding and a tendency for the segregation of the largest aggregate particles. It is also interesting to 

note that the F4-15 and F6-5 mixes showed an increased slump compared to the reference mix. This 

increase in slump is within the reproducibility limits for the test method (EN 12350-2:2019) but may also 

reflect the net effect caused by the cement replacement with WFA. 
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Table 3. Properties of fresh and hardened concrete 

Mix Designation M0 F4-15 F4-30 F5-15 F5-30 F5-45 F6-5 F6-15 

Fresh density (kg/m3) 2470 2470 2460 2470 2450 2440 2480 2500 

Temperature (°C) 22.2 23.6 25.1 23.2 23.3 23.3 24.4 22.2 

Air content (%) 1.0 0.9 1.1 1.4 0.7 0.3 0.3 1.6 

Slump (mm) 90 100 40 85 90 90 110 5 

Bulk dry density (kg/m3) 
2371 2360 2348 2363 2350 2319 2373 2390 

(±8) (±16) (±13) (±13) (±15) (±20) (±24) (±8) 

Apparent solid density (kg/m3) 
2743 2742 2718 2739 2719 2713 2726 2728 

(±4) (±4) (±6) (±22) (±5) (±3) (±8) (±2) 

Apparent porosity (%) 
13.57 13.93 13.60 13.73 13.57 14.52 12.94 12.40 

(±0.17) (±0.48) (±0.30) (±0.21) (±0.49) (±0.85) (±0.64) (±0.27) 

                        Numbers in brackets are standard deviations. 

SEM images (presented in [4]) show that all the WFAs used in this work contain both irregular and 

spherical particles and the main difference is in the size of the particles. Compared to the WFA particles, 

the cement particles seem to be more irregular, which is to be expected since these particles were 

formed by crushing larger clinker grains. Therefore, replacing cement with WFA increases the 

“sphericity” of the particles. Another important effect on workability is the water absorbed by the porous 

particles. The main content of the LOI in fly ash is unburned carbon, which has a high porosity and a 

very large specific surface and can absorb a significant amount of water [22]. Ash F6 contained particle 

sizes in a range very similar to Portland cement. The addition of ash F6 to the concrete increases the 

sphericity of the particles, which, in combination with the small particle sizes improved the packing and 

enhanced the workability. 

Ash F6 also contained the highest amount of unburned carbon (LOI 12.7%), which absorbed a certain 

quantity of water. The increase in slump in mix F6-5 could be attributed to the enhanced workability due 

to the filling effect, while at 15% replacement the effect of water absorption and enhanced cohesiveness 

become dominant. The F4 ash contained coarser particles than the Portland cement, but it also 

contained 30% of particles <45 µm. This quantity of fine particles together with the increased circularity 

of the particles enhanced fluidity. At the same time, the portion of particles >45 µm loosens the particle 

packing, leading to increased water demand. The increase in slump in mix F4-15 could be attributed to 

the reduced water demand due to the filling effect, while at 30% cement replacement, the loosening of 

particle packing becomes dominant. Ash F5 contains only 7% of particles <45 µm, so it does not have 

capability to reduce the water demand through the filling effect. A loose particle packing is created, 

which decreased the cohesiveness of the mix, while part of the water was probably absorbed by the 

unburned carbon particles (LOI 8.3%). The existence of optimum WFA content in terms of concrete 

workability has been observed in [21, 23] 

3.1. Heat Generation 

Measurements of heat output started 30–90 min after initial contact of cement and water due to the time 

needed to perform tests on fresh concrete and, if necessary, the additional time required to precondition 

the specimen so that the concrete temperature is as close as possible to reference temperature of 23°C. 

All the heat flow curves in Fig. 1 have one significant peak separating the acceleration and deceleration 

periods of heat release. Replacement of cement with F4 and F5 ashes decreased the peak value of 

heat flow. Furthermore, the higher the ash content, the larger reduction of heat generation is. At a 15% 

replacement level, these ashes had almost the same effect on the heat flow. The difference in heat flow 

between the mixtures with F4 and F5 ashes appeared at a 30% replacement level, and in the mixtures 

made with F5 ash, there is a larger delay in the peak heat flow and the slope of the curve decreases. 

Increasing the replacement level to 45% further delayed the hydration process. Effects on heat flow 

similar to those of ash F5 have been reported for mixtures of Portland cement and type C coal fly ash 

and have been attributed to the disruption of the aluminate-sulfate balance in mixtures containing >20% 
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fly ash [24]. Roszczynialski and Nocun-Wczelik [25] also reported that low SO3 content relative to 

aluminate content produced a significant peak after 13 h caused by aluminate hydrates. Ash F5 has a 

significantly higher ratio of Al2O3 to SO3 than cement or both ash F4 and F6 (Table 1), so this could be 

the main cause of the changes in the course of early hydration in mixtures containing ash F5. 

Contrary to mixtures containing ash F4 and F5, mixtures containing ash F6 in both replacement levels 

had an increased rate of heat liberation compared to the reference mixture. It is well known that even 

inert mineral admixtures, when blended with cement, can accelerate hydration through filler effect [26]. 

The increased cohesiveness of the fresh concrete, the reduced porosity (Table 3), and the increased 

hydration rates found in mixtures with ash F6 (Fig. 1) can all be related to the filler effect. 

 

Fig. 1. Heat flow from concrete samples 

3.2. Compressive strength 

Compressive strength was determined on four specimens from each mix. The average 28-day 

compressive strength and standard deviation are given in Fig. 2. For both ash F4 and F5, the 

compressive strength decreased with the increase of ash content in the concrete but for the mixtures 

with ash F6, the compressive strength increased with the increase of ash content. As already mentioned, 

the replacement of cement with ash F6 resulted in the densest particle packing which is the main reason 

for the increase in compressive strength.  

The reduction in compressive strength in WFA concrete may also be related to decreased aggregate 

content and the simultaneous incorporation of ash particles with lower stiffness and strength into the 

cement matrix. The density of WFA is lower than the density of cement, so the same mass of WFA 

occupies a larger volume than cement. This results in a reduction in the volume of aggregates in 

mixtures containing WFA (see Table 2). Since aggregates have greater strength and stiffness than WFA, 

their replacement by WFA weakens the concrete structure [27]. The decrease in strength may also be 

related to the lower content of cementitious material when part of the cement is replaced by WFA, as its 

reactivity is lower than that of the cement. 
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Fig. 2. Compressive strength vs. volume of WFA 

3.3. Stiffness development 

During the first two days, the mixtures with 15% cement replaced by ash F4 and F5 exhibited slower 

stiffness development compared to the mixture M0 (Fig. 3). Mixtures containing ash F6 showed an 

increased rate of heat generation so the accelerated stiffness development can be attributed to an 

improved hydration process (Fig. 3). 

 

 

Fig. 3. UPV measured on concrete samples at 1, 2, 7 and 28 days 

Mixtures made with ash F4 and F5 exhibited a decrease in heat generation rate so that fewer hydration 

products were formed within the first days of hydration and the stiffness development is slowed down 

accordingly. Measurement over the 2–28-day period indicate that the addition of WFA changed the 

course of stiffness development. In the reference mixture, the period of 2–7 days shows the largest 

increase in UPV and a very low increase in UPV from 7–28 days. In mixtures with WFA, the increase in 

UPV is two to five times larger in the period of 7–28 days compared to the reference mixture. This could 

be due to the reactivity of ash with the species present in the pore solution. 
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3.4. Capillary absorption 

The capillary absorption coefficient for each mixture was calculated and presented in Fig. 4. The 

capillary absorption coefficient was calculated using the average slope of the water intake curve over 

the period 120–1500 min. The initial 120 min of measurement was excluded from regression analysis 

to reduce the impact of nonlinearities contained in the first period of measurement on the value of the 

coefficient of capillary absorption. The capillary absorption coefficient and its standard deviation show 

that the replacement of cement with ash F4 and F5 had no significant influence on capillary absorption, 

regardless of the amount of cement replacement. Only in mixtures made with ash F6 the capillary 

absorption coefficient was significantly decreased. Like all fluid transport processes through concrete, 

the rate of sorption is governed by the pore system [28]. Therefore, the reduction in sorption rate can 

be related to the reduced porosity due to the addition of ash F6. 

 

Fig. 4. Capillary absorption coefficients of concrete 

4. Conclusions 

The incorporation of WFA in concrete as a partial cement replacement can have a large impact on the 

fresh and hardened concrete properties. Mixtures made with WFA F6 with a particle size distribution 

close to that of cement exhibited increased cohesivity, which in turn reduced slump and required more 

energy for compaction of concrete. At the same time, this type of ash accelerated hydration and stiffness 

development. The increased cohesiveness of the fresh concrete resulted in concrete with a denser 

structure and lower porosity, which had a positive influence on the compressive strength and 

permeability. All these effects can be explained by the filler and filling mechanisms. Mixtures made with 

WFA F4 that had a similar chemical composition to ash F6 but consisted of coarser particles showed 

no evidence of the filler effect mechanisms. This suggests that governing mechanisms introduced by 

the cement replacement with fly ash are connected to the physical interactions between the phases. 

The water demand of the concrete is balanced by the amount of water adsorbed by the WFA particles 

and the amount of released entrapped water due to the filling effect. The results obtained on mixtures 

containing F4 and F6 ashes indicate that there may be an optimum content of WFA at which the water 

demand could be reduced. Increasing the WFA content beyond the optimum will increase the quantity 

of water required to achieve targeted workability. 

The research presented shows that replacing up to 45% of the cement with WFA has very little effect 

on capillary absorption and can give concrete with a sufficiently high compressive strength to be suitable 

for construction purposes. 
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Abstract 

Automated detection of road defects has historically been challenging for the pavement management 

industry. As a result, new methods have been developed over the past few years to handle this issue. 

Most of these methods relied on supervised machine learning techniques, such as object detection and 

segmentation methods, which need a large, annotated image dataset to train their models. However, 

annotating pavement defects is difficult and time-consuming due to their ununiformed and complex 

shapes. To address this challenge, a weakly supervised pavement defect classification and localization 

framework using deep learning is proposed in this paper. This framework has two steps: (1) a robust 

hierarchical two-level classifier that classifies the defects in images, and (2) First, defects are primarily 

localized using a weakly supervised method. Next, the defects are segmented from the localized 

patches obtained in the previous step. The feature maps extracted from a weakly supervised method 

(i.e. Class Activation Mapping) based on the results of the first classifiers are used to train a 

segmentation network once (i.e. U-Net or Mask R-CNN) to localize and segment the defects in the 

images. Thus, the proposed framework combines the advantages of weakly supervised and supervised 

methods simultaneously. A dataset from Georgia State in the USA was used in the case study. The 

proposed framework obtained high precision of 97%, 88%, 92% and 97% for localizing the alligator, 

block, longitudinal and transverse cracks, respectively. 

Keywords: Deep Learning, Weakly Supervised Object Detection, Class Activation Mapping (CAM), Hierarchical 

Classifier, U-Net, Mask R-CNN 

1. Introduction

Accurate and reliable condition assessment is critical for good pavement management, and automation 

in this area plays a central role in making the overall pavement asset management program (PAMP). 

Recently, thanks to drastic developments in computer vision and artificial intelligence methods, 

pavement defect detection is not only automated, but performance of the overall process is also highly 

improved [1]–[4]. These methods analyse different aspects of defects to determine the cause of 

deterioration. They analyse huge data emanating from defects. The more adequate data provided about 

the age, traffic, and other pavement variables the system has, the more reliable prediction it forms. 

Pavement defects are the visible part of the degradation of roads and are symptomatic of broader 

pavement degradation issues. The main causes of pavement degradation are classified into four 

categories: structural issues (incapacity), non-conformity of materials, environmental (e.g., freeze/thaw 

cycles), and construction issues (e.g., compaction problems). Determining the root causes of pavement 

degradation is crucial in determining the appropriate treatments by PAMPs and the engineers using the 

tools. Therefore, analysing these defects as with respect to shapes, patterns, topology, severity, and 

quantity makes it possible to deduce their causes. Since the defect localization plays an important role 

in pavement condition evaluation, a large number of techniques have been developed to detect and 

localize the defects in recent years [1].  

This paper aims to develop a pavement defect classification and localization framework using a weakly 

supervised deep learning method based on images captured via passive CCD (Charged-coupled 

device) cameras. The proposed framework also integrates a GIS-based inspection and asset 

management system called RUBIX, and deep learning classifier and segmentation modules to 

recognize and localize defects to evaluate the pavement condition. 
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2. Review of deep learning methods

Most recent defect detection methods used 2D images taken by CCD cameras and detect pavement 

defects by applying deep learning methods due to their superior performance. Majidifard et al. [5] used 

YOLO (You Only Look Once) deep learning framework for defect detection. They gathered 2D crack 

images from Google Street View and trained the YOLO object detection model with this data to detect 

cracks in images. However, since YOLO did not quantify the cracks’ density, they used the U-Net 

network for segmentation and quantifying defect density. Li et al. [6] proposed a UAV-based crack 

detection using Faster R-CNN. Gou et al. [7] have developed a neural network based on the Faster-

RCNN with improved feature extraction and region proposal. A two-step crack detection and crack 

severity classification using the Mask R-CNN has also been proposed [8]. In the first step, the Mask R-

CNN was used to localize and classify the defect types for linear cracks, such as longitudinal and 

transverse cracks. In the second step, a combination of image processing techniques was applied to 

segment the linear defects more precisely and estimate their severities. A  patch-based weakly 

supervised  crack segmentation has also been proposed by Dong et al. [9]. It used the image labels 

instead of polygon annotations to localize defects in the patches. However, it does not provide any 

information about the crack type.    

3. Proposed method

The proposed framework consists of deep learning-based classification and localization modules 

integrated with a GIS-based inspection and asset management system called RUBIX. The proposed 

deep learning modules benefit from the advantages of both supervised and weakly supervised methods. 

In the classification module, images and extracted patches from localization are classified in terms of 

defect type and severity, respectively. In defects’ localization module, first, feature maps are extracted 

from the defect type classifier. Then, these feature maps are used as weakly supervised features to 

localize the defects using Class Activation Mapping (CAM) [10]. Finally, U-Net or Mask R-CNN are used 

to segment the defects from the CAM method heatmaps as supervised methods; and the segmented 

patches are sent to the second-level classifier to classify their severities. Hence, this framework 

combines the advantages of weakly supervised and supervised methods. Fig. 1 shows the block 

diagram of our proposed method. In this paper, four types of defects (i.e. longitudinal (LON), transverse 

(TRN), alligator (ALG), and block (BLK) cracks) are localized in pavement images.   

First Level Classifiers Second Level Classifiers

Defect Segmentation

Defect Type and Severity Classification

Defect  Localization

Defect Heatmaps Generation

Extract the Localized 
Defects Heatmaps with 

the CAM Method 

Remove the False 
Defects  Localizations
Outside of the Roads  

Alligator Severity
Classifier

Image Subset Selection

RUBIX as interface for training, testing and visualization

Fig. 1. The proposed method. 
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3.1. Classification module 

In the classification module, the images and their corresponding generated localized patches are passed 

through two-level consecutive hierarchical classifiers to classify the type and severity of defects using 

the Residual Neural Network (Resnet101) [11]. It provides a residual network that can be extended to a 

deeper scale with much more hidden layers without suffering from vanishing gradient and optimization 

problems. The first-level classifier indicates whether there is a specific type of defect in the image or not. 

If it classifies the image as an image with a specific defect type, first, the feature maps extracted from 

the first-level classifiers are used to localize and segment the defect patches. Next, the patches 

extracted by the localization module will be passed to the second-level classifier to identify the severities 

of the defects, which play a key role in pavement condition evaluation. In the first-level classifier, each 

type of defects is classified by its assigned classifier separately. Thus, four classifiers are used to classify 

the four defect types. 

In the second-level classifier, three defect severity levels are defined (i.e. high, medium, and low 

severity) for each defect. Fig. 2(a), Fig. 2(b) and Fig. 2(c) show high, medium, and low severity defects 

for each type. Hence, four classifiers specify the severity of the defects for each defect type.  

3.2. Localization modules 

After identifying the defects and their types by the classifiers, feature maps extracted from the first 

classifiers are segmented to localize the classified defects using two steps. In the first step, the CAM 

method is used as a weakly supervised method to localize the defects in heatmaps from the feature 

maps. In the second step, U-Net or the Mask R-CNN are applied as supervised methods to generate 

the segmented defect images from the heatmaps.  

TRN 

LON 

ALG 

BLK 

(a) High severity (b) Medium severity (c) Low severity

Fig. 2. Samples of some transverse, longitudinal, alligator and block cracks for three severities. 

3.2.1. Generation of defect heatmap 

After classifying the defects, the feature maps from the first classifiers of the two-level classifiers are 

used to localize the defects in the given images using the CAM method. Although the CAM method 
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extracts discriminative features, which occur mostly within the object region, sometimes it highlights 

other regions outside of the region of interest (ROI), which is the road area. Thus, in order to handle this 

challenge, road segmentation is used to reduce the false localizations outside the ROI. Another 

drawback of this method is that it does not detect the whole shapes of objects, especially when the 

objects are complex, such as pavement defects. This incomplete detection leads to discontinuity in 

segmented localized images while applying HSV (hue, saturation, value) color space filtering. This 

problem is less severe for linear defects, such as longitudinal and transverse cracks, but gets worse in 

the case of area defects, such as alligator and block cracks. As can be seen in Fig. 3, the CAM method 

fails to extract all parts of defects. Fig. 3(a), Fig. 3(b) and Fig. 3(c) show original images, their 

corresponding CAM localization results and segmented images for each defect type respectively. 

3.2.2. Defect segmentation 

In the Section 3.2.1, it was illustrated that the CAM method segmented images cannot extract all parts 

of the defects. To address the aforementioned discontinuity problem in the CAM heatmap segmented 

images, the proposed framework uses U-Net or Mask R-CNN as supervised deep learning segmentation 

modules to segment the defect more precisely as unified segmented objects from the CAM heatmaps. 

U-Net is a convolutional neural network that was developed for biomedical image segmentation with a

small number of data [12]. In the first part, it extracts the distinguishable and meaningful features from

the image; and in the second part, it upsamples the feature maps multiple times to the original size of

the image to generate the image segmentation. Mask R-CNN is a region-based convolutional neural

network for instance segmentation and object detection that can extract the bounding boxes and the

mask segmentations of the objects simultaneously [13]. It uses a lightweight binary classifier as Region

Proposal Network (RPN) to generate multiple ROIs to detect and segment objects.

TRN 

LON 

ALG 

BLK 

(a) Original image (b) Localized defect image (c) Segmented defect image

Fig. 3. Samples of CAM method localization and segmentation. 
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Fig. 4 shows a sample of the proposed method in defect localization and segmentation for a transverse 

crack. Comparing Fig. 4 and the first row of Fig. 3 demonstrates that in contrast to the CAM method 

segmentation results, the proposed method does not suffer from the discontinuity problem in defect 

segmentation. 

A semi-automated process was used for providing the dataset to train the segmentation modules 

described in Section 3.2.3. 

TRN 

(a) CAM method feature map (b) U-Net Segmentation result (c) Mask R-CNN Segmentation result

Fig. 4. Sample of generating defect segmentation image from the result of CAM heatmap. 

3.2.3. Training for defect segmentation 

To provide data to train the supervised modules, a semi-automated method is proposed that processes 

smoothed CAM heatmaps to generate the segmented defect ground truth. Similar to the CAM method, 

The smoothed CAM method [14] localizes the defects in the images. This method calculates the first 

principal component of feature maps multiplied by weights instead of using their average sum. It also 

augments the images and applies the CAM method multiple times to the combined augmented images. 

This method reduces the noise of localization and centralizes the detector result at the centre of the 

object [14]. For our application, this method could join the connected defects in the localized image. In 

other words, the parts of defects disregarded by the CAM method are detected by the smoothed CAM 

method. First, images are categorized into two groups: images with defects, and images without any 

defect. Next, the classifiers are trained with these two classes. After that, feature maps from the trained 

classifier are used with the smoothed CAM method to localize the defects.  

To generate the segmented ground truth images required for the training of segmentation modules, first, 

2,000 best smoothed CAM results were selected. Next, HSV filtering was applied to the smoothed CAM 

method heatmap results. Segmented ground truth images were generated from the smoothed CAM 

heatmap results by selecting the pixels with values in the HSV range of (0, 0, 100) to (255, 255, 150) 

(blue areas that contain defects in the localized smoothed CAM images). As can be seen in Fig.  5(b) 

and Fig.  5(c), the smoothed CAM method has detected all parts of the defects, and its segmentation 

result does not suffer from the discontinuity that was common in the results of the CAM method. 

However, it has two drawbacks: (1) the computation time of the smoothed CAM method is six times 

longer than the regular CAM method (2) its segmentation results are not accurate and need to be 

cleaned up some parts manually. Thus, finally, the segmented images were manually adjusted to 

remove false segmented pixels. Fig.  5(d) shows the result of manually modification of the segmented 

images in Fig.  5(c). These ground truth images and their corresponding CAM heatmap results were 

used to train U-Net and Mask R-CNN modules.  A sample from the generated ground truth and its 

corresponding CAM heatmap is shown in Fig. 6. 

(a) Original image (b) Localized image with
smoothed CAM

(c) Segmented image by
applying HSV filtering

(d) Manually modified
segmented image

Fig.  5. Generating ground truth from smoothed CAM heatmap result. 
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(a) CAM method heatmap (b) Corresponding ground truth

Fig. 6. CAM heatmap sample image and its corresponding generated ground truth to train segmentation modules. 

4. Case study

In this section, the proposed framework is evaluated. Images used in the case study were collected from 

Forsyth County in Georgia, USA, for suburban and country roads. Images were captured with 

smartphones mounted on the vehicle hood. For all the training stages, the dataset was distributed 

randomly to roughly 80% for training and 20% for testing. All of the training processes were done in 

parallel by multiple GPUs.  

The Resnet with 101 deep layers (Resnet101) is used as a classifier in the two-level classifier module 

as explained in the Section 3.1. Binary cross entropy and SoftMax cross entropy are used for the first-

level and the second-classifier as loss functions, respectively. Stochastic Gradient Descent (SGD) is 

used as an optimizer.  

In the first-level classifier for each defect, images are categorized into the two groups: the group that 

includes images with a specific type of defect, and the group of images without that defect, which means 

it could contain other types of defects. The high accuracy results of the first-level classifier, second-level 

classifier as well as the total number of images and patches for each defect type are shown in Table 1 

and Table 2 respectively. Although all accuracies are high, linear cracks, such as transverse and 

longitudinal cracks, showed more promising results compared to the area defects, such as block and 

alligator cracks in the second-level classifier. 

Table 1. The experimental results of first-level classifiers. 

Defect With Defect Without Defect Overall 

TRN 
Accuracy 0.98 0.99 0.99 

Number of images 4,168 5,986 10,154 

LON 
Accuracy 0.97 0.98 0.98 

Number of images 4,115 6,020 10,135 

ALG 
Accuracy 0.99 0.99 0.99 

Number of images 3,336 3,877 7,213 

BLK 
Accuracy 0.99 0.99 0.99 

Number of images 3,331 3,881 7,212 

Table 2. The experimental results of second-level classifiers. 

Defect High Medium Low Overall 

TRN 
Accuracy 0.98 0.98 0.98 0.98 

Number of patches 2,815 2,845 2,840 8500 

LON 
Accuracy 0.98 0.98 0.97 0.98 

Number of patches 2,812 2,816 2,800 8,428 

ALG 
Accuracy 0.97 0.90 0.92 0.93 

Number of patches 2,710 2,775 2,810 8,295 

BLK 
Accuracy 0.96 0.96 0.94 0.96 

Number of patches 2,805 2,010 2,700 7,515 
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To evaluate the proposed defect localization method, 200 images, including four defect types, were 

annotated with polygon shapes using Rubix. Some annotated samples are shown in Fig. 7. After 

annotating the images, binary masks were generated from the polygon annotations as ground truth 

segmentation masks. Next, the masks generated by U-Net and Mask R-CNN (Segmentation module) 

from the framework were compared with their corresponding ground truth in terms of confidence. Resnet 

101 Feature Pyramid Network (FPN) backbone was used as a feature extractor in the Mask R-CNN. 

Finally, precision, recall and F1-score were calculated. 

Fig. 7. Samples of annotated images. 

Precision refers to the ability of the model to correctly identify true positive cracks from all the predicted 

positive crack segments. A high precision model will correctly identify most of the true positive crack 

segments in the image, while also minimizing the number of false positive crack segments. In contrast, 

recall measures the completeness of true predictions. A model with high recall in pavement crack 

detection can accurately identify a large proportion of true positive crack segments present in the image, 

with minimal false negative crack segments. In other words, the higher recall value the model gains, the 

less missing detected defect it has. This implies that the model can efficiently identify almost all the 

cracks, regardless of their size and shape, which are present in the image. Thus, to achieve a trade-off 

between precision and recall, another metric is defined which is F1-score. F1-score is a metric that 

combines precision and recall. In other words, it can measure the ability of the model to balance between 

precision and recall. Specifically, it can be regarded as a metric to estimate overall accuracy of the 

model. The experimental results of the proposed method for each defect type are shown in Table 3.  

As can be seen in this table, in terms of precision values, Mask R-CNN and U-Net look the same. 

However, regarding the recall and F1-score values, Mask R-CNN outperforms U-Net, which means that 

U-Net has more missing detected defects compared to Mask R-CNN. In contrast, U-Net mean average

precision (mAP) values are better than Mask R-CNN, that means regarding all confidences, U-Net

shows better precision compared to Mask R-CNN. In general, Mask R-CNN outperforms U-Net in

localizing the defects. Additionally, according to the results, substantially, transverse crack showed

superior localization results among the all defect types. Fig. 8 shows sample results of the proposed

method for localizing defects using the U-Net and Mask R-CNN modules.

Table 3. The proposed method localization experimental results. 

Defect Method Precision (0.5) Recall (0.5) F1 (0.5) mAP 

TRN 
 Mask R-CNN 0.95 0.84 0.89 0.81 

U-Net 0.97 0.75 0.84 0.94 

LON 
 Mask R-CNN 0.92 0.85 0.88 0.73 

U-Net 0.92 0.70 0.80 0.88 

ALG 
Mask R-CNN 0.97 0.81 0.88 0.90 

U-Net 0.95 0.83 0.88 0.93 

BLK 
Mask R-CNN 0.88 0.85 0.86 0.72 

U-Net 0.88 0.79 0.83 0.83 
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(a) CAM heatmap (b) U-Net (c) Mask R-CNN (d) Ground truth

Fig. 8. Defect Localization Results. 

5. Conclusions and future work

This paper proposed an end-to-end deep learning method using a GIS-based tool for defect recognition 

and localization, which could automate the road pavement evaluation process. Since the supervised 

part of the proposed method needs to be trained only once, the advantage of the proposed method is 

that there is no need to train its supervised part for new data, which is a time-consuming task in Instance 

segmentation. Hence the proposed framework could be easily generalized to new data by fine-tuning 

only the classification part. For training the supervised part a semi-automated process was proposed to 

generate the ground truth.  

The future work is to add more defect types to the classification module, which could lead to a more 

comprehensive road pavement analysis. In addition, a more precise dataset for training the 

segmentation part can be provided. In the semi-automated process, smoothed CAM results were used, 

which contained some parts of the background in addition to defects. Thus, by providing more precise 

annotations and training the segmentation module with them once, a better localization results can be 

achieved. Additionally, the Pavement Condition Index (PCI) [15] can be calculated based on the types, 

severity, and extent of the defects generated by the framework. 
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VIABILITY OF OFF-GRID CONTAINERIZED REVERSE OSMOSIS
WATER TREATMENT IN MAIDUGURI, NIGERIA 
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Abstract 

This research serves to explore options to provide clean water to communities impacted by water 

shortages in Maiduguri, Nigeria. This research is meant to provide possible solutions to a water crisis 

that has mainly been addressed through emergency management. This work explores the viability of 

solar-powered reverse osmosis water treatment over local boreholes. This required research in several 

related fields, to include methods of water purification, the application of these methods to borehole 

water that is pumped to the surface, the viability of solar power as a power option, and the assessment 

of the water needs and challenges in the area. 

The research conducted utilised a mixed method, with both qualitative and quantitative data collection. 

Technical interviews with water treatment manufacturers and needs assessment interviews with WASH 

professionals provide qualitative data. NGO-provided multi-sector needs assessment data and water 

quality results from Maiduguri boreholes will allow for water treatment method development and provide 

quantitative data.  

Needs assessment data and interviews with WASH professionals demonstrated that there is a need for 

decentralized water treatment with off-grid capability due to energy and water security gaps within the 

city. Water quality results showed that the level of Total Dissolved Solids (TDS) in untreated water does 

not necessitate desalinization-style water treatment. Technical interviews with water treatment 

manufacturers suggested that reverse osmosis is too power intensive and requires more water rejection 

than ozonation, which is a small-scale water treatment technology that has shown itself to be viable in 

Nigeria. These results will allow the integration of off-grid water treatment into the medium- and long-

term municipal water security planning for Maiduguri. Reverse osmosis remains a viable water treatment 

process, but ozonation will allow for less power- and water-intensive water treatment. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: containerized, Nigeria, off-grid, water, treatment 

1. Introduction

There is an active humanitarian crisis in Northeast (NE) Nigeria that has resulted in over 1,500,000 

persons being forced to flee their homes due to a violent insurgency[1]. This region of Nigeria, 

particularly the Borno, Adamawa and Yobe states (BAY states), has long been prone to sanitary water 

access issues. Compounded with additional stressors of the decade-long conflict, including heightened 

concentrations of internally displaced persons (IDPs), the water situation has become dire. This 

research paper will review access to sanitary water in Maiduguri, the largest city in Borno state, and 

assess the viability of a containerized reverse osmosis water treatment system as a solution to 

Maiduguri’s water crisis. To do this, secondary data from The Sphere Handbook, International 

Committee of Red Cross, REACH Initiative reports, World Health Organization, and others will be 

synthesised with primary data from insights from Water Supply, Sanitation and Hygiene (WASH) experts 

currently working in Borno state. 
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Findings in this capstone will be qualitative, including semi-structured interviews from several 

professionals working for the United States Agency for International Development (USAID) and Non-

Governmental Organizations (NGOs) with active engagement in Borno State, Nigeria. This capstone 

also makes mention of data provided by the 2020 Nigeria Multi-Sector Needs Assessment (MSNA), 

produced by the REACH Initiative, a Geneva-based association that facilitates aid organization planning 

through the provision of assessment, database and mapping services in humanitarian crises. Lastly, 

water quality data from the affected region, provided by USAID, shall be reviewed to determine the 

optimal methods for water treatment. 

1.1. Research Background 

First, clean water in the context of the report must be defined. Aligned with The Sphere Handbook, clean 

water will be considered as “Water that is palatable and of sufficient quality for drinking and cooking, 

and for personal and domestic hygiene, without causing a risk to health”[2]. Guidance from The 

SPHERE Handbook goes on to indicate that water quality testing must meet certain physical, 

bacteriological, and chemical parameters. Clean, easily accessible, and affordable water is paramount 

for public health. Due to the topography and weather characteristics in Borno state, Maiduguri is largely 

served by boreholes which pump water from the ground. Due to this being the prevalent method of 

water collection, contamination of derived water is the largest risk to public health. Infectious diseases 

caused by pathogenic bacteria, viruses, and parasites (e.g., protozoa and helminths) are the most 

common and widespread health risk associated with unclean drinking-water[3].  

In Borno State, hand pumping water from a borehole is the predominant method of obtaining water, with 

over 50% of respondents stating such (Reach Initiative, 2020). These boreholes are a mixture of 

privately owned shallow boreholes and NGO-funded boreholes in IDP camps. With the prevalence of 

boreholes, any methods to improve water quality and access will have a large and immediate impact in 

the area.  

Earlier in 2021, the International Committee of Red Cross (ICRC) published a document detailing the 

short-, medium-, and long-term strategies for clean water in Maiduguri, Nigeria. “in urban areas[in 

Maiduguri], the ICRC will work in close cooperation with the Ministry of Water Resources (MoWR) to a) 

implement middle to large-size infrastructure project b) focus on building the capacity of the water 

authorities to manage their utilities efficiently and c) advocate for the support in the long term of 

development actors to the MoWR”[4]. These strategies are summarized as the following: 

Short-term: The MoWR adopts a clear vision about access to safe drinking water according to 

national/international standards for Maiduguri urban area, is able to commit to and develop a way 

forward to reach that vision; The MoWR can stabilize its shrinking daily water production capacity and 

can avoid a further worsening of the current critical situation in regard to health, household economy 

and protection. 

Medium-term: The MoWR has reached a good working knowledge about its existing water 

infrastructures, its exact capacity and its condition; the MoWR is able to define the required 

infrastructural, institutional and financial needs to meet the water demand of the Maiduguri using 

qualified assumptions for all aspects of the future urban growth of the coming decades. 

Long-term: The MoWR, has the capacity, tools and resources to sustainably manage a functioning and 

adequately sized centralized water supply system for Maiduguri. 

This vision was crafted as a shift to proactively managing water resources in Maiduguri, so any future 

engagements with clean water supply need to conform to these objectives. 

Every year, NE Nigeria, including the city of Maiduguri, experiences heavy rains during the three-to-

four-month period of the rainy season. During these heavy rains, minor to moderate flooding is common 

when open drainage systems are quickly overwhelmed by the volume of water that needs to be directed 

away. In addition, drains are often diminished and clogged from unsecured sediment, trash, and waste. 

This flooding can also overflow local boreholes, creating points of water contamination. As the city 
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floods, surface water is also contaminated with human and animal waste from nearby pit latrines. This 

finding lends credence to the need for borehole water treatment, even when the water quality, when 

tested, does not show evidence of bacteria or organic contamination.  

2. Literature Review 

2.1. Introduction 

This literature review will describe the concept and application of reverse osmosis water treatment, it 

will explore other measures taken to provide clean water to Maiduguri, and it will cover water security 

impacts in remote and austere regions. This section will also explore some alternative water treatments 

used in remote areas. 

2.2. Other Methods of Water Purification 

2.2.1. Electrolysis 
Electrolysis functions by using electricity to split water molecules into corresponding hydrogen and 

oxygen molecules. This process allows sediment to fall out and disrupts microorganisms present in the 

charged solution. Ghernaout found that “a lot of studies concern electrolysis which generates a variety 

of oxidants in the presence of molecular oxygen, including hydrogen peroxide and ozone, as well as 

free chlorine and chlorine dioxide when chloride ions are present in the solution depending both on the 

electrode material and applied voltage and the chemical composition (i.e., chloride content) of the 

water/wastewater” [5]. The author goes on to discuss the dependence of oxidant generation and 

microorganism killing efficiency, but he does not further explore the application of electrochemical water 

treatment in small scale applications. The process can be enhanced by coupling with UV activation. 

Electrolysis aims to generate sulfites, as sulfite activation removes micropollutants and pathogens in its 

presence. Ultraviolet light at certain lengths can act as a catalyst for the recombination of sulfites and 

free oxygen molecules generated through electrolysis. Chen discusses the process as follows: “the 

obvious advantages of the electro/UV/sulfite process are that 1), it avoids the use of toxic 

peroxymonosulfate/persulfate compounds; 2), sulfite has short residency upon exposure to the air, and 

produces benign sulfate anion; and 3), it does not affect the overall water quality especially the DO and 

pH post treatment” [6]. 

2.2.2. Ultrafiltration 
Ultrafiltration is a pressure-driven process by which contaminants and heavy metals are removed via a 

series of increasingly fine filter media. This method is often paired with other water treatment methods, 

such as reverse osmosis, as a method of removing contaminants without the introduction of chemicals. 

“Conventional media filtration systems are based on deep bed filtration process while the UF operates 

on the surface or cake filtration principle…UF is capable of replacing the whole conventional potable 

water treatment process of sedimentation and media filtration system due to its ability to remove colloid, 

particles, bacteria and viruses from water.” [7] This process suffers from the constant monitoring 

required to prevent membrane fouling, which requires reversing flow with permeate periodically. This 

limits practical application of the solution. Deriszadeh states “Lower surfactant concentrations could, 

therefore, be employed leading to lower fouling and back contamination and higher permeate flux.” [8]. 

2.2.3. Ultraviolet Light 
Ultraviolet light (UV) water treatment functions by passing water over a light bulb emitting UV-C light. 

This irreparably damages microorganisms DNA, rendering them inert and safe for drinking in water. 

This form of water treatment does not remove any organic or inorganic pollutants from the water, limiting 

its use. Timmerman discussed the use of UV light water treatment as a lightweight system, adding “UV 

light has a bacteriostatic effect, it is not primarily bactericidal…the water treated with [the mobile 

lightweight system] is disinfected but not sterile” [9]. This form of water treatment has gained prevalence 

as technology has progressed, allowing the commercial availability of UV-Light Emitting Diodes (LEDs). 

Wuertele stated “In addition to diversity in wavelengths, UV-LEDs possess several unique advantages 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-068

Keszthely, Hungary 
20-23 June 2023

517



 

 

such as environmental friendliness (no mercury), compactness and robustness (more durable), faster 

start-up time (no warm-up time), potentially less energy consumption, longer lifetime, and the ability to 

turn on and off with high frequency” [10]. Both Timmerman and Wuertele discussed UV disinfection at 

various wavelengths, but they did not elaborate on how water disinfection is only one part of the required 

steps for water treatment, depending on the quality of water being tested. UV-LEDs possess another 

role in water treatment, as it can be used as a catalyst for Advanced Oxidation Processes (AOPs) in the 

production of Reactive Oxygen Species (ROS). ROS, such as hydroxyls, superoxides, and ozone, serve 

to decompose contaminants in untreated water. Wang discusses UV role in this phenomenon, stating 

that “O3 has the disadvantages of low solubility, poor stability and selective reaction with organic 

pollutant in water, the contaminants often cannot be completely removed in many [cases]. This is why 

catalysts or other substances (ultraviolet (UV), etc.) are usually added in the process of ozonation for 

synergistic catalysis to improve the oxidation efficiency” [11]. 

2.2.4. Electrodialysis 
Electrodialysis functions similarly to electrolysis; however, instead of a reaction chamber with oxidation 

occurring, there are charged membranes used to remove unwanted contaminants. Gabarron describes 

the process succinctly: “The electrodialysis process uses a driving force of direct current power to 

transfer ionic species from the source water through cation and anion exchange membranes to a 

concentrate waste stream, creating a more diluted product water stream.” [12]. This makes 

electrodialysis similar to reverse osmosis, in that it is a membrane-driven process, requiring monitoring 

and reverse flow at times to prevent fouling of the membranes. 

2.2.5. Ozonation 
Ozonation is the process of oxidation of water to remove and mitigate heavy metals such as iron and 

manganese, salts such as hydrogen sulfide, and microorganisms from water. This process has been 

demonstrated effective under laboratory conditions, and small-scale decentralized water treatment is 

being explored as well. Kaspersyk-Hordern describes the process well: “Catalytic ozonation can be 

considered firstly as homogeneous catalytic ozonation, which is based on ozone activation by metal 

ions present in aqueous solution, and secondly as heterogeneous catalytic ozonation in the presence 

of metal oxides or metals/metal oxides on supports. Catalytic ozonation was found to be effective for 

the removal of several organic compounds from drinking water and wastewater” [13]. 

Square1 Technologies is a proponent of this water treatment method. The pre-packaged water 

treatment units combine filtration, ozonation, and UV disinfection to treat water with little wastewater 

generation, high levels of disinfection, and low power requirements for off-grid usage. 

3. Research Methodology 

3.1. Research Methodology 

The research required for this body of work will be mixed methods research, consisting of both 

qualitative and quantitative data. Qualitative data will be gathered by conducting long form interviews 

with various professionals that work in the WASH sector from USAID and various NGOs that are 

involved in clean water initiatives. The long form interviews will explore the following base questions: 

1. Are there water security issues in Maiduguri, Borno State, Nigeria? 

2. Does the local community have access to clean water? 

3. How can clean water access be improved for the local population? 

4. Are off-grid solutions viable in the Sahel environment experienced in the locale? 

5. What water treatment system is most appropriate for the water quality found in the area? 
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Ideally, these discussions will shed light on previous solutions that may have been implemented, 

regional challenges that were not uncovered during literature review, and the viability of this solution as 

a medium-term objective, still fitting in with the Local Government water security goals for the region. 

Quantitative data will be comprised of water quality test results and regional weather data. Water quality 

results will be used to determine the exact style of water purification that will allow the end product to 

meet WHO clean water guidelines.  

Long-form interviews with various professionals involved in funding WASH efforts, both in Nigeria and 

elsewhere, will make up the qualitative data presented in this paper. The purpose of these interviews 

will be to both validate quantitative data collected during research and to further refine implementation 

ideas for the system. 

The implementation sequence for this mixed method research shall be considered a Sequential 

Transformative approach. In other words, the water quality data and water availability data in various 

communities will form a basis for discussions with professionals in the related fields. Qualitative 

information will be prioritized, as quantitative data can present an incomplete picture of the difficulties 

of implementing a new water filtration system in the area. Both results together will be used to explore 

the practical implementation of the theory of off-grid water filtration. Results will be integrated in the 

conclusion chapter with further interpretation of both quantitative and qualitative data sources. For 

example, if the quantitative data points towards electrodialysis or simple UV disinfection over reverse 

osmosis, and the interviews also suggest that reverse osmosis is too water intensive for the Sahel 

region, then the conclusion will discuss how both data sources did not indicate that reverse osmosis is 

the most appropriate solution. 

Research strategies involve archival research of other water purification methods and a case study 

strategy. In this case study, the phenomenon of clean water access will be investigated within the 

context of borehole usage in Maiduguri, Nigeria. Due to the nature of the case study, multiple data 

sources will be used to triangulate and ensure that the data points towards an appropriate solution. 

This time horizon shall be considered cross-sectional over longitudinal. The period of data collection 

occurred from 2021-2022, and the viability of the solution is designed for a mid-term solution, designed 

to last until the Nigerian MoWR has established central water distribution to all affected populations. 

The core of the research lies in data collection and analysis. Quantitative data will be collected from 

international organization observations of local population needs. Similarly, water quality results 

obtained from international organization observations will be used to determine the most appropriate 

means of water treatment. Qualitative data will be derived from long form interviews with WASH 

professionals in Maiduguri and Abuja, Nigeria. 

4. Results and Discussion 

4.1. Interview Design 

As part of the qualitative interview process, the respondents were asked to address the following 

questions: 

1. Could you please tell me your name and current position and share a brief professional 

background? 

2. Could you tell me about clean water access in Borno state?  

3. What do you think are the top three challenges for IDPs and host communities in Borno state 

related to Water, Sanitation and Hygiene?” 

4. How can access to clean water specifically in Maiduguri, Nigeria be improved? 

5. What other interventions have been implemented? Did it work? What do you think is the best 

way forward? 
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6. Are there any projects providing containerized water treatment for boreholes? 

After conducting five (5) interviews, the participants provided feedback on the specific wording of 

questions 3,4,5, and 6. This led to a slight revision of the questions for the remaining three (3) interviews 

conducted during the study, and the addition of a closing question. The revised questions are as follows: 

3. How can access to clean water in Maiduguri, Nigeria be improved? 

4. What other interventions have been implemented? Did it work? What do you think is the best 

way forward? 

5. Are there any projects providing containerized water treatment for boreholes? 

6. What water treatment solution is most appropriate for the water found in the area? 

7. Any other colleagues or contacts that you might recommend that I also interview? 

Question 3 was formed in such a way that it could lead to different discussions than those that this paper 

discusses, so it was removed. Question 6 was then added to receive practical field input on the methods 

of water treatment already occurring in the area, as this feedback could potentially increase or decrease 

the viability of reverse osmosis, the method studied thus far. 

4.2. Qualitative Content Analysis 

4.2.1. Clean Water Access in Borno State 
Surface water contamination was raised as an issue across multiple interviews. Due to the topography 

and presence of livestock in Borno state, untreated surface water may be contaminated with livestock 

fecal matter or other organic contaminants. With a lack of water testing, there is an increased risk of a 

health crisis. Any implemented water treatment system should include regular, scheduled water testing 

to ensure that contaminants found in the water are being effectively mitigated. 

4.2.2. Other Implementations for Water Security 
Over half of the respondents mentioned some form of operations and maintenance (O&M) training, 

maintenance activities, and lifecycle delivery of equipment and solutions. All too often humanitarian 

efforts fall short of lifecycle equipment training. This, combined with scarcity of essential resources 

(water in this case), leads to equipment needing simple maintenance or repair falling into disrepair and 

being abandoned in place. To prevent this from occurring, any solution for water treatment should take 

the following factors into consideration: it must have a set lifecycle established, the required salts and 

chemicals needed for treatment must be locally available, and the local operator should collect 

remittance to cover the cost of equipment operation. 

4.2.3. How Can Clean Water Access be Improved? 
The interviews resulted in various views regarding the improvement of water access. Enhanced 

coordination between state, regional, and local government entities held a common theme in responses. 

If a containerized water treatment solution were to be proposed, the concept would require buy-in from 

Nigerian government authorities as well as aid organizations. The issue of drilling excessive boreholes 

was also brought up. Multiple respondents indicated that excessive boreholes in Maiduguri have caused 

the shallower ones to dry up. Depending on the soil conditions in Maiduguri, a seasonal aquafer is 

normal. When there are too many boreholes dug in close proximity, this aquafer drops and can even 

dry completely. There may be much deeper aquafers present that yield water all year round, and any 

future boreholes should involve a centralized investigation. This expands the scope of the solution to 

be implemented. To install viable containerized water treatment plants, hydrogeological studies should 

be conducted, reviewed and compared to determine the appropriate depth for boreholes in the area. 

4.2.4. Existing Containerized Water Treatment Solutions 
Based on the responses from those interviewed, containerized water treatment is not currently a widely 

used water treatment modality in the region. This is likely due to several factors: NGO and local 
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government partners have been focused on disaster response to the extent that water quality is 

unfortunately secondary to the presence of water at all. One of the respondents discussed how thirst-

related mortality was a huge concern in the region (Standifer, 2021). Several of the boreholes in the 

area are also unregistered, meaning that no studies were done beforehand for the viability of year-round 

water access, proximity to other boreholes and possible sources of contamination, such as a pit latrine 

nearby, and no water testing is done to ensure that the water is not contaminated and is safe for 

consumption. 

Dr. Jolicouer, a Senior WASH Advisor working with USAID in Maiduguri shed light on the topic of 

methods of water filtration. “Reverse osmosis water filtration is best for water with high amounts of 

solutes, such as removing salt from brackish water. Reverse osmosis may be more than what is really 

needed given the water quality in Maiduguri”. 

4.3. Water quality Data Discussion 

The International Organization for Migration (IOM) conducts water quality testing for boreholes in the 

Maiduguri LGA. During this research, attempts were made to retrieve water quality data for untested 

water in boreholes in Maiduguri. This data would allow conclusions to be made regarding appropriate 

water treatment types, how water quality varies in the region, and current procedures for water 

treatment. Unfortunately, the data collected does not reveal the raw water characteristics, as it has been 

treated and chlorinated. This does provide merit, however, in that it reveals that current water filtration 

methods are limited to inline chlorination. Once this was discovered, further research was conducted to 

locate water quality results for untreated borehole water in the region. 

 

S/N PARAMETER WHO STANDARDS 

1 Ammonia 0-1.0mg/L 

2 Fluoride 0-1.5mg/L 

3 Manganese 0-0.1mg/L 

4 Nitrite 0-0.5mg/L 

5 Nitrate 0-15mg/L 

6 Iron 0-0.3mg/L 

7 FRC 0.3-0.5mg/L 

8 PH 6.5-8.5 

9 Turbidity <5 NTU 

10 Arsenic 0-10mg/L 

11 Conductivity 0-1,500uS/cm 

12 NO of Coliform 0 

 

Figure 4: Parameters as compared to WHO Water Standards 
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              WHO 

S/N Parameter Gwange Mashamari Hausari Moduganari 
Bulabullin 
Ngarannam 

Highest 
Desirabl
e Level 

Maximum 
Permissible 
Level 

1 

Temperature 
at Time of 
Analysis (C) 26.6 27.5 29.2 28.3 30 - 40 

2 Colour (TCU) 

Not 
Determine
d 

Not 
Determined 

Not 
Determined 

Not 
Determined 

Not 
Determined 6  

3 
Turbidity 
(NTU) 0.77 0.85 0.78 0.85 0.98 5 5 

4 Ph 6.04 6.5 5.72 6.28 6.6 7.0-8.5 6.5-9.2 

5 

Total 
Dissolved 
Solid (mg/L) 
(TDS) 374 332 547 94 247 500 1500 

6 
Conductivity 
(us/cm) 747 664 1092 189 496 NS  

7 
Total Alkalinity 
(mg/L) 60 100 60 60 100 80 120 

8 Iron (mg/L) 0 0 0 0 0 - - 

9 
Chromium 
(mg/L) 0 0 0 0 0 - - 

10 Nitrite (mg/L) 0 0 0 0 0 - - 

11 Copper (mg/L) 0.11 0.32 0.47 0.05 0.09 - - 

12 
Fluoride 
(mg/L) 0.33 0.15 0.63 0.92 0.13 - - 

 

Figure 5: Water Quality Data from five (5) boreholes in Maiduguri, Isa et al, 2012 

Figure 5 shows the water quality data collected from a previous study executed in Maiduguri in 2012. 

When compared to WHO standards, two (2) of the five sampled boreholes fall outside of the standard 

for pH. Also, the Total Dissolved Solid (TDS) for one (1) borehole exceeds the WHO standards as well. 

The TDS has an impact on the perceived taste of the water due to suspended salts and heavy metals. 

Most importantly, the TDS measured from all five (5) boreholes reveal that the water accessed is not 

brackish. These findings drive equipment selection when it comes to filtration, membranes, and 

treatment method. Brackish water typically contains 1,000-10,000 mg/L in TDS, and only one (1) 

borehole exceeded the WHO standard of 500mg/L. 

4.4. Distances Travelled to Collect Water 

  % of Households having access to an improved water source 

  
Respons
e Options 

Total 
Number of 
Household
s 

Bottle
d 

Handpum
p 
Borehole 

Piped 
Connectio
n to House 

Protecte
d Well 

Publi
c Tap 

Rain 
Wate
r 

Surfac
e 
Water 

Unprotecte
d Well 

Wate
r 
Seller 

LGA 
Born
o Maiduguri 199 0% 53% 0% 2% 25% 0% 1% 0% 18% 

 

Figure 6:  % of households with access to improved water sources, courtesy of REACH, 2020 

In 2020, REACH conducted a Multi-Sector Needs Assessment covering topics such as education, 

health, nutrition, and WASH. In this survey, data was gathered and made available for both Government 

and Non-government sources to review. In the table above, respondents were asked how water was 

provided in their household. 53% responded by stating that they accessed boreholes regularly. This 
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represents a significant opportunity for containerized water treatment, as borehole usage is widespread 

and accepted. 

The REACH data is informative for two (2) main reasons: it informs the reviewer of the main method of 

water collection in the region (boreholes), and it quantifies the distances travelled to collect water for 

local households. From this needs assessment, we can see that 53% of households in Maiduguri rely 

on water from boreholes for sustenance. Also worth highlighting is that only 25% are able to rely on 

public tap water. This points to the impact of water treatment for boreholes, and it points to the current 

limitations of Maiduguri’s water distribution network to supply water to all inhabitants.  

5. Conclusions and Recommendations

5.1. Introduction

Chapter 4 established an untapped need for off-grid containerized water treatment. As the interviews 

were conducted and discussions recorded, it became apparent that a decentralized, scalable system, 

able to be quickly deployed and relocated, provided a definite advantage to the impacted community. 

Quantitative research shows that the water accessed in the first aquifer is of insufficient quality for 

drinking water. It also revealed that water quality could vary quite a bit even in the Maiduguri Local 

Government Area. The qualitative research revealed that there are multiple aquifers in the region that 

are viable for boreholes, with the second aquifer being higher quality water, less affected by the 

seasonal water table. 

5.2. Viability of Reverse Osmosis Water Filtration 

The technical interviews that took place during this research revealed that reverse osmosis is viable, as 

the technology is used in the region frequently. However, combinations of ozonation and UV treatment 

proves to be just as effective as reverse osmosis in reaching clean drinking water standards with lower 

energy requirements and less wastewater as a result of the treatment. The standard reverse osmosis 

system has a waste water ratio of up to 4:1, meaning that for every one (1) gallon of clean drinking 

water produced, four (4) gallons of unsuitable wastewater is also produced. With Ozonation, this waste 

water ratio can be drastically reduced. Additionally, Reverse Osmosis can be a power-intensive process, 

which makes it less suitable for off-grid operation. While off-grid reverse osmosis solutions exist, they 

do require skilled labor with reverse osmosis filter membrane maintenance concerns, which do not exist 

in Ozonation. Rather, there are catalysts that are consumed throughout the process that will require 

replacement after some time, without the constant monitoring requirement. 

5.3. Viability of Off-grid Water Filtration 

Solar power remains the most viable and economically feasible method of off-grid power generation for 

Maiduguri. The city, which is located in the Sahel region, experiences sufficient solar irradiation for 

continuous water pumping and purification for up to six (6) hours without the need for an additional 

battery bank during the dry season. Unfortunately, solar power will be of limited use during the two-to-

three month rainy season that occurs, leaving overcast clouds, greatly limiting the efficiency of the 

panels. 

5.4. Limitations of this Research 

This body of work explores the viability of off-grid reverse osmosis water treatment, and while arriving 

at a conclusion, more work is required to adapt a commercially viable solution in the market. This 

research was limited to solar and solar-hybrid solutions for off-grid usage. Other means of off-grid power 

generation are available and may be viable in the region, but this line of research extends beyond this 

body of work. This research was also limited to the conditions that are found in Maiduguri, Borno State, 

Nigeria.  
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There were some added variables that may have impacted the direction and outcome of the research 

conducted. When conducting data analysis, two (2) technical interviews were conducted. Both 

interviewers belonged to Square1 Technologies, an emerging business looking to expand their own 

ozonation water treatment products in Nigeria. In order to remain impartial, technical interviews from all 

of the other established and emerging technologies should have been conducted as well. Also, due to 

the limited research window, only eight (8) qualitative interviews with WASH professionals were 

conducted. None of the interviews conducted involved local Rural Water Supply and Sanitation Agency 

(RUWASSA) administrators, who are responsible for the existing water supply network in Maiduguri. 

5.5. Recommendations for Future Research 

The continuation of this research would explore a life cycle cost analysis of ozonation in combination 

with UV treatment in Maiduguri, with considerations for initial equipment deployment funding, operating 

expenses, the commercial viability of the system in the environment, and methods to change public 

perception of treated water. 
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Abstract 

This paper addresses the impact of climate change on residential buildings in Palestine, which recently 

faced an increased risk of overheating. The study investigates the effect of the thermal properties of the 

building envelope of a single detached house on increasing the building's resilience to climate change. 

The overheating risk is evaluated using ASHRAE 55 standard under typical historical and future years 

(2035, 2065, and 2090) based on RCP-4.5 and RCP-8.5 emission scenarios in three climate zones in 

Palestine (2A,3A and 2B based on ASHRAE 169-2020). The simulation results reveal that the Medium 

Energy Efficient Building (MEEB) is more effective in enhancing the thermal comfort of the building 

compared to the Low Energy Efficient Building (LEEB). However, the risk of overheating increases in 

future climates, particularly in vulnerable populations and specific locations in the hot, dry zones, such 

as 2B. This necessitates the implementation of combined mitigation strategies, including both active and 

passive cooling strategies, highlighting the importance of improving the building’s indoor environment 

and envelope. The findings emphasize the need to incorporate the impact of climate change into building 

design to ensure energy efficiency, thermal comfort and promote climate-resilient buildings. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: building performance, climate change, MEEB, overheating risk, Palestine. 

1. Introduction

Climate change has already caused widespread impacts and losses worldwide, leading to more frequent 

and intense extreme weather events. According to the recent IPCC 6th report, global warming is 

expected to continue, with a high probability of exceeding a 1.5°C increase during the 21st century, 

which would make it harder to limit warming below 2°C under higher emissions scenarios [1]. These 

changes contribute to the occurrence of compound heatwaves, which are projected to become more 

frequent and have long-term impacts. These impacts adversely affect people's health and well-being 

[1], [2], [3]. Additionally, rising temperatures have resulted in increased mortality rates [4], [5]. The heat-

health problem varies from country to country, and countries like Palestine lack mortality data for 

individual cities or provinces, especially for reasons of climate-related mortality. This underscores the 

urgent need to conduct studies on climate change to aid in adapting to the changing climate [5]. Extreme 

heatwaves have a significant impact on the energy performance and indoor thermal conditions of 

buildings, making it crucial to estimate the risk of overheating in buildings worldwide, as in the case of 

Gaza, a large sample of residential buildings has been assessed; the study examined the overheating 

risk in residential buildings using simulations [6]. Such studies are important for understanding how 

heatwaves affect thermal comfort, as people spend a significant amount of time indoors, ranging 

between 65-90% [7]. 

The Eastern Mediterranean region, including the Middle East and North Africa (MENA) region, is a 

climate change hotspot, experiencing faster warming than other areas [8]. A recent study's findings 

showed that Palestine has an annual mortality rate of 43 heat-related deaths [9]. The study also 

predicted an increase in mortality by the end of the century due to a combination of climate change and 

high population growth. Therefore, efficient mitigation strategies are required [9]. Palestine, along with 

its neighbouring countries in the Mediterranean region, has experienced extreme weather and faces 
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challenges in achieving sustainability due to its vulnerability to climate change, lack of natural resources, 

and high energy prices. Among all sectors, the building sector is the most challenging in terms of 

sustainability [10]. Using appropriate materials in the building envelope is crucial to enhancing the 

thermal efficiency of climate-resilient buildings in Palestine [11]. 

Efforts to improve building efficiency are crucial in mitigating their contribution to global warming. 

Achieving high energy building efficiency (HEEB) in residential buildings involves implementing various 

strategies, including insulation, smart HVAC systems, and renewable energy technologies [12]. Monna 

et al. research has focused on evaluating the impact of climate change on building energy performance, 

drawing on the latest IPCC scenarios and findings from the AR6 report. Some studies have emphasized 

the importance of assessing building energy performance and its influence on indoor thermal comfort in 

Palestine [13]. Additionally, other studies have highlighted the significance of considering different 

insulation materials and thicknesses, as well as investigating the performance of lightweight but 

insulated walls under diverse climatic conditions in Palestine [14]. 

This study aims to evaluate the risk of overheating in residential buildings using a whole-building 

simulation model for historical and future weather data with two levels of thermal properties of the 

building envelope, referred to as Medium Energy Efficient Buildings (MEEB) and Low Energy Efficient 

Buildings (LEEB), in three climate zones in Palestine. 

2. Methodology

2.1. Building geometry 

A single-detached house with two floors, 40% of window-to-wall ratio and 197m2 of total floor area is 

selected for evaluating the impact of climate change on indoor overheating, Tis building represents a 

typical Palestinian construction style [3] consist of stone, concrete, and hollow concrete blocks exterior 

wall and a concrete flat roof/floor. 

Fig. 1. (a) first floor; (b) ground floor 

2.1.1. Building envelope 

The following are the scenarios of the existing residential building case study that were chosen: 

• Scenario 1 (S1) low energy efficiency building – LEEB: The building without insulation.

• Scenario 2 (S2) Medium energy efficiency building- MEEB: The thermal properties represent the

typical building with additional changes in the building envelope.

The details of the building envelope assemblies are shown in Table 1, which illustrates the overall 

thermal transmittance of the building envelope for the master bedroom (MBR) with an area of 17.36m2. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-069

Keszthely, Hungary 
20-23 June 2023

526



Table 1. Overall thermal transmittance of building envelope assemblies- MBR. 

Item Layers- S1, 
Zone: MBR 

LEEB 
U (W/m2.K) 

Layers- S2 
Zone: MBR 

MEEB 
U (W/m2.K) 

Exterior wall Limestone 40mm 
Mortar 30mm 
Hollow-block 200mm 
Plaster 20mm 

  2.4 Limestone 40 mm 
Mortar 30 mm 
Hollow block 200 mm 
Foam Polyurethane 60mm 
Hollow block 100 mm 
Plaster 20 mm 

0.40 

Ground floor Concrete 250mm 
Sand 70mm 
Mortar 30mm 
Ceramic10mm 

 2.4 Concrete 250mm 
Polystyrene90mm 
Sand 70mm 
Mortar 30mm 
Ceramic10mm 

0.40 

Flat Roof Bitumen 5mm 
Sand concrete for roof 70mm 
Reinforced concrete 250mm 

 2.0 Bitumen 5mm 
Sand concrete for roof 70mm 
Reinforced concrete 250mm 
Foam Polyurethane90mm 

0.27 

Window Single glass  5.8 
SHGC 0.75 

Double glass, air 13mm 1.6 
SHGC 0.55 

2.1.2. Settings for whole building simulation- Overheating risk 

The building relies on natural ventilation to remove the excessive heat by opening 50% of the windows 

area when the indoor temperature is higher than 23 °C and the indoor temperature is higher than the 

outdoor temperature. Also, the interior shading (blind roll) is used to reduce the possible solar heat gain 

during the day. Simulations were conducted for the hottest room, which is the master bedroom (MBR). 

2.2. Thermal comfort criteria 

To evaluate the risk of overheating in naturally conditioned spaces, the temperature ranges for operative 

conditions are evaluated following ASHRAE 55-2017 [15]. The maximum acceptable operative 

temperature is determined by Equation 1. If Equation 2 yields an operative temperature higher than the 

upper limit temperature, it indicates the occurrence of overheating. The Upper 80% acceptable limit: 

T c,up= 21.3 + 0.31* Tom       (1) 

To= (Td + Tmrt)/2      (2) 

The overheating risk for the two cases (S1 and S2) was analysed and simulated using historical year 

(TMY data 1961-1990). The formulas were used for the analysis: Tom is the monthly mean outdoor air 

dry-bulb temperature (°C), To is the operative temperature (°C), Td is the indoor air dry-bulb temperature 

(°C), and Tmrt is the mean radiant temperature of the zone (°C). 

2.3. Future weather data 

Currently, WeatherShift™ [16] is one of the weather morphing tools available to researchers, it is widely 

used by researchers studying buildings' energy performance [17]. WeatherShift™ used to generate 

future years 2035 (2026-2045), 2065 (2056-2075), and 2090 (2080-2099) based on the Representative 

Concentration Pathways (RCP) scenarios (RCP 4.5 and 8.5) that were defined in the IPCC Assessment 

Report 5 (AR5) and utilized to simulate meteorological variables for the years. The RCP 8.5 scenario 

assumes the highest levels of temperature and CO2 emissions by the end of the 21st century, as it 

remains unclear whether carbon dioxide emissions will decrease or not in the future [18], [19]. 

2.4. Simulation scenarios 

Three different climatic zones in Palestine were chosen for the historical and future assessment of 

overheating risk on residential buildings, which are: Qalqilya (2A-hot and humid), Jerusalem (zone 3A - 

warm and humid), and Jericho (hot and dry- for zone 2B), as specified in the ASHRAE climatic data [20] 
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that corresponds to the ARIJ data zones (Qalqilya - Zone 5, Jerusalem - Zone 3, Jericho - Zone 1) [21]. 

Historical simulations were conducted for all three zones based on and the two building scenarios (S1 - 

LEEB, S2 - MEEB). Similarly, for future simulations, evaluations were based on the ASHRAE 55 

standard and future weather data projections using RCP-4.5 and RCP-8.5 emission scenarios for the 

years 2035, 2065, and 2090, assuming a 50% median warming scenario.  

A total of 24 cases are modelled using DesignBuilder tool for three locations in Palestine and two 

scenarios condition.  

3. Results and Discussion

3.1. Overheating risk evaluation under historical simulation 

Fig. 2 shows a comparison of the overheating hours between the LEEB and MEEB scenarios in three 

locations (Jerusalem, Qalqilya, and Jericho) for historical evaluation. Results show that buildings with 

low thermal properties of the building envelope (LEEB) experience significantly higher overheating hours 

compared to buildings with high thermal properties of the building envelope (MEEB), with a difference 

of 50–100% depending on the building’s location. The overheating hours in a building located in cold 

cities (Jerusalem and Qalqilya) were about 526 hours and 765 hours, respectively, which represent 15% 

and 23% of the summer period from May 1st to September 30th. However, Jericho Zone had the worst 

scenario among the three locations, with overheating hours representing 88% (3150 hr) of the summer 

period. By improving the thermal properties of the building envelope, the overheating hours were 

reduced from 526 hr to 0 hr in Jerusalem, to 56 hr in Qalqilya, and to 48% (1718 hr) in Jericho. These 

results are consistent with the results of the sensitivity analysis conducted by Baba et al. [22]. 

Fig. 2. Overheating hours for LEEB and MEEB under historical simulation 

3.2. Overheating risk evaluation under future climate simulation 

Fig. 3 presents the effect of climate change on the MEEB building in three different locations. Simulations 

are conducted under the RCP 4.5 and 8.5 emission scenarios for short-term (2035), mid-term (2065), 

and long-term (2090) future years. 

Under 2035- RCP 4.5 scenario, the overheating hours in Jerusalem and Qalqilya are slightly increased, 

where the MEEB building would perform better than the LEEB building for the same locations, as the 

historical simulations had already proved the overheating risk. However, in Jericho, the number of 

overheating hours may increase by up to 66% (2408 hrs). The results show the number of overheating 

hours is significantly increased under the RCP 8.5 scenario for the three locations, with the highest 

probable occurrence of overheating in Jericho at 70% (2515 hrs) compared to RCP-4.5. 
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Under the mid-term evaluations representing the year 2065, the number of overheating hours may keep 

increasing under both RCP 4.5 and 8.5 scenarios, highlighting the best case in Jerusalem and the worst 

case in Jericho, where the overheating hours may represent 87% (3163 hrs) of the summertime. By 

2090, the number of overheating hours may increase up to 77% (2786 hrs) of summertime under the 

RCP 4.5 scenario, and the percentage of 100% overheating occurrence may be recorded for (3612 hrs) 

under the worst scenario of RCP 8.5 for MEEB building. Under future climates, some chosen designs 

that have natural ventilation and interior shading may be insufficient to mitigate the risks of overheating. 

The study's results highlight the urgent need for appropriate mitigation measures in building designs, as 

they play a crucial role in enhancing the performance of residential buildings in Palestine and promoting 

sustainable building practices. To counter the increasing trend of overheating and reduce overheating 

hours during intense heatwaves, a combination of passive and active cooling strategies should be 

considered. The study indicates that the current condition of Low Energy Efficient Buildings (LEEB) is 

insufficient, while the Medium Energy Efficient Building (MEEB) case needs further development, 

especially in zones like Jericho. Considering the impacts of climate change and overheating in building 

design is vital as a proactive measure. Evaluating the overheating risk of existing buildings and 

implementing effective strategies can mitigate risks and ensure a safe and comfortable indoor 

environment, thus promoting the construction of climate-resilient buildings. 

Fig. 3. Overheating hours in MEEB buildings under future climate 

4. Conclusions

This paper evaluates the overheating risk in residential buildings in Palestine, considering the effect of 

thermal properties of the building envelope, i.e., medium energy efficient buildings (MEEB) and low 

energy efficient buildings (LEEB). The assessment also includes the effect of climate change on the 

indoor thermal condition under historical and future years in three Palestinian climate zones, i.e. 

Qalqilya, Jerusalem, and Jericho. Future weather data are generated based on the RCP 4.5 and RCP 

8.5 emission scenarios for the years 2035, 2065, and 2090. The study utilises the Designbuilder 

simulation tool to conduct whole-building simulations and analyze the overheating risk. 

The results indicate that MEEB buildings demonstrate greater adaptability to overheating risks 

compared to LEEB buildings. The proposed MEEB buildings type proved to be climate-resilient and 

more efficient in addressing overheating concerns in Qalqilya and Jerusalem during the selected 

summer period. Overall, different climate zones in Palestine are susceptible to overheating, and the 

MEEB building type is particularly effective in addressing this issue in Jerusalem and Qalqilya. However, 
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additional mitigation measures such as exterior shading and efficient cooling systems are necessary for 

regions like Jericho, where the risk of overheating is more severe. It is recommended to employ a 

combination of passive and active cooling strategies to mitigate these risks. In conclusion, the study 

emphasizes the importance of considering the impacts of climate change on building design and 

performance. It underscores the need to evaluate the overheating risk in existing buildings and develop 

strategies to mitigate it, ensuring a safe and comfortable indoor environment while promoting the 

construction of climate-resilient buildings. 
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Abstract 

Civil society is increasingly exposed to terror and war threats. The scenario caused by these threats are 
highly relevant to the continuous performance and safety of Critical Infrastructures (CIs). CIs might be 
exposed to guided munition hits with high penetration capabilities. Maintaining the continuous 
performance of CIs is crucial in ordinary times and even more so during emergencies. A passive 
protective solution is robust and reliable compared to alternative solutions and may be superior over 
time. Underground structures protect sensitive facilities such as military infrastructures and recently also 
Nuclear Power Plants (NPPs) from highly explosive charges. The research objective focused on 
developing a risk-informed optimal decision support methodology for advanced CIs resilience, 
particularly underground NPPs, exposed to earth-penetrating weapons (EPW) hits. Threat scenario of 
GBU-28 guided bomb unit (GBU) defined the test case of penetration and detonation above an 
underground cavern that contains the NuScale Small Modular Reactor (SMR) reactor building. The 
research methodology was composed of the following phases: literature review; underground critical 
energy infrastructures vulnerability assessment, focused on SMR; hydro-dynamic numerical simulations 
of selected threat scenario of underground SMR hit by high explosive warhead, also called munition; 
analytical-empirical formulation of the in-structure shock; damage assessment of the SMR critical 
components and its containment structure exposed to munitions' hits; development of fragility curves 
due to blast waves based on NPP components' tolerance under airplane crash, and seismic fragility 
curves. The research findings reveal that the severe threat scenario of a GBU-28 hit on the caverned 
NuScale SMR yield significant Large Radioactive Release (LR) probability of the order of 3∙10-4 for peak 
accelearatipn of 5.2g. This scenario must be further developed for risk mitigation alternatives. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: critical infrastructures, NuScale, small modular reactor, munition hit, risk. 

1. Introduction

CIs are exposed to gradual increasing scenario of terror and war threats such as high explosive 

warheads’ and missiles hits and ballistic fire. Energy Infrastructures are of particular attention. SMR is 

considered to be a robust, resilient and safer than the current NPPs and has better resistance to exterior 

hazards due to its inherent passive safety features. The scenario caused by high explosive warhead 

threats are highly relevant to the continuous performance, resilience, and safety of (CIs). They are 

exposed to guided munition hits with high penetration capabilities. Maintaining the continuous 

performance of critical infrastructures is acute in ordinary times and during emergencies in particular. A 

passive protective solution is robust and reliable setup comparing to alternative solutions and may be 

found superior along time. Underground structures are used to protect sensitive facilities such as military 
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infrastructures and recently also NPP's from high explosive charges. The engineering parameters of 

interest have several degrees of uncertainty and thus are defined as random variables that can be 

approached with probabilistic, stochastic and computational methods. Common basic engineering 

concept is that the capacity must be greater than or at least satisfy the demand. While capacity and 

demand are often conceived as time in-variant parameters, in modern design, which takes structural 

reliability into consideration, capacity (resistance) is no longer treated as time invariant and thus should 

be modelled adequately relating to degradation processes e.g. deformations, creep, corrosion & 

erosion, wear and tear. Tunnels in particular are widely exposed to erosion and water damages. When 

looking at the demand (applied loads), the randomness and the uncertainty are intuitive, mostly handled 

by deterministic safety factors.  The above leads to the research gap: CIs exposure to munition hit is not 

sufficiently researched and addressed. Appropriate protection must be designed. Existing risk analysis 

and risk assessment methodologies for natural and man-made hazards do not cover two intrinsic 

aspects: 1. Guided bombs threat; and 2. Evaluation of the physical state of the underground protection 

in the future. Therefore, this research aims to address the research gaps stated above: by taking risk 

analysis methods to the field of guided bombs threat through an integrated methodology (deterministic 

& probabilistic/stochastic) and creating blast events fragility curves based on seismic fragility curves and 

resistance to in structure shock based on airplane hit data A case study of a tunnelled SMR NPP is 

presented and the results showing the feasibility of the methodology are introduced. 

1.1. Research framework 

The research objective is focused in the development of a risk informed optimal decision support 

methodology for advanced CIs resilience, in particular underground NPPs, exposed to EPW hits. The 

test case was defined by threat scenario of GBU-28 guided bomb unit (GBU) penetration and detonation 

above an underground cavern that contains the NuScale SMR RXB. The research methodology is 

composed of the following phases: 

• Literature review; 

• Underground critical energy infrastructures vulnerability assessment, focused on SMR; 

• Hydro-dynamic numerical simulations of selected threat scenario of underground SMR hit by 

high explosive Warheads; 

• Analytical-empirical formulation of the in-structure shock; 

• Damage assessment of the SMR critical components to munition hits; 

• Development of fragility curves due to blast waves based on NPP components’ tolerance under 

airplane crash, seismic fragility curves, analytical-empirical formulas and numerical simulations; 

• Integrated risk analysis of the SMR to the given threat scenario and conclusion. 

Evaluation of the risk due to seismic events is carried out using Seismic Margin Analysis (SMA). Its 

purpose is to provide an understanding of significant seismic vulnerabilities and its scope is the 

evaluation of seismic fragilities for SSC (Structures, Systems and Components) based on a single 

module. A ground motion representing High Confidence Low Probability of Failure (HCLPF) is derived 

for each SSC. Accident sequences from the Probabilistic Risk Assessment (PRA) are solved to produce 

the combinations of seismic and random failures that could lead to Core Damage (CD) and LR. Cutset 

level and plant level HCLPFs are then derived using the Min-Max method. 

1.2. Importance and innovation of the research 

The research lays a base to optimal protection of CIs with a possibility of future upgrade. It should be 

emphasized that as far as it is known, there is no scientific focus on vulnerability and protection of NPP’s 

to high precision weapons. In addition, underground projects, especially of critical energy infrastructures 

will become common as urbanization and population density increases. therefore, the test case is also 

unique. 
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1.3. Nomenclature 

Following are terms of reference in the research topic of risk analysis and protective solutions of NuScale 

SMR: 

Basemat Raft foundation of the NuScale SMR 
BioShield Removable module placed on top of the SMR Pool for refueling the nuclear module. 
CD  Core Damage 
CDF  Core damage frequency 
CI  Critical Infrastructure 
EPW   Earth Penetrating Weapon 
EPZ  Emergency planning zone 
GBU-28  Guided Bomb Unit 
HCLPF  High Confidence Low Probability of Failure 

LR  Large Radioactive Release 

NPM  Nuclear Power Module 
NPP  Nuclear Power Plant 
PRA  Probabilistic Risk Assessment 
RBC  Reactor Building Crane 
RXB  NuScale SMR Reactor Building 
SFP  Spent Fuel Pool 
SMA  Seismic Margin Analysis 
SMR  Small Modular Reactor 
SSC  Structures, Systems and Components 

2. Literature review 

Nuclear Power is an important source of energy, with significant risks to be analyzed and managed. 

Engineering design is carried out typically as a tradeoff between maximizing safety and minimizing 

costs. NPPs are relatively safer than ordinary structures, with corresponding high costs, but are not 

absolutely safe [1]. The design and authorization process defined by the NRC (Nuclear ) is well 

structured and includes a PRA for both internal and external events. SMR in general and NuScale SMR 

in particular, are designed to withstand external hits using passive safety systems. Winds, aircraft 

impacts and earthquakes were examined. It was shown that important SSCs are designed to withstand 

a wind-generated-missile hit and to maintain operational safety. It was also shown that aircraft impact 

does not significantly affect the risk envelope and was not further examined, while seismic loads at 

higher than the designed levels may lead to a failure and LR. The fact that the literature review for a 

munition hit on SMRs yielded only minor findings has two aspects: lack of background and knowledge 

and the relevance and importance of this issue. Furthermore, the need for further research regarding 

the resilience of NuScale SMR to blast loads is stressed by the most updated literature found [2]: 

"Finally, further investigation is deemed necessary in order to study the potential damages of the 

structure in the case of other hazards such as tsunami events, blast loads, etc." 

Although various papers were reviewed for the investigation of the core fragility parameters, suitable 

fragility parameters were found only for seismic loads. The SMA examined scenarios initiated by seismic 

events and led to damages of components or to structural events. In contrary to components failure 

which can be successfully mitigated and thus withstand the hit, the SMA determined that failure of major 

structural elements directly leads to Core Damage (CD) and to a Large radioactive Release (LR).  The 

SMR analysis shows acceptable design in accordance with the NRC (US Nuclear Regulatory 

Commission) defined hazards. Beyond design events may endanger the SMR and must be examined 

carefully to ensure safety goals. Markou & Genco [2] found that the underground rigid structure 

satisfactorily defends the modules, correlating with the acceleration levels found to be safe in this 

analysis. Though, James et al. [3] doubted the resilience, claiming that the underground positioning and 

small size are an advantage in the way that the structure is rigid and can be easily protected, however 

the disadvantage is that the vulnerability is higher and shock can easily be transferred due to the close 

positioning of the elements and the CNVs. 
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In order to examine the vulnerability of a NuScale SMR to a large conventional warhead explosion (GBU-

28) a research titled "Vulnerability and protection study of buried SMRs exposed to munitions hit" [4] 

showed that NuScale SMR cannot withstand a close range internal GBU-28 hit. Thus, building the SMR 

to withstand this scenario will require appropriate protective solutions such as placing the NPP in an 

underground tunnel (passive protection). Underground positioning of the NPP has many benefits, such 

as: protection against external threats, decreasing of pollution materials etc. Placing an NPP in an 

underground tunnel was examined by Sapir and Rosen [5]. They determined, for a Westinghouse 

AP1000 exposed to a classified threat scenario, that placing the cavern at a depth of approximately 80 

m should protect the NPP adequately. The summary of the data regarding the significant seismic 

structural failures in NuScale SMR is delineated in Table 1. Parameters include median fragility,  

Table 1: Significant seismic structural failures’ events and parameters - NuScale SMR 

HCLPF(g) βµ Βr Median (g) Element Event 

0.88 0.39 0.28 2.64 RBC 1 

0.92 0.33 0.12 1.92 RXB Ext. Wall 2 

0.92 0.35 0.12 1.98 NPM supports 3 

3.99 0.37 0.28 11.62 Bioshield 4 

1.30 0.41 0.28 4.05 Bioshield (double stacked) 5 

0.95 0.33 0.21 2.31 Pool walls 6 

1.23 0.34 0.12 2.61 Crane support walls 7 

1.31 0.31 0.12 2.65 Bay Wall 8 

1.2 0.26 0.12 2.22 Roof 9 

1.38 0.31 0.27 3.57 Basemat 10 

 

where:  

βr, Random variable representing the aleatory (inherent uncertainty of the model) variability of the 
median capacity. 
βµ, Random variable representing the epistemic uncertainty (which can be reduced by improvement of 
data) of the median capacity. 
Median - the median capacity in terms PGA (g). 
HCLPF - 95% confidence of less than 5% failure probability. 

The external manmade events of explosions were compared to those of earthquakes (natural 
phenomena). Similarities and differences were found and presented. Based on the accelerations 
received from the simulations and NuScale's seismic fragility analysis, there is a need to create fragility 
curves for the postulated events, based on the Nuclear Energy Institute publications for dynamic 
tolerances for an aircraft impact [6]. PPV of 1 m/s was found as a common criterion for cavern exposed 
to adjacent explosions in order to avoid damages beyond cracking (spalling). Meaning a PPV of 1 m/s 
can be the threshold value which must be avoided in order to maintain the SMR cavern stability, and 
will affect directly the depth of burial resulting from the threat. 

Common tunneling practices such as shotcrete and rock reinforcement were also reviewed. Tunneling 
is an important and developing branch of civil engineering which suffer from many forms of deterioration 
such as water leakage, cracks, deformations and more. Two different studies, one regarding road 
tunnels in Japan, and the other in China, reported that more than 60% of tunnels in use suffer from 
different kinds of deficiencies. 

2.1. Safety and operational considerations of an underground NuScale SMR 

An underground NPP design has many advantages related to security, survivability, and 
radioactive atmospheric releases in case of hostile activity or severe accidents. However, designing the 
nuclear island underground imposes additional economical, operational, and safety implications. 
Several nuclear reactors were built and operated fully or partially underground throughout history [5], 
[7]. From what is known, some of the underground nuclear reactors experienced severe accidents, 
including core meltdown and radioactive release (e.g., Lucens experimental nuclear power reactor ([8]; 
[9], [10])  and Ågesta NPP ([10], [11], [12], [13]). Yet, none of these accidents was attributed to the 
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underground location of the reactor. Moreover, the underground medium proved safer in terms of 
significant radioactive release. 

An underground NuScale design seems feasible in terms of operation and safety. While most safety 
features are improved, some operational features are worsen. The main implications are summarized 
in Table 2. 

Table 2: The main operational and safety implications of an underground design of the NuScale power plant. 

Feature/Issue Implications on Reactor Operation 

Physical separation 
of the NSSS from the 
turbine hall 

Requires a redesign of the second and third reactor loops, considering the 
depth of the reactor. Will impact efficiency and profitability of the power 
station. 

Refueling outage 
Refueling outage procedures will not be affected; for reducing fuel transport 
operations, enlarged SF design is recommended. 

Control room and 
I&C systems 

Careful design review of the control room and I&C is needed. Safety 
aspects and emergency plans of the revised control room and I&C location 
should be examined. 

Ventilation 
Maintaining proper ventilation is feasible; no significant implications on the 
safety and operation of the reactor are expected. 

Electricity No significant implications on the reactor operation and safety expected. 

Access 
Several independent access tunnels, large enough for operational and 
emergency operations, should be installed. 

Routine maintenance 
Maintenance operations should be planned taking into account 
underground conditions. Maintenance operations of the tunnels and 
underground spaces will have to be carried out. 

Feature/issue Implications on Reactor Safety 

Geological surveys 
and seismic activity 

Underground facilities are less vulnerable to seismic events.    

Passive cooling and 
shutdown systems 

NuScale passive cooling and shutdown systems will not be affected from 
the underground location. 

Emergency Planning 
Zone 

Reduced EPZ is anticipated; enabling sitting in more densely populated 
areas. 

Flooding and fires 
Flooding protection means should be introduced for securing facility 
personnel and safety systems. The limited access to the underground site 
requires a robust planning of fire fighting solutions. 

 

3. NuScale SMR as an underground facility 

A NPP failure would have severe economic, environmental and social consequences. Thus, the need 
to assure the plant’s ability to withstand extreme events is obvious. According to Ornai et al. [14], an 
extreme event of a direct missile hit could lead to an overall failure of the NPP, which in turn could lead 
to core meltdown and can be followed by the release of radioactive materials. Smith & Wright [15] 
determined that underground positioning of the Westinghouse SMR decreases the chance to an event, 
which will affect the safety of the SMR and, that the passive safety systems can safely stop the nuclear 
reaction, remove the decay heat and ensure cooling and safe system shutdown in case of an emergency 
event. The NuScale SMR is a modular PWR (Pressurized Water Reactor) NPP, consists of up to 12 
modules (Figures 1÷3). Each module consists of a 45 MWE (Megawatts Electric) reactor and 2 steam 
generators. The nuclear fuel is UO2 enriched up to 4.95% and the duration of the fuel life cycle is 24 
months. An optional configuration is 540 MWE for 12 modules. Most of the NPP main building is 
underground, made of high stiffness concrete structure to address earthquakes and aircraft crash impact 
scenarios. Each power module includes a containment and a reactor vessel, interior helical coil, two 
steam generators and a pressurizer, all factory manufactured [16]. Each module is installed in its own 
isolated bay in an underground, stainless steel-lined concrete pool, also referred as Ultimate Heat Sink 
(UHS). 

Due to security-related issues the geometry of NuScale SMR RXB is not available for the open public 
as detailed in NuScale analysis in Ch. 9 “Withheld Information”. However, NuScale had published in 
Chapter 3 “Design of Structures, Systems, Components and Equipment”, sufficient data about the finite-
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element modeling used for estimating the dynamic loadings on the building and for seismic design. The 
finite-element models provide information such as walls length, walls thickness, building height and 
more. The most relevant geometrical data is presented in Tables 3 & 4 and in Figures 1÷3. 

 

Table 3: RXB approximated dimensions  Table 4: NPM dimensions 

Description Dimension [m] 

Total Height 50.9 

Total length 106.7 

Total width 45.7 m 

Ceiling thickness 1.2 m 

Floor thickness 3.0 m 

Pool height 23 m 

Depth below ground  26.2 m 

 

 

Fig. 1: RXB vertical cross-section, not to scale (dimensions are in cm) 

Description Dimension 

Height 19.8 m 

Diameter 4.4 m 

Thickness 7.6 cm 
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Fig. 2: RXB Horizontal cross-section, not to scale, dimensions are in cm 

 

 

Fig. 3: Horizontal cross section of the bay walls and the NPMs, not to scale. Enlarged vertical and horizontal section of 

single bay wall and the NPM is shown above, all dimensions are in cm. 
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4. Threat scenario 

This research referred to a threat scenario of GBU-28 as follows: the Guided Bomb Unit 28 (GBU-28) 

was developed in the USA and has been in use since the first Gulf War (1990-1991). It was designated 

to hit underground shelters. The bomb can penetrate more than 30 m of soil and 6 m of concrete (Ornai 

et al., 2014). According to Global Security Website [17], the weight is 647 lb Tritonal, which is equivalent 

to 299 kg TNT (Table 5). The bomb penetrates to the rock, and thus creates full contact, transferring the 

energy to the adjacent rock - fully coupled charge. The main input parameters for our analysis are the 

high explosive content and the penetration depth. We assume a TNT explosive mass of 299kg, in the 

shape of a two-meter-long cylinder. The energy content of the TNT explosive is taken as 4.3MJ/kg. The 

depth of penetration was taken as 11m. Fig. 4 depicts the vertical layout of the GBU-28 threat scenario 

for a tunnelled configuration of NuScale SMR. The NPP is assumed to be buried in a depth that would 

reduce the effect of the underground shock created by the bomb to an acceptable level for the NPP. 

Fig. 5 depicts velocity field at time of 80 ms, the blast front has reached a depth of 175m, and the front 

peak is 0.3m/s. As the blast wave progresses with time, all parts of the building are set into motion,  in 

this set also the air into motion, as can be seen by colored spaces. To assess the risk to the NPP, a set 

of interest points is defined, where time history data is gathered for the velocity components. The set of 

interest points are shown in Table 6 and Fig. 6 (for the NPM support-pool wall): The time history of all 

points exhibit a typical pattern. They vertical velocity oscillates at high frequency, which may be 

attributed to the structure natural frequencies. Most of the velocity time histories are between (-0.1m/s) 

to (+0.1)m/s. In the displacement time-history these high frequencies are smoothed. The displacements 

are between (-0.10mm) to (+0.15)mm. Derivation of the acceleration levels related to these time-

histories is obtained by differentiating the displacement curve twice with respect to time.  

 

Table 5: Parameters of GBU-28 

2,132 kg Total Weight 

299 kg  Explosive's Weight 

7.6 m Length 

35.6 cm Diameter 

 

 

Fig. 4: Vertical section that presents the underground cavern, with its typical distances from the explosion location of a GBU-28. 
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Fig. 5: Particle velocity field at 80ms. Scale in m/ms 

 

Fig. 6: Vertical velocity and displacement time histories at the NPM support, pool wall side 

Table 6: Summary of acceleration parameters and maximal values for the threat scenario 

POINT 𝝎𝟏, 𝒔−𝟏 𝒅𝟏, 𝒎 𝝎𝟐, 𝒔−𝟏 𝒅𝟐, 𝒎 𝒂𝒄𝒄𝟏, 𝒈 𝒂𝒄𝒄𝟐, 𝒈 

1 Vertical 607.4 4.23∙ 10−5 485.0 9.34∙ 10−5 1.6 2.2 

2 Vertical 794.3 4.18∙ 10−5 419.1 4.12 ∙ 10−5 2.6 0.72 

3 Vertical 1017. 2.61∙ 10−5 1620 1.14∙ 10−5 2.7 3.0 

4Vertical 922.6 3.47∙ 10−5 458.2 4.91∙ 10−5 3.0 1.0 

5 Vertical 300.9 2.51∙ 10−4 607.2 3,93∙ 10−5 2.3 1.5 

6 Vertical 535.1 3.69∙ 10−5 129.8 3.74∙ 10−4 1.1 0.63 

7 Vertical 1184 2.12∙ 10−5 872.2 2.39∙ 10−5 3.0 1.8 

7 Lateral 534.9 2.47 ∙ 10−5 426.0 2.50∙ 10−5 0.70 0.45 

 

The summary of all the data regarding the significant structural failures is shown in Table 7, based on 

NuScale Power LLC (2020), Standard Plant Design Certification Applications, Ch. 19 rev. 5 [18]. 
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Table 7 summarizes the 8 points of interest with dynamic parameters of assessment. 

Table 7: Final list of the points of interest 

Chosen 

Points 

Description Time History of ground shock and 

motion parameters 

#1 RXB Crane Support Velocity, Acceleration 

#2 NPM supports – Bay Wall Velocity, Acceleration 

#3 NPM supports – Pool Wall Velocity, Acceleration 

#4 Bioshield  Velocity, Acceleration 

#5 Basement Velocity, Acceleration 

#6 RXB Ext Wall Velocity, Acceleration 

#7 SFP floor Velocity, Acceleration 

#8  Cavern top Velocity, Acceleration, Pressure 

4.1  Preliminary results demonstarting the methodology feasibilty 

 
The SMA defines criteria for different structural events which can lead directly to overall failure. The 
SMR components’ capacity parameters (HCLPF, 𝛽µ, 𝛽r) and their resilience and controlling failure 
modes under seismic events are shown in Table 1. The published data regarding the seismic capacities 
reveals that core damage (CD) and a Large Release (LR) of radioactive materials to the atmosphere 
would occur at a certain Peak Ground Acceleration (PGA) greater than the dynamic capacity of the 
critical components and structural elements. Eight different points of interest were finally selected for 
the analyses (Table 7 and Fig.s 7-8). 
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Fig. 7: RXB vertical cross section with the selected points of interest. Not to Scale. Detailed dimensions are shown in Fig.s 1-3. 
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Fig. 8: RXB and NPM horizontal section with the selected points of interest. Not to Scale. Detailed dimensions are shown in 
Fig.s 1-3. 

4.1.1 Preconditions and assumptions for the reconstruction of NuScale seismic fragility curves 

 

▪ All median capacities are lognormally distributed; 
▪ The median [θ = exp(µ)] is taken from the SMA data and thus the mean of the underlying function 

(with normal distribution) is ln(θ) that is equal to µ; 

▪ The uncertainty parameters are defined by 𝛽 = √𝛽𝑟
2 + 𝛽𝜇

2 ; 

▪ There is a similarity between the uncertainty parameter β of the lognormal distribution and the 
coefficient of variance for the normal distribution; 

▪ In this work σ is assumed as β explained herein: 

The coefficient of variance is 
𝜎

𝜇
 assumed as equal to β, means that 𝜎 = 𝛽𝜇; 

The median capacity θ values are assumed as equal to base e, means that their natural 
logarithms are close to ln(e) which equals to 1. Thus 𝜇 ≅ 1  and  𝜎 ≅ 𝛽; 

▪ Note that 𝜎 has the same units of 𝜇 since 𝛽 is a dimensionless parameter and it is multiplied by 

𝜇 units. 

4.2 Reconstruction of Nuscale SMR seismic fragilty curve HCLPF at 0.95 confidence margin 

Further on the demonstration for the 1st point (RXB Crane Support) is shown. Fig. 9 presents the 
reconstructed fragility curve based on NuScale's data for a seismic event (See point #1 in Tables 1, 
6 & 7). The extracted HCLPF of 0.88g is in line with the HCLPF of the NuScale SMA.  
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Figure 9: Reconstruction of the RXB Crane Support (point #1) seismic fragility curve 

According to The NEI shock damage categories supply median fragility limits (accelerations) which 
vary in the range of 27g-200g. The most sensitive category of NPP equipment such as generators 
has a median acceleration of 27g. This value is validated by another source [19], which determines 
that the shock tolerances for heavy machinery is in the range of 10-30g. The median value is than 
combined with uncertainty parameters from the seismic fragility curves, assuming similar dynamic 
response of the structure to both phenomena. Figure 10 demonstrates the adapted fragility curve, 
with a median acceleration of 27g and uncertainty parameters of (βr= 0.28 βµ =0.39). 

Fig. 10: RXB Crane Support modified fragility curve (assuming median equals 27g)

4.3  Posting the modified fragilities into the shock spectrum 

Fragility results are posted on a shock spectrum in order to assess the probability of failure. 
The main concern in the design of SMR RXB protective structure is to prevent a structural failure. 
Regarding blast events: when a structure is exposed to blast impact, a shockwave is transmitted through 
the rock media and then passes to the RXB and causes in-structure motions (displacements, velocities 
and accelerations). It may be harmful to many kinds of the SMR components and structural elements. 
The results received from the fragility curves (various accelerations with probabilities of failure) were 
posted in Fig. 11 and 12 demonstrating various accelerations with probabilities of failure. 
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Fig. 11: Fragility curve for the     Fig. 12: Shock spectrum for the 

RBC supports (median equals 27g) RBC supports (median equals 27g) 

5. Results and conclusions

Posting the spectral accelerations in the fragility function yielded the probability of failure of 3∙10-4 for 
5.2g. In addition, one can see in Figures 10 and 11 a range of in-structure motions which act on the 
systems and the components of the NPP SMR. The results reveal that given the assumed uncertainty 
parameters and the 27g RBC median fragility, there are probabilities of less than 1% of failure. If we 
were dealing with seismic accelerations, these results were lower than the HCLPF (PGA at which there 
is 95% confidence that the conditional failure probability is less than 5%) and do not fulfill the NRC 
performance design citeria of CDF (Core Damage Frequency) less than 1·10-4/year. Fuerthermore, the 
SMR RXB underground tunneled configuration and depth of burial were determined in this research to 
maintain a PPV of less than 1 m/sec in order to prevent spalling. 

Despite the suggested underground configuration and the above results, there is vulnerability of the 
SMR to the scenario due to two reasons: 

1. PGA's are horizontal, while in the postulated scenario, the accelerations and displacements are
vertical and may harm the RBC supports or remove the RBC from its supports.

2. Hydro Dynamic simulation results show uunfiltered results of 10-50 (g) which are much higher
than the empirical results. The probability of failure in the SMR components is 0.85. It should
be pointed out that these are very low duration peak results that may or may not affect the
structure, a topic that needs further investigation as an independent and important research
topic.

The research finidings follows former studies on the topic that emphasize the need for tools and 
strategies to validate the redistance of energy CI to munitions' hits [20[, [21], [22]. 
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Abstract 

Sustainable construction is currently in much demand as construction industry produces a huge amount 

of carbon dioxide (CO2), exacerbating global warming. Modular integrated construction (MiC) is set to 

become a prominent solution to achieving the “carbon neutrality” initiative in Hong Kong, offering high 

productive efficiency. The concept of “low carbon construction” is proposed by the use of low carbon 

construction materials and the optimization of project management. However, there remains great 

potential in the use of these methods in reducing carbon footprint during the design and construction 

process. This paper firstly reviews possible pathways to reducing the embodied carbon of reinforced 

concrete. A novel concept known as “negative carbon concrete”, which is potentially achieved by 

combining CO2 mineralization – the natural carbonation of concrete with other low-carbon construction 

materials – is proposed. The durability performance of fiber reinforced polymer (FRP) bar-reinforced 

concrete can be improved by concrete carbonation. The application of negative carbon concrete in MiC 

is discussed from material-level to urban-level. Analysis indicates that negative carbon concrete may be 

used to achieve next-generation sustainable and durable MiC. 

Keywords: negative carbon construction; modular integrated construction (MiC); carbon dioxide mineralization; 

basalt fiber reinforced polymer (BFRP); supplementary cementitious material (SCM). 

1. Introduction

The climate change problem has aroused extensive attention in recent decades. Currently, excessive 

carbon emission is regarded as the primary contributor to global warming [1]. The Chinese government 

presented the “dual carbon” objective in 2020, aiming to achieve carbon peak and carbon neutrality in 

2030 and 2060, respectively [2]. Carbon emissions from construction materials account for over 10% of 

global carbon emissions, rising to approximately 40% when the whole life cycle of building is considered 

[3]. Therefore, reducing carbon footprint of construction projects is urgent. Environmentally-friendly 

construction materials and low-carbon-oriented engineering management towards the reduction of 

carbon emissions in civil engineering have been proposed. Industrial by-products, including mine tailing 

(MT), fly ash (FA), granulated grounded blast furnace slag (GGBS) and silica fume (SF) are added to 

concrete to reduce cement dosage. Results show that these materials can effectively reduce the carbon 

emission of concrete [4-6]. From the aspect of project management, building information modelling (BIM) 

provides a reliable way to collect project information. By combining BIM with embodied carbon datasets 

[6], the carbon footprint of a project can be well monitored and controlled. 

Current studies can reduce the construction industry’s carbon footprint but are inadequate when 

considering the goal of the “low carbon” concept of “dual carbon”. When construction consumes rather 

than releases CO2, the carbon footprint is negative. At this point, negative carbon construction is much 

closer to the “carbon neutrality” goal than low carbon building. 

Modular integrated construction (MiC) – a game-changing construction approach popular in Hong Kong 

– has the advantages of high quality, productivity and safety [7]. This paper coins the novel concept of

“negative carbon concrete” and is aimed at the pioneering development of sustainable MiC construction
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projects. Where “negative carbon concrete” is advocated in MiC projects, the entire design theory should 

be adjusted [8]. Detailed upgrades in design and construction are divided into four categories, focused 

on materials, MiC components, single projects and large-scale implementation. Related research 

papers are reviewed in each section and technical details are discussed. 

2. Negative carbon-oriented design of concrete

2.1. Admixture design 

Concrete admixtures are used to improve the performance of concrete [9]. From the perspective of 

embodied carbon, chemical admixtures, including superplasticizers, contribute significantly to the 

carbon emission of concrete [10]. Conversely, mineral admixtures are generally natural minerals or 

industrial by-products, which reduce costs and potential carbon footprint [4]. 

Recently, carbon mineralization has been found to be the most effective and natural way to capture 

carbon dioxide [11]. Reactions between CO2 and minerals produce solid carbonates, by which CO2 is 

captured and fixed permanently. The carbonation reaction can be completed directly or carried out in 

two steps. The former can take place during either a liquid or solid phase, but the latter only occurs in a 

“pH-swing” solution [12]: an initially acidic solution which “swings” to alkaline with the addition of a base. 

The two-step method is described by Eqs. (1) and (2): 

2 2

2 2 2Acid + CaO MgO SiO Ca  + Mg + SiO + H O+ +  →  (1) 

2 2

2 3 3Base + Ca + Mg  CO CaCO  MgCO+ + + →  +  (2) 

During the mineralization process, minerals and industrial CO2 are consumed. The generated 

amorphous SiO2 is of a nano dimension and possesses pozzolanic reactivity, which can be added to 

concrete as a supplementary cementitious material (SCM) to improve concrete quality [13]. The nano 

CaCO3 generated in step (2) can be used to modify durability and workability of concrete while MgCO3 

can improve its fire-resistance [14,15]. Limestone calcined clay cement (LC3) is another type of SCM, 

made from the same raw materials as ordinary Portland cement (OPC), but its calcination temperature 

is half that required by OPC [16]. Thus, LC3 can significantly reduce carbon emissions by replacing 

OPC. 

2.2. Aggregate design 

Recycled aggregate (originally construction and demolition waste) represents a low-carbon alternative 

to traditional aggregate [17], contributing less to carbon emission as its embodied carbon belongs mainly 

to the demolished construction. Moreover, the carbonation of aggregate can further reduce carbon 

footprint. By injecting CO2 into recycled aggregate and curing concrete containing recycled aggregate 

in a CO2 environment, carbon can be fixed within aggregate [18]. 

According to recent studies, the mechanical properties and durability of recycled aggregate cannot 

compete with those of natural aggregate, mainly because old, hydrated cement attached to aggregates 

substantially weakens bonding strength at transition zones. Carbonation may provide a perfect holistic 

alternative to recycled aggregate. Apart from CO2 absorption, the mechanical properties and durability 

of aggregate are observed to be improved following carbonation [18,19]. 

2.3. CO2-embedded concrete design 

Foam concrete is a special type of concrete filled with densely distributed air voids. Foam concrete 

performs well in heat insulation and fire proofing and is durable against freeze-thaw cycles [20]. By 

replacing air with CO2, foam concrete can consume embodied carbon while maintaining good durability. 

In addition to the absorption of CO2, CO2-embedded foam concrete offers other advantages. Firstly, 

concrete carbonates during contact with CO2 voids and alkalinity decreases consequently. Lowering the 
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pH value can protect FRP bar from alkaline corrosion. Then, with the blended CO2, functionalities of 

concrete generally increase. Workability is improved when cement mortar is fresh, and concrete 

durability is further improved as carbonation densifies the microstructure of the concrete surface [21]. 

2.4. Utilization of BFRP bar in negative carbon concrete 

Following CO2 absorption, concrete carbonation occurs and results in higher probability of steel 

corrosion. To mitigate the corrosion of reinforcement, it is suggested that steel rebar is replaced with 

FRP bar, which is more robust in neutral environments. CFRP bar is a common type of FRP bar, whose 

mechanical properties and durability are robust compared to those of steel and other types of FRP. 

GFRP is also a commonly used construction material. The global warming potentials (GPW) of these 

materials are concluded in Fig. 1. On a volumetric point, CFRP has a high carbon emission factor of 25 

~ 55 ton CO2 eq/m3. The factor of steel is only 8 ~ 20 ton CO2 eq/m3 [22]. 
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Fig. 1. Comparison of carbon emission factors of FRPs and steel on weight and volume bases. 

Although BFRP is less competent than CFRP in terms of mechanical performance, its carbon footprint 

accords with the “negative carbon” idea. Carbon emission factor of BFRP falls between 2 and 10 ton 

CO2 eq/m3, which is only half that of steel. Studies have revealed that the mechanical properties and 

durability of BFRP remain reliable in their application to civil structures [23] but it is noteworthy that creep 

rupture is a prominent problem in the application of BFRP bar. Current studies have revealed that this 

problem can be addressed by concrete carbonation, whereupon the alkaline corrosion problem of BFRP 

is alleviated as the pH value of pore solution decreases [24]. 

2.5. Key criteria for design of negative carbon concrete 

2.5.1. Bond behaviors between BFRP bar and concrete 

Bond strength is a key parameter for consideration in the design of BFRP bar-reinforced concrete. Bond 

strength does not depend on fiber type or bar diameter [25]. The principal influencing factors of bond 

behavior are axial stiffness and the surface treatment of BFRP bar. When considering axial stiffness, 

BFRP bar has the highest bond strength, compared with GFRP and CFRP. Proper surface treatments, 

such as coating and deformation, are beneficial to bond behaviors. In addition, environmental factors 

also influence bond behaviors [26]. Bond length between BFRP bar and concrete can be shortened 

under harsh environments. Shorter bond length results in higher traction force, and a greater probability 

of combined failure. Thus, these factors should be considered in design for reliable bonding. 
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2.5.2. Crack Control Design 

The main causes of concrete cracks are shrinkage, sharp temperature gradient and excessive loading. 

The first two factors relate to raw materials and curing conditions, and the final reason concerns the 

difference between external loading and the tensile strength of concrete [27]. Since nano SiO2 and 

certain other SCMs are added to concrete, the cement dosage is lower. Early shrinkage and temperature 

gradient conditions will cause partial weakening as less cement is used. For negative carbon concrete 

to be less susceptible to excessive external loading, some regular approaches work well, including 

increasing reinforcement, prestressing tendons and using crushed aggregate [28]. However, due to 

differences in its properties from those of steel, the short- and long-term performance of prestressed 

BFRP tendons should be carefully studied. 

 

Fig. 2. Design scheme of negative carbon concrete. 

2.5.3. Creep rupture behaviors of BFRP bar 

An important factor controlling the design of BFRP-reinforced components is creep rupture, a failure 

mode in which bar rupture occurs abruptly after long-term loading [29]. Factors influencing creep 

behavior mainly concern the magnitude and duration of loading [30], whereby it is more likely to occur 

when the magnitude is higher or the duration is longer. Other factors affecting creep rupture failure 

modes include certain environmental variables [23]. When environmental conditions are detrimental to 

fiber or resin, the creep behaviors of BFRP are negatively affected. Hence, not only should the creep 

behaviors of BFRP bar be thoroughly researched, but environmental factors and load parameters should 

also be considered at design stage. 

A novel proposal of achieving negative carbon concrete is illustrated in Fig. 2. CO2 is absorbed through 

CO2 mineralization, CO2-embedded foam and natural carbonation. Carbon emission is also reduced by 

replacing CFRP or steel bars with BFRP bars, and by replacing Portland cement with LC3. When CO2 

absorption is higher than CO2 emission, a negative carbon footprint can be achieved at reinforced 

concrete level. 

3. Pivotal design strengthening performance of negative carbon components of MiC 

3.1. Mechanical properties 

Mechanical properties are the priority when negative carbon components are designed. Typical 

mechanical properties requiring consideration are axial mechanical properties, bending performance 

and resistance to dynamic loads. Since the compressive strength and elastic modulus of BFRP are 

lower than those of steel, axial compressive performance and flexural stiffness are inferior to those of 
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steel-reinforced concrete (RC) components [31]. Special consideration is required to offset these 

degraded properties. In contrast, due to higher flexibility, BFRP-embedded components perform better 

under dynamic loads [32]. 

3.2. Demountable and reusable MiC 

From the perspective of life cycle, the carbon footprint of a MiC project can be further reduced by 

reutilizing components from previously demolished projects. The key to reusable MiC components is a 

demountable connection. Similar to traditional modular construction, critical designs for reusable MiC 

should focus on connections between beams and walls, and between walls and foundations, as well as 

between different walls [33]. Fewer studies have investigated connections between beams and slabs. 

For future research, different types of joint for MiC components should be thoroughly investigated. 

3.3. Performance under harsh environments 

Performance degradation under harsh environments is a crucial area in the application of BFRP-

reinforced carbonated SCM concrete (BCS). Since SCM is added to cement paste, and carbonation 

forms a thin layer of densified CaCO3, the durability of BCS is theoretically superior to that of OPC [21]. 

However, the long-term performance of BCS under severe environmental conditions has yet to be 

systematically studied. Thus, the durability of BCS against saline, marine and freeze-thaw environments 

should be examined prior to design. 

3.4. Key criteria for design of negative carbon components 

Durability against harsh environments should be examined under specific environmental conditions. 

Some aspects of the performance of BCS in regular environments should likewise be studied, including 

waterproofing, fireproofing and heat-isolation. Improved waterproofness can be implemented using an 

external coating/membrane and adjusting integral mixing [34]. The fireproofness of BCS also alters 

when the external coating or mix proportion is modified [35]. Modifying the integral mix of negative 

carbon concrete is therefore a reasonable solution, whereby water- and fire-proofness are improved to 

different extents by adding various compositions of mineral admixture. The heat insulation effect of BCS 

is generally superior to that of OPC because embedded CO2 creates a porous structure in concrete and 

reduces thermal conductivity [36]. The aforementioned aspects should be fully studied and treated as 

key criteria guiding design. 

3.5. Crack control design of non-structural components 

Different to the crack control design of concrete material, measures controlling cracks in negative carbon 

components mainly focus on structural constraint and force conditions, rather than concrete mix 

proportion or optimized curing treatment [37]. For critical locations in a component, such as demountable 

joints and variable sections, concrete is subject to different degrees of constraint [33]. The corresponding 

stress states are thus different, which is useful when considering specific anti-crack strategies. 

Nevertheless, the load force and restraint force for non-structural components are less high than those 

for structural components [38]. Similar strategies can be adopted to control the crack width of non-

structural members to conform with stipulations in code, however. 

3.6. Applications of BCS 

While BCS is highly accordant with the “negative carbon” concept, its mechanical properties are 

unsatisfactory compared with the performance of RC. It can nevertheless still be used in projects as a 

competitive construction material, to lower carbon footprint. Façades represent one application scenario 

of BCS. As façades require the properties of low density and good thermal insulation [39], BCS satisfies 

these requirements. Meanwhile, ideal heat insulation can reduce internal building temperature variation 

and thus save energy. The other application scenario concerns partition walls, which also demand the 
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use of lightweight concrete with heat insulation [40]. The MgCO3 admixture blended in concrete provides 

additional fire-resistance to partition walls. CO2 foam BCS can also improve sound insulation 

performance. These functionalities make BCS the better choice for application to non-structural 

components. 

4. Integral design to further reduce carbon emissions through life cycle 

4.1. Basic functions of integral design 

Rigorous design is required to minimize the carbon footprint of a whole project; the three bottom-lines 

of mechanical behavior, durability and sustainability should all be included in every design. In addition, 

the range of study should be extended to the whole life cycle of a project [41] since a cradle-to-grave 

investigation can not only consider short- and long-term structural behaviors, but also calculate carbon 

emission values during different phases and the net carbon footprint of the project. 

 

Fig. 3. Integral design for lowering life cycle carbon footprint. 

During the durability calculation stage, environmental conditions in the project location should be 

evaluated. Certain common indices should be particularly considered: CO2 concentration, temperature 

and humidity. These items directly influence the degradation of structural components [30] and are 

controlled by ventilation, heating and air conditioning equipment, all of which consume energy and 

indirectly release CO2. Moreover, permeability is a critical parameter controlling durability. 

During sustainability planning, carbon emission is generally served as a representative index [42]. The 

carbon footprint belonging to different elements of the life cycle of project can be measured using 

sensors. Based on sensor-collected data, the dynamic management of energy consumption plays an 

important role in optimizing carbon emissions from construction to demolition. 

4.2. Integrated building information modelling (IBIM) 

When it comes to designing a negative carbon-oriented construction project, collaborative design 

optimizing different aspects of performance is more challenging than single-aspect design. BIM is a 

powerful tool by which to achieve integrated design because multi-disciplinary and multi-dimensional 

information can be integrated and superimposed in one BIM model. To realize negative carbon 

throughout the whole life cycle, existing BIM technologies must be further updated, as shown in Fig. 3.  

Firstly, mechanical calculation should be included in traditional BIM software programs. A novel 4D-BIM 

concept has been proposed for the purpose of the functional enrichment of BIM 1.0 [41], allowing a 
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combination between structural mechanical calculation and information collection. Secondly, the 

Internet of things (IoT) provides data to BIM for model update and dynamic decision-making. Recent 

research has dabbled with the idea of incorporating IoT with BIM [41]. RFID and GPS are used to capture 

changes in the real world. The results demonstrate that IoT-enabled BIM is beneficial for the real-time 

management of projects, an idea which is likely transferable to the management of carbon footprint.  

Thirdly, a BIM model should cover the whole life cycle. The life cycle of a project generally includes 

design, manufacturing, transportation, in-situ assembly, the operational stage and 

demounting/demolition. Integration of all these stages into one model is difficult with existing technology. 

The industry foundation class (IFC) is an open standard that unifies the data formats of various BIM 

software programs. By promoting IFC, it is convenient to combine models developed using different 

software. As for decisions made during each project phase, AI methods embedded within an IoT-

enabled BIM model can make decisions automatically, helping contractors optimize management and 

ensuring a much greener project. 

5. Large-scale engineering applications of negative carbon concrete and project delivery 

approach 

Considering large-scale application, work is required in relation to transference to other projects; indeed, 

the setting of specific negative carbon solutions for typical projects can significantly simplify the design 

process, once the manufacturing, construction, operation and demolition elements are optimized and 

regularized for typical projects. The standardization of the whole life cycle project delivery of BCS-MiC 

is an efficient way in which to reduce carbon footprint on a large scale. Moreover, standardized design 

and construction can streamline training and certification for consultants and contractors. 

One further critical factor relating to the extensive application of negative carbon construction is 

compilation of local and international policies, codes or standards. Much research is necessary to 

provide reliable evidence for the development of related codes of practice. From the perspective of 

certification, developers are more likely to control the carbon footprint of a project when inspired by 

environmental certifications, including the Building Environmental Assessment Method (BEAM), 

assessment in Hong Kong, and Leadership in Energy and Environmental Design (LEED) in America. 

6. Concluding remarks 

This paper reviews current approaches aimed at reducing the carbon footprint of the construction 

industry, considering four different dimensions. The concept of “negative carbon concrete” is firstly 

proposed and is assumed to be applied in MiC projects. Key concluding remarks are set out below: 

• Negative carbon concrete has been proposed as a promising method by which to reduce the 

carbon footprint in construction. By CO2 mineralization and embedding, CO2 is absorbed into 

concrete. A combination of these approaches makes negative carbon concrete design feasible.  

• BFRP bar-reinforced carbonated SCM concrete (BCS) can increase the durability performance of 

structures with minimized carbon footprint. The alkaline corrosion problem of BFRP bar can be 

mitigated by carbonating SCM concrete by way of the reduced pH value of the pore solution.  

• Before any application of BCS in MiC components, mechanical properties and durability should be 

carefully examined. Demountable joints and reusable components can further lower carbon 

footprint over whole life cycles.  

• AI-based MOOP methods are helpful to balance the mechanical performance, durability, 

sustainability and cost of a MiC building at the design stage. IoT-enabled IBIM can achieve the 

dynamic management of a project.  

• The large-scale application of BCS is a promising solution by which to achieve regional carbon 

neutralization in the construction industry. The standardization of life cycle project delivery and 

green certification is pivotal when considering negative carbon MiC. 
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Abstract 

Concrete production accounts for a substantial portion of global CO2 emission. One of possible ways to 
reduce the carbon footprint of concrete is to optimize the concrete mix design approach. This paper 
investigates the integration of sustainability, cost and durability performance with concrete mix based 
on artificial neural network. Carbonation-induced corrosion resistance is used for characterizing the 
durability performance of concrete mix. A dataset on natural carbonation coefficient, compressive 
strength and concrete mix design of concretes with various supplementary cementitious materials 
(SCMs) is established. An artificial neural network is trained, and used in designing a concrete mix with 
optimized sustainability, cost and durability performances given a target compressive strength. The 
results show that the artificial intelligence is promising in integrated concrete mix design with favorable 
sustainability, cost and durability performances. 

Keywords: artificial intelligence, concrete mix design, cost, durability, sustainability 

1. Introduction

Concrete mix, primarily composed of cement, aggregates, and water, plays a significant role in 

greenhouse gas (GHG) emissions. Cement production, which involves the calcination of limestone, is 

responsible for roughly 8% of global CO2 emissions [1]. These emissions stem from both the energy-

intensive manufacturing process and the chemical reactions during calcination. Mitigating concrete's 

environmental impact requires innovative solutions, such as alternative cementitious materials, 

optimization of concrete mix design, and improved production practices to reduce the industry's carbon 

footprint. Young et. al. [2] compared the uses of decision tree, supporting vector machine and artificial 

neural network on reducing the carbon footprint and cost of concrete. They concluded that all of the 

machine learning algorithms are able to predict the compressive strength with optimized cost and 

sustainability performances. Under CO2 penetration and chloride ingression, concrete will degrade due 

to the corrosion of steel reinforcement [3]. This has been characterized as durability problem. Chen et. 

al. [4] developed a hybrid machine learning model to predict the durability performance of concrete. 

Unfortunately, no papers have investigated the use of artificial neural network on optimizing the cost, 

sustainability, durability and compressive strength of concrete.  

This paper aims to integrating the sustainability, cost and durability performances with compressive 

strength in concrete mix design process with the use of artificial intelligence. An artificial neural network 

was built and trained by collecting 909 concrete mix data in existing literatures. A framework was 

proposed to optimize the sustainability, cost and durability performances upon a specified compressive 

strength.    

2. Development of artificial neural network

2.1. Data collection 

Databases are crucial in neural network modeling. A good dataset enables the neural networks to learn 

patterns, relationships, and features by exposing them to diverse examples. Consequently, a robust 

database fosters better generalization, improved accuracy, and enhanced performance in real-world 
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applications. Additionally, databases facilitate the benchmarking and comparison of different models, 

thereby promoting continuous advancements in the field of neural network research and development. 

This paper assembles a dataset by collecting 909 concrete mix data in existing literatures as shown in 

Table 1. All of the literatures as shown in Table 1 provide a detailed description on the concrete mix 

design and carbonation-induced durability performance of concrete mix, since this paper focuses on the 

integration of durability performance in concrete mix optimization.  

     Table 1 List of literatures for extraction of natural carbonation coefficients data in this study 

Number Author and year of 

publication 

Title 

1 Vu 2019 Impact of different climates on the resistance of concrete to natural carbonation 

2 Yunusa 2014 The effect of materials and micro-climate variations of predictions of carbonation rate in 

reinforced rate in reinforced concrete in the inland environment  

3 Bouzoubaa 2010 Carbonation of fly ash concrete: laboratory and field data 

4 ZHANG 1985&1990 Natural carbonation of fly ash blended concrete(in Chinese) 

5 Jones 2001 Comparison of 2 year carbonation depths of common cement concretes using the 

modified draft CEN test 

6 Sanjuan 2003 Concrete carbonation tests in natural and accelerated conditions 

7 Tam 2008 Carbonation of concrete in the tropical environment of Singapore 

8 Jia 2010 Research on carbonation characteristics of concrete with large amount of 

supplementary cementitious materials (in Chinese) 

9 Lu 2012 Prediction methodology on durability of fly ash blended concrete under natural 

environment (in Chinese) 

10 Duran 2014 Accelerated and natural carbonation of concretes with internal curing and 

shrinkage/viscosity modifiers 

11 Sundar 2017 Modelling carbonation rates in concretes with similar strength and with and without slag 

12 Dhanya 2019 Carbonation and its effect on microstructure of concrete with fly ash and ggbfs 

13 Dhir 1989 Near-surface characteristics of concrete: prediction of carbonation resistance 

14 Khunthongkeaw 2006 A study on carbonation depth prediction for fly ash concrete 

15 Roziere 2009 A performance based approach for durability of concrete exposed to carbonation 

16 Leemann 2015 Relation between carbonation resistance, mix design and exposure of mortar and 

concrete 

17 Leemann 2016 Carbonation of concrete: the role of CO2 concentration, relative humidity and CO2 

buffer capacity 

18 Sundar 2022 Carbonation model for concretes with fly ash, slag, and limestone calcined clay - using 

accelerated and five - year natural exposure data 

19 Akli 2022 Quantification of CO2 uptake of concretes with mineral additions after 10-year natural 

carbonation 

20 Lollini 2021 Carbonation of blended cement concretes after 12 years of natural exposure 

21 Rivera 2021 Performance of Ground Granulated Blast-Furnace Slag and Coal Fly Ash Ternary 

Portland Cements Exposed to Natural Carbonation 

22 Zhao 2021 Performance of GGBS Cement Concrete under Natural Carbonation and Accelerated 

Carbonation Exposure 

23 Ribeiro 2018 Performance of concrete exposed to natural carbonation: Use of the k-value concept 

 

2.2. Input and output parameters of neural network 

Table 2 describes the parameters to be inputted into the artificial neural network in this paper. There are 

three types of input parameters as shown in Table 2. The first type of input parameters is used to 

characterize the concrete mix constituents. The second and third types of input parameters are related 

to the concrete curing process and environmental conditions of concrete after hardening, which have 

been found to significantly affect the carbonation coefficient of concrete [5, 6].  
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     Table 2 Input parameters of neural network training 

Classification  Input parameters Unit 

Concrete mix 

constituents 

CEM I 42.5 N OPC content  kg/m3 

CEM I 52.5 N OPC content  kg/m3 

Class C fly ash content  kg/m3 

Class F fly ash content  kg/m3 

GGBS content  kg/m3 

Silica fume content  kg/m3 

Water content  kg/m3 

Maximum aggregate size  kg/m3 

Coarse aggregate content  kg/m3 

Fine aggregate content  kg/m3 

Concrete curing 

Curing method (Air/Moist/Submerged/Sealed) N.A. 

Curing temperature Celsius degree 

Curing humidity  % 

Curing day  Day 

Exposure 

environment 

Exposure environment (Indoor, Outdoor sheltered, Outdoor unsheltered) N.A.  

Annual average CO
2
 concentration  % 

Annual average humidity % 

Annual average temperature % 

Annual wetting times/rainy days of exposed environment Day 

Annual average precipitation  mm 

 

The output parameters of the artificial neural network are 28-day compressive strength of 150 mm cubes 

and natural carbonation coefficient.  

 

2.3. Neural network training 

An artificial neural network is trained by the collected dataset as described above. Through model tuning, 

the optimized hyperparameters are listed in Table 3. Activation functions are Rectified Linear Unit 

(ReLU) and linear for hidden layers and output layer respectively.  Loss function is mean absolute error. 

Optimizier is Adam. The numbers of data used for training and validation are in the ratio of 0.8:0.2. Both 

the input and output parameters are scaled by standard scaler.  

Table 3 Tunned hyperparameters of artificial neural network 

Parameter Value 

Number of hidden layers 5 

Number of nodes  32 

Epochs 100 

Batch size 2 
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Fig.  1 Validation results of trained artificial neural network. (a) 28-day 150 mm cubic compressive strength and (b) average 

carbonation coefficient 

Fig.  1 shows the validation results on the validation dataset of the artificial neural network in this paper. 

The R-squared coefficients are 0.93 and 0.90 respectively as shown in Fig.  1 (a) and (b). One may 

conclude that the neural network is well-trained and able to predict the 28-day compressive strength of 

150 mm cube and natural carbonation coefficient under given input parameters.  

(a) (b) 
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2.4. Algorithm of concrete mix design 

Fig.  2 Flow chart of concrete mix deisgn considering cost, carbon footprint, durability and compressive strength 

In order to integrate the cost, sustainability and durability performances with compressive strength of 

concrete, an optimization framework has been proposed as shown in Fig.  2. The optimization starts 

with specifying five parameters, namely cover thickness of concrete component, rebar diameter of 

reinforced concrete, partial factors of sustainability, cost and durability performances of concrete mix. 

This is followed by defining the ranges of input parameters as shown in Table 4. The constraints listed 

in Table 4 construct a high-dimensional bounding box, in which a large amount of data points with 

different combinations of input parameters as shown in Table 2 are randomly generated.  

As shown in Fig.  3, one may calculate the cost and carbon footprint of concrete mix based on the 

concrete constituents and the unit cost and unit carbon footprint of concrete constituents as shown in 

Table 5. Given the input parameters of the random points, the 28-day compressive strength of 150 mm 

cube and natural carbonation coefficient of the concrete mixes can be predicted by the trained artificial 

neural network. The predicted carbonation coefficient Ka, the predefined cover thickness c and rebar 

diameter d are used to predict the service life of the reinforced concrete component under specified 

exposure condition [5, 7, 8]: 

𝑡𝑠 = (4300 𝑑 + 221499 𝑐2  − 2781 𝑐 + 45)𝐾𝑎
2.49𝑑−7.20𝑐−1.39   (XC 3 ID)

𝑡𝑠 = (3354 𝑑 + 191371 𝑐2  − 633 𝑐 − 0 . 9)𝐾𝑎
0.35𝑑−6.58𝑐−1.46     (XC 3 OD)

𝑡𝑠 = (1361 𝑑 + 544414 𝑐2.44  − 5 . 8)𝐾𝑎
−2.00                               (XC 4 OD)
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The above equations for calculating the service life of carbonated reinforced concrete component are 

previous research results of the authors. More details can be found in [5].  

It should be noted that the obtained cost, carbon footprint and service life of concrete mixes must be 

scaled into [0,1] for consistency. The obtained service lives are scaled by MinMaxScaler in Python while 

the obtained cost and carbon footprint are scaled by the same scaler and followed by an inversion 

processing, so that the scaled value of 1 indicates the point with best performance and the scaled value 

of 0 indicates the point with worst performance. Upon scaling, the overall performance index can be 

obtained by the following equation:  

𝐼 = 𝐼𝑐𝑃𝐹𝑐 + 𝐼𝑐𝑓𝑃𝐹𝑐𝑓 + 𝐼𝑑𝑃𝐹𝑑 

where I is the overall performance, Ic is the scaled value of cost, PFc is the partial factor of cost, Icf is the 

scaled value of carbon footprint, PFcf is the partial factor of carbon footprint, Id is the scaled value of 

durability (service life), PFd is the partial factor of durability (service life). 

The values of the partial factors are subject to the following equation: 

𝑃𝐹𝑐 + 𝑃𝐹𝑐𝑓 + 𝑃𝐹𝑑 = 1 

The overall performance I of a specific concrete mix can be used to evaluate the concrete mix based on 

the predefined partial factors, which are used to characterize the relevant importance of cost, carbon 

footprint and durability performances. 

Table 4 Ranges of input parameters for artificial neural network modelling 

Parameter Lower bound Upper bound 

Cementitious material content 200 200 

water/binder ratio 0.3 0.3 

Replacement level of fly ash 0 0 

Replacement level of GGBS 0 0 

Replacement level of SF 0 0 

Water content 130 130 

Maximum coarse aggregate size 20 20 

Coarse aggregate content 700 700 

Fine aggregate content 700 700 

Paste ratio 0.2 0.2 

Coarse aggregate ratio 0.4 0.4 

Density 2200 2200 

Cementitious material content 200 200 

Table 5 Carbon footprint and cost for concrete mix constituents 

Parameter Carbon foot print (kg/kg) Cost (HKD/kg) 

CEM I 42.5N ordinary Portland Cement 0.67 0.821 

CEM I 52.5N ordinary Portland Cement 0.82 0.931 

Class C Fly ash 0 0.31 

Class F Fly ash 0 0.165 

Slag 0 0.3 

Silica fume 0 3 
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Water 0.000674 0.00711 

Coarse aggregate 0.0144 0.113 

Fine aggregate 0.01734 0.307 

 

3. Results and discussions 

 

Fig.  4 Results of concrete mix design with partial factor of sustainability =1, other two factors equal to 0. 

Fig.  4 present the optimization result by using the proposed framework as shown in Section 2, in which 

the relationship of overall performance and compressive strength of concrete mixes is displayed. The 

partial factor of sustainability is 1, while the partial factors of cost and durability are 0. In this set of partial 

factors, a concrete mix with lowest carbon footprint will be considered as the optimal result. As indicated 

by Fig.  4, the compressive strength of such mix is 42 Mpa. One may also find that there is a trend in 

which the overall performance decreases with the increase in compressive strength, which is consistent 

with the results in [6]. In other words, one may lower the compressive strength of concrete to reduce the 

carbon footprint of concrete by increasing the water/binder ratio (mostly due to decreased binder 

content).  
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Fig.  5 Results of concrete mix deisgn with partial factor of durability =1, other two factors =0. 

Fig.  5 present the optimization result by using the proposed framework as shown in Section 2 with the 

partial factor of sustainability as 1 and the partial factors of cost and durability as 0. In this set of partial 

factors, a concrete mix with highest durability will be considered as the optimal result. One may also find 

that there is a trend in which the overall performance increases with the increase in compressive 

strength, which is consistent with the results in [6, 9]. In other words, one may increase the compressive 

strength of concrete to prolong the service life of concrete by decreasing the water/binder ratio (mostly 

due to increased binder content).  

4. Conclusions

The aim of this research paper is to explore how the integration of sustainability, cost, and durability 

performance can be achieved in concrete mix using artificial neural network technology. The durability 

performance of the concrete mix is assessed using carbonation-induced corrosion resistance. A 

comprehensive dataset is compiled that includes the natural carbonation coefficient, compressive 

strength, and concrete mix design of concretes with various supplementary cementitious materials 

(SCMs). The artificial neural network is then trained on this dataset to design a concrete mix that 

optimizes sustainability, cost, and durability performances while achieving a target compressive 

strength. The study demonstrates that artificial intelligence has great potential in the development of 

concrete mix designs that offer favorable sustainability, cost, and durability performances. One may 

increase the compressive strength of concrete to prolong the service life of concrete by decreasing the 

water/binder ratio while decrease the compressive strength of concrete to improve the sustainability 

performance of concrete by increasing water/binder ratio. 
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Abstract 

Perceptible limitations of resources, energy and agglomerations of waste cause modern societies to consider and 

expand research on sustainable and natural principles. In this context, the building construction sector, with its large 

impact on material consumption and landfilling, requires special attention and consideration. Strategies may 

include: using recyclable materials, reducing material waste and entropy, and using bio-based materials that can 

be returned to the natural material cycle without any treatment or separation processes. 

The paper gives an insight into the design and elaboration of lightweight metal sheet structures, approaches to the 

use of raw wood for structures and structural purposes, and the material design of mycelium composite components 

for construction purposes. Parametric design tools enable the control of complex geometries both at the general 

and detailed level of metal sheet shells and folded plate structures. New approaches like Off-Knot-Design combined 

with digital taxonomy and parametric tools provide a new way to design frame, truss, or beam-like structures from 

raw wood parts. Material design principles and the use of symbiotic biological properties help develop fungus and 

wood composites that can be disposed without further post-processing. The shown approaches demonstrate how 

well-known materials such as metal sheets and old materials such as wood lead to innovative sustainable solutions 

through interdisciplinary knowledge combined with computer algorithms and tools. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: metal sheet lightweight structures, self-tapping screws, mycelium composites, off-knot design, 

parametrical tools, raw wood design. 

1. Approaches for a sustainable building design and building-construction

For a particular sustainable building design based on a minimized use of material or based on natural 

materials special technical approaches have to be considered and traced. For building purposes on one 

hand material must be available in mass dimensions and on the other hand, concerning the end of use, 

material should be totally recyclable or directly be brought back to the natural cycle. Materials must not 

be too refined just as much it is required due to production premises and processing. Materials which 

are just suitable at end of use for downcycling, like concrete and other artificial stone products, should 

be limited in use. Similarly, plastics, made from fossil oil, may not accepted as sustainable building 

materials. Wood as one of the oldest natural building materials in the northern climate zones of the earth 

was affordable to win and became typical for the rural and town architecture in these regions. Due to its 

insufficient fire resistance and resistance against biological attacks man started coating of timber 

elements, using chemicals to come over these problems. Chemically treated wood may not be brought 

back to nature without spoiling natural resources of soil and water. The technical strategy must include 

the development of biobased coating and protecting systems, in order to create fully bio-degradable 

timber-components, to be stored in nature without empoisoning it. And another part of a future 

sustainable technical strategy should be the development of biobased materials to be used as 

voluminous material producing walls, panels, insulation devices like e.g. mycelium-composites, starch-

based composites and similar substances.  

Steel, another common material in building construction, is, compared to others, a nearly fully recyclable 

one. It is strong with high performance in strength and load-bearing capacity and, therefore, preferably 

applicable to lightweight structures. Traditional steel construction is based on building-kit-like 
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longitudinal element sections like I-, U- or hollow-sections and typed nuts-and-bolts joining details. Plate-

girder beams, box girders, and spheric shells made from doubly curved steel plates, welded together, 

form contiguous building components for bridges and containers. Modern steel construction is based on 

individualized sheet-metal elements, used in the automotive and aeronautic design, where weight 

minimization is essential, and in building construction, where resource-saving is crucial. Sheet-metal 

element design allows the combination of structural and covering purposes and the creation of 

integrated stiff and stable structures. 

2. Steel-Lightweight-Structures 

Frei Otto (1925-2015) was one of the pioneers of tensile-loaded lightweight structures. Jean Prouvé 

(1901-1984) and Hugo Junkers (1859-1935) were pioneers in using sheet metal for buildings and 

housings. Concerning sheet-metal structures the introduction of tessellation systems for segmentation 

is essential to achieve structural efficiency and to allow prefabrication. Orthogonal structures out from 

sheet metal will be based on modular systems, 3D-bended folded or shell-like structures are based on 

topological order systems.   

2.1. Self-supporting lightweight-building system from sheet-metal 

Advanced CAD systems and parametric design tools enable us to describe any individualized three-

dimensional curved shape and develop and detail it within the computer environment. Appropriate 

methods for subdividing ensure the realization of the virtual models of free-formed buildings. Modular 

order gives place to topological order, where parts agree in their general shape but not in their 

dimensions. Suitable structural principles for load-bearing sheet-metal structures must be developed 

[1]. 

2.2. Prototype 1  

The Chair of Structures and Structural Design and the Institute of Metal Forming at Aachen University 

developed a building system for self-supporting sheet-metal shells and built prototypes to investigate 

the productional and statical potentials of the construction system as well as their applicability. Based 

on double-layered Fold-Core-Plates (germ: ‘Faltleichtbauplatten’) with a plane layer connected to a layer 

of hexagonal pyramids, providing bending capacity in three areal dimensions. The Prototype 1 ‘Flying 

Carpet’ was developed based on Rhino-Grasshopper-scripts, where the complete geometrical 

information, also for the production of the individual parts based on Incremental Sheet-Forming (ISF), 

was extracted [2, 3]. Prototype 1 (see Fig. 1) consists of 140 hexagonal pyramid elements and 319 

triangular plates, joined together at the folds by clinching and connecting the two layers with spot-welded 

threaded bolts and nuts. The whole production of the parts corresponds with a true File-to-Factory-

Process. 

        

Fig. 1. Prototype 1 based on faceted plane components. 
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2.3. Prototype 2 

As Prototype 1 has faceted surfaces, developing the process onto smooth surfaces was challenging. 

The ISF -procedure had to be developed and combined with stretch drawing. To extend the range of 

forms, a simple mold called ‘Smart-Die’ was introduced, which allowed the realization of smooth, three-

dimensional curvature of panels. Instead, joints at the folded edge of the panels were connected by a 

layered joint, minimizing the joint gap, and supporting the continuity of the overall geometry of the 

prototype. Punched-in cones into the inner sheet metal take over the shear connection between both 

layers, replacing the pyramidal layer of the previous prototype [4, 5]. Prototype 2 (see Fig. 2) will soon 

be presented on the campus of RWTH Aachen as a pavilion. 

Fig. 2. Prototype 2 based on smooth sheet-metal components. 

2.4. Prototype 3 

The double-layer construction of the previous prototypes causes a significant effort. For specific 

purposes, just one layer of steel sheet metal is sufficient, e.g., if just a predominant load case is acting 

or if a steel-sheet-metal layer is part of a hybrid or composite system combined with a concrete shell 

above. The one-layer compression loadable membrane system consists of metal sheets with coined in 

star-like crosses arranged as a regular pattern, preventing local buckling (see Fig. 3) [6]. The inclined 

stars may overtake the shear connection by tight fit. 

Fig. 3. Prototype 3 based on one-layer represents a pattern-coined compression-loadable membrane 

3. Wood and natural materials

In the context of sustainability is wood design a very popular material. In the building construction 

context, it is traditionally applied according to its natural property in longitudinal components or as 

boards. Modern forms are glue-laminated beams or cross-laminated panels. A systemic disadvantage 
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of wood is its anisotropic strength behaviour with high strength parallel to grain and a relative weakness 

perpendicular to it, with a negative effect on joints, especially with mechanical fasteners. On the other 

hand, biodegrading organisms process wood and produce hyphens that provide the ability to join wood 

parts that can be used for fully bio-based and new composite materials and wood semi-finished 

products. 

Classical timber production is based on a selection of parts of trees like the stem, which causes a huge 

mass of waste to be processed into wood chips. Using glue, this is further processed to OSB-boards 

and other glue-based timber composites. Another way to deal with wood as it is grown, raw wood, is to 

use it as structural elements with minimized refinement. 

 

Fig.4: Rigid frame corner joint, realized with self-tapping-screws: a) simplified strut-and-tie modelling for the rigid frame corner; 

b) screw configurations and experimental tests of the rigid frame corners for positive and negative bending moment [7-13]. 

3.1. Beam- and truss-structures from glue-laminated components  

Glue-laminated timber parts improved the structural applicability and potential of wood in the field of 

beam-, frame- and truss-structures. The systemic disadvantage of wood, the weakness lateral to grain, 

and the relative weakness of joints and mechanical fasteners, can be prevailed using self-tapping 

screws as joint elements and as reinforcement of highly stressed zones . 

3.2. Reinforcing and joining timber components with self-tapping screws  

Alike reinforced concrete the arrangement and the inner forces of timber reinforcement with self-tapping 

screws can be derived with the help of strut-and-tie models (Fig.4). Configurations of screws allow for 

to transfer of much more load over joints as conventional bar dowels and tin-plate joints [7-13]. Where 

concrete reinforcement is mainly induced to overcome tensile forces causing cracks, timber 

reinforcement may be introduced to influence the inner force flow of beams or other building  

components. The much higher performance in terms of stresses and stiffness of the steel screws 

compared to wood helps to overcome the poor stress performance particularly lateral to grain, also cross 

to the main force flow (see Fig. 5). 
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Fig. 5. Test specimen of reinforced timber 

3.3. Raw-Timber Structures 

Traditional timber production is associated with masses of wood waste that can only be partly reused 

for pre-products. The bulk of the wood remaining must be handled by forestry and vanish unused in 

nature. Naturally grown and unrefined wood may also be curved and include forks, which technically 

represent a very rigid joint of timber elements. To use those forks in a structural context for buildings 

and other structures, another way of constructing bar- and beam structures must be applied [14]. This 

method is the Off-Knot- Construction or Off-Knot-Design. It provides a design of bar and beam 

structures, where structural knots and joint are separated and connections between structural elements 

do not coincide with joints, but are translocated, ‘offset’ along the length of the structural elements (=> 

‘Off-Knot’). Off-Knot-Construction may be applied to steel construction, where the structural knots are 

prefabricated and welded together or may be applied to raw timber construction with natural wood parts, 

given in geometry and dimensions by nature, and joined together afterwards. Whereas traditional design 

of bar and beam structures unifies always structural knots with joints. Joining raw timber elements, metal 

or hardwood interfaces may be used. Designs with naturally grown timber needs other simulation 

methods and other methods of stress calculation as wood is structurally used as a whole with its natural 

polar sections of variable local stiffness and strength [15], [16]. 

Fig. 6. Object examples with raw timber: chair and connection of one arm and back of the chair 
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Fig. 7. Parts of a Raw-Timber-Truss with Off-Knot-Joints 

3.4. Mycelium Composites 

Wood is a ubiquitous material in many parts of the world, and nature has developed fungus to redevelop 

its substances of it for reuse. Mycelium processes dead wood by penetrating it by hyphae, forming a 

felt-like spatial net. When inoculating mycelium spores into a wood chips or wood shavings substrate, 

the hyphae soak it, penetrating the substrate's single grain and binding the particles together. The 

mycelium composite arises from this process, a formable matrix material of chipped wood and fungi. 

Each mycelium species prefers coniferous wood or hardwood, on which the growth of hypha depends. 

Concerning mycelium composites' technical properties, combining wood particles and mycelium species 

is crucial [17], [18]. 

     

Fig. 7. Compression test of specimen of mycelium composite and load-deformation -curve. 

3.4.1. Solid Building Structures 

The mechanical strength of mycelium composites is moderate. It depends mainly on the substrate's 

wood species, the process-related treatment of the material, and the mature time provided for the 

transformation process. The strength of a standard mycelium composite is comparable to plastics like 

polyurethane (PU) or similar, which applies to lower-stress structures like solid buildings, masonry, and 

sandwich structures [19].  
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• Masonry Systems

The mycelium composite is initially a living material comparable to natural materials like yeast dough, 

adaptable to molds to form masonry-like components. The cultivation period plays a crucial role in 

achieving the required strength, and it also depends on the mycelium species and the grade of 

transformation of the wood grain or chips. After this period, the mycelium composite will be denatured 

to stop the growth process and the further development of fungi. This procedure makes it possible to 

use the systemic advantage of living materials: as long as the bricks of a mycelium composite wall are 

not denatured, they keep growing and growing together, and the arising wall is – after an additional 

growth period - fully coherent. Mycelium composite masonry does not require additional mortar and is a 

homogenous natural material to be disposed of without adverse environmental consequences.  

• Sandwich Structures

The binding capacity [20] of mycelium composites to wooden materials is also combined with timber 

boards acting as shuttering on either side and forming a Sandwich element. This may be used as wall 

panels or slab components within building systems, including bar and beam components, combined with 

self-tapping screws as the only non-biological part of this system [21].   

Fig. 8. Masonry-Stone and part of a brick-wall made out from mycelium composites. 

Fig.9: Sandwich – wall system with timber boards and a core of mycelium composites. 
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4. Resumée

Sustainable future architecture and structural engineering will not be represented only by high-tech 

structures and architecture with glass, steel, and plastics but also – because of a growing lack of 

resources – by innovative sustainable technical approaches with material saving techniques and 

advanced bio based materials. The progress in computer methods concerning analysis, simulation of 

structures, and parametric design and highly effective computer tools for scanning, processing, and 

archiving of 3D data as well as comprehensive biological knowledge, offers innovative methods and 

tools of analysis, development, and creative work. They allow innovative approaches and may be 

applied either to the design of material efficient and individualized structures or to develop or to brush 

up archaic, nature-based building techniques. It will be a matter of time until this mindset will overcome 

the image of fashion and become a common attitude to deal with building, structural engineering, and 

architecture. 
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Abstract 

Building information modeling (BIM) methodology has been widely adopted for engineering 

projects, such as buildings, bridges, pipelines, and roads. However, BIM has yet to be fully 

utilized for risk assessment of critical facilities with multiple infrastructure systems. In this study, 

a BIM-based seismic risk assessment framework is proposed. The digital BIM model contains 

component-level information on the building's structural and non-structural elements, and this 

digital data allows the execution of component-based analysis of seismic risk. The seismic 

vulnerability of the components can be evaluated according to fragility curves, where each 

model element is attributed its corresponding fragility parameters. Each model element is 

assigned the median and standard deviation capacity for each damage state. Subsequently, 

various seismic scenarios can be simulated. The results of the simulations allow quick 

assessment of the seismic performance of the infrastructure and identifying the most 

vulnerable components. The proposed framework provides a valuable tool for engineers and 

decision-makers in assessing the seismic risk of infrastructures and implementing necessary 

measures to increase their resilience. Our preliminary work shows that BIM can provide 

valuable information and visualization tools for seismic risk assessment and can help improve 

the efficiency of the assessment process.  

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Building information modeling (BIM), Seismic risk assessment, Infrastructure, Fragility 

curves, Vulnerability. 

1. Introduction

Over the past few decades, modern societies have become increasingly dependent on critical 

infrastructures (CIs) to function properly continuously, particularly during extreme and hazardous events 

[1], [2]. Extreme events can cause significant damage to these infrastructures, resulting in severe 

economic and human impacts. The impacts of seismic events on structures and infrastructure systems 

can be significant and widespread, affecting not only the physical structures themselves but also the 

surrounding environment and communities [1]. 

Common examples of CIs are listed in Table 1. These CIs regularly consist of several structural and 

non-structural components that include utilities, HVAC systems (Heating, ventilation, and air 

conditioning), generators, fire alarm systems, and more. Each component responds differently to a given 
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risk scenario, rendering overall CI risk assessment a complex task. Therefore, developing efficient 

frameworks for CI risk assessment can be extremely valuable, as it allows better quantification of overall 

risk at the component-level. Visualization has been proved to of utmost importance when engineers 

must convey their conclusions and recommendations to decision makers in an accessible and easily 

understood format [3]. Powerful and advanced tools could be used to provide visualization tools to aid 

the decision-making process by presenting complex information. In turn, this can lead to better 

preparedness, thus policies and measures aimed at increasing the resiliency of communities in face of 

life-threatening scenarios [4], [5] 

Table 1: Examples of CIs 

Examples Type of CI 

Power plants, oil refineries, electrical grids Energy 

Airports, highways, railways, bridges, tunnels Transportation 

Water treatment plants, sewage systems Water and sanitation 

Internet networks, data centers, telecommunication Communications and information 

Hospitals, police stations, fire stations Emergency services 

Banks, stock exchanges, payment systems Financial services 

Government buildings, military installations Government 

Farms, food processing plants, distribution networks Food and agriculture 

Building information models (BIM) are digital representations of the physical and functional 

characteristics of structures that allow for the storage of information in a modular and easily maintainable 

way. While BIM has been initially developed for buildings, BIM has been extended to manage various 

types of infrastructures [6]. The architectural and engineering industry is rapidly integrating BIM for 

enhancing the collaboration between various engineers and stakeholders and improving the building 

design and construction process[7]. Numerous researchers have demonstrated how BIM can be utilized 

to deliver powerful visualization tools. Nevertheless, the potential of BIM is far from being realized, 

particularly in the context of risk assessment.  

Component-level information refers to detailed data on the individual parts or components that make up 

a building or infrastructure system. In the context of BIM, component-level information includes 

characteristics such as the geometry, size, shape, materials, costs and physical properties of each 

component. This information is stored in a digital format, allowing for different types of analyses. This 

potential has been realized by different researchers. For example,[8] use a case study of a reinforced 

concrete (RC) frame building to demonstrate the use of BIM to select between three decision-making 

scenarios with different seismic retrofit strategies and alternatives. Vitiello et al. (2019) demonstrated 

how BIM can be employed for handling large amounts of information for the objective of cost estimation 

of repairs following seismic events [9].  Xu et al. (2019) developed an algorithm for damage prediction 

at the component-level. There, they coupled the BIM components with performance groups based on 

FEMA P-58. Accordingly, the costs of repairs following a seismic event can be computed and visualized 

[10]. 

In this paper, we propose a methodology for utilizing BIM so that the risk to a CI can be evaluated at the 

component level. We focus on the example of seismic hazard. The seismic risk assessment process 

involves extracting information from the properties of the BIM model components. The seismic 

vulnerability of the system's components is represented by fragility curves that are matched to each 

component's properties.  Subsequently, the seismic vulnerability of each component is calculated based 

on the hazard curve. Finally, the vulnerability of each component is visually represented in a 3D model. 

We explain the key terms related to seismic risk assessment and discuss the challenges and limitations 

of the proposed methodology.      
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2. Methodology

The proposed BIM-based seismic risk assessment framework consists of five steps, as illustrated in 

Figure 1. These steps are hereby outlined in the Sections 2.1-2.5.  

Figure 1 - Methodology framework 

2.1. Structure or infrastructure system BIM model 

The first step in the methodology is the creation of a digital BIM-model containing detailed information 

on the structural and non-structural elements of the infrastructure system. This model should include 

component-level geometry, material properties, and connection details. For the example in the current 

paper, the model is created and managed in Autodesk Revit software. This model serves as the 

foundation for subsequent steps in the seismic risk assessment process. It is crucial to define the 

necessary level of information within the model to ensure accurate and reliable assessments.  

2.2.  Attribution of fragility curves to each model element. 

The second step involves attributing fragility curves to each component in the BIM model. A fragility 

curve is a graphical method to express the probability of a component or system exceeding a certain 

damage state (DS) as a result of an earthquake's intensity measure (IM) parameter. As shown in Figure 

2, fragility curves for a structure, system, or components are represented as a lognormal cumulative 

distribution function (CDF), which requires two parameters to be fully defined: the median capacity of 

the component to resist damage state (𝜃𝑑𝑠) and the standard deviation of the capacity (𝛽𝑑𝑠). In the case 

of multiple and sequential damage states, the damage states are ordered by damage severity (from 

least severe to the most severe damage), and the fragility function defines the probability of being in a 

specified damage state (Eq. 1).  
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4 

(1) 𝑃(𝐷𝑆 = 𝑑𝑠𝑖|𝐼𝑀) = {

1 − 𝑃(𝐷𝑆 ≥ 𝑑𝑠𝑖|𝐼𝑀)

𝑃(𝐷𝑆 ≥ 𝑑𝑠𝑖|𝐼𝑀) − 𝑃(𝐷𝑆 ≥ 𝑑𝑠𝑖+1|𝐼𝑀) 

𝑃(𝐷𝑆 ≥ 𝑑𝑠𝑖|𝐼𝑀)
 

𝑖 = 0
1 ≤ 𝑖 ≤ 𝑛 − 1

𝑖 = 𝑛
 

𝐷𝑆 Uncertain damage state of a particular component {0,1, . . . 𝑁𝑛} 

𝑑𝑠 A particular value of 𝐷𝑆 

𝑁𝐷𝑆 Number of possible damage states 

𝐼𝑀 Uncertain excitation, the ground motion intensity measure (i.e., PGA, PGD, or PGV) 

𝑥 A particular value of 𝐼𝑀 

 Standard cumulative normal distribution function. 

𝜃𝑑𝑠 The median capacity of the component to resist a damage state ds measured in terms of 𝐼𝑀 

𝛽𝑑𝑠 The logarithmic standard deviation of the uncertain capacity of the component to resist a 
damage state 𝑑𝑠 

The fragility curves are generated based on empirical data, analytical studies, or expert judgment 

[11].The data of fragility parameters for structure and system infrastructure, and for individual 

components can be found in the literature [12]–[15]. In this research, we use this data to assign fragility 

parameters to the BIM-model components. Each component in the BIM model is attributed with fragility 

parameters: the median and standard deviation capacity for each damage state. This step may require 

integration with external databases or tools for the generation and assignment of fragility curves. 

Figure 2 - Example of fragility curves for different types of possible infrastructure components 

2.3. Derivation of a seismic hazard curve 

The seismic hazard curve is derived for the infrastructure system's location, taking into account the 

seismicity of the region, local soil conditions, and other relevant factors. The hazard curve represents 

the relationship between the probability of exceedance of a given ground motion level and the 

corresponding return period. This curve is essential for determining the seismic demand on the 
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infrastructure system and is typically obtained from regional seismic hazard studies or through 

probabilistic seismic hazard analysis (PSHA). 

2.4. Calculation of the seismic vulnerability 

In this step, the seismic vulnerability of each component is calculated by combining the fragility curves 

and the seismic hazard curve. For each component, the probability of exceeding each damage state is 

evaluated under various seismic scenarios. This involves calculating the conditional probability of 

exceeding a specific damage state given a certain ground motion level and then integrating over the 

range of possible ground motion levels. The result is a vulnerability index for each component, which 

quantifies the likelihood of the component experiencing different levels of damage under seismic 

loading.  

2.5. 3D visualization of the seismic vulnerability 

The final step in the proposed methodology is the 3D visualization of the infrastructure system's seismic 

vulnerability. The BIM environment allows for an interactive exploration of the vulnerable components 

and damage states. This visualization enables engineers and decision-makers to quickly identify the 

most vulnerable components and assess the overall seismic performance of the infrastructure system. 

Furthermore, the visualization can be used for communication with stakeholders and to support 

decision-making processes related to seismic retrofitting, maintenance planning, and emergency 

response. 

By integrating the detailed component-level information available in BIM models with the seismic risk 

assessment process, the proposed framework offers a comprehensive and efficient approach for 

evaluating the seismic vulnerability of infrastructure systems. This approach can support the 

development of targeted strategies for enhancing the resilience of these systems in the face of seismic 

hazards. 

3. Case Study: Seismic Risk Assessment of a Sewage Pumping Station

To demonstrate the effectiveness and feasibility of the proposed BIM-based seismic risk assessment 

framework, a conceptual case of a sewage pumping station is discussed. The pumping station is a 

critical component of a wastewater management system. Its primary function is transporting sewage or 

wastewater from lower-elevation areas to higher-elevation areas, enabling the wastewater to continue 

to a treatment facility through gravity-fed sewer systems or pressurized pipes. In order to ensure 

continuous operation of the system during and after a seismic event, it is crucial to assess the pumping 

station's seismic vulnerability and implement necessary measures. 

The sewage pumping station considered in this case study is a reinforced concrete structure located in 

a seismically active region. The pumping station has two pumps, electrical systems, pipes and valves, 

and other non-structural components necessary for its operation. A BIM model of the pumping station 

was created using Autodesk Revit, including general information on the structural and non-structural 

elements. 

The analysis follows the five steps of the proposed BIM-based seismic risk assessment framework: 

• Creation of a BIM model: A detailed digital BIM model of the sewage pumping station was created,

including information on the structural and non-structural elements.

• Attribution of fragility curves to each model element: Fragility curves were attributed to each

component in the BIM model based on the median and standard deviation capacity for each damage

state obtained from the literature.

• Derivation of a seismic hazard curve: A seismic hazard curve was derived for the location of the

pumping station. The hazard curve considers regional seismicity, local soil conditions, and other

relevant factors.
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• Calculation of the seismic vulnerability of each element: The seismic vulnerability of each component

was calculated by combining the fragility curves for each damage state and the seismic hazard curve.

• 3D visualization of the element's seismic vulnerability: The seismic vulnerability of the pumping station

and its components was visualized in a 3D model. The visualization presents the vulnerability based

on the classification of each color.

The results of the case study highlight the effectiveness of the proposed BIM-based seismic risk 

assessment framework in identifying the most vulnerable components of the sewage pumping station. 

The 3D visualization will enable to quickly assess the overall seismic performance of the infrastructure 

system and prioritize potential retrofitting and maintenance efforts.  

4. Discussion and Conclusion

The BIM-based seismic risk assessment framework presented in this paper represents a step forward 

in the application of BIM for infrastructure seismic risk assessment. By leveraging the detailed 

component-level information available in BIM models and attribution with fragility curves and hazard 

analysis, the proposed framework provides a comprehensive and efficient approach for evaluating the 

seismic vulnerability of infrastructure systems at component level. This approach can support the 

development of strategies for enhancing the resilience of these systems in the face of seismic hazards. 

The use of BIM for seismic risk assessment offers several advantages. First, the component-level 

information available in BIM models can improve the accuracy the risk assessment process. By 

attributing fragility parameters to individual components, it is possible to account for variations of 

different components properties that may impact the seismic performance of the infrastructure system. 

This concept can be especially valuable for identifying vulnerable components and prioritizing retrofitting 

and maintenance efforts. Second, by incorporating seismic risk assessment into the BIM environment, 

it becomes possible to track and manage the vulnerability of the infrastructure system over time and to 

update the risk assessment as new information becomes available. Finally, the 3D visualization 

capabilities of the BIM environment offer powerful tools for communicating the results of the seismic risk 

assessment to stakeholders and decision-makers. It becomes easier to convey complex information 

and support decision-making processes related to seismic retrofitting, maintenance planning, and 

emergency response. 

In conclusion, this paper has presented a framework for BIM-based seismic risk assessment for 

infrastructure systems. The proposed framework combines the component-level digital information 

available in BIM models with fragility curves and hazard analysis to provide a comprehensive and 

efficient approach for evaluating the seismic vulnerability of infrastructure systems. The study has 

demonstrated the potential of BIM to improve the accuracy and efficiency of the seismic risk assessment 

process and to support the development of targeted strategies for enhancing the resilience of 

infrastructure systems in the face of seismic hazards. 

As the adoption of BIM in the engineering and construction industry continues to grow, there are 

significant opportunities to further refine and expand the application of BIM for infrastructure risk 

assessment. Currently, work is underway to refine the code and to allow to explore the integration of 

other types of hazards and risk assessment methodologies into the BIM environment, as well as the 

development of advanced tools for visualizing and managing risk information throughout the 

infrastructure lifecycle.  

5. Limitations and further research

The proposed methodology still requires additional work that includes coding and verification of results. 

Furthermore, the work is limited to simple single-story facilities, as more complex solutions are required 

to cope with structures with multiple floors. In such cases, it would be required to perform a structural 

analysis to identify the intensity on each floor and only then calculate the risk. A further constraint is that 
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the methodology requires prior knowledge of the fragility parameters for each structural component. If 

there is no prior knowledge of the fragility parameters, they need to be assessed.  

While we have focused on seismic hazard, it is possible to use the proposed methodology to assess 

other types of risks. However, this requires modifying the methodology according to the unique 

characteristics of each risk.    
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Abstract 

Falls from height are a relevant occupational health and safety problem, given the significant impact 

they have on an injured worker, as well as on their families and the company to which they belong. 

Although most countries are trying to reduce the number of accidents due to this cause, the injuries 

resulting from these accidents are usually severe. The causes of falls from height are varied, including 

lack of control by the direct supervisor, irresponsibility of the worker or wrong handling. Also, they can 

be caused by auxiliary elements (platforms, ladders, machinery or others) required for the execution of 

a task, which needs to be assembled appropriately or safely. This article provides the context of using 

auxiliary equipment (fixed and mobile scaffolding and safety rail) for work at height. Then, a field 

information survey is carried out to describe the main problems regarding their use on-site. Finally, 

through the application of 44 semi-structured interviews with construction professionals and supplier 

companies in the Chilean market, different appraisals on the safety of working at heights and the use of 

auxiliary equipment are described. The results show that the relevant aspects in the use of auxiliary 

elements to prevent the risk of falls are related to the singularity of the projects under construction, the 

scarcity of regulations or their updates, in addition to the lack of technical information on-site that would 

allow the constant verification of auxiliary equipment, among others. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: falls, safety, safety rail, scaffolding, work at height 

1. Introduction

The increase in building demand implies increased work performed on platforms or scaffolding. Work 

performed at a height greater than 1.8 meters from the ground is considered risky [1] and is one of the 

leading causes of severe accidents and mortality. For example, in 2013, in the United States, it 

represented mortality of 36.9% [2], while in China, from 2012 to 2016, approximately 2,850 construction 

employees lost their lives due to on-site accidents, with an average number of 1.57 deaths per day, 

where falls represent 55% of fatal accidents [3]. In Chile, in 2021, falls from different levels accounted 

for 26.8% of deaths due to occupational accidents [4]. Working at height is a very relevant issue for the 

country since, due to the scarcity of building land, the solution to housing needs has been densification 

through high-rise construction. This challenge requires more significant analysis, control, monitoring and 

recommendations for using these systems in high-rise construction projects [5]. 

Regulatory standards are one way to ensure that platforms and guardrails are assembled and 

manufactured under general conditions, are structurally responsive and meet minimum safety 

requirements. A study in Japan on the effectiveness of a regulatory framework on reported accidents in 

the construction sector showed that, within one year of implementation of regulations for platforms at 

height, accidents decreased by 33% [6]. Another study in Spain showed that having certified platforms 

for work at height through an established regulatory framework increases the safety level from 4.36 to 

5 [7]. Another study conducted in the United States [8] concluded that after five years of enacting of the 

OSHA (Occupational Safety and Health Administration) revision of 1996, the accident rate decreased 

by 20%. In addition, Cheung & Chan [9] recommend some essential measures to prevent severe injuries 

and fatal falls while working from scaffolds, such as inspecting all its components. Specifically, they 
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mention the importance of supervision by competent personnel for scaffolds to be erected, moved, 

dismantled or altered, as well as strictly complying on-site with the scaffold manufacturers' guidance 

regarding these activities. For their part, Błazik-Borowa & Szer [10] specify as important the design of 

the scaffolding installation but indicate that, due to difficulty or absence of regulations, this phase 

requires time that is not necessarily available on-site. The same with the costs involved in preparing 

site-specific designs, so contractors forego creating the design and run the risk of assembling the 

scaffolding without any design. 

Concerning to the use of guardrails, studies in Japan and New Zealand raise the relevance of regulation 

to standardize these systems and recognize the importance of using temporary edge protection to 

reduce the risk of falling. However, in the case of New Zealand, previous evaluations on 

recommendations of structural aspects still need to be completed [11]. On the other hand, the study by 

Çelik et al.[12] conducted in Turkey and Iran discusses the importance of guardrails having 

homogeneous and transparent criteria that mainly indicate the procedures for installation, assembly and 

disassembly, and inspection to be carried out by competent professionals, as well as guidelines for 

manufacturers and suppliers. In Brazil, Filho and Serra [13] compared two types of collective protection, 

in which, besides verifying the performance of each of them in the field, they evidenced the lack of 

technical information for the execution of guardrails. Penaloza et al. [14], comparing nine types of edge 

protection systems, show the importance of not only evaluating structural aspects of the systems but 

also other criteria such as safety, efficiency (in assembly and disassembly) and product flexibility (for 

the use of different types of projects) to choose between one or the other in an informed manner. 

Since scaffolding and guardrails are temporary constructions on a construction site, they are considered 

of minor importance. Therefore, no relevance is given to the process of their assembly/disassembly and 

use, causing severe or fatal accidents. Therefore, this study seeks to describe the safety assessment 

in using these systems to help decision-makers evaluate specific criteria or support the implementation 

of new or improved regulations. 

2. Methodology 

The methodology used corresponds to a mixed approach, combining three data sources. First, a review 

of different aspects of fall hazards related to using platforms and guardrails conducted based on a 

bibliographic review that included national and international regulations, and existing studies on the 

subject. Secondly, a field information survey was carried out by observing different high-rise building 

projects in the Metropolitan Region (Chile) and visualizing the use and problems detected using these 

systems. Thirdly, a qualitative study consisted of 44 semi-structured interviews with construction 

professionals and suppliers in the Chilean market. The interviews sought to understand how these 

auxiliary systems are used in work at heights, their problems and needs regarding their use and the 

technical aspects that need to be reviewed. 

3. Results 

Four topics regroup the main results: description of fall risks in the construction sector, description of 

safety problems detected on-site, regulatory analysis of the use of work platforms and guardrails, and 

appraisals on safety in using platforms and guardrails. 

3.1. Fall hazards 

Slip, trip and fall incidents, mainly fall from height, are a leading cause of injury in the New Zealand 

residential construction industry [15]. The most common origins of falls from height in this sector are 

ladders, scaffolding and roofs [16]. Furthermore, accidents involving temporary access systems (mainly 

temporary scaffolding) account for many worldwide injuries in the construction industry [17]. A study in 

Malaysia [18] conducted during the period 1997- 2000 indicates that scaffolding accidents are due to 

construction errors, lack of protective equipment, inadequate foundations, poor technical condition and 

excessive load on the scaffold. 
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A similar situation is evident in Chile. According to data from the Asociación Chilena de Seguridad, 95% 

of the causes of falls are due to human cause, due to erroneous personal actions, among which the 

following stand out: lack of workers’ knowledge regarding the risks or procedures for working at heights, 

as well as lack of technical skills for handling platforms (the worker only knows his job and not the 

functioning or operation of the equipment) or physical (dizziness, balance problems or altered health 

factors) [19]. The other 5% corresponds to environmental factors related to the auxiliary elements to 

perform work at height, such as non-existent or inadequate standards, or normal wear of the auxiliary 

elements; problems of design, manufacturing or defective installation of the elements or parts that make 

up the platforms to work at height [20]. Although using auxiliary elements only represents 5% of the 

causes of the problem, it becomes a critical aspect to study. Falls from different levels can cause 

consequences to workers’ health that can often be serious and even fatal. This situation is relevant 

because, there are gaps in Chilean regulations related to scaffolding structures and guardrails, which 

expose workers to severe accidents due to falls from heights. 

3.2. Safety issues on-site 

Field observation of the use of scaffolding and guardrails showed that three major safety problems cause 

falls: human factors, environmental factors and technical aspects. Regarding human factors, the worker 

performs improper actions such as: (1) loosening or not using the lifelines, (2) not using all the safety 

elements or misusing them, (3) climbing the scaffolding structure or leaning on the railings, (4) not 

respecting the instructions of direct supervisors or risk prevention specialist, (5) not analyzing or 

observing the conditions of the task and possible risks, and (6) lacking or non-using work procedures. 

The environmental aspects are mainly related to the climatic conditions of the place where the work is 

performed, such as gusts of wind that cause the platform to sway, rain that makes the platform slippery, 

or glare from the sun, which interferes with the tasks. Concerning the technical aspects, there was a 

lack or absence of elements, such as (1) perimeter railings or structure fastening elements (Fig 1b), (2) 

accessories that ensure the balance, position and fixation of the structure or that ensure the vertical 

movement of the structure or brake, (3) scaffolding in poor condition, with wear and tear or structures 

that are not calculated (or poorly calculated), unstable, overloaded, with missing fastenings or 

incomplete (Fig. 1a), (4) incorrect assembly or insufficient working platforms. 

 

Fig. 1. (a) first picture; (b) second picture. (CCC-caption style) 

3.3. Regulatory analysis 

Concerning to the analysis of international regulations, these include several documents that detail the 

use of scaffolding and prevention measures to avoid accidents when working at height. Also, it contains 

the steps for the correct assembly and disassembly of the equipment and, depending on the country, 

includes specific criteria for the design, type of structures and requirements for which the manufacturer 

is responsible. In Latin America, the level of regulations is low. In Colombia, responsibility is delegated 

to the manufacturer through a certification system, where platforms must also comply with resolutions 

updated every year [21]. Some articles on mobile scaffolds exist in Argentina, Paraguay and Ecuador. 

However, these are incomplete or specified only for suspended scaffolds and do not apply to 

a b

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-075

Keszthely, Hungary 
20-23 June 2023

582



mechanically elevated platforms [22]. In Peru, Bolivia and Chile, there are regulations only for fixed 

scaffolds [23]. On the other hand, when comparing international regulations with Chilean regulations, it 

is observed that in Chile, there is a gap in terms of more detailed information on the structure and 

materiality of the equipment, prevention and safety measures for working at heights, and documents for 

checking or periodically inspecting scaffolding and guardrails indicating their condition. 

3.4. Safety considerations 

Semi-structured interviews were conducted with construction project workers, professionals and 

suppliers of national products, seeking a varied sample regarding the relationship between scaffolding 

and guardrails (direct operators, supervisors, managers, suppliers). A total of 44 interviews were 

conducted, audio-recorded and transcribed for a thematic content analysis that allowed grouping the 

experience of the participants in seven main sections presented: inspection, modifications, training, 

maintenance, security plans, normative, and product standardization. 

3.4.1 Inspection 

Three entities can carry out this task for inspecting these auxiliary systems: a public agency, a technical 

inspector who depends on the client, and a risk prevention specialist who works for the construction 

company. Regarding the inspections carried out by the public agency, these inspections need to be 

increased. On some occasions, the technical knowledge of those who carry them out need to be 

improved, and that there is no standard procedure to ensure that the inspection is the same for all the 

works and equipment. Regarding the technical inspector's supervision, several suppliers pointed out 

that their review is stricter abroad than in Chile since they are mainly involved in administrative tasks in 

Chilean projects. Regarding the work of the risk prevention specialist, he is in charge of checking that 

the system is installed correctly and, in several projects, he marks with coloured cards whether the 

system can be used. That is to say, and he gives the "green light" for its use. Unfortunately, due to cost 

issues, the number of risk prevention specialists must be increased for large-scale projects. 

3.4.2 Modifications 

Significant modifications to the platforms are related to incorporating of fabrics that cover the scaffolding, 

generating a sail effect, or the hanging of advertising, generating stresses that were not considered in 

the design. It is important that when a modification must be made, the scaffolding is closed using safety 

cards. Regarding the reasons for the changes, it is mainly mentioned that the solutions must be 

adapted/modified due to project conditions (project progress or areas with complex geometry). As 

project plans are usually modified several times before and during the project’s progress, the supplier 

companies cannot provide a quality service when they offer an edge protection system. Several times 

the leasing of the product does not correspond to the total perimeter of the project or with the best 

structural characteristics for the singular or blind points. On the side of the construction companies, as 

the progress of the project must be fast, they point out that the supplying companies delay the delivery 

of the offer and choose not to lease elements for the total perimeter that should have a protection 

system, using different types of protection that do not perfectly cover the perimeter. 

3.4.3 Training 

The mobile scaffolds delivered by the suppliers to the worksites do not include the work of operators. 

These personnel are dedicated to training the worksite workers who will use the scaffolds. Thus, it is 

mentioned that the most common accidents are linked to the danger of falls from heights and entrapment 

with the lifting mechanisms. In general, training is provided by the supplier, so it is important to be clear 

about who must attend these training, according to the responsibilities they will have in the process. 

Regarding the technical competencies that installers of these systems must have, they must have 

previous experience. In addition, when using scaffolding, workers must have specific knowledge of the 

model. They must also have physical conditions suitable for working at heights. 
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3.4.4 Maintenance 

In Chile, there is no traceability procedure after the sale of guardrails or scaffolding; therefore 

maintenance level after the product is still being determined. Most interviewees agreed to perform 

preventive maintenance on the scaffolding and guardrails and the parts that may be subject more 

significant wear and tear, providing evidence of their performance. 

3.4.5 Security plans 

The primary safety shortcomings detected by the interviewees associated with the use of scaffolding 

were using it without being certified, not assembling it according to the plan, not respecting the 

information on the cards, and misuse of personal protection elements, such as the use of helmets 

without chinstraps or the misuse of safety harnesses. Among the problems encountered in the 

assembly/use/disassembly/maintenance of scaffolding, the following are mentioned: lack of scaffolding 

parts, misinterpretation of the plan, poor site planning and problems with cleaning associated with 

inadequate scaffolding maintenance. On the other hand, in the case of a critical structure, a design and 

a report are requested from the company that supplied the scaffolding or guardrail with its respective 

engineering support. Among the control points, it was found to verify that the area where the scaffolding 

or guardrail is to be placed is unobstructed, that it is assembled according to the supplier's instructions, 

and verify that the scaffolding and guardrail have all their parts and that they were correctly placed. 

3.4.6 Normative 

Finally, regarding scaffolding standards, it was mentioned that when scaffolding and guardrails are 

purchased abroad, they come with international standards and that national standards are old and 

should be updated or do not exist. Most of the products used in Chile are imported, so they should be 

certified when they arrive in the country or at least obtain a homologation in certified laboratories. 

However, as the homologation process can be expensive, the option of carrying out field tests should 

also exist. Regarding whether there are relevant elements related to the design, assembly, use and 

disassembly of scaffolding that should be considered in a standard but still need to be included, it was 

pointed out that there is a gap in safety issues rather than manufacturing or structure standardization 

issues. The need to go deeper into the capabilities of the personnel that assemble the equipment and 

into safety measures more aligned with the equipment currently in Chile was raised. It is also mentioned 

to consider the seismic analysis of temporary structures, since it is a different approach at the time of 

design, and to include more in-depth classification by materiality in the designation of scaffolding. 

3.4.7 Product standardization 

Regarding products, the characteristics that construction companies prioritize, in addition to cost, are 

the weight of the system (for easy installation or relocation), ease of modularization and configuration, 

additional options for unique joints (for example, in curved areas) or special projects, and the person-

hours required to make changes or relocations. They also identify the need for improvements in fastener 

types, which could be more standard or encompass systems that do not require a specif width or 

spacing. In addition, they mention the support of engineers and architects to harmonize structural and 

architectural characteristics that allow for repetitive use of the protection system. 

4. Conclusion 

The article addressed the issue of falls from height in the construction industry and the importance of 

using auxiliary equipment, such as scaffolding and safety railings, to prevent such accidents. The study 

added a survey of field information in the Chilean market through 44 semi-structured interviews with 

construction professionals and supplier companies to describe the main problems regarding using 

auxiliary equipment on site. The study identified inspection, modifications, training, maintenance, 

security plans, regulations, and product standardization as the seven main sections of the study. The 
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findings indicate that the significant modifications to the scaffolding are related to incorporating fabrics 

that cover the scaffolding or hang advertising, showing efforts not considered in the design. The supplier 

provides the training, and it is important to know who should attend the training according to their 

responsibilities in the process. Safety issues are related to using scaffolding without certification or not 

erecting it according to plan. The study highlights the need to increase inspections, improve the technical 

knowledge of inspectors and the importance of maintenance and safety to prevent falls from height. 
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Abstract 

Timor-Leste is an emerging country, and its capital city, Dili, has excellent potential to become a 

paradigm for a sustainable city in the future. However, the procedure still needs to overcome many 

difficulties and challenges. Firstly, in this paper, literature collecting and expert interview methods are 

used to summarize the urban development experiences of Timor-Leste and Taiwan based on their 

geographical similarities. Secondly, the relationships between future urban engineering management 

in Timor-Leste and sustainable cities are established. The findings of this study not only underscore 

the criticality of effective urban engineering management in fostering sustainable urban development 

but also furnish pivotal insights that can inform the trajectory of sustainable urban and urban 

engineering management in Timor-Leste. The present study's outcomes hold the potential as a point 

of reference for pertinent international research endeavors. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 
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1. Introduction

Urbanization has led to a growing demand for urban engineering. Timor-Leste can learn from other countries 

with similar conditions for sustainable development. Sustainable urban development is crucial for economic 

growth and quality of life. Taiwan's approach emphasizes innovation, collaboration, and policy frameworks. This 

article summarizes Taiwan's experiences and explores potential directions for Timor-Leste. It may serve as a 

reference for future research to enhance urban development efforts. 

This paper employed literature review and expert interview as research methods. The literature collection 

utilized online search engines and AI tools to gather relevant keywords related to the research topic, while the 

expert interview was conducted by a research team of four professionals with expertise in engineering 

management, land use, urban planning, and language translation. The collected literature was categorized into 

four main parts: urban development in Timor-Leste, urban development in Taiwan, urban disasters, engineering 
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management, and sustainable cities. The research team analysed and organized the documents separately 

and explored vital factors and their correlations between engineering management and sustainable cities in 

Timor-Leste through expert interviews. The results were subsequently summarized in this paper. 

2. Overview of East Timor

Timor-Leste, a new country located between Indonesia and Australia, currently has limited income and a little 

diversified economy focusing on agriculture. However, there are significant opportunities and potential for 

economic growth. The government aims for a modern, diversified economy with high-quality infrastructure and 

a shift towards commercial and small-scale agriculture. The country faces challenges with floods and erosion, 

particularly in urban areas like the capital city of Dili, but the government is implementing appropriate programs 

to manage these issues. Access to safe water supply and electricity is also a pressing issue, with the 

government implementing a rural electrification program to connect remote areas to the national grid and reduce 

poverty levels. [1] 

3. City development of Taiwan

In Liu and Tung's (2003) study, it was observed that Taiwan experienced a rapid increase in urban population 

from 33% to 78% between 1956 and 2000 [2], surpassing the growth rate of the United States. The urban 

planning system in Taiwan, influenced by American pragmatism, prioritizes rapid and concentrated economic 

activity and population growth but needs more flexibility to address the diverse needs of modern cities. 

Consequently, the development of Taiwan's urban planning has undergone several stages, but current 

challenges, such as extreme climate risks, social polarization, and improving quality of life, require adaptation. 

Taiwan's early agricultural, rural period (1600-1894) saw the emergence of rural patterns that varied based on 

topography and water resources, resulting in compact settlements, linear settlements, and scattered 

settlements. Agricultural towns by streets gradually developed to facilitate trade between villages. Two major 

economic centers emerged in the north and south of Taiwan, with the urban population accounting for about 

8% of the total population of Taiwan. 

During the Japanese occupation (1895-1945), major public works projects, including transportation 

development, greatly impacted urban and town development. Taipei City experienced a rapid increase in 

population, with regional and local centers developing along longitudinal railways and highways approximately 

50-80 kilometers apart. The government emphasized the development of modern agriculture, water

conservancy, public health, and primary education, leading to increased agricultural productivity and surplus 

production to support urban development. 
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The middle period of urban development (1950-1980) saw the establishment of labour-intensive industries in 

the 1950s, planning industrial areas in and around cities to address the rural population surplus. Urbanization 

and suburbanization occurred from 1950 to 1970, with increased public investment in infrastructure from 1973 

to 1978. However, illegal farmland factories emerged due to rising legal land prices in urban industrial areas, 

leading to traffic congestion, environmental pollution, and soaring land prices. The problem of illegal farmland 

factories remains unsolved in Taiwan. 

The urban development of Taiwan during 1990-2010 saw the establishment of science parks of industrial (SPI) 

to upgrade industries and expand exports, with the first SPI established in 1980. The construction of urban 

public facilities prioritized advanced transportation systems that emphasized energy conservation and carbon 

reduction. However, this further accentuated urban primacy in Taipei. 

In Taiwan's post-urbanization era, there is increasing concern regarding the impact of urban disasters and the 

necessity to prioritize the quality of urban public infrastructure, risk management, and urban renewal. The 

earthquake in central Taiwan in 1999, Typhoon Morakot in central, southern, and south-eastern Taiwan in 2009, 

and the petrochemical gas explosions in Kaohsiung City in 2014 have emphasized the need to address aging 

infrastructure, poorly constructed public buildings, enhance risk management, and raise public awareness. 

In recent years, the Taiwan government has improved accessibility in central and southern Taiwan by 

strengthening transportation infrastructure and developing industrial parks, facilitating the balanced movement 

of industries and population, and reducing the gap between urban and rural-urban development. [3] Additionally, 

in response to the United Nations’ sustainable development goals, the Taiwan government has actively 

expanded green investment, promoted sustainable urban development, implemented housing justice, improved 

the urban environment and transportation construction, and enhanced people's quality of life. 

Furthermore, as Taiwan is one of the countries most impacted by complex natural disasters globally, the 

government is considering climate change in decision-making. It is committed to building a green economy 

while changing resource use, carbon emissions, and environmental damage in the economic growth process 

to reduce the impact of extreme weather events on Taiwan's urban and financial sectors. [4] 

4. Modern sustainable city

4.1. Humanistic design 

Urban development has been shaped by various movements and challenges throughout history. The United 

Nations World Health Organization emphasizes the importance of human-centered design principles for urban 

living environments. Human factors play a critical role in urban development, and successful practices are based 
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on environmental awareness and local democracy. Effective environmental governance requires a political 

process, from small-scale community efforts to national policies. 

4.2. Construction energy consumption and engineering quality 

Construction energy consumption is a significant global issue that requires detailed assessment and 

investigation. Professional Construction Management (PCM) can improve construction project performance and 

quality while reducing costs. Intelligent buildings, green buildings, and ecological engineering are essential in 

sustainable development, and elements such as actual energy use and building materials are closely related to 

achieving sustainable objectives. Unmanned Aerial Vehicle (UAV), Building Information Modeling (BIM), 

Building Energy Modeling (BEM), and the Internet of Things (IoT) are key information technology (IT) factors to 

improve engineering quality [5]. Combining these technologies enables intelligent urban engineering, creating 

sustainable and nature-integrated cities [6]. 

4.3. Sustainable urban development 

In the 1970s, Florida enacted the Growth Management Act to guide local land use patterns. Sustainable urban 

management prioritizes "software" aspects such as laws, finance, and education, and values openness, 

continuous improvement, participation, and innovation. Sustainable action involves setting indicators and 

charters, managing environmental accounting, leading public sector initiatives, and using economic, social, and 

administrative mechanisms to promote environmental improvement. The United Nations' 2030 Sustainable 

Development Goals include SDG 6 on clean water and sanitation, SDG 9 on industry, innovation, and 

infrastructure, SDG 11 on sustainable cities and communities, and SDG 15 on land life relevant to the 

development of sustainable cities. Focusing on these goals from the beginning can help developing countries 

like Timor-Leste avoid the challenges faced by already-developed countries. 

4.4 Urban Building Management 

In Timor-Leste, adherence to local customs and traditions is important for modern buildings, and sustainable 

development is necessary for urban design and construction to showcase the unique design culture. Rapid 

construction without proper planning and engineering quality management can cause significant social, 

environmental, and economic problems. Encouraging residents' participation in urban construction through 

interdisciplinary dialogue is key to unique contemporary architectural development. 

Improvement in the hardware aspect of urban development is necessary and should be integrated into urban 

ecological management. Cohen (2018) emphasizes that people are the most critical factor in improving the 
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quality of life [7]. Therefore, ecological communities and cities must cultivate residents' ecological habits and 

culture. Based on Taiwan's urban development experience, the following recommendations are advanced: 

⚫ Public and private buildings: Improve structural durability, energy efficiency, water conservation, and

greenery, incentivized through rewards or subsidies based on environmental resources, indicators,

ecological examinations, and design standards.

⚫ Public domain: Construct public domains, open spaces, residential communities, and urban ecological

networks that reserve green spaces, use the permeable pavement, enhance ecological functions and

network of open spaces, construct comfortable pedestrian and bicycle systems, and have traffic

optimization designs for residential communities and essential activity nodes.

⚫ Public infrastructure: Improve the engineering quality of public infrastructure, including planning, design,

construction, and management and maintenance, based on safety, economy, convenience, and comfort

principles in regular and disaster times. Ecological indicators and medium- to long-term spatial

enhancement plans should also guide hardware improvements.

5. Conclusion

Sustainable urban development is crucial for urban public works and housing construction in Timor-Leste. Local 

experiences and global dialogues are necessary for promoting sustainable development, with economic 

strategies such as the result of transportation networks and urban settlements being essential. Legal regulation 

and education are crucial tools for governance, and environmental taxation can effectively change behaviors, 

leading to energy and resource conservation and pollution reduction. To showcase the unique design culture of 

Timor-Leste, sustainable development is necessary, and local customs and traditions should be considered. 

Improving the hardware aspects of urban development requires medium-to-long-term spatial enhancement 

plans, and ecological habits and culture need to be cultivated among residents. The management of urban 

engineering quality is emphasized as a crucial factor in sustainable urban development, and several future 

challenges for sustainable urban development in Timor-Leste are proposed in this paper and findings serve as 

a basis for future research on urban development issues in Timor-Leste and as a reference for relevant 

international research. 
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Abstract 

As the globe faces environmental difficulties, sustainable construction techniques have become of 
importance in recent years. Construction waste management is a significant area of concern since 
improper management may have a large negative impact on the environment. To reduce the negative 
effects on the environment and guarantee the effective use of resources, Oman has to encourage 
sustainable construction waste management techniques in construction projects. Tons of rubbish are 
produced by Oman's building sector, which has grown rapidly over the past 20 years, placing a strain 
on the country's present waste dumping facilities. Random construction trash disposal is a persistent 
problem that is linked to the Sultanate's governorates accelerated urban expansion. Unplanned disposal 
of Contractors' primary activities results in construction waste in public spaces, wadis, residential areas, 
and agricultural land, all of which have major negative effects. Due to this move, the municipality's 
legality division made the decision to amend some regulations and create new ones to curtail this 
phenomenon and safeguard the ecology and environment from improper garbage disposal. Be'ah 
Company in the Sultanate of Oman also intends to use building debris to build roads all throughout 
Oman. To lessen the impact of this material on the disposal sites, construction waste management 
(CWM) is crucial. The main goals of the research are to evaluate the environmental and social effects 
of reducing and recycling the demolition and construction waste of building projects, as well as to 
analyze the status and trends of building construction waste generation in Oman. They also include 
evaluating the cost-effectiveness of the approaches used to manage construction waste in Oman. To 
achieve these goals, a variety of methods are used. For example, a questionnaire is distributed to 
various participants in various industries, interviews have been conducted with various individuals 
holding higher positions in various businesses and ministries, such as the Be'ah Company and the 
Muscat Municipality, and finally, previous related research articles are reviewed. The results of this study 
aids in the creation of policies and strategies for encouraging environmentally friendly methods of 
disposing of building debris in Oman. Additionally, it offers suggestions for stakeholders in the 
construction sector on how to enhance trash disposal procedures and lessen the environmental effect 
of construction projects nationwide. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

The construction industry is a major contributor to waste generation worldwide. In Oman, the 

construction sector is rapidly developing, resulting in a significant increase in waste generation. The 

improper management of construction waste can lead to environmental pollution, health hazards, and 

economic losses. Therefore, it is essential to promote sustainable construction waste management 

practices in Oman. 

With more focus on the environmental effects of numerous industries, including building, sustainable 

development has recently become a crucial worldwide problem. Waste produced by the construction 

industry contributes to resource depletion, pollution, and environmental deterioration. Promoting 

sustainable building waste management has emerged as a critical necessity for nations all over the 

world, particularly Oman, to solve these issues. Government of Oman is focusing on implementing new 

and effective techniques to manage its construction waste. Be'ah company has 21 landfill sites spread 
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throughout several governorates in Oman. Barka and Musanah operated sites by Be’ah received, from 

2015 to 2017, an estimated 4,668,044 tons of garbage. In 2018, North Al Batinah Site and Raysut also 

began to be operated by the same company. Additionally, in 2019, Be'ah began operations Rustaq site, 

South Al Sharqiya, Dakhliyah, Buraimi, Ibri, and AL Amerat, receiving a total of 3,955,904.56 tons of 

C&D waste. 

To keep up with the increased demand for infrastructure and real estate, Oman, a nation that is 

undergoing fast urbanization and economic expansion, has seen a boom in construction projects. 

Significant environmental and social issues are presented by the possibility for increased waste creation 

and poor waste management practices that come with this expansion. To maintain sustainable 

development in Oman's building sector, it is essential to establish efficient waste management policies 

and systems. 

This study aims to identify problems and offer remedies for encouraging sustainable construction waste 

management in Oman building projects. This study aims to add to the body of knowledge on sustainable 

building practices in the Omani setting by examining the present waste management procedures, 

identifying important issues, and assessing possible possibilities. Policymakers, building industry 

experts, and other stakeholders will benefit greatly from the research's conclusions, which will help them 

make wise decisions and put sustainable waste management strategies into practice. This study aimed 

to accomplish many significant goals by encouraging sustainable methods of managing building trash. 

First off, it will lessen resource depletion, pollution, and greenhouse gas emissions associated with 

construction-related activities. Second, it will promote circular economy concepts, lessen the need for 

landfilling, and help with resource efficiency. Additionally, it will encourage the development of a safer 

and better working environment for construction employees, improving their productivity and general 

well-being. 

A comprehensive strategy will be used in the research, combining qualitative and quantitative 

techniques. Data will be gathered through surveys, site visits, and interviews to provide a comprehensive 

picture of Oman's construction waste management methods and difficulties. To find transferrable ideas 

and solutions that may be modified for the Omani context, the research will also explore pertinent 

literature, laws, and best practices from other nations. Overall, by offering doable suggestions for 

enhancing Oman's construction waste management methods, this research aimed to close the gap 

between theory and reality. The construction industry in Oman can make major strides toward becoming 

a more socially and ecologically responsible sector by working together and implementing sustainable 

solutions, which will help the nation realize its larger aim of sustainable development. 

2. Research Significant  

The research is exploring the current state of construction waste management practices in Oman and 

identify ways to promote sustainable construction waste management in building projects. This research 

may contribute to the development of policies and strategies for promoting sustainable construction 

waste management practices in Oman. Additionally, the research is providing recommendations for 

construction industry stakeholders to improve waste management practices and reduce the 

environmental impact of building projects in the country. Construction waste causes resource depletion, 

pollution, and greenhouse gas emissions, all of which contribute to environmental deterioration. The aim 

of the research is to reduce the detrimental environmental effects by considering sustainable waste 

management techniques for the construction industry. Effective waste management practices can help 

Oman in conserving its ecosystems. It minimizes pollution, preserve natural resources, and reduce 

resource depletion. 

The construction sector may help with resource conservation, recycling, and the development of a 

closed-loop system by using sustainable waste management techniques. By reducing the use of virgin 

materials and landfilling, this strategy will encourage a more robust and sustainable building industry in 

Oman. Sustainable waste management techniques can also have a positive financial impact. 

Construction organizations may reduce material costs, streamline project timeframes, and improve 
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overall project efficiency by using tactics including waste reduction, reuse, and recycling. The 

construction sector in Oman will gain knowledge from this research about cost-effective waste 

management techniques that can enhance resource allocation and lower operating costs. Overall, this 

research is crucial in promoting sustainable development in Oman and ensuring that the construction 

industry adopts environmentally responsible practices for the benefit of the country's future generations. 

3. Literature Review 

One of the biggest global producers of solid waste is the construction sector. Massive volumes of 

construction waste have been produced by constructing new buildings, remodeling, and demolition 

projects. Managing construction waste ensures a healthy and sustainable built environment. Sultanate 

of Oman began its Renaissance in 1970. Since that date, every industrial sector has growth steadily. 

The construction industry has emerged as a key sector among these industries, and it has made 

significant improvements in recent years. Yearly, there are tons of waste generated by construction 

industry in Oman. 

Literatures reviewed and identified the key themes, concepts, and best practices related to sustainable 

construction waste management practices. It emphasizes the significance of waste management and 

sustainable construction methods in achieving environmental and social sustainability objectives [1]–[5]. 

The effects of building waste on resource depletion, pollution, and climate change are discussed, placing 

emphasis on the necessity of efficient waste management techniques. Previous studies evaluate the 

sources of construction and demolition waste as well as the variables affecting waste generation rates. 

Identifying various waste categories, such as inert and non-inert compounds, as well as their quantities 

in the waste stream are part of these studies. 

Various waste management approaches and tactics, such as waste reduction, reuse, recycling, and 

suitable disposal procedures, are explored in the literature. It presents examples of effective waste 

management techniques used worldwide and explores the advantages and difficulties related to each 

strategy. Construction waste management is considered in relation to the circular economy idea. The 

establishment of closed-loop systems, resource conservation, material recovery, and other circular 

economy tenets are all covered in the literature. It looks at how these ideas might be used to manage 

waste from building projects while encouraging resource efficiency and reducing trash production. 

Many literatures [6]–[9] discussed deeply the state of knowledge on sustainable construction waste 

management. It serves as the foundation for identifying gaps in the body of knowledge and aids in 

providing recommendations and policies for encouraging environmentally friendly waste disposal 

methods in the context of construction projects in Oman. In addition, the responsibilities of the different 

project stakeholders have been discussed and analyzed. On the other hand, it showed the importance 

of the collaboration between various stakeholders in implementing and considering the concept of 

sustainable construction waste management during the whole project life cycle. 

4. Construction Material Waste Generation Factors  

Sand, bricks, concrete, plastics, glass, wood, and other materials are all included in construction and 

demolition waste. However, it's crucial to remember that demolition and building debris contains more 

than 50% of items that landfills cannot take. Therefore, these materials must be separated from the rest 

of the construction and demolition waste before being disposed of in landfills. Clean concrete and 

asphalt, for example, may be sorted properly so that they can be recycled and applied to new building 

projects. 

Depending on the project's location, scale, and its construction activities, different construction 

operations generate waste in different ways. Construction waste is mostly generated during handling of 

materials, procuring, and construction activities along with the residual wastes on site. The general flow 

of the materials required for building on site is depicted in Figure 1. 
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Figure 1: Cconstruction materials flow pattern adopted from Gavilan & Bernold (1994) 

According to (Bekr (2014), the significant sources of construction waste materials include incomplete 

designs, design errors, poor documentation, rework due to poor quality, storage shortages, improper 

materials storage, poor waste management strategies, unfavorable site conditions, a lack of skilled 

labor, incorrect quantity estimations, materials damaged during transportation, theft, and vandalism. Up 

to nine categories have been utilized in previous research and literature to group these aspects, 

including building process, design, procurement, used equipment, used materials, labor and human 

behavior, project, owner, and weather. These aspects were further divided into four sections by 

Luangcharoenrat et al. (2019): materials and procurement, building technique and planning, design and 

documentation, and human resources. It is clear that effective waste management is essential in 

construction, and categorizing the sources of waste can help improve waste management practices. 

Sustainable waste management practices are necessary for sustainable development, which aims to 

meet the needs of the present without compromising the ability of future generations to meet their 

requirements. Four categories—design and documentation, materials and procurement, construction 

method and planning, and human resources—comprise a total of 28 causes of construction waste [12]. 

These elements include subpar design, excessive material ordering, a lack of stakeholder 

communication, inadequate staff training, and more. 

5. Construction waste minimization concept 

One of the most significant environmental issues worldwide is the management of construction and 

demolition waste. Large quantities of waste are generated from ongoing new construction works, 

renovation, and demolition work. Waste management comprises several activities, including waste 

gathering, transportation, storage, treatment, recovery, and disposal. On-site sorting of construction and 

demolition waste is a reliable and efficient technique for waste management. 

Reducing waste in construction projects leads to various benefits. Generally, it improves the 

competitiveness of local contractors by minimizing/decreasing construction costs and increasing 

visibility for the company. In addition, minimizing waste has ecological benefits by reducing the amount 

of waste sent to landfills and extending its lifespan, as well as improving resource utilization and 

efficiency. Finally, waste minimization can positively impact the quality of construction materials and 

reduce the environmental impacts of construction, such as reducing the depletion of natural resources. 

By managing and minimizing waste on projects, it is possible to make more effective use of construction 

materials and reduce the significant amount of construction waste. This can contribute to tangible 

improvements in the quality of construction materials without raising costs resulting from incompetent 

design and the quantity of materials sent to the landfill during the construction phases via efficient waste 

management [6], [13]. 

The key drivers of construction waste management are sustainable, economic, and environmental 

aspects. Economics appears to be the most significant factor for key players such as clients or 

contractors, as their main aim is to maximize their profits. As a result, the main driver of waste 

management is economic motivation. Environmental considerations drive governments and their 
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requirements to consider health and environmental factors in managing the construction waste process. 

Over the years, the concept of sustainability has become a concern for governments, the public, and 

industries. As a result, it is necessary to ensure that all activities are carried out with relevant sustainable 

concepts. According to [14], the drive to reduce and minimize waste can be divided into three main 

categories: legislative, economic, and environmental. Legislative drivers include government decrees 

and laws, policies for organizations, and contractual terms and conditions. Economic drivers involve 

considering the recycling of generated waste. The third driver, environmental, involves sustainability 

rating systems that aim to control resources and material handling by providing guidance that may 

reduce environmental threats. 

Omer et al., (2022) confirmed that implementing efficient recycling solutions for building debris can offer 

a number of advantages for the environment and for businesses. It could benefit the environment by 

lowering the volume of waste dumped in landfills, preserving natural resources, and lowering 

greenhouse gas emissions. Businesses may see cost savings as a result of decreased disposal costs 

and higher sales of recycled materials. Additionally, implementing sustainable practices can improve a 

business's brand and draw in clients who care about the environment. Newaz et al., (2022) outlined 

various difficulties with CD&W administration. The primary barrier to efficient waste management was 

noted to be the absence of uniform state legislation. 

6. Research methodology 

The research study objectives are achieved using a mixed-methods technique. The research starts with 

a deep evaluation of the literature on international application of sustainable building waste management 

strategies. A survey of Oman's construction industry stakeholders was then conducted to evaluate the 

condition of the sector's waste management procedures and determine the obstacles it faces in 

implementing sustainable practices. In-depth interviews with significant players in the construction 

industry will also be undertaken in addition to the survey to better understand the issues and possible 

solutions for encouraging sustainable waste management practices in construction projects. To identify 

and assess trends, patterns, and themes, the data from the literature review, survey, and interviews 

have been collected and evaluated using both quantitative and qualitative techniques. A mixed-methods 

approach was used as the technique for this study, providing for a more thorough knowledge of the 

condition of Oman's present sustainable construction waste management procedures. It will be feasible 

to uncover both the industry's difficulties and prospective solutions that may be customized for Oman 

by combining quantitative and qualitative methodologies. 

To evaluate theoretical goals and validate hypotheses, the quantitative technique entails gathering 

numerical and statistical data for analysis, such as the opinions of a group of persons associated to the 

subject field. This approach is particularly successful in giving insights into a particular subject because 

it is based on the gathering of data that can later be evaluated and presented in statistical and graphical 

formats. The focus of the qualitative method is on linguistic terms, and it entails gathering information 

by asking open-ended questions such why, what, where, and how. However, because it is dependent 

on personal judgment, experience, and knowledge, the facts gathered might differ significantly. 

Additionally, qualitative data may be sharply focused on the research field to comprehend human 

attitudes and behavior because it is based on knowledge, experience, and personal viewpoints. 

Interviews, focus groups, and open-ended answer surveys are often used techniques for gathering 

qualitative data. To gather facts and proof, qualitative data may be evaluated using a variety of 

procedures, including data grouping, and sorting as well as combining concepts and patterns. 

A questionnaire is designed and used to collect the required data along with interviews. The proposed 

questionnaire focuses on measuring specific parameters related to the research objectives. The 

questionnaire consists of five sections. Section one is designed to collect general information of the 

participants and general data related to C&D waste management. The second section is designed to 

measure the recommendation of the procedure to minimize the social and environmental impact of the 

C&D waste. In addition, it evaluates the benefits and challenges of recycling, reducing, and reusing of 
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C&D waste activities. The next sections are measuring the impact factors of C&D waste management 

on social and environment. In addition, it evaluates the sources of construction waste and actions that 

can be taken to minimize the C&D waste in Omani construction industry. The proposed sample size of 

this study is 98 with 65 responses as it's designed based on the Confidence Level, Confidence Interval, 

and Population Size with 95% of confidence level, and 5% of margin error. Table 1 shows the survey 

responses based on the participants’ experiences. 

      Table 1 Survey respondents 

Experience 
Gender  

Total 

Male Female 

0-5 Years 11 7 18 

5-10 Years 15 8 23 

10-15 Years 12 1 13 

15-20 Years 6 0 6 

More than 20 Years 4 1 5 

Total 48 17 65 

7. Results and key findings 

More than 80% of the involved participants in the study are agreed and strongly agreed with the 

statement of the minimizing C&D waste must be adopted in entire project life cycle starting from initiation 

stage till the completion and demolition as per the used Likert scale. 70.8% agreed that there is a 

financial benefit to the project stakeholders by selling construction waste. Regarding the plans that can 

be adopted to enhance the C&D waste management in Oman, 64.6% agreed with setting rules and 

penalties to achieve the target level. Whereas 33% agreed with offering rewards and conducting 

awareness sessions to enhance the management process. Also, almost all participants recommended 

that Oman Government should promote and support the development of C&D waste 3Rs (Reduce, 

Reuse, Recycle) principles. Table 2 shows the benefits that can be generated from the recommended 

improvements to the management of C&D waste techniques. As shown, most of the participants agreed 

with that reducing the demand for waste landfills, saving natural resources, achievement of green 

constructions, and the improvement of the AEC companies competitiveness are the major benefits from 

adopting the 3Rs strategy for managing C&D waste.  

Table 2: Benefits of C&D waste recycling, reduce and reuse management process. 

Benefits 
Strongly 

Agreed/Agreed 
(%) 

Neutral 
(%) 

Disagree 
(%) 

Save space from waste landfills, reducing the demand of 
new waste landfills 81.6 7.7 10.8 

Saving natural resources 84.6 13.8 1.5 

Reduce budget for the project by used recycled resources 47.7 40 12.3 

Saving transport costs between site and waste landfill sites 
and save disposal costs 56.9 30.8 12.3 

Compliance with government policies for green 
construction and conservation of the environment 90.7 9.2 0 

Improving the competitiveness of AEC companies and 
increasing their business opportunities 92.3 6.2 1.5 

Motivating the entrepreneurship in the recycling and reuse 
of building waste 86.2 12.3 1.5 
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Regarding the challenges and difficulties of considering the C&D waste recycling, reduce and reuse 

strategy, the major challenges are lake of standards/ awareness/governmental support, funding, poor 

experience, and high cost. Referring to the factors affecting on environment and social, the agreed high 

ranked factors are degradation of the environment should be more compensated, institutions should 

have environmental impact assessment system of construction waste and institutions should consider 

the adverse impacts of construction activities on the environment. Also, job creation, risk/accidents 

reduction, increasing public awareness, sustainability achievements, and effecting community 

monitoring and feedback are considered as the factors that have great social impact factors for 

considering C&D waste management strategies. The survey results showed that poor waste 

management, poor coordination, careless attitudes of the workers, labour behaviour, change in design, poor 

control/supervision, tools/equipment misuse, improper storage, are material transporting problems are 

the major generation factors that increases the C&D waste. Finally, the driving factors to minimize the 

C&D waste are effective governmental supervision, on-time environmental related institutions 

intervention, increase waste minimization approaches awareness to all construction stakeholders, and 

focusing on the benefits of reducing the demand for landfill spaces. 

8. Conclusions 

Promoting environmentally friendly construction waste management in Oman's construction projects 

may have several positive effects on the country's economy, society, and overall environment. We can 

reduce the damaging effects of building waste and aid in the general growth of the nation by using 

sustainable methods. Based on the research results, the key benefits are: 

• Limiting the use of natural resources, lower greenhouse gas emissions, and decrease the 

amount of waste that ends up in landfills by reducing, reusing, and recycling building 

construction waste. 

• Sustainable methods of managing waste in the construction sector could assist contractors save 

a lot of money. Reusing and recycling resources enables companies to minimize the demand 

on acquiring new materials, which in turn reduces project costs. 

• The development of new recycling facilities and waste management facilities may result from 

the promotion of sustainable construction waste management, generating new job prospects in 

the industry. 

• Adopting sustainable construction waste management techniques can assist building-related 

companies in Oman to comply with environmental rules and avoid possible penalties and 

charges as environmental regulations become stricter all over the world. 

• The reputation of the construction related institutions/companies may be enhanced by using 

sustainable construction waste management techniques, bringing in additional benefits. 

• The lifespan of current landfills may be increased by redirecting construction waste elsewhere 

through recycling and reuse, which decreases the demand for new landfills. 

• The use of green building techniques, such as the use of eco-friendly materials, energy-efficient 

designs, and water-saving technology, can be promoted via sustainable construction waste 

management. 

• Construction trash may be recycled and reused to assist regional businesses that produce 

recycled goods, promoting economic expansion and job development. 

• Builders and the public may experience improved health and safety conditions as a result of 

proper waste management. We can lessen the risk of accidents and exposure to hazardous 

materials by minimizing the quantity of waste and hazardous items on building sites. 

Managing C&D waste and application of the 3Rs concept will significantly decrease the adverse effects 

on the environment and cut down on the production of C&D waste. Even after taking all necessary 

precautions and including many sustainability features before, during, and after construction, 

construction waste creation could not be eliminated. Recycling C&D waste is presently considered a 

very effective strategy for lowering the amount of waste delivered to landfills. 
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Abstract 

Corrosion of reinforcement has a major impact on structural performances and service life. This is 

especially pronounced in reinforced concrete structures exposed to the marine environment, whose 

degradation is accelerated by chloride penetration. Therefore, the process of chloride penetration is one 

of the most important parameters when designing reinforced concrete structures, predicting their service 

life, and planning remedial measures and maintenance. Engineering calculation models can be divided 

into empirical and physical models, based on different physical expressions depending on the dominant 

transport mechanism or their interdependent combination. Different numerical and analytical methods 

are used to solve them. Also, we distinguish deterministic and probabilistic approaches to modeling. 

The first model of predicting chloride penetration in concrete was presented by Collepardi in 1970. Since 

then, the model has been significantly improved and developed into sophisticated models, most of which 

take Fick's laws of diffusion as a starting point. Today's models often encounter limitations and 

unreliability in use and long-term predictions due to the lack of understanding of the combination of 

transport mechanisms under real exposure conditions, the time dependence of the apparent diffusion 

coefficient, quality long-term data and the determination of boundary conditions. This paper presents an 

overview of models aimed to predict the penetration of chlorides in concrete, with an emphasis on 

transport mechanisms by diffusion and sorption, or their combination. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

Corrosion of reinforcement has a great influence on structural performance and durability. This is 

especially pronounced in reinforced concrete structures exposed to the marine environment, whose 

degradation is accelerated by chloride penetration. The process of chloride penetration, its separation 

into individual transport mechanisms or their interdependent combination, is one of the most important 

parameters when designing reinforced concrete structures, as well as planning remedial measures and 

maintenance [1]. The water content in the pores of concrete, but also in the environment that surrounds 

it, has the greatest influence on transport mechanisms and degradation phenomena in concrete. Pores 

filled with water hinder the transport of the gaseous phase (diffusion) and facilitate the transport of the 

liquid phase (diffusion, sorption, convection). Concrete damage can be caused by water itself or by 

substances dissolved in water. Many molecules dissociate into ions of opposite charges when in 

solution. The water itself will move with the ions in it or the ions can move through the water (convection) 

[2, 3, 4]. Gradients of moisture content, pressure, electric potential, and concentration of substances, as 

well as stresses and various environmental conditions (e.g., temperature, precipitation) disrupt the state 

of fluid balance in the pores, and fluid transport occurs to re-establish the balance. The process of fluid 

transport is generally described in terms of sorption (absorption, adsorption), diffusion, flow under the 

pressure (permeation) and migration because of an electric field [4, 5]. It is important to mention the ion 

binding process, which can affect the transport mechanisms. The binding of chlorides can help in 

preventing or delaying their activation and corrosion of reinforcement because only free chlorides, 

available for transport, initiate corrosion [1]. This paper presents an overview of models aimed to predict 
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the penetration of chlorides in concrete, with an emphasis on transport mechanisms by diffusion and 

sorption, i.e., capillary sorption, or their combination. 

2. Models 

Engineering calculation models can be divided into empirical and physical, based on the dominant 

transport mechanism or their interdependent combination. Numerical and analytical methods are used 

to solve them. Empirical and physical models need huge data bases and quantification of large number 

of material and environmental parameters [6]. Also, it can be distinguished deterministic and probabilistic 

approaches to modeling (calculation of the service life of the structure). The main characteristic of the 

deterministic approach is the reliability of the determined values of the action of the load and the 

resistance of the structure, and as a result the absolute value of the service life of the structure emerges. 

The probabilistic approach adopts the basic parameters in the calculation process as random, stochastic 

values, and follows the philosophy of calculation of structural load-bearing capacity, that is, the "load-

resistance" calculation method with safety factors [7, 8]. Empirical models entail an analytical or 

numerical solution of Fick's second law of diffusion, including an error function solution; for example, 

Duracrete, Light Con, Bamforth model. Physical models in most cases include the numerical solution of 

Fick's first law of diffusion and the Nernst-Planck equation, i.e., separate expressions for different 

transport mechanisms or their combination; for example, ClinConc, MsDiff, Stadium model [7, 9]. The 

first model for predicting chloride penetration into concrete, presented by Collepardi in 1970., was based 

on the Fick's laws of diffusion to model chloride penetration from de-icing salts. The model was used for 

20 years before it was realized that the main parameter, the apparent chloride diffusion coefficient, is 

not a material property. Since then, the model has been significantly improved and developed. The most 

common problem in modeling chloride penetration into concrete is the lack of understanding of the 

combination of transport mechanisms under real exposure conditions, time dependence of the apparent 

diffusion coefficient, quality long-term data and determination of boundary conditions [6, 7, 9]. 

2.1. Diffusion 

Diffusion is the predominant transport mechanism in concrete submerged in water [1, 10]. Diffusion is 

described by Fick's laws, and the main parameter is the diffusion coefficient (D). Therefore, Fick's first 

law given by Eq. (1), is used to describe stationary diffusion, and Fick's second law given by Eq. (2), is 

used to describe non-stationary diffusion, which is more likely in concrete. Additionally, an error function 

solution, with initial and boundary conditions usually set as C (x, t = 0) = 0 and C (x = 0, t) = Cs, is given 

by Eq. (3): 

∂C
J = -D

∂x
   (1) 

2
∂C ∂ C

= D
2∂t ∂x

   (2) 

Where J stands for the flow representing the rate of substance transport per unit area perpendicular to 

the x direction, D is the diffusion coefficient, ∂C/∂x is the concentration gradient, where C is the 

concentration of the diffusing substance (chlorides) and t presents diffusion time [6, 11]. 

 
 
 

C x
=1 - erf

C 2 D× ts

   (3) 

Eq. (3), as previously stated, includes an error function (erf) and Cs as the surface concentration of 

chlorides. Eq. (3) is valid in the case of constant diffusion coefficients and surface concentration of 

chlorides. In Fick's laws, there are two diffusion coefficients, apparent and real, different due to the 
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influence of ion binding. Collepardi et. al used an error function solution to fit measured chloride profiles 

and derived the diffusion coefficient and surface concentration of chlorides for several cement pastes 

and laboratory exposure conditions. 

By solving Fick's second law, which would describe chloride penetration into concrete, the mass 

conservation equation for chlorides, which extends Fick's second law of diffusion, is considered. Thus, 

there are two options: 1.) a mass balance of chlorides in the pore solution or 2.) a mass balance of the 

total amount of chlorides in a unit volume of concrete. The first alternative requires a separate term for 

the binding of chlorides to the matrix: 

cc J b

t x t

 
= − −

  
   (4) 

C J

t x

 
= −

 
   (5) 

In Eq. (4) c is the concentration of chlorides in the pore solution and cb is the amount of bound chlorides, 

while in Eq. (5) C presents the total amount of chlorides, all expressed per volume of concrete. By 

inserting Fick’s first law, given by Eq. (1), with c as the chloride concentration and DF1 as the diffusion 

coefficient, into the mass balance equation, given by Eq. (5), it is obtained: 

2

1 2

C J c
D

F xt x

  
= − =

 
   (6) 

Eq. (6) is not identical to Fick’s second law, given by Eq. (2), but a comparison gives a relationship 

between the two diffusion coefficients (real DF1 and apparent DF2,). Two diffusion coefficients are related 

by the chloride binding capacity dC/dc (if c instead is expressed per volume of pore solution, a factor 

equal to the porosity must be included in the denominator), as shown in Eq. (7): 

D
F1D =

F2 dC

dc

   (7) 

If the diffusion coefficient in Fick’s first law and the binding capacity are assumed constants, Fick’s 

second law is obtained. Apparent diffusion coefficient DF2 is a measure of the diffusion strength of 

chlorides in the concrete pore solution, it is not a material property, and it decreases with time, so it 

cannot be constant as previously assumed. That was discovered about 20 years after Collepardi's model 

and since then an error function solution is used exclusively with the apparent diffusion coefficient, DF2 

= Da, in the exposure time interval (ta0, t). Such a time dependence of the diffusion coefficient is given 

by Eq. (8): 

( ) ( )
 
 
 

α
t
a0D t = D t ,t = D ×a a a0 a0 t

   (8) 

where t is the age of the concrete, ta0 is a reference period of exposure, α is the “aging exponent” and 

Da0 is the apparent diffusion coefficient at time ta0 and it cannot be determined directly, but it is necessary 

to know a series of chloride profiles for different exposure times. Da0 and α are merely looked upon as 

parameters that must be quantified from exposure data [6]. To include the time dependency of cs, 

Mejlbro et al. (2008) proposed Mejlbro-Psi function Ψp instead of an error function. If Eq. (3) is written 

in the following form of Eq. (9): 
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( )  
 
 

c x,t - c xi = erf × c
c - c 2 D × ts ai

   (9) 

Mejlbro's Ψp function is given by Eq. (10): 

( )  
 
 

c x,t - c xi =Ψp
c - c 2 D × ts ai

   (10) 

where ci represents the initial concentration of chlorides in a semi-infinite medium, while c (x, t) 

represents the chlorides concentration per concrete depth (x) in the exposure time (t), and which can 

be determined by above given equation [7]. The ion binding capacity dC/dc means the capacity of the 

material to bind chlorides when their concentration changes. Binding is described by isotherms, and 

their slope represents the binding capacity. It depends on the concentration of chlorides, and in some 

cases it can be considered constant. It reaches infinite or high values at very low concentrations of 

chlorides, and it is believed that at high concentrations it tends to be zero [1]. The total amount of 

chlorides in concrete consists of bound and free chlorides, and their sum represents the total chloride 

content in concrete. To determine the profile of free chlorides, binding isotherms, usually built into 

models, are used. Two isotherms are mainly used – Freundlich's given by Eq. (11), and the Langmuir's 

given by Eq. (12). Freundlich isotherm was proposed in 1909 by German–American physical chemist 

H. M. F. Freundlich that relates adsorption of a quantity of gas adsorbed by unit mass of solid adsorbent 

with pressure. In 1916, I. Langmuir proposed his theoretical model for the variation of adsorption with 

pressure [6, 7]. 

β
c = α×C
b

   (11) 

( )
α×C

c =
b w 1+β×C

   (12) 

In Eqs. (11) and (12) the C represents free chlorides, cb the bound chlorides, w the water content, and 

α and β are the constants. Chloride binding can reduce the diffusion coefficient. It is important to mention 

that not only chlorides are present in the concrete pore solution, but also other ionic species that can 

affect each other. The Multi-Species Theory (MST), based on Fick's laws of diffusion, treats chlorides 

as molecules although they are actually charged particles or ions. Therefore, such charged particles 

interact with each other, positively or negatively charged particles, according to the principle of 

electroneutrality, given by Eq. (13) as follows: 


n C Z = 0
i=0 i i

   (13) 

In Eq. (13) Ci stands for the charged species (e.g., Cl-, Na+) present in the porous solution, and Zi stands 

for the valance number of the species. While Fick's laws are essentially predicted for the transport of 

molecular species, the transport of ionic species such as chlorides is calculated according to the Nernst-

Planck equation, given by Eq. (14), which implies the equation of conservation of mass, and describes 

the influence of the ionic concentration gradient, the moisture gradient and the influence of the electric 

field on the flow of chemical species, especially ions: 

C Z F Ei iJ = -D - D C +C Vi i i i i i
x RT x

∂ ∂

∂ ∂
   (14) 
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In Eq. (14), R defines the ideal gas constant, T is the temperature, F is the Faraday's constant, Vi is the 

convection velocity and ∂E/∂x represents the electrical potential gradient. The first term of the Eq. (14) 

represents the flux due to diffusion, the second term denotes flux due to electro-migration and the third 

term due to moisture or pressure gradient (convection). Considering the situation where there is no 

convection, Eq. (14) is written without the last term CiVi [7]. 

2.2. Capillary sorption 

Sorption is defined as chemical mutual incorporation, adhesion or absorption of substances into each 

other. In the case of concrete, we are talking about the capillary sorption of fluids into the unsaturated 

and partially saturated pores of the concrete. This is most often present in concrete in the splash or tidal 

zone. Capillary sorption refers to the movement of water through small pores in concrete, in the absence 

of externally applied pressure, and is the result of surface interactions between water and concrete pore 

walls. When water comes into contact with the porous surface of concrete, it is quickly absorbed due to 

the negative pressure in the pores caused by capillary action. The more porous the concrete, the faster 

it will absorb more water [4, 12]. Capillary activity depends on the viscosity, density and surface tension 

of the liquid, as well as the pore radius and the contact angle between the liquid and the pore wall. In 

general, sorption is determined depending on the depth of fluid penetration, and is described by the Eq. 

(15) as follows: 

x = S t    (15) 

where x presents the depth of fluid penetration, S presents the sorption constant, and t presents the 

sorption time [12]. I.e., equations (16) and (17) as follows: 

ΔW = A t    (16) 

r ×σ × cosθ
effA =Ψp

2η
   (17) 

are given to determine the amount of absorbed water per unit area of concrete (∆W) in the sorption time 

(t). In Eqs. (16) and (17), A presents capillary sorption coefficient. The capillary sorption coefficient 

describes the capillary activity and is calculated by Eq. (17), where Ψ is the water capacity of the porous 

material (capillary potential), ρ is the water density, reff is the effective pore radius that takes into account 

the pore size distribution, σ is the surface tension, Ɵ is the contact angle, and η is the viscosity [13, 14]. 

2.3. Combination of transport processes 

Attempts to understand water transport mechanisms in a broader sense can be divided into 

experimental approaches, numerical simulations and analytical methods. When modeling (numerical 

simulation) capillary sorption, it is possible to take into account two levels of the transport: macroscopic 

and microscopic. Models based on the macroscopic level take into account the various thermal variation 

as well as hydrous and ionic movements, while those based on the microscopic level (e.g., models 

Stadium, MsDiff, Masi, Shin and Schmidt-Döhl) consider the flow of ions and their chemical balance in 

the concrete. The chemical reactions are considered only through parameters simulating the chemical 

effects on transport mechanisms (e.g., models Roelfstra, TransChlor, ClincConc, Meijers, Saetta and 

Ishida). The TransChlor theoretical one-dimensional model is an original model to address chlorides 

movement with water in concrete and to consider microclimates reconstituted from real climates. The 

TransChlor model is intended for saturated and unsaturated conditions in concrete, and considers the 

thermal diffusion process and the hydrous transport by capillarity suction and vapour diffusion as a 

function of the carbonation state, while simulating chloride ion transport in concrete. The model basically 

uses Fick's laws of diffusion for water vapour transport, thermal diffusion, and chloride ion diffusion in 
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water, as well as the kinetics of phenomena and the associated kinetic equation for the transport of 

water by capillary absorption, which is transformed into convection - the movement of chloride ions with 

water [15, 16]. 

 

Figure 1. Schematization of transport model TransChlor [16]. 

Following model’s equations are given by Eqs. (18), (19), (20), (21), (22), and (23): 

( )

( )
( )
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( ) ( )( )( , )
C

div R c D grad h w h T D grad Cr rCl f h Clt


=    +  


( )( )c D grad hcap rCl f

R     +  (22) 

C c w c
f f


=  +      (23) 

Eq. (18) describes the thermal diffusion process, where the specific heat capacity, cT depends on 

moisture content, w, while the thermal conductivity, λT, is a function of moisture content, w, and 

temperature, T. In Eq. (19) hydrous transport is modelled by vapour diffusion, Dh, and water capillary, 

Dcap, coefficients. Vapour transport is a function of the temperature, T, and the moisture content, w. The 

temperature effect is described by means of the Arrhenius law. Water transport is a function of the 

concrete temperature, T, the moisture content, w, the pore humidity, hr, and the duration of contact of 

concrete with water, tcontact. The capillarity coefficient, Dcap, of water is calculated according to Eq. (20), 

where the coefficients αc and tc were obtained by experimental calibrations on specific materials. The 

carbon dioxide, CO2, transport governs the carbonation progression in concrete. The extent of 

carbonated concrete is required to determine the amount of chlorides absorbed by the cement paste. 

Concrete carbonation depth, xc, expressed by Eq. (21), is obtained by considering the moisture content, 

the concrete permeability to CO2 and the chemical carbonation reaction rate. The external conditions 
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are represented by the molar carbon dioxide concentration [CO2]. The carbonation reaction rate is 

described by the molar concentrations of calcium hydroxide [Ca(OH)2] and calcium silicate hydrate 

[CSH]. The concrete carbon dioxide diffusion coefficient, De,CO2, takes into account the concrete 

permeability and the moisture content evolution in the concrete pores. The transport of chlorides 

following Eq. (22) is a function of the chloride diffusion through the pore water defined by moisture 

content, w, and the movement of entrained chlorides desolved in water moving through the concrete 

described by Eq. (19). This phenomenon is referred to as convection. The retardation of the chlorides 

front with respect to the convection induced water movement is taken into account by including the 

retardation coefficient, RCl. The chlorides bound in the cement paste, cb, are distinguished from the free 

chlorides moving through the concrete, cf. The relation between total amount of chlorides C, cf and cb is 

given by Eq. (23), including the Freundlich isotherm with constant parameters β and γ. Chloride diffusion 

coefficient in water, DCl, varies with the temperature, following the Arrhenius law. This describes the 

convection-diffusion model [15, 16]. 

     Table 1. Combined transport processes models [17]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. Conclusion 

Corrosion caused by the presence of chlorides in reinforced concrete structures is a common cause of 

their premature degradation. This phenomenon has a great economic and ecological impact, especially 

near coastal areas and marine environment. Many transport models considering diffusion, capillary 

sorption and convection have been proposed to describe the behavior of chloride penetration into 

saturated or unsaturated concrete, and then numerical modeling to investigate the process of chloride 

transport and diffusion coefficient has been conducted. Subsequently, many studies have been 

presented to address the influence of some dominating factors (environmental temperature, humidity 

fluctuation, load) on the behavior of chloride transport in concrete. In addition, some models of chloride 

transport coupled with enhanced moisture conductivity, exposure time, and environmental factors in 

unsaturated concrete have been accordingly established. This paper provides an overview of predictive 

Name/person Model 

Iqbal and Ishida 

Advective-diffusive model considering chloride transport coupled with moisture 

migration, further conducted a systematic experimental verification of moisture 

conductivity model 

Li and Li 

Global hydroionic model of drying-wetting cycle incorporating the diffusion-

convection of chlorides in pore solution, matrix binding, and the influence of salt 

on the characteristic curve of moisture transport 

Yu et al. 

Chloride diffusion coefficient model coupled with environmental factors (T, hr, t) 

to describe the chloride diffusion in concrete based on Fick’s 2nd law, further 

conducted the correlation analysis of chloride ingress into concrete between the 

field test and artificial simulated environment experiments 

Sun et al. 

Prediction model for chloride transport coupled with the migration of water vapor 

and seepage of liquid water in unsaturated concrete under drying-wetting 

condition 

Huang et al. 
Pore - size distribution model to propose the numerical approach for describing 

moisture transport in concrete 

Šavija et al. 

2D lattice model capable of simulating rapid chloride transport in concrete under 

external electric field, and further discussed influence of concrete material 

heterogeneity and cracking on the transport properties 

Wang et al. 

2D mesoscale lattice network model developed on the basis of Voronoi 

tessellation was adopted to predict the behavior of water and chloride transport 

in cracked-unsaturated concrete under drying-wetting alternation condition 

Zhao et al. 

COMSOL Multiphysics software to investigate the influence of convection and 

diffusion on chloride transport in cement mortar during drying process, and the 

numerical simulation of chloride transport validated through experiments 

(capillary absorption and free diffusion test, drying test) 
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models of chloride penetration in concrete, with an emphasis on transport mechanisms by diffusion and 

capillary sorption, or their combination. 
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Abstract 

Global warming is a significant issue on a global level, and the construction industry is a major 

contributor to the problem. The industry is responsible for approximately 38% of total global carbon 

emissions, with 13% of those emissions coming from the stages of construction and demolition. While 

many studies focus on reducing emissions during the exploitation phase, this paper proposes a 

reduction in carbon emissions during the construction phase by implementing the Lean philosophy. By 

eliminating waste and losses, including physical waste, overproduction, overprocessing, design errors, 

and excess transportation, the carbon reduction caused by burning fossil fuels is knowingly affected. By 

implementing Lean principles in construction phases, the construction industry can achieve direct 

reduction of greenhouse gases, primarily CO2. The paper presents eight recommendations for carbon 

reduction, recognized in the literature as Lean principles, including the use of low-carbon and recycled 

materials, optimizing design solutions, achieving more efficient construction processes, and utilizing 

renewable energy sources. By implementing these recommendations, the construction industry can 

significantly reduce its carbon footprint and contribute to the achievement of sustainable development 

goals. 

Keywords: carbon emissions, lean construction, SDGs, waste. 

1. Introduction

The release of carbon dioxide (CO2) into the atmosphere is a major contributor to global warming and 

is considered one of the most critical environmental concerns [1]. Burning fossil fuels accounts for 65% 

of all greenhouse gas emissions, with other gases such as methane, nitrous oxide, and fluorinated gases 

also playing a role. Therefore, it has become a top priority to reduce emissions in all industries. Figure 

1 illustrates the worldwide distribution of greenhouse gas emissions. 

Fig. 1. Distribution of global greenhouse gas emissions [2] 

The release of carbon dioxide has a significant impact on achieving the United Nations' Sustainable 

Development Goals (SDGs). Carbon emissions contribute to climate change, which is one of the most 
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significant threats to achieving these goals. Climate change can lead to the depletion of natural 

resources, loss of biodiversity, food insecurity, and negative impacts on human health. 

The construction industry is a significant contributor to the emission of carbon dioxide (CO2) throughout 

various stages of a project. This is primarily due to the reliance on burning fossil fuels for the energy 

required during the production processes, as well as indirect emissions from electricity consumption [3], 

[4]. According to the Global status report [5], the construction industry has recorded the highest levels 

of CO2 emissions, accounting for 38% of total emissions worldwide. The remaining 62% is attributed to 

traffic and other industries (Fig. 2). This data highlights the urgency for proposals aimed at reducing 

carbon emissions within the construction sector. 

 

Fig. 2. Global share of emissions in construction [5] 

The carbon emissions generated during the construction and demolition phases are commonly referred 

to as embodied carbon, which encompasses activities such as raw material extraction, production of 

building materials, transportation, installation, and eventual demolition of the building. This type of 

carbon represents the total amount of carbon incorporated into the construction process [6]. On the 

other hand, operational carbon emissions result from the building's operational phase, including 

activities such as heating, cooling, and maintenance. Embodied carbon accounts for 13% of total 

emissions, while operational carbon accounts for 27% [6]. These findings suggest the need to consider 

both embodied and operational carbon emissions in the overall carbon footprint of buildings to effectively 

address the carbon reduction goals in the construction industry. 

 

Fig. 3. Carbon emission in different project stages [6] 
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While many researchers focus on reducing emissions during the maintenance phase of building 

exploitation, it is equally important to investigate and propose strategies for reducing carbon emissions 

in all phases of the construction process. For certain types of facilities, such as warehouses, emissions 

generated during the construction phase can be significant since the operational phase may not require 

heating or cooling, resulting in lower CO2 emissions. This paper aims to investigate and propose ways 

to reduce CO2 emissions during the construction phase of buildings by utilizing Lean principles. By 

implementing Lean principles, construction efficiency can be improved through synchronized processes 

and waste elimination, which can have a positive impact on the environment [7] and moreover, in 

achieving SDGs. This approach directly contributes to reducing carbon emissions during the building 

construction phase and mitigating environmental damage. 

2. Literature review 

Peng [8] analyzed the carbon dioxide emission using a building life cycle assessment (LCA), that 

considered various stages, including design, material production, construction, maintenance and 

demolition. The findings indicated that 85% of carbon emissions originated from the maintenance and 

use phase of the building, while 13% came from the construction phase, and 2% from the demolition 

phase. A study conducted by Weigert et al. [9] shows that the most significant part of emissions is 

generated due to transportation during the construction phase, followed by emissions from the 

demolition process. Labaran et al. [10] contend that it is important to analyze carbon emissions during 

the demolition phase because significant amounts of CO2 are released during the demolition, waste 

transportation and recycling. 

Gomez et al. [11] conducted a comparative analysis of two projects with similar characteristics, one in 

which Lean principles were implemented and the the other in which they were not. The life cycle 

assessment (LCA) determined that by applying Lean principles, carbon emissions were reduced by up 

to 24%, and the negative impact on people's health during construction was reduced by up to 25%. 

Rezende et al. [12] conducted a case study implementing Lean and Green strategies. A comparison of 

reinforced concrete construction and light steel frame was made. The results indicated that the light 

steel frame construction had a 48% higher added value and emitted 8% fewer greenhouse gases during 

the building's life cycle compared to reinforced concrete construction. Furthermore, the steel structure 

was found to be 1.38 times more environmentally efficient than the concrete structure. These findings 

demonstrate the potential benefits of using Lean and Green strategies in construction, as they can result 

in reduced carbon emissions and improved environmental performance. Wu and Low [13] utilized Lean 

methodology to identify activities that do not add value to prefabricated production but contribute to 

increased carbon emissions.The results indicate that the level of carbon emissions reduction is most 

influenced by Lean principles such as continuous improvement (providing more alternatives to 

prefabricated products and the use of green building materials), the withdrawal system, and the 

transparency of information that ensures a smooth flow of production. Ghosh et al.[14] conducted a case 

study on producing and transporting drywall trade. They compared two cases, one in which traditional 

management methods were adopted and the other in which Lean techniques were applied to reduce 

waste. Then the results of that reduction were expressed through environmental benefits by measuring 

CO2 reduction. By applying Lean techniques, the amount of waste was reduced by 6%, and greenhouse 

gas emissions were reduced by more than 7.5 mtCO2e. Heravi et al.[15] implemented Lean techniques 

in the production and assembly process of steel frames to reduce energy consumption and CO2 

emissions. Life cycle assessment (LCA) estimated a reduction in energy consumption of up to 9.2%, 

while CO2 emissions were reduced by 4.4% during production and assembly. 

The literature review concluded that the Lean methodology significantly impacts reducing CO2 emissions 

in the construction industry. These findings demonstrate the potential of Lean techniques in promoting 

sustainable construction practices that prioritize the efficient use of resources and reduce carbon 

emissions.  
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3. Lean construction 

Lean construction is a widely adopted approach that aims to minimize waste and losses and maximize 

value in construction projects. The approach emphasizes waste reduction as it increases production 

capacity, as the total production capacity is a sum of work and waste [16]. 

The integration of Lean principles in the construction industry can significantly improve its performance 

by reducing waste from both technical and operational perspectives and improving teamwork by 

eliminating communication problems. Lean principles aim to analyze waste and losses resulting from all 

activities involved in the design, construction, and demolition/disassembly processes. 

Lean principles promote a unique approach to construction management, which differs from typical 

modern practice. According to Lean principles, construction management involves establishing a clear 

set of goals for the delivery process, maximizing performance at the project level, designing the facility 

and planning the process in parallel, and applying control throughout the duration of the project. The 

principles emphasize the importance of developing teamwork and a willingness to shift the burden along 

supply chains, which only works when all participants' entire process and work are aligned. Additionally, 

project performance can only be individually optimized by considering and understanding the mutual 

influence of all project components [17]. 

Womack et al. [18] define three basic waste categories: muri, mura and muda. Muda is waste in the 

form of activities that do not add value and/or work that causes waste, as well as physical waste that 

occurs during the project and the life of the structure. Eight types of waste/loss (muda) are shown in 

Figure 4. 

 

Fig. 4. Eight types of waste defined by [18] 

Removing this category of the waste directly affects the reduction of emissions. By explicitly thinking 

about eliminating the unnecessary use of resources, the Lean approach can significantly reduce costs, 

improve competitiveness and, most importantly, achieve environmental performance goals 

simultaneously. 

4. Recommendations for reducing CO2 emissions 

As previously noted, CO2 emissions in the construction industry are mainly caused by the burning of 

fossil fuels at production sites and the consumption of electricity. However, it is also important to consider 

the emissions resulting from the production of construction materials and transportation of those 
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materials both within and outside the construction site. The adoption of Lean approach can effectively 

identify opportunities to reduce greenhouse gas emissions in the construction industry by optimizing the 

use of resources and reducing waste. Based on the available literature, some recommendations for 

reducing carbon dioxide emissions through Lean principles in the construction industry are: 

• Eliminating waste and losses during the construction project - By preventing excessive 

production of construction materials, elements or objects, CO2 emissions from production processes 

will be reduced. Those production processes cause the consumption of electricity and the burning of 

fossil fuels to run equipment and machinery, which are the indirect and direct sources of emissions. 

Storing excessive amounts of materials and elements also leads to the need for warehouses, which 

generate direct emissions during construction and indirect emissions during maintenance. Reducing 

the need for additional transport, unnecessary movement and waiting on the project is crucial for 

reducing direct CO2 emissions, as transport is one of the leading causes of global warming due to 

high emissions. Additionally, a lack of skills and knowledge among project participants is a significant 

cause of waste and losses during construction projects, leading to the occurrence of scrap and 

excessive processing in production processes, which also contribute to carbon emissions. By 

eliminating these types of waste and losses, the need to repeat production operations that cause CO2 

emissions can be minimized, ultimately reducing the carbon footprint of the construction industry. The 

implementation of Lean principles, such as just-in-time production and pull systems, can help reduce 

waste and losses, leading to more efficient construction practices that prioritize the sustainable use 

of resources and reduce carbon emissions. 

• Use of low-carbon materials - The choice of building materials, especially the main structural 

elements that make up about 80% of the building, can significantly impact the amount of carbon 

dioxide emissions in construction. For example, a study by Cabeza et al. [19] analyzed the life cycle 

of concrete, steel, and wood frame construction and found that a concrete frame generates 44% more 

CO2 emissions than a steel frame and 49% more than a wooden one. Another study by You et al. 

[20] compared the lifetime emissions of a reinforced concrete structure and a steel structure, finding 

that the reinforced concrete structure emitted 329.61 t of CO2, while the steel structure emitted 315.79 

t. The findings of these studies demonstrate that the choice of material directly affects the level of 

emissions, with some materials having a lower carbon footprint than others. Additionally, the 

homogeneity and method of connection of steel structural elements make them much easier to 

recycle or reuse compared to reinforced concrete elements, which can contribute to reductions in 

emissions through material circularity and the elimination of repeated production processes. 

According to researchers [21], [22], some low-carbon materials include low-carbon cement, wood, 

clay, straw, cork, bamboo, stone, rammed earth and sawdust. By prioritizing the use of low-carbon 

materials in construction, the industry can play a critical role in mitigating the impacts of global 

warming and contributing to a more sustainable future. 

• Better Improved design solution - Optimizing the design of buildings to be compatible with the 

natural environment and conditions is a critical step in reducing carbon emissions in construction. 

One way to achieve this is by selecting low-carbon materials or materials that are sourced locally, 

which can reduce emissions associated with transportation. Furthermore, the adoption of structural 

systems that require minimal use of machinery during construction and can be dismantled and 

recycled or reused can also contribute to significant reductions in carbon emissions.  

• Use of recycled materials – Cement production generates over 6% of the total CO2 emissions [23]. 

Research by Shin and Kim [24] explored the use of recycled aggregates for non-structural building 

materials and found that it could reduce embodied carbon emissions for different types of buildings 

by up to 10%. Similarly, Costa and Ribeiro [25] were able to reduce CO2 emissions by up to 15% by 

replacing traditional raw materials for cement production with construction waste. The use of recycled 

materials has multiple benefits, including reducing waste in landfills and reducing CO2 emissions. By 

prioritizing the use of recycled materials in construction, the industry can contribute to a more 

sustainable and circular economy while also mitigating the impacts of global warming. 
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• Use of materials that can be found near the construction site - This recommendation is directly 

related to the length of transportation of materials. Shortening the transport length reduces the need 

for transport machinery that causes direct CO2 emissions by burning fossil fuels. Crishna et al. [26] 

investigated the differences in CO2 emissions during the production of three different types of stone. 

The study results showed that stone production in Great Britain was more efficient in terms of CO2 

emissions than other countries included in the study. However, the authors note that significant 

emissions reductions can still be achieved by increasing production efficiency, shortening 

transportation, and using local materials, i.e. reducing the import of materials from other countries. 

• Improving the efficiency of the construction process - Good planning and project management 

achieve efficiency in construction processes, i.e. reduction of waste (more efficient production of 

materials), shorter construction period (shortening of mechanization work), more efficient use of 

mechanization in construction processes, reduction of electricity consumption and others. 

• Use of prefabricated elements - Jeong et al. [27] compared the emissions of a prefabricated column 

and a column constructed on-site, considering the stages of manufacture, transport and assembly. 

The research results showed that the CO2 emissions of the prefabricated column were 72% higher 

because the emissions during the production phase of the prefabricated column were much higher. 

However, research conducted by Ji et al. [28] reduced total greenhouse gas emissions by 3.2%. The 

research included estimating total emissions during the construction of one prefabricated building 

and one building whose construction was on-site. Emissions which originate from production, 

transport and construction processes were analyzed. Research findings by Iodica et al. [29] showed 

that selective demolition and increased recycling reduce greenhouse gas emissions by 88%. A case 

study by Cui et al. [30] shows that demolishing an existing building and building a new one emits less 

carbon than rebuilding, renovating and conserving the building. Applying prefabricated systems would 

ensure the possibility of dismantling buildings and, therefore, reduce emissions that the previously 

mentioned authors observed through their research activities. The potential for further reduction of 

CO2 emissions can be found by considering production processes in prefabrication. 

• Use of renewable energy sources - Tan et al. [31] investigated the impact of using renewable 

energy sources to reduce CO2 emissions. The study results showed that using renewable energy 

sources in China reduced emissions by 0.324% per capita. Renewable energy sources were found 

to have the greatest potential for reducing CO2 emissions during the operational phase of a facility. 

5. Conclusion 

Global warming significantly impacts the deterioration of the quality of the environment, life on the planet 

and future generations. One of the industries that can significantly contribute to eliminating this problem 

is the construction industry because it is responsible for 38% of CO2 emissions on Earth. The Lean 

philosophy has shown to be an effective approach in reducing carbon emissions by eliminating waste, 

optimizing construction processes, using sustainable materials, and increasing quality and value. By 

implementing Lean principles in the construction phases, the goal is directly achieved, which is the 

reduction of gases with the greenhouse effect, the largest share of which is precisely CO2. Carbon 

emissions are reduced by reducing all types of waste, errors and repairs on the construction site, 

transportation needs, optimizing the planning of construction projects, reusing materials/elements, using 

sustainable materials, and increasing quality and value. Through the analysis of studies and research, 

this paper presented eight recommendations for carbon reduction in the construction industry, which 

include eliminating waste during construction, using low-carbon and recycled materials, optimizing the 

design solution, using materials that are closer to the construction site, achieving more efficient 

construction processes, using prefabricated elements, and using renewable energy sources.  

The directions of further research would focus on the possibility of reducing CO2 emissions by applying 

Lean methodology in other phases of construction projects, as well as integrating BIM technology with 

the aim of easier implementation of Lean principles. By implementing these recommendations and 

further exploring new solutions, the construction industry can contribute to reducing CO2 emissions and 
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promoting a more sustainable future. Moreover, by implementing sustainable construction practices, 

such as utilizing renewable energy sources, reducing waste, and improving construction efficiency, the 

construction industry can significantly reduce its carbon footprint and contribute to the achievement of 

SDGs. 
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Abstract 

Since the multidimensional uncertainties, the international construction market is a more risker market 

rather than domestic construction market. Sustainable business in the international market requires 

accurate project diagnosis and proactive response strategies through the risk assessment process and 

it is necessary to provide empirical risk evaluation data to support more accurate risk assessment in 

aspects of practice. This study, therefore, aims to analyze and provide risk evaluation data which 

contains key risk factors, risk impact and probability in aspects of cost performance. The 124 

international construction projects conducted from Korean contractors were used in this study. The key 

risk factors were derived by comparing low-performance project and high-performance project in 

aspects of cost performance and the results are suggested by product types which are civil structure, 

building and plant. The study found that ‘Insufficient period for construction completion’, ‘Weather and 

climate uncertainty’ and ‘IT based project management difficulties’ are the high ranked risk factors 

regardless of product types. It also found that contract risk had the greatest impact on business in 

international market since lots of high ranked risk factors are belong to contract risk. The results of this 

study can be used as a reference data for practitioners to evaluate the risks of international construction 

projects and will support them successfully carry out the project through more accurate risk assessment 

based on past case data. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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1. Introduction

1.1. Research Background 

Since the multidimensional uncertainties, the international construction market is a more risker market 

rather than domestic construction market [1]. Many construction contractors have entered international 

market in anticipation of high profitability based on the principle of the “high risk high return”. Due to 

difficulties such as unfamiliar site condition, cultural difference, project complexity, insufficient 

contingency, however, it is difficult to guarantee high returns in the international market [2-4]. Many 

studies were conducted on risk management methods to successfully carry out international 

construction project. The author’s previous study which is one of them dealt with the relation between 

risk management performance and project performance and the result showed that risk assessment 

performance which means risk assessment accuracy is the most important success factor to yield the 

high return rather than risk mitigation performance [5]. In order to carry out sustainable business in 

international markets, it is necessary to provide empirical risk evaluation data to support more accurate 

risk assessment. Therefore, this study aims to derive key risk factors by analyzing risk evaluation data 

of international construction projects as a pilot study for supporting more accurate risk assessment in 

practice. This study sought to provide more detailed information to practitioners by deriving key risk 

factors based on impact and probability by product types which are civil structure, building and plant. 
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1.2. Research Framework 

The purpose of this study is to find out the key risk factors by comparing low-performance project (LPP) 

and high-performance project (HPP) in aspects of project cost and provide the empirical risk evaluation 

data which contains risk impact and probability. To achieve this purpose. this study conducted a 

structured questionnaire-surveys of 124 international construction projects. Through the surveys, cost 

impact data of 54 risk factors and the actual profitability data were collected. Second, international 

construction projects classified into three product type. And then these project groups classified into 

LPP and HPP based on profitability of each project. Lastly, Impact and probability of 54 risk factors were 

calculated for each group based on cost impact data collected from surveys. To test the difference of 

impact and probability between LPP and HPP, Mann-Whiney U test was conducted, and the key risk 

factors, finally, were derived by product type. Fig 1. Shows the overall research framework. 

 

 

Fig. 1. Research framework 

2. Methodology 

2.1. Data collection 

The 54 risk factors which are same as the authors’ previous study [5,6] are used in this study. As shown 

in Table 1, the 54 risk factors grouped into 9 subcategories which are political risk, economical risk, infra 

and social risk, owner risk, contract risk, site risk, management risk, technical risk, and partner risk. 

These subcategories also grouped into 3 categories which are country risk, project risk and capability 

risk. 

Table 1. Risk factors of international construction project [5,6] 

Category Code Subcategory (# of risk factors) 

Country risk CP Political risk (3) 

 CE Economical risk (3) 

 CI Infra and social risk (6) 

Project risk PO Owner risk (5) 

 PC Contract risk (9) 

 PS Site risk (4) 

Capability risk CAM Management risk (12) 

 CAT Technical risk (5) 

 CAP Partner risk (3) 

 

Based on these factors, this study conducted questionnaire-surveys to 124 international construction 

projects which were performed by the Korean contractors. Through the questionnaire-surveys, the cost 

impact of each 54 risk factors and actual profitability of projects were collected. Especially, this study 

evaluated cost impact of risk factors as skewed seven-point Likert scale (Fig 2). Therefore, this study 

reflected both positive and negative effect of each risk factors on project cost performance.   
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Fig. 2. Risk measurement scale 

2.2. Project classification 

This study aims to analyze the difference of risk impact and probability between low-performance project 

(LPP) and high-performance project (HPP) in aspects of cost performance. As a criterion for 

distinguishing LPP and HPP, actual profitability information collected through surveys was used. Using 

median value of the profitability, this study analyzed the cost impact data collected by dividing LPP and 

HPP for each of the three product types which are civil structure, building and plant. 

2.3. Risk impact and probability  

Based on result of questionnaire-surveys and project classification, the risk impact and risk probability 

were calculated for each project group. The impact of individual risk factors was calculated as the 

average of the evaluated cost impacts. The probability of individual risk factors was calculated on the 

assumption that risk did not occur when the cost impact was evaluated as zero (No impact). The 

summary of average risk impact and probability by each project group are as shown in Table 2. 

Table 2. The summary of average risk impact and probability 

Project profile Total LPP (<5%) HPP (>5%) 

Civil structure # of project 67 37 30 

 impact 0.299 0.582 0.017 

 probability 33.0% 40.5% 25.5% 

Building # of project 33 15 18 

 Impact 0.406 0.550 0.262 

 probability 35.4% 39.4% 31.4% 

Plant # of project 24 16 8 

 impact 0.095 0.181 0.009 

 probability 30.3% 29.9% 30.6% 

 

3. Analysis and Result 

Since the data set was not satisfied the normality, this study used the Mann-Whitney U test to test the 

difference between LPP and HPP. The Mann-Whitney U test which is one of the non-parametric 

statistical analyses and it is used to compare differences between two independent groups when the 

dependent variable is either ordinal or continuous, but not normally distributed [7]. The key risk factors 

were derived as the top ranked factors of LPP in aspects of impact and probability. The results 

suggested as followed. 

3.1. Civil structure 

Table 3. shows the impact of top ranked risk factors in civil structure projects, where ‘Insufficient period 

for construction completion’ and ‘Weather and climate uncertainty’ ranked first, second in both LPP and 

HPP, posing the most and the second most degree of risk on both LPP and HPP. ‘Material supply 

difficulties in host country’, ‘Administrative approval and licensing delays’, ‘Imperfect institution related 

to construction’ and ‘Unfavorable tax and tariff treaty’ showed similar rankings between LPP and HPP. 
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However, there was a significant difference in rankings between LPP and HPP for ‘Uncertainty of 

inflation rate’ and ‘Insufficient time for bid preparation’. These two risk factors ranked high in LPP 

projects, indicating a substantial degree of risk on LPP. On the contrary, these two risk factors scored 

below zero in HPP, meaning that they had a positive impact on cost performance. Therefore, these two 

risk factors require intensive management to obtain high return in aspects of cost performance. 

Table 3. Impact of top 10 risk factors in civil structure 

 

Risk Factor 

 LPP HPP 

Code Impact Rank Impact Rank 

Insufficient period for construction completionb PC 1.703 1 0.600 1  

Weather and climate uncertaintyb PS 1.361 2 0.467 2  

Uncertainty of inflation rateb CE 1.306 3 -0.067 33  

IT based project management difficultiesb CAT 1.297 4 0.172 13  

Material supply difficulties in host countryb CI 1.270 5 0.267 7  

Administrative approval and licensing delaysb PO 1.194 6 0.333 5  

Insufficient time for bid preparationb PC 1.135 7 -0.167 44  

Subcontractor supply difficulties in host countryb CI 1.135 7 0.267 7  

Imperfect institution related to constructionb CP 1.108 9 0.172 13  

Unfavorable tax and tariff treaty PC 1.028 10 0.345 4  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

Table 4. shows the probability of top ranked risk factors in civil structure projects. The probability of all 

top 10 risks in the LPP as more than 50%. ‘Weather and climate uncertainty ‘, ‘Insufficient period for 

construction completion’, ‘Uncertainty of inflation rate’, ‘IT based project management difficulties’ and 

‘Insufficient time for bid preparation’ ranked high in both LPP and HPP. However, ‘Insufficient 

organizational management capability’, ‘Insufficient claim management capability’, ‘Imperfect institution 

related to construction’ and ‘Insufficient project management capability of employer’ ranked only high in 

LPP, not in HPP. To achieve high performance, practitioner should develop a response plan that 

mitigates the probability of these factors.  

Table 4. Probability of top 10 risk factors in civil structure project 

 

Risk Factor 

 LPP HPP 

Code Probability Rank Probability Rank 

Insufficient organizational management capabilityb CAM 69.4% 1 30.0% 20  

Weather and climate uncertaintya PS 63.9% 2 40.0% 4  

Insufficient claim management capabilityb CAM 63.9% 2 30.0% 20  

Insufficient period for construction completion PC 62.2% 4 46.7% 2  

Uncertainty of inflation rate CE 61.1% 5 50.0% 1  

IT based project management difficultiesa CAT 59.5% 6 37.9% 6  

Imperfect institution related to constructionb CP 56.8% 7 24.1% 31  

Insufficient project management capability of employerb PO 56.8% 7 26.7% 28  

Administrative approval and licensing delaysa PO 55.6% 9 33.3% 15  

Insufficient time for bid preparation PC 54.1% 10 36.7% 8  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

3.2. Building 

Table 5. shows the impact of top 10 risk factors in building projects, where ‘Insufficient period for 

construction completion’, ‘Weather and climate uncertainty’, ‘Overall construction method difficulties’ 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-080

Keszthely, Hungary 
20-23 June 2023

619



and ‘Difference in culture, customs, and routines’ ranked high in both LPP and HPP. ‘Insufficient time 

for bid preparation’ and ‘JV's insufficient construction capability’ are the biggest difference in rank 

between LPP and HPP. Therefore, these two risk factors require intensive management to obtain high 

return in aspects of cost performance. 

Table 5. Impact of top 10 risk factors in building 

 

Risk Factor 

 LPP HPP 

Code Impact Rank Impact Rank 

Insufficient period for construction completionb PC 2.067 1 0.647 5  

Design accuracy provided by employerb PC 1.615 2 0.235 26  

Weather and climate uncertainty PS 1.429 3 0.824 1  

Overall construction method difficulties CAT 1.429 3 0.667 3  

Insufficient time for bid preparationa PC 1.200 5 0.125 34  

JV's insufficient construction capabilityb CAP 1.143 6 0.111 41  

Difference in culture, customs, and routines CI 1.000 7 0.235 3  

IT based project management difficulties CAT 1.000 7 0.667 26  

Insufficient project management capability of employer PO 0.933 9 0.375 14  

Unfavorable liquidated damage agreement PC 0.933 9 0.294 21  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

Table 6. shows the probability of top 10 risk factors in building projects. ‘Insufficient period for 

construction completion’ ranked first in both LPP and HPP, indicating that the frequency of this risk factor 

was the highest in both LPP and HPP. ‘Weather and climate uncertainty’, ‘IT based project management 

difficulties’ ranked high in both LPP and HPP. Especially, ‘New construction technology difficulties’ and 

‘Informal request by employer’ are the biggest difference in rank between LPP and HPP. These two risk 

factors must be managed to obtain high return in aspects of cost performance. 

Table 6. Probability of top 10 risk factors in building 

 

Risk Factor 

 LPP HPP 

Code Probability Rank Probability Rank 

Insufficient period for construction completion PC 66.7% 1  64.7% 1  

Weather and climate uncertainty PS 64.3% 2  47.1% 5  

JV's insufficient construction capabilitya CAP 64.3% 2  33.3% 23  

Design accuracy provided by employer PC 61.5% 4  41.2% 14  

New construction technology difficultiesa CAT 58.3% 5  23.1% 42  

IT based project management difficulties CAT 58.3% 5  44.4% 8  

Insufficient specification provided by employer PC 57.1% 7  29.4% 26  

Overall construction method difficulties CAT 57.1% 7  33.3% 23  

Poor infra and logistics conditiona CI 53.3% 9  29.4% 26  

Informal request by employera PO 53.3% 9  17.6% 46  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

3.3. Plant 

Table 7. shows the impact of top 10 risk factors in plant projects. 7 out of 10 risk factors ranked high in 

both LPP and HPP. It means that impact is not important criterion for distinguishing between LPP and 

HPP. ‘Uncertainty of local currency’, ‘Unfavorable liquidated damage agreement’ and ‘Unfavorable claim 

and arbitration agreement’ ranked only high in LPP. Especially ‘Uncertainty of local currency’ has 

positive impact on cost performance in HPP. 
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Table 7. Impact of top 10 risk factors in plant 

 

Risk Factor 

 LPP HPP 

Code Impact Rank Impact Rank 

Design accuracy provided by employer PC 1.071 1  0.625 2  

Informal request by employera PO 1.000 2  0.250 8  

Insufficient project management capability of employer PO 0.786 3  0.250 8  

Insufficient specification provided by employer PC 0.786 3  0.250 8  

Political instability such as civil war and regime change CP 0.625 5  0.875 1  

Insufficient period for construction completion PC 0.563 6  0.500 3  

Corruption, collusion, and underground deal practice CP 0.500 7  0.250 8  

Uncertainty of local currencyb CE 0.500 7  -0.143 41  

Unfavorable liquidated damage agreementa PC 0.467 9  0.000 27  

Unfavorable claim and arbitration agreementa PC 0.467 9  0.000 27  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

Table 8. shows the probability of top 10 risk factors in plant projects. 6 out of 10 risk factors have a rank 

difference between LPP and HPP. It means that probability is a relatively important criterion for 

distinguishing between LPP and HPP than impact. Therefore, practitioner should develop a response 

plan that mitigates the probability. ‘Design accuracy provided by employer’, ‘IT based project 

management difficulties’, ‘Insufficient specification provided by employer’ and ‘Overall construction 

method difficulties’ were ranked high in both LPP and HPP.  

Table 8. Probability of top 10 risk factors in plant projects 

 

Risk Factor 

 LPP HPP 

Code Probability Rank Probability Rank 

Design accuracy provided by employer PC 57.1% 1  62.5% 2  

Insufficient period for construction completiona PC 56.3% 2  37.5% 13  

IT based project management difficulties CAT 56.3% 2  50.0% 5  

Subcontractor supply difficulties in host country CI 53.3% 4  37.5% 13  

Informal request by employera PO 53.3% 4  25.0% 29  

Administrative approval and licensing delays PO 50.0% 6  25.0% 29  

Insufficient specification provided by employer PC 50.0% 6  50.0% 5  

Overall construction method difficulties CAT 50.0% 6  67.5% 1  

Insufficient time for bid preparation PC 43.8% 9  28.6% 24  

Unrewarded change of lawa PC 43.8% 9  12.5% 46  

aCorrelation is significance at the 0.1 level (two tailed), bCorrelation is significance at the 0.05 level (two tailed) 

 

4. Conclusion 

This study aims to derive key risk factors for supporting more accurate risk assessment in practice. To 

achieve this purpose, this study conducted a structured questionnaire-surveys of 124 international 

construction projects and collected the cost impact data of 54 risk factors and profitability data. Based 

on the collected data, projects were classified by cost performance and product type, and comparative 

analysis was performed from the perspective of impact and probability. The study shows that ‘Insufficient 

period for construction completion’, ‘Weather and climate uncertainty’ and ‘IT based project 

management difficulties’ is the high ranked risk factors regardless of project type. ‘Insufficient period for 

construction completion’ is, especially, the most important risk factor that should be managed in 
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international construction project. In addition, at least 3 out of 10 risk factors are classified as contract 

risk. Contractors, therefore, need to develop contract risk management capabilities to carry out 

sustainable business in international markets. Since this study is a pilot study, there is a limitation that 

it is difficult to provide academical contributions. However, this study is meaningful in that it provides 

empirical data related to key risk factors, impact, and probability of each factor so that practitioners can 

more accurately assess risks. In further study, the authors will deal with the risk response strategies to 

provide more meaningful knowledge for industry and academia. 
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Abstract 

Digital Terrain Models, commonly known as DTMs, is a principal component of 3D models in 

construction projects. DTMs provide a digital topographic model of the earth's surface, with input from 

terrestrial and/or aerial surveying technologies. Departments of Transportation (DOTs) in the United 

States have implemented different practices to use DTMs in their highway and infrastructure 

construction projects. With the absence of studies tackling practices for construction-ready DTMs, it 

becomes important to understand and investigate how state DOTs vary in their deployment and 

implementation of DTMs in construction. To achieve this objective, data gathered from a nationwide 

survey was first used to cluster state DOTs into three categories based on their DTM experience in 

construction: beginner, moderate, and advanced. The two metrics used to categorize state DOTs were 

the total years of using DTM and the number of projects annually that use DTM. Then, nine DTM aspects 

were analyzed for the three state DOT categories, namely: sources, training, use cases, handover, 

project sizes, project types, project-specific benefits, long-term benefits, and challenges. Findings from 

this paper can assist state DOT professionals in (1) assessing their agency’s current level of experience 

with DTM in construction, and (2) providing them with a reference of what other state DOTs (whether 

with the same expertise level or higher) are doing so they can advance or “level up” their agency’s 

experience and further leverage the use of DTM in construction.  

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: digital terrain models; department of transportation; DTMs; DOTs 

1. Background

Several recent initiatives have sought to push the use of three-dimensional models (3D models) into 

highway and infrastructure projects. In 2009, the Federal Highway Administration (FHWA) and the 

American Association of State Highway and Transportation (AASHTO) began the Every Day Counts 

(EDC) program to identify and deploy underutilized innovations in construction projects, especially for 

state Departments of Transportation (DOTs) [1]. Between the six EDC rounds that happened thus far, 

four have discussed the use of 3D models throughout the different lifecycles of a construction project 

[2]–[6]. Major benefits of 3D models include improved project delivery, improved communication, 

enhanced clash detection and identification of errors, improved visualization,  and cost savings [7].  

A major component of the 3D model is the Digital Terrain Model (DTM). A DTM is a “digital topographic 

model of the earth's surface that can be manipulated through computer-aided design programs” [8].  

DTMs are constructed using data acquired via remote sensing technologies, both aerial or terrestrial, 

such as LiDAR, 3D laser scanning, and georeferenced point clouds with high-resolution imagery [8], [9]. 

Because of the importance of DTMs, the National Cooperative Highway Research Program (NCHRP) 

called for a synthesis project (Synthesis 560) to document and study the processes and strategies used 

by state DOTs for the use and transfer of DTMs from design to construction of highway projects [10]. 
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The findings of the NCHRP study documented the state of practice of DTMs across all DOTs and 

reported results broadly, showcasing that not all DOTs share the same level of DTM experience. Thus, 

a deeper dive into these practices is needed to better understand how the deployment and 

implementation of DTM in construction vary with the DOT’s level of DTM experience. Such analysis can 

assist state DOT practitioners and researchers in (1) assessing their agency’s current level of 

experience with DTM in construction, and (2) providing a reference of what other state DOTs (whether 

with the same expertise level or higher) are doing so they can advance or “level up” their agency’s 

experience and further leverage the use of DTM in construction. Therefore, this paper uses the NCHRP 

data to characterize state DOTs according to their DTM experience in construction into beginner, 

moderate, and advanced to provide insights into how the DTM practices vary across the three levels. 

2. Methodology 

A survey was first created on Qualtrics and included questions targeting different DTM areas, namely: 

sources of DTM, training, use cases, handover, benefits, and challenges. The survey also asked about 

the number of projects that use DTM annually and the number of years that the DOT has been using 

DTM – both of which were used to group DOTs under three categories based on their DTM experience: 

beginner experience, moderate experience, and advanced experience. Statistical analysis was then 

performed to detect similarities and differences between the three categories and draw insights that can 

help DOTs with their DTM journey. Due to the qualitative nature of the questions, non-parametric tests 

including Wilcoxon Rank-Sum Test (to test for significant difference among a group, or between two 

independent groups), Kruskal-Wallis test (to test for significance among three or more groups), Conover-

Iman test (a posthoc test to detect the groups with significant differences if Kruskal-Wallis was 

significant), and Kendall tau-b test (to detect significant correlations) [11]–[14]. 

3. Data Collection 

The survey was built on Qualtrics and distributed by email to AASHTO Committee on Construction 

(CoC) members in all 50 state DOTs and D.C. Recipients of the survey request were asked to forward 

the survey to the individual in the DOT who is most knowledgeable with DTMs. A total of 38 complete 

replies were compiled, for a 75% response rate (Figure 1). The sample size of 38 is enough to have 

95% confidence that the real value of every measured metric is within ±8% of the measured value.  

 

Figure1.  A map of state DOTs that participated in the study was generated by MapChart.net (N=38). 

Respondents were asked to identify the division in which they work and their corresponding roles. Half 

of the respondents indicated that they work in the construction division (50%), followed by highway 

design (18%), CADD/support (18%), then surveying support (8%). The designated roles of respondents 

varied between construction engineer or engineer manager (48%), followed by CADD/technical 
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supporter (23%), a designer (8%), then a field engineer/inspector (3%). Given the survey was distributed 

to the AASHTO CoC, this is not a surprising distribution. However, recipients of the survey request were 

asked to distribute the survey to the individual in the DOT who is most knowledgeable with DTM.  

4. Data Analysis and Discussion 

As mentioned earlier, DTM practices vary across DOTs, and the perspectives on aspects such as 

training, use cases, benefits, and challenges could depend on the DOT expertise level of using DTM. 

Thus, this paper will divide the DOTs into three distinct experience levels depending on the years of 

using DTM and the number of projects. k-means clustering was employed to group DOTs based on two 

criteria: (1) the estimated number of years that the DOT has been using DTM in the construction phase 

and (2) the number of projects that use DTM annually. The clustering analysis yielded three categories 

as shown in Figure 2: 

• Category 1 – DOTs with Beginner DTM Experience: This cluster represents 7 DOTs that have 

been using DTM for less than 10 years on less than 10 projects annually.  

• Category 2 – DOTs with Moderate DTM Experience: This cluster represents 13 DOTs that have 

been using DTM for more than 5 years on 10 to 50 projects annually.  

• Category 3 – DOTs with Advanced DTM Experience: This cluster represents 18 DOTs that have 

been using DTM for more than 5 years on more than 50 projects annually.  

 

Figure 2. Different DOT categories depend on their level of DTM experience. 

4.1. DTM Use Cases 

To understand how DOTs, use DTM, the survey provided respondents with a list of 11 use cases and 

asked them to indicate whether their DOT uses DTM for the specific use case and the frequency of 

usage on a four-point scale. The scale was converted to a weighted use-case frequency score using 

Equation (1): 

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑈𝑠𝑒𝐶𝑎𝑠𝑒 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑆𝑐𝑜𝑟𝑒 =  
∑ (1𝑟+2𝑠+3𝑜+4𝑎)𝑛

𝑖=0

𝑛
                                                                                (1) 

where (𝑛) represents the total number of responses that use DTM for a certain use-case, (𝑟) the number 

of responses that selected “rarely”, (𝑠) represents the number of responses that selected “sometimes”, 

(𝑜) represents the number of responses that selected “often”, and (𝑎) represents the number of 

responses that selected “always”. Results are shown in Table 1. Cluster analysis was also performed 

on the two variables (relative frequency of using the use-case, and the weighted frequency score) to 

classify use-cases between low usage, middle usage, and high usage for every category. Results are 

shown in Table 2. 
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Table 1. Results of Frequency and Weighted Score 

 Beginner Moderate Advanced 

Use-Case Relative 

Frequency* 

Weighted 

Score** 

Relative 

Frequency* 

Weighted 

Score** 

Relative 

Frequency* 

Weighted 

Score** 

Automated Machine Guidance 0.71 2.2 0.83 2.5 0.94 2.71 

Cost Analysis for Initial Construction Bid 0.43 1.33 0.83 2.1 0.83 2.47 

Cost Analysis for Future Maintenance - - 0.42 1.2 0.38 1.17 

Field Staking 0.71 2 0.92 1.91 0.94 2.69 

Grade Work 0.71 2.4 1 2.46 1 3 

Pavement Thickness Checks 0.57 1.5 0.42 2 0.82 1.93 

Progress Checks 0.71 1.6 0.75 1.89 1 2 

QA/QC, Clash Detection, or Reducing 

Plan Discrepancies 

0.43 1 0.85 1.91 0.76 1.85 

Quantity Measurements 0.71 2 1 2.25 1 2.24 

Survey Verification 0.71 1.6 0.92 2.67 1 2.5 

Work Planning, Productivity, or Efficiency 5 6 0.67 1.88 0.56 2 

* Relative frequency represents the ratio of the number of respondents that chose the use case within 

the DTM category to the number of DOTs within the category from Figure 2 

** Based on Equation (1) 

Starting with DOTs with beginner DTM experience (Table 1), most of the DOTs use DTM for “grade 

work”, “automated machine guidance”, “quantity measurements”, “field staking”, “survey verifications”, 

and “progress checks”. However, looking at the weighted scores, none of the use cases are on average 

“often” used among DOTs.  Two of the use cases – “cost analysis for future maintenance”, and “work 

planning, productivity, or efficiency”, were not selected, indicating that DTM is not used by the DOTs. 

Table 2. Cluster analysis for use cases.  

Use-Case Beginner Moderate Advanced 

Automated Machine Guidance High Usage High Usage High Usage 

Grade Work High Usage High Usage High Usage 

Quantity Measurements High Usage High Usage High Usage 

Survey Verification Middle Usage High Usage High Usage 

Field Staking High Usage Middle Usage High Usage 

Progress Checks Middle Usage Middle Usage High Usage 

Cost Analysis for Initial Construction Bid Low Usage Middle Usage High Usage 

Pavement Thickness Checks Low Usage Middle Usage Middle Usage 

QA/QC, Clash Detection, or Reducing Plan Discrepancies Low Usage Middle Usage Middle Usage 

Work Planning, Productivity, or Efficiency No Usage Middle Usage Middle Usage 

Cost Analysis for Future Maintenance No Usage Low Usage Low Usage 

As for DOTs with moderate DTM experience (Table 1), all DOTs use DTM for “grade work” and “quantity 

measurements”, while less than half use DTM for “pavement thickness checks” and “cost analysis for 

future maintenance”. Looking at the weighted scores, half the use cases are between “sometimes” and 

“often”, and the other half is between “rarely” and “sometimes”. Other use cases indicated by this 

category include “hydraulic design”. Similar results were shown for DOTs with advanced DTM 

experience (Table 1) where all DOTs use “grade work”, “survey verification”, “quantity measurements” 

and “progress checks” while less than half use DTM for “cost analysis for future maintenance”. Looking 

at the frequency scores, most of the use cases are between “sometimes” and “often”, with “grade work” 

being between “often” and “always”. Other use cases indicated by this category include “design”, “PD&E 

studies”, “visualization”, and “construction sequencing”. 
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Based on Table 2, it becomes evident that the most common use cases for DTM are “automated 

machine guidance”, “grade work”, “quantity measurements”, “survey verification”, and “field staking” 

regardless of their proficiency. On the other hand, DOTs rarely use DTM for “cost analysis for future 

maintenance”. The number of highly used use cases increases as DOTs become more proficient: DOTs 

with advanced experience have seven use cases that are highly used, while those with moderate and 

beginner have four each. This shows that DOTs with advanced experience tested and found wider 

applicability of DTM for their construction management responsibilities. The results of Table 2 also show 

that a big room for improvement exists. While DOTs with beginner and moderate DTM experience can 

understand how higher categories are utilizing DTM, the use of DTM in the advanced category is still 

not optimized. DOTs of the highest category still have space to further experiment with DTM and use 

the model for further applications since they already invest in creating it.    

4.2. DTM Project Sizes 

Respondents were asked to indicate the sizes of the projects that their DOTs use DTM on. Based on 

Figure 3, the percentage of using DTM regardless of the size of the project increases as DOTs become 

more proficient with DTM. To understand significant differences between the DOTs, standard error bars 

to show the confidence intervals of the percentages were compiled and added.  The standard error (SE) 

is used to represent variability in estimates of a parameter and compute a 95% Confidence Interval (CI) 

that defines a range of values that contains the population parameter as shown in Equation (2): 

𝑆𝐸 = √
𝑝(1−𝑝)

𝑛
                                                                                                                                              (2) 

where (𝑝) represents the sample proportion for successes; in this case, it is the percentage that selected 

the targeted project size and (𝑛) represents the sample size – in this case, the sample size of the DOT 

group. The general form of the confidence interval is shown in Equation (3): 

𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 ± 𝑧𝛼
2⁄ 𝑆𝐸                                                                                                                                                   (3) 

where 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 is the sample proportion p and (𝑧𝛼
2⁄ ) represents the z-score – in this case, 

from the sample size – in this case, from the standard normal distribution, for a 95% CI and 𝛼 = 0.05, 

then 𝑧𝛼
2⁄ =  𝑧0.05

2⁄ = 1.96. Thus, the 95% CI of the percentages is obtained by: 𝑝𝑜𝑖𝑛𝑡 𝑜𝑓 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒 ±

1.96 𝑆𝐸, and the resulting error bars are shown in Figure 3. 

 

Figure 3. Perspectives of DOTs on the sizes of projects that use DTM. 

Based on the standard error bars, while the percentage increase can be significant when comparing 

beginner to moderate and beginner to advanced (because the error bars do not overlap), the same 

cannot be said about moderate and advanced. Thus, there is no evidence of a relationship between 

using DTM for projects regardless of size and the level of DOT experience.   

4.3. DTM Project-Specific Benefits 

To evaluate the project-based benefits of using DTM on construction projects, the survey asked 

respondents to evaluate six major project-based benefits on a five-point Likert scale. The scale was 

converted to a weighted benefit score using Equation (4): 
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𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝐵𝑒𝑛𝑒𝑓𝑖𝑡 𝑆𝑐𝑜𝑟𝑒 =  
∑ (1𝑉𝐿+2𝐿+3𝑀+4𝐻+5𝑉𝐻)𝑛

𝑖=0

𝑛
                                                                                (4) 

where (𝑛) represents the total number of responses that evaluated a certain project-based benefit, (𝑉𝐿) 

the number of responses that selected “very low”, (𝐿) represents the number of responses that selected 

“low”, (𝑀) the number of responses that selected “moderate”, (𝐻) represents the number of responses 

that selected “high”, and  (𝑉𝐻) represents the number of responses that selected “very high”. 

The results are summarized in Figure 4. Note that the bars shown are for standard deviation, and not 

standard errors. DOTs with beginner and moderate DTM experience indicated that “earlier identification 

of plan discrepancies and conflicts” is the top project-specific benefit, while DOTs with advanced 

experience selected “easier to calculate construction quantities”. On the other hand, DOTs with 

moderate DTM experience considered “fewer change orders” as the least perceived project-specific 

benefit, while DOTs with beginner and advanced experience selected “fewer project delays”. In addition 

to the benefits listed in the figure, DOTs with advanced DTM experience identified the “ability to identify 

areas for excess materials in R/W”, “enhanced survey stakeout and grade control” as a very-high benefit, 

“staging as very-high project-specific benefits, “improved safety” as a high benefit, and “reduced labor 

needs” as a moderate benefit. No other benefits were identified from the remaining DOT categories. 

 

Figure 4. The perspective of DOTs on DTM project-specific benefits. 

Three statistical tests were performed. First, Kruskal Wallis tests for any significant difference between 

the three scores of the DOTs for every project-specific benefit (for example: are there any statistical 

differences between the scores given by DOTs with beginner, moderate, and advanced for P4?). If 

significant, the Conover test was performed to detect which pairwise comparisons were significant. 

Third, a Correlation test was performed to detect correlations between the values and the category of 

the DOT (for example: are there any positive or negative correlations between the scores of P4 as DOTs 

became more proficient?). Results are shown in Table 3. 

Based on Table 3, none of the tests yielded a significant result, indicating that there is no evidence for 

significant differences between the three scores on every benefit. Furthermore, no correlations were 

detected. The results imply that the increase in the proficiency of DOTs does not increase or decrease 

the score on any of the project-specific benefits. This is not surprising, especially that DOTs that are at 

the beginning of the DTM journey have anticipated benefits that will mostly end up matching the 

measured benefits perceived by DOTs with advanced experience. Moreover, with most of the scores 

lying between “Moderate” and “High” (Figure 4), and none of the scores changing as DOTs become 

proficient,  the maximum capabilities of DTM have yet to be utilized in projects regardless of the DOT 

category, and the high value of project-specific benefits are yet to be perceived. 

Table 3. Results of the statistical tests to detect significant differences and/ or correlations between the scores of the three DOT 

categories on every project-specific benefit. 
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 Kruskal-Wallis Test Kendall Correlation Test 

Project-Specific Benefit P-value Status P-value Status 

P1 Earlier identification of plan discrepancies and conflicts 0.82 Not Significant 0.55 Not Significant 

P2 Easier to calculate construction quantities 0.87 Not Significant 0.59 Not Significant 

P3 Fewer change orders or construction revisions 0.3 Not Significant 0.28 Not Significant 

P4 Fewer project delays 0.69 Not Significant 0.93 Not Significant 

P5 Improved communication on the project 0.11 Not Significant 0.10 Not Significant 

Based on Table 3, none of the tests yielded a significant result, indicating that there is no evidence for 

significant differences between the three scores on every benefit. Furthermore, no correlations were 

detected. The results imply that the increase in the proficiency of DOTs does not increase or decrease 

the score on any of the project-specific benefits. This is not surprising, especially that DOTs that are at 

the beginning of the DTM journey have anticipated benefits that will mostly end up matching the 

measured benefits perceived by DOTs with advanced experience. Moreover, with most of the scores 

lying between “Moderate” and “High” (Figure 4), and none of the scores changing as DOTs become 

proficient,  the maximum capabilities of DTM have yet to be utilized in projects regardless of the DOT 

category, and the high value of project-specific benefits are yet to be perceived. 

4.4. DTM Long-Term Benefits 

The survey also asked respondents to evaluate the long-term benefits of using DTM on construction 

projects. Like project-specific benefits, the evaluation of the six long-term benefits was on a five-point 

Likert scale, and the scale was converted to a weighted benefit score using Equation (4). The results 

are summarized in Figure 5. Note that the bars shown are for standard deviation, not standard errors.  

 

Figure 5. The perspective of DOTs on DTM long-term benefits. 

DOTs with beginner and moderate DTM experience indicated that “improved accuracy of plans” is the 

top long-term benefit, while DOTs with advanced experience selected “improved efficiency of project 

construction”. On the other hand, all DOTs regardless of DTM experience selected “fewer claims and 

litigation” as the least perceived long-term benefit. In addition to the benefits listed in the figure, DOTs 

with moderate DTM experience also identified “reduce the need for paper plans” as a moderate long-

term benefit, while DOTs with advanced DTM experience identified “quicker time to completion” as a 

high benefit and “improve construction quality” as a very high benefit. The scores provided for long-term 

benefits seem consistent with project-specific benefits (Figure 4). L3 and L6 scored the highest among 

DOTs as long-term benefits (Figure 5), similar to P1 and P2 which scored highest as project-based 
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benefits (Figure 4). In contrast, P3 and P4 scores as the lowest among DOTs as project-specific benefits, 

similar to L2 being the least rated long-term benefit.   

The three statistical tests were also performed for the long-term benefits as shown in Table 4: Kruskal 

Wallis tests for any significant difference between the three scores of the DOTs for every long-term 

benefit, the Conover test to detect which of the pairwise comparisons were significant (if Kruskal was 

significant), and Correlation test to detect correlations between the values and the category of the DOT.  

Table 4 . Results of the statistical tests to detect significant differences and/ or correlations between the scores of the three DOT 

categories on every project-specific benefit. 

 Kruskal-Wallis Test Kendall Correlation Test 

Project-Specific Benefit P-value Status P-value Status 

L1 Cost savings 0.22 Not Significant 0.91 Not Significant 

L2 Fewer claims and litigation 0.08 Not Significant 0.91 Not Significant 

L3 Improved accuracy of plans 0.20 Not Significant 0.46 Not Significant 

L4 Improved communication 0.57 Not Significant 0.46 Not Significant 

L5 Improved documentation of measurements 

in the database for future references 

0.27 Not Significant 0.31 Not Significant 

L6 Improved efficiency of project construction 0.05 Significant* 0.02 Significant* (𝜏𝑏 = 0.365) 

Based on Table 4, the only significant differences were detected for benefit L6. Based on the Conover 

test, the significant difference was between the score given by DOTs with a beginner DTM experience 

(4.14) and DOTs with advanced experience (4.78), where the pairwise comparison yielded a p-value of 

0.0074 (significant at 95% confidence). The correlation test also showed significance, where the Kendall 

coefficient (0.419) shows a positive correlation. This implies that as DOTs become more proficient, their 

perception of DTM improving project efficiency becomes higher.  This finding emphasizes that DTM 

proficiency increases awareness of the depth of available data within the DTM as compared to traditional 

plans and cross-sections. As for other long-term benefits, all statistical tests were non-significant. Like 

project-based benefits, the results imply that the increase in the proficiency of DOTs does not increase 

or decrease the score on any of the project-specific benefits aside from L6. However, unlike project-

specific benefits, most of the scores of the long-term benefits are between “high” and “very high” (Figure 

5). This implies that despite DOTs not yet experiencing the full potential of DTM in projects, they are 

optimistic about the long-term benefits that DTM will bring to construction projects. 

4.5. DTM Challenges 

Respondents were asked to select the challenges their DOTs face and a relative frequency was 

calculated for every challenge (i.e. ratio of respondents that selected the challenge to the total number 

of DOTs per category). To further understand the difference between the three categories, cluster 

analysis was performed on the challenge results to classify them between low impact, medium impact, 

and high impact for every category. Results are shown in Table 5.  

“Insufficient knowledge or training for inspectors” is the only challenge with a high impact on all DOTs, 

regardless of DTM experience. Insufficient knowledge or training for field survey staff, office staff, and 

equipment operators also served as major challenges that impact the use of DTM. Another common 

challenge is “DTM being incomplete or inconsistent with contract plans”. The medium to high impact of 

this challenge can be related to “fewer project delays” and “fewer change orders” scoring low in the 

benefits section (Figure 4). On the other hand, compatibility and adequacy of software, hardware, and 

IT infrastructure do not seem to be hindering the use of DTM. This is especially important for DOTs with 

beginner DTM experience as they try to develop the infrastructure for the technology and implement it 

across their projects.   Another positive aspect is that DOTs seem to agree that the benefits of DTM are 

known and the ROI is proven regardless of their level of experience with the technology, which in turn 

reflects on the high scores that the DOTs gave for long-term benefits (Figure 5). 
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Table 5. Cluster analysis for challenges. 

Challenge Beginner Moderate Advanced 

Insufficient knowledge or training for inspectors (DOT or CEI) High Impact High Impact High Impact 

Insufficient knowledge or training for field survey staff Medium Impact High Impact High Impact 

Insufficient knowledge or training for office staff Medium Impact High Impact High Impact 

DTM is often incomplete and inconsistent with contract plans Medium Impact High Impact Medium Impact  

Insufficient knowledge or training for equipment operators Medium Impact Medium Impact Medium Impact 

Designer fear of problems with DTM/lack of confidence Medium Impact High Impact Low Impact 

Fear of contractor changing terrain model or introducing error into 

electronic plan files 
Low Impact High Impact Low Impact 

High cost for owner to stay current with field technology using DTM Medium Impact Medium Impact Low Impact 

High cost for the owner for initial software and hardware Medium Impact Medium Impact Low Impact 

Incompatibility of existing software Low Impact Medium Impact Low Impact 

Inadequacy of Information Technology (IT) Infrastructure Low Impact Medium Impact Low Impact 

The benefits are unknown; Return on investment (ROI) is unproven Low Impact Medium Impact Low Impact 

Incompatibility of existing hardware Low Impact Low Impact Low Impact 

5. Conclusion 

The objective of this paper is to understand the different practices that DOTs use with DTMs. The paper 

utilized data from a nationwide survey to cluster state DOTs into three categories based on their DTM 

experience in construction: beginner, moderate, and advanced. The two metrics used to categorize state 

DOTs were the total years of using DTM and the number of projects annually that use DTM. Then, five 

DTM aspects were analyzed for the three state DOT categories, namely: use cases, project sizes, 

project-specific benefits, long-term benefits, and challenges. The findings of the paper are limited to the 

38 DOTs and the insights of the professionals who filled out the survey. Further studies can elaborate 

on the perspectives of DOT staff working in other divisions or contractors that work with DOTs, perform 

a retrospective analysis of DTM usage for cost savings, and follow up on the means proficient DOTs 

employ to train and support staff on DTM usage. 
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Abstract 

Sick building syndrome (SBS) is the leading cause of the reduction in the building's occupancy level of 
satisfaction, poor indoor air quality, and other shenanigans responsible for the underperformance of 
building occupants and loss in property value. Thus, this study proposed adopting green building (GB) 
as an antidote for reducing the causes of SBS. The challenges impeding the adoption of GB as an 
antidote for SBS were also examined in this study. The methodology adopted in this study was broken 
down into three-phase, with the first phase focused on the data collection. The study adopted a random 
sampling in collecting data (questionnaire) from construction stakeholders within the study area. A total 
of one hundred and twenty (120) questionnaires were collected from the respondents within the study 
area. The questionnaire was analysed using SPSS V 24, adopting frequency distribution, mean score, 
principal component analysis, and multiple regression analysis. The causes of SBS are divided into the 
ambience and individual-related factors. The findings from the multiple regression analysis revealed that 
green building (GB) has a higher chance of functioning as an antidote for eliminating the ambiance-
related factors. Unfortunately, factors such as insufficient technical knowledge of green building 
components, green building occupants' behaviour, and maintenance/construction cost hinder the 
adoption of GB as an antidote for SBS. This study contributed to creating innovative ways towards 
eliminating SBS in Africa. The article presented a two-way directional framework that reveals the solution 
and challenges for adopting green building (GB) as an antidote for sick building syndrome (SBS). 
Numerous articles have identified the causes of SBS, but there is a shortage in the literature regarding 
a suitable solution or antidote for eliminating the specific cause of SBS. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Green building, Healthy living, Indoor environmental quality, Sick building syndrome, Sustainable 

building. 

1. Introduction

The relationship between buildings and occupant health has been a significant concern for built 

environment specialists and health practitioners. In support of the affirmation, [9] affirmed that the 

connection or association between building occupants and their health condition is the most significant 

relationship. The relationship became substantial and widespread in the early '90s owing to the rising 

epidemic caused by overpopulation and a flawed sanitary system in buildings [17]. [3] believed that the 

health illness suffered by building occupants was the primary driver of the relationship between buildings 

and their occupants. Thus, it can be implied that individuals can suffer health challenges due to their 

location in a particular building.  

Aside from health challenges, [33] discovered that building inhabitants can also suffer low productivity 

due to the nature of their building. [24] confirmed that the low productivity of workers is a function of their 

building. Furthermore, [41] asserted that there is an interaction between health and the built 

environment. The interaction is responsible for the health discomfort such as respiratory, mental, 
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cardiovascular, and other health challenges confronting building occupants. [14] related the health 

discomfort facing individuals in their building to symptoms of sick building syndrome (SBS).  

 [40] describe sick building syndrome as a scenario in which building inhabitants experience poor 

health and discomfort, with such discomfort dissipating after leaving the building. [7] provided an 

elaborate opinion of SBS and described it as a group of symptoms ranging from headaches, cold, eyes, 

nose, and throat soreness suffered by an individual working or living in a building.  Thus, it can be implied 

that the unique phenomenon of SBS is the ability to occur within a building. The uniqueness of SBS has 

been a bone of contention as it is often regarded as meaning the same thing as building-related 

diseases. [35] assisted in differentiating the two and comparing sick building syndrome with building-

related diseases. [38] and [25] opined that building-related diseases are health challenges transferred 

from one building occupant to another. In comparison, SBS occurs owing to the defect within the building 

or maintenance functions of the building.  

However, [16] disagreed that the defect within the building is not the only factor responsible for the 

occurrence of SBS. The author indicated that the accumulation of toxins, volatile organic compounds, 

or pollutants in the interior environment is also responsible for SBS. [3] argued that symptoms of SBS 

are typically caused by poor indoor ventilation. [24] opined that inadequate heating, ventilation, and air 

conditioning systems are some of the significant drivers of SBS. [8] demonstrated a causal link between 

building moisture and residents' respiratory health. Their findings indicated that various variables could 

contribute to the health effects of buildings on their residents. Regardless of the factors responsible for 

SBS [17] affirmed that it is a menace responsible for poor indoor air quality and discomfort to occupants. 

Towards curbing the menace of SBS, different strategies and principles has been proposed by 

numerous scholars. [16] proposed the adoption of regular fumigation of the building and its surroundings. 

Some scholars like [25] and [23] suggested diverse strategies for combating or alleviating the impact of 

SBS on building occupants. The process ranges from properly designing ventilation systems, re-

modeling of existing buildings, reduction of dampness, and others. Unfortunately, all the strategies have 

failed to eradicate sick building syndrome symptoms. The failed strategies created a gap in study 

regarding innovative ideas for reducing SBS symptoms. In eliminating the gap in research and practice, 

this study proposed adopting green building as an antidote for sick building syndrome in Africa. Green 

building was proposed after recognising the therapeutic effect of green materials and components [3]. 

[9] affirmed that green buildings have the potential to support a healthier lifestyle and low carbon 

emissions. Therefore, this study examines the factors impeding the utilisation of green buildings as an 

antidote for SBS syndrome. The impact or chances of green building functioning as an antidote for 

eliminating the causes of SBS was also examined. The study contributes to practice and research by 

providing a framework for utilising green building as an antidote to alleviating the causes of SBS. 

2. Green Building 

The development and construction of green buildings have recently attracted numerous researchers 

and practitioners. However, [24] indicated that Green buildings had existed since the beginning of time 

when humans first learned how to build. Green buildings have a long history dating back to the caveman 

period when cave inhabitants used ecologically friendly materials and built their houses to fit the 

surroundings. Likewise, [32] submitted that green building originated from early construction methods 

focused on environmentally friendly materials in the nineteenth century. Ever since, green building has 

experienced tremendous growth as a vital tool to eliminate the negative impact of human activities on 

the environment [37].  

Green building reduces the negative impacts of human activities on the built environment directly and 

indirectly. It impacts the built environment directly at the individual level by providing optimised indoor 

environment quality [12]. It indirectly affects the population level by reducing energy use and air 

pollutants. Unfortunately, most green building studies have only focused on one aspect (pollution level) 

while neglecting its impact on the indoor environment quality [3]. A few once, like [41], [37], and [13], 

only focused on green building occupants' satisfaction with indoor environmental quality while neglecting 
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its impact on sick building syndrome. The absence of studies related to the effect of green building in 

eliminating SBS could be associated with the different challenges affecting green building development, 

as shown in Table 1.  

Table 1. Challenges in the development of green buildings 

Source  Challenges of developing green building 

Miller et al. (2009) and Sichali and Banda (2017) Lack of awareness and technical know how. 

Steinemann et al. (2017) Higher cost for sustainable options. 

Pioppi et al. (2020) Insufficient supply of green product and high cost of construction. 

Cedeño-Laurent et al. (2018) Legislative support and government commitment.  

Dwaikat and Ali (2016) Uncooperative attitude of building occupants to green materials 

Olubunmi et al. (2016) Lack of green building evaluation system 

 Saleh et al. (2020) Poor data management system 

Chegut et al. (2019) Procurement cost and high design fees  

Pioppi et al. (2020) Difficulty in integrating sustainable materials into occupants' lifestyle 

Cedeño-Laurent et al. (2018)  Lack of manufacturers support, population growth and rapid 

urbanisation.  

 

Table 1 presents the possible challenges affecting the development, construction, and management of 

green buildings worldwide. Despite the different challenges confronting the development of green 

buildings, [9] affirmed that green buildings have served as the primary driver of sustainability in the built 

environment. [37] indicated that ensuring sustainability in the built environment has become paramount 

owing to the rapid urbanisation and population that lead to extensive use of natural resources 

contributing to the greenhouse gas emission from new buildings. [32] discovered that green buildings 

contribute to sustainability by harmonizing indoor environmental quality and reducing greenhouse gas 

emissions. Also, the literature review revealed that most studies on green building focused on indoor 

environmental quality while neglecting its impact on eliminating sick building syndrome.   

2.1. Sick Building Syndrome (SBS) and Green Building 

The term SBS describes a situation in which building occupants are confronted with severe health 

discomfort related to the time spent in a building [20]. Sick building syndrome (SBS) is a complication 

affecting building occupants' health and skin. The complication is experienced in the form of headache, 

fatigue, and irritation in the upper respiratory throat, eyes, and nose  [7]. [35] attributed SBS symptoms 

to individual risk factors like anxiety and stress, smoking, and lack of communication in working in a 

building. [16] examined the causes of SBS from another perspective and concluded that the COVID-19 

outbreak caused it. The scholar believed that during the outbreak, the stay-at-home order increased 

building occupants leading to increased indoor air pollution due to more indoor activity. Thus, it can be 

deduced from the review of literatures that SBS is driven by certain crucial factors.  

Regardless of the factors responsible for SBS [18] affirmed that there are different skeptics regarding 

the validity of the diagnosis of sick building syndrome. One of them emanates from the name as some 

scholars find it confusing because the building inhabitants suffer the symptoms, not the building. 

Therefore, they believed it should be termed occupants sick building syndrome since the building 

occupants feel health discomfort. Some other scholars like [33], [14] and [8] opined that the symptoms 

of SBS are psychological as some of the symptoms might be imagined by the occupants due to fatigue 

and stress from working. Scholars like [20] and [33] argued against the notion that SBS is a psychological 

trauma because the symptoms disappear immediately the occupants leave the building.  
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Table 2. causes and remedial solutions to sick building syndrome  

Source  Causes of sick building syndrome Remedial solutions  

Hosseini et al. (2020) The stay at home order during the COVID-19 pandemic increased 

SBS as there was over population within the building. The poor 

indoor air quality was also responsible for SBS.  

Use of dis-infectant and encouraging 

occupants to spend more time outside their 

building 

Joshi (2008) Poor maintenance of the HVAC unit that in return lead to the growth 

of legionella organisms.  

Maintenance and retrofitting  

Ghaffarianhoseini et al. 

(2018) 

There is no specific cause of SBS but it can be related to the 

design, maintenance and space optimisation within the building  

Re-modelling the entire building 

Jafari et al. (2015) The major contributors of SBS were recycling of air in rooms using 

fan coils, traffic noise, poor lighting and buildings located in a 

polluted metropolitan area.  

Introduction of building sensors to 

automatically control the indoor air quality.  

Runeson-Broberg and 

Norbäck (2013) 

Poor immune system of building occupants, poor air quality and low 

social support at work.  

Create an enabling working environment  

Lu et al. (2016) Frequent exposure of occupants to building components infested 

with moulds, fungi and mites. Poor ventilation and light illumination 

into the building.  

Re-design of the ventilation system.  

Ismaeel et al. (2022) Monotonous work environment and poor organisation of the 

workspace 

Renovation  

Source: author's review of literature 

Table 2 presents the different causes and remedial solutions for sick building syndrome. The article was 

extracted from Scopus and the web of science database. Articles with the highest citation which focused 

on examining the causes and proposing possible remedial solutions were selected. The analysis from 

the article revealed that the significant factors responsible or causing sick building syndrome can be 

classified into individual and ambience-related factors. The individual-related factors can be attributed 

to the stress and the work condition of building occupants. [14] and [6] discovered that individual-related 

factors like occupants' history of atopy, genetic disorders, and low work status contribute to the SBS 

affecting building occupants. In comparison, the ambience-related factor is attributed to the building 

components and the indoor environmental quality.   

Ambience related factors has been the major causes of sick building syndrome [14], [20], [7]. [20] 

affirmed that ambience related factor usually occurs inform of legionnaire's disease owing to the 

contamination of cooling towers by legionella organisms. [22] avowed that legionnaire's disease had 

been the major pollutant of the indoor environmental quality responsible for SBS. Furthermore, [40] 

discovered that poor air quality, air pollution, air conditioning pollution, and insufficient thermal comfort 

are the main drivers of ambience related factors of SBS. The risk factors or drivers are pollutants, 

including particulate matter (PM2.5 and PM10) generated by heating, cooking, and smoking. [26] 

provided another risk factors:volatile organic compounds like formaldehyde, carbon dioxide, and other 

air pollutants.    

This study proposed the adoption of green building materials as an antidote to the risk factors 

responsible for the risk factors triggering SBS. This assertion was also submitted by similar studies like 

[15] and [37] that discovered the susceptibility of green building materials or components to fungi and 

bacteria growth. Green building components are labeled green based on their ability to minimize 

chemical emissions, are less toxic, and are recyclable [13]. The use of green building components is 

becoming popular for in-home users because they can prevent health risks to building occupants and 

impede fungal growth [41], [11]. Aside from eliminating the fungal and other bacterial growth green 

building also support cross ventilation which assists in reducing SBS [28] and [34]. Despite the potential 

of GB in eliminating the causes of SBS there seems to be a gap in literature concerning the proposition 

of GB as an antidote for SBS.   
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3. Methodology 

This study evaluated the challenges hindering the adoption of green building as an antidote for sick 

building syndrome in Africa. The impact of green building components on eliminating the ambience and 

individual related factors was also appraised. A quantitative research methodology was adopted due to 

its capacity to effectively compare the findings between existing studies and past studies [2]. [10] 

provided another justification for adopting quantitative research. The scholar indicated that quantitative 

analysis supports comparing findings to existing theories and facts. Since this study would compare the 

results with the current theories related to green buildings and SBS this therefore makes quantitative 

methodology suitable for this study. 

The data for the quantitative methodology was collected using a random sampling technique. The 

respondents were drawn randomly from construction professionals and project managers within 

Gauteng Province, South Africa. This study picked Gauteng province out of the other eight provinces in 

the country because the province has a higher number of construction project managers and buildings 

than other provinces [29]. A questionnaire was used to collect data from the construction project 

managers and other stakeholders. The questionnaire was broken down into three sections. The first 

section examines the personal characteristics of the respondents. The second section appraises the 

challenges of using a green building as an antidote for SBS. At the same time, the third section of the 

questionnaire focussed on examining the features of green building could potentially eliminate SBS.  

The variables used for developing the questionnaire were sourced from the review of extant literature 

related to the subject matter. One hundred and fifty (150) questionnaires were distributed to the 

respondents randomly, but only a hundred and twenty (120) were used for the analysis after checking 

their consistency. The questionnaire was analysed using a statistical package for social science (SPSS 

V24) and adopted statistical tests like frequency, mean item score, and principal component analysis. 

Descriptive statistics like frequency and mean item score was used to analyse the questionnaire's first 

section (respondents' personal information). The respondents' personal information findings revealed 

that all the respondents are educated, with 47% possessing a BSc or BTech degree as their highest 

qualification. The remaining proportion of the respondents has either MSc or Ph.D. as their highest 

degree. Analysis of the personal information showed that all the respondents have an ample working 

experience in the management and construction of green buildings. Therefore, their response will be 

crucial to determining the challenges and efficiency of using a green building as an antidote to the 

prevention of sick building syndrome.  

Principal component analysis (PCA) was used in analysing the challenges or factors hindering the 

adoption of green buildings as an antidote to SBS. According to [19] PCA function as a statistical tool 

that supports the reduction of dimensions from factors into meaningful components. Also, [5] indicated 

that PCA is suitable for multifaceted data or factors with numerous components. [12] opined that the 

challenges affecting the development of green buildings are multifaceted and therefore requires the use 

of PCA. The PCA was also used to break the factors or challenges hindering the adoption of green 

building into meaningful components. Before conducting the PCA the reliability of the data was 

determined using a Cronbach Alpha test. The Cronbach Alpha gave a value of 0.846 which is above the 

recommended threshold of 0.7 [39]. Whereas multiple regression analysis was used in examining the 

impact of GB component in eliminating SBS.   
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Figure 1: Research methodology framework 

Source: author’s review of literature 

Figure 1 provides a summary of the methodology adopted in this study. The figure showed that the 

methodology was divided into three phases. Each phase has a minimum of three steps, and the first 

and second phase (data collection and analysis) have been described extensively in the previous 

paragraph. Figure 1 revealed that phase 3 (data presentation &discussion) of the research methodology 

framework is broken down into three steps. The first step involves breaking down the challenges or 

factors impeding the adoption of GB as an antidote of SBS into meaning dimensions or components. 

The solutions to the challenges were extracted from the literature, and in-return was, used to develop a 

two-way directional framework.  

4. Discussion of Findings 

This section presents the discussion of findings emanating from the analysis of the questionnaire that 

was distributed to the respondents. The discussion focused on the study's primary objectives: the 

challenges and impact of green building features in eliminating or reducing sick building syndrome.  

4.1. Challenges in adopting green building as an antidote to SBS 

The challenges preventing the adoption of green building as an antidote for SBS was analysed in this 

section. [12] affirmed that the challenges affecting the development of green buildings are multifaceted 

and therefore require the adoption of multifaceted statistics. This study adopted a principal component 

analysis (PCA) which is a multifaceted statistic. The challenges hindering green building adoption as an 

antidote were extracted from literature and then subjected to PCA using SPSS software. The findings 
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from the PCA was broken down into two stages with the first stage used for checking the suitability of 

the data for PCA. The second stage was used to identify the component preventing the adoption of 

green buildings as an antidote to SBS. 

Table 3. KMNO and Bartlett's test 

Kaiser-Meyer-Olkin Measure of Sampling Adequacy 0.748 

Bartlett’s Test of Sphericity:  

Approx. Chi-square 1745.364 

Degree of freedom 182 

Significant level 0.000 

 

 

To determine the suitability (first stage of analysis) of data for principal component analysis, the KMNO 

and Bartlett's test of sphericity was conducted. The findings from the test were presented by Table 3. 

The findings from the analysis revealed that the KMNO gave a value of 0.748 which is higher than the 

recommended threshold of 0.40. According to [19] a KMNO value above 0.40 indicates that the data is 

suitable for component analysis. The chi-square value in Table 3 gave a significant value (1745.364) at 

182 degrees of freedom. It can be confirmed from the KMNO and Bartlett test that the data collected is 

suitable for principal component analysis.   

The second stage entails using the varimax rotation method for grouping the factors that prevent 

adopting green building as an antidote for SBS into different components. The findings from the varimax 

rotation revealed that the factors hindering the adoption of green building as an antidote for SBS is made 

up of three components and are presented in Table 4. The elements in each component, as shown in 

Table 4 were arranged according to the loadings for each factor.  

Table 4. Rotated component matrix 

                Component  Variance 

 1 2 3  

High cost of green materials 0.843    

 

37.8% 

Procurement cost 0.829   

Cost of construction  0.800   

Maintenance cost 0.765   

Operating cost  0.674   

Design fees  0.600   

Low technical knowledge   0.760   

 

 

15.1% 

Lack of understanding on the therapeutic healing properties of green buildings  0.742  

Lack of investors' interest in green buildings  0.700  

Legislative support from the government   0.672  

Lack of green building maintenance staff  0.628  

Lack of manufacturers' support   0.500  

Occupants' lackadaisical behaviour toward green features   0.862  

 

10.5% 

The uncooperative attitude of building occupants to green materials   0.840 

Difficulty in integrating sustainable materials into the occupant's lifestyle   0.794 

The unfamiliarity of building occupants to green materials   0.700 

 

First component: Maintenance and Construction Cost 

The first component had six variables; the topmost variables were the high cost of green materials, 

procurement cost, cost of construction, maintenance cost, and operating cost. All the factors with the 
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component were related and had a variance of 37%. According to [30] and [19], the name given to a 

component is dependent on the variables within the component. Therefore, this component was called 

maintenance and construction cost. The component also accounts for a variance of 37.8% in hindering 

the adoption of green building as an antidote for reducing SBS. [12] also found a similar finding, who 

affirmed that perceived higher upfront cost accruing to green building construction by building owners 

and investors hinders its development.  

Despite the benefit of green building in boosting the health and productivity of building occupants. [42] 

discovered that green building maintenance and construction cast a shadow on its benefit. Poor 

maintenance affects building occupants in the long term because poorly maintained buildings would 

impact operation cost and its occupants' social and environmental well-being [30]. Towards addressing 

the maintenance challenges of green buildings [43] made a case for adopting sustainable maintenance 

for green buildings. The maintenance system that meets the present users’ value system without 

compromising the value system of future users’ is known as sustainable maintenance  [27]. Therefore, 

this study proposes the adoption of sustainable maintenance to reduce the maintenance cost attributed 

to using a green building as an antidote for SBS.  

Second component: Low technical knowledge of green building components 

The second component gave a variance of 15.1%, which implies that this component is responsible for 

approximately 15% of problems hindering the adoption of green buildings as an antidote for SBS. The 

component was listed in Table 4 and shows that the variables have a strong relationship with each other 

with a variable loading of 0.760 to 0.500. The component comprises of variables like low technical 

knowledge, lack of understanding on therapeutic healing, lack of investors, and legislative support from 

the government. The variables within the components were the deciding factor in naming the 

components. Since the variables within the components focus on the knowledge of green building 

components, it was called low technical knowledge of green building components. [36] affirmed that 

poor awareness regarding the therapeutic healing of green building features had prevented its adoption 

for serving as a healing material. Similarly, [34] discovered that low technical know-how and knowledge 

regarding green building features had hindered its adoption.  

[43] submitted that the performance of a green building is dependent on the component within the 

structure. Similarly, [17] opined that the relationship between building and health is dependent on the 

occupant's knowledge of the building components. [3] avowed that occupant's awareness of green 

building components is often tedious owing to the numerous technologies embedded in green buildings. 

Towards increasing the knowledge of green building occupants with the components or technologies 

within the building [21] introduced the concept of beneficiary satisfaction. Although, this concept 

(beneficiary participation) was first introduced in housing satisfaction studies [1] and [31]. Beneficiary 

satisfaction allows building occupants involvement with the development and maintenance of building 

features. This, in return, increases their awareness of the functions of different facilities attached to the 

green building [21].  

Third component: Occupants behaviour  

The third component is responsible for 10.5% variance change in the challenges affecting the adoption 

of green building as an antidote for sick building syndrome. The third component in Table 4 has variables 

like occupants' lackadaisical behaviour, uncooperative attitude of building occupants to green materials, 

and difficulty integrating sustainable materials into the occupant's lifestyle. Therefore, this component 

was called green building occupants' behaviour. A similar study was conducted by [32], who discovered 

that green building energy efficiency largely depends on the occupant's behaviour.  

Occupants' behaviour was described in this study as the attitude or interaction of green building 

occupants with the building control systems. Similarly, Chen et al (4), in their research, describe 

occupant behaviour as the visible action or reaction undertaken with the aim of adapting to their 

environmental conditions. The occupant's response to their environment could be positive or negative 

depending on their understanding of the environment [4], [21]. To ensure a positive reaction from the 
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building occupants, Laaroussi et al. (2019) [suggested including the building occupant as part of the 

problem and solution to the problem. Although it might be confusing thus [21] affirmed that occupants' 

behaviour can be enhanced by creating awareness and incentives for using green building components. 

 

Figure 2: Two-way directional framework for green building as an antidote for SBS 

Source: authors review of literature 

Figure 2 presents the framework supporting the adoption of green building as an antidote for sick building 

syndrome (SBS). The framework is divided into two directions called the forward and the backward. This 

study's objective was to generate the backward (challenges in adopting green building as an antidote to 

SBS). In comparison, the forward direction provided the solutions to the challenges preventing the 

adoption of green building as an antidote for SBS. The forward direction was extracted from the review 

of literatures related to the challenges. Figure 2 revealed that sustainable maintenance, beneficiary 

participation, and awareness/initiative are the major solutions to adopting green building as an antidote 

to SBS. It can also be implied that the solutions (forward direction) are the major drivers for adopting 

green building as an antidote for SBS. Also, the occupant behaviour, low technical knowledge of green 

building components, and maintenance cost will hinder the adoption of green building as an antidote to 

SBS. 

4.2. Impact of green building materials in eliminating or reducing sick building syndrome 

This sub-section presents the impact of green building (GB) materials or components on eliminating the 

causes of SBS. The impact was determined using multiple regression analysis. The GB components 

were extracted from literature like [15], [11], and [32] and compressed using a computing function on 

SPSS into a dummy variable and function as the dependent variable. The causes of SBS were divided 

into ambience and individual-related factors and used as the independent factor. According to [6] the 
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individual-related factors emanate from building occupant's personal characteristics like their work 

condition and stress. In comparison, the ambience-related factors are the risk or factors that pollute the 

indoor environmental quality [26]. 

Table 5. Multiple regression analysis as an antidote for reducing the causes of SBS 

 B Std.Error t Sig R 

Constant  .731 .216 3.384 .000  

0.628 Ambience related factor .561 .157 4.573 .000 

Individual related factors .497 .237 2.097 .004 

 

Table 5 presents the output from the multiple regression analysis, revealing a significant effect of the 

green building component in reducing the causes of SBS (ambience and individual-related factors). The 

t-test gave a positive value for both the ambience and related factors but the ambience factors gave a 

higher t-test score. This implies that green building has a higher impact on reducing ambience-related 

factors. Likewise, [11] and [6] opined that optimising the indoor environmental quality through green 

labelled material can eliminate the risk factors responsible for SBS. [9] Also confirmed that optimisation 

of the indoor environmental air quality is vital in reducing SBS. The low impact of the GB component on 

individual-related factors could be attributed to the subjective nature of individual-related factors. 

Likewise, [33], and [8] opined that the occupants might imagine the individual-related symptoms due to 

fatigue and stress from working within the building. The value of R greater than 0.4 further confirms that 

the green building components has the potential for reducing the ambience and individual related 

factors. 

5. Conclusion and Recommendation 

The world health organizations, researchers, and industry practitioners have provided numerous 

opinions or definitions regarding sick-building syndrome (SBS) since the early 80s. It is commonly 

defined as a malady affecting the proportion of people within a building. It is also regarded as a global 

health menace to the health and well-being of building occupants. SBS symptoms, including but not 

limited to headache, fatigue and irritation in the upper respiratory throat, eyes, and nose, have been 

extensively researched in literature. The symptoms have been attributed to individual risk factors like 

anxiety and stress, smoking, and lack of communication in working in a building. Although, the findings 

from modern literature revealed that the stay-at-home order issued by the Government during the 

COVID-19 pandemic further increased the SBS. The order increases the number of occupants within 

the building, leading to an increase in indoor air pollution due to more indoor activity.  

Sick building syndrome thrives within a building with poor indoor environmental quality; therefore, finding 

a lasting solution to the causes of SBS in the post-COVID-19 world became paramount. Evidence from 

literature revealed that SBS is the leading cause of the reduction in the building's occupancy level of 

satisfaction, poor indoor air quality, and other vices responsible for the underperformance of building 

occupants and loss in property value. To alleviate the impact of SBS, different strategies have been 

suggested by researchers and practitioners, ranging from the proper design of ventilation systems, re-

modelling of existing buildings, reduction of dampness and others. Unfortunately, all the strategies have 

failed to eradicate the causes or symptoms of sick building syndrome. The failed strategies created a 

gap in study regarding innovative ideas in reducing SBS symptoms. To fill the gap, this study proposed 

adopting green building as an antidote for reducing the symptoms and causes of SBS. 

The findings from the literature revealed that the causes of SBS are divided into individual and ambience-

related factors. The individual-related factors are causes that are personal or related to the living or 

working conditions. Thus, the individual related factors include occupants' history of atopy, genetic 

disorders, and working/living conditions. The individual related factors vary from individual to individual. 

It was discovered that the individual-related factor is subjective, and thus building occupants may 

experience different symptoms. The subjective nature of the individual-related factor is responsible for 
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the difficulty in finding a permanent solution to SBS. In contrast, the ambience-related factor is attributed 

to the building components and indoor environmental quality. The majority of the symptoms of SBS 

originate from the ambience-related factors which are difficult to eliminate permanently. 

This study assisted in redefining the ideas for eliminating the cause and triggering factors responsible 

for SBS through introducing green building components into conventional buildings. Green building 

component has been known for their therapeutic healing effects on building occupants. Thus, this study 

proposed adopting green building as an antidote to eliminate the causes of sick building syndrome. This 

was proposed after discovering that green building can potentially reduce the negative impacts of human 

activities on the built environment directly and indirectly. It impacts the built environment directly at the 

individual level by providing optimised indoor environment quality. The regression analysis findings 

discovered a significant impact of green building component in serving as an antidote for alleviating the 

causes of SBS. The antidote will effectively eliminate the ambience-related factor more than the 

individual related factors. 

Despite the efficiency of green building in eliminating the causes of SBS, the application is hindered by 

low technical knowledge of green building components, green building occupants' behaviour and 

maintenance and construction cost. This study contributed to creating innovative ways to curb SBS in 

Africa. The study recommended that awareness be created regarding green buildings' benefit and 

therapeutic healing potential. The study also recommended that facility managers or construction 

managers should involve building occupants in designing and installing green building components. The 

study contributes to research by providing a framework for utilising green building as an antidote to 

ameliorate the causes of SBS. The study contributes to practice, especially among green building 

investors, by providing factors that can hinder the adoption of green building developments. An area of 

further study can be conducted on validating the framework that was developed in this study.  
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Abstract 

There is a strong link between energy recycling and urbanism. Cities are major energy consumers, and 

as the world's population continues to urbanise, the demand for energy in cities will only increase. At 

the same time, cities also generate significant waste and unused energy. Energy recycling can help 

address both of these issues by capturing and converting this waste and new energy into valuable 

energy that can be used to power homes, businesses, and other infrastructure within the city. Energy 

recycling has the potential to play a critical role in the development of sustainable and energy-efficient 

cities. Urban areas can become more self-sufficient, resilient, and environmentally friendly by capturing 

and converting waste and unused energy into valuable energy. The paper aims to analyse energy 

recycling procedures in cities. The research analyses the possibilities of reducing waste, greenhouse 

gas emissions, energy security and increased energy efficiency. The result of the paper assesses a 

road map for urban energy recycling in an Architectural and Urban context. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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2023. 

Keywords: Architectural Designing, Emerging technologies, Energy Recycling, Sustainable infrastructure, 

Sustainability challenges, System control. 

1. Introduction

Energy recycling and urbanisation are closely linked. Cities are the primary energy consumers, and their 

demands constantly increase. At the same time, cities produce a large amount of waste and unused 

energy. Energy recycling can help address both problems by capturing and converting waste and new 

energy into valuable energy to power homes, businesses, and other city infrastructure. Energy recycling 

converts waste or wasted energy into usable energy for other purposes. This process can take many 

forms, including the recovery of heat, electricity, or other forms of energy[1]. 

The current implementation of energy recycling in cities focuses on implementing innovative 

sustainability strategies. The search for advanced technologies to capture and recycle waste energy 

from various sources in urban areas is one of the most important contemporary approaches. The search 

for natural, possibly efficient energy sources is also taking place in the context of using natural resources 

in the city. Even though cities are most often located in areas not exposed to constant strong winds, 

urban ventilation of cities on an urban scale is being used. The well-known examples of urban parks or 

green wedges are designed to ventilate exhaust-filled city centres [2]. Modern research indicates that it 

is possible to take advantage of winds and solar energy occurring through existing buildings, which is 

very often seen in the installation of various types of wind turbines or PV panels on the facades of 
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buildings or roofs. The search for new solutions to be applied to urban tissues challenges contemporary 

technological thought related to sustainable development, especially in applications in specific urban 

settings. The following article presents current energy generation methods from potential human activity 

in large cities and provides a road map for designing and retrofitting urban areas.  

2. Chosen energy recycling background 

2.1. Bio-pharms 

Biofarms, which produce energy from plants, is a technology called biomass and involves converting 

organic material (such as wood, grass, straw, agricultural waste, etc.) into biofuel, which can then be 

used to produce electricity or heat. The process of producing biofuel from plants at bio-pharms usually 

involves, among other things, harvesting the raw material, shredding it, drying it, and then fermenting or 

burning it to produce energy. Biomass can also be used in cogeneration, generating electricity and heat. 

Biofarms that make energy from plants are becoming increasingly popular, especially in countries with 

a developed agricultural sector and high energy demand. Bioenergy from plants can be a green and 

sustainable energy source but requires proper management of production processes to ensure minimal 

environmental impact and sustainability. 

Algae are one of the fastest-growing and most versatile types of biomass because they are easy to grow 

and have a concise life cycle. Algae can be grown in various places, such as swimming pools, reservoirs, 

retention tanks and even in closed indoor systems. Many different species of algae have different uses. 

Some are rich in protein and used in food, others aim to produce biofuels, and others are used in 

cosmetics and dietary supplements. Algae also benefit the environment, as they consume carbon 

dioxide and other pollutants from water during photosynthesis. Algae bio-pharms are increasingly 

popular as a sustainable source of biomass that can replace traditional sources of energy and raw 

materials, such as oil and coal. Designers are trying to use the idea in their projects. Upi-2m studio has 

placed biomass-producing towers at the sites of existing gas stations in cities. The studio's research led 

to the selection of algae and bamboo as giving the best production results (maximum amount of biofuel 

per unit area/spatial unit), taking into account other factors as well, such as the cost of the technology 

needed for cultivation and processing, growth rate, annual input-output ratio, etc. In addition, bio-pharms 

make production independent of most weather events. The studio presented a tower project in Croatia 

called Biooctanic. 

2.2. Waste energy 

Another way in which energy recycling is linked to urbanism is through the management of waste. Cities 

generate much waste sent to landfills or incinerated[3]. By implementing energy recycling technologies, 

cities can recover energy from this waste, reducing the amount of waste that must be sent to landfills 

and reducing greenhouse gas emissions. In addition, cities can use this recovered energy to power 

homes, businesses, and other infrastructure, helping to reduce their reliance on fossil fuels. 

Buildings in urban areas generate a significant amount of waste heat that can be captured and reused 

by district heating and cooling systems[4]. This approach has been successfully implemented in cities 

such as Copenhagen, Denmark, where waste heat from industrial processes and power plants is used 

to heat residential buildings and offices. 

Another energy recycling strategy is using waste-to-energy plants, which convert municipal solid waste 

into electricity and heat. This approach has been adopted by several cities worldwide, including Oslo, 

Norway, where a new waste-to-energy plant is under construction that will provide electricity and heat 

to some 40,000 households. 
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2.3. Wind energy 

The possibilities of using wind energy in non-urbanised areas and the centre of cities are being analysed. 

Wind energy is used in cities mainly by installing wind turbines and wind generators on or near the roofs 

of buildings[5]. They can generate electricity used in buildings or transmitted to the power grid[6]. An 

example of such a building is the Bahrain World Trade Center, which consists of two towers connected 

by a bridge. On top of the towers are three wind turbines, each with a diameter of 29 meters, which can 

provide about 11-15% of the building's demand energy. Another example is Logan Airport in Boston, 

which is powered by wind turbines installed on the roof of the building.  

In recent years, many buildings worldwide are beginning to use wind power to meet their energy needs, 

and developments in wind power generation technology have helped increase this form of energy in 

buildings[7]. Wind energy can already be used to power streetlamps and other devices, such as cell 

phone chargers and weather stations. Still, no such system has yet been invented to generate enough 

energy for building needs. 

2.4. Solar energy 

Solar energy recycling is becoming increasingly important in cities as more and more buildings are 

equipped with solar panels to generate electricity. While solar panels are a great source of renewable 

energy, they can also produce excess energy that is not used and can potentially go to waste. This is 

where solar energy recycling comes in - it allows the extra energy to be stored and repurposed for later 

use. 

Recent developments in solar energy recycling include advanced storage technologies such as 

batteries, which can store excess solar energy generated during the day for use at night or during 

periods of low sunlight. This ensures that the solar power generated is fully utilised and not wasted. In 

addition, new software and monitoring systems are being developed to predict energy demand and 

optimise stored solar energy, further improving efficiency and reducing waste. 

Another recent development in solar energy recycling is the use of microgrids. Microgrids are small-

scale, localised power grids that can operate independently or in conjunction with the primary power 

grid[8]. They can store and distribute excess solar energy generated by individual buildings, allowing for 

more efficient and reliable energy use within a community. This can also reduce the strain on the primary 

power grid during periods of high demand, improving overall energy reliability and resilience. 

3. Energy recycling in practice 

To achieve environment-friendly development, it is essential to strengthening the protection of the 

natural environment in urban construction. The planning and design of an eco-city should be based on 

the local natural conditions and make a reasonable plan that does not harm the original environment. 

Environmental quality has a significant impact on human survival and development, and people usually 

evaluate it from the aspects of physiological and psychological needs. The departments concerned 

should minimise energy and material consumption, implement renewable energy recycling policies, 

reduce non-renewable energy use, and maintain the ecological environment while formulating eco-city 

planning. It is also possible to support enterprises that actively respond to energy conservation and 

emission reduction and advocate zero pollution to assist the ecological city in moving towards a healthy 

path. Finally, the eco-city should consider various resource factors of the town, reduce harmful 

substance discharge or domestic sewage as much as possible, and promote relevant policies to limit 

spontaneous emissions of related enterprises. The architectural and urban aspects of eco-city solutions 

are presented in Tables 1 (advantages) and Table 2 (disadvantages).  

Table 1. Benefits of implementing energy recycling technologies in the urban context 

Energy recycling: benefits 
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Reduced waste Energy recycling can help reduce the amount of waste sent to landfills or incinerated. By recovering 

energy from waste materials, such as municipal solid waste, energy recycling can help to divert these 

materials from the waste stream, reducing the burden on landfills and decreasing the environmental 

impact of waste disposal. 

Reduced 

greenhouse gas 

emissions 

Energy recycling can also help to reduce greenhouse gas emissions. By recovering energy from waste, 

energy recycling can help to reduce the amount of fossil fuels that are burned to generate electricity, 

thereby cutting down on the emissions of greenhouse gases that contribute to climate change 

Increased energy 

efficiency 

Energy recycling can help to improve energy efficiency by capturing and reusing waste or unused energy. 

For example, waste heat from industrial processes can be recovered and used to generate electricity or 

to provide heating for buildings or other purposes 

Cost savings Energy recycling can also help to save money. By recovering energy from waste or unused sources, 

energy recycling can reduce the need to purchase fossil fuels for energy generation, thereby cutting 

energy costs 

Job creation The development and implementation of energy recycling technologies can also create new jobs and 

stimulate economic growth in the renewable energy sector 

Energy security By utilising a range of energy sources, including waste and other renewable sources, energy recycling 

can help to increase energy security and reduce dependence on imported fossil fuels 

Table 2. Disadvantages of implementing energy recycling technologies in the urban context 

Energy recycling: disadvantages 

Pollution and 

environmental impacts 

Some forms of energy recovery, such as incineration, can produce emissions and pollutants 

that can have negative environmental impacts. If not properly managed, the emissions from 

energy recovery processes can lead to air and water pollution and contribute to climate change 

High initial costs The initial cost of installing energy recovery systems can be relatively high, which may be a 

barrier for some businesses or individuals looking to adopt these technologies 

Limitations on the types of 

waste that can be used 

Not all waste materials are suitable for energy recovery, and some materials may require 

additional processing or treatment to be used effectively 

Potential for competition 

with other waste reduction 

strategies 

Energy recovery can compete with different waste reduction strategies, such as recycling and 

composting. In some cases, these additional strategies may be more environmentally and 

economically beneficial than energy recovery 

Destruction of the 

landscape by renewable 

energy technologies 

Devices such as wind turbines and photovoltaic cells require large tracts of land to generate 

enough energy, causing significant interference with the landscape 

Adverse side effects In the case of shaping the building in such a way as to increase the strength of aerodynamic 

phenomena formed at the facility and use them to produce energy from wind, potential places 

are created that are unfavourable to pedestrians in the first floor part of the building 

4. Energy recovery implementation technologies 

Energy recycling is a process that involves capturing and utilising energy from waste materials or 

methods. Energy recycling has become an increasingly important strategy for reducing greenhouse gas 

emissions, improving energy efficiency, and promoting sustainable development. By focusing on waste 

management, energy efficiency, renewable energy sources, localised energy systems, and 

collaboration and partnerships, it is possible to create more sustainable and resilient energy systems 

that benefit both the environment and the economy 

Architecture and urban planning are linked to the various stages of investment. Not all energy harvesting 

methods can be applied at every stage of construction. Most need to be thought about even before 

designing a building, creating guidelines for it - at the stage from central planning to architecture. The 

best results can be achieved by thinking about the proper development of facilities at the stage of 

development of municipal studies, Local Development Plans. 

Part of the methods can be introduced during construction or into the existing urban fabric. Excluding 

activities that eliminate the development, current technologies allow to modernise the shells of buildings 

in this direction, retrofit them or introduce elements on the scale of small architecture or green to the 

urban space. Unfortunately, the later the stage of introduction of solutions, the smaller the scope they 

concern. Table 3 presents the main key aspects- a road map that must be addressed in designing and 

retrofitting at every step of the building life cycle.  
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Table 3. Disadvantages of implementing energy recycling technologies in the urban context 

Key aspects of designing eco-city solutions in the architectural and urban context 

Waste 

management 

Energy recycling is often closely linked to waste management, as many waste materials contain energy that 

can be harnessed. To effectively recycle energy, it is important to have a well-designed waste management 

system that separates recyclable and non-recyclable materials and organic and inorganic waste. Waste 

management practices that prioritise waste reduction, reuse, and recycling can help to minimise the amount 

of waste that is sent to landfill and can also reduce the energy required for waste disposal 

Energy 

efficiency 

To maximise the energy that is recovered from waste materials, it is important to focus on energy efficiency 

in all aspects of the energy recycling process. This includes designing energy-efficient systems for waste 

collection, transport, and processing and minimising energy losses during the energy conversion process. 

Energy-efficient technologies and practices can help to reduce greenhouse gas emissions and promote 

sustainable development 

Renewable 

energy sources 

Energy recycling is often combined with using renewable energy sources, such as solar, wind, or geothermal 

power, further reducing greenhouse gas emissions and promoting sustainable energy production. By 

combining energy recycling with renewable energy sources, it is possible to create a more sustainable and 

resilient energy system that is less reliant on fossil fuels 

Localised 

energy systems 

Energy recovery can compete with other waste reduction strategies, such as recycling and composting. In 

some cases, these additional strategies may be more environmentally and economically beneficial than 

energy recovery 

Collaboration 

and partnerships 

Energy recycling is often most effective when it is used to support localised energy systems. For example, 

a district heating system that utilises waste heat from a nearby industrial process can provide heat to nearby 

homes and buildings, reducing the need for fossil fuel heating systems. By creating localised energy systems 

that utilise energy from waste materials, it is possible to create a more efficient and sustainable energy 

system that is less reliant on centralised energy generation 

Adverse side 

effects 

Energy recycling often requires collaboration and partnerships between stakeholders, including waste 

management companies, energy companies, local governments, and communities. Effective collaboration 

and partnerships can help identify and address barriers to energy recycling and promote the development 

of integrated and sustainable energy systems. By working together, it is possible to create more sustainable 

and resilient communities that are less reliant on fossil fuels and more capable of meeting their energy needs 

5. Conclusion and discussion 

One of the key ways in which energy recycling and urbanism are linked is through the design and 

planning of urban infrastructure. Urban planners and engineers can incorporate energy recycling 

technologies into the design of buildings, transportation systems, and other urban infrastructure, helping 

to create more sustainable and energy-efficient cities. For example, buildings can be designed to 

capture and reuse waste heat or to generate electricity by solar panels or other renewable energy 

sources. Furthermore, energy recycling is being integrated into the design of new urban developments. 

For example, some cities are mandating the installation of eco-friendly solutions on new buildings. There 

are also demands to introduce urban retrofitting of old buildings and city infrastructures (such as solar-

based streetlamps). This can help reduce the city's overall energy consumption and increase its reliance 

on renewable energy sources. 
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Abstract  

The effective communication and coordination between all participants are a prerequisite for efficient 

project management. Especially in complex constructions, a high degree of coordination and 

communication is required due to an increased potential for errors in the project execution. Hospitals, 

as buildings of critical infrastructure, represent very complex constructions with increased regulations. 

Furthermore, there is an additional trade of medical technology, and an increased number of 

stakeholders need to be coordinated. The method Building Information Modeling (BIM) offers an efficient 

opportunity for transparent communication and provides a database of the building over its entire life 

cycle. In addition, there are many other use cases using BIM to benefit the management of the hospital, 

such as model-based quantity and cost determination or the use of a digital twin for facility management. 

BIM is becoming more established worldwide and also in the field of hospital construction BIM is already 

used. However, the scope of BIM application varies significantly among different projects, highlighting 

the need for a more detailed examination of existing or completed hospital projects. 

This report compares various international hospital projects regarding the application of BIM whereas 

10 out of 20 projects are in Germany. The information required for this case study is obtained by 

literature research. This provides an overview of the present state of BIM implementation in a global 

comparison, which provides the basis for the development of specific standards for the use of BIM in 

hospital projects. This enables the advancement of the implementation of BIM in hospital construction 

and the exploitation of the highest possible benefits over the entire life cycle to operate hospitals in a 

future-proof, sustainable and economical manner. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Building Information Modeling, hospital construction, project management, health care management, 

digitalization.  

1. Introduction

1.1. Issue 

Hospitals are highly complex buildings belonging to critical infrastructure and thus require a high degree 

of coordination and communication in the planning and execution of a construction project [1]. Due to 

the complexity of the buildings and a high number of project participants, there is an increased potential 

for errors in project execution.  

The publication by Holzhausen et al. presents various ways how the digital method Building Information 

Modeling (BIM) can address the challenges of hospitals in the design and construction process [2]. By 

utilizing a common data environment, communication becomes more transparent and efficient 

compared to conventional design processes, thereby reducing the potential for errors. However, the use 

of BIM offers numerous applications beyond the design and construction phases of a project. The ability 

to use a digital twin throughout the entire lifecycle of a building (planning, execution, operation and 

deconstruction) enables numerous other improvements in terms of management processes, cost and 
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risk minimization, as well as more efficient and sustainable workflows. In this regard, the relevance of 

BIM is emphasized, particularly for complex and cost-intensive buildings such as hospital construction, 

extending beyond all lifecycle phases. 

Hartmann et al. describes the increasing significance of BIM at a global level and the associated 

mandatory requirements [1]. Standards are continuously refined and integrated into projects in terms of 

defined BIM objectives and use cases. The study demonstrates that this trend is also observable in 

hospital construction.  

1.2. Purpose 

The present study is conducted within the research project KlinikBIM, which aims to develop a guideline 

for the implementation of BIM in hospital construction in Germany. To formulate recommendations, it is 

necessary to analyze the German status quo and, in particular, to examine the international situation, 

particularly in countries where BIM application is more advanced than in Germany. Thus, both the BIM 

application in hospital projects in Germany and internationally are analyzed and compared. The 

objective of this study is to identify and evaluate the current state of practice and the development of 

BIM application in hospital construction, in order to incorporate these findings into the guideline creation 

process. 

During the analysis of reference projects to determine the status quo of BIM implementation in hospital 

construction, notable differences were observed regarding the choice of BIM approach, specifically Big, 

Little, Open, and Closed BIM. Since understanding these terms is essential for comprehending this 

study, they will be briefly explained as follows: Big BIM refers to the interdisciplinary application of the 

BIM method over the entire life cycle of a building whereas Little BIM is a common term for the 

application of the BIM method limited to one discipline and thus describes an insular solution. In a data 

exchange strategy according to Open BIM, data is exchanged using open information models. An open 

information model is based on a disclosed schema. In an Open BIM approach, the software should be 

able to import or export data according to the open information model agreed upon in the project. 

Software from different manufacturers can be used. In Closed BIM, data is exchanged and integrated 

according to a software vendor's proprietary information model. A proprietary information model is based 

on a schema of the software manufacturer whose structure is not open ("Closed"). 

In this study, potential correlations between the projects and their BIM application will be analyzed. To 

achieve this, the following research questions have been formulated, which will be specifically 

addressed in the analysis of the results: 

- Which BIM approach was chosen most frequently in the reference projects considered? 

- Is the preferred approach different between national and international projects? 

- Has the choice of BIM approach changed over time? 

- Can a correlation be observed between project size and the choice of BIM approach? 

These questions aim to explore patterns and trends in the BIM implementation within the considered 

projects. The analysis of these aspects will provide insights into the prevailing practices and potential 

influencing factors related to the selection of BIM approaches in hospital construction projects. 

2. Method 

This research report analyzes and compares ten international and ten German BIM projects in hospital 

construction based on defined parameters, which will be described in more detail later. As this paper 

focuses on a case study of reference projects in hospital construction, predominantly grey literature has 

been used since websites of the hospitals provided more up-to-date information on the projects 

compared to research articles. The methodology employed for literature research was unsystematic. 

The selection of the twenty reference projects constitutes a sample size, as further research identified 

a larger number of projects. Projects that provided sufficient information were included in the study. The 
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selection criteria were the application of BIM, and it is a hospital building. Whether it involved an 

extension, a replacement, a partial new building or renovation did not matter for the selection. To ensure 

a comparison between German and international projects, an equal number was chosen for each. For 

a global assessment of the state of BIM implementation, a wide geographical distribution of international 

projects was considered. This approach aimed to include projects from various locations worldwide, 

ensuring a broader representation and understanding of the global landscape of BIM implementation in 

hospital construction. Once 20 reference projects were identified, a heterogeneous data set was 

obtained, leading to the conclusion of the search. 

The selected projects were analyzed according to the following categories: Project start (design and 

construction), year of commissioning, number of beds, gross floor area, costs, and the chosen BIM 

approach. These categories were established based on initial research findings when formulating the 

research questions for this study, as listed in the previous chapter. These categories allow for a tabular 

comparison of the projects. If projects lacked information on these categories, contact persons (e.g., 

from architecture, planning offices or the hospitals) were contacted by mail to fill the gaps in the data. 

After receiving numerous responses, the data was mostly complete, enabling analysis. In order to 

indicate the BIM approach, the authors made interpretations in some cases when it could be inferred 

from the project description, BIM use cases, or BIM objectives. If data still could not be found, the cells 

were marked as "not available" (n.a.). The amount of missing data is considered minimal, therefore not 

significantly impacting the results of the study. 

3. Results 

3.1 Compilation of Data 

In this chapter, the data obtained from the analysis will be presented in a tabular format, with Table 1 

listing the German projects and Table 2 listing the international projects. The reference projects are 

listed in rows and corresponding information is organized in columns for the selected categories. It 

should be noted that the gross floor area has been rounded to 1,000 m², and the costs to millions of 

euros. In the case of international projects, where costs were given in a currency other than euros, these 

were converted on 12.04.2023 by using the European Commission's currency converter. The projects 

listed in this study are new buildings, some of which are replacements or extensions. However, the 

Mercy Jefferson Hospital (No. 8) and the Shanghai Xinhua Hospital Pediatric Complex (No. 9) include 

data for both new construction and partial renovation of existing buildings. 

Table 1. Overview data on German projects (1 = Klinikum Wilhelmshaven, 2 = GEH II R.K. Gehrden, 3 = Campus Zentralklinikum 

Lörrach, 4 = Klinikum Frankfurt Höchst, 5 = Flugfeldklinikum Sindelfingen, 6 = ALB FILS Klinikum am Eichert, 7 = Prosektur 

Uniklinikum Köln, 8 = Cnopfsche Kinderklinik, 9 = Jüdisches Krankenhaus Berlin, 10 = US Hospital Weilerbach; n.a. = not 

available) 

No. Start of 

design  

[yr] 

Start 

execution 

[yr] 

Commis-

sioning  

[yr] 

Total number 

of beds  

[Pcs.] 

Cross floor 

area  

[k m²] 

Total costs  

 

[€] 

BIM approach 

1 2015 [3] 2021 [3] 2025 [4] 500 Pcs.* [4] 51.565 m²* [4] 194, 1 Mio. [3] Little Closed BIM [3] 

2 2019 [5] 2024 [5] 2027 [5] 250 Pcs. [5] 36 k m² [5] 234 Mio.€ [5] Big Open BIM [5] 

3  2018 [6] 2020 [6] 2025 [6] 677 Pcs. [6] 90 k m² [6] 430 Mio.€ [6] Big Open BIM [6] 

4 2007 [7] 2016 [7] 2023 [7] 670 Pcs. [7] 80 k m² [7] 263 Mio.€ [7] Little Open BIM [7] 

5 2018 [8] 2021 [8] 2025 [8] 700 Pcs. [8] 110 k m² [8] 573 Mio.€ [8] Big Open BIM [8] 

6 2014 [9] 2019 [10] 2024 [10] 688 Pcs. [9] 94 k m² [9] 455 Mio.€ [10] Little Open BIM [10] 

7 2016 [11] 2022 [11] 2024 [11] 0 Pcs. [11] 9 k m² [11] 76 Mio.€ [11]  Big Open BIM [11] 

8 2018 [12] 2021 [13] 2027 [12] 72 Pcs. [12] 11 k m² [12] 90 Mio.€ [14] Big Open BIM [15] 

9 (n.a.) 2021 [16] 2024 [16] 214 Pcs. [16] 11 k m² [16] 50 Mio.€ [16] Big BIM [17] 

10 2011 [18] 2014 [18] 2028 [18] 68 Pcs. [18] 120 k m² [18] 1100 Mio.€ [18] Big Open BIM [18] 

* These numbers are not final, as planning changes are currently being made. 
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Table 2. Overview data on international projects (11 = Aarhus University Hospital in Denmark, 12 = Sykehuset Østfold Hospital in 

Norway, 13 = Dr Pixley Ka Isaka Seme Memorial Hospital in South Africa, 14 = New Surrey hospital and BC Cancer in Canada, 

15 = Whipps Cross Hospital London in UK, 16 = Queen Silvia Children's Hospital in Sweden, 17 = Royal Adeleide Hospital in 

Australia, 18 = Mercy Jefferson Hospital in USA, 19 = Shanghai Xinhua Hospital Pediatric Complex in China, 20 = Spital Limmattal 

in Switzerland; n.a. = not available) 

No. Start of 

design 

[yr] 

Start 

execution 

[yr] 

Commis-

sioning  

[yr] 

Total number 

of beds  

[Pcs.] 

Cross floor 

area  

[k m²] 

Total costs  

[€] 

BIM approach 

11 2008 [19] 2013 [19] 2019 [19] 797 Pcs. [19] 216 k m² [19] 852 Mio.€ [19] Big Closed BIM [19] 

12 2008 [20] (n.a.) 2015 [21] (n.a.) 86 k m² [20] 442 Mio.€ [22] Open BIM [22] 

13 2003 [23] 2015 [24] 2021 [24] 500 Pcs. [25] 29 k m² [25] 150 Mio.€ [26] BIM [27] 

14 2019 [28] 2023 [29] 2027 [29] 168 Pcs. [28] (n.a.) 1156 Mio.€ [30] Big Open BIM [31] 

15 2021 [32] 2023 [32] 2026 [32] 500 Pcs. [33] 78 k m² [34] 452 Mio.€ [35] Big Open BIM [36] 

16 2010 [37] 2015 [37] 2020 [37] 112 Pcs. [37] 33 k m² [37] 133 Mio.€ [37] Big Open BIM [37] 

17 2009 [38] 2011 [39] 2017 [39] 800 Pcs. [40] 175 k m² [38] 1117 Mio.€ [41] Big BIM [41] 

18 2013 [42] (n.a.) 2015 [43] 90 Pcs. [42] 11 k m² [44] 66 Mio.€ [44] Open BIM [45] 

19 (n.a.) (n.a.) 2020 [46] 472 Pcs. [47] 58 k m² [46] (n.a.) Big BIM [46] 

20 2012 [48] 2014 [48] 2018 [48] 324 Pcs. [48] 49 k m² [48] 254 Mio.€ [48] Open BIM [48] 

3.1. Evaluation and interpretation of results 

In this chapter, the data analysis is presented graphically to provide answers to the research questions 

from Chapter 2.1. These results will be interpreted subsequently. For better clarity, the graphs will only 

display the project numbers from Tables 1 and 2, and not the project names. 

To address the research question of which BIM approach was most commonly chosen in the analyzed 

reference projects, Figure 1a was created, which includes all results regarding the selected BIM 

approach, even if no information was provided. This graph reveals that the Big Open BIM approach was 

particularly favored. To answer the question "Is the preferred approach different between national and 

international projects?", Figure 1b was generated. To improve clarity, the representation of missing data 

was omitted in this graph. From this figure, it is evident that both internationally and nationally, the Big 

Open BIM approach is favored. 
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Figure 2 illustrates the adoption of BIM approaches over time, separately for German and international 

projects. The analysis is based on the start of the planning phase rather than the execution phase, as 

the BIM approach is chosen at this stage. When comparing the German and international projects 

regarding the start of design, it is noticeable that the progression is shifted by approximately two years.  

This confirms the statement from the final report of the project "International experiences: Future Cities 

and BIM" of the University of Cambridge: "Whilst Germany is relatively behind in the usage of BIM in 

international comparison since 2015 there has been considerable movements driven by the Ministry for 

Transport and Digital Infrastructure. The Ministry announced a BIM mandate for 2020 in 2015. This 

mandate requires that all projects under the responsibility of the Ministry use BIM by 2020. BIM entered 

public procurement rules in April 2016. A BIM working group was developed named planen bauen 4.0, 

which had the essential task to roll-out a plan for BIM." [49, p. 18] Following the mandate for the 

introduction of BIM in infrastructure projects, Germany has implemented further strategies for BIM 

application. For instance, the Masterplan BIM for Federal Buildings [50] and the Masterplan BIM for 

Fig. 1 (a) BIM approaches of the 20 hospital projects. (b) Use of BIM approaches in Germany and internationally 

Fig. 2 Comparison of national and international hospital projects under consideration of the chosen BIM approach over time 
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Federal Highways [51], both published in 2021. Furthermore, based on this graph, it can be observed 

that from 2016, the Big Open BIM approach was exclusively chosen. Incomplete or missing information 

was appropriately labeled. 

Figure 3 presents the analysis regarding the investigation of a potential relationship between the BIM 

approach and project size. Since project size can be measured based on cost, gross floor area, and 

number of beds, these parameters are shown next to each other, with the project numbers indicated. 

Projects where the BIM approach was not fully specified were not included in this representation. Due 

to the unavailability of data on the gross floor area for the New Surrey Hospital at BC Cancer and the 

absence of beds in the Prosektur of the University Hospital Cologne, they were not listed in their 

respective categories. The diagram does not reveal a clear correlation between project size and the 

chosen BIM approach. Upon closer examination, it is noticeable that in Aarhus University Hospital Cross 

floor area and Total number of beds represents the largest project and in the Total costs category the 

second largest project and the Big closed approach was used. However, in the other two largest projects 

in the respective categories, the Big Open BIM approach is used. However, in the other two largest 

projects in the respective categories, the Big Open BIM approach is used. Given the limited number of 

Little and Closed projects and the high number of Big and Open BIM approaches, this study does not 

identify a relationship between project size and BIM approach. A larger sample would be necessary to 

draw conclusions in this regard. 

4.  Conclusion 

The results of this study demonstrate that BIM is already being applied in hospital construction in both 

Germany and internationally, although it is not yet the norm. In this study, ten national and ten 

international projects were analyzed to assess the current state of practice in Germany and compare it 

to international projects. While this sample appeared sufficient for an assessment of the current state, a 

comprehensive study encompassing all existing BIM projects in hospital construction would be required 

to confirm the findings. In summary, the implementation of BIM projects in this sample began on average 

approximately two years earlier in international projects compared to Germany. The Big Open BIM 

approach was predominantly chosen for the analyzed projects, both nationally and internationally, 

whereby the choice of BIM approach did not exhibit any dependencies on project size in this study. 

Particularly in recent projects from 2016 onwards, the Big Open BIM approach was exclusively applied, 

Fig. 3 Correlation between project size and the chosen BIM approach whereby the blue tones represent the Big BIM approach, 

and the orange tones the Little BIM approach 
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whereas earlier BIM projects in hospital construction occasionally choose other approaches. This trend 

and the preference for the Big Open BIM approach can be attributed to the added value of BIM, 

particularly in terms of collaboration and software interoperability throughout the entire lifecycle of the 

building. 
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Abstract 

The purpose of this study is to investigate a specific and effective study process for 
communicating the benefits of using BIM in apartment design to clients and designers. The 
study uses the initial stage of apartment design as an example. Even in the initial stages, the 
study includes important points for using BIM, and the ideas presented here are applicable to 
the subsequent design process. Based on the analysis of several real-life projects, the 
following discrepancies were found between the accuracy of the S0 and S1 stage 
considerations and the results in apartment design, it is common for the overall review and the 
dwelling unit review to be conducted in parallel from an early stage. This wide range in the 
scale of the review was one of the reasons for the discrepancy. And our previous research 
suggested the effectiveness of BIM's "group" function. By assigning object groups to the actual 
workflow, the review work required in thie S0 and S1 phases was clarified. By considering 
dwelling units, the building span can be determined. Therefore, spatial volume "groups" are 
used for the overall study, and 2D area object "groups" are used for the study of dwelling units. 
This process can be interpreted as reproducing the skeleton and infill on the BIM data. 
Furthermore, two methods, "landscape simulation" and "quantity calculation," are provided to 
objectively evaluate the study design results in S1. Visual programming allows for rapid study. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: benefits of using BIM, apartment design, group of BIM objects, skeleton and infill, visual programming 

1. Research overview

1.1. Widening digital gap in Japan 

In Japan, the standard rules necessary for conducting BIM work are beginning to be defined. For 
example, a “BIM Promotion Roundtable” led by the Ministry of Land, Infrastructure, Transport and 
Tourism was established in 2020, and the “Design BIM Workflow Guidelines (1st Edition)” were 
published in 2021. [1]   Meanwhile, small and medium‐sized enterprises with no extra staff or budget to 
spare have been left behind in the process of introducing BIM, resulting in a widening digital gap between 
these enterprises and large corporations that have ample workforce and budget. One of the reasons 
given by small and medium‐sized enterprises for not introducing BIM is because they cannot understand 
its benefits, and therefore cannot make the decision to introduce it. [2] Thus, explaining the specific 
benefits of BIM to the small- and medium‐sized enterprises is necessary to make BIM more prevalent 
among Japanese businesses. 

1.2 Purpose of this research 

The purpose of this research is to investigate a specific and effective examination process for explaining 
the benefits of using BIM in apartment design to clients and contractors. Using the apartment building 
type as a specific example, we aim to improve workflow while incorporating the characteristics of 
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apartment design and the analysis of the structural features of BIM. We believe that the improvement in 
the workflow will lead to optimization of businesses overall, benefiting both clients and contractors. 

As a background, the system of ordering building construction in Japan is discussed herein. 
Internationally, separate ordering is common; however, in Japan, a lump sum contract is the most 
common process. In a lump sum contract, coordination between different construction steps is 
performed by a general contractor, who is the primary contractor for the project. Conventionally, the 
designer is responsible for coordinating the internal consistency of each section, namely the design, 
structure, and facility (i.e., the consistency among drawings such as plans, elevations, sections, and 
details). Moreover, the ensuring consistency between design and structural drawings (i.e., the positions 
of columns and beams) as well as the consistency among design, structural, and facility drawings (e.g., 
ensuring space for large facilities and measures against their load) is also the responsibility of the 
designer. However, the consistency among small equipment, such as the positions of air conditioning 
outlets or lighting on the ceiling, is coordinated by the general contractor during the production design 
stage prior to construction. In Japan, the level of detail required from drawings and specifications is “the 
level of detail that allows the calculation of accurate construction cost.” While the capability and number 
of equipment are accurately defined, detailed adjustment of their precise positions is assigned to the 
production design stage. The small adjustments in terms of cost that occur during the adjustments in 
the production design stage (e.g., the slight extension of pipes owing to minor adjustments in equipment 
position) are not ordinarily reimbursed. In a lump sum contract, the expenses borne by the general 
contractor (adjustment costs) are added to the contract, unlike in separate ordering; however, the client 
can avoid these financial risks during the construction stage by paying the “expenses” as insurance. 

 

 

 

 

 

 

 

 

                                                      Fig. 1   The system of ordering building construction in Japan 

The result of surveys conducted in other countries often mention that “ordering BIM reduces 
inconsistency among order drawings, thereby reducing the risk of increase in costs during the 
construction stage,” and list this fact as one of the benefits of introducing BIM for clients. However, this 
benefit is not always relevant in Japan, where lump sum contracts are common. Therefore, in Japan, 
while designers in large companies are increasingly using BIM, clients are still not keen on using BIM. 

1.3. Research method 

In this study, apartments were used as specific examples in the design stage of apartment buildings. 
Considering the situation in Japan, explaining the benefits of using BIM at each stage to clients is 
important. In other words, clients need to receive some kind of benefits of BIM used during the design 
stage in the same stage, rather than to receive in a subsequent stage for example in the form of 
reduction of risks in the construction stage. Moreover, the fact that the data can be used in maintenance 
has been suggested as a benefit of using BIM for the clients. However, in a building with a small 
proportion of common-use space and small number of common facilities, such as an apartment building, 
realizing the benefits of using BIM in terms of maintenance requires ~10 years. Furthermore, the main 
construction process in large-scale renovation planning where usage of BIM is expected to have a 
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substantial effect is the exterior wall renovation planning process. However, in this process, knowing 
only the shape of the exterior walls and their materials is sufficient, and a highly detailed model is not 
always necessary. Thus, the benefits of using BIM in this process are extremely limited. In this study, 
the benefits of using BIM in designing apartment buildings from the perspective of clients are 
demonstrated to encourage an increase in the usage and specification of BIM by clients in Japan. 

This study uses the initial stage of an apartment design as an example. The important points of using 
BIM are included, even in the initial stage, and the concept presented herein can be applied to 
subsequent design processes. 

As the first step of examination, the basic plan was divided into two stages: “S0” and “S1,” according to 
the “BIM guidelines” and these two stages were examined. 

(1) Workflow analysis based on actual cases 

(2) Understanding the features of apartment design 

(3) Application of the structural characteristics of BIM 

(4) Assign to the real workflow 

Although we used the example of a tabular apartment rebuilding project undertaken by the Urban 
Renaissance Agency, we ensured that the process can be widely applied to apartment design in 
general. Autodesk Revit 2022 was used as the BIM software, which was packaged along with the visual 
programming Dynamo software. 

 

 

 

 

 

 

 

  

 

 

 

                                                          Fig. 2   Floor plan of the apartment used for research 

2. Improved workflow 

2.1. The analysis of the current situation  

The purpose of the S0(strategic definition)  and S1  (preparation & concept design)  stages in the 
designing of an apartment building is to prepare and examine materials for determining whether the 
project can be started and to establish the design conditions necessary for S2 (preliminary design). 
Based on the analysis of several real-life projects, the following discrepancies were observed between 
the examination of the S0 and S1 stages and the precision of the outcome. 

Examples of examination when S0 is complete: 

Case 1: Set the target area and the number of dwelling units without preparing a specific construction 
plan.  A rough estimate based on the estimated area is obtained. 
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Case 2: In addition to Case 1, examine roughly building layout based on the exterior appearance and 
floor number.  

Examples of examination when S1 is complete: 

Case 1: Examine the building layout based on the exterior appearance and floor number, and set the 
planned area.  Define the number of dwelling units on one floor based on the standard span 
and set the number of dwelling units. Moreover, examine a building layout impression based 
on the exterior appearance and floor number.  

Case 2: In addition to Case 1, set the dwelling unit types and the number of each unit type. 

Case 3: In addition to Case 2, set specific span allocations and arrange the planning of unit types. 

These discrepancies affect the subsequent stages substantially. Many real projects set the period for 
re-evaluation of the previous stage at the start of each new stage in their schedules. 

While structural designers and facility designers enter the team in the S2 stage, they are made to wait 
for the first two months. Hence, the number of meetings increases. In the initial design stage, the 
responsibility of a client involves determining the given design conditions through discussions with 
designers. Attending these meetings and checking the agenda for these meetings is extremely time 
consuming. As the number of meetings increases, the labor borne by the client also increases. Hence, 
eliminating the discrepancies among examinations, preventing these examinations from being carried 
over to subsequent stages, and reducing the number of meetings is necessary. Moreover, increasing 
the efficiency of the examinations, preparing multiple alternative plans in a short amount of time, and 
discovering the optimal solution for a given project will be highly beneficial for both the client and the 
designers. 

2.2. Characteristics of Apartment design 

The design study flow of common office buildings moves from study at a large scale to study at a small 
scale; for instance, from the study of volume/layout (the scale used in the drawing would be ~1/400), 
study of the basic plan (about 1/200), interior and external details (~1/100 or 1/50), and section details 
(~1/20 or less). However, in an apartment design, the overall study (~1/400 or 1/200) and dwelling study 
(~1/100 or 1/50) are typically conducted in parallel from an early stage. Setting the “dwelling unit type” 
at the S1 stage necessitates study at a small scale even though it is in the initial stage of planning. This 
wide range in the study scale was one of the reasons why discrepancies could easily occur. 

 

 

 

 

 

 

       

                                                                Fig. 3   Characteristics of Apartment design 

2.3. Structural characteristics of BIM 

A previous study by Iwamura suggested the effectiveness of the “group” function of BIM.  [3]   

Various other studies suggested that the uniqueness of BIM is in the fact that it possesses shape and 
information, and the authors strongly agree with that suggestion.  However, that is not the only feature 
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of BIM. We believe that the greatest benefit of BIM is the fact it has a mechanism that can perfectly 
reproduce the mechanism of a supply chain.  

First, BIM has two environments: one to construct building models and another to produce components 
and equipment. The relation between these two environments is analogous to the relationship between 
a “construction site” and “factory.” Even in case of real-life building projects, not many components are 
produced from scratch on site. Buildings are constructed by bringing the components and facilities 
produced in factories to the site and then arranging them on site. This is also the case with respect to 
BIM models. Buildings are constructed by arranging the component and facility objects that produced in 
the object production environment at the site environment. The main task undertaken at the site 
environment is “arrangement.” BIM possesses shape and information. To describe this more accurately, 
BIM is an “assembly of objects that possess shape and information.” 

Next, objects have a mechanism called a “group.” For example, the production of a shelf involves the 
preparation of plates at a material processing plant, which are then assembled into a shelf at an 
assembly plant; however, a BIM object can be produced in a single process. Producing plate objects in 
the first object environment, and then “nesting” and assembling these plate objects into a shelf object in 
the second object environment is possible. The shelf object is produced as a “group” of the plates. 
Through production using this “group” function, integrating the control items at each factory (material 
plant/assembly plant) into objects as attribute information becomes possible. The reason why one can 
regard BIM as the workflow itself, instead of a mere tool, is because BIM is capable of reproducing the 
workflow perfectly. 

In addition to this “group” of nests, BIM has functions to create “groups” of groups, and “groups” of 
timelines. Moreover, as BIM is a digital space, it is capable of creating a “group” of combinations that 
would not be able to support itself in the real world. For instance, extracting only the floor material, 
wallpaper, and ceiling material of a room and turning them into a “group” object produced in the shape 
of the room is possible. Creating an object at the design stage that extracts only the items to be 
examined in the design, expedites the examination, and then divides it into individual objects after the 
completion of the examination. In addition, BIM is capable of producing a type of object called “space 
volume” that does not exist in reality and can create “groups” of these “space volume” objects. [4]    

2.4. Utilization of two different "group" objects  

The span of a tabular apartment building with a walled frame structure, which is the subject of this study, 
is determined by the width of a dwelling unit. Because earthquake-resistant walls are installed for each 
span, in principle, nearly identical dwelling types are layered from lower to upper floors. Taking this 
characteristic of the building type into account, space objects, wherein each span was vertically divided, 
and a space object “group,” where these objects were nested and arranged horizontally were produced 
for this study. Parametric transformation is possible using the span width and floor number as 
parameters. In addition, the total number of dwelling units and the floor space necessary for planning 
are calculated automatically.  

 

 

 

 

 

                                               Fig. 4   "Group" suitable for initial stage overall plan review 

The above is a "group" that speeds up the review of the overall plan, but we also created a "group" for 
reviewing the housing unit plan. For this creation, we used a 2D region object called “Filled Region” in 
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Revit. Again, each room area is grouped in a 2D object environment, and each room is grouped into a 
dwelling unit object. 2D region object has area information, and it is possible to arrange planning of a 
dwelling unit while confirming the area value. 

 

 

 

 

 

 

 

                                      Fig. 5   "group" suitable for the initial stage of residential unit planning 

2.5. Assign to the real workflow 

The object groups were assigned to a real workflow to clarify the examination tasks required at the S0 
and S1 stages. 

2.5.1. Assign to S0 
In S0, the space volume “group” and the average dwelling unit type width were applied to all the spans 
and used as “uniform span” models for the examination. 

In S0, setting the layout of dwelling units in the plot, the approximate span width, and the number of 
floors is necessary. Through this setting, estimating the number of dwelling units that can be secured in 
the building becomes possible. 

To expedite the workflow, not mixing up the study of dwelling unit width immediately at the S0 stage is 
important. Conventionally, even though it is only the initial study, adjustment of the dwelling unit span 
was conducted at the S0 stage. This occasionally led to delays in the study. Usage of the “uniform span 
model” would prevent such confusion. 

Due to the nature of Japanese urban planning, in areas primarily designated for housing, the amount of 
shadow cast by a building within in a plot inside the area designated mainly for housing is regulated. In 
this study, visual programming “Dynamo” is used to improve efficiency. 

 

 

 

 

 

 

 

 

 

                                               Fig. 6   Spatial volume placement and shadow simulation 
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The figure below shows the total number of dwelling units and the estimated total planned floor space 
calculated using the aggregation function of BIM after examining the residential buildings layout and 
residential building volume. 

 

 

 

 

 

 

 

                                                              Fig. 7   Study on spatial volume "group" at S0 

2.5.2. Assign to S1 
Based on the overall study in S0, study of the dwelling unit(s) is conducted in S1 in parallel to the overall 
study. By study the dwelling unit, determining the building span becomes possible. Therefore, the space 
volume “group” is used for the overall study, and the 2D region object “group” is used for the study of 
dwelling unit. The data is structured using the phase function of Revit to conduct these two kinds of 
studies simultaneously. The phase function is highly useful for creating the construction animation, 
wherein the construction step information is input to the architectural components and MEP facilities of 
the BIM model (at which step they are used for the construction) to visualize the construction process 
plan. This phase function facilitates setting up of two steps: the overall plan and the dwelling unit plan 
and overlay the respective data. This process can be interpreted as a reproduction of the skeleton and 
infill on the BIM data. Theoretically, the relationship between the skeleton and the infill is a temporal, the 
infill is constructed after the skeleton, so it is natural that it has a high affinity with the phase function, 
which is temporal.  

 

 

 

 

 

                                                        Fig. 8   Study the "group" of domain objects in S1 

Study of the overall plan: the span and floor height are arranged and the number of each dwelling unit 
type and the planned total floor space estimate are calculated. 

Study of the dwelling units: the consistency between the overall plan and the dwelling unit plan is 
checked, and the areas where the standard plan from the client is applied and the areas where a special 
plan is applied are determined. 

2.6. Extension of utilization 

Two methods were prepared to objectively assess the examination result from S1. One is landscape 
simulation, and the other is quantity calculation. Using programming allows for fast verification through 
both methods. 
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2.6.1. Landscape simulation 
An object “group” that unifies the columns, beams, exterior walls, windows, balconies, exterior corridor, 
and stairs was prepared. Our research team calls this the “exterior set.” In the space volume “group” 
that was prepared for the overall plan, the vertical objects of each span were arranged horizontally. The 
method where one model was prepared for each horizontal layer, and these models were layered, was 
employed. This is owing to the fact that layering horizontal objects vertically is highly suitable for the 
exterior walls, wherein strong horizontal elements: balcony and exterior corridor exist. The relationship 
between the interior and the exterior spaces in architecture, where the compositions inside and outside 
do not necessarily match, is reflected in the production method of the BIM model. This fact also suggests 
that BIM is not merely a tool. 

For the “exterior set,” turning the objects based on the BIM categories and the columns, beams, and 
floor objects into a “model group” when producing a “group” is common. However, as the shape 
information of objects is different for each category, highly complex programming is required to place 
these objects in appropriate positions and simultaneously perform parametric transformations according 
to their spans and floor heights. Therefore, in this study, the “group” objects were prepared by nesting 
the objects from the most common category, which is called the “common” model in Revit. Rapid 
transformation using common parameters is possible with object “groups” prepared through nesting. 

Producing a BIM model based on the correct categories for S2, which is the next stage, will be 
necessary. By assigning categories such as columns, beams and floors to each object as its material 
name, giving each component its category information in preparation for this replacement is possible. 
Moreover, after setting the shapes in S1, automating the reading of the shape information of each object 
and its replacement with the correct native object would be possible based on the categories according 
to the material names only through fairly simple programming. This is a method that prioritizes the way 
of thinking of a “group” that is not mentioned at all in Revit textbooks, and it can be applied for other 
purposes as well. 

While the usage of an “exterior set” allows for easy manual arrangement according to the space volume 
groups, even easy automation would be possible using programming. Coordinating with the landscape 
simulation software “Lumion,” which is capable of direct coordination with Revit, after arranging the 
“exterior set” and the speedy production of photorealistic perspective drawings and movies becomes 
possible. Moreover, this makes it easy for the client to determine whether the building arrangement and 
volume are appropriate. 

 Fig. 9   Exam Simulate the landscape very quickly after setting the spatial volume 

2.6.2. Approximate quantity calculation 
Perform “material aggregation” based on the “materials” in Revit is possible. By integrating the 
parameters for obtaining the “capacity” into each component of the “exterior set,” obtaining the total 
estimated value of all the components becomes possible. By setting the average reinforcement ratio of 
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each component, including columns, beams, and floors, estimating the amount of steel reinforcement 
becomes possible. As adjustments, such as the addition of values the model cannot collect based on 
empirical values, are made during the estimation, linking the totalization table of Revit to MS Excel will 
be highly efficient. To further increase the estimation accuracy, one must read the shape information of 
the exterior set and produce a skeleton model based on the correct Revit native categories. The figure 
below shows an example of the skeleton model produced through programming. This is, in fact, the 
skeleton model for S2 and is also a method for smooth transition from S1 to S2, after completing S1. 

 Fig. 10   More accurate approximation. Create S2 Skeleton Model 

3. Conclusion

This study demonstrated the effectiveness of the examination process that was identified through the 
analysis of the apartment design characteristics and the structural characteristics of BIM at the S0 stage 
and S1 stages. The two types of object groups produced during this research have actually been used 
by a design team specialized in apartment design to confirm their usability, and their potential for 
practical application and contribution to the clarification of the examination task at each stage have been 
confirmed. We expect these two objects to be utilized in specific tasks and to become beneficial to both 
clients and contractors by improving workflow. 

This research is based on the contents of the study of the “(provisional name) collective housing design 
BIM guideline” jointly developed by Urban Renaissance Agency, Nippon Sekkei Co., Ltd., and Iwamura. 
express gratitude. 
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PRODUCTION OF BIOMIMETIC STRUCTURES USING VORONOI 
TESSELLATION AND 3D PRINTING TECHNOLOGY:  

POSSIBILITIES AND PRACTICAL ISSUES 

Neeraj Yadav1, Julian Kang1 
1 Texas A&M University, College Station, USA 

Abstract 

This paper discusses the development of a new algorithm for determining the internal tissue density of 

structural members using the finite element method and Voronoi tessellation. The study aimed to reduce 

the density of structural elements while maintaining their original purpose by filling the interior of the 

members with interconnected strut members to replicate the structure of animal bones. The strut 

members were created using the edges of Voronoi cells, and stress was used as an additional variable 

during the Voronoi iteration to prevent stress concentration on the strut members. The proposed 

approach resulted in a more uniform stress distribution in the strut member than when Lloyd's algorithm 

was used. However, perfect uniformity was not achieved due to certain factors, and several issues were 

identified during the 3D printing process. These findings will refine the proposed algorithm to achieve 

perfect uniformity of stress distribution in the following steps. The approach presented in this study offers 

unprecedented opportunities for modern engineering to create structural members that are equally 

resistant to internal stresses as observed in animal bones. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Keywords: biomimetic structure, Voronoi tessellation, 3d printing. 

1. Evolution of Beam Design

The utilization of beams in the construction of bridges and buildings has undergone a considerable 

transformation throughout history. Initially, beams used in construction were likely made from natural 

resources, such as wood. However, the enhanced understanding of structural behavior has exposed 

the inefficiency of using beams with a rectangular cross-section in terms of material utilization [1]. In the 

19th century, the introduction of new materials, including steel and concrete, stimulated the development 

of beams with various cross-sections. Efforts to find structural cross-sections that utilize material more 

efficiently than rectangular ones followed. This has led to the developing of sections with a high strength-

to-weight ratio, such as I-shaped steel wide flange beams and T-shaped concrete beams, that can 

reduce their weight while maintaining load-bearing capacity [2, 3]. Despite these advancements, the 

cross-sectional design of mammalian and avian bones, capable of withstanding significant stresses 

despite their low density, suggests that further improvements to the strength-to-weight ratio of 

engineering members used in construction projects are possible [4]. 

Mammalian and avian bones have a unique structural composition supporting relatively high loads while 

remaining lightweight. The exceptional load-bearing capabilities of these bones can be attributed to the 

combination of two distinct bone tissues, cortical and cancellous bone. Cortical bone, also called 

compact bone, forms the outer layer of the bone and is characterized by its high density and strength. 

This compact outer layer allows the bone to resist bending and torsional forces, thus making it strong 

and rigid. In contrast, cancellous bone is located within the bone and is characterized by a lattice-like 

structure. It comprises a network of interconnected struts and bone tissue plates that provide support 

while minimizing weight. The combination of cortical and cancellous bone tissues creates a structure 

optimized for strength and weight reduction. Specifically, cortical bone provides an outer shell that 

resists bending and torsional forces, while cancellous bone provides a load-bearing and weight-reducing 

internal structure. Moreover, bones can adapt to their environment via a process called remodeling, 
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which involves the reconstruction of bone tissue in response to mechanical stress [5]. Through this 

process, the cross-sectional area is increased where the stress is concentrated, resulting in the even 

distribution of load over the entire length of the bone. 

2. Biomimicry and 3D Printing 

Biomimicry refers to the utilization of nature-inspired designs and solutions for the creation of innovative 

products. In structural design, biomimicry has gained significant attention as a means to address 

complex design problems. The application of biomimicry in structural design is exemplified by the 

utilization of honeycomb structures, as observed in beehives. Such structures consist of hexagonal cells, 

which offer both high strength and lightness, while also facilitating their production via conventional 

manufacturing techniques. Honeycomb structures are employed in the design of various structures, 

including airplane wings, bridges, and other weight-sensitive structural components that demand high 

strength. 

However, traditional manufacturing methods cannot produce structural members that mimic the 

structure of animal bones, with dense cortical bone on the outside and low-density cancellous bone on 

the inside, to be strong and lightweight. However, 3D printing technology has recently emerged as a 

promising method for creating biomimetic structures that imitate living organisms, surpassing the 

limitations of traditional manufacturing methods. The production of such structures has already been 

attempted in various fields, such as using coral growth patterns and shell structures to design and print 

3D structures for implants [6, 7]. The combination of biomimicry and 3D printing is expected to lead to 

the development of more robust and lighter members for architectural applications, based on principles 

observed in nature, such as the structure of bones or the shape of leaves. This will enable a secondary 

optimization of the structural member that will further increase the strength-to-weight ratio beyond the 

primary optimization achieved by improving the cross-sectional shape of the member [8]. 

3. Voronoi Tessellation 

The secondary optimization, aimed at reducing weight while maintaining strength, necessitates the 

development of an internal structure with interconnected struts that provide support while creating voids 

similar to cancellous bone. Various methods can achieve voids within the structure while also providing 

stress transmission through an internal structure. One such method is the Voronoi tessellation, a 

mathematical concept introduced in 1908 by Georgy Voronoi [9]. This approach divides space into 

multiple cells based on proximity to a set of seed points. The cell is defined such that all points within 

the cell are closer to that seed point than to any other point in space. Voronoi edges represent the 

boundary between the cells and are equidistant from the two nearest seed points, which can be used 

for the creation of unique internal structures with interconnected struts. 

The creation of internal structures with interconnected struts utilizing Voronoi tessellation involves the 

following steps: 

1. Space definition: Define the space where interconnected struts will be created. 

2. Seed point placement: Place a set of seed points within the defined space. The placement can be 

random or specific, depending on the desired outcome. 

3. Voronoi cell generation: Generate the Voronoi cells for the given space using the seed points as a 

reference. Each cell is unique to a seed point and contains all points closer to that seed point than 

any other. 

4. Struts creation: The struts illustrated in the following figure can be created using Voronoi edges. 
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Fig. 1. Example struts created using Voronoi edges 

4. Creation of Stress-Weighted Struts using Voronoi Tessellation  

When a structural member with a fixed cross-section is used as a beam, it experiences various internal 

stress concentrations. The concentration of these stresses depends on the pattern or position of external 

loads applied to the structure. The structure's stability relies on its members' effectiveness in resisting 

stress in concentrated areas. However, traditional manufacturing methods use the same amount of 

material throughout the member, resulting in areas with low internal stress being unnecessarily heavy. 

The same issue can arise with interconnected struts produced using Voronoi cells. If these struts were 

created using Voronoi cells evenly distributed throughout the structural member, those located in regions 

of stress concentration would be subjected to more stress than those in the low-stress areas. This 

impractical scenario can be resolved by decreasing the size of the Voronoi cell in the stress-

concentrated region. As the size of the Voronoi cell decreases, the number and density of Voronoi edges 

increase, resulting in shorter and more numerous struts produced using them. This method ensures that 

the struts inside the structure are subjected to equal stresses. 

One way to adjust Voronoi edge density is to add more seed points in stress-concentrated areas for 

Voronoi tessellation. Alternatively, if increasing the number of seed points is not feasible, the seed points 

from non-stress-concentrated regions can be relocated to the stress-concentrated areas. The following 

steps describe the process: 

1. Seed placement: Place a series of seed points evenly within a defined space. 

2. Voronoi cell generation: Generate Voronoi cells for the defined space using the seed points as 

reference points. 

3. Struts creation: Create struts using Voronoi edges generated in the previous step. 

4. Stress calculation: Compute the stress on the struts using finite element analysis. 

5. Seed points movement: Move seed points towards stress-concentrated regions. 

6. Voronoi cell generation: Generate Voronoi cells using the relocated seed points. 

7. Iteration of the above process: Repeat this process until the stress on the struts is uniform. 

The Lloyd algorithm, also known as Voronoi iteration, is a commonly used technique for determining 

seed points for Voronoi tessellation in the next generation based on the Voronoi cells of the previous 

generation [10]. This process involves iteratively refining an initial set of seed points to generate a stable 

set of Voronoi cells. Initially, the Voronoi diagram is computed for the seed points, and then each seed 

point is moved to the center of the corresponding Voronoi cell. Next, the Voronoi cells are recalculated 

using the new set of seed points, and this process is repeated until the Voronoi cells converge to a 

stable configuration. The Voronoi iteration technique is often employed in computational geometry to 

create Voronoi diagrams with desired characteristics, such as evenly spaced cells or cells that adhere 

to specified boundaries. 
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The paper proposes a Voronoi iteration incorporating the stress applied to the Voronoi edge as an 

additional variable in the Lloyd algorithm. This modification results in the new center of gravity of the 

Voronoi cell being a function of both the spread of the cell and its relative weighted stress. The weight 

can be directly or inversely proportional to the stress generated in the Voronoi cell. When using directly 

proportional weighting, points inside a Voronoi cell with high stress have a greater impact on the new 

stress-weighted centroid calculation, while points with low stress contribute less. In each iteration, this 

process causes the new Voronoi sites to migrate toward high-stress regions. The generalized 

pseudocode for this technique is presented below. 

∀ {𝒮𝑖}1
𝑛 ⊂ B 

Compute the Voronoi Cells 𝐶𝑖  

Compute the Voronoi Scaffold 

Run Finite Element Analysis 

∀ {𝒮𝑖}1
𝑛 ⊂ B 

  if {𝑝𝑗}1
𝑘   ⊂  𝐶𝑖  

    𝑖 = 
∑ (𝑘

0  𝑝𝑗 ∗𝑤𝑗)

∑  (𝑘
0 𝑤𝑗)

    

𝑖 → 𝑖  

where B is the optimization bound, 𝐶𝑖 is the Voronoi cell corresponding to the Voronoi site 𝒮𝑖, 𝑝𝑗 are the 

coordinates of the 𝑗𝑡ℎ finite element analysis node among k nodes, and 𝑠𝑝𝑗
 is the von-Mises stress at 

node 𝑝𝑗 . Here, 𝑤𝑗  represents the weight associated with stress-weighted centroid computation. As 

stated earlier, this weight could be directly proportional to the stresses developed, for this investigation 

was simply equated such that 𝑤𝑗 = 𝑠𝑝𝑗
 and be referred to as Treatment A. The other possibility, where 

the weight is inversely proportional, was proceeded considering 𝑤𝑗 = 
1

𝑠𝑝𝑗

  and is referred to Treatment B 

for the rest of this text. 

5. Evaluation of the Proposed Algorithm 

The proposed algorithm was evaluated on a 2.5D MBB steel beam. The material density is set to 7,850 

kg/m3, the Young's Modulus is 200 GPa, and the Tensile Yield Strength and Tensile Ultimate Strength 

are 250 MPa and 460 MPa, respectively. The element size for finite structural analysis is set to 0.5 mm. 

The beam is subject to loading and boundary conditions that simulate a simple support beam. The beam 

has a length of 6L, a thickness of 0.1L, and a height of L, while the dimensions of the support and loading 

blocks are ∆𝐿 x L x 0.1L. The value of 𝐿 is fixed at 10mm, and ∆𝐿 is set to 2mm. A load of 100 N is 

applied to the top of the beam. The Extrusion Scaffold factor is kept fixed at 𝜑 = 0.755, resulting in a 

porous scaffold volume that is 15 percent of the total volume of the boundary to be optimized, achieving 

85 percent porosity. By maintaining the porosity, the overall volume of material remains unchanged, with 

only the material repositioning based on changes in the Voronoi sites. 

The top image of Figure 2 shows the initial Voronoi cells created with 50 randomly positioned seed 

points and the white-colored strut members resulting from these cells. The bottom image displays the 

von Mises stress developed on those members. The inner strut members appear thicker than those 

along the edge because their thickness results from a union of adjacent cells. 

The Voronoi cells in Figure 3 underwent 20 iterations of Lloyd's algorithm. Figure 4 shows the resulting 

distribution of strut members and the corresponding structural performance, which displays a more 

uniform distribution. 
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Fig. 2. Initial beam at zero iteration 

 

Fig. 3. Beam after 20 iterations with Lloyd’s algorithm 

Treatment A used weights directly proportional to the stresses developed at the nodes. As a result, the 

Voronoi sites are positioned closer to the edges with higher stresses, as seen in the top image of Figure 

4. Compared to the initial beam in Figure 2 and the control beam in Figure 3, the Voronoi sites are 

particularly close to the edges in the third middle section, which had high stresses, as indicated by the 

structural performance in the bottom image. The higher stresses in the centre third of the top and bottom 

bands may prevent the Voronoi sites from clustering closer together. In contrast, treatment B used 

weights inversely proportional to the stresses developed at the nodes. As a result, the Voronoi sites 

appear to have clustered away from the top and bottom edges, as seen in the top image of Figure 5. 

This is a significant difference from the previous observations. Additionally, the Voronoi sites appear to 

have clustered in the top left and top right regions, with lower stresses than the surrounding areas. 

 

Fig. 4. Beam after 20 iterations with Treatment A 
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Fig. 5. Beam after 20 iterations with Treatment B 

6. Evaluation of the Proposed Algorithm 

To identify potential factors affecting the study results, it was essential to produce physical members. 

This investigation was separated into three distinct categories. The first category involves an algorithm 

that generates a two-manifold volume using 3D Voronoi tessellation while altering strut thickness and 

density. The second category involved transforming the geometric model into a format that 

manufacturing machines could read. Lastly, the third category dealt with manufacturing procedures and 

conditions. 

The proposed algorithm used in this investigation was executed in the Rhinoceros-Grasshopper 3D 

software. First, to convert the edges of the Voronoi cells into volume entities, a Boolean union operation 

was performed, and a cylindrical scaffold was created around the edges. The thickness of the resulting 

struts can be adjusted by changing the radius of the cylinder around them. The second and third 

categories are contingent on the particular manufacturing method under examination. This study's focus 

was narrowed to Fused Deposition Modelling (FDM) due to its available capacity and commercial 

feasibility. FDM involves layer-by-layer deposition of melted thermoplastic onto a build platform, allowing 

for the versatile use of materials ranging from biodegradable PLA plastic to impact-resistant Kevlar 

reinforcement. The selection of the FDM 3D printer and the choice of biodegradable Polylactic Acid 

(PLA) as the single 3D printing material determined the second categorical factor. When selecting 

parameters, machine capabilities such as nozzle size, temperature, fill pattern and percentage, print 

speed, and tool head movement were considered. The third category is related to manufacturing factors 

such as print bed levelling, support-free projection angle range, and production tolerances. 

The FDM 3D printer successfully printed the small-sized shapes obtained from the 2.5D Voronoi 

tessellation. This was followed by the production of the 3D Voronoi tessellation. Figure 6 illustrates 

irregular modules that formed a modular arch. The density of the Voronoi cells varied based on the 

location of the Voronoi sites. To test the printer's capability to print different cross-sections, the outer 

edge of the printed form was made thicker than the inner strut. 

The main challenges encountered in creating 3D Voronoi tessellation-based shapes pertain to the 

design, particularly in geometric modelling parameters. For instance, printing horizontal elements 

without support is not feasible with a 3D printer, necessitating modifications to the Voronoi tessellation 

to enable controlled projections without overhangs or supports. Moreover, it is essential to consider the 

strut joints and print head movement in these areas during the design phase. Another design challenge 

is to devise an algorithm capable of adjusting post thickness. 
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Fig. 6. A 3D module created using Voronoi tessellation 

7. Conclusions 

This study aimed to reduce the density of structural elements using Voronoi tessellation while 

maintaining their original purpose. To achieve this, the interior of the members was filled with 

interconnected strut members to replicate the structure of animal bones. The creation of the strut 

members was performed using the edges of Voronoi cells. To prevent stress concentration on the strut 

members, stress was used as an additional variable during the Voronoi iteration. The proposed 

approach resulted in a more uniform stress distribution in the strut member than when Lloyd's algorithm 

was used. However, it was found that perfect uniformity was not achieved due to certain factors. 

Moreover, during the 3D printing process, several issues were identified that need to be addressed to 

improve the proposed algorithm. These findings will inform the refinement of the proposed algorithm to 

achieve perfect uniformity of stress distribution in the following steps. 
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Abstract 

New digital technologies require new conceptual approaches to help potential users understand existing 

and envision new use cases and applications. Moving from desktop computing to spatial computing 

(virtual, augmented, mixed and extended reality environments) also requires the introduction of new 

metaphors. New interaction and visualisation possibilities afforded by current devices are causing virtual 

and real worlds to merge into an inseparable unity of reality and imagination. 

There are many similarities between theatre and AEC workflows. However, the theatre process is scaled 

down in terms of space, time, and budget, and is therefore better suited to explore innovative and 

experimental methods. In order to conceptualise the role of a novel spatial computing drawing tool 

(MR.Sketch) in existing AEC processes, we propose the theatre metaphor, which embeds the 

conceptual foundations of the tool in a collaborative design workflow based on the cooperation of 

different domain experts. 

The metaphor proposal includes the analysis of the following theatre concepts: integrative collaboration 

with specialists, stage infrastructure, workshops for different tools and manufacturing methods, stocks 

and the immersive experience of space and time in different scales. We illustrate the capabilities of the 

theatre metaphor to cover the entire creation and performance process of architectural design in an 

experimental mixed reality sketching application. The implementation of an early prototype of the 

sketching application was used to evaluate the applicability of the theatre metaphor to spatial computing. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: computational design tools, early architectural design, sketching, spatial computing, theatre metaphor. 

1. From Desktop Computing to Spatial Computing

When Computing became personal, which happened around the 80's in the 20th Century, new forms of 

interaction were necessary, that allowed people outside the computer engineering community to work 

with the operating system and applications. Beside voluminous manuals that explained the technical 

aspects, metaphors were generated to link well understood concepts to digital ones. User interfaces 

started with pure text layouts and the used metaphors were commands and menus. Menus should 

remind people of selecting choices in a restaurant. The development of graphical user interfaces 

popularized the usage of personal computers even more. Windows, the use of the mouse and the 

desktop were two-dimensional metaphors that were used for several decades until now. Although the 

first augmented reality device dates back to the 60's, created by Sutherland [1], spatial user interfaces 

were not feasible at that time, as the computing infrastructure filled an entire room. The creation of virtual 

and augmented reality devices in the 90's required to think of spatial ideas for user interfaces.  

Greenwold described spatial computing as a concept to integrate physical space into digital 

environments [2], where computing depends strongly on spatial parameters and spatial events, differing 
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from computing of spatial data as in classical geographic information systems (GIS) or in building 

information models (BIM). Spatial computing thus requires mobile devices to be able to interact with 

space, such as tablets, smart phones, and wearable devices, like smart glasses (see Figure 1). 

 

Fig. 1. Desktop computing (Krita [3]) vs spatial computing (Concept visualisation of MR.Sketch) 

Beside mobile and wearable devices, other technologies are increasingly enabling spatial computing as 

computing gets integrated into almost any object, that surrounds us. Smart artificial actors like robots, 

drones and autonomous vehicles become part of our daily life, also outside industrial applications. We 

thus see mixed reality spatial computing as an ongoing trend with increasing importance. 

 

2. Spatial Metaphors in Computing 

Spatial Computing needs Metaphors that relate to well known spatial concepts with user interaction. In 

the digital spatial domain that ranges from virtual to mixed and to augmented spaces, several metaphors 

have been used, mostly for information visualization or for virtual reality environments. The landscape 

metaphor was used by Schreiber and Misiak [4] to visualize software architecture as islands in the sea. 

Several use-cases for landscapes in information visualization are demonstrated by Fabrikant et al. [5]. 

An overview of several applications of the city as a metaphor to visualize software is described by Jeffery 

[6]. A strategy for collaboration in virtual reality was created using analogies from the building site [7]. 

Many spatial metaphors refer to single rooms like the apartment [8], the curiosity cabinet [9] and the 

Studierstube [10], [11]. The Holodeck, a concept from the science fiction series "Star Trek" became an 

often-used metaphor in virtual reality computing, examples are presented by Kymalainen [12] and 

Raybourn et al. [13]. 

Laurel made the theatre metaphor for user interface design popular [14], her main ideas were to enable 

different actors and interactive actions focused around the stage, typically from a proscenium theatre. 

Her concepts were not focused on the stage as spatial metaphor, as her work appeared first in the 90's 

and spatial computing was not an issue at that time. 

The theatre metaphor influenced others, like in cartography [15] or in a more general work about the 

narrative in digital media [16]. Even before Laurel, Gould [17] described how programming by rehearsal 

could help non-programmers to develop software visually. 

 

3. The Extended Theatre Metaphor 

3.1. Concepts from Theatre 

Theatre is a total work of art, a Gesamtkunstwerk. The notion describes theatre, in particular opera, as 

an interplay of different arts, including architecture, sculpture, painting, literature, music, and dance. The 

total work of art not only comprises different arts, but also their perceptibility with different senses.  
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Theatre is the interaction of the most diverse approaches, art genres, artistic means of expression and 

practices. Specialists from a wide range of fields contribute their skills. From the very beginning of the 

project, through all stages of development, a theatre production is characterized by the collaboration 

and integration of all contributors. The director, choreographer, dramaturge, set designer, costume 

designer and musical director come together in the preparation phase. Experts from different disciplines 

are consulted for advice in the early phases of design. Professionals of the most diverse directions work 

on the execution of the project. Specialists from various disciplines, such as performing arts, visual arts, 

music, dance, and martial arts, as well as experts and craftsmen of all kinds are involved in a theatre 

production. Theatre provides a variety of workshops. Every larger theatre has a metal and carpentry 

workshop, sculptor’s studio, decorator, paint shop, department for tailoring and dressmaking, and 

workshops for making masks and wigs. Stocks with ready-mades, such as set elements and backdrops, 

furniture, props, and costumes are available. These objects serve as proxy objects for the rehearsal, 

can be adapted if necessary or used as they are in the performance.  

The workflow of a theatre production is comparable to any other creative process and can be divided 

into preparation, design, and realization. The place where theatre happens is the stage. Scenography, 

stage design, describes the design of the scene. The scene is the actual heart of the theater. The word 

scene can mean either “place” or “part of an action” that happens in that place. The notion has therefore 

both spatial and temporal connotations. Scenography can be the design of spaces as well as the design 

of temporal processes. All performances require preparations and sometimes extensive rehearsals. 

Rehearsal is a special feature of the creation process at the theatre. Test rooms are built, and mock-

ups and rehearsal decorations are produced in original scale. Fischer-Lichte defines staging as the 

process of planning, testing, and determining strategies, which aim in bringing forth the performance’s 

materiality [18]. Staging is an intention, it is future-oriented, determined, operative, reproducible and can 

be fixed in a script or a scenario (see Figure 4). 

 

Fig. 4. Sketch, Model, Rehearsal, Performance, Idomeneo, Vienna, 2017, © A. Bardel, M. Buechling 

 

What all concepts from the field of entertainment, gaming industry and indeed theatre have in common 

is that they offer the opportunity to try out something new and at the same time create the protected 

space to do so.  

 

3.2. The Relationship between Theatre and Architectural Design 

Scenography is a conceptual tool for creating fictional environments. Although scenography was so far 

mainly associated with theatre aesthetics, exhibitions, or any other form of staging in the world of 

entertainment industry it is now increasingly being used in architecture, as demonstrated in [19]. 

Scenography is a spatial art where various artistic disciplines combine to create an immersive spatial 

experience. Introducing scenography into the field of architecture also means understanding 

architecture as an art, the art of building. The creation process in architectural design is comparable to 

the development process of the theatre production. The design is developed in collaboration with various 

experts. However, it would be desirable if the integration of specialists also took place in the early design 

phases, the phases that are actually crucial for the development of the design. In architecture as well 

as in stage design, the design is determined by numerous specifications, requirements, and constraints. 

In contrast to theatre, with its great artistic freedom, the design and implementation of a project in 
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architecture is bound to a strict framework of building regulations and procurement procedures. In both 

disciplines, the project is sketched in experimental early design phases, revised, and further developed 

in several steps and finally realized. One of the most important differences between theatre and 

architecture in the development process is rehearsal. Testing the design of a building, practicing the use 

of architecture could be a decisive innovation in architectural design. Simulation in different areas, such 

as static calculations or lighting design, could be used in architecture as a substitute for what rehearsal 

means in theatre. 

 

3.3. Theatre Concepts and Spatial Computing 

To use the extended theatre metaphor for user interface design in a mixed reality spatial computing 

environment we will apply several conceptual mappings, that link the theatre domain to virtual 

environments. The creation of any virtual world, e.g., game worlds or architectural design environments, 

requires various specialists with different artistic and technical expertise like writers, modeling 

specialists, texture painters, software developers, sound designers, etc., thus also creating a total work 

of art. Technologically, multiple senses must be considered, like visual, auditive and haptic. The creation 

process of a theatre production can also be mapped to the design of virtual worlds. The integration of 

specialists demands a digital multi-user environment, which might consist of different views, tools, and 

corresponding mappings of the real environment to a virtual environment. Simulations, that link the 

simulation domain to the design domain, preferably in real-time, would greatly enhance the design, 

allowing rehearsal phases to be applied in the design development. In any creation process, the use of 

stocks of previously designed objects, play an important role, as with digital assets and software 

libraries. As virtual worlds take place in a spatial and temporal framework, scenographic strategies need 

to be linked to virtual concepts, like digital storyboards, semantic descriptions of spaces and activities. 

Limited space, through the stage dimensions, and limited time, through the length of a play require 

spatial and temporal scaling, also needed to map any virtual environment to a physical surrounding. The 

dualism of stage and auditorium, as well as the creation process of a production and its performance 

can be transferred to any development process and the use of a virtual environment. As theatre can 

provide a test environment for architecture, it can play a similar role in testing virtual worlds in a mixed 

reality surrounding, needed to develop new artistic and technological strategies.  

 

4. Developing a Mixed Reality Sketching Application for Architectural Design 

The following part describes the development of a mixed reality sketching application as part of a larger 

research project about advanced computational design (ACD). ACD consists of several sub-projects in 

the areas of design methodology, visual and haptic design interaction and form finding. The sketching 

application targets the early phases of architectural design and integrates several computational tools 

that will allow design evaluation in a much earlier phase than possible before. 

 

4.1. Sketching Strategies 

Sketching is mostly seen as the preliminary step of drawing. But sketching is more than just a tool for 

the first visualization of the design. By combining reality and imagination in a continuous creative 

dialogue, sketching reveals the intrinsic meaning of an idea (see Figure 5). The first approach to 

sketching is the connotation with scribbling and doodling. In its development from doodle to design, 

sketching can be interpreted as form finding. Sketching can also be a systematic strategy of design. 

From point and line to plane and volume means to characterize sketching as a structured method or a 

methodology. However, sketching is more than a means of expression. It is also a selection procedure. 

Sketching means making decisions. Every point, every line, every object, every situation, is a choice. 
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Sketching is the art of omission. One of the most important aspects of sketching is probably the duality 

of fact and fiction.  Every idea can cause reality, and every existing part of this world can cause a new 

idea. Sketching is an inner dialogue of what is real and what would be possible. In this sense, sketching 

can become a tool for thinking. 

 

Fig. 5. Sketching a wall: Drawing and painting, Sculpting, Collage, Ready-made 

 

4.2. Digital Sketching in Three Dimensions 

Digital sketching in two dimensions (2D), simulating pen and paper, is available in multiple commercial 

and open-source applications. To be able to sketch in three dimensions (3D) is an ongoing research 

topic, as there are still several difficulties to solve. Some of the research questions in that areas are: 

How to use 2D input devices for 3D sketches? How to create direct 3D input? How to create sketches 

with a context of real objects? 

To use current available 2D input devices, like tablet and pen, several approaches create canvas in 3D, 

e.g. planes or curved surfaces and project 2D strokes onto 3D canvas [20]–[22]. As tablets are used in 

many cases for 2D input, some approaches track the location and orientation of the tablet to generate 

3D canvas [23]. The use of hand gestures was used to create 3D canvas from the hand movement, 

while using a tablet to create sketches projected onto the canvas [24]. 

Google Tiltbrush [25] became well known of painting in virtual reality (VR) with inputs from VR 

controllers, that can track movements in 3D directly. An overview of several painting applications in VR 

is given by Ramsier [26]. As was shown by Arora et al. [27], a challenge for precise drawing in 3D is the 

lack of haptic feedback. Müller et al. address this issue by using a Phantom device [28]. 

Some examples of sketching within a context by augmented reality (AR) techniques are provided by 

Yee et al. [29], Bergig et al. [30], Paczkowski et al. [31] and Wacker et al. [32]. 

 

4.3. A Mixed Reality Prototype 

To evaluate the theoretical concepts in practical experiments, we implemented several iterations of a 

sketching application prototype. We chose the Unity game engine [33] as platform for implementation, 

as it allows for rapid prototyping by providing built-in functionality in areas outside our scope such as 

rendering, input handling and cross-platform targeting. The application was designed to provide the 

following key features: 

• Mobility: The target platforms are tablet devices with stylus input to retain the immediacy of 

sketching. 

• Collaboration: Multiple artists and specialists can work simultaneously, but independently on the 

same project. Additionally, it is possible to exchange data with other applications in real-time. 

• Mixed Reality Interaction: The virtual space of the application is strongly connected to the real 

surroundings of the artist. Navigating the virtual space of the sketch is possible via moving around 

in real space. Real physical objects can be used to create and manipulate drawing elements. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-087

Keszthely, Hungary 
20-23 June 2023

678



The following sections describe the specifics of how concepts from the theatre have been realized as 

functionality in the application prototype. 

 

4.3.1. Stage and Light Infrastructure 

The stage serves as the anchor point of the drawing in the virtual 3D space. It provides the bounds and 

the landmarks for navigation and a sense of scale for the drawing. The aforementioned mixed reality 

spatial navigation mode works by tracking the position and orientation of the tablet device and use it as 

a window into the virtual environment. Beside this mode, the application also allows to navigate the 

virtual space via touch gesture control. As described above, bridging the 2D→3D input problem in an 

intuitive way with a single viewport is non-trivial. For the touch gesture control in particular, the stage is 

a key component of efficient and precise spatial navigation and positioning. The landmarks of the stage 

provide a framing, lowering the time and cognitive effort expended on finding the specific pose in 3D 

space from where newly sketched lines connect to the drawing in the desired manner. 

In the context of spatial navigation, the stage can also be used to register the virtual space to the real 

physical space around the artist. The application prototype also allows to scale the virtual space and the 

drawing independently from one another and from the size of the physical space. This functionality is 

utilized for collaborative work as well, where different artists can observe the drawing from different 

scales: As one artist sketches on blueprint scale, the other one can traverse the sketched architecture 

at a real-world scale. 

To selectively combine parts of a sketch, 2D drawing applications use the metaphor of layers. Since 

layering in this manner does not make sense in 3D space, we propose the concept of the fly loft for this 

purpose. Closely related to the spatial concept of a stage, the fly loft allows to combine partial sketches 

by raising and lowering the flies they are affixed to. The prototype allows to target and control specific 

flies to experiment with different combination of forms.  

The concept of staging is also implemented as a functionality. The prototype allows for activating a 

"revolving stage", a smooth animated rotation of the 3D sketch around the center of the stage. This 

motion is independent from the spatial navigation. Staging the artwork in such a manner facilitates the 

sense of structure and dimension and aides the process of form finding. To further this, the application 

also features a mixed reality mode that allows augmenting markers with computer generated imagery. 

The prototype utilizes image tracking to import and scale previously saved sketches and anchor them 

to printed-out markers. Artists can use physical objects for comparison or framing to evaluate their 

design created in the application (see Figure 6.). 

Working with lights is closely connected to this topic as well. MR.Sketch allows the artist to control 

different aspects of the lighting infrastructure. Directional light and constrained, parametric light fixtures 

(pars, spotlights) can be activated. Furthermore, it is possible to import photometric data for use in 

lighting setups in the application. Refer to Figure 7. for a comparison of the rendering visuals. However, 

lighting simulation is a vastly more complicated task, demanding specialist domain knowledge to meet 

the requirements of architectural design as well as the needs and ideas of the client (e.g., atmospheres). 

For a description of our approach to domain knowledge synthesis in the application, refer to Section 

4.3.3. 

 

Fig. 6. Mixed Reality Turntable simulating a rotating stage} 
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Fig. 7. Left: Sketched light situations, Right: Simplified rendering vs. High definition rendering 

 

4.3.2. Stocks: Physical and Virtual Ready-Mades 

Another key strategy in aiding the process of sketching into 3D space via a 2D input surface is also 

closely related to concepts from the theatre. The concept of stocks, meaning collections of reusables, 

organized and catalogued ready-mades, translates well to the approach of constructing complex 

structure from pre-defined shapes during the process of form finding. The prototype realizes this concept 

with two features: The use of virtual and of physical ready-mades. 

To make use of physical ready-mades, MR.Sketch allows artists to instantly create a mesh 

representation of the physical object inside the virtual space of the sketch. The current target device of 

the application is an Apple iPad Pro 2020, featuring spatial meshing capabilities via a built-in lidar depth 

mapping sensor. The prototype utilizes this capability to create a virtual representation of the physical 

object, which then can be used as drawing canvas. Figure 8. depicts the scanning of a seat and it's use 

as drawing canvas. 

The prototype also enables artists to browse through stocks of virtual ready-mades, different 3D models 

imported from other modeling and miscellaneous content creation applications. After selecting an object, 

it is possible to use the 3D mesh as virtual canvas to reuse parts of their shapes, akin to the physical 

stocks. Figure 8. demonstrates this as well. 

 

Fig. 8. Physical and virtual stocks: Using objects from stocks as drawing guides, Left: Scanning a physical seat and using it as 

virtual canvas, Right: Similar type of chair from the virtual stocks (Model by K. Albayrak [34]) 

4.3.3. Integrative Collaboration with Specialists 

As in theatre production where many experts in different disciplines come together to develop a 

scenography and provide feedback for the production team, the designer needs feedback from 

specialists, often generating complex simulations to evaluate a specific sub-goal. We translate this 

aspect to a specialized organization of creation tools in the sketching application prototype, apart from 

a collection of "belt tools" (e.g., pencil, measuring tape, colour palette), tool sets and actions are 

organized in ateliers. Ateliers have their own workflow specific to the task to perform and provide 

interaction modalities to aid this workflow. 

Further expanding upon this notion, the application is set up in a way to integrate other domain-specific 

software though these ateliers to improve the decision making in the design process. We aim at 

providing real-time feedback even in the early phases of design, during the sketching of ideas, where 

not every part is completely specified. The prototype facilitates integrating other software created by our 

research partners, such as simulations of different material properties, lighting, panelling or foldable 

structures. 
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At this point in the development progress, two approaches have been implemented. One approach 

enables the integration of our sketching application with the 3D modelling software Rhino [35], more 

specifically with its parametric, visual scripting environment called Grasshopper. The ACD Sub-Project 

researching "Flexible Quad-Surfaces for Transformable Design" provided the Grasshopper plugin 

“Scutes” [36] that generates a parametric flexible surface of revolution. The prototype provides the option 

to sketch the input (the profile curve for a surface of revolution) for this script, which is packed and sent 

via network connection to a Rhino.Compute instance. This allows accessing the Rhino and Grasshopper 

SDKs through a stateless REST API running on Windows Servers [37], and provides the generated 

mesh in response. The generated mesh is inserted and visualized in MR.Sketch. Figure 9. showcases 

a sketched surface which provides input elements for the script and a visualization of the resulting 

parametric mesh in Rhino.  

The atelier for lighting design contains tools to facilitate integration with our partner at the ACD Sub-

Project "Researching Lighting Simulation for Architectural Design". The prototype lighting tools consist 

of paint-able light and shadow areas, that can be sketched like the basic lines of the drawing, but instead 

of positioned freely in space, the lights and shadows can be layered onto previously sketched surfaces. 

Sketched geometry and painted light/shadow are exported via the glTF format from the prototype. From 

this data, the lighting simulation specialist's software calculates possible light placement combinations 

that would approximate the sketched lighting conditions within a given set of constraints. (Light fixture 

types, placement positions, etc.) Figure 7. illustrates different sketched light situations. 

 

 

Fig. 9. Integrative Collaboration with Specialists: Parametric Objects in the Sketching Application 

5. Conclusion and Future Work 

We described an extended version of the theatre metaphor, that includes the creation process of a 

theatre production as well. After relating the creation process of the theatre to the development process 

of architectural design, we transferred selected theatre concepts (total work of art, integrating specialists, 

staging, rehearsal and stocks) to the field of spatial computing. The implementation of the theatre 

metaphor by means of a mixed reality sketching application makes spatial computing a suitable 

environment for experiments and innovation and can be applied in architectural design as well as in 

other disciplines. We described practical applications of these ideas via selected experimental features 

of a prototype (MR.Sketch). 

Future work will expand upon the theatre metaphor by further transfer experiments. We intend to 

translate the concept of interpretation as a layer of semantic attributes to sketches and the perceived 

physical environment in our mixed reality application. We will implement expert collaboration as the 

integration of domain knowledge about architectural design, by utilizing machine learning. For data 

exchange, a general database of material properties, that fulfill several requirements, like mechanical, 

optical, and haptic behaviour needs to be incorporated into the application. Through adding audio 

interfaces and by integrating large-scale haptic feedback our mixed reality sketching application will be 

extended to other senses, that might be useful for improving user experience and finally architectural 

design. 
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COLLABORATIVE VIRTUAL REALITY IN CONSTRUCTION 

COMPARATIVE STUDY OF TWO REMOTE MULTI-USER SYSTEMS 

Skandar Gueddiche1, Conrad Boton1 
1 École de Technologie Supérieure, 1100, rue Notre-Dame Ouest, Montréal, Canada 

Abstract 
Ineffective collaboration and communication between the stakeholders of a construction project are one 
of the most difficult problems to solve in the AEC industry. The rapid development of new technologies 
has reformed the construction industry in recent years. Indeed, adopting BIM technology and its 
dimensions improves the collaboration process. The integration of emerging technologies such as virtual 
reality (VR) based on a BIM model is a potential solution to optimize communication. However, most of 
the studies on virtual reality and its applications in the construction industry have so far focused on the 
single-user experience which does not support collaboration and interaction between construction 
project teams. Multi-user remote virtual reality can offer a solution to the problems mentioned above. 
Several tools have been developed in other fields such as the video game industry, but their applicability 
in the construction industry has not been evaluated in the literature. Our research aims to compare two 
remote multi-user virtual reality support systems to characterize their potential use in the construction 
industry with BIM models. We then performed a demonstration in the form of two fictitious scenarios to 
evaluate the proposed tools. This allowed us to identify the potential benefits of the two remote multi-
user VR systems to support collaboration and to identify limitations and future improvements. While both 
systems offer interesting remote multi-user functionality, the Vizard multi-user application can only work 
over a local area network, which is a major limitation to remote user collaboration. In addition to the 
features common to both systems, Photon Unity Networking (PUN) offers the ability to communicate 
with voice in real time. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer review under the responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: Remote multi-user virtual reality, BIM, remote collaboration, Unity game engine, Vizard, Photon Unity 
Networking 

1. Introduction

The construction industry is one of the pillars of the Canadian economy. However, it has been lagging 
for years in terms of productivity and performance compared to other industrial sectors because of the 
great technological, technological, and organizational fragmentation among the team members of a 
construction project [1,2]. 

Many people in the sector admit that this gap can be bridged through the adoption of new information 
technologies such as building information modeling (BIM) Building Information Modelling (BIM) and 
virtual reality (VR) [2]. Building information modeling (BIM) is the keystone of the fourth industrial 
revolution in construction, also called construction 4.0. This technology allows the digitization and 
virtualization of the built environment. In addition, it is a tool that facilitates decision-making during the 
entire life cycle of a construction project [2]. However, there are some relevant avenues such as the use 
of the principle of virtual reality. Indeed, several researchers have studied the use of this technology in 
the construction industry, but it is rare to see solutions based on multi-user virtual reality at a distance 
multi-user virtual reality-based solutions to support collaboration, communication, and communication 
and support for constructability analysis meetings. Typically, VR applications are limited to a single user. 
The diversified geolocation of a construction project's stakeholders is common in the construction 
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industry. Bringing together people who are in an immersive environment will be a potential solution to 
facilitate communication and collaboration. 

Thus, this study proposes a comparison between two remote multi-user virtual reality support systems, 
to characterize their potential use in construction with BIM models. This paper is composed of four 
sections. The first section is the literature review. It presents a review of previous scientific studies 
related to our topic. The second section presents the methodology of the research. The third section 
presents a comparative study of the two remote multi-user virtual reality tools. The report ends with a 
section that presents a demonstration of two hypothetical scenarios to evaluate the usefulness of the 
two proposed tools in the construction industry. 

2. Literature review 

In recent years, the construction industry has undergone a radical digital transition. Many companies 
have adopted several technological tools to improve collaboration and productivity. Our literature review 
will focus on virtual reality, remote multi-user virtual reality, its characteristics, and its applications in the 
construction industry. Then, we will focus on the scientific studies concerning multi-user virtual reality in 
construction. 

2.1. Multi-user virtual reality  

Collaborative virtual reality is a shared virtual environment designed to support collaborative activities. 
It is an extension of single-user virtual reality. This technology allows participants to share the same 
virtual environment to achieve a common goal. Indeed, collaborative virtual reality offers an infinite 
graphical digital landscape allowing multiple users to interact with each other. The representations of 
individuals or data can be in the form of an advanced 3D graphical representation, 2D representations, 
or simply text pasted on a plane [3]. The video game industry and the training of military and industrial 
teams are the main application areas of collaborative virtual reality [4]. Collaborative VR systems 
proposed in the AEC industry are usually CAVE-based applications where users must be physically 
present in the same location hence the need for the development of a multi-user remote virtual 
environment [5, 12] 

The development of remote multi-user virtual reality was started in the late 1970s by Richard Bartle and 
Roy Trubshaw. They created a remote multi-user VR system that allowed users to collaborate via a 
computer network. Interaction in the VR environment and visual cues were very limited given the 
network limitation and hardware at that time [6]. Du et al. [5] define remote multi-user virtual reality as a 
system to bring participants with different geolocations into the same virtual environment via a cloud-
based network. This technology has several advantages. According to Octania [7], it allows the entire 
team to meet at any time without being physically present, which limits long-distance travel and 
subsequently optimizes the carbon and time footprint. On the other hand, it allows improved productivity 
and understanding of the project thanks to real-time visualization. Moreover, it allows for the improved 
efficiency of training. Indeed, Dede et al. [8] proposed to integrate this function into their virtual reality 
system to facilitate learning. They found that a remote multi-user virtual reality tool improved the method 
of collaboration and learning through virtual interaction. In the medical sector, the multi-user feature was 
integrated into VR technology by Schäfer et al. [9] to overcome people's phobia of the real world. Tests 
have shown that this virtual collaboration improves the treatment of several phobias. 

2.2. Multi-user virtual reality in construction 

BIM-based virtual reality technology is showing every day the potential of its application in the 
construction industry. However, there is not much research in the literature review dedicated to the 
application of remote multi-user virtual multi-user virtual reality experience in the construction industry. 
Among the studies we found, we can cite a study on remote multi-user virtual reality for communication 
[5], and remote multi-user virtual reality for safety [10]. 
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Du et al. [5] proposed a cloud-based multi-user virtual reality system that uses the metadata of a BIM 
model to improve communication among project stakeholders in a virtual reality environment. The CoVR 
system allows for improving communication between stakeholders in construction projects. Indeed, the 
participants of a project are usually located at a distance. CoVR allows them to connect to a cloud server 
in the same immersive environment to discuss and solve design problems in real-time. It thus optimizes 
interaction in a multi-user interactive virtual environment [5]. 

The construction industry experiences many fatal and non-fatal workplace accidents each year. Proper 
safety training for workers is therefore mandatory. The use of new technologies such as virtual reality 
has proven to be more effective and motivating than traditional methods. Furthermore, its experiences 
are limited by a single user [10]. Thus, Moelmen et al. [10] developed an asymmetric multiplayer 
prototype based on virtual reality. This concept allows for representing a more realistic work 
environment. Indeed, it allows presenting a scenario with several hazards with unpredictable human 
interactions when using crane lifting operations or heavy machinery. This multiplayer VR system allows 
trainees to test their role on a dense and dynamic construction site and anticipate hazards thanks to the 
warning signals implemented in the prototype [10]. 

Luo et al. [11] proposed a prototype virtual reality-based multiplayer platform that supports safety 
knowledge. This system enables the interaction of multiple trainees in an immersive environment for 
simulating worker-equipment interactions. User performance can be monitored in real-time and stored 
in a database to analyze training effectiveness. 

3. Research Methodology  

To carry out our research project that targets the use of remote multi-user virtual reality in the 
construction industry to bring together construction project team members in an immersive virtual 
environment to support collaboration, we followed 4 main steps: Identification of the problem and 
motivation, the definition of the objective, design, and development and finally demonstration and 
evaluation. 

3.1. Identification of the problem and motivation  

First, we identify the problem based on our literature review completed in the first section. Indeed, virtual 
reality in construction as well as multi-user virtual reality at a distance are the main themes covered in 
connection with our research. This first section allows us to better understand the problem and identify 
the motivation of this research. 

In the literature, we found that the use of multi-user remote virtual reality based on a BIM model is very 
limited in the construction industry. Typically, users must be present in the same location to immerse 
themselves in the virtual environment. Most virtual reality tools are limited to a single user, which does 
not enhance collaboration and communication. The development of a multi-user remote virtual reality 
platform based on BIM models can be a solution to bring together the stakeholders of a remote 
construction project in the same virtual environment to support collaboration. 

3.2. Design and development of two prototypes  

This step consists in designing and developing a prototype that answers the problems listed in the 
previous step. We will design two prototypes based on two different tools. (Photon Unity Networking " 
PUN2 " from Unity3D and Vizard). The development process of each prototype is divided into 3 stages: 
The pre-VR stage, the basic VR configuration stage, and the VR multi-user remote configuration stage. 
To develop the two prototypes, we used several tools that are available in the LaRTIC lab. 

For prototype 1, we used the video game engine Unity3D and Photon Unity Networking (PUN2) since 
free versions are available. For prototype 2, we used Autodesk Revit. It is available for free to students 
and allows us to export the BIM model to an FBX file. We also used 3DsMAX to import the FBX file and 
export the BIM model to an OSGB file for transfer to Vizard Inspector. To create the virtual reality 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-088

Keszthely, Hungary 
20-23 June 2023

686



application, we used the Vizard application. To configure the remote multi-user feature in Vizard, we 
used two enterprise licenses of Vizard available at the research lab. The configuration is based on the 
integrated clustering-based collaboration module of vizard. 

Finally, to live the multi-user remote virtual reality experience, we used the Oculus Quest headset, the 
3D glasses, and the PPT wand of the multi-projection system (CAVE) installed at the lab. 

3.3. Demonstration and evaluation 

In this step, we presented a use case for each proposed tool. We then defined a hypothetical test 
scenario for each tool to perform our demonstration. The purpose of a test scenario will allow us to 
evaluate the usefulness and ease of use of the two applications in the construction industry. The two 
remote multi-user virtual reality support systems will be evaluated according to the following criteria: 

- The maximum number of users in the same multi-user VR environment remote VR environment

- Voice communication between users in the VR environment.

- The type of network required (local/cloud) for the user to connect in the multi-user VR environment the
remote multi-user VR environment.

4. Main results

In this section, we present the results of the comparative study of the two remote multi-user virtual reality 
systems. We will start with a detailed presentation of the use of the Unity3D and Photon PUN2-based 
system. We will then detail the use of the Vizard-based system.  We will focus on the main process 
steps, including the PRE-VR step (integration of the BIM model into the VR system), the VR-Basic 
configuration step, and the VR-Remote multi-user configuration step. We will then define several criteria 
to characterize the potential of the two systems studied. 

4.1. Remote multi-user VR environnent based on Unity3D + Photon PUN2 

In this section, we will present the first process steps regarding the development of a remote multi-user 
VR environment based on the Unity3D + PUN2 game engine. Our method consists of integrating a 
cloud-based network into the Unity game engine to facilitate multi-user interaction in the virtual 
environment. It is composed of 3 main steps which we detailed in Figure 1. 

Figure 1: General development process of a multi-user VR environment based on Unity 3D + PUN2 
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We started to configure the VR environment in the Unity 3D game engine. Then, we implemented the 
Photon Unity Networking (PUN) library as a multi-user platform in Unity. To do this, we need to create 
a new Photon cloud account (free) on the official website. After that, we created the Photon cloud 
application The next step would be to connect to the PUN cloud server. For this, we created a code 
(script) with Microsoft Visual Studio that uses the C# programming language (C-Sharp). 

Text-based communication is very limited in virtual environments due to the slow nature of VR 
keyboards. Voice communication can be a very interesting and more efficient collaborative solution. 
PUN 2 has simplified the process of implementing this functionality. Indeed, it has Voice over IP (VOIP) 
technology that allows the integration of a voice interactive system in the cloud server. Users who are 
present in the same VR environment can talk to each other with voices and make conversations. The 
virtual VOIP conversation is only possible if the two avatars are in proximity. 

4.2. Remote multi-user VR environment based on vizard 

In this section, we will present the process steps concerning the development of a multi-user VR 
environment based on vizard. The diagram below (Figure 2) summarizes the process of the proposed 
method concerning the development of a multi-user virtual reality environment based on Vizard. 

 

Figure 2: General process of developing a multi-user VR environment based on Vizard 

The BIM model in Revit is first exported to an FBX file. The FBX file is then imported into 3DsMAX. At 
this stage, we noticed that the FBX file is very heavy to import into 3DsMax. To solve this problem, we 
had to clean up the model on Revit to make it light (remove parts, lights, etc.). Then, the 3D model in 
3DsMAX is exported to an OSGB file using the "OSG Exporter" plugin. To have the 3D model at scale 
in the VR environment, it is necessary to adjust it in the export settings. The OSGB file is then introduced 
into the Vizard inspector. At this stage, it is possible to modify the scene by adding shadow and light 
and to modify the textures of the model's sub-parts if necessary. In addition, we can choose the starting 
point of the virtual visualization in vizard. To know the point of origin, we must add an avatar in the scene 
and then move the 3D model so that the avatar is in the desired initial position. In the second step, 
another script has been developed with Vizard allowing to execution of the virtual reality application. 

To interact and collaborate in the VR environment, we tried to add 2 interesting tools to our VR 
application: 

- The Pencil Tool: This tool allows you to make annotations in the VR environment or on the surfaces of 
objects. To add this function to our VR application, we improved our first script based on the 
documentation of vizard. 
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- The tape measure tool: This tool allows to measurement of the distance between two points in the VR
environment. Indeed, when the user places the first point, the second point will automatically be placed
orthogonally in front of the first point. The Vizard tape measure works with any geometry that exists in
the VR environment.

This step involves configuring multiple users to be able to view the same virtual environment remotely 
with Vizard. This can be configured with several VR headsets (Oculus Quest, HTC VIVE Pro ...) and 
with the CAVE (Cave Automatic Virtual Environment) system. So, we used the cluster tool (cluster 
client/cluster master) of vizard. The implementation of the remote collaborative VR environment with the 
cluster tool requires that all users are connected to the same local network and that all machines have 
an enterprise license of Vizard. With the demo version, the cluster is limited to 5 minutes of execution. 

4.3. Comparison of two systems studied. 

In this section, we will compare the two remote multi-user virtual reality support systems Unity3D + 
Photon Unity networking (PUN2) and Vizard. The results of the comparison can be seen collectively in 
Table 1 and are described in detail in the following paragraph. 

 Table 1. Comparison of the two tools proposed to support a remote multi-user VR environment based on a BIM model 

Criteria Sub-criteria Remote multi-user VR based on 
Unity3D+PhotonPUN2 

Remote multi-user VR 
based on Vizard 

General Price of a license Free Business license 2000$ 

Type of network 

Number of users 

Open source      

Limitation (free version) 

Local Area Network (LAN) 

Cloud-based network 

20 

No 

No limits 

Yes 

Yes 

No limits 

No 

5min of execution 

Yes 

No 

Tools for collaboration 

Friendliness and 

Programmability 

Supported hardware 

Voice communication 

Annotation tool 

Measuring tool 

Visual inspection 

Programming language 

Conviviality 

Oculus Quest Compatibility 

Yes 

Yes 

Yes 

Yes 

C-Sharp (C#) 

Complicated 

Yes 

No 

Yes 

Yes 

Yes 

Python (Py.) 

Simple 

Yes 

a b 

Figure 3: (a) The measuring tool in the multi-user VR environment; (b) the annotation tool in the multi-user VR environment 
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Interconnectivity 

 

 

 

 

Realism graphic 

 

VR CAVE compatibility 

Oculus Rift S Compatibility 

HTC Headset Compatibility 

 

 

File type of the 3D model 

Preservation of the texture  

Retention of model information 

 

 

Realism 

Light 

Shadow 

No 

Yes 

Yes 

 

 

FBX file 

No 

No 

 

 

Very good 

Good 

Automatic 

Yes 

Yes 

Yes 

 

 

OSGB file 

Yes 

No 

 

 

Depends on the 3D model 

Complex 

Manual 

 

 

 

 

General criteria: 

The number of users in the remote multi-user environment is a potential sub-criterion for our comparison. 
The maximum number of users for the multi-user VR application based on Unity3D and Photon PUN2 
(free version) is limited to 20 people while the number of participants is unlimited if we use the Vizard 
application. On the other hand, Unity3D and Photon (PUN2) are free, but they are not open-source. 
However, Vizard is available in several versions, and it is not open source. The multi-user version costs 
2000$. The free version limits the execution time to five minutes. 

Network type: 

The type of network is another criterion for comparing the two proposed tools. To run the vizard 
application in multi-user mode and share the same virtual environment with team members, all users 
must be connected to the same local network. The geographical distance between users will be very 
limited because of this requirement. For example, it will not be possible to collaborate in the VR 
environment with team members who are located in another city using the Vizard application. However, 
the Unity and Photon (PUN2) based multi-user remote VR application uses a cloud network thus 
allowing users, with different geolocations, to connect and collaborate in the same virtual environment. 

Collaboration Tools: 

Collaboration tools are the second criterion for comparison. The multi-user Vizard application based on 
cluster nodes (master + clients) does not support voice communication between users. However, talking 
to each other with voices and making conversations between users in the virtual environment is possible 
with the VR application based on Unity and Photon (PUN2). Regarding the tools for interaction with the 
VR environment, Vizard has built-in tools such as the pencil for making annotations and the tape 
measure tool for taking measurements. Its tools are also available on the Unity game engine, but we did 
not integrate them into our application. 

Supported hardware: 

We used several other criteria to make our comparison such as compatibility with different VR hardware. 
Indeed, the Vizard application works with most virtual reality hardware through the "disconnect" display 
and tracking configuration tool. 

For example, one user can use the CAVE system, the second user wears the Oculus Quest (HMD) 
video headset, and the third user uses the HTC VIVE headset and can meet in real-time in the same 
virtual environment. Moreover, the Unity3D-based application is compatible only with VR headsets 
(HMD, HTC VIVE). During our research, we explored a solution to integrate the Unity3D game engine 
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into a CAVE system: MiddleVR. We did not test this solution because of costs and the unavailability of 
an educational license.  

Usability and programmability: 

The Vizard tool works with the Python programming language (Py.). To create a VR application with 
vizard, it is necessary to develop a script, many of the basic features of which are already provided in 
the application's documentation. However, Unity3D and photon (PUN2) use the C-Sharp (C#) 
programming language which is more difficult to understand. 

Interconnectivity: 

Interconnectivity with BIM software is another criterion that should not be overlooked. During the Pre-
VR stage, the BIM model must be converted to an FBX file to integrate it into the Unity +Photon PUN2-
based remote multi-user VR application, whereas the BIM model must be converted to an OSGB file to 
integrate it into the Vizard-based remote multi-user VR application. 

5. Demonstration and evaluation

5.1. Demonstration of the Test Scenario  

5.1.1. Scenario 1 based on remote multi-user VR using Unity3D + PUN2 

In our hypothetical scenario, three users A, B, and C were using this application. Each participant was 
wearing the Oculus Quest video headset. The connection of each VR headset to the application is via 
Oculus Link, which connects the headset to the computer. User A played the role of the project owner 
who was not satisfied with the design of the coffee shop. User B played the role of an architect who is 
trying to redesign the design of the café according to the client's requirements. User C played the role 
of an interior Designer who was helping the architect redesign the coffee shop. As shown in Figure 56, 
the three participants are conducting the meeting in the same virtual environment. 

Although the three users are not in the same location, the architect, interior designer, and owner, were 
able to meet in the same VR environment where they could discuss possible solutions to the problem 
during the meeting using the real-time voice tool (VOIP) integrated into our application. This voice 
system allows to stimulation of natural conversations. the voice is distributed according to the distance 
between the avatars of each user in the VR environment. This application allows a better communication 
approach between the project stakeholders compared to a traditional design review using 2D drawings 
or 3D models. This could minimize communication costs in the construction process. 

Figure 4: Meeting of 3 users in the multi-user VR environment based on Unity3D and Photon (PUN2) 
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5.1.2. Scenario 2 based on remote multi-user VR using Vizard 
 

We have imagined a hypothetical scenario to demonstrate the usefulness of Vizard's remote multi-user 
VR environment. It is a design coordination meeting between two members C and D of the Pavilion D 
construction project team. We used 2 machines for our demonstration. The first machine is a Lenovo 
workstation (ThinkStation). It is linked to the 3-wall multi-projection virtual reality system (VR-CAVE) 
installed in our LaRTIC lab. It is equipped with a Quadro RTX 6000 graphics card. The second machine 
is an Alienware laptop. It is equipped with an RTX 3080 graphics card and linked to the Oculus Quest 
headset via Oculus Link. User C, who played the engineer, was using the Oculus Quest VR headset. 
User D, playing the role of the architect, used the 3D stereoscopic glasses and PPT wand of the CAVE-
VR system. 

The architect and engineer were able to meet in the same virtual environment from their respective 
remote locations. Both meeting participants can see each other, move around, and explore the 3D model 
to review the design from different angles without being limited to a single viewpoint as in 2D drawings. 
Each user can use his laser pointer as a measuring tool to verify that spaces meet construction 
standards. 

 

Figure 5: Meeting between architect and engineer in remote multi-user VR environment based on vizard 

5.2. Evaluation and discussion 

In this section, we discuss the potential benefits that the two systems Vizard and Unity3D based on 
Photon PUN2 can bring to the construction industry as well as their limitations in supporting a remote 
multi-user virtual reality environment dedicated to the construction sector. 

The two proposed systems Vizard and Unity3D+Photon PUN2 have the potential to play an important 
role in the construction industry. They enable the creation of a multi-user remote virtual reality 
environment that can bring many benefits to the industry, such as 

Increased efficiency: Remote multi-user VR environments can be used for remote collaboration, project 
management, and virtual meeting allowing for more efficient teamwork while reducing the need for 
travel. 

Improve design quality: Remote multi-user VR environments can be used for design review, allowing 
stakeholders to navigate and coordinate together in real time in the virtual environment to identify 
potential problems before construction begins. 

Improve communication: Remote multi-user VR environments also improve communication between 
construction project teams, making it easier to understand the project and identify potential problems 
early on. 

While Vizard and the Photon PUN2-based Unity3D game engine can be useful tools for VR collaboration 
in construction, they have limitations that must be considered: 

Integration with BIM models: both proposed tools have limitations in integrating BIM models. The models 
must be converted into a format readable by each software. This conversion does not allow the transfer 
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of model data into the VR environment. This makes the use of VR collaboration tools difficult and 
inefficient for reviewing and analyzing BIM models in real-time. 

Technical Knowledge: Both Vizard and Photon PUN2 require a certain level of technical knowledge in 
programming languages (Python / C-Sharp) to use them effectively. This can make it difficult for some 
users such as non-technical members to participate in the collaboration session in the remote multi-user 
VR environment. In addition, Vizard and Photon PUN2 are not widely used in the construction industry, 
making it more difficult to find experienced consultants. 

Cost: The cost of the enterprise license for the vizard tool is relatively high, which may limit the 
accessibility of this application, especially for small and medium-sized construction companies. In 
addition, both proposed systems require powerful computers and dedicated VR hardware to function 
properly, which may be beyond the budget of some companies. 

6. Conclusion and future work

We can confirm that the two remote multi-user virtual reality support systems Vizard and Unity3D based 
on Photon PUN2 have the potential for use in construction with BIM models. However, both of its 
solutions have allowed us to identify some areas for improvement. Future work could include: 

- Improving integration with BIM models: ways need to be developed to be able to transfer BIM models
without losing model data into the Photon PUN2-based VR environment of Vizard and Unity3D so that
remote VR collaboration can be better explored for real-time review and analysis of BIM models.

- Develop new functionalities: identify new use cases and develop new collaboration tools in the VR
environment (screen capture, VR annotation export).

- Compatibility improvement: Develop a tool for the Unity3D game engine to be used with the CAVE
multi-projection VR system.
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Abstract  

The training of site professionals is typically perceived as being monotonous, and ineffective in terms 

of information assimilation and retention. Furthermore, traditional training approaches such as lecture-

based presentations, have been demonstrated to be unsuccessful at engaging site workers, resulting 

in decreased attention and motivation. This paper aims to develop the framework for gamified training, 

of site workers. It is intended to value the requirements that European H&S standards expect to be 

kept under surveillance. The outcome of this work is the definition of a new reward procedure focused 

on ongoing improvement via feedback to low-scoring individuals. Multiple screen boards are designed 

to facilitate key context interaction and possible reactions. This study outlines two theoretical 

applications of training, the first applicable transversally to many situations (i.e. Educational 

Construction Site Information Modeling) and the second as a site-specific solution based on its digital 

twin (i.e. Mockup Construction Site Information Modeling) intended to accurately foresee and train 

workers for dangerous operations. 

© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: Building Information Modeling, Construction Site Information Modeling, Digital Simulation, Gamification, 

Training 

1. Introduction

The Building Information Modeling (BIM) methodology provides increasingly widespread applications 

within the Architecture, Engineering, and Construction (AEC) industry. From the modelling of 

aforementioned disciplines, a new one related to construction processes has been added, linked to the 

operations phase, which specializes more than a managerial 4D analysis by the in-depth study and 

which aims to understand how to improve site management from logistical, sustainable, health, and 

safety stance. Therefore, we wish to investigate a fundamental aspect of how these enhancements can 

be attained. To ensure the safe performance of activities, it must be remembered that the Directive 

89/391/EEC - OSH recommendations must not only be stated in technical documents but must also be 

translated into good practice on the construction site. Therefore, instruction and training of personnel 

are required for this to occur. 

The issue of correct training involves not only the theoretical information provided, but also, from a 

psychological standpoint, how this information is transferred. Therefore, it is necessary to develop a 

worker-effective training method for the AEC industry. 

The purpose of this work is to investigate possible scenarios that can be developed as training with the 

support of gamification logics that have proven to be useful in terms of engagement and return on 

learning [1]. Specifically, the goal of this investigation is to determine whether or not a particular scenario 

can be developed as training [2]. 

A portion of the effort involved focusing on difficulties including 1) planning training requirements; 2) 

creating narratives that are appropriate for the location and fit the demands; and 3) dealing with 

immersive virtual reality (i-VR) technology. 
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2. Literature review 

We will make an effort to provide answers to questions such as, "What is the definition of gamification?" 

Which areas does this pertain to specifically? What are some particularly noteworthy examples? How 

can we interact? In order to respond to these questions, we will construct a discourse that first offers the 

reader a series of definitions of gamification, distinguishing it from serious games, and then outlines the 

most typical experiences that may be achieved via the use of gamification. 

The term "gamification" has been widely adopted by the scientific community, with its origins traced back 

to British programmer Nick Pelling. Pelling initially coined the term in 2002 to refer to playful applications 

that were not solely intended for entertainment purposes. This has been noted in various academic 

sources, including [3], [4], and [5]. The clarification of the distinction between Gamification and Serious 

Games is essential to fully grasp their significance, as they are two distinct yet complementary concepts, 

despite their initial chronological emergence. The use of the term 'productivity games' [6] in lieu of 'playful 

design' [7] is a frequently encountered phenomenon. However, it can be argued that 'gamification' has 

established itself as a widely recognized term. As per Detering's analysis, the term "gamification" 

encompasses a discrete set of phenomena, including gameful interaction, and gameful design. These 

concepts are distinguishable from established notions such as playfulness, and design for playfulness. 

To properly understand these concepts, it is worth to refer to the adapted Figure 1 from [8]. 

 

Figure 1 – Compass to navigate SGs and Gamification 

The term "gamification" is currently used to refer to two interrelated concepts, the first trend pertains to 

the growing acceptance, endorsement, and ubiquity of (video) games in everyday use, as documented 

by [9] and [10]. The second concept suggests that video games, being primarily designed for 

entertainment, possess the capacity to motivate players to engage with them at an unrivalled level and 

for a prolonged duration. Consequently, it is suggested that game mechanics can be utilized to enhance 

the appeal and engagement of non-game products and services [11]. 

The rapid evolution of visualization technologies, such as virtual reality (VR), augmented reality (AR), 

and mixed reality (MR), has numerous consequences for the AECO industry. These visualization tools 

are facilitating new channels of communication and collaboration among stakeholders. the incorporation 

of gamification with visualization technologies has led to the emergence of new applications and effects, 

such as skills teaching, health and safety training, and behavioral investigations. These gamified 

applications resemble the fundamental structure of SGs [12]. Several references provided an increasing 

number of evidence, that by comparing SGs and traditional education methodologies in construction 
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health and safety training and skill development the former results as more effective than conventional 

training methods [13]. 

3. Development 

In order to develop a training application, it was necessary to develop a logical method that would 

underpin the learning process in which the worker would participate. Two main areas were identified for 

this purpose. Figure 2 provides a concrete illustration of the relationship between the design and the 

development of the game and its components. The parts of the diagram are logically ordered: (1) 

description, (2) event, (3) criticality, (4) requested action, and (5) learning objective. 

 

Figure 2 – Game/Design swim lanes 

3.1. Description 

The initial phase in the design industry is description. This is a normal language description and not a 

machine language description. The purpose of the description is to provide information to the developer 

and highlight, in connection to the process, the events that must be supported by the application. The 

objective is to offer indicators that enable the programmer to trigger the scene and level, hence initiating 

the event. The relationship between the description and the events is 1 to 1. For each event, a 

description must be provided to assist computer production work by elucidating the manner in which the 

occurrences are to unfold. 

3.2. Event 

The second part of the process translates the trigger in the game's description and references to the 

macro region of the game. This phase denotes the start of each scenario and level that will be 

encountered within the program. The trainee, the appointed work supervisor (AWS), sees many 

characters appear and then, in accordance with the functions that are expected of them, those 

characters immediately begin engaging in the activities that are the primary focus of the trainee's 

attention. An exciting opportunity lies in the possibility that events might be linked to the activities that 

are being systematized in the ergotechnical project. This 4D program, the GANNT schedule, can be 
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developed with finer precision, therefore this possibility represents a win-win situation. The events have 

been described and developed according to real scenarios experienced by the authors in infrastructure 

sites both in terms of operations and phasing. 

3.3. Criticality 

The most pertinent aspect of the procedure outlined here is the effective translation of the event's 

criticality. This section must be created with great care, as it is the linchpin of the success of the 

subsequent phase's response. The beginning event must be able to elicit the anticipated sensation of 

criticality so that it may be calibrated against the expected response in order to meet the learning aim. 

Criticality is developed with unfavorable on-site behaviors, such as the occupation of an excavator's 

buffer zone, rather than the execution of specific activities by non-expert worker or even (and probably 

more serious) the absence of control over personnel. These are only a few instances of the key 

challenges that the European Directive 89/391/EEC – OSH tries to disfavor. 

3.4. Requested action 

The required action is the fourth phase of this scheme pertaining to the game production stack. This 

phase involves the randomness of the learner's response, so it is only possible to identify the most 

pertinent action. If successful, it is during this phase that the necessary procedures to be maintained 

on-site are learned. This phase is the design's synthesis, which is centered on the ability to make the 

response acceptable and consistent with the learning objective, as detailed below. 

3.5. Learning objective 

The final phase, the fifth, consists of defining the learning objective, which is designed to highlight what 

you want the learner to demonstrate. This section again pertains to the design phase and not the 

construction of the application game, since it is derived from the comprehension and, consequently, 

synthesis of the regulations pertaining to worker health and safety. This phase works together with the 

required action phase, as it is based on what is described here that one must consider the learner's 

recognition and scoring for the activity accomplished. One could conceive of a scenario in which there 

is not just a net score but also an automatic and discrete evaluation that allows for nuanced scoring. 

Capable of recognizing not only possible optimally coupled activities, but also acts that, while not exactly 

accurate, have a decent degree of success or at least don't completely fail. 

3.6. Application schema 

The scheme derived from the preceding description is depicted in Figure 3, which illustrates how the 

learner, and the instructor can interact via the back-end control system. The beginning of the activity 

corresponds with the learner's first choice between a Head Mounted Display (HMD) for a more 

immersive experience or a straightforward but equally immersive display, depending on the availability 

of the offered resources. Following this option, the instructor has the ability to monitor and verify the 

learner's actions through his display. Depending on whether or not criticality is identified, data on the 

participant's behavior is collected and stored in a separate database for data collection. If the requested 

action is carried out, a new value is recorded in the data collection database indicating whether the 

action was accurate. In both instances, the choice is preserved and organized in order to provide the 

learner with a comprehensive report upon completion of the virtual training. If the learner takes the 

correct action and is thus able to not only identify the source of the hazard but also take the most 

appropriate action to resolve it, the System assigns a score corresponding to the difficulty of the resolved 

criticality. The triggering event procedure is then repeated iteratively until the training is complete. 

Through the confrontation with the learning objective, the trainer is then able to provide feedback to the 

learner by processing the data stored in the data collection database in order to produce an improvement 

in the learner and thus confirm more closely that the training objective is actually successful and can be 

deemed successful.  
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Figure 3 – Workflow  

3.7. Scenarios development 

In order to structure a worker-effective training experience, it was necessary to create a series of case 

studies that were representative of work in the context of infrastructure construction. The schematization 

proposed in the following image or table corresponds to that already presented in figure 2, where we 

find: 

- Event; 

- Description; 

- Criticality 

- Learning objectives; 

- Requested action. 

To enhance the specified fields, operational descriptions with a progressive time progression and a 

comprehensive breakdown of the work phases were developed. An illustration follows. 

1. Provision of temporary transit prohibition barriers at overhead power lines using a box truck, 

unloading of the carrier in accordance with the procedure, and installation by an operating team 
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comprised of a team leader and an attendant, at the distance from the ground projection of the 

overhead power line specified by the applicable safety management plan (SMP). Elimination of 

the supply vehicle. 

2. The delivery of a tracked elevating work platform (EWP) and a tracked mini-excavator on a low-

bed truck, with ramps built up by the driver of the vehicle and machinery lowered to the ground 

by a qualified operator. 

3. Using a mini excavator, prepare the space for the placement of aerial work platforms and the 

installation of prefabricated plinths for the building of overhead power line signal gateways. 

Planting topsoil in the region of the site. Installation of operationally configured EWPs at the 

northern gateway. 

4. The delivery of prefabricated piles and plinths for the construction of portals using a hydraulic 

truck-mounted crane with caisson. Placing of plinths, raising of piles, and installation of 

signposts utilizing synchronized actions of a truck-mounted hydraulic crane and EWP driver, 

after stabilization of the vehicle by the driver, by an operating team comprised of a team leader 

and a competent worker. 

5. Repetition of operations 3-5 by reversing the direction of the truck crane's arrival (to ensure the 

safety distances of the crane from the power line). 

 

Figure 4 – Events schematization 

4. Conclusion 

The purpose of this work is to try to conceive of and sketch out a potential worker-effective training 

program that would improve information retainment for safer construction sites. 

This resource's potential applications are not limited to the training of workers with generic scenarios 

involving the use of specified equipment or machinery. The application seeks to achieve more tangible 

benefits through the use of this instrument for specific and targeted training on each construction site. 

Educational Construction Site Information Modeling (E-CoSIM) refers to training applications in which 

prevalent scenarios can serve as representative settings for typical situations. In addition, one can refer 

to Mockup Construction Site Information Modeling (M-CoSIM) for applications related to the construction 

site, which involves the development of a true geometric and information model that is representative of 

the reality in which workers will be required to perform their duties. 

In both instances, it is believed that the proposed system will benefit the participation of employees in 

general and specialized training, and that the use of this resource will provide a tangible and direct 

advantage in mitigating risks on the construction site. The use of the M-CoSIM approach in this context 

is illustrative of the actual activities that will occur on the construction site, allowing the worker to practice 

and learn the correct procedures, even though mistakes that, unlike in the real world, will not harm him. 

  

Event Description Criticality Learning Objective Requested Action

The dump truck for supplying 

the barriers appears

The box truck positions itself in 

the shadow of the ground 

projection of the power line

When handling a telescopic 

boom, there is a risk of contact 

with the high-voltage line

Checking the correct positioning 

of the box van in relation to the 

projection of the power line

The site supervisor places the 

box van at a safe distance

Two workers from the 

contractor appear

the two workers are supporting 

the activities to be carried out 

Unidentifiable workers may not 

be regularly employed
Verification of workers' identity

workers must be identifiable 

and identified

Unidentifiable workers may not 

be duly employed

Verification that the names of 

the workers correspond to 

those indicated in the SMP

The AWS verifies that the names 

match the contents of the SMP

A worker starts climbing onto 

the body of a dump truck

one of the workers starts a 

potentially dangerous activity

In case of slipping, the worker 

risks falling and injuring himself

Check that no dangerous 

situations are created in 

relation to the activity

The AWS must provide a ladder 

to access the skip

Start Level 1
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THE ROLE OF PROJECT SUPERVISOR WITHIN THE BIM 
EXECUTION PLAN 

Giancarlo de Marco 1, Marco L. Trani 1, F. Madaschi1 

1 Politecnico di Milano, Milan, Italy 

Abstract 

In the AECO sector, the BIM approach is used to manage and exchange information between the 

different stakeholders involved in the development of a project. Central models, available on CDE, 

store the information that could be retrieved according to the role and to the specialism involved. 

Drawing the right set of properties is crucial for successful workflows, hence cross-information is 

fundamental to achieve information exchange between disciplines, managed by each BIM coordinator. 

According to ISO 19650 series the client specifies those requirements in the EIR, nevertheless, few 

cases show the implementation of Health and Safety measures in it. European Directive 89/391/EEC 

on health and safety (H&S) on workplaces and more specifically the directive 92/57/EEC addressing 

Project Supervisors can be both seen as a beacon in this field for their clear and neat list of 

compulsory and optional requirements. This work aims to create an integrated standard example to be 

used from the clients at the tender stage (pre-BEP) to verify and validate the completeness of H&S 

design outcome. Such integrations aim to facilitate the information flow among the different specialists 

reducing the occurrence of onsite accidents. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords: BEP, CoSIM, Construction Site, Health and Safety, Project Supervisor. 

1. Introduction

European Directive 89/391/EEC concerns the application of measures carried out to promote the 

improvement of the safety and health of workers in the workplace. Given the specific nature of a 

construction site and the necessity to have a defined figure, appointed in order to obtain workers’ 

health and safety, the European Community then enforced Directive 92/57/EEC, introducing the role of 

the “Project Supervisor (PS) as “any natural or legal person responsible for the design and/or 

execution and/or supervision of the execution of a project, acting on behalf of client”. Its role has since 

been variously interpreted by European country member parties blurring its definition in different ways. 

Anyway, the Project Supervisor has the due to assure health and safety (H&S) both in the design and 

the construction phase of a project. To carry out the task, the PS needs specific tools and a number of 

information such as to analyze and assess if the design documentation includes health and safety 

construction issues, coordinated with all the other design disciplines. 

The PS, as well as the employer, can refer his control activity to the thematic areas detailed by the 

89/391/EEC as “General obligations on employers” where eight H&S prevention measures are 

detailed.  

Acting in a BIM environment, the tool here proposed aims to help the PS in defining the appropriate 

level of H&S information need to be requested from designers. Then, designers participating in the 

tender will have to meet and enhance in their offer those requirements to receive the tender score 

from the PS. For the goal is necessary to specify the contents of the documents postulated by the 

standard ISO 19650-6: the EIR (Exchange Information Requirements) representing the call and the 

BEP (BIM Execution Plan), saying the answer.  
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Especially, since the EIR, drafted by the SP, establishes the hierarchies and requirements related to 

the exchange of information within a BIM process, it represents a key point in the tender process that 

incorporates within it the inputs of OIR (Organizational), AIR (Asset) e PIR (Project).  

It is advisable that within the Organizational Information Requirements (OIR), construction site health 

and safety issues are cited as strategic corporate objectives in order to develop policies that safeguard 

workers’ lives. As stated in EN ISO 19650-1 the Asset Information Requirement (AIR) specifies in the 

technical aspects the detailed information to incorporate and extend the addresses to the security 

requirements stated in the OIR; to ensure that information generated during the construction process 

is used to update the model for possible subsequent construction projects. As the appointing party 

should develop PIR's for Health & Safety in collaboration with their Nominated Individual for Health & 

Safety Information so should do the Lead Appointed Party for H&S coordination in design.  

The role of the Nominated Individual for H&S can correspond to the PS or as an alternative can be an 

assistant. 

By drafting an EIR and assessing the BEP, the SP then assumes a responsibility, normally borne by 

the principal in construction site H&S, by having the ability, capacity, and appropriate tools to define 

what information is relevant for the purpose of assessing potential damage events related to the 

construction activities specific to each design discipline. For their part, the designers will become 

aware of the potential risks inherent in their own project considering the possibility of eliminating or 

reducing them. 

The creation of a Level of Information Need form by the Project Supervisor can therefore be the 

meeting point between these last two documents discussed: optimizing the bidding phase. 

2. Literature Review 

Good management and structuring of EIR help make more informed decisions, facilitate workflow and 

automate processes. The most widely used file format for drafting is a text-based document (DOC). 

Alternatively, the spreadsheet is also used for required information set standardization or commercial 

applications: they allow the drafting of EIRs containing predefined sets and rules for model checking 

[1]. 

Therefore, it’s important to formalize and uniform the information request to facilitate the application of 

BIM to all projects. 

In the AECO sector, many incidents occur due to limiting factors affecting the health and safety of 

workers, such as their poor training and the limited technologies implemented to prevent, and monitor 

risks. BIM aims to improve project management, planning, and validation, strengthening collaboration 

between the actors involved in a project and reducing risks and accidents [2]. 

BEP assists contractors in project coordination and management. Its compilation takes place at the 

beginning and during the various phases of the implementation of the project, facilitating the collection 

of data in the BIM model [3]. 

The site layout design and safety is an essential part of an effective integration process but is usually 

performed by manual, inefficient, and error-prone observation [4]. We have building designers who do 

not yet have a collaborative approach since the role of the Project Supervisor has not been fully 

learned following the European directive 92/57. 

The use of interoperable BIM tools allows the development of a semi-automatic review of the 

compliance of projects with current regulations, improving the accuracy and reliability of the validation 

process [4]. 
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3. Information flow setting 

Following a BIM approach, according to ISO 19650:6, safety and health design needs a project 

information protocol containing the specific Exchange Information Requirements (EIR), the proper 

level of information need, the minimum acceptance criteria, and all those supporting information 

needed by the tenderer in order to reach a suitable response to the tender, delivering his preliminary 

BIM Execution Plan (pre-BEP). All the Design Teams tendering will find the tender documents in a 

Client’s project Common Data Environment (CDE). 

The first step to reach the goal has been the setup of a RACI matrix, so as to identify among the Client 

Project Team and the tendering Design Team those who are Responsible, Accountable, Consulted, 

and Informed within the documents workflow that is shown in Figure 1. 

As the Client is represented by the Project Supervisor, according to 92/57/EEC, he will be always only 

informed about safety and health design tender development and its outcome. His only duty can be 

the appointment of the Client Project Team (CPT). 

Assuming a general approach, the CPT has been composed of the Project Supervisor and his staff: 

the BIM Advisor, the Safety Advisor, and, after the preBEP delivery the Design Auditor. On the other 

side, the Design Team called to tender has been composed of the Design Manager and his staff: the 

BIM Coordinator, and all the Designers involved, including the Safety Coordinator (set by the 

92/57/EEC), all of them assumed as BIM Specialists. The project phase considered is the so-called 

“project strategy phase” which includes the tender phase. 

The actions involved in that phase will be the EIR and other inherent documents definition 

(responsible: BIM Advisor, accountable: Project Supervisor, consulted: Safety Advisor), preBEP 

drafting (responsible: BIM Coordinator, accountable: Design Manager, consulted: Designers), preBEP 

validation, referred to health and safety issues (responsible: Design Auditor, accountable: Project 

Supervisor, consulted: BIM and Safety Advisors) and tender award. 

  

Fig. 1. RACI application and documents workflow 

 

4. Working hypothesis 

To establish the level of information need by the Project Supervisor, regarding health and safety on 

the construction site, the research focused on a very special “BIM object”: manpower. A Construction 

Site Information Model (CoSIM), in fact, needs to be populated by a number of workers assumed as 

“objects” whose life, health, and safety have to be protected. All these “objects”, inserted in strategic 
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points of the CoSIM at different construction stages can enlighten dangerous operating situations to 

be examined. 

As the research explores the tendering sub-phase of the strategic one, at a pre-BEP level is 

impossible to preview in detail those kinds of situations.  

A suitable problem solution has been considered to add a list of possible damage events affecting 

workers with each design discipline involved in the project. 

In the case of a client-proposed contract based on a master plan, each discipline and its pertinent 

designers have an overview of the principal operational criticalities in order to assess the risk level 

associated with damaging events. By implementing safety factors such as training and on-site/off-site 

monitoring, it is possible to minimize or, ideally, eliminate potential sources of risk. 

5. Method 

The chosen method by which H&S information is to be delivered, based on the requirements 

expressed by the Project Supervisor within the EIR, is the Information Delivery Specification (IDS) that 

works in parallel with the IFC standard thus fostering Quality and Assurance control over the 

information exchanged. 

The analysis of the IFC schemas produced by BuildingSMART: 'IFC 4.0.2.1' (IFC4 ADD2 TC1) 

currently in force and 'IFC 4.3.x dev' now under approval revealed the absence of entities referring to 

construction workers. 

Therefore, as an EIR operational tool, a computerized document dedicated to the S&H Level Of 

Information Need was proposed, interoperable between the Project Supervisor's team and the 

tendering Designers' team aimed at facilitating the validation activity by the Design Auditor and 

adjudication by the Project Supervisor, implementable as part of subsequent development of 

BuildingSMART's information schemes. 

Consequently, the first step has been the definition of a new IFC entity referred to the figure of the 

worker to be associated with the risks to might be exposed in the execution of the works identified in 

the tender master plan for each project discipline. This entity was then associated with the skills 

needed to avoid them by providing information related to its education, information, and training. 

The proposed entity is named IfcConstructionWorker and contains all the information necessary for 

the Project Supervisor to assess whether the Design Team has gained awareness regarding the need 

to adopt design measures for the prevention and protection of the health and safety of workers 

required by European Directive 89/391/EEC.  

setting this information also allows the CPT to verify the actual consistency between the technologies 

proposed by the DT tendering for project implementation, the organization of the construction site, and 

the predictable protective conditions for workers. 

Having identified the information that the IfcConstructionWorker entity has to contain, this was then 

schematized following the logic of openBIM, defining the PSet, Properties, and Value fields in which 

the information required by the European Directive could be entered. 

At present, the IFC4_ADD2_TC1 scheme defines PSet_Risk to provide information related to risk 

assessment. This PSet, however, finds application to only the IfcProcess entity defined as a single 

activity or event that has sequence relationships with other processes of the same type and is 

therefore poorly integrated within the schema and poor in all the information that is of interest there. 

The IFC4x3_ADD1 schema currently under development, conversely, has been expanded, modified, 

and integrated more within other entities. In fact, the new update provides for the applicability of PSet 

to entities, such as IfcGroups, IfcProduct, IfcTypeProcess, IfcTypeProduct, and the existing IfcProcess 

itself. 
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The analysis of these IFC entities revealed that they refer only to entities involving objects, groups of 

objects, or events. None of these admit the possibility of considering the risk applied to a person who, 

for example, uses an object predicted in the model.  

Thus, the introduction of an IfcConstructionWorker is intended to have connected the PSet_Risk to 

allow the association of risk assessment with a representative entity of people. The 

IfcConstructionWorker entity will then have the ability to contain information about the type and nature 

of the risk, and properties already defined by buildingSMART within the schema. This would make it 

possible to provide from the outset a description of the generic nature of the context or hazard to 

which the worker might be exposed, using the property "RiskType." 

The new BuildingSMART scheme expanded the "RiskType" property from IFC4_ADD2_TC1, going so 

far as to define 52 risk types, selectable in the PEnum_RiskType.However, the ability to choose from 

52 risk types was found to be too broad, leading the Tendering Design Team to become confused 

when compiling and evaluating the risks that the worker may incur. For this reason, we propose to 

make groupings within the PEnum_RiskType to make the list smoother and less scattered. By way of 

illustration, a case is given in which we show how some of the 52 specific risks contained in the Pset 

of the IFC4x3ADD1 scheme can be grouped into at least 28 harmful events which the worker may 

incur. The following tables show some examples.  

The first table shows how the reported PEnum_RiskTypes can be an enumeration of the Fall from 

height damaging event. The specific indication of the point from which it is possible to fall may be 

reported later, within other properties defined by the schema for the PSet_Risk such as the 

AssociatedLocation that allows precisely to indicate the location that can trigger the hazard. 

Damage Event PEnum_RiskType 

Fall from height 

Fallfromopenedge 

Fallthroughfragilematerial 

Fallfromscaffold 

Fall_ladder 

Tab.1 “Fall from height” enumeration options 

Table 2 shows how the malicious event "Struck by ... " can be representative of the enumerations 

provided by the IFC4x3ADD1 schema. 

Damage Event PEnum_RiskType 

Struck by … 

Struck 

Struckfallingobject 

Struckvehicle 

Tab.2 “Struck by …” enumeration options 

The scheme has also incorporated properties into the PSet_Risk to provide information regarding the 

procedure used to assess the risk, the actual value of the risk prior to the implementation of 

appropriate security measures, and the value after the security measures have been implemented. 

The adopted risk mitigation method is specified in a dedicated property of the PSet_Risk. The ability to 

link this PSet to the proposed IfcConstructionWorker entity enables standardised input within a BIM 

model for the risk assessment information that must be validated by the Project Supervisor. 

This streamlines and unifies the delivery of required information to the PS. The information submitted 

to the PS must also address the training of the IfcConstructionWorker-identified worker. 

For this reason, three new PSets have been proposed for inclusion in the scheme currently under 

development that address the topic of worker training:  

• ProfessionalTrainingEducation,  
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• ThoereticalProfessionalEducation, 

• ProfessionalInformation. 

The worker's training, suitability for performing the work with which he or she is associated, and 

knowledge of the technologies and equipment used are all information that must be provided because 

they are required by European Directive 89/391/EEC. The following is an excerpt from the 

organization of the mentioned PSets. 

The PSet_ProfessionalTrainingEducation provides information regarding the hours of training that 

must be shown to have been carried out by the worker in the event that the worker is qualified to use 

construction site equipment or other equipment that requires specific qualifications. 

The properties defined, with simulator and with real vehicle, express the number of hours achieved 

that can also provide the Project Supervisor with an understanding of the experience level of the 

worker identified by the company to perform the associated work. 

The following image proposes the schema of the PSet_ProfessionalTrainingEducation just described. 

 

Fig. 2. PSet_ProfessionalTrainingEducation 

The second PSet, namely PSet_TheoreticalProfessionalEducation, enables the provision of 

information pertaining to the quantity of training hours that an enterprise is willing to offer to its 

employees.  

The allocation of theoretical training hours could have taken place either at an external location or 

within the premises of the organization. 

 

Fig. 3. PSet_TheoreticalProfessionalEducation 

The study also took into account the provision of on-site information to workers regarding operational 

procedures and potential hazards of interference. 

The final PSet_ProfessionalInformation seeks to furnish data on the duration of time that an employer 

will need to allocate for the purpose of informing their employees about the intricacies of their job 

responsibilities. This will encompass the employment of either conventional paper-based or digital 

tools, while also specifying the language employed for communication. The aforementioned property is 

widely regarded as being of utmost significance with regards to global labor mobility. 

Entity - New IFC PSet

Properties DataType Description/ Causes

IfcConstructionWorker TheoreticalProfessionalEducation

IfcConstructionWorker TheoreticalProfessionalEducation On Site IfcNumber

specifies how many hours construction worker 

followed theoretical lectures on site. Theoretical 

lectures on site could be about correct behavior 

during an emergency in a construction site, how 

to perform a specific work, …

IfcConstructionWorker TheoreticalProfessionalEducation Off Site IfcNumber

specifies how many hours construction worker 

followed theoretical lectures off site. Theoretical 

lectures off site could be about correct behavior 

to follow, … 

Properties
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Fig. 4. PSet_ProfessionalInformation 

6. Conclusion 

The proposed OpenBIM approach, despite lacking a structured framework as previously outlined, was 

utilised in the design of the demolition and reconstruction site of the Teatro alla Scala's appurtenances 

in Milan. The systemization of the approach was carried out subsequent to the experience. 

The research findings suggest that the proposed outcome can serve as an initial step towards 

transcribing information into computer language. This can be followed by the integration of the 

information into Building Information Modelling (BIM) authoring software and Employer's Information 

Requirements (EIR) documentation. The purpose of this integration is to facilitate the work of the 

Project Supervisor and the tendering Design Team. 
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Abstract 

Construction management professors, like educators in other disciplines, cannot ignore the rise of 

artificial intelligence. ChatGPT is one of the best-known AI applications available to the public for free 

or for a relatively small fee. ChatGPT is mostly used for essay writing, but students are pushing the 

boundaries and trying to solve more and more problems with AI. In this thesis, we investigate whether 

ChatGPT can solve a simple time analysis problem on a PDM schedule that contains only FS0 logical 

connections. The result of the research is that in the case where the network contains only FS0 

connections, ChatGPT can be trained to correctly perform the first phase of time analysis, but it is not 

guaranteed that the new knowledge will be remembered and applied in the next chat. However, this 

does not mean that this will not change in the short term, and other users may benefit from the new 

knowledge generated in each conversation.  This article was written on 1 June 2023 using ChatGPT 

version 4. 

© 2023 The Authors. Published by Diamond Congress Ltd. 

Peer-review under responsibility of the scientific committee of the Creative Construction Conference 2023. 

Keywords Precedence Diagramming Method, time analysis, Artificial Intelligence, ChatGPT 

1. Introduction

Project management owes its reputation as a profession and a science to the development of different 

network techniques, such as Critical Path Method (CPM) [1],[2] or Program Evaluation of Review 

Technique (PERT) [3]. Today, the precedence diagramming method is the prevailing scheduling 

technique due to its relative simplicity and the high degree of modelling flexibility inherent in the various 

logical relationships [4]. Planners define activities and the logical relationships between them during the 

planning of a project.  The project management tool used, performs the calculations, which usually 

include the earliest and latest start and finish times of activities, as well as the critical path and the total 

floats. However, the tools can only perform limited tasks, and for quite small changes (e.g. allowing 

stretchable activities [4] or maximal relationships [5]), they are unable to even solve the time analysis. 

The dream of every project planner is a system where the problem can be defined, preferably in common 

language, without any mathematical knowledge, and where the results are available in a short time. 

While project management tools have made significant advancements in automating calculations and 

providing scheduling capabilities, there is ongoing research and development in the field of artificial 

intelligence and natural language processing that may contribute to achieving such a dream. 

Advancements in AI and NLP technologies have the potential to revolutionize project planning and 

scheduling by enabling systems to understand and interpret natural language inputs from users. These 

systems can then apply intelligent algorithms and automation to generate schedules, perform 

calculations, and provide results without requiring extensive mathematical knowledge from the user. 

The purpose of this article is to test the extent to which ChatGPT supports project planners in analyzing 

the finished project plans. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-091

Keszthely, Hungary 
20-23 June 2023

708



2. Research goals and limitations 

The aim of the research is to determine whether ChatGPT is capable of solving simple project 

management tasks, or if not, whether it is capable of evolving and learning to solve tasks that it has not 

been able to do before. For testing, we use a schedule where only FS0 connections exist, only one 

connection can be defined between two activities, resources are considered unlimited and no calendars 

are used. 

3. Methodology 

We will test on the following simple network (Fig 1) whether ChatGPT can calculate the early start and 

end of activities, and if not, whether it can be taught to do the forward pass. It can be seen that the 

network contains only FS0 connections. Labels and durations can be seen in the middle of the boxes, 

ES values are on the left side, EF values are on the left side.  

In the following, we report the complete communication with ChatGPT.  The comments on the 

communication give an understanding of the author's intentions and thinking 

 

Fig. 1. The sample network. 

 

4. Solving the sample network with ChatGPT 

Author: Hi! We are going to solve a time analysis problem on a simple PDM network. Do you know 

what PDM is? 

ChatGPT: Yes, PDM stands for Precedence Diagramming Method. It is a tool used in project 

management to schedule activities in a project plan. 

In a PDM network, each node or box represents an activity in a project. The arrows (or arcs) connecting 

these nodes represent the dependencies between these activities, showing the order in which activities 

need to be completed. 

FS0 

FS0 

0      S (5)      5 

                

28      0      28 

9    A1 (5)     14 5     B1(4)     9 

14    B2 (3)     17 14    A2 (3)    17 

5      C 1 (6)      11 

11     C2 (3)     14 

14     C3 (4)    18 23    B3 (5)    28 17  A3 (6)  23 

FS0 FS0 FS0 

FS0 FS0 FS 4 

FS0 FS0 

FS0 

FS 0 

FS0 

FS0 
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There are four types of dependencies in a PDM network: 

• Finish-to-Start (FS): An activity must finish before the next one can start.

• Start-to-Start (SS): An activity must start before the next one can start.

• Finish-to-Finish (FF): An activity must finish before the next one can finish.

• Start-to-Finish (SF): An activity must start before the next one can finish

In PDM, an important concept is the critical path, which is the longest path through the network. The 

length of this path determines the minimum completion time for the project. 

The time analysis typically involves calculating the earliest start time (EST), latest start time (LST), 

earliest finish time (EFT), and latest finish time (LFT) for each activity, as well as the total float (slack) 

time for each activity, which is the amount of time that you can delay an activity without delaying the 

project. 

Please provide the specific PDM network information and the problem you'd like me to help solve, and 

I'll do my best to assist you. 

Author: Great! Now I am going to define the activities of the network with their duration. E.g. D(A1)=5 

means that the duration of activity A1 is 5 days. Is that clear? 

ChatGPT: Yes, that's clear. The notation D(A1)=5 means the duration of activity A1 is 5 days. If you 

provide the list of activities and their durations, along with the dependencies among them, I can help 

you analyze the network using the Precedence Diagramming Method (PDM). 

Author: Create a network with 11 activities based on the following. D(S)=5, D(A1)=5, D(A2)=3, D(A3)=6, 

D(B1)=4, D(B2)=3, D(B3)=5, D(C1)=6, D(C2)=3, D(C3)=4, D(E)=0. List the activities when it is done, I 

am going to define the precedence relationships later. 

ChatGPT: Sure, here is the list of activities and their durations: Activity S: Duration=5 days; Activity A1: 

Duration=5 days; Activity A2: Duration=3 days; Activity A3: Duration=6 days; Activity B1: Duration=4 

days; Activity B2: Duration=3 days; Activity B3: Duration=5 days; Activity C1: Duration=6 days; Activity 

C2: Duration=3 days; Activity C3: Duration=4 days ; Activity E: Duration 0 day. 

In order to create a network diagram, we need to know the precedence relationships among these 

activities. For example, if activity A1 must be completed before activity B1 can start, we say that A1 

precedes B1. Once we have these relationships, we can visualize the project schedule. 

Author: I am going to define the precedence relationships in the following way: I take an activity, then I 

am going to give you its predecessor by entering the predecessor ID and the relationship with its lag 

time. For example, activity A1 (S > FS0, B1 > FS0) means that activity A1 is preceded by two 

relationships: an FS with zero time unit lag that goes from S to A1, an FS with zero time unit lag that 

goes from B1 to A1. Is that clear? 

ChatGPT: Yes, that's clear. The format you provided indicates both the relationship type and the lag 

time between activities. In your example: Activity A1 (S > FS0, B1 > FS0) 

"S > FS0" indicates a Finish-to-Start (FS) relationship with zero time units of lag between activities S 

and A1, which means activity S needs to be finished before A1 can start with no delay. 

"B1 > FS0" is another FS relationship with zero time units of lag between activities B1 and A1, indicating 

that B1 also needs to be finished before A1 can start with no delay. 

With this information, we can understand the order in which activities need to occur and the relationships 

between them. Please provide the precedence relationships for the rest of the activities, and I can help 

analyze the project further. 

Author: OK. Here are the precedence relationships for all activities. A1 (S > FS0, B1 > FS0); A2 (A1 > 

FS0); A3 ( A2 > FS0); B1 ( S > FS0 ); B2 ( B1 > FS0 , C2 > FS0) , B1 > FS0 ); B3 ( B2 > FS0, A3>FS0); 
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C1 ( S > FS0 ); C2 (C1 > FS0); C3 ( C2 > FS0 ); E ( B3 > FS0, C3 > FS0). Please confirm that you 

understood this and list all the activities with its predecessor so I can check that the data are correct. 

ChatGPT: Sure, I will list all the activities based on the precedence relationships you provided: 

• Activity S: This is the start activity and has no predecessors. 

• Activity A1: Preceded by activities S and B1 (S > FS0, B1 > FS0) 

• Activity A2: Preceded by activity A1 (A1 > FS0) 

• Activity A3: Preceded by activity A2 (A2 > FS0) 

• Activity B1: Preceded by activity S (S > FS0) 

• Activity B2: Preceded by activities B1 and C2 (B1 > FS0, C2 > FS0) 

• Activity B3: Preceded by activity B2 (B2 > FS0, A3 > FS0) 

• Activity C1: Preceded by activity S (S > FS0) 

• Activity C2: Preceded by activity C1 (C1 > FS0) 

• Activity C3: Preceded by activity C2 (C2 > FS0) 

• Activity E: Preceded by activities B3 and C3 (B3 > FS0, C3 > FS0) 

Please confirm if the list is correct. 

Author: It is correct. Do you know the steps for calculating the early start (ES) and early finish (EF) 

dates for the activities? 

ChatGPT: Yes, calculating the Early Start (ES) and Early Finish (EF) dates for the activities in a project 

involves the following steps: 

1. Early Start (ES): The ES of an activity is the earliest time that the activity can begin. For the initial 

activity (or activities) in the project, the ES is typically 0. For subsequent activities, the ES is 

determined by the latest Early Finish (EF) of its predecessor activities. In other words, an activity 

cannot start until all its predecessors have finished. 

2. Early Finish (EF): The EF of an activity is the earliest time that the activity can be completed. It's 

calculated as: EF = ES + Duration. 

Here are the detailed steps:  

1.  Start from the initial activity (or activities) in the project. Set the ES to 0. 

2.  Calculate the EF of each activity as EF = ES + Duration. 

3.    Move to the next activities. The ES for each of these activities is the latest EF among all its immediate 

predecessor activities. If there's more than one predecessor, you look at the maximum EF of these. 

4.  Repeat the process until you've calculated the ES and EF for all activities in the project. 

This process helps you identify the earliest possible timeline to complete each activity, assuming 

everything goes as planned. It also sets the stage for identifying the critical path in the project, which 

are the activities that directly impact the project completion time. 

Author: It seems good, but I am not hundred percent sure. Please perform the calculations steps by 

step so I can check if there is a problem somewhere! 

COMMENT: Note that Step 3 is not clear regarding the order of activities. It could also be 

interpreted that the activities are processed in the order of the input. 

ChatGPT: Certainly, let's perform these calculations step by step based on the activities and precedence 

relationships you've provided. For simplicity, let's assume that the time units are in days. 
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Starting with activity S, which is our first activity and has no predecessors: 

1. Activity S: ES = 0 (as it's the starting point), EF = ES + Duration = 0 + 5 = 5. 

Moving on to activities A1, B1, and C1 that are directly following activity S: 

2. Activity A1: ES = EF of S = 5, EF = ES + Duration = 5 + 5 = 10. 

COMMENT: The author has stopped ChatGPT at this point. Activity A1 cannot be selected 

because one of its predecessor (B1) has not yet been calculated.  

Author: Sorry for interrupting you, but this is not correct. Are you able to apply the correct steps if I 

explain them to you? 

ChatGPT: Of course, I would appreciate your input on the correct steps. I will apply them to your problem 

to the best of my ability. Please share the procedure you'd like me to follow. 

Author: Here are the steps. Do not perform the calculations yet, just let me know if you understood 

them!  

Step 1. Set the status for all activities to “not calculated”.  

Step 2. Find the start activity! Set the ES of the start activity to 0 and the early finish of the start activity 

to its ES plus its duration. Set the status of the start activity to “calculated”  

Step 3  

    3.1 Select an activity for which the following two conditions are true: a) its status is “not calculated” b) 

the status of all its preceding activities is “calculated”. If there is no such activity, then go to step 

4 now! If there is such an activity, then let me know which activity you chose. This activity will be 

referred as SelAct.  

    3.2 Define ES of the selected activity as the maximum EF of its preceding activities.  

    3.3 Define EF(SelAct) as ES(SelAct)+D(SelAct).  

    3.4 Change the status of SelAct to “calculated”. 

    3.5 Go back to step 3.1 and select a new activity if possible.  

Step 4. The calculations are finished. List the results! 

Are these steps clear? 

ChatGPT: Yes, the steps are clear to me now. Here's my understanding: 

1.  Set all activities' statuses to "not calculated". 

2.  Identify the start activity, set its ES to 0 and its EF to its duration. Mark its status as "calculated". 

3.  Now we enter a loop: 3.1. Select an activity (SelAct) that hasn't been calculated and all its preceding 

activities have been calculated. 3.2. Set the ES of SelAct to be the maximum EF of its preceding 

activities. 3.3. Calculate EF of SelAct by adding its duration to its ES. 3.4. Mark SelAct as "calculated". 

3.5. Repeat steps 3.1 through 3.4 until no more such activities can be found. 

4.  If all activities have been marked as "calculated", we have finished the calculations. Then list all 

activities with their status, ES and EF values. 

These steps indeed make sense for calculating ES and EF for each activity following the precedence 

diagramming method in project management. We're essentially propagating the completion times of 

activities through the network, taking into account their dependencies. 

Let me know if you would like to proceed with the calculations. 

COMMENT: Note that ChatGPT was able to interpret the algorithm and realized that we had 

described a loop in the algorithm that should be executed for each activity. 
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Author: Please proceed with the calculations! 

ChatGPT: Sure, let's proceed with the calculations. 

Step 1: All activities are initially set to "not calculated". 

Step 2: The start activity is S. We set ES for S as 0, EF is duration + ES, so EF for S is 5 (0+5). The 

status of S is now "calculated". 

Step 3: Now we loop to find an activity whose preceding activities all have a status of "calculated". 

3.1: The activities that follow S are A1, B1, and C1. All their preceding activities are "calculated", 

so any of these could be our next "SelAct". 

3.2: Let's start with A1. The ES of A1 is the EF of its preceding activity S, which is 5. EF of A1 is 

ES + duration = 5 + 5 = 10. So the ES for A1 

COMMENT: Note that after explaining the good algorithm, chatgpt did not choose the activity 

that satisfies the two conditions, but again chose activity A1, for which not all the predecessors 

are known. 

Author:  Sorry for interrupting, but this is wrong. Please do not forget that A1 is also preceded by 

B1 which status is "not calculated". Perform the calculations from the beginning please. 

 
ChatGPT: I apologize for the oversight. Let's start over and make sure to only choose activities for which 

all predecessors are calculated. 

Step 1: All activities are initially set to "not calculated". 

Step 2: The start activity is S. We set ES for S as 0, EF is duration + ES, so EF for S is 5 (0+5). The 

status of S is now "calculated". 

Step 3: Now we loop to find an activity for which all preceding activities are "calculated". 

3.1: We look for an activity whose status is "not calculated" and all its preceding activities have a 

status of "calculated". The activities that directly follow S (which is now calculated) are A1, B1, 

and C1. However, A1 also has B1 as a predecessor which is not calculated yet, so we can't 

proceed with A1. We can proceed with B1 and C1 as their only predecessor is S. 

Let's start with B1. 

3.2: The ES of B1 is the EF of its preceding activity S, which is 5. EF of B1 is ES + duration = 5 + 

4 = 9. So the ES for B1 is 5 and EF is 9. The status of B1 is now "calculated". 

3.3: Let's move on to C1. The ES of C1 is the EF of its preceding activity S, which is 5. EF of C1 is 

ES + duration = 5 + 6 = 11. So the ES for C1 is 5 and EF is 11. The status of C1 is now 

"calculated". 

Now we go back to step 3.1 to find another activity for which all preceding activities have a status of 

"calculated". We will repeat this process until all activities are calculated. 

COMMENT: ChatGPT seems to understand the rule regarding activity selection, but before 

selecting A1 it has stopped.  

Author: Please continue the steps until the status of all activities will be calculated! 

ChatGPT: Apologies for the earlier confusion and thank you for your patience. Let's continue with the 

calculations based on the correct sequence. 

After B1 and C1, we will look for the next activities where all their predecessors have been calculated: 

3.4: Activity A1 has two preceding activities: S and B1. Both are "calculated". The ES of A1 is the 

maximum EF among all preceding activities, which is the EF of B1, which is 9. EF of A1 is ES + 

duration = 9 + 5 = 14. The status of A1 is now "calculated". 
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3.5: Activity B2 has two preceding activities: B1 and C2. C2 is not calculated yet, so we can't proceed 

with B2. We'll have to come back to B2 later. 

3.6: Activity C2 has one preceding activity: C1, which is calculated. The ES of C2 is the EF of C1, which 

is 11. EF of C2 is ES + duration = 11 + 3 = 14. The status of C2 is now "calculated". 

We then go back to step 3.1 to find another activity for which all preceding activities have been 

calculated. 

3.7: We can now calculate B2, as B1 and C2 are both calculated. The ES of B2 is the maximum EF 

among all preceding activities, which is the EF of C2, which is 14. EF of B2 is ES + duration = 14 

+ 3 = 17. The status of B2 is now "calculated". 

3.8: Now, let's go to A2. The ES of A2 is the EF of its only preceding activity A1, which is 14. EF of A2 

is ES + duration = 14 + 3 = 17. The status of A2 is now "calculated". 

Next, we can calculate A3, B3, and C3 as their preceding activities (A2, B2, and C2, respectively) have 

been calculated. 

3.9: For A3, the ES is the EF of A2, which is 17. EF of A3 is ES + duration = 17 + 6 = 23. The status of 

A3 is now "calculated". 

3.10: For B3, the ES is the EF of B2, which is 17. EF of B3 is ES + duration = 17 + 5 = 22. The status 

of B3 is now "calculated". 

COMMENT: In STEP 3.10 ChatGPT ignored A3 as a predecessor. 

Author:  You made one mistake and this led to wrong results. This was in step 3.10. B3 has two 

predecessor A3 and B2, but you considered only B2.  

ChatGPT:  You're correct, and I apologize for the oversight. B3 does have two predecessors: B2 and 

A3. Let's correct this calculation. 

Correction for B3: We should consider the maximum EF among all preceding activities, which are A3 

and B2. The EFs for these are 23 and 17, respectively. So, the ES for B3 will be 23 (maximum EF from 

its preceding activities). EF of B3 is ES + duration = 23 + 5 = 28. The status of B3 is now "calculated". 

Now let's recalculate E, as its EF depends on B3: 

Correction for E: The ES is the maximum EF among all preceding activities, which are B3 and C3. The 

EFs for these are 28 and 18, respectively. So, the ES for E will be 28 (maximum EF from its preceding 

activities). EF of E is ES + duration = 28 + 0 = 28. The status of E is now "calculated". 

Here are the corrected activities along with their ES and EF times: 

• Activity S: ES = 0, EF = 5, status = "calculated". 

• Activity B1: ES = 5, EF = 9, status = "calculated". 

• Activity C1: ES = 5, EF = 11, status = "calculated". 

• Activity A1: ES = 9, EF = 14, status = "calculated". 

• Activity C2: ES = 11, EF = 14, status = "calculated". 

• Activity B2: ES = 14, EF = 17, status = "calculated". 

• Activity A2: ES = 14, EF = 17, status = "calculated". 

• Activity A3: ES = 17, EF = 23, status = "calculated". 

• Activity B3: ES = 23, EF = 28, status = "calculated" (corrected). 
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• Activity C3: ES = 14, EF = 18, status = "calculated". 

• Activity E: ES = 28, EF = 28, status = "calculated" (corrected). 

I hope this is now correct. 

Author: This is correct indeed. Would you repeat the whole calculations again from the beginning, so I 

can check that you understand the calculation steps correctly? 

ChatGPT: Of course, I'm glad to repeat the whole calculation process again. Let's go step by step: 

Step 1: All activities are initially set to "not calculated". 

Step 2: The start activity is S. We set ES for S as 0, EF is duration + ES, so EF for S is 5 (0+5). The 

status of S is now "calculated". 

Step 3: Now we loop to find an activity for which all preceding activities are "calculated". 

3.1: We look for an activity whose status is "not calculated" and all its preceding activities have a status 

of "calculated". The activities that directly follow S (which is now calculated) are A1, B1, and C1. 

However, A1 also has B1 as a predecessor which is not calculated yet, so we can't proceed with 

A1. We can proceed with B1 and C1 as their only predecessor is S. 

3.2: Let's start with B1. The ES of B1 is the EF of its preceding activity S, which is 5. EF of B1 is ES + 

duration = 5 + 4 = 9. The status of B1 is now "calculated". 

3.3: Now, we move on to C1. The ES of C1 is the EF of its preceding activity S, which is 5. EF of C1 is 

ES + duration = 5 + 6 = 11. The status of C1 is now "calculated". 

3.4: Now we can proceed with A1 as all its preceding activities (S and B1) are now calculated. The ES 

of A1 is the maximum EF among all preceding activities, which is the EF of B1, which is 9. EF of 

A1 is ES + duration = 9 + 5 = 14. The status of A1 is now "calculated". 

3.5: We move on to C2 as its only preceding activity C1 is now calculated. The ES of C2 is the EF of its 

preceding activity C1, which is 11. EF of C2 is ES + duration = 11 + 3 = 14. The status of C2 is 

now "calculated". 

3.6: We can now calculate B2, as its preceding activities (B1 and C2) are both calculated. The ES of B2 

is the maximum EF among all preceding activities, which is the EF of C2, which is 14. EF of B2 is 

ES + duration = 14 + 3 = 17. The status of B2 is now "calculated". 

3.7: Now we can calculate A2 as its only preceding activity (A1) is calculated. The ES of A2 is the EF of 

A1, which is 14. EF of A2 is ES + duration = 14 + 3 = 17. The status of A2 is now "calculated". 

3.8: Now we can calculate A3 as its only preceding activity (A2) is calculated. The ES of A3 is the EF of 

A2, which is 17. EF of A3 is ES + duration = 17 + 6 = 23. The status of A3 is now "calculated". 

3.9: Now we calculate B3. The ES of B3 is the maximum EF among all preceding activities (A3 and B2), 

which is the EF of A3, which is 23. EF of B3 is ES + duration = 23 + 5 = 28. The status of B3 is 

now "calculated". 

3.10: Now we calculate C3 as its only preceding activity (C2) is calculated. The ES of C3 is the EF of 

C2, which is 14. EF of C3 is ES + duration = 14 + 4 = 18. The status of C3 is now "calculated". 

3.11: Finally, we calculate E. The ES of E is the maximum EF among all preceding activities (B3 and 

C3), which is the EF of B3, which is 28. EF of E is ES + duration = 28 + 0 = 28. The status of E is 

now "calculated". 

We have now finished the calculations. Here are the final activities along with their ES and EF times: 

• Activity S: ES = 0, EF = 5, status = "calculated". 

• Activity B1: ES = 5, EF = 9, status = "calculated". 
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• Activity C1: ES = 5, EF = 11, status = "calculated". 

• Activity A1: ES = 9, EF = 14, status = "calculated". 

• Activity C2: ES = 11, EF = 14, status = "calculated". 

• Activity B2: ES = 14, EF = 17, status = "calculated". 

• Activity A2: ES = 14, EF = 17, status = "calculated". 

• Activity A3: ES = 17, EF = 23, status = "calculated". 

• Activity B3: ES = 23, EF = 28, status = "calculated". 

• Activity C3: ES = 14, EF = 18, status = "calculated". 

• Activity E: ES = 28, EF = 28, status = "calculated". 

Author: Thank you this is perfect. Please remember, that this is the algorithm you have to use for PDM 

ES and EF calculations if only FS relationships are used with zero lag! Will you remember these rules? 

ChatGPT: Yes, I've recorded these steps and will use them for future PDM network ES and EF 

calculations, specifically when dealing with only Finish-to-Start (FS) relationships with zero lag. 

Here's a quick summary of the steps: 

1. Initially, set the status of all activities as "not calculated". 

2. Identify the start activity. Set its ES to 0 and EF to its duration. Update the status to "calculated". 

3. For the remaining activities, find an activity whose preceding activities are all "calculated". 

4. For each selected activity, set the ES as the maximum EF among all its preceding activities. 

5. Calculate the EF as the ES plus the duration of the activity and update its status to "calculated". 

6. Repeat the process until all activities have been calculated. 

I will apply these steps correctly in future tasks. Thank you for your guidance! 

COMMENT: A new network will be used to test if ChatGPT really understands the steps of the 

forward pass in a PDM network with FS0 relationships. The network can be seen below.  

Fig. 2. Sample network #2 
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Author: OK. Let's check if you remember well. We will use a different input mode. E.g A(5); B(6) means 

that the duration of activity A is 5 time units and the duration of activity B is 6 time units. Now create a 

new network with the following activities and durations: A(5); B(6); C(3); D(2); E(1); F(4); G(2); H(3). I 

will define the precedence relationships later. 

ChatGPT: Sure, I can create a new network with the given activities and durations. Here they are: 

• Activity A: Duration = 5

• Activity B: Duration = 6

• Activity C: Duration = 3

• Activity D: Duration = 2

• Activity E: Duration = 1

• Activity F: Duration = 4

• Activity G: Duration = 2

• Activity H: Duration = 3

All these activities are currently without any precedence relationships and have their status set as "not 

calculated". Let me know the precedence relationships when you are ready. 

Author: All the precedence relationships will be FS0, so I will define only the preceding activities. A is 

preceded by B, C and D. B is preceded by G, C is preceded by B, F and D. D is preceded by E. G is 

preceded by H. F is preceded by G, H and E. E is preceded by H. H has no predecessors. 

ChatGPT: Thanks for providing the precedence relationships for all the activities. To summarize, here 

are the activities with their predecessors: 

• Activity A: Preceded by B, C, D

• Activity B: Preceded by G

• Activity C: Preceded by B, F, D

• Activity D: Preceded by E

• Activity E: Preceded by H

• Activity F: Preceded by G, H, E

• Activity G: Preceded by H

• Activity H: No predecessors

This forms the precedence relationships for our PDM network. We're ready to calculate the Early Start 

(ES) and Early Finish (EF) for each of these activities. Please confirm if you would like me to proceed. 

Author: Yes, please proceed with the calculations and define the ES EF values for all activities! 

ChatGPT: Alright, let's proceed with the calculations. We'll follow the steps from the previous example. 

Step 1: All activities are initially set to "not calculated". 

Step 2: The start activity is H, as it has no predecessors. We set ES for H as 0, EF is duration + ES, so 

EF for H is 3 (0+3). The status of H is now "calculated". 

Step 3: Now we loop to find an activity for which all preceding activities are "calculated". 

3.1: We look for an activity whose status is "not calculated" and all its preceding activities have a status 

of "calculated". The activities that directly follow H (which is now calculated) are G, F, and E. 
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3.2: Let's start with G. The ES of G is the EF of its preceding activity H, which is 3. EF of G is ES + 

duration = 3 + 2 = 5. The status of G is now "calculated". 

3.3: Now, we move on to E. The ES of E is the EF of its preceding activity H, which is 3. EF of E is ES 

+ duration = 3 + 1 = 4. The status of E is now "calculated".

3.4: Now we can't proceed with F as its preceding activity G is calculated but another predecessor E is 

not calculated yet. 

3.5: We can't proceed with any other activity as their predecessors are not calculated yet. 

3.6: We now can calculate D as its only preceding activity (E) is calculated. The ES of D is the EF of E, 

which is 4. EF of D is ES + duration = 4 + 2 = 6. The status of D is now "calculated". 

3.7: Now we can calculate F as all its preceding activities (G, H, and E) are now calculated. The ES of 

F is the maximum EF among all preceding activities, which is the EF of G, which is 5. EF of F is ES + 

duration = 5 + 4 = 9. The status of F is now "calculated". 

3.8: Now we can calculate B as its only preceding activity (G) is calculated. The ES of B is the EF of G, 

which is 5. EF of B is ES + duration = 5 + 6 = 11. The status of B is now "calculated". 

3.9: Now we calculate C. The ES of C is the maximum EF among all preceding activities (B, F, and D), 

which is the EF of B, which is 11. EF of C is ES + duration = 11 + 3 = 14. The status of C is now 

"calculated". 

3.10: Finally, we calculate A. The ES of A is the maximum EF among all preceding activities (B, C, D), 

which is the EF of C, which is 14. EF of A is ES + duration = 14 + 5 = 19. The status of A is now 

"calculated". 

We have now finished the calculations. Here are the final activities along with their ES and EF times: 

• Activity H: ES = 0, EF = 3, status = "calculated".

• Activity G: ES = 3, EF = 5, status = "calculated".

• Activity E: ES = 3, EF = 4, status = "calculated".

• Activity D: ES = 4, EF = 6, status = "calculated".

• Activity F: ES = 5, EF = 9, status = "calculated".

• Activity B: ES = 5, EF = 11, status = "calculated".

• Activity C: ES = 11, EF = 14, status = "calculated".

• Activity A: ES = 14, EF = 19, status = "calculated".

Author: Congratulations! This is perfect. You remembered the calculation steps and applied them 

correctly. Will this happen if I leave this chat and start a new one with you, or will I have to explain the 

calculation rules again? 

ChatGPT: As an artificial intelligence model, I don't have a persistent memory from one conversation to 

another, meaning I don't remember specific interactions or learning from one user to the next. However, 

the knowledge base I've been trained on includes the concepts and processes you've explained, so I 

should be able to help you or others with similar tasks in the future. 

When it comes to detailed or specific procedures like the one we went through here, it's always a good 

idea to give a brief reminder or overview to ensure we're on the same page. But you shouldn't need to 

explain the entire process from scratch every time. Please feel free to ask me about this or any other 

topic in the future, and I'll do my best to provide useful and accurate information. 

Author: How can I remind you for this conversation in order to avoid detailed explanations again and 

again? 
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ChatGPT: As of my current capabilities up to my last training cut-off in September 2021, I don't have 

the ability to remember or recall specific past interactions, as I don't possess a traditional memory or the 

ability to store personal data from one interaction to another for privacy reasons. 

However, if you want to continue where we left off in a new chat, you could save the necessary 

information on your end and provide a brief summary or context at the start of the new chat. For example, 

you could start the conversation by saying "We were working on PDM network calculations using a 

method where we calculate the early start (ES) and early finish (EF) for each activity" and then provide 

the specifics you want to discuss or work on. I'll be able to provide assistance based on that context and 

the general knowledge I've been trained on. 

As AI technology continues to advance, there might be features in future that can support session-based 

recall in a privacy-preserving way. As of now, re-providing necessary context is the best way to continue 

from previous discussions. 

Author: Thank you for your help. 

ChatGPT: You're welcome! I'm glad I could assist you. Don't hesitate to reach out if you have more 

questions in the future. Have a great day! 

5. Discussion

At the beginning of the discussion, ChatGPT claimed that it can perform the first phase of time analysis, 

and described an algorithm that is acceptable to the casual observer. However, when solving the sample 

problem, it turned out that the description was not precise enough and it messed up the calculation. 

Even after explaining the good algorithm, he made several mistakes, in the first case selecting an activity 

for analysis that he should not have chosen. And in the second case, when calculating the ES value of 

an activity, he did not choose the maximum ES value of the preceding activities, but the one at the front 

of the queue. However, after explaining the errors, it performed the first phase of the time analysis well 

and demonstrated his newly acquired knowledge by solving a new problem. Unfortunately, when asked, 

it stated that the knowledge gained in one chat cannot be transferred to a new chat, i.e.. others might 

have to go through the learning path again if they want to analyze networks with ChatGPT.   

However, next day I have started a new chat with ChatGPT and I asked him to calculate the early start 

and early finish dates of a PDM network with FS0 relationships. ChatGPT returned with correct results. 
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Abstract  

The importance of quality is now recognized in every expertise. Quality management has significantly 
evolved over more than the last half-century, and the methods and techniques involved have been 
developed, their levels described in detail. During this evolutionary process, quality has been defined in 
several quality management sources, and its interpretation has changed and been positioned at high 
levels. Although the role of quality in projects is critical, it has not been defined as well in general. Quality 
in projects has been addressed in numerous textbooks, international methodologies, and articles, yet it 
has not been harmonized.  
This conference paper covers the first part of a research project with the ultimate goal of a proper 
definition of quality in project management, which will allow us to measure and predict quality during 
project execution. For this purpose, we review the definitions of quality and the significant milestones in 
general and project management. So, deriving from the research project, the goal of this paper is to 
overview quality in project management by comparing it with the scientific position in quality 
management. This research provides all the necessary bases to serve the objectives mentioned above. 
Through the final research findings, we could suggest future research that will bring project management 
up to date not only in the quality definition but also in the practice of quality management. 
© 2023 The Authors. Published by Diamond Congress Ltd. 
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Keywords: quality definition, project quality, project management vs. quality management, quality in quality 

management, quality in project management. 

1. Introduction

Historically, a project is considered successful if the project objective is achieved on time, within budget 

and to the expected quality.  The previous definition is increasingly being challenged, adding new criteria 

to the original definition, but no one questions that meeting deadlines, budgets and quality requirements 

are an important part of the project manager's job.  

Checking two of the original three criteria is simple: if the project is completed after the deadline, this 

requirement is not met. If the costs exceed those originally set, then this requirement has not been met. 

Assessing the quality of a project is a much more complex task. Thousands of different materials, 

equipment and machines can be incorporated into a project, where quality is determined not only by the 

quality of the material but also by the quality of the installation, and the installation of perfect materials 

in perfect quality can cause serious problems if they cannot work together satisfactorily at the system 

level.  

How nice it would be if we could express quality in terms of a number, similar to cost and deadline, and 

compare the quality of the design with the quality of the fact. This article reports on the first results of a 

study aimed at making planned and actual quality comparable by comparing two numbers.  In order to 

do this, we have first looked at the definitions of quality, determining which of these are worth using to 

define the quality of projects, with a view to developing a metric based on the definition that works in a 

similar way to the metrics of project cost and project time, i.e. that can be measured and predicted during 
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the implementation of the project, similar to the prediction methods used in the Earned Value 

Management method.  

2. Development of quality 

The scientific appearance of quality dates back to the early 1900s. It is associated with the work of 

Frederick Winslow Taylor, who is one of the defining figures in the development of scientific 

management. Taylor was not concerned with quality but rather with scientific methods to increase the 

efficiency of physical labor. Among these activities was quality inspection. In addition to analyzing the 

quality inspection activity and making it more efficient, per his theory, he separated it from production 

and organized quality inspection in a separate department. [1] He also realized that: “One of the dangers 

to be guarded against, when the pay of the man or woman is made in any way to depend on the quantity 

of the work done, is that in the effort to increase the quantity the quality is apt to deteriorate. It is 

necessary in almost all cases, therefore, to take definite steps to insure against any falling off in quality 

before moving in any way towards an increase in quantity.” [1, p 90] Taylor was not a quality expert, he 

did not define the concept of quality, but he did describe the task of quality inspectors. Their work 

consisted briefly in placing a row of small polished steel balls on the back of the left hand, in the crease 

between two of the fingers pressed together, and while they were rolled over and over, they were 

minutely examined in strong light, and with the aid of a magnet held in the right hand, the defective balls 

were picked out and thrown into special boxes. Four kinds of defects were looked for dented, soft, 

scratched, and fire-cracked and they were mostly so minute as to be invisible to an eye not specially 

trained to this work. [1, p 87] Based on this, quality meant compliance with instructions, regulations, and 

standards. This is confirmed by the well-known saying of Henry Ford, according to which “Quality means 

doing it right when no one is looking.” [2] In the past hundred years, the role and concept of quality have 

fundamentally changed.  

One of the first pioneers was Walter A. Shewhart. He is widely credited as the father of modern quality 

control and is recognized as the first person to define quality scientifically. In the IV. chapter of his first 

book [3], he interprets quality from numerous aspects, and he draws the conclusion that the quality of a 

product has an objective and a subjective side, which are closely related to one another. In the remainder 

of his book, Shewhart focuses on the objective side of quality. The work of Shewhart has established 

the second phase of quality management, quality control, which utilizes methods in the process of 

production, “…which will differ from the arbitrarily set standards for these quality characteristics by no 

more than may be left to chance”. [3, p 54] A few decades had to pass before the subjective side of the 

concept of quality became more prominent. Joseph M. Juran, another pioneer in the field of quality 

management, defined quality as “fitness for use”. [4] Juran emphasized that quality must be defined in 

terms of the customer’s needs and expectations. He identified three key quality aspects: Quality 

planning, control, and improvement. In the planning phase, it is important to identify the customer’s 

needs and develop a product or service that meets them. The improvement phase is monitoring and 

measuring product or service characteristics to ensure they meet customer needs. Juran’s work on 

quality management, including his emphasis on the importance of customer needs, had a significant 

impact on modern quality management practices. Armand V. Feigenbaum defined quality as “the totality 

of features and characteristics of a product or service that bears on its ability to satisfy stated or implied 

needs.” [5] Philip B. Crosby another quality expert, whose work also had a major influence on the 

development of today’s approach to quality management, defined quality as “conformance of 

requirements”. [6] Noriaki Kano established the concept of value-based quality. [7] Kano argued that 

quality should be defined based on the value it provides to the customer rather than simply meeting their 

requirements, which was obviously a level jump. The ISO (International Organization for 

Standardization) 9000 series of standards provide a framework for defining quality in a systematic and 

standardized way. ISO defines quality as “the degree to which a set of inherent characteristics fulfill 

requirements”. [8] In other words, quality refers to how well a product or service meets the specified 

requirements or expectations of the customer or other stakeholders.  
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Nowadays, there are many different definitions of quality, as it can be interpreted and applied differently 

depending on the industry or context. Based on the historical roots, current customer-focused and value-

driven definitions usually emphasize the importance of customer satisfaction, expectations, experience, 

considering cost, and overall value. 

3. Quality in project management 

Professional bodies also define quality and provide guidelines for ensuring quality in project 

management. 

3.1. PMI Project Management Body of Knowledge 

The Project Management Institute (PMI), the largest global professional association for project 

management professionals focuses strongly on project quality. Their leading reference, the PMBOK 

Guide emphasizes that quality is an essential component of project management and that it must be 

integrated into all phases of the project life cycle. The quality as “inherent characteristics” refer to the 

features or attributes of the product or service being produced, and “requirements” refer to the 

customer’s needs and expectations, as well as any regulatory, legal, or other specifications that must 

be met. 

The first edition of the PMBOK Guide defined quality as “the totality of features and characteristics of a 

product or service that bear on it.” [9, p 84] The guide emphasizes that quality is essential to the success 

of the project and that it should be integrated into all aspects of the project. This definition has remained 

basically unchanged in subsequent editions of the PMBOK Guide until the fifth edition (2013). [10] The 

definition of quality in the Project Management Institute’s (PMI) Guide to the Project Management Body 

of Knowledge (PMBOK) has evolved between the Sixth and Seventh editions, reflecting a more 

customer-centric and holistic approach to quality management in the Seventh Edition. In the Sixth 

Edition, quality is defined as “the degree to which a set of inherent characteristics fulfill requirements.” 

[11, p. 274] It is based on the ISO definition. This definition is similar to the one provided in the earlier 

editions, with a focus on meeting requirements. The PMBOK Guide 6th edition emphasizes that quality 

is an essential aspect of project management and that it should be integrated into all aspects of the 

project. In the Seventh Edition, the definition has been updated to reflect a more customer-centric and 

holistic approach. However the definition itself remained the same. [12, p 47] The Seventh Edition places 

a greater emphasis on meeting the expectations of stakeholders, recognizing that quality can apply to 

both products and services, as well as the processes used to produce them. It includes the ability to 

satisfy the customer’s stated or implied needs. 

3.2. APM Body of Knowledge 

Association for Project Management (APM), a UK-based but global professional body, also provides 

guidelines and standards for project management, including the definition and implementation of project 

quality. APM uses exactly the same definition as ISO and emphasizes the importance of meeting project 

requirements and objectives [13] However, this body also recognizes the need for a comprehensive 

approach, and that the quality can be influenced by a range of factors, including stakeholder needs and 

expectations, project scope and objectives, and the constraints of time, cost, and resources. 

3.3. IPMA Individual Competence Baseline for Project Management 

The International Project Management Association (IPMA), the third global professional organization in 

this listing, provides a Competence Baseline that defines the skills, knowledge, and competencies 

required for effective project management, including a definition of quality. According to the IPMA 

Competence Baseline (ICB), quality in programmes is determined by two primary factors. Firstly, it is 

dependent on the quality of the programme's processes, which refers to the organization and 

implementation of the programme. This involves the establishment, execution, and evaluation of quality 
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standards for each component of the programme. Secondly, it is determined by the management, 

assurance, and control of the quality of the output and outcome of each component. The concept of 

quality encompasses the entire programme, including all stages of the lifecycle from initiation to post-

transition. [14, p 244] So, ICB provides a comprehensive framework for understanding the competencies 

required for effective project management. The ICB defines quality as a critical component of project 

management competence and highlights its importance throughout the project lifecycle. It emphasizes 

the importance of meeting project requirements and objectives, and the guidebook also recognizes the 

need to balance the competing demands of scope, time, cost, and stakeholder satisfaction. The IPMA’s 

approach to quality also highlights the importance of stakeholder satisfaction as a key factor in 

determining project quality. It recognizes that project success is not just about meeting technical 

requirements or completing tasks on time and within budget but also about meeting the needs and 

expectations of project stakeholders and delivering value to the organization. 

3.4. ISO 21500 Standard 

International Organization for Standardization, one of the leading organizations in standardization, has 

several standards related to project management, including ISO 21500 [15], which provides guidelines 

for project management, and ISO 9001, which provides a framework for quality management. ISO 

9000’s definition of quality, as it was stated before, emphasizes the importance of meeting requirements 

and expectations rather than simply conforming to a set of technical specifications. Although ISO 21500 

focuses on how quality is managed in the context of a project, it does not provide a specific definition of 

project quality. 

3.5. PRINCE2 

PRINCE2 (PRojects IN Controlled Environments) is a project management methodology developed by 

a private IT company urged and adopted later by the UK government. Quality is a fundamental 

component of PRINCE2 and is integrated throughout the methodology. Quality in PRINCE2 is defined 

as “the set of properties or characteristics of a product, service or process that are important to meet 

the customer’s requirements and expectations, and includes both functional and non-functional 

requirements.” [16, p 46] Quality in PRINCE2 is about meeting the needs and expectations of the 

customer and delivering a product or service that satisfies their requirements. It includes both functional 

aspects of the product (i.e., what it does) and non-functional aspects (i.e., how well it does it). PRINCE2 

emphasizes the importance of quality management throughout the project lifecycle, from initial planning 

to final delivery and evaluation, to ensure that quality is maintained and customer requirements are met. 

3.6. Agile perspective 

The two key non-profit organizations (Agile Alliance and Scrum Alliance) that promote agile software 

development, Agile Alliance and Scrum Alliance, do not provide a specific definition of quality. However, 

through their values and principles, we can conduct their approach to quality. The Agile approach 

inherently emphasizes the importance of delivering value to the customer (or, e.g., specifically, a 

potentially releasable product increment at the end of each sprint, high-value features that meet the 

needs of the customer) and continuous improvement through collaboration and feedback (or, e.g., 

frequent inspection and adaptation). [17], [18] Prominent project management organizations, while often 

taking the customer into account, as can be seen from the above, still focus on compliance. This may 

be because it is well measurable at the project level. 

4. Discussion & Conclusion 

There are several definitions of quality, but in the last 25-30 years, a common understanding has 

emerged in quality management, according to which the customer’s needs must be satisfied, and the 

customer’s satisfaction determines the quality of the product. This approach is not an objective concept 

used in the natural sciences. The quality of a product or service depends on the expectations of the 
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customer. Despite the lack of a common understanding of the definition of quality, one can still find 

articles today that try to interpret the concept of quality in certain areas, e.g., health care and higher 

education. Project management has many distinguishing features from the field of mass production and 

services. However, as seen from the above summary, the definition of quality here focuses on meeting 

the customer needs of each project management organization.  

In quality management, there are well-established methods for guaranteeing product quality, meeting 

customer requirements at the highest possible level, ensuring that customer requirements are met on 

an ongoing basis, and continuously improving processes. If we accept that the quality of projects is also 

determined by the extent to which customer needs are met, the main question is how we can measure 

quality in projects, like the other two criteria for monitoring and assessing projects ( time and cost). Mere 

compliance with regulations and standards does not necessarily translate into good quality and 

customer satisfaction at the end of the project. In the case of operational mass production, product 

quality can be guaranteed and detected, mainly through process control, besides quality checking. 

However, quality control tools are based primarily on statistical methods; therefore, their use is limited 

or non-existent in the case of projects. There is also a contradiction between the principle of continuous 

improvement and the uniqueness of projects. In projects, we must give the customer the right thing the 

first time. For this reason alone, the importance of in-process measurement/measurability of quality is 

enhanced. Our previous research [19] shows that the management standards/methodologies used by 

the company and the project are a determining factor in the profitability of projects. The question is which 

of the three factors of the “iron-triangle” influences profitability and to what extent. Our research shows 

that quality plays a similarly decisive role as the other two evaluation criteria measured and monitored 

in projects. 

All the reviewed authors and professional bodies provide frameworks, best practices, and tools for 

ensuring quality in projects. It is up to the project manager to apply these guidelines and techniques in 

a way that meets the unique needs and requirements of the project. 
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Abstract  

Municipalities in South Africa (SA) are battling to maintain their roads infrastructure utilising internal 
maintenance teams. The greatest concern among municipal staff seems to be a perceived lack of long-
term performance and maintenance data (R. Lukes & C. Kloss, 2008). Several municipalities are 
struggling to operate and maintain their infrastructure in a cost-effective manner (IMESA, 2012). These 
municipalities are not providing enough maintenance budget for operations and maintenance which leads 
to poor infrastructure maintenance and resulting into ever ending infrastructure backlogs. There is a long 
turnaround time in attending to service requests in these municipalities and this might lead to potential 
accidents when repair work takes longer. There is also lack of efficiency and effectiveness to improving 
productivity by municipal maintenance internal teams 
The developed framework standards for operation and maintenance of roads infrastructure for municipal 
teams will reduce turnaround time in attending to service requests, improve productivity and assist 
government allocation of resources per maintenance work activity. This will lead to systematic way of 
attending to maintenance work ensuring over 80% utilization of resources (plant, labour and material) and 
reduced wastage and idling time.  
 
Keywords: capacity improvement, productivity improvement, roads maintenance framework, roads maintenance 
standards. 

 
 

1. Introduction  

There are eight metropolitan municipalities in South Africa (SA), namely: The City of Johannesburg 
Municipality, the City of Tshwane Municipality, the City of Ethekwini Municipality, the Buffalo City 
Municipality, the Mangaung Municipality, the City of Cape Town Municipality, Nelson Mandela Bay 
Municipality and the City of Ekurhuleni Municipality. The population that resides in these metropolitan 
municipalities is estimated at 33,7% of the entire SA population (Stats SA, 2016). These municipalities are 
at the centre of how South African citizens experience government services delivery. Governance is 
facilitated by a number of key infrastructures, the one being the road infrastructure network. This road 
network is the key enabling infrastructure where citizens move from one point to the next utilising different 
modes of transport. Part of the municipality’s core mandate relating to road infrastructure is planning, 
designing and improving the system of movement in the city’s streets, sidewalks and road intersections, 
including the traffic signal control system, to ensure safety and efficiency. 
 
There is a need to direct limited resources from municipalities to address the most critical needs thereby 
achieving a balance between maintaining and renewing existing infrastructure whilst also addressing 
infrastructure backlogs (DPLG, 2006). The adequate maintenance of road infrastructure in municipalities is 
crucial, as maintenance prolongs the lifespan and delays reconstruction. Adequate maintenance will also 
allow government to spend a significate less amount as opposed to 100% on infrastructure reconstruction 
if there is no maintenance on a projects with a design life of ten years, this means in year seven the road 
will require total reconstruction (R. McCutcheon, 1989). When performance is not reported and measured, 
that will make it difficult to measure efficiency of the road maintenance teams in municipalities. 
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The City of Johannesburg (CoJ) roads are managed by the Johannesburg Roads Agency (JRA). The other 
seven out of the eight metros do not have agencies managing their road infrastructure, but rather a roads 
unit are part of the internal metro structure. The other seven metros’ performance results and key 
performance indicators (KPis) are different from the JRA. In order to measure operational improvement and 
efficiency of the maintenance teams, the performance targets should be in terms of response time. The 
analysis of the metros’ roads infrastructure performance targets indicates that the Johannesburg Metro is 
the only one that measures response time. However, asset management systems information is not often 
efficiently used in decisional process in most municipalities, which results in much waste in infrastructure 
maintenance time and effort (D. Michele & L Daniela, 2010). 

Even though the JRA seems to measure performance better than other metros, there is no evidence of a 
scientific study performed by JRA or CoJ in generating KPis. The monitoring of services in municipalities 
requires the achievement of realistic goals (D. Prestorius & W. Schurink, 2007). There is also no evidence 
of a study done around the capacity of the JRA operational teams in responding to service requests 
prescribed in the JRA Service Level Agreement. 

2. Methodology 

The method to be utilized in the research is the qualitative one with a number of interview, on-site motion 
study and  
checklists. To ensure validity and reliability, a structured questionnaire will be utilized for the participants to 
answer.  
The on-site study will be done in order to record activities “as is”, this motion study will also ensure reliability 
of information. The questionnaire will include some of the following questions: 

• Are there specific teams for reactive and proactive maintenance? 

• How many teams are responsible for proactive maintenance of potholes? 

• How many teams are responsible for reactive maintenance of potholes? 

• Are all the teams trained to repair potholes? 

• Are all the required resources available for pothole repairs? 

• How many service requests are received daily? 

• How many service requests are related to pothole? 

• Is there a system that records all service requests? 

• What other means are utilized to record service requests? 

• How many service requests are attended daily? 

• How many repeat service requests related to potholes? 

• How many pothole repairs are attended daily? 

• How many pothole repairs completed daily? 

• Was feedback provided to all reported service requests? 
 

The data that will be collected in the motion study will include: 

• Arrival of teams at workplace 

• Any toolbox talks before leaving workplace for site 

• Time teams leave workplace for site 

• Arrival on site 

• Number of teams per task 

• Extent of task 

• Commencement and completion of the task 

• Resourced utilised to complete a task 
The following personnel will be interviewed:  

• Municipal management (Head of Department, Depot Managers) 

• Foremen  

• Employees (Pothole repair workers) 
 
The research will focus on JRA under CoJ and eThekwini metros. The two metros have seven (7) depots 
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each and the plan is to focus on two (2) depots per metro as the activities are similar to the rest of 
the depots. The two depots that will be selected will be the ones with a higher rate of unattended 
service requests. 

 
The following are some of the limitation of the study: 

• Key personnel to be interviewed not available 

• Data maybe be not available for assessment  

• Municipalities may see the study as an intrusion of their space 
 

3. Results and Discussion 

The results from this study will address following: 
 
3.1Maintenance planning and scheduling  
 
Investigating the utilisation of municipal internal capacity versus external service providers will include 
maintenance planning and scheduling of work by internal teams. The JRA diagnostic review revealed that 
currently reactive maintenance disrupts scheduled maintenance operations. The study will therefore find 
the root cause of the challenge and further propose ways of balancing planned versus reactive 
maintenance in these metros. This will be done as follows: 

• Investigating ways to enable certain teams to do reactive maintenance and others to do proactive 
maintenance. 

• Investigating ways to implement an appropriate ratio of reactive versus proactive maintenance 
teams across the two metros.  

• Analysing the metros existing routine maintenance plans and investigating ways of improving 
them taking into consideration the existing resources. 

• The study will also investigate ways for the metros to determine a more effective method of 
allocating resources between maintenance teams.  
 

3.2 Relationship between Fleet and Plant and maintenance depots 
 
Investigating the utilisation of maintenance equipment and plants within the depots, studies have shown 
that some of the factors affecting the performance of the in-house maintenance teams include a shortage 
of spare parts for minor plants and equipment. In addition, plants sometimes have to wait for imported 
parts for yellow plants such as graders, resulting in a plant standing idle for a long period. In order to 
improve the working relationship between the Fleet and Plant depot and the maintenance depots, the 
study will investigate the following: 

• A Fleet and Plant needs plan 

• A Fleet and Plant efficiency mechanism for effective utilisation of plant and equipment by 
maintenance depots 
 

3.3 Motion study  
 
When investigating the response time in attending to road infrastructure maintenance service requests, 
there is no evidence of a scientific study performed by any of the metros in measuring the time taken in 
attending to service requests. There is also no evidence of the study done around the capacity of the 
operational teams in responding to service requests.  
As part of the study, the following will be addressed:  

• Identifying or measuring and documenting average time in attending to service requests to 
identify current performance levels per operation team. 

• Developing individual or team performance targets for maintenance activities based on the 
improved work processes. 

• Documenting the improved work processes for the various work activities and their related 
standard resource requirements. 
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• Developing maintenance framework for roads. 

• Identifying on-the-job training requirements for foremen, supervisors and managers on the 
implementation of the improved work processes.  
 

3.4 Training and development 
 
Investigating the need for training and development of internal maintenance teams, studies revealed that 
maintenance activities associated with surfaced roads are more than those of gravel roads and these 
activities are more labour intensive. Irvin (1975) states that the number of general workers in the 
government has decreased due to poor management of the staff replacement and recruitment processes. 
In addition, management does not timeously request placements as people leave the organisations. 
There has been no training and development for new and existing employed staff in more than 5 years at 
JRA, which might be the cause of JRA not meeting its service delivery standards (GTAC, 2016). The 
study will focus on the following: 

• Investigating the implementation of recruitment plan  

• Recommending the necessary required training and development for all maintenance teams   
• Investigating the need to have an in-house training and development centre  

4. Conclusion 

The research into the South African metros reveals that most of them are struggling to meet their service 

delivery targets relating to in-house maintenance due to e.g. (a) Underfunding for roads resurfacing and 

maintenance; (b) Inappropriate skills of some depot managers, (c) Longer time taken in attending to service 

requests; and (d) High vacancy rate. 

The key focus will be on the basics of operations management such as planning routine maintenance 

activities, measuring the process and the areas affecting production, and analysing all the work components 

related to roads maintenance (e.g pothole repairs), which will lead to cost-effective maintenance 

implementation. The outcomes of this study should lead to recommending the increase in metro in-house 

employment, training and development of in-house personnel, reducing the outsourcing of maintenance 

services and operational improvement and efficiency of in-house teams. 

Holzer and Seok-Hwan (2004) indicate that productivity is a function of many factors, including the following: 

• Top management support  

• Committed personnel at all levels  

• A performance measurement system  

• Employee training  

• Reward structures  

• Community involvement and feedback for the correction of budget-management decisions   

 

Linna et al. (2010) also reiterate that a productive society is dependent upon a high-performing government.  

The intention is to ensure that improved productivity and efficiency in the road maintenance is supported 

by all parties involve, from the top management to the general workers. 
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Abstract  

This article presents a method for multi-criteria optimization of repetitive construction processes 

schedules. Considering the limitations in planning the realization of such projects using classical tools 

and methods, the use of swarm algorithm for finding non-dominated solutions to the problem was 

proposed. An example of the application of the particle swarm optimization algorithm to the development 

of a schedule for the repetitive construction processes realization and the selection of work crews in 

order to minimize the realization time of the project and downtime in the work crews was also presented. 
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1. Introduction 

The realization of construction projects often includes the execution of a number of repetitive processes 

on the objects of a given construction project or their parts, referred to as working units. In literature, this 

type of projects are described as repetitive [1]–[3]. Due to the specific nature of the realization conditions, 

the classical planning methods (critical path method, PD method or PERT) are not adapted to support 

the management of this type of projects [4]–[6]. Therefore, a number of methods have been developed 

dedicated to the design of repetitive construction projects realization, such as LSM (Linear Scheduling 

Method) [7], RSM (Repetitive Scheduling Method) [8] or TACT and e-TACT methods [9]. One of the 

more popular approaches to support the management of repetitive construction projects when seeking 

multi-criteria optimization is mathematical modelling of construction management's preferences 

regarding optimization goals, taking into account the imposed realization constraints, and then solving 

the developed model using exact or heuristic (usually of high computational complexity), or meta-

heuristic methods – in the case of complex scheduling problems occurring in practice. Meta-heuristic 

algorithms provide a general scheme for solving an optimization problem, based on processes occurring 

in nature, e.g. adaptation in the evolution process. An example of meta-heuristic algorithms, often used 

to solve scheduling problems, especially in industry, are swarm algorithms, for which an attempt was 

made in this paper to apply them to solve the problem under study. 

2. Literature review 

2.1. Meta-heuristic swarm algorithms 

Optimization of schedules for repetitive construction projects is a difficult and complex process due to 

the following problems [10]–[12]: 

• the number of possible solutions in the search area is so large that it makes it impossible or 

meaningless to use a comprehensive search to find the best solution, 

• the model of the problem usually includes many constraints, which makes it difficult to generate 

even one acceptable solution, let alone find the optimal solution, 
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• the problem is so complex that in order to obtain a solution with a reasonable amount of 

computational time, it is necessary to use problem models so simplified that any solution is 

practically worthless, 

• the value of the criterion function is affected by many decision variables, therefore it is necessary to 

review many solutions acceptable for various combinations of their values, 

• the person solving the problem usually does not have the appropriate knowledge and skills in 

solving complex mathematical models. 

Due to the aforementioned difficulties in finding solutions to the problem of scheduling repetitive 

construction projects, more and more perfect algorithms are constantly being sought to find an 

approximate, but still useful solution. One of the most popular approaches to finding suboptimal solutions 

to real problems is the use of meta-heuristics algorithms. Many of them are inspired by phenomena 

occurring in nature – the observation of behavior occurring in nature makes it possible to transfer existing 

phenomena to algorithmic procedures [13]. Among the numerous methods belonging to this group, the 

following can be mentioned: 

• evolutionary algorithms, including genetic ones, based on the mechanisms of natural evolution, 

• quantum genetic algorithms using the laws of quantum physics, 

• artificial immune systems based on processes occurring in the immune system, 

• artificial neural networks, imitating the processes in the human brain, 

• simulated annealing algorithms resembling the annealing phenomenon known from metallurgy, 

• herd algorithms, also called swarm algorithms, which derive from the so-called swarm intelligence 

of social organisms living in colonies. 

Swarm algorithms have become increasingly popular in recent years. One of the reasons for this is their 

very large variety and the ability to adapt to the problem under consideration. Organism communities 

are a decentralized system composed of autonomous individuals, which can be described by certain 

probabilistic behavior – reactions to stimuli. The basic rules of their behavior are the result of local 

interactions and guarantee the spread of information within the colony and affect the attitudes of each 

individual. In herd behavior, coordination within a group of individuals corresponds with the organization 

of tasks required to solve a particular problem, while proper communication helps to make the best 

choice by exchanging information between individuals [13]. Table 1 summarizes the types of organisms 

and the type of herd behavior on which optimization in previously developed swarm algorithms is based. 

The general scheme of the swarming algorithm can be written as follows [13]: 

• coding and initialization of the initial population of solutions and evaluation of their quality, 

• until the stopping criteria of the algorithm are met, cyclically repeat the following steps: 

○ identification of the vicinity of current individuals, 

○ selection of individuals representing the best solutions from the vicinity, 

○ acceptance or rejection of candidate solutions, 

○ creating a new population of solutions, 

• decoding the best solutions found. 
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Table 1. Types of herd organisms on whose behavior swarming algorithms are based (based on [14]) 

. 

Organism Type of herd behaviour 

ants foraging 

particles aggregating 

bees foraging 

masses gathering 

wolves preying 

bats echolocation 

bacteria growth 

fish aggregating 

birds mating 

dolphins clustering 

monkeys climbing 

fruit fly gathering 

firefly gathering 

cockroaches foraging 

cuckoos brooding 

krill herding 

frogs jumping 

2.2. Repetitive construction projects 

In the unusually rich literature on the subject, one can find various tools tailored to optimize construction 

schedules of repetitive projects. The most frequently used methods of optimizing the schedules of 

repetitive projects include exact methods of solving mathematical models in the form of linear [15]–[16] 

or dynamic programs [17], as well as heuristic and meta-heuristic methods, e.g. genetic algorithms [18]–

[19] and other more advanced ones [20]–[21]. Approaches using fuzzy logic are also being developed 

[22]. Some works have developed methods for determining construction schedules under risk conditions 

using simulation [23]. 

Regardless of the method of solution or modelling, the problem of scheduling repetitive projects was 

formulated with the following objectives in mind: minimizing the total project realization time [24]–[25], 

ensuring that the project deadline is met [26], minimizing the total cost of the project [27], seeking a 

compromise between the time and cost of the project [28], maximizing work efficiency [29], schedule 

resilience and reliability [30], ensuring the continuity of resources (minimizing downtime) [4], [16], 

minimizing the cost of breaks in the crews work [19] a combination of these criteria [5], [31]–[32]. 

For example, Sroka et al. [33] presented a model for scheduling repetitive construction projects in order 

to support the selection of the appropriate method of their realization and optimize the general 

contractor's profit, taking into account the amount of direct and indirect costs, as well as contractual 

penalties and the cost of downtime of work crews and credit service costs. The model was solved using 

a hybrid algorithm using a simulated annealing algorithm and a genetic algorithm. The operation of the 

proposed model was presented on a calculation example, and the results obtained in the model are fully 

satisfactory. 

In turn, Tran, Chou and Luong [34] developed a stochastic model minimizing the realization time of a 

repetitive construction project, taking into account the different priorities of process significance. A new 

fuzzy hybrid evolutionary approach, called the artificial bee colony approach, was used to solve the 

developed model. Experimental results indicate that the proposed method provides the shortest average 

project realization time and the smallest standard deviation in relation to the optimal solution among the 

model algorithms considered in the work. 
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The same authors developed a method of finding compromise schedules due to the time and cost of 

realization. In [21] an adaptive multi-criteria search algorithm for symbiotic algorithms was developed. 

Two case studies were analyzed to validate the scheduling method, as well as to demonstrate the 

possibility of using the new algorithm to generate solutions. The obtained results indicate that the 

proposed algorithm is more effective in comparison with the basic search algorithm for symbiotic 

organisms and others analysed in this work. 

The model developed by Wang et al. [35] makes it possible to search for a compromise between the 

time, cost and quality of repetitive construction projects. The authors used the NGSA (Non-Dominated 

Sorting Genetic Algorithm) to find non-dominated solutions to the developed problem model. An 

undoubted advantage of their approach is the quantitative consideration of the quality of the realized 

works. 

The genetic algorithm was also used by Altuwaim and El-Rayes [19] to simultaneously minimize the 

duration of a repetitive construction project, the downtime of work crews and the cost of these 

interruptions. The algorithm for solving this problem includes four modules: optimisation, initial 

scheduling, intermediate scheduling and determining the cost of downtime for crews. 

3. USING THE SWARM ALGORITHM FOR SCHEDULING REPETITIVE CONSTRUCTION 

PROCESSES – EXAMPLE 

New methods of scheduling repetitive construction projects have been developed very dynamically in 

the last decade based on increasingly modern and advanced techniques. Nevertheless, it is very difficult 

to find in the literature examples of the use of swarm algorithms for scheduling the realization of repetitive 

construction projects. These algorithms are an extremely flexible and effective tool for finding suboptimal 

solutions to even very complex computational problems. Therefore, in this publication one of the swarm 

algorithms (particle swarm optimization algorithm) was used to determine the schedule of an exemplary 

construction project. The block diagram of this algorithm is shown in Figure 1. 

The analyzed project consists of seven real processes and two fictitious ones: the beginning and the 

end of the project. The project includes the realization of three identical working buildings, being 

separate working units. The same processes are performed on each of them. Sequence relationships 

between processes within one working unit are shown in Figure 2. Two crews are available: crew B1 

and crew B2. They can be assigned to realize different processes. The realization times of individual 

processes are shown in Figure 2 (the realization times of processes on individual work plots are the 

same). Due to the use of the learning effect, the crew assigned to realize a particular process will realize 

it on all work plots. 

 

Fig. 1. Block diagram of the particle swarm optimization algorithm (based on [36]) 
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Fig. 2. Network model of processes realized on one working unit of an exemplary construction project (times of realization of 

individual project processes by crews B1 and B2, expressed in working days, are given in brackets) 

As an example, the project realization schedule was simultaneously optimized in terms of three criteria: 

• minimizing the realization time of the project 

• minimizing the downtime of working crews, 

• minimizing the realization time of construction facilities, remaining in relationship with the reduction 

of downtime on work fronts assuming that they are equivalent. 

 

The example was solved using a particle swarm optimization algorithm. The calculation time was 46.53 

seconds. The resulting schedule is shown in Figure 3 in the form of a beam graph. Crews B1 and B2 

work without breaks, the realization time of the entire project was 57 working days, and the realization 

of each building object averaged 46 working days. 

The developed algorithm can also be used for scheduling the realization of processes repeated on 

heterogeneous units, finding the optimal order of plot realization. Extensive examples of its use are 

presented in [37]. 

4. Summary 

The article presents a method of scheduling repetitive construction projects using one of the swarm 

algorithms – the particle swarm optimization algorithm. The method presented in the article makes it 

possible to obtain compromise solutions due to three optimization criteria: minimizing the realization 

time of construction objects (work units) and the entire project, and minimizing the downtime of crews 

work. The obtained results indicate that the use of swarm algorithms for scheduling repetitive 

construction projects generates very good results and can support construction managers in finding 

solutions to this complex problem. 

Proceedings of the Creative Construction Conference (2023) 
Edited by: Miroslaw J. Skibniewski & Miklos Hajdu 
https://doi.org/10.3311/CCC2023-093

Keszthely, Hungary 
20-23 June 2023

734



 

Fig. 3. Beam project realization schedule (solution for equal weights of optimization criteria) 
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