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Abstract: Since the emergence of the concept of “buildability” in 1983, numerous studies have fo-
cused on improving project performance through buildability. Initially, the buildability discourse
was based on narrow definitions and focused on aspects that could improve construction perfor-
mance. Although explicit academic discourse on buildability has been limited for three decades, the
ongoing calls to improve construction performance have never subsided. As buildability was seen
as important by industry in the 1980s and 1990s for improving performance, its limited discourse
warrants investigation to understand how buildability has evolved in practice over the last 30 years.
Therefore, this study aims to review and extend the discourse of the buildability concept using a
phenomenological research approach to capture the unconscious evolution of the concept through
stakeholder interpretations. An Interpretative Phenomenological Analysis (IPA) research philosophy
embedded in the exploratory tradition was followed to uncover the 16 key underlying constructs
of the buildability concept. The study is significant for casting potential buildability discourse tra-
jectories for the future of the construction industry by integrating people, process, and technology.
The findings extend the dimensions of buildability, accommodating stakeholders” expectations and
project conditions as part of buildability decisions. Moreover, the study suggests that emerging
technologies (e.g., AI) will become integral to buildability processes in terms of managing knowledge
in the future.

Keywords: buildability; constructability; key constructs; technology; phenomenology; perceptions

1. Introduction

The construction industry plays a key role in a country’s economy [1], therefore,
improving performance in the construction industry is vital. A construction project is
commonly acknowledged as successful when the aim of the project is achieved in terms
of its predetermined objectives, including completing the project on time, within budget,
and to the required quality standard [2,3]. However, in most construction projects, severe
time and cost overruns [4,5] and poor quality [6] have become a common phenomenon.
For example, approximately 86% of construction projects experience cost overruns [7],
70% experience time overruns [8], and 10% of project materials end up as waste material [9]
resulting in negative impacts on quality.

Past research proved that buildability and its further improvement could contribute to
early completion of projects, savings in project costs, enhanced quality, improved safety
performance, and a higher rate of productivity [10], and studies on buildability and its
incorporation into construction projects therefore became popular.

Since the first emergence of the buildability concept in 1983, numerous studies have
been carried out to further investigate how it could be integrated to minimize the is-
sues that directly affect construction project time, cost, and quality. As a result, various

Buildings 2023, 13, 2870. https://doi.org/10.3390/buildings13112870 1
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researchers have developed rules, attributes, principles, concepts, and guidelines to incor-
porate buildability into construction projects to enhance construction project performance.
For example, various industry research institutes have made large contributions to the
buildability context. Among them, the Construction Industry Research and Information
Association (CIRIA) and the Construction Industry Institute (CII) in the United States
have provided guidelines for improving the buildability of building designs through sev-
eral studies [11-14]. Similarly, the Construction Industry Institute Australia (CIIA) has
introduced concepts that can improve buildability during the design stage [13]. Another
study conducted by [15] suggested 23 buildability concepts that were popular at the time
and were referred to by many subsequent researchers. Adding to this [16] introduced a
concise mode of practice of buildability concepts, dividing the above 23 concepts into three
phases—the initiation phase, execution phase, and delivery phase. Giving an overview of
past buildability studies, ref. [17] showed that studies published between 1987 and 2020 can
be categorized into three types, namely, (1) buildability principles, (2) impact of buildability,
and (3) buildability assessment systems.

A key feature of the previous studies is that their main focus is on the early stages of
construction projects. Nevertheless, the study conducted by [15] has suggested additional
concepts to foster buildability during the field operations phase as well. These additional
concepts were mainly focused on innovation in construction methodologies and material
usage rather than knowledge extraction and integration across a broader spectrum to
achieve goals. Agreeing with this, ref. [16] stated that past buildability studies have only
promoted buildability at a theoretical level rather than developing practical applications
for better deliverables throughout the entire process to satisfy project objectives. This is
because exploration of the buildability concept through its key constructs has been slow
or absent over three decades [18] although the construction industry has continuously
evolved when faced with aspects such as modern technologies and various societal goals.

This is further evidenced by the fact that even recent studies in this area refer to the
initial definitions that emerged in the 1980s, where buildability is referred to as “ease of
construction” and “integration of knowledge and experience”. These definitions were
developed over 40 years ago to provide a holistic perspective at that time and to improve
construction project performance. Thus, they have not been deconstructed to a level that
can be considered for its practical integration. Hence, there are still issues with productivity
and the achievement of overall goals due to a lack of understanding of buildability within
the emerging cultural discourse. Confining buildability integration to the design stage
alone is further evidence of this. Although various buildability studies have discussed
practices, appraisal systems, attributes, principles, and concepts, there is little consideration
given to the buildability concept through all stages of procurement. Furthermore, the
discourse of buildability warrants investigation in order to understand how the basic
tenets of buildability have evolved in practice over the last 30 years. Thus, the need for a
renewed discourse of buildability within emerging changes in the sector is urgent so that
its integration to improve performance can begin.

The aim of this research is to review and extend the discourse of the buildability
concept using a phenomenological research approach to capture the unconscious evolution
of the concept through stakeholder interpretations. The phenomenological approach
was identified as the best approach to uncover the key constructs of buildability as it
allows detailed analysis and interpretation of the lived experience of humans. This article
addresses the above issue within a construction-specific context and particularly from the
industry practitioner’s viewpoint.

2. Literature Review
2.1. Constructability and Buildability

The review of the literature indicates that the term “constructability” has historically
been used interchangeably with buildability [19-22]. Ref. [23] stated that these two terms
refer to similar concepts except in some instances where the term “constructability” had
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been used to explain the broader management implications of construction projects. Ac-
cording to the CIT and CIIA, the key components of constructability include the application
of construction knowledge at different work stages to achieve the overall project objec-
tives, which is similar to the concept of buildability. Hence, some researchers argue that
constructability and buildability are two identical concepts used in different parts of the
world [19-22,24]. The Building Construction Authority (BCA) in Singapore, which has
pioneered buildability research, stated in their latest publication that “buildability” is the
responsibility of the professional team and “constructability” is the responsibility of the
builder [25]. Therefore, although there is no clear demarcation between these two terms,
most researchers agree that both terms carry similar meanings for the enhancement of
construction project performance [26]. Hence, the term “buildability” is used in this study
to encompass both “constructability” and “buildability” terms.

2.2. Evolution of Buildability

Buildability deals with integrating knowledge and expertise at the right time through
the most appropriate source. Although the term “buildability” had not been framed until
the early 1980s, concerns about the buildability concept can be traced back to the early 1960s.
For instance, studies conducted from 1960 to 1970 indicated that the lack of integration of
knowledge and experience within the framework of design and construction was the origin
of many complex problems [27]. Owing to this, industry reports by Sir Harold Emmerson
in 1962 and the Banwell Committee in 1964 extensively discussed the consequences of
poor knowledge integration such as design and construction coordination issues, poor
preparation of drawings and specifications, and the inadequate level of communication
between the key stakeholders. Among these, ref. [28] extensively criticized the lack of cohe-
sion in the industry and suggested improving “knowledge sharing between the designers
and contractors” to minimize the issues. This can be identified as the earliest instance at
which buildability was first cited. Later, ref. [29] introduced an “integrated-team” concept
consisting of “multi-skilled, multi-functional” professionals, which could be identified
as a means of addressing “buildability”, although it was not coined as a terminology.
Figure 1 is a graphical illustration of the evolution of the buildability concept within major
construction territories.
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Figure 1. Evolution of the buildability concept within major construction territories.
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CIRIA in 1983 first defined buildability as “the extent to which the design of a build-
ing facilitates ease of construction, subject to the overall requirements for the completed
building”. This definition was criticized for its narrowness in scope as it was confined to
the design process [23], although buildability has impacts throughout the various work
stages of a construction project and hence on the accomplishment of the ultimate project
goals [14]. Since then, numerous studies have been conducted to strive for better project
performance by improving buildability. Accordingly, numerous researchers have inter-
preted buildability based on their conceptual assumptions. For example, ref. [30] stated that
buildability is “design and detailing which recognize the assembly process in achieving
the desired result safely and at least cost to the client”. Elaborating on this further, ref. [31]
presented a new definition: “the ability to construct a building efficiently, economically and
to agreed quality levels from its constituent materials, components and sub-assemblies”.
Ferguson’s definition emphasized the optimum management and structuring of project
activities and building processes to achieve project goals. Adding to them, ref. [32] stated
that buildability is “a philosophy, which recognizes and addresses the problems of the
assembly process in achieving the construction of the design, safely as well as without
resorting to standardization or project-level simplification”. An extended clarity for build-
ability was introduced by CIIA, deviating from its traditional focus on “lack of knowledge”,
stating that buildability is about “lack of management of information” rather than “lack
of information” [13]. BCA in Singapore, who reflected on the influence of buildability on
productivity, defined buildability as “the extent to which the design of a building facilitates
ease of construction, as well as the extent to which the adoption of construction techniques
and processes affects the productivity level of building works” [25].

2.3. Key Constructs of Buildability

A previous study considering 11 definitions of the terms “buildability” and “con-
structability” that emerged over four decades (1983-2022) revealed that this concept has
not evolved much over time [18]. Agreeing with this, numerous researchers confirmed that
the most widely accepted and published definition was the one that CIRIA published in
1983 [17,33-36]. The following Table 1 presents the studies published on buildability in
construction that refer to various definitions.

Table 1. Buildability studies and definitions.

Year of Publication and Reference Publication Title Major Focus Definition Referenced

2012

[37]

Critical success factors to limit
constructability issues on a net-zero
energy home

Design &

Construction (CII, 1986)

2014

[38]

The evaluation of constructability

towards construction safety Design (CIL 1986)

2015

[39]

Modelling a decision support tool for
buildable and sustainable building Design (CIRIA, 1983)
envelope designs

2017

[40]

AR (augmented reality) based 3D
workspace modelling for quality
assessment using as-built on-site
conditions in remodeling construction
project

Design &

Construction (CII, 1993)

2017

[41]

Beamless or beam-supported building
floors: Is buildability knowledge the
missing link to improving
productivity?

Design (CIRIA, 1983)

2018

[24]

Enhancing off-site manufacturing
through early contractor involvement Early Design (CIIA, 1992)
(ECI) in New Zealand
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Table 1. Cont.

Year of Publication and Reference Publication Title Major Focus Definition Referenced
Concepts of constructability for (CII, 1986)
2019 42] project construction in Indonesia All Stages (CIRIA, 1983)
An early-design stage assessment
2019 [43] method based on constructability for Early Design (CIRIA, 1983)
o : (CI1,1986)
building performance evaluation
A systematic review of prerequisites
2020 [44] for constructability implementationin ~ Early Design & Design (CIRIA, 1983)
. . (CII, 1986)
infrastructure projects
2021 [27] Constructability obstacles: An Design (CII, 1986)

exploratory factor analysis approach

Assessing design buildability through
2022 [44] virtual reality from the perspective of Design (CIRIA, 1983)
construction students

Buildability in the construction

2022 (171 industry: A systematic review

N/A (CIRIA, 1983)

Buildability attributes for improving
2023 [10] the practice of construction
management in Nigeria

Design &

Construction (CIRIA, 1983)

Measures for improving the
2023 [20] buildability of building designs in Design (CIRIA, 1983)
construction industry

As per [11,14,26], three main constructs of buildability include: (01) “integrating con-
struction knowledge and experience”, (02) “throughout the project delivery process” to (03)
“achieve overall project objectives”, which are loosely focused on improving construction
project performance. Agreeing with this, ref. [45] confirmed that only a little is known about
the aspects that support the adoption and use of the buildability concept in construction.

Therefore, to properly integrate buildability, the main constructs need to be further
decomposed to derive a practical methodology for its successful integration in construction.
Figure 2 above explains the deconstruction of the buildability concept following the widely
used definitions.

IMPROVE CONSTRUCTION
PROJECT PERFORMANCE

Figure 2. Key constructs of buildability.
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2.4. Deconstruction of the Key Constructs of Buildability

Figure 2 illustrates that the concept of buildability is based on integrating knowledge
and experience throughout the project delivery process, and is aimed at achieving the
overall project objectives. Therefore, the “integration of construction knowledge and
experience” is identified as the key driver within the buildability concept [26]. Ref. [46]
described knowledge as “the individual capability to draw distinctions, within a domain of
action, based on an appreciation of context or theory, or both”. There are two main types of
knowledge: explicit knowledge and tacit knowledge [47]. Explicit knowledge, which is also
known as “codified knowledge”, can be expressed in words and numbers and shared in the
form of data, scientific formulae, specifications, manuals, and the like [48]. Tacit knowledge,
on the other hand, is highly personal and embedded in individual experience [49]. Tacit
knowledge therefore partly consists of technical skills that are hard to pin down [50].
Subjective insights, intuition, and hunches fall into this category of knowledge. For this
reason, “tacit knowledge” is referred to interchangeably with “experience” [51,52] or
“know-how” [50]. As per [52], the reference to tacit knowledge is context-specific. In this
context, tacit knowledge is mainly acquired through industry practice and the experience
of the practitioners.

Researchers agree that most knowledge in the construction sector is tacit rather than
explicit [53]. Most tacit knowledge resides with people [54]. Therefore, people are the main
source of knowledge in construction projects. People in construction projects include the
project team members or the key stakeholders and the external stakeholders. Key stakehold-
ers are the key source of knowledge in construction. Hence knowledge sharing between
the key stakeholders is vital to incorporate buildability into construction projects [55].

Construction project stakeholders, as the key source of knowledge, come from various
organizations and perform in a team to deliver the construction project [16,56]. Therefore,
the construction project team is also referred to as a temporary multi-organization [57].
To manage the knowledge within an organization, people, technology, and well-designed
processes are essential [58].

The next main construct of buildability refers to the project delivery process. In the
majority of the studies, there is a consensus that the design stage is critical for implementing
buildability [59-61]. However, CII in 1987 in their “Constructability Concept File” embraced
all stages in building development for integration of construction knowledge, as each had its
impact on achieving the overall project requirements. Similarly, many researchers criticized
limiting buildability only to the design stage and argued that improvement measures were
to be carried out throughout the whole building process [47,62,63]. Therefore, all stages
of construction projects must require knowledge integration in order to get maximum
buildability into the construction project [44]. Thus, all the work stages in the construction
project are identified as key phases for integrating knowledge. Achieving real integration of
people, technology, and processes throughout entire project delivery stages is challenging,
as the contributions of the team members (sources of knowledge) throughout the project
delivery stages are influenced by the procurement method of the project. For example,
procurement methods such as the Integrated Project Delivery (IPD) approach facilitate the
integration of buildability naturally as collaboration among the stakeholders is enabled from
the beginning itself and provides space for adapting modern technologies [64]. However, in
procurement methods such as the traditional approach, buildability integration is difficult
as this method naturally creates fragmentation among the stakeholders [65]. However,
it has to be noted that the procurement method is decided irrespective of the concerns
about buildability [66,67]. Therefore, this study focuses on buildability irrespective of the
procurement method and attempts to derive key constructs that can provide guidelines
for any construction project. Therefore, the selection of a suitable plan of work to capture
the construction process is necessary. This plan of work has to identify the various stages
in the construction process while being neutral about all the procurement methods. The
RIBA Plan of Work 2020 addresses the work stages of all procurement methods as well as
modern methods of construction or new drivers, such as sustainability and maintainability.
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Therefore, in order to capture the construction process comprehensively and still be neutral
to procurement methods, the RIBA 2020 plan of work is selected as the key process for this
study.

The main constructs identified in the initial literature review can be deconstructed as
shown in Figure 3 below.
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Figure 3. Deconstruction of the buildability concept.

3. Methodology

The selection of research methodology depends on the specific research question and
deals with what data are relevant, what data to collect, and how to analyze the results [49].
The purpose of this research is to create new, richer understandings and interpretations of
social worlds and contexts for buildability within construction projects. Therefore, in this
study, success was mainly dependent on human contributions and the study attempted to
understand and interpret deeper meanings of human experiences for buildability. Industry
practitioners were considered social actors in this study. The following sections explain the
research methodology of this study in detail.

3.1. Research Philosophy

This study follows the phenomenological research philosophy. Phenomenological
studies see social phenomena as socially constructed and are particularly concerned with
generating meanings and gaining insights into those phenomena [68,69]. The phenomenon
examined in this study is “buildability”.

As explained in Section 2.4, and illustrated in Figure 3, the literature review identified
the main constructs of the buildability concept. However, further inquiry was necessary
through data collection to further deconstruct these and identify the key constructs of
the buildability concept. This can be achieved by studying the consciousness of industry
experts and interpreting their experience by describing what they perceive, sense, and
know within the context of their awareness and experience [69]. Therefore, this study goes
beyond a general interpretivist inquiry and attempts an examination of human experience
to find means by which someone might come to know their own experience of a given
phenomenon accurately, with depth and rigor. This would facilitate the identification of
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the essential qualities of that experience and thereby uncover the underlying structure of
the phenomenon studied [70].

3.2. Research Methodological Choice and Research Time Horizon

This research is embedded in a mono-method qualitative methodological choice [68].
The time horizon is the cross-sectional method that is driven by conducting an in-depth
inquiry into the lived experiences of many different individuals at a single point in time in
relation to buildability. This study collected qualitative data using in-depth interviews and
analyzed data using corresponding analytical procedures, which are described in detail in
the following sections.

3.3. Research Techniques and Procedures

Research techniques and procedures followed in this research include a comprehensive
literature survey and semi-structured, in-depth interviews.

3.3.1. Literature Review

A traditional literature review was conducted to justify the research gap. The purpose
of a traditional literature review is to demonstrate the research gap within the selected field
that the research seeks to address [71]. This study included only full-length peer-reviewed
indexed publications in the “construction” context. The databases considered were Scopus
and Emerald Document Search. The articles were selected if the terms “constructability” or
“buildability” were detailed in the title, abstract, keywords, or within the text in the articles.
Accordingly, “Constructability” OR “Buildability” AND “Construction” was the search
string used.

3.3.2. Semi-Structured In-Depth Interviews

The literature survey identified the key constructs of buildability. However, further in-
vestigation was necessary through data collection to further explore and identify its deeper
meaning in the context of present governance and technical and cultural perspectives.
Semi-structured interviews are recommended for phenomenological studies as they allow
the participants to share their lived experiences, which then enable the researcher to gain
rich data to make conclusions [72]. There are two types of phenomenological interviews:
(1) descriptive and (2) interpretative. This study followed an interpretative phenomenolog-
ical approach where the researcher attempts to understand the hidden deeper meanings
behind a phenomenon and to interpret them using a suitable analytical technique to explain
the phenomenon. Interpretive phenomenological interviews facilitate active listening and
non-interruption of participants while gathering data around two broad questions: “What
have the participant experienced in terms of the phenomenon?” and “What contacts or
situations have influenced the participant’s experiences of the phenomena?”.

A key feature of a phenomenological study is to have fewer semi-structured interviews
and to analyze each interview transcript through a systematic qualitative analysis. As the
sample size is small, it allows for a much deeper, richer, more meaningful understanding of
the phenomenon. This study attempted to understand the contemporary meaning of the
phenomenon studied through the interpretation of the lived experiences of the participants.
Participants’ conceptions were compared, contrasted, and modified as part of the sense-
making process. While doing this, direct quotes were used at all times to demonstrate
the meanings so that the reader is able to assess the evidence in relation to their existing
professional and experiential knowledge.

The aim of an interpretative phenomenological study is to produce transferable and
verifiable research findings with quality data collection procedures [73]. Minimizing
implicit bias in qualitative data analysis is crucial as it can otherwise affect the results
substantially. Implicit biases are described as unconscious and /or automatic mental associ-
ations made between the members of a social group [74]. The following steps were taken
to eliminate biases and ensure the validity and reliability of the research findings.
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e  The research gap, research aim, and potential biases were clearly analyzed before
starting the data analysis. This exercise allowed the data analysis to be conducted
with a more conscious mindset.

e  Continuously reflection on the authors” own biases, assumptions, and perspectives
throughout the analysis process was carried out by maintaining the reflexivity of the
authors. This exercise allowed the authors to bracket themselves and approach the
data with an open mind. Bracketing is a methodological device of phenomenological
inquiry that requires the researchers to deliberately put aside their own beliefs about
the phenomenon studied [73]. Bracketing enabled the authors to be open to allowing
the data analysis to challenge their assumptions and preconceived notions.

e  Data analysis and discussions were carried out in conjunction with the literature so that
the findings could be cross-validated. Similarly, cross-analysis between participants’
data was performed using NVivo 12 software.

e  Consistency in the coding process was maintained with clearly defined nodes and
child nodes throughout the analysis.

e Data collection and analysis were performed in parallel and continued until data
saturation was reached.

e  Using the phenomenological interview approach, the researcher talked less and al-
lowed the participant to talk more.

e  Theoretical sensitivity was embraced by staying open to emergent themes and patterns
that could challenge the initial theoretical propositions.

e  Careful writing and a considerable number of drafting and re-drafting exercises were
carried out so that the research could present a coherent argument and the themes
cohere logically.

Data related to the inquiry were collected. These considered the lived experience of the
experts in all phases of construction projects and throughout various orientations of their
practice (i.e., contractor’s practice, consultant’s practice, project manager’s practice) and
various disciplines in the industry (i.e., estimator, commercial manager, project manager,
construction manager, planning manager, architect, engineer). Therefore, the research
strategy followed an exploratory tradition. A pilot study was carried out before continuing
with the data collection to test the methodology, and it was found that the desired outcomes
could be achieved. The confidentiality of the interview participants was maintained at all
times in line with the research ethics.

3.4. Data Collection and Analysis Process

Phenomenological studies are conducted on relatively small sample sizes, typically on
numbers of interviews of between four (04) and ten (10) as the aim is to find a reasonably
homogeneous sample so that convergence and divergence within the sample can be exam-
ined in detail [70,72,75,76]. In this study, there were a total of twelve (12) interviews carried
out (each interview ranging from 1-1.5 h). After the seventh (7th) interview, data saturation
was achieved. An additional 5 interviews were carried out to confirm the data satura-
tion. However, all 12 interviews were considered in this study to reinforce the findings.
Interviews were recorded with the respondent’s consent. Data collection was carried out
through a web-based interface (Zoom platform). Data for IPA were obtained following the
purposive sampling method and the data collection method was in-depth semi-structured
interviews [77]. The following Table 2 represents the profiles of the respondents.

This research study recruited various professionals working in the construction in-
dustry. All participants were above 18 years of age and were not limited to a particular
gender or other demographic group as this would violate the research ethics protocol fol-
lowed in this study. Stakeholders who were currently engaged in the construction industry
were considered. Participants recruited covered various disciplines, such as Architects,
Project Managers, Construction Managers, Commercial Managers, Planning Engineers,
Engineers, and Estimators. Only the participants who had lived experience of buildability
in the construction industry were considered. Purposive sampling techniques were used to
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recruit participants for this study. Data related to the inquiry were collected considering
the lived experience of the experts in all the phases of construction projects (post-contract
and pre-contract) and throughout various orientations of their practice (i.e., contractor’s
practice, consultant’s practice). Out of the 12 respondents, 7 respondents had 28 years or
more experience in various construction project types of various sizes. The remaining 5
respondents had 16-20 years of experience in the construction industry.

Table 2. Respondent Profiles for Data Collection.

Ref: Discipline/Field of Service Years of Experience
[1] Project Manager-Consultant 30
[2] Project Manager-Consultant 30
[3] Construction Manager-Contractor 28
[4] Construction Manager-Contractor 30
[5] Estimator/Tendering Manager-Contractor 16
[6] Commercial Manager (Post-Contract)-Contractor 16
[7] Estimator/Commercial Manager (Pre-Contract)-Consultant 28
[8] Schedulers/Programme Manager-Consultant 34
[9] Engineer-Consultant/Employer 20
[10] Engineer-Contractor 17
[11] Architect 34
[12] Estimator/Commercial Manager (Post-Contract)-Consultant 17

The Interpretative Phenomenological Analysis (IPA) method was followed to analyze
the data and make conclusions. Although there is no definitive account of guidelines
for conducting IPA analyses, a flexible guideline can be followed [78]. The process for
conducting IPA in this study follows [70] as outlined below:

Preparation of interview guide and verification,

Conducting in-depth interviews following the phenomenological interview approach,
Transcribing the originally recorded interviews (following research ethics),

Refining the verbatim following noise reduction,

Reading and re-reading the verbatim,

Codification and assignment of initial nodes in NVivo (“open coding”),
Arrangement of data according to dominant emerging themes (“axial coding”),
Extending the analysis to a comparative analysis between interviews to ascertain
common themes and irregularities (“selective coding”),

9.  Restructuring the findings to reflect the themes.

P NG LN

4. Data Analysis and Findings
4.1. Empirical Findings—Interpretations of Buildability

The literature review showed that buildability improves when comprehensive design
information is available from the beginning [41]. However, a deeper investigation proved
that an understanding of the requirements by people involved in the construction is more
important than having a comprehensive set of drawings. For instance, R8 stated, “The
comprehensiveness of the design may not be an issue, but if the design is not easily under-
stood by the actual categories who are involved with the construction, [it] creates issues”.
“Actual categories” here refers to people involved in construction such as contractors,
sub-contractors, and skilled and unskilled laborers. Agreeing with this, R10 stated that
“how far the contractor suffers to understand the reality of the building” determines the
buildability of a construction project. R7 agreed with this, stating “The most important
part is sharing knowledge to understand the building”. Adding to this, R3 stated that
having “understanding” helps them to determine if the available resources can construct
the building.

The majority of the respondents stated that buildability is project-specific and contin-
gent on the involved organizations. For example, R2 stated, “Buildability is different from

10
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one project to another”. R12 added, “Buildability is achieving key performance indicators
according to the client’s requirements”. From a different angle, R2 stated that the build-
ability of a project depends on the resources and technology available to the participating
organizations. “An organization who has the resources or the technology might interpret
buildability differently to another who doesn’t” stated R2. However, R6 stated that “past
experience and institutional memories are the most important” aspects of buildability. Vari-

a7

ous interpretations emerged, including “understanding the idea of construction”, “ability

s s

to understand the design”, “understanding of the reality of construction”, “struggle to
achieve objectives”, “understanding of resource availability”, and “a project-centric exercise
to achieve project objectives”.

Six respondents agreed that if there is a design for a building, irrespective of its
complexity or comprehensiveness, the project is buildable with modern technologies,
expertise, and properly devised processes. For instance, “the dimension of buildability
is not whether it is constructible, but how efficient and effective [it would be] if that
construction took place in the industry” stated R8. Confirming this, “when a construction
is not economically feasible for the client, then also it is not buildable” stated R5. R8
revealed another aspect, stating, “Buildability is not just the construction struggle or saving
money, but how much of unnecessary resources and unnecessary risks that you are going
to accommodate”. R10 highlighted that buildability should account for public interests,
improving the livelihood and consideration of community safety now and in the future.
Taking the discussion further, R9 stated that buildability should account for “protecting
wildlife” to safeguard the environmental impact. Therefore, contemporary dimensions of

i i

buildability included “economic feasibility”, “effectiveness of construction”, “efficiency of

i s 7

construction”, “procurement and delivery”, “protecting public interests”, “stakeholders
willingness to spend” and “protecting the environment”.

4.2. Key Constructs of Buildability

Sixteen key constructs were derived from the analysis. The open-coding process
originated the key components of this study, which then led to the derivation of the key
constructs (axial-coding). Stage of construction is referred to as: 0—Strategic Definition,
1—Preparation and Briefing, 2—Concept Design, 3—Spatial Coordination, 4—Technical
Design, 5—Manufacturing and Construction, 6—Handover, and 7—Use [79]. Out of the
16 emerged key constructs, 12 constructs can improve buildability throughout all the
project delivery stages although “being familiar with project particulars” (C3), “resource
availability” (C4), “on-site construction” (C5), and “allocation of sufficient time” (C7) were
identified as impacting buildability over diverse project stages. For instance, C3 and C4
were identified as most impacting in stages 0, 1, 4, and 5. Similarly, C5 is in stages 4-5, and
C7 during stages 1-4. The eighth key construct that emerged from the study represents
the buildability momentum across all the project stages (C8). Refer to Table 3 for the key
constructs and the components.

4.3. Knowledge Sharing as the Key Driver of Buildability

All the respondents asserted that knowledge sharing (C1) is the most vital construct
of buildability. For example, R6 stated, “Knowledge sharing is the number one criterion
for buildability”. R10 emphasized that the importance of knowledge sharing in improving
buildability is poorly recognized in the industry. Although agreeing with them, R1’s
opinion was slightly opposing when considering the scale and complexity of the project.
R1 stated, “Knowledge sharing helps more in complex and large-scale projects to improve
buildability than for less complex and small-scale projects”. Contrariwise, R2 stated
that knowledge sharing improves the awareness of people, which directly and indirectly
impacts positively on buildability irrespective of the project’s nature. Agreeing with
R2, R3 stated that “Knowledge sharing can improve the young generation which then
improves buildability overall in the industry”. Further in this regard, R4 divided knowledge
sharing into “sharing of experience” and “sharing of knowledge” and stated, “Sharing the

11
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experience with knowledge can improve buildability!”. R4 was referring to tacit knowledge
when stating “experience”. R9 stated that knowledge sharing can promote innovation
and thereby improve buildability. Directing the focus to another angle, R8 highlighted the
importance of bridging the knowledge gap by stating “Continuous knowledge sharing is
not only for professionals but also should happen in the skill group”. Generalizing about
the impact of knowledge sharing, R9 stated “To achieve cost savings, fast construction, and
better quality, knowledge sharing is very important”.

4.4. Emergent Themes
The following three main themes (selective coding) emerged:

1.  People’s contribution,
2. Process contribution,
3. Technological contribution.

Table 3. Table of Key Constructs, Key Components, Emergent Themes, and Primary Work Stage.

Emergent .
Key Constructs Key Components Themes Primary Stage
1.  Knowledge Types (Codified and Tacit) All All Stages
2. Knowledge-sharing strategies
3. Identification of the knowledge gap
4. Ability to conceptualise from codified knowledge
and experience
5. External sources of knowledge People All Stages
6.  Dedicated knowledge manager Processes
7. Knowledge sharing between key stakeholders
c1 Knowledge sharin 8. Knowledge sharing with external affiliates
§ J 9. Alternatives in the absence of modern technologies
10. Knowledge sharing across disciplines Processes
11.  Knowledge sharing among the disciplines Technology All Stages
12.  Knowledge sharing at each delivery stage
13.  Technological sources of knowledge
14.  Project-specific benefits from modern technologies Technology Stage 0—4
15.  Risk of technologies hindering buildability
16.  Technologies to help in the absence of people
1. Understanding project needs
2. Balanced consideration of objectives
- ; ; People Stage 04
) ) e What is to be done to improve quality? Reduce Processes &
) Consideration of cost? And reduce time?
project objectives .
3. Environmental concerns
4. Re-evaluate objectives throughout the stages All All Stages
5. Improve safety
Beine familiar with 1. Familiarity with stakeholders People Stage 0&1
eing familiar wil o .
c3 project particulars 2. Familiarity with material TPrﬁceslses Stage 4&5
3. Familiarity with technology echnology
1. Availa.bility of local expertise People Stage 0&1
o 2. Experience of team members
€4 Resourceavailability 3. Material availability Processes Stage 4&5
4. Technology availability Technology

12
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Table 3. Cont.

Emergent :
Key Constructs Key Components Themes Primary Stage
1. Ability to construct in normal circumstances
2. Construction sequence
3. Less complexity during changes
4. Logistics
5. Method of construction
e Easy construction methods
o [Lfforts due to deviating from common methods Stage 4&5
C5 On-site construction . Practicality of construction All
7. Less practical verifications
o Nodisturbances or harm throughout the stages
e No need for alternative methods
8. Reduce wastage and environmental concerns
9.  Treat spatial aspects and construction aspects
separately
10. More knowledge sharing for complex projects
11.  Planning Stage 0-3
12.  Safety
1 Advise clients from a holistic point of view
2. Checking the availability of required people People Stage 0-3
3. Checking with a holistic view
4. Linking the designer’s thinking to the contractor’s
proposal
) 5 Planning
Cé6 Design aspects 6.  Linking architectural design and structural design All Stage 4
7. Linking the client’s brief to architect’s concept
8.  Linking concept design with detailed design
9.  Linking design to project objectives
10.  Ability for integration
11. Check%ng each point on the con§truction method Processes All Stages
12.  Checking throughout the duration Technology
13.  Complexity of design
1. Knowledge integration at the initial stages
cy  Allocation of sufficient 2, Sufficient time for bidders to tender ' All Stage 1-4
time 3. Sufficient time for pre-construction planning
4. Sufficient time for recording lessons learnt
0—Strategic definition
1—Preparation and briefing
Buildability 2—Concept design
3—Spatial coordination
C8 momentum across . . All All Stages
roiect stages 4—Technical design
proj & 5—Manufacturing and construction
6—Handover
7—Use
C9 Collaboration ; év?ﬂizittiz;tal;iﬂiders People All Stages
’ p Processes

3. Towards the best interest of the project

13
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Table 3. Cont.

Emergent

Key Constructs Key Components Themes Primary Stage
1. Identification of the expertise required
o 2. Identification of the technology required People All Stages
Identification of 3. Identification of the right time
C10 o
opportunities ..

4. More opportunities to share knowledge Processes All Stages
5. Culture and trust

C11 Decision making 1. Evaluation of 'a%ternatives All All Stages
2. Impact of decisions on performance
1.  Balanced risk distribution

Ci12 Eliminating risk 2. Potential future risks All All Stages
3. Risks related to the processes
1. Expertise

C13 Organisation centric 2. Resources All All Stages
3. Technology
4. Safety culture

ci Problem identification -  ldentify }:.Jarrie.rs. to Fonstruction People All Stages

and solving 2. Problem 1den.t1f1cat10n processes Processes g
3. Problem solving
- . 1. Local availability of technolo,
Updated information Y gy

C15 P availability 2. Local ava%lab%lity of mz}terial All All Stages

3. Local availability of skills
Need for government
C16 int er§ ention 1. Anauthority to regulate buildability Processes All Stages

4.4.1. People’s Contribution

People’s contribution was repeatedly emphasized as an essential element to improve
buildability. People’s ability to conceptualize using the codified knowledge and their
experience was one of the emerged key components under C1. Illustrating this, R3 stated,
“Your experience gives you a different thinking ability and different perspective”. Adding to
this, R4 stated, “Merely availability of access to knowledge will also not do the job. There is a
certain analytical part”. R11, who was an experienced architect, agreed with this statement,
“Especially when you come up with unique designs and unique concepts, the ability to
connect book knowledge and experience plays the most important role”. Respondents
stated that this ability to analyze and conceptualize helps more to make decisions (C11)
concerning economic status, local resource availability (C4), and environmental factors (C2)
in the country in which the construction takes place.

Key stakeholders’ contributions were emphasized over the other contributors. The
study revealed different stakeholders play different roles in this process. For example,
R10 stated, “[The] contractor will not design but will ensure buildability of what is be-
ing designed”. R1 agreed, stating “It is very important to share the experience of the
builders concerning buildability aspect improvements”. Moreover, respondents agreed
that selecting team members from the key stakeholders’ organizations has a high impact
on the buildability of a project. For instance, R8 stated, “If the selected person is not the
right person, then even [...] a project with a simple design can incur severe buildability
issues” (C3, C4, and C10). Respondents also emphasized the importance of checking and
advising on designs from a holistic point of view rather than considering each element
independently (C6). From a different angle, R1, R3, R4, and R8 pointed out that having
a dedicated person for knowledge management could help improve buildability. In this
regard, R1 stated, “Once all these resources are in, there must be a knowledge manager
in the project”. R3 expressed that this person could be from the client’s side with a lot
of tacit knowledge. Adding to this, R1 noted that this “dedicated knowledge manager”

14
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should have plenty of technological and sociological knowledge and the ability to work
as a relationship manager. Then again, the respondents highlighted the importance of
collaboration among the key stakeholders, as well as external parties prioritizing the best
interests of the project (C9) in improving buildability.

The respondents also highlighted the contribution of external people in the knowledge-
sharing process to improve buildability. In this regard, knowledge sharing with retired
authority officials, lawyers, environmentalists, and public, and media institutions, was
highlighted. Stressing this, R10 stated that “some of the external people’s knowledge
that you need is nowhere related to the construction industry”. R10’s examples included
health professionals, social advocates, and bankers. The respondents also highlighted that
people’s contributions are highly important to identify the knowledge gaps. Emphasizing
people over technology, R1 stated “There is no technology that can identify the knowledge
gaps, but people can”. Stressing the impact, R3 stated, “The information that is missing
could be very small, but with a huge impact”.

4.4.2. Process Contribution

All the respondents agreed that processes contribute largely to buildability. They
highlighted how processes could improve knowledge sharing throughout different stages
to improve buildability. For example, R2, R3, R8, and R10 emphasized the importance
of processes to get as many stakeholders as possible during the initial stages of a project
to improve buildability. R4 highlighted the importance of having processes to enable
external people’s involvement in the knowledge-sharing process. According to them, pre-
bid meetings, tender evaluations, and post-tender clarifications were important processes
if properly used to improve buildability during the early stages of a project. R10 pointed
out that if these processes were not effectively used to get the contractor’s knowledge,
parties should at least attempt to share their knowledge before and during the mobilization
stage to avoid various buildability issues that could arise. Extending R10’s point, R5 stated
that knowledge sharing during construction as well as in post-construction stages could
also help improve buildability. For instance, R5 stated, “During post-contract stage or
even post-completion stage you can have some discussion and knowledge-sharing sessions
with the key stakeholders, like a post-contract/post-completion audit or post-completion
workshop, and improve buildability”. Value engineering, lessons learned, and problem
identification were highlighted as processes that could help improve buildability during the
later stages of a construction project. Processes to share knowledge across the disciplines
as well as among the disciplines and throughout the entire project delivery stages were
key components that emerged under C1. Processes for continuous improvement of quality,
reducing time, and saving cost emerged as key components under C2.

Linking the contribution of “process” with “people” in enhancing buildability, R4
stated that the impact on buildability also depends on the knowledge and experience of the
people in the process. Agreeing with R4, R9 stated that “There is no process or technology
that can fix buildability issues when the right person is not present in the team”. While
R9 was explaining an intense experience related to a serious buildability issue in one of
the projects they had contributed to, they stated, “No technology or written knowledge
could have avoided such issues as, actually, the missing person’s input was the reason”. R9
also noted that “Previous records and technology can help but cannot replace a missing
person”. Further explaining, R8 acknowledged that having “the right person” means the
person with the required skills, tacit knowledge, and codified knowledge. R9 stated that
even with the best processes and technologies, people can only perform “by trial and error”
by learning from books when the “right person” is not present.

Some respondents linked processes with technology, stating that processes need to
be backed up with modern technologies to make them more effective and efficient. For
example, while referring to codifying the tacit knowledge and recording lessons learned, R1
stated “It has to be available on the web or somewhere so that the problems encountered in
that project [are] known by the others”. Conversely, R9 stated “having competent architects,
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engineers and the experienced team alone will not add buildability. Their knowledge has
to be gathered and shared to bring buildability into projects” giving more importance to
“process” over “people” and “technology”.

4.4.3. Technological Contribution

All the respondents agreed that technology helps improve knowledge sharing during
various stages of the project to enhance buildability. Various communication platforms,
digitalization, external databases, knowledge-sharing platforms, and search engines were
extensively highlighted throughout the study. For example, Zoom, Teams, Building Infor-
mation Modelling (BIM), CAD, 3D Modelling, Generative Design, Digital Twins, Artificial
Intelligence (AI), Augmented Reality, Big Data, various research engines, Bloomberg,
Aconex, and A-site were some of such modern technologies. Moreover, various media and
technological sources of knowledge such as the World Wide Web, YouTube, the Internet of
Things, and social media such as Facebook were persistently emphasized. Respondents
extensively highlighted the benefits of modern technologies. Among the benefits are faster
communication, the ability to share knowledge with people from various corners of the
world (which would have been impossible otherwise), obtaining full visibility of projects in
a shorter period, early clash detection, minimizing the amount of manual work, efficiency,
record keeping, convenient and easy access to updated project information, automation of
certain tasks in the knowledge-sharing process, quick access to knowledge with regards
to certain aspects such as international commercial trade agreements, banking, financing,
environmentally friendly record keeping, and storing knowledge.

While appreciating the technological contribution, R5 stated, “Modern technologies
[are] taking the knowledge sharing to its next level”. Adding to this, R7 stated, “Definitely
modern technologies give a better opportunity to produce faster and accurate information
and share [it] with the team”. Highlighting the importance of having access to updated
knowledge, R1 stated, “Modern technologies help with your exposure and connecting with
international players, and identifying research and development in the industries and what
other countries use and how they are to be taken in is important”.

Respondents also agreed that technological contributions to knowledge sharing im-
proved buildability throughout various project development stages, although technology
helps buildability in certain stages more than others. For example, R4 stated that buildabil-
ity during spatial coordination, technical design stages, and manufacturing stages can be
highly improved using modern technologies.

R8 pointed out that there is a gap in transferring knowledge to ground-level laborers.
Connecting the people’s contribution to technology, R8 stated “Even though the industry
is growing with research and development and inventing and developing new things,
if the workers are still working with the very old hammer and chisel, that won’t help
in improving buildability”. Therefore, having updated knowledge of technologies is
important to improve buildability. Further supporting this idea, R1 stated, “Once you
identify the project need and who we need to address it, it’s easy for us to get any knowledge
requirements into the project through new technologies”.

Although technologies add a remarkable contribution, R1 emphasized the people’s
contribution over the latter, stating, “while resolving practical issues, more knowledge
can be gained by talking to people, meeting face to face, than through technologies”. R1
revealed that, especially when decision-making during the early stages, the commercial
behaviors of the market cannot be detected merely through modern technologies, which
can severely impact on overall buildability of any construction project.

5. Discussion

The literature review revealed that the most-used definitions in recent past studies
were referring to the initial definitions that emerged during the 1980s and 1990s [17,33-36].
Table 1 under Section 2.3 further evidenced this. Agreeing with this, ref. [10] confirmed that
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the most widely accepted definition was published by CIRIA, with the keywords “design”,
“ease of construction”, and “overall requirements”.

The dimension of buildability extracted from the most frequently used definition was
“ease of construction”. However, the findings suggest that the industry perspective on
buildability took a much wider and broader spectrum around the construction project
delivery process. Moreover, findings revealed that the contemporary dimension has devi-
ated from its more conservative term and comprised measures for “economic feasibility”,

v a

“effectiveness of construction”, “efficiency of construction”, “environment friendliness”,
“procurement and delivery”, “stakeholders” willingness to spend”, and “protecting public
interests”. Therefore, buildability is no longer about the physical ability to construct a
building on the ground, but rather a qualitative measure inclusive of growing societal goals.

The buildability discourse in the literature was more focused on the early stages of
construction projects [25,30,32]. For example, as highlighted in the introduction, the ma-
jority of the buildability studies limited their recommendations to the design stage only.
However, this study revealed that buildability improvements could be done throughout the
project delivery process, including the completion stage. Moreover, although the literature
around buildability integration is more confined to “design aspects” the findings high-
lighted that more focus could be given to “construction aspects”. The theme “Buildability
momentum across project stages” (C8) is about improving buildability through each stage
of the construction project. Through buildability-focused engagement at all stages of the
project, different stakeholders could improve buildability at different stages—that is, at
some stages, technology could maximize buildability while engaging people and their
knowledge will improve buildability in other stages. Rather than focusing on buildability
from a high level, this study mapped buildability improvements to the RIBA plan of work
and how the buildability focus can improve construction projects.

The literature suggests that construction project teams should be viewed through an
organizational lens [57]. As per [58], to manage the knowledge within an organization,
people, technology and well-designed processes are essential. Supporting this, the main
themes that emerged from the empirical investigation revealed that key components of
buildability (on which the key constructs were based) could be summarised as people’s,
process, and technological contributions. However, it has to be noted that every key
construct had at least two of the themes combined, demonstrating that people, processes,
and technologies were essential to improve buildability.

Figure 4 represents the key constructs of buildability and how they can be allocated
within the three key themes that emerged in the literature analysis. Figure 4 was mainly
developed based on the narrative demonstrated in Section 4.1 and the key components
identified from the empirical study as described within Section 4.2 and Table 3. Figure 4
is modelled so that the reader can observe how each key component relates to the three
themes described within Section 4.4. Each key component shown in Figure 4 is labelled
with the relevant key construct reference, which can be cross-referenced to Table 3. Figure 4,
therefore, demonstrates how people, processes, and technologies are to be integrated
throughout all stages of the construction project to improve buildability. Key components
that are the focus while integrating the three themes are linked with relevant intersections
of the themes.

The literature review concluded that constructs of buildability include “knowledge
integration”, “throughout the different project stages” to “achieve overall project objectives”.
This study deconstructed each of these constructs and derived 16 key constructs as shown
in Table 2. “Integration of construction knowledge” was identified as the key driver in
the buildability concept. Out of the two main types of knowledge, researchers agreed
that mostly the construction sector utilized tacit rather than codified knowledge [53]. The
results of this study agreed with this. However, codified knowledge was identified as more
significant when making decisions.
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Figure 4. Industry perspective of buildability integration.

Linking the two main types of knowledge with people, a key component that arose was
the “ability to conceptualize from codified knowledge and experience” (C1-5). As per [80],
there are two dimensions to tacit knowledge, which are the “technical dimension”, which
encompasses the kind of informal personal skills or crafts often referred to as “know-how”,
and the “cognitive dimension” which consists of beliefs, ideals, values, schemata, and
mental models. Accordingly, this key component (C1-5) was not identified as a different
type of knowledge but another dimension of tacit knowledge.

Therefore, this study concludes that both tacit knowledge and codified knowledge,
together with people’s contributions through their ability to conceptualize between codified
knowledge and experience, were necessary to improve buildability in construction projects.
Knowledge sharing was identified as the key driver of buildability. Although tacit knowl-
edge from people was profoundly highlighted in the overall results, the deeper analysis
showed that technology was emphasized more within knowledge sharing. Accordingly,
properly designed and practiced processes backed up with modern technology play a
greater role in improving the buildability of construction projects.
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6. Buildability in the Era of Artificial Intelligence (AI)

This study reviewed and extended the discourse of the buildability concept that
emerged four decades ago by capturing its evolution when catering to the ongoing de-
velopments in the industry. The findings suggest that enhancing buildability is about
better integration of people, processes, and technology. In particular, people’s contributions
and their tacit knowledge are seen as primary factors for enhancing buildability. This is
because, to date, both “processes” and “technologies” are driven by people. People have
the knowledge and are seen as the primary source to codify knowledge and present it in
a usable form for decision-making. An underlying reason for this is that tacit knowledge
is not codified and therefore is embedded with people. If tacit knowledge is reasonably
codified, the significance given to these three themes could be different.

Although the research demonstrates that codifying tacit knowledge in construction has
been challenging due to the difficulty of articulating and explicitly recording knowledge,
the deep analysis and predictive analytical capabilities of Al could be used to analyze large
texts. The industry does not see value in investing in systems and processes to capture tacit
knowledge because of its recourse intensity. Moreover, the effort of codifying knowledge
may not be worthwhile if dissemination and the workforces using the newly codified
knowledge are not effective [54,81].

For instance, the study evidenced that the key driver of buildability is “knowledge
sharing”, within which “technology” was the most accentuated theme. Although main-
stream adoption of new technologies within the construction industry is said to be slower,
the recent past has seen the satisfactory implementation of modern technologies such as
BIM [82], Augmented Reality [83], 3D Concrete Printing [84,85], and applications of (Big)
data analysis [86] to great benefit. Therefore, the future of buildability is likely to involve
greater use of advanced technologies which can curtail the intensive association of people
and improve the efficiency of processes. However, it could be foreseen that in the construc-
tion context, the codification of tacit knowledge is not a completely unrealized hope in the
future, particularly with rapidly emerging technologies such as artificial intelligence and
machine learning.

Al tools could assist in at least in three areas.

e Al algorithms can analyze large volumes of construction data to identify potential
issues, knowledge needs, and knowledge solutions relating to buildability. Moreover,
by identifying risks in advance, construction teams can take proactive measures to
mitigate problems and enhance buildability. The need for access to experts with
cognitive knowledge to present in a meeting may fade as Al tools may fulfill this role.

e  Al-powered collaboration tools enabling real-time communication and coordination
can improve information exchange, and minimize miscommunication, and can help
improve overall buildability.

e  Predictive analysis for optimisation: Al can assist in analysis of images, text data,
drawings or conceptual models to extract data, codify them into knowledge and help
with buildability decisions. This may be design, site and supply chain optimisation
information that helps buildability.

The key potential of Al is in reducing the need for human experts to be present at every
stage of the construction process to transmit relevant knowledge to improve buildability.
Al can develop to a stage where it is possible for it to share the knowledge that is needed at
the right time in the right form.

7. Conclusions

This research used interpretive phenomenological analysis to explore the concept of
buildability. The findings have extended the discourse of buildability by capturing the
unconscious evolution of the concept through the lived experience of industry practitioners.
The findings yielded 16 key constructs underpinning the buildability concept, which are
associated with the themes around people, processes, and technologies. The contribution
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of technology facilitating the sharing of knowledge was the most emphasized element in
improving buildability. Moreover, the findings extended the application of the concept of
buildability to encompass all construction project procurement stages, as opposed to past
thinking in which buildability was mostly confined to the design stages of procurement.
This is the first study to deconstruct the buildability concept to address the integration
of tacit and explicit knowledge components through people, processes, and technology
alongside the RIBA 2020 plan of work and to identify buildability constructs that are
relevant to each stage of the RIBA plan. The findings provide a guide to the integration of
knowledge and experience to improve project performance in terms of “what knowledge
to apply”, “when it is to be applied”, and “applied by whom”.

The study also revealed that the materialization of buildability is different from one
project to another and is dependent on the technology and resource availability of the
participating organizations. Therefore, the findings, by way of deconstructing buildability
into key constructs, enable organizations to choose the most appropriate constructs to use
to design a project-specific buildability approach to enhance project performance.

The research has three limitations. Firstly, the Interpretative Phenomenological Anal-
ysis methodology closely examines a small area of investigation and generally requires
a small sample. Therefore, the generalizations of findings are context-specific. Secondly,
although the interviews were conducted with a broad range of professionals who are
critical stakeholders in construction projects, the ideas are limited to the 10 professions
interviewed. However, further research can expand the next tier of professions based on
the theoretical frame developed in this paper. Thirdly, as the scope of the investigation was
on Sri Lanka, applying findings to other regions needs careful consideration.

Further research could apply the buildability framework to varying procurement
arrangements using a case study approach to develop trajectories about how to design
buildability for different contexts. In addition, research about how buildability can be used
to improve collaboration and technology identification/implementation in projects could
help improve project performance. As part of technology, Al tools such as text-based and
image-based models could also be developed to improve construction buildability and
project performance.
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Abstract: The construction industry has one of the highest waste intensities in Australia. While there
are barriers to the implementation of sustainable waste management (WM) practices, there is a lack
of viable solutions for head contractors to overcome these barriers. This research investigates the role
of incentives in achieving sustainable WM in the Australian commercial construction industry. A
qualitative approach was adopted through interviews with experts in the field to explore the role
of incentives as possible solutions to the barriers presented. The findings show that participants
are willing to use more sustainable WM practices. However, the barriers are perceived to be too
substantial. Many types of incentives can encourage changes in behavior, which contribute to better
waste outcomes. The findings also indicate key stakeholders such as the client, government, and
industry regulators may provide incentives, including enhancing relevant key performance indicators,
amending existing legislations, and implementing government programs to foster a Circular Economy
to improve sustainable WM practices. This study contributes to the field by raising awareness about
the role of incentives for head contractors to achieve sustainable WM practices.

Keywords: construction; incentivization; resource recovery; recycling; sustainability; waste manage-
ment

1. Introduction

The value of Australian commercial building activity has risen from $38 billion in 2015
to an all-time high of $49 billion in 2019-2020 [1], while the construction industry has one
of the highest waste intensities in Australia [2]. Globally, around 800 billion tons of natural
resources have been captured by the construction industry [3], which is among the leading
industries contributing to the largest carbon footprint [4]. The current waste management
(WM) practices in the Australian commercial construction industry present issues that
impact the Australian economy, society, and the environment, including the health and
well-being of communities [5]. In Australia, 43% of the total waste is generated by the
construction and demolition (C&D) waste stream, which accounts for 20.4 Mt annually. It
is estimated that 6.7 Mt of the C&D waste stream goes to landfill every year [6]. Attempts
for waste resource recovery are limited in the industry, which leads to useful waste ending
up in landfill sites [7]. Population growth and migration accelerate the issues by increasing
construction activities and C&D waste generation [8].

The implementation of sustainable WM solutions in the industry is significantly
impeded by various barriers, such as cost, legislation, and poor quality of waste data [3],
and there are no viable solutions to overcome them yet. There is a lack of viable government
incentives and regulations to support the quality and use of recycled products, which could
ultimately reduce waste levels in the Australian construction industry [6]. Compounding
the problem is a lack of education and awareness about the nature and size of the issue
that impacts the environment [3]. Promotion and wide implementation of sustainable WM
practices in the Australian construction industry can foster the reduction, recycling, and
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reusing of waste, which is an opportunity to improve the efficiency of the industry, the
environment, the economy, and society.

There is limited existing research that assists head contractors (HCs) in creating better
WM outcomes in the Australian construction industry. The HC is central to all parties
involved in the construction process and, therefore, waste generation, and holds the initial
contract with the client, leads the project, obtains the required resources, and is responsible
for performing the works according to the agreed terms and standards in the contract, in
compliance with regulations such as waste disposal [9] and industry standards [10]. The
HC also manages the subcontractors; each subcontractor is contractually obligated to the
HC [11]. This demonstrates the significance of HCs as decision-makers in construction
projects, including WM practices and the potential for reducing construction waste from
commercial construction projects.

This research explores the main barriers and motivators of Australian commercial
construction HCs for implementing sustainable WM practices. It explains how they can
overcome the barriers through a range of measures that incentivize sustainable WM prac-
tices. This research also evaluates the individual willingness of Australian commercial
construction HCs to change towards sustainable WM solutions.

2. Literature Review

Construction activities are globally one of the major generators of waste. Construction
and demolition waste may include metal, masonry, concrete, lumber, plaster, glass, asphalt,
plastic, carpet, and dirt [12]. The Australian C&D sector generated 27 Mt (millions of
tons) of C&D waste in 2018-2019, managed within the waste and resource recovery sector.
This is significant because it represents 44% of Australia’s total core waste [2]. C&D
waste goes to landfill sites, and attempts for resource recovery are limited [7], illustrating
the need for a wide application of sustainable WM solutions in the industry. Existing
research shows several benefits to sustainable WM solutions, including more recycled
content and utilizing more secondary materials in construction projects, reduced waste
generation, less pollution, lower consumption levels, and decreased pressure on landfill
capacities and natural products [13]. Reducing, reusing, and recycling waste materials
avoid illegal dumping [6], all leading to reduced burning of fossil fuels and emissions of
carbon dioxide, and consequently, a more sustainable environment. Another benefit is
that utilizing recycled C&D waste products can lead to a reduction in construction costs,
landfill tax, and energy consumption [6]. Implementing sustainable WM practices is an
opportunity to create niche markets and new job opportunities in the local markets [6].
This can incentivize several stakeholders in the industry and the government. According
to the study conducted by Li and Du [14], engaging in sustainable construction activities
can improve corporate social responsibility. For instance, using secondary materials in
construction projects plays a positive role in the community.

The implementation of sustainable WM solutions is demonstrated to be significantly
impeded by various barriers. The study by Maqsood et al. [5] found that there is lim-
ited knowledge in the industry about the possibilities of using recycled materials. This
finding is supported by Shooshtarian et al. [6], who argued that a lack of competent staff
and awareness about managing construction waste reduces demand in the market for
recycled materials. Additional time and costs associated with separating, transporting,
and reprocessing waste keep builders from implementing sustainable WM practices [6].
O’Farrell et al. [15] summarized that there is limited awareness about the financial benefits
of minimizing and avoiding waste and that there are space constraints for the segregation,
handling, and storage of materials. This finding is supported by Ratnasabapathy et al. [3],
who stated that on-site space does not always allow for proper separation of waste, which
limits the quality and demand of secondary materials. Another important barrier is the
shortage of accessible (web-based) technologies, waste data systems, and market platforms
for waste information [3], critical tools to manage waste and buy products of the required
quality. Investment in research and development is required to provide new processes and
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innovative technologies that contribute to better WM practices, including reduction, reuse,
and recycling [16]. The Office of the Chief Economics report [17] confirms this finding,
which shows that the Australian construction industry is slow in implementing innovations
and web-based technologies.

Magsood et al. [5] also found a lack of incentives and investment for innovation in
the recycling sector. Another issue is that waste strategy documents are developed by
individual states and territories [8], with different strategies leading to inconsistencies. This
points to an opportunity to learn from each other and improve by paralleling back the
methods used in the best practices throughout the remaining states and territories.

2.1. Existing Incentives for Improving Waste Management Practices

Incentivization strategies are based on overcoming barriers and include programs,
tools, and accessible systems to encourage the utilization of recycled products, application
of material testing and product certification to accelerate reuse, and waste avoidance [6].
Various industries use different incentives, including charges, rewards, compensations, and
recognitions. The Green Building Council of Australia (GBCA) rates the sustainability of
building projects through a rating system named Green Star, which encourages the efficient
use of construction materials. Green Star also focuses on C&D waste minimization through
credits to encourage construction projects to design and construct in a way that fosters
the best WM outcomes [18]. These credits aim to incentivize and reward WM practices
that minimize the amount of C&D waste from construction activities going to landfills.
Construction projects can obtain credit points for waste-related practices, including using
recycled materials, waste storage that promotes recycling, and recycling C&D waste from
the project. Therefore, the Green Star credit points act as an incentive for companies to
develop and maintain sustainable WM practices. GBCA claims that Green Star-certified
buildings recycle 96% of their generated waste. However, Green Star’s waste requirements
are not mandatory [19], which indicates the potential for further improvement around
the encouragement of WM practices in the industry. Clients must incur significant costs
to receive a Green Star certificate which may limit participation and point to a lack of
incentives for the widespread adoption of such programs. Another existing incentive to
reduce waste is penalizing through waste levies, which help reduce waste by incentivizing
waste generators to look for alternatives to avoid waste and minimize the waste they create
and send to landfill. From 2020-2021 to 20212022, the landfill levy has increased by 61%
and is a key tool that drives waste reduction, reuse, and recycling in the C&D industry [20].
Lastly, educational programs are used to encourage material diversion, which increases
awareness for better WM outcomes. For example, education around the opportunities to
use more recycled products and associated government requirements for quality standards
and specifications of recycled products [21].

2.2. Circular Economy

The Circular Economy (CE) principle supports the circulation of materials to ensure
natural resources remain in the supply chain by maximizing the recycling and reusing of
materials through innovation of the entire chain of consumption, production, recovery,
and distribution. Material consumption and waste generation can be influenced from the
early stages. For instance, design optimization can help increase reuse and recycling in
construction projects while minimizing waste remains [22], illustrated in Figure 1. Research
shows that circa 90% of C&D waste is recyclable [23], while Australia’s C&D waste recovery
rate is circa 60% [2]. This shows the significance of the CE concept and the potential to
reduce waste remains in the industry.
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Figure 1. Circular Economy. Adapted from Victorian Cleantech Cluster [24].

CE principles are already widely implemented around the world (including in Japan,
China, and Europe) as a political objective to encourage sustainable WM through govern-
ment programs [25]. CE reduces material demand and greenhouse gas emissions while
increasing the use of secondary materials, consequently increasing the value and reuse of
construction waste and broadening their activities. According to Ferdous et al. [26], every
10,000 tons of waste recycling is estimated to create 9.2 jobs, compared to 2.8 jobs for landfill
disposal, which shows the significance of encouraging a CE. Hence, the CE concept can
be used to promote, incentivize, and support sustainable WM practices while advancing
economic development. However, there is a varying profile of recyclability and profitability
of different materials in the WM cycle. For instance, metal has a higher collection efficiency
and recycling rate than plastic [2]. The quality of most metals does not degrade in the
recycling cycle, making it a more profitable and desirable material for recycling.

2.3. Conceptual Model

Research into WM practices has been active across many industries, including the
construction industry, over the past decades. The major factors to sustainable WM practices
have been asserted in previous studies in the field, each focused on different dimensions.
As such, several researchers have attempted to define generic factors for sustainable WM
practices across different industries and disciplines. For example, Mair & Jago [27] dis-
cussed that these factors fall within two generic categories of barriers and drivers. On
a different view, Michie et al. [28] argued that proper interactions among the influential
factors, including capability, motivation, and opportunity, generate behavior to good prac-
tice in WM. In the same vein, Weck [29] discussed the process by considering barriers
and facilitators to motivation and readiness, and eventually, behaviors change to support
sustainable lifecycle change.

In this study, drawing upon the discussion and frameworks in previous studies,
the influential antecedents to sustainable WM have been synthesized into a conceptual
model, as shown in Figure 2. This conceptual model is a process-view model showing
that sustainable WM can be viewed as a “process” with inputs, steps, and outputs that
need to be considered for good practices in WM. This process comprises antecedents that
start with Organizational Context (both internally and externally), followed by Barriers and
Motivators for sustainable WM, and then Incentives to overcome barriers, which eventually
lead to sustainable WM in the industry, as discussed next. Figure 2 offers a benchmark to
show where the gaps lie regarding the antecedents and their interactions in sustainable
WM.

27



Buildings 2023, 13, 2211

[ Context H Barriers HMotivatorsH IncentivesH Behavior]

Figure 2. The conceptual model in the present study.

Context:

The first influential factor within the process is the context, which includes the organi-
zational context (both internally and externally). The external issues include industry and
government regulations, available technologies, consumer trends, economic situations, and
cultural factors. The internal issues involve the business size, perspectives, values, resource
capabilities, and contractual relationships. Factors influencing WM are opportunities for
industry practitioners and policymakers to develop and implement suitable strategies [16].

Barriers:

The major barriers to sustainable WM practices have been asserted in previous studies
focusing on technical, economic, legal, and environmental dimensions. For example, lack
of knowledge, skills, technologies, and awareness around managing C&D waste sustain-
ably [6]. Other significant barriers to consider include space constraints and additional
costs for separating waste on-site, limited quality and demand for secondary materials [3],
and a lack of incentives to achieve better WM outcomes [5].

Motivators:

Existing literature reveals motivators for implementing sustainable WM solutions,
including financial benefits from reduced consumption, waste, and construction costs. The
implementation of sustainable WM practices is shown to be an opportunity to create niche
markets and new job opportunities [6]. Increasing the supply of (re)used and recycled
materials can also reduce pressure on natural products and landfill capacities that impact
public health and well-being. Finally, sustainable construction activities can improve
company image and corporate social responsibility [14].

Incentives:

Incentivization strategies include the programs and tools to overcome the barriers
towards sustainable WM practices. For example, educational programs and governmental
directives can lead to increased awareness. This, in turn, can lead to an impulse for research
and development, improved technologies, and changes in behavior, which contribute to
better waste outcomes [16].

Behavior:

Incentives can encourage behavioral change that satisfies the WM norms [16]. Proper
interactions among the influential factors, including capability, motivation, and opportunity,
generate behavior to good practice in WM [28].

3. Research Methodology

A qualitative approach for this study facilitated exploring insights into individual par-
ticipants, including their opinions, understandings, and attitudes [30], with semi-structured
interviews used as the mean of qualitative data collection. Other research methods were
considered. However, for this study, they are less effective. For instance, a case study
would not be suitable due to its limited representatives (a small group or one person). This
would provide little basis for generalization of the outcomes [31].

The research includes data collection through semi-structured, in-depth interviews
with ten head contractors (Tier-1), 1 Supplier, 1 Building Surveyor and 1 Waste Contractor in
the Australian commercial construction industry. The target population for semi-structured
interviews of this research project include the decision makers around sustainable WM
practices within Australian commercial construction companies. The relevant participants
to be interviewed for this research include:
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- Sustainable Development Managers
- Directors

- Contract Managers

- Project Managers

- Design Managers

Sustainable Development Managers are likely to be the most relevant participants
for the data collection of this research project due to their responsibility to implement
sustainable (WM) strategies for construction projects. However, different views from
professionals with different skills and positions in the industry need to be obtained. The
interviews were conducted as video calls and audio recorded due to diverse locations.
Transcripts were obtained from the audio recordings to ensure all the relevant information
could be retrieved and used for data analysis. Sampling was based on snowballing, which
is a non-probability sampling method. The snowball sampling method starts with potential
participants that meet the criteria and are invited to participate in the research project. The
willing participants are then asked to suggest other potential participants (that meet the
criteria) who may also be interested in participating in the research project, who may also
provide new potential (and suitable) participants, and so forth. This sampling technique
enables an expanding chain of participants, which is suitable when participants are harder
to reach. The process of sampling usually finishes when the point of saturation has been
achieved [32]. In total, 13 online interviews were conducted through video calls. After
interviewing 12 participants, no new information was discovered, and the point of data
saturation was reached. Therefore, after interview 13, the data collection ceased. The list of
participants and their profiles, mainly in Victoria State, are illustrated in Table 1.

Table 1. Interviewees’ profiles.

No. ID Role EX(PY?::;;@ Organization Type
1 A Director 17 Demolition & Salvage
2 B Sustainability Manager 22 Construction HC
3 C Contract Manager 20 Construction HC
4 D Director 11 Building Surveyor
5 E Sustainability Manager 15 Construction HC
6 F Sustainability Manager 7 Construction HC
7 G Project Manager 15 Construction HC
8 H Sustainability Manager 17 Waste Contractor
9 I Sustainability Manager 16 Construction HC
10 ] Sustainability Manager 26 Construction HC
11 K Sustainability Manager 16 Supplier
12 L Design Manager 11 Construction HC
13 M Sustainability Manager 10 Construction HC

Analysis

NVivo was used to analyze the audio recordings. The analysis process started with
transcribing the audio-recorded interviews into text documents to generate clear infor-
mation from recordings and minimize misunderstandings and errors [33]. Subsequently,
category coding and thematic analysis were used. As stated by Punch [31], qualitative anal-
ysis starts with coding, which is significant in discovering regularities in the data. Coding
began with assigning labels (names) to the collected pieces of data, which can be used to
identify patterns and summarize data into themes. In this research, the codes were created
based on the existing literature and the collected qualitative data from semi-structured
interviews. Preliminary codes from the existing literature include barriers, motivators,
and incentives to sustainable WM. Moreover, analysis of the interview data resulted in
identifying new codes added to the preliminary list.
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4. Findings and Discussion

The results of the interviews and analysis provided valuable insight into the willing-
ness, barriers and incentives that drive poor sustainable construction waste outcomes in
commercial construction in Australia.

4.1. Willingness

The analysis shows that all participants readily acknowledged and confirmed that
the current WM practices are not sustainable and have a significant impact on the envi-
ronment. In addition, all expressed a strong willingness to implement more sustainable
WM practices and contribute to a more sustainable environment. Of those interviewed, 10
participants believe the awareness around WM issues in the industry is good. In contrast,
the existing literature demonstrates limited knowledge around the possibilities of utilizing
recycled materials [5] and a lack of competent staff and awareness about construction waste
management [6]. Therefore, most participants concluded that awareness and willingness
are no longer key barriers but rather an opportunity.

However, the analysis also shows that HCs believe they are powerless in relation to
client and government requirements due to a lack of incentives for more sustainable WM
practices. Most participants pointed out that the client and government are crucial in taking
advantage of the willingness of HCs. This was best described by Participant E: “Especially
at the corporate level, everyone knows that we don’t want to send loads of waste to landfill,
that we need to recycle waste, and that waste is harmful to the environment. The level of
knowledge is pretty good around that, but the challenge is translating that desire to do the
right thing into reality and getting the right outcomes on-site. This comes back to the client,
the cost, and the program. We do what our client tells us to do, and if we do anything
beyond that, we lose money, so where is the incentive?”. Participant B highlighted that
their company is ‘very willing” to improve WM practices and that they see the investor
and the stakeholder benefit of being sustainable and the internal benefits. Participants C
and L also mentioned being very willing and stated that their company focuses on Green
Star, passive houses, and sustainable design. Participant C added: “Similar to many other
improvements in construction techniques and site management, it will take some time, but
then it just becomes part of normal operations”.

Most participants mentioned that WM competes with other important aspects; eleven
participants put sustainable WM as the last priority, compared with safety, cost, time, and
quality. However, Participant E explained that when you are sustainable, it does not have
to be an order of priority: “Take carbon, for example, if you seek to remove carbon from
your design, you will reduce your cost, as you are reducing energy. Therefore, it doesn’t
have to be one or the other. It can go hand in hand. Thus, if we want to focus on cost, we
must focus on carbon as well. And when you reuse waste, instead of using virgin materials,
it will usually have a lower carbon footprint”. Although each participant was willing to
contribute to a sustainable environment, it is not yet common.

4.2. Key Motivators

The participants described several key motivators for implementing sustainable WM
solutions in the Australian commercial construction industry. The key motivators men-
tioned by more than five participants are presented in Table 2 and further discussed in
Section 4.2.

Table 2. Key motivators highlighted by interviewees.

Key Motivators Number of Participants
Opportunity to create new markets and job growth 10
Reduced construction costs 8
Circular Economy and reduced embodied energy 8
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The opportunity to create new markets and job growth was a top motivator mentioned
by participants. This finding is consistent with the related literature, which points out
that sustainable WM is an opportunity to create niche markets and job opportunities in
the local markets, while this can incentivize the government and several stakeholders
in the industry [6]. Participant C stressed that sustainable WM is a great motivator to
create small-scale industries in the resource recovery sector. Participant D had the same
opinion and added that it would lead to innovations in the recycling industry, which create
economic benefits. Participant E thought that besides new jobs, it could foster a (local)
CE. It was a common opinion that the construction industry is mainly cost driven. A
key motivator for implementing sustainable WM solutions is to reduce construction costs,
energy consumption and landfill taxes, which is in line with the findings of Shooshtarian
et al. [6]. For instance, Participant B emphasized that cost benefits can be achieved by
implementing prefabricated and standardized construction components to the design.
This reduces waste generation, time, and costs (mass production, economy of scale, etc.).
Participant E had a similar view, pointing out that “it is in our interest to implement the
waste hierarchy and reduce the amount of waste that we send to landfill because we save
money”. In contrast to the findings of O'Farrell et al. [15], which indicate limited awareness
about the financial benefits of minimizing and avoiding waste, this research shows that
participants are aware of cost savings that can be achieved through waste elimination.

The participants expressed equal interest in contributing to a CE and reducing the
embodied carbon for a more sustainable environment. Participant E acknowledged the
advantages of making new products from waste materials while fostering an ongoing loop
that can occur: “That is what we need to get to right. That is the definition of human
sustainability”. Participant B had similar views and stated that “environmental and cost
benefits can be achieved by using more recycled content in the construction of buildings, as
well as by getting those recycled materials back into the CE again. For example, the use of
more sustainable concrete, with higher recycled content in it”. Participant C agreed, men-
tioning that recovering resources has significant energy and carbon benefits. Participant
D acknowledged this argument and stressed that “it is important for our environment to
decrease the use of raw materials and the embodied energy that is used to create materials”.
In contrast to existing literature, which presents a lack of awareness of the environmental
impact caused by poor WM [3], this research shows that participants are mindful of the
environmental need for sustainable WM practices in the industry. The participants’ con-
sciousness of the CE and its link to sustainable WM is encouraging. However, it is also
clear that the CE remains a concept, and the operational task of improving WM practices,
including material recycling, is not connected. The key motivators mentioned by partici-
pants in this research support existing literature, which denotes that benefits of sustainable
WM solutions can include more recycled content and utilizing more secondary materials in
construction projects, reduced waste generation, less pollution, lower consumption levels,
and decreased pressure on landfill capacities and natural products leading to reduced
emissions [13].

4.3. Key Barriers

The participants were asked to mention key barriers to implementing sustainable WM
solutions in the Australian commercial construction industry. The key barriers mentioned
by more than five participants are presented in Table 3.

Despite the willingness in the industry and the key motivators for implementing
sustainable WM solutions, various barriers were mentioned by interviewees, which are
challenging to solve. The key barriers pointed out by participants are in line with the
findings in the literature review, except for the reporting reliability of waste contractors in
the industry, which is a new finding in this research.
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Table 3. Key barriers highlighted by interviewees.

Key Barriers Number of Participants
Reporting reliability of construction waste 10
Site constraints 9
Additional costs, time, and resources for WM on-site 9
Lack of (financial) incentives around sustainable WM 7

During the interview discussions, interview participants expressed a lack of confi-
dence in the reporting reliability of waste contractors. Participant F mentioned a lack of
transparency on how their waste is managed at waste facilities. Participant E emphasized
that waste contractors who pick up the waste from construction sites mostly conduct visual
estimations at their waste facilities to determine the percentage of different waste types
rather than automatic checks, which makes the system unreliable. Participant J stressed
that the reporting system is based on percentages, which often shows satisfactorily high
recycling percentages, while it is unsure how valid those outcomes are, making the system
a waste of time. Most participants mentioned a lack of incentives to improve reporting reli-
ability. Participant B strengthened this argument by saying: “People got so used to seeing
reports that have a 90% plus recycling rate that government contracts and requirements
are framed around that. But those are made up by the waste contractor companies and
will realistically be lower. Therefore, there are external drivers that require a high recycling
rate, rather than the best actual recycling rate or the best environmental outcome”. Partic-
ipant E admitted that it saves time and cost for their company to use a waste contractor
because they use one bin for all the waste, and the waste gets sorted by the waste contractor
(off-site). However, they rely on the sorting system of the waste contractor. Participant B
had a similar opinion, stating that it would be cost-prohibitive for HCs to sort and weigh
the waste on the construction site. Participant B pointed out a lack of audits on waste
contractors and that waste facilities are not mandated to publish their average recycling
rate. Participant E acknowledged this argument and explained that “waste contractors
do not have an incentive from a regulator point of view to give construction HCs 100%
accurate waste reports”. Most participants expressed their concern regarding reporting
reliability, which is the main barrier that was found in this research. When it comes to waste
reporting, it was a common belief of the interviewees that we are fooling ourselves in the
industry with WM reports that show great recycling rates, while people strongly suspect
that the reality is different. This takes away the incentive in the industry to perform better
in sustainable WM, as construction companies are confronted with recycling rates that they
perceive as inaccurate and unreliable. The participants feel powerless to change this issue,
which indicates that solutions from other stakeholders are required to solve this problem.

Several participants raised concerns about on-site space, which is found to be a key
barrier for separating different waste materials on-site. As a result, a single waste bin is
used on the construction site, and waste gets contaminated. This supports existing literature
regarding space constraints for segregating, handling, and storing materials [15] that impact
quality and demand for secondary materials [3]. Interviewees B, C and D mentioned that it
is unrealistic to have several waste bins on site, especially in urban areas where there is not
enough space on site. Participants E, H, and M had similar opinions and emphasized that
limited space on site is the main barrier, which restricts the opportunity to separate waste
materials. Participant B pointed out that the single-bin solution on-site, which gets sorted
off-site by waste contractors, is not ideal because it increases the contamination of different
waste materials and reduces the accuracy of waste reporting. Nine participants mentioned
that important barriers are the additional time and costs to sort the waste materials on-site,
including the required effort to transform towards sustainable WM practices in the daily
workplace. For instance, participants B, D and E stressed that there is averseness and lack
of care from labour. It was a common statement that waste is a significant cost item for
construction projects for the disposal of waste and transportation of waste. Participant E
clarified: “Five years ago, we used to sort all waste on our sites ourselves. That has its
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challenge. It takes up space, is time-consuming, requires extra resources to separate waste
on-site, and often people do not put the right waste materials in the right bins, and you need
to manage this process”. Participants C and D acknowledged this view and pointed out
that cost is the biggest challenge a construction company will encounter when separating,
sorting, and transporting the waste by themselves. The results confirm existing literature,
which implies the additional time and costs associated with separating, transporting, and
reprocessing waste, keep builders from implementing sustainable WM practices [6].

Participants are also concerned by the lack of (financial) incentives from the govern-
ment to encourage sustainable WM practices, including a lack of penalties for unsustainable
WM practices, low landfill levies, and a lack of promotion and education around (innova-
tive) solutions that drive better WM outcomes in the industry. The findings are in line with
existing literature, which expresses the lack of education around WM issues [3] and a lack
of government incentives to support the quality and use of recycled products [5,6].

4.4. Incentivization

The participants were asked how HCs can be successfully incentivized to implement
sustainable WM solutions for commercial construction in Australia while complying with
regulations. The key incentive strategies proposed by more than five participants are
presented in Table 4 and further discussed in Sections 4.4—4.6.

Table 4. Key incentives highlighted by interviewees.

Key Incentives Number of Participants
Influence the selection of building materials 11
Financial incentives on materials and waste 11
Programs initiated by government & industry regulators 8
More audits and government control 7

The analysis consistently demonstrated that the reason for not improving sustainable
WM practices is that the barriers, such as those listed in Table 3, are too substantial and
that removing the existing key barriers would enable HCs to implement sustainable WM
practices. Most participants raised significant work before sustainable WM practices can
be achieved. This is mainly because participants do not want to compensate for other
important aspects of construction projects (including cost, time, and quality), which are
essential to keep ahead of the competition in the market. It was a common opinion that
implementing sustainable WM solutions would only happen if the government, clients, or
industry regulators came up with viable programs, incentives, or enforcement. As clarified
by Participant E, “We are driven and motivated by what the government and our clients
ask us to do. If they allow us to do something and it is the cheapest way to do something,
then market forces prevail”.

4.5. Incentivization through Influence from Client and Design Team

11 out of 13 participants pointed out that the client has a significant influence on the
selection of building materials from a design perspective. Participants B and ] emphasized
that the client is decisive in choosing between conventional construction and prefabrication.
For instance, the client can influence the design of standard column sizes, which enables
precast columns. This avoids the need for formwork and in situ concrete pores, which
reduces waste (and costs). Another example mentioned by Participant B was “trying not
to have 100 different bathroom types, but rather the same types, which allows modular
units built off-site”. Participant B strongly believes that waste reduction has a significant
opportunity in Australia because “in Europe, landfill space is scarce, and they are more
efficient with materials you bring to site”. This presents an opportunity in the early planning
stages that are controlled and incentivized by the client. Participant C also stated that
clients should consider the life cycle of the main materials used in construction and have
that as a major consideration for selecting materials in design, as “this can flow through to
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the types of waste that get generated as well”. Participant E has a similar view but also
pointed out that prefabrication is not something that develops quickly in Australia, due to
the more risk-averse culture, with more hesitance for innovations, compared to Europe.
This finding is consistent with the Office of the Chief Economics report [17], which shows
that the Australian construction industry is slow in implementing innovations. Participant
D clarified that if you get the design stage right, including the right material selection, the
rest will take care of itself. This finding confirms the literature review, which indicates that
material consumption and waste generation are influenceable from the early stages, and
design optimization can contribute to increased recycling and reduced waste remains in
construction projects [22], which satisfies the CE concept. Participant D also recommended
including KPIs for WM in the tender request, which is controlled by the client. Participant B
had the same view and stated that HCs should be assessed against KPIs, and the measures
of KPIs should be based on volumes, for instance, the average of waste generated per
apartment. “That would incentivize efficient use of materials on site, especially if you know
it will be assessed and possibly, somehow linked financially”. Participant M supported
this and stressed that a WM shift in the construction space needs to come from the client
and the architect. The finding that HCs can be successfully incentivized through WM KPIs
that are assessed, financially linked, and controlled by the client has not previously been
identified in the literature review.

4.6. Incentivization through Influence from Government and Regulators

It was a common opinion that HCs could be successfully incentivized by applying
more financial incentives on materials and waste, which can either penalize poor WM
practices or provide credits for more sustainable WM practices. Interviewee I mentioned
that “the waste levies are not high enough to keep people from going to landfill”. Participant
E emphasized: “put it in our contract, and either incentivize us with money or take money
away from us”. Participant C pointed out that the biggest overriding challenge is the
low cost of getting rid of waste, whereas, in Europe, they are constrained with limited
space, making the cost of waste disposal very high. “When it becomes very expensive
to dispose of waste, you would come up with innovative ways of doing other things, for
instance, recovering resources”. Participant B acknowledged this argument and stated:
“the more landfill rates go up, the better”. Despite the landfill levy increase of 61% from
2020-2021 to 2021-2022 [20], the results imply that penalties are not high enough to force
the industry towards (innovative) solutions that drive better WM outcomes. Participant B
also mentioned that independent rating systems, including Green Star, should focus more
on construction waste credits to incentivize sustainable WM solutions. Participant E argued
that “if materials cannot be disposed of sustainably, companies should not be making things
from these materials. To avoid this, the industry needs a stewardship program imposed by
the government that holds the manufacturers of such materials to account”. Participants C
and L had the same view. They mentioned that industries experienced positive effects from
penalizing materials you do not want people to use, including materials that are harder
to recycle.

The interviewees consistently expressed that programs initiated by the government
and regulators are essential to successfully incentive HCs in the industry. Participant C
stressed that most of the paid landfill levy goes back to state governments for resource
recovery, recycling, and WM programs. However, not many landfill funds focus on the con-
struction sector. Participant C also mentioned that this levy could incentivize construction
HCs towards more sustainable WM practices, such as trying out new initiatives. A new
finding not identified in the existing literature is that HCs can be successfully incentivized
through government programs that promote and support improved site facilities and the
behavior of people on-site that use these facilities for better WM outcomes. Participant
D clarified that “programs should also focus on providing site facilities that are easy to
understand, to incentivize sustainable WM practices on site, for instance, separate waste
bins that are clearly labelled, separately for timber, concrete, and so forth”. Participant
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B had the same view and mentioned that separate waste bins on site would incentivize
better WM practices as long as people are trained to use the bins properly and a waste
monitor is present on site to monitor whether the bins are correctly used. Waste bins
should also be structurally easy, for instance, slots that only allow specific materials to fit
through. Participant C stressed that the government and regulators in the industry should
create separate waste streams, and places for people to dispose of them, manage them,
and recover resources from, adding that “once the pathways are created, you can start
to work with the generators of waste to load it all up”. Participant I had a similar view
and stated that the best way to achieve sustainable WM outcomes is to invest more in
waste infrastructure.

Another key incentive raised by all participants was that transparent WM reports
should be mandated and that government control is essential to improve the reliability
of waste reporting by waste facilities. This has not previously been identified in the
literature as an incentive strategy to improve the reliability of WM reporting by waste
contractors. Participant B mentioned that waste contractors should be frequently audited
by an independent authority. Participant E stressed that real-time tracking of the waste
contractor trucks should be enabled to provide transparency around the transportation
of waste, while Participant D pointed out that the issue of waste reporting reliability
should be completely controlled by the government to overcome the barrier. “This can be
achieved by making the council responsible for picking up the waste, processing the waste,
and reporting of the waste, which also provides transparency about the transportation,
sorting, and recycling of the waste”. Participant K had a similar view and added that
the government should make suppliers and subcontractors responsible for managing
their waste. Participant E agreed and clarified that the government should come up with
legislation that enables HCs to send waste (including packaging) back to the suppliers.

5. Conclusions

This research investigated how head contractors (HCs) can overcome barriers to
sustainable waste management (WM) in the Australian Construction industry, focusing on
the willingness of those involved, key barriers and potential incentives.

Building on the available literature, this research has shown that Australian HCs have
a positive perception towards the implementation of more sustainable WM solutions and,
thereby, want to contribute to a more sustainable environment, consequently contributing
to a circular economy (CE), as well as opportunities to reduce construction costs, create
new markets, and foster job growth. This research shows that participants are aware of the
environmental need for sustainable WM and the cost benefits that can be achieved through
waste reduction and utilizing recycled materials. This willingness presents an undervalued
opportunity to increase sustainable WM, which is not yet common. It was identified that the
barriers to sustainable WM practices are too substantial and that removing the key barriers
would enable HCs to implement sustainable WM practices. The client and government are
crucial in taking advantage of the willingness of HCs. Removing the key barriers such as
reporting the reliability of construction waste, site constraints, lack of (financial) incentives,
additional time and costs for WM on-site, averseness and lack of care from labour, and
poor quality of waste data are critical for incentivizing HCs to implement sustainable WM
practices. The lack of confidence in the reporting reliability of waste contractors is the main
barrier found in this research. Waste reports from waste contractors show recycling rates
perceived as inaccurate and unreliable, which takes away the incentive for HCs to perform
better in sustainable WM.

The incentivization of HCs towards sustainable WM practices requires several stake-
holders to be involved, with the influences from clients and the government most crucial
to overcome the barriers. The key incentives identified include more financial incentives
on waste and materials, including credits for sustainable WM practices, and increased
penalties for poor WM practices, including using materials that are harder to recycle. HCs
can be incentivized through programs initiated by the government and industry regulators,
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including initiatives that support improved site facilities and the behavior of people on
site that use these facilities, aiming to increase the proportions of recyclable materials
used in construction and encourage a CE. Action from the government is required to
mandate transparent WM reports and improve the reliability of waste reporting, either
by conducting more audits on waste contractors or by taking over the responsibility and
managing waste and recovery facilities by themselves. This improves confidence in the
accuracy of WM reports and can encourage HCs to achieve higher actual outcomes. HCs
need the government to increase the transparency of WM processes and outcomes at waste
facilities, such as published average recycling rates, which enables selecting waste con-
tractors based on actual performance for the best WM outcomes. Participants are aware
that design optimization is critical to achieving better WM outcomes. Participation from
clients is required to become effective, especially in the early stages, since they influence
the design and the way materials are used, including the option for prefabrication as a
sustainable WM solution. Therefore, the client has a significant influence on the recycled
content, material consumption and waste generation of construction projects. The results
also reveal that HCs can be successfully incentivized through WM KPIs that are assessed,
financially linked, and controlled by the client. The measures of WM KPIs can be based
on volumes, for instance, the average of waste generated per apartment, which would
incentivize efficient use of materials on site. The findings in this study are significant for the
government, property developers, clients, design teams, and regulators in the industry to
help develop strategies to improve WM practices for commercial construction companies
in Australia, which benefit the environment, the economy, and society. Of specific value to
the industry is the understanding that HCs are generally willing to improve WM practices.
However, regulations and additional costs to clients are found to be key barriers. Potential
actions include communicating the opportunities and benefits of pursuing sustainable WM
for both the project and the environment.

6. Limitations

Despite the contributions of the present study, the findings need to be considered
with several limitations. The interviewees were mainly based in Victoria State; thus, their
perceptions of WM practices are reflective of the culture and regulatory setting of the
Victorian Government. Therefore, the direct application of the findings to other states
and territories in Australia needs to be considered with caution. Future research can be
conducted considering a wider range of stakeholders and experts in the field. Moreover,
the findings are based on the interviewees’ perceptions rather than quantitative analysis
and performance measures, which provide the field with opportunities for future research.

Author Contributions: Conceptualization, P.A.v.d.L. and M.O.; methodology, P.A.v.d.L., C.AJ.
and M.O.; software, P.A.v.d.L.; formal analysis, P.A.v.d.L.; investigation, P.A.v.d.L.; data curation,
P.A.v.d.L.; writing—original draft preparation, P.A.v.d.L.; writing—review and editing, PA.v.d.L.,
C.AJ. and M.O,; visualization, P.A.v.d.L. and M.O.; supervision, C.A.J.; project administration,
P.A.v.d.L. and C.AJ. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: This study’s data are available and can be shared with researchers
upon genuine request from the first author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

2.

Master Builders Australia. Rising to the Challenge. Available online: https://treasury.gov.au/sites/default/files /2021-05/1716
63_master_builders_australia.pdf (accessed on 23 May 2022).

Pickin, J.; Wardle, C.; O’Farrell, K.; Nyunt, P.; Donovan, S. National Waste Report 2020; Blue Environment Pty Ltd.: Melbourne,
Australia, 2020. Available online: https:/ /www.dcceew.gov.au/environment/protection/waste /national-waste-reports /2020
(accessed on 21 June 2022).

36



Buildings 2023, 13, 2211

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ratnasabapathy, S.; Alashwal, A.; Perera, S. Exploring the Barriers for Implementing Waste Trading Practices in the Construction
Industry in Australia. BEPAM 2021, 11, 559-576. [CrossRef]

Sizirici, B.; Fseha, Y.; Cho, C.-S.; Yildiz, I.; Byon, Y.-J. A Review of Carbon Footprint Reduction in Construction Industry, from
Design to Operation. Materials 2021, 14, 6094. [CrossRef] [PubMed]

Magsood, T.; Shooshtarian, S.; Wong, P.; Ryley, T.; Caldera, S.; Khalfan, M.; Yang, R.]J.; Zaman, A. Creation and Stimulation of
End-Markets for Construction and Demolition Waste in Australia; Sustainable Built Environment National Research Centre: Bentley,
Australia, 2022; Available online: https:/ /espace.curtin.edu.au/handle/20.500.11937/88703 (accessed on 14 August 2022).
Shooshtarian, S.; Caldera, S.; Magsood, T.; Ryley, T. Using Recycled Construction and Demolition Waste Products: A Review of
Stakeholders’” Perceptions, Decisions, and Motivations. Recycling 2020, 5, 31. [CrossRef]

Caldera, S.; Ryley, T.; Zatyko, N. Enablers and Barriers for Creating a Marketplace for Construction and Demolition Waste: A
Systematic Literature Review. Sustainability 2020, 12, 9931. [CrossRef]

Shooshtarian, S.; Magsood, T.; Wong, PS.P; Yang, R.J.; Khalfan, M. Review of Waste Strategy Documents in Australia: Analysis of
Strategies for Construction and Demolition Waste. IJETM 2020, 23, 1-21. [CrossRef]

EPA. How to Manage Construction and Demolition Waste | Environment Protection Authority Victoria. Available online: https:
/ /www.epa.vic.gov.au/for-business/find-a-topic/manage-industrial-waste/ construction-and-demolition-waste (accessed on
23 August 2022).

MRKTS. What Is the Difference between a Head Contractor and Subcontractor? Available online: https:/ /www.mrkts.com.au/
what-is-the-difference-between-a-head-contractor-and-subcontractor/ (accessed on 16 July 2022).

Karim, K.; Marosszeky, M.; Davis, S. Managing Subcontractor Supply Chain for Quality in Construction. Eng. Constr. Archit.
Manag. 2006, 13, 27-42. [CrossRef]

Kabirifar, K.; Mojtahedi, M.; Wang, C.; Tam, V.W.Y. Construction and Demolition Waste Management Contributing Factors
Coupled with Reduce, Reuse, and Recycle Strategies for Effective Waste Management: A Review. . Clean. Prod. 2020, 263, 121265.
[CrossRef]

Ratnasabapathy, S.; Alashwal, A.; Perera, S. Investigation of Waste Diversion Rates in the Construction and Demolition Sector in
Australia. BEPAM 2021, 11, 427-439. [CrossRef]

Li, RY.M.; Du, H. Sustainable Construction Waste Management in Australia: A Motivation Perspective. In Construction Safety and
Waste Management; Risk Engineering; Springer International Publishing: Cham, Switzerland, 2015; pp. 1-30. ISBN 978-3-319-
12429-2.

O'Farrell, K.; Millicer, H.; Allan, P. Waste Flows in the Victorian Commercial and Industrial Sector; Sustainability Victoria: Melbourne,
Australia, 2013.

Singh, A.; Sushil. Developing a Conceptual Framework of Waste Management in the Organizational Context. MEQ 2017, 28,
786-806. [CrossRef]

Office of the Chief Economist. Industry Insights. Future Productivity; Office of the Chief Economist: Canberra, Australia, 2018.
Available online: https://webarchive.nla.gov.au/awa/20190308011405/https:/ /publications.industry.gov.au/publications/
industryinsightsjune2018/flexibility-and-growth.html (accessed on 5 July 2022).

GBCA Construction and Demolition Waste | Green Building Council of Australia. Available online: https://new.gbca.org.au/
construction-and-demolition-waste/ (accessed on 12 July 2022).

Shooshtarian, S.; Magsood, T.; Wong, P.; Khalfan, M.; Yang, R. Green Construction and Construction and Demolition Waste
Management in Australia. In Proceedings of the 43rd AUBEA Conference: Built to Thrive: Creating Buildings and Cities that
Support Individual Well-Being and Community Prosperity, CQ University, Noosa, Australia, 5 November 2019.

EPA. Environment Protection Authority Victoria. Available online: https://www.epa.vic.gov.au/waste-levy (accessed on
27 August 2022).

Hyder Consulting; Encycle Consulting; Sustainable Resource Solutions. Construction and Demolition Waste Status Report;
Queensland Department of Environment and Resource Management: Brisbane, Australia, 2011. Available online: https:
/ /www.dcceew.gov.au/sites/default/files/documents/ construction-waste.pdf (accessed on 26 July 2022).

Ghisellini, P; Ripa, M.; Ulgiati, S. Exploring Environmental and Economic Costs and Benefits of a Circular Economy Approach to
the Construction and Demolition Sector. A Literature Review. J. Clean. Prod. 2018, 178, 618-643. [CrossRef]

Hyvérinen, M.; Ronkanen, M.; Karki, T. Sorting Efficiency in Mechanical Sorting of Construction and Demolition Waste. Waste
Manag. Res. 2020, 38, 812-816. [CrossRef]

Victorian Cleantech Cluster. What Is Circular Economy? Available online: https://www.victoriancleantech.org.au/what-is-
circular-economy (accessed on 12 August 2022).

James, K.; Mitchell, P. Delivering Climate Ambition through a More Circular Economy. 2021. Available online: https://wrap.org.
uk/resources/report/levelling-through-more-circular-economy (accessed on 16 August 2022).

Ferdous, W.; Manalo, A.; Siddique, R.; Mendis, P.; Zhuge, Y.; Wong, H.S.; Lokuge, W.; Aravinthan, T.; Schubel, P. Recycling of
Landfill Wastes (Tyres, Plastics and Glass) in Construction—A Review on Global Waste Generation, Performance, Application
and Future Opportunities. Resour. Conserv. Recycl. 2021, 173, 105745. [CrossRef]

Mair, J.; Jago, L. The Development of a Conceptual Model of Greening in the Business Events Tourism Sector. |. Sustain. Tour.
2010, 18, 77-94. [CrossRef]

37



Buildings 2023, 13, 2211

28.

29.

30.

3L

32.

33.

Michie, S.; van Stralen, M.M.; West, R. The Behaviour Change Wheel: A New Method for Characterising and Designing Behaviour
Change Interventions. Implement. Sci. 2011, 6, 42. [CrossRef] [PubMed]

Weck, S. A Conceptual Model of Behavior Change Progress for the Application within Coaching Systems to Support Sustainable
Lifestyle Changes. 2020. Available online: https:/ /www.diva-portal.org/smash/get/diva2:1588405/FULLTEXT02 (accessed on
17 September 2022).

Nassaji, H. Qualitative and Descriptive Research: Data Type versus Data Analysis. Lang. Teach. Res. 2015, 19, 129-132. [CrossRef]
Punch, K.F. Introduction to Social Research: Quantitative and Qualitative Approaches; SAGE Publications Ltd.: London, UK, 2013;
ISBN 1-4462-9616-4.

Parker, C.; Scott, S.; Geddes, A. Snowball Sampling. In SAGE Research Methods Foundations; SAGE Publications Ltd.: London, UK, 2019.
[CrossRef]

Creswell, J.; Creswell, D. Research Design: Qualitative, Quantitative, and Mixed Method Approaches; SAGE Publications, Inc.:
Thousand Oaks, CA, USA, 2018.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

38



kT buitdings

Article

Deterministic and Probabilistic Risk Management Approaches
in Construction Projects: A Systematic Literature Review and
Comparative Analysis

Ania Khodabakhshian !, Taija Puolitaival 2 and Linda Kestle 3*

Citation: Khodabakhshian, A.;
Puolitaival, T.; Kestle, L.
Deterministic and Probabilistic Risk
Management Approaches in
Construction Projects: A Systematic
Literature Review and Comparative
Analysis. Buildings 2023, 13, 1312.
https:/ /doi.org/10.3390/
buildings13051312

Academic Editor: Ahmed Senouci

Received: 19 March 2023
Revised: 17 April 2023
Accepted: 11 May 2023
Published: 18 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Department of Architecture, Built Environment and Construction Engineering, Politecnico di Milano,

Via Ponzio, 31, 20133 Milan, Italy; ania.khodabakhshian@polimi.it

Faculty of Built Environment, Tampere University, FI-33014 Tampere, Finland; taija.puolitaival@tuni.fi

3 School of Building Construction, Unitec Institute of Technology, P.O. Box 92025, Auckland 1142, New Zealand
*  Correspondence: lkestle@unitec.ac.nz

Abstract: Risks and uncertainties are inevitable in construction projects and can drastically change
the expected outcome, negatively impacting the project’s success. However, risk management (RM) is
still conducted in a manual, largely ineffective, and experience-based fashion, hindering automation
and knowledge transfer in projects. The construction industry is benefitting from the recent Industry
4.0 revolution and the advancements in data science branches, such as artificial intelligence (AI), for
the digitalization and optimization of processes. Data-driven methods, e.g., Al and machine learning
algorithms, Bayesian inference, and fuzzy logic, are being widely explored as possible solutions to RM
domain shortcomings. These methods use deterministic or probabilistic risk reasoning approaches,
the first of which proposes a fixed predicted value, and the latter embraces the notion of uncertainty,
causal dependencies, and inferences between variables affecting projects’ risk in the predicted value.
This research used a systematic literature review method with the objective of investigating and
comparatively analyzing the main deterministic and probabilistic methods applied to construction
RM in respect of scope, primary applications, advantages, disadvantages, limitations, and proven
accuracy. The findings established recommendations for optimum Al-based frameworks for different
management levels—enterprise, project, and operational—for large or small data sets.

Keywords: artificial intelligence; construction industry; machine learning algorithms; project

management; risk management

1. Introduction

The construction industry has some of the highest accident and fatality rates, delays,
and cost overruns, which are caused primarily by uncontrolled risks. Risks occur at various
levels, operational, project, portfolio, strategic, and business and enterprise levels, derived
from external and internal factors, and can be: (a) a field-based risk, including financial,
market, operational, political, reputational, and disaster risks, or (b) a property-based risk,
including uncertainty, dynamics, interconnection and dependence, and complexity [1].
Risk management (RM), as depicted in best practices and project management standards,
tends to be a proactive approach consisting of risk identification, analysis and assessment,
mitigation planning, and control stages [2] to exploit or enhance positive risks (opportu-
nities) while avoiding or mitigating negative risks (threats) and to ensure the project’s
success, to meet the project’s objectives and constraints, and to secure the project’s safety.
However, it is still conducted in a manual, time-consuming, superficial, and ineffective
manner. Risk identification and assessment, in their conventional ways, are conducted
based on individual and experience-based expert judgments and seem highly personalized
and context-dependent [3]. Therefore, knowledge transfer and model generalization remain
critical issues for future projects.
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On the other hand, the construction industry is experiencing a digitalization revolution
thanks to the abundant production of data and the development of digital tools and data-
driven decision-support systems such as artificial intelligence (Al), digital twins, and
the Internet of Things (IoT). These technologies prepare the technical foundation for an
intelligent and ever-improving construction industry. Al is one of the key pillars of the
Industry 4.0 revolution and digitalization era, to create an active connection between the
physical and digital worlds. It includes the science and engineering techniques that aim
to make machines mimic human cognitive processes of learning, reasoning, perception,
planning, and self-correcting [4]. Al is gaining vast applications for fostering, optimizing,
and automating processes throughout the entire construction project life cycle for the
“intelligent management” of projects.

Al models can improve analytical capabilities across the RM domain whilst offering
a high granularity and depth of predictive analysis [5]. However, through its vital role
in securing the project’s success and ability to solve the shortcomings of traditional RM
methods, Al applications in construction RM have been limited and behind other industries.
Robust Al-based RM frameworks are missing [6]. This study aims to analyze the Al
algorithms and models from the risk reasoning and judgment point of view, for a functional
classification addressable by practitioners and researchers in the field. This is a novel way of
grouping the widespread Al algorithms” applications in the construction industry. Unlike
previous studies where the Al algorithm’s structure was the focus of analysis [7-11], this
study bases the analysis and comparison of Al algorithms on the risk assessment statistical
models and reasoning approaches that they utilize.

2. Background

Construction engineering and management are going through constant innovations
toward digitalization and intelligence in the context of “Industry 4.0” [6]. Al is receiving
increased attention due to its ability to provide increasingly accurate results in uncertain,
dynamic, and complex environments [12], such as the construction industry. Having the
intent of boosting labor efficiency by 40%, and doubling annual economic growth rates by
2035 [13], Alis becoming the focus for companies. The construction industry is experiencing
a considerable boost in automation, productivity, and reliability and is reshaping itself
along the whole life cycle of projects, including planning, construction, operation, and
maintenance [10].

The advancement of Al and digital technologies can significantly change conventional
risk assessment and management methods, making them factual, efficient, generalizable,
and able to be performed in real time [6]. However, RM is a lesser studied and progressed
domain in construction projects due to the complex and probabilistic nature of assessments,
inferences, and the direct influence of RM on other knowledge areas such as stakeholders
management [14]. The key reasons are (a) lack of structured data and infrequent documen-
tation in the projects, (b) over-reliance on individual and experience-based judgement by
experts in RM, (c) isolated risk analysis and ignorance of the causal inferences between
variables in risk path analysis, and (d) incorrect choice of the Al model for a given problem,
regarding data availability and requirements, the role of probability, expert judgement, and
the reasoning behind the analysis [6,15].

Al is a vast umbrella term that includes various technologies, applications, types, and
subfields. Based on a categorization provided by Abioye et al. [16], these subcategories
are (a) machine learning, (b) knowledge-based systems, (c) computer vision, (d) robotics,
(e) Natural Language Processing, (f) automated planning and scheduling, and (g) optimiza-
tion. Machine learning (ML) algorithms can draw on extensive real-time data generated
by cutting-edge technologies such as the Internet of Things (IoT), sensors, Cyber-Physical
Systems (CPS), cloud computing, Big Data Analytics (BDA), text mining, and Information
and Communication Technologies (ICT) for more reliable and smart management and
decision making in construction projects [4]. This data, if transformed into a structured and
understandable form, can serve as the basis of further data-driven analysis, which brings
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Insights for Data-Driven

valuable insights for knowledge management in projects and economical and societal
development in the industry [17]. ML processes take place based on historical data records,
in which the machine tries to recognize the relationships between input data and output
data by constant weighting and correction [16]. ML algorithms can analyze large volumes
of data to extract insights from previous data, recognize the data pattern, generalize the
rules, and make a prediction for upcoming data entries in complicated, non-linear, and
uncertain problems [18]. Figure 1 presents the key pillars of the Industry 4.0 revolution in
the construction industry.

Data Collection

Big Data

Digital Technologies

-Volume, Variety, and Velocity in -Internet of Things (IoT)

-Wireless sensor network (WSN)
-Robots

-Laser scanners

-Building Information Modelling

Construction Data
-Entire Life Cycle of Projects
-Structured and Unstructured data
in various formats

Artificial Intelligence

-Process large amounts of data

-Extract patterns and valuable " Learning

Decision Making insights from data

-Model, predict, automate, and
optimize processes

Figure 1. Pillars of Industry 4.0 Revolution in the Construction Industry [7,8,10,16,17,19].

Al-based RM systems can function as (a) early warning systems for risk control, (b) Al-
based risk analysis systems, using algorithms such as neural networks for identifying
complex data patterns, (c) risk-informed decision support systems for predicting various
outcomes and scenarios of the decisions, (d) game-theory-based risk analysis systems,
(e) data mining systems for large data sets, (f) agent-based RM systems for supply chain
management risks, (g) engineering risk analysis systems based on optimization tools, and
(h) knowledge management systems by integrating decision support systems, Al, and
expert systems, to capture the tacit knowledge within organizations” computer systems [1].

As depicted in Figure 2, an Al-based RM system aims to (a) mine and analyze real-time
project data, historical records, or elicited experts” opinions [20], (b) conduct automatic
identification, evaluation, and assessment of risks, (c) conduct proactive decision making
on responses to mitigate these risks, and (d) share these insights and predictions in a collab-
orative environment of data integration, such as Cloud Building Information Modelling
(BIM), and digital twin platforms [10]. This research focuses specifically on the Al-based
analytical models for risk assessment and management and aims to study the relevant as-
pects of a successful Al model, i.e., input data requirements, model structure and reasoning,
application and scope, et cetera.

Most of the data-driven methods, such as ML algorithms, require a significant amount
of data in a structured format to draw information from and make a prediction for future
projects [21]. However, risk data are usually not frequently registered or updated in project
documents. The data are often presented as unstructured text or in image formats, have
missing values and scarcity problems, and are affected by different individual perceptions.
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As there are a variety of risk types, individual experts might not have encountered, nor
have sufficient knowledge on, all of them. Human-based risk analysis systems tend to
suffer from low accuracy, incomplete risk identification, and inconsistent risk breakdown
structures [22]. Therefore, Al-based methods for data structuralizing and pre-processing
are required, such as Natural Language Processing for text mining, Generative Adversarial
Networks (GANSs) for synthetic data production, and clustering and classification methods
such as Support Vector Machine (SVM) and K-Nearest Neighbor (KNN) [23-26].

Project Expert Project Documents and
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: or Computer algorithm identification B in collaborative
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Figure 2. Al-based risk management framework [20,27,28].

ML algorithms’ structures, processing formats, and the role of probability in the
process are important issues to consider. Probability theory has been studied via vari-
ous models within the past few decades, such as Gaussian models, Pareto distributions,
stochastic process theory, Markov processes, and Monte Carlo simulations [1]. However,
an important factor that is missing in many of the previous techniques is the isolated
analysis of risks [14] and there is ignorance of the causal interrelations and correlations
among risk factors. The assessment of the individual risk factor’s magnitude, regardless
of the occurrence, the probability of the risk events chain, and the effects each risk cause
to the others, may result in an underestimation of the overall project risk level. Some
previous studies have focused on the concept of risk paths and scenario analysis, rather
than individual risk factors, which is a more accurate and realistic delineation [29].

The same concept is also applicable to the ML algorithms’ structures and processing
formats. ML algorithms can generally conduct deterministic or probabilistic analyses which
are grouped under deterministic or probabilistic approaches. Deterministic models follow
a frequentist statistic and provide a fixed prediction amount, simply based on historical
data and the effects of input variables on the output. Therefore, they require high volumes
of data to base the judgements on [10]. The probabilistic approaches mainly follow a
Bayesian statistic and base judgement on multiple sources, such as experts” opinion, model
simulation, and historical records [30-34]. Moreover, they provide a probability distribution
of possible outcomes, considering the interrelation and causal inferences of input variables
on each other. Therefore, they do not need a big database to draw from, and can update the
probability distribution based on new observations or sources of judgement [35]. The first
step, therefore, is to create a statistical analysis model, identify the problem to solve, and
then decide which statistical approach to use, as improper choice of the statistical approach
can result in the wrong influence of priors and variables, the wrong interpretation of results,
and an improper reporting of results.

The same judgment-based and distribution-based grouping exists in conventional and
non-Al-based RM methods, classifying them into deterministic and stochastic (probabilistic)
models [36]. Deterministic models, such as the Probability-Impact matrix [37] or Pareto
analysis [38], predict a fixed value and mostly follow a frequentist statistic. On the other
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hand, the stochastic models represent the random behavior of risk factors through various
types of distributions that emerge from data (frequentist) or expert opinion (Bayesian) and
provide a probability distribution of each outcome. For instance, the Monte Carlo method
runs multiple simulations on the model to reach a frequentist distribution of possible
outcomes with an objective and data-based judgment [36], or Program Evaluation Review
Technique (PERT) is a probabilistic method based on the assumption that the duration of a
single activity can be described by a probability density function [39]. However, a main
difference between these methods and Al-based algorithms is that they predict outcomes
based on some rules, distributions, and formulas set by the model, whereas Al algorithms
learn these rules by observing many samples of input and output data and detecting the
patterns between them. Therefore, the processing process and structure are not comparable
to the ML algorithms.

This research aims to address the above-mentioned issue through a thorough study of
ML algorithms applied in the construction RM domain, which can have either a determin-
istic (frequentist inference) or probabilistic (Bayesian inference) approach. A systematic
literature review and comparative analysis between AI models for RM domain was con-
ducted to answer the following questions:

(@) In which capacities, and through the application of which algorithms, can the RM
domain benefit from AI?

(b) What are the entry data requirements for each algorithm? In the case of data scarcity
and uncertainty, which algorithms are the most applicable?

(c) What are the advantages, disadvantages, applications, scope, prediction accuracy, and
limitations of probabilistic and deterministic Al-based RM approaches?

3. Research Methodology

This research used a systematic literature review approach with various analysis meth-
ods to answer the research questions. The systematic literature review has a comprehensive,
structured, reproducible, transparent, and quantitative nature [40]. There are also some dis-
advantages such as potential biases in the search. These have been minimized by following
a systematic process throughout [40]. As topics and domains related to the scope of this
research are numerous, the systematic literature review approach helped locate the most rel-
evant inter-disciplinary publications, extract knowledge areas, and categorize their applied
Al techniques, after some filtering. The publication search was conducted in Scopus and
Web of Science libraries in July 2022, as the result of a preliminary search. These sources
provided relevant publications for the research theme. The Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were used as required
by the Buildings journal author guidelines, to conduct the systematic literature review,
consisting of a 27-item checklist, and a 4-phase flow diagram consisting of (a) identification,
(b) screening, (c) eligibility, and (d) inclusion for review. Following PRISMA provides a
systematic structure for the review process and allows better and unbiased comparisons of
findings, strengths, and weaknesses.

Figure 3, which was created based on the PRISMA guidelines, presents the literature
search scheme, including the four phases which are further elaborated in the following
paragraphs. The findings serve as the source papers to identify and classify Al algorithms
for RM. The algorithms are classified into two groups of probabilistic and deterministic
approaches. These are based on their analytical reasoning, input data requirements, and
level of intaking uncertainty, and helped shape an important component of the Al-based
RM framework in Figure 2.
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Figure 3. Systematic literature review flowchart based on PRISMA.

In the identification phase (Figure 3), the search rule in the scientific databases was
((“construction”) OR (“AEC”) OR (“construction industry”) OR (“construction project”))
AND ((“risk”) OR (“risk assessment”) OR (“risk management”) OR (“risk evaluation”))
AND ((“Artificial Intelligence”) OR (“Machine Learning”) OR (“Data Mining”)). As a result
of which, and after duplicates removal, 533 articles remained.

In the screening phase (Figure 3), the criteria used included the engineering domain,
English language, and the type of review paper. Among the 533 papers in this phase, only 356
were in the engineering and building domain, and the rest in other domains were excluded.
Moreover, only 314 of these 356 were in English, only 69 of which were review papers. As
a result, 69 articles were selected for this phase. Review papers were the focus, as they had
a wider variety of techniques included, often had had a comparison conducted, and had the
correct level of detail for each method for our research scope. It is noteworthy that the exclusion
process up to this point was fully automatic and based on the filtering rules of the scientific
libraries. Therefore, any potential biases or errors were out of the control of the researchers.

In the eligibility phase (Figure 3), which had some overlaps with the screening phase,
abstracts and keywords of the 69 documents were reviewed to remove the outlier publications.
For instance, some publications were studying RM in other industries, some were focused
on Al methods for other purposes such as data generation, and some were focused on
non-Al methods. As an example, Li et al. [41] developed an occupational risk assessment
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indicators system of power grid enterprises using AHP, which, although containing valuable
insights, was out of the scope of this study. A similar case was the review study conducted by
Cao et al. [42] on Al algorithm applications in civil engineering issues, such as determining
the compressive strength of concrete and predicting and evaluating the different parameters
of composite beams and shear connectors, which was also out of this study’s scope. The
exclusion process at this point was manual and based on the researcher’s judgment. There
might have been some mistakes caused by incomplete abstracts, which could have led to
the wrong exclusion or inclusion of papers. However, the final 48 source papers were fully
reviewed to guarantee their compliance with the research questions and objectives and to
reduce selection errors. There might have been other insightful papers not included in the
analyzed scientific libraries, which is an inevitable issue in any literature review study.

In the inclusion phase (Figure 3), 48 final documents were selected as the source papers,
and these were thoroughly studied and analyzed using quantitative and qualitative analyses
to answer the research questions. For the quantitative analysis, a bibliometric analysis was
conducted as it includes many techniques, such as science mapping and particularly co-word
analysis—both considered to be applicable for this research. Co-word analysis examines
the content of the publications’ “words” themselves [43]. As an example, co-word analysis
can show a thematic relationship with words that frequently appear together. It also shows
keywords” and research areas’ co-occurrence. Main areas of research concentration, common
techniques, interrelation of topics, application scopes, and trending topics were identified. It
is noteworthy that a number of papers were particularly focused on health and safety risks,
which were only analyzed regarding the Al algorithms that they proposed. For instance,
Kamari and Ham [33] presented a vision-based digital twinning and thread assessment
framework for natural disaster risk modeling at a construction jobsite and analyzing the
impacts of potential windborne debris in construction site digital twin models.

As the bibliometric analysis is quantitative in nature and produced mainly background
data, qualitative analyses followed to answer the research questions in more detail. Al-based
risk data structuralizing and pre-processing methods through qualitative content analysis were
undertaken first. Then, secondly, thematic content analysis was carried out, using a deduc-
tive approach to identify, analyze, and report repeated patterns [44]; in this case, these were
deterministic and probabilistic approaches for risk identification, analysis, and mitigation plan-
ning. Thirdly, a comparative analysis was performed between probabilistic and deterministic
approaches regarding their reasoning basis in risk identification, assessment, and mitigation
planning stages, advantages and disadvantages, application areas, and data requirements.

The PRISMA checklist is best suited for quantitative studies and analyses. Due to
the qualitative nature of the main analysis stage, some of the checklist items, such as risk
ratio, risk of bias, mean difference, and sensitivity analysis, were not applicable for this
study. However, the reporting herein does follow the PRISMA checklist topics: rationale
and objectives can be found in the Introduction and Background, methods in the Research
Methodology, results and discussion in the Findings and Discussion sections and finally in
the Conclusions and Further Research section.

4. Findings and Discussion
4.1. Background Data

All the 48 source papers served as references for the bibliometric analysis of the
findings. Figures 4-6 were created for a visual presentation of trending topics and research
areas, technologies, and publication rate. Figure 4 illustrates the co-occurrence diagram
between keywords and research areas in the source papers created by the Bibliometrix
application, providing the big picture of the interdisciplinary research in the field. The
circles represent the keywords in articles, and their colors are assigned by the clustering
algorithms in Bibliometrix. Moreover, the authors grouped these keywords into five main
areas based on their similarity and content, represented by the colored squares. As indicated
on the diagram, the papers introduce a number of Al algorithms applicable to various steps
of RM, such as risk identification and analysis and for decision making on different aspects
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of construction projects, such as contracts or cost. There are a number of papers particularly
focused on health and safety risks, which were only analyzed regarding the techniques
they proposed. Figure 5 records the annual scientific publication rate in the research area
and demonstrates a significant increase within the past couple of years. Figure 6 indicates
the various topics’ trends within the past 15 years. Big Data, machine learning, and deep
learning lead the current trend, followed by health, safety, and occupational risks. Decision
support systems and knowledge-based systems used to be trending during the last decade,
but have now been superseded by Al-based techniques that foster decision making.
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Figure 5. Annual scientific publication rate in the research area.

46



Buildings 2023, 13, 1312

Architectural design .
Accident prevention .
Construction projects .
Forecasting .
Construction safety .

. Data mining

Risk assessment _
Learning systems .
Information management .
Learning algorithms .
onstruction -

... . Contractors .
Artificial Intelligence -
Risk management -

Risk analysis -

Costs -

Construction industry -
ural Networks .

Decision making .
Project management .

.. Genetic algorithm .
Decision Support System .
Optimization .
Knowledge based systems .
Decision theory -

2007

Trend Topics Biebat
Big Data .
Machine Learning .
Deep Learning .
Health risks .
Occupational risks
Safety engineering .
Disasters .

®
e
°
@
°
L 2
.
°
e
°
*
°
® Term frequency
® @ 50
e
= @® w0
P @ 150
® . @ 200
@
e
ad
@
L 2
@
@
*
@
e
g
.
g 3 2 5 z E
8 8 8 8 B ] S
Year

Figure 6. Trending topics in the domain within the past 15 years.

4.2. Al-Based Risk Data Structuralizing and Pre-Processing

Text mining tools such as Natural Language Processing and adaptive lexicon have
been implemented to convert textual and unstructured risk data into a proper structured
format for Al algorithms [45]. Given that 80% of construction data are stored in text format
in project reports, TM can extract valuable data for identifying contract risks from contract
conditions, socio-technical risks from licensee event reports, and safety risks from accident
reports [46] for the further analysis of risks. Computer vision techniques are for detecting
hazardous objects and situations that might trigger safety risks through images. Clustering
and classification methods are used to categorize risks and can be integrated with text
mining methods as a next step in text structurization. These methods are widely applied in
the safety and contract risk domains, for instance, various ML methods, such as Support
Vector Machine (SVM), Linear Regression (LR), K-Nearest Neighbor (KNN), Decision Tree
(DT), and Naive Bayes (NB) models, are used in the literature to classify the causes of
accidents [47].

As construction companies and institutions do not document frequently and do not
share their data in the form of open sources, a common issue in construction is data scarcity
and missing values, which hinders the application of machine learning and deep learning
algorithms requiring huge amount of data to have proper performance. There-fore, data
augmentation techniques such as Generative Adversarial Networks (GANSs) are applied to
improve the quantity and distribution of data by producing synthetic data through learning
from the training sample [48]. Although GANSs have broader application in creating
synthetic images, which can be highly beneficial in analyzing safety risks and hazards in
construction sites, they are recently being applied on tabular data as well, which are the
common form of risk data registration. However, advanced GANs’ algorithms for tabular
data generation are still missing and the produced data might face an overfitting problem.
Another solution to the data scarcity problem is elicitation. Elicitation is the process of
obtaining knowledge and subjective assessment about the underlying relationships and
dependencies between variables and their probabilities from domain experts, which is
being vastly used in learning structure and parameters in Probabilistic Graphical Models
such as Bayesian Networks [49].
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4.3. Al Algorithms Classification for Risk Identification, Analysis, and Mitigation Planning

Various categories have been proposed for Al-based risk analysis and reasoning
methods in the literature. Based on the categorization for Al application areas in the
construction industry proposed by Pan and Zhang [10], RM falls under the category of
expert systems/fuzzy logic for knowledge representation and reasoning mainly formed
on probabilistic, qualitative, and linguistic analysis, and machine learning for supervised
learning based on either probabilistic or deterministic analysis. Samantra et al. [50]
classified construction risk assessment approaches as (a) probabilistic, dealing with risk
probability and impact estimation based on historical numeric data, including sensitivity
analysis, Decision Tree analysis, Bayesian Networks, Monte Carlo simulation, etc. [51],
and (b) possibilistic, dealing with risk possibility and impact estimation based on quali-
tative or descriptive data including fuzzy logic [52]. The advantage of the possibilistic
approach is that it can embrace the uncertain and vague definition of risk factors and
their magnitude in a linguistic and subjective description [50]. Although called by
various names, the notion and reasonings for classifying the methods are the same, in
most cases. For ease of reference, this paper called them probabilistic and deterministic
approaches. It is noteworthy that this classification basis is the risk reasoning itself,
which is applicable to all phases of the RM process from risk identification to assessment
and mitigation planning. This classification aims to bridge the gap in previous studies
and provide a standardized and holistic grouping applicable to all ML algorithms in the
realm. Furthermore, unlike previous studies that focus mostly on the structure of the ML
algorithms and their theoretical backgrounds, this study has a practical and problem-
driven approach, assessing and grouping the algorithms based on their potential to fit
different situations and scenarios in real-world projects.

The probabilistic approach is mostly based on Bayesian inference, which allows for
making judgements on prior and posterior probabilities in random variables based on
various sources, such as expert judgement, model simulation, or historical data [53]. Prior
probability is the likelihood of a particular state of a variable happening without seeing
any evidence, and posterior probability is the updated belief or likelihood of that state of a
variable happening after seeing evidence [54].

Benefitting from multiple sources of data in probabilistic approaches, the priors can be
learned based on one source and the posteriors can be updated by another source. On the
other hand, the deterministic approach is mostly based on the frequentist approach, which
can be based on historical records and the priors are learned based on the frequency of an
event happening in the database. These methods perform best when a huge amount of
data is available. The learning and development processes are much more straight forward
and simpler compared to the probabilistic approach, as the elicitation process to obtain
information on probabilities from experts is usually challenging and time-consuming.
However, the downside, in contrast to probabilistic approaches, is the inability to assign
probability to a particular event happening after witnessing evidence, i.e., the posterior
update. The downside of the probabilistic approaches, on the other hand, is the subjectivity,
bias, and over reliance on experts” opinions if not calibrated properly [55].

4.3.1. Probabilistic Approach

The probabilistic approach is used by Structural Equation Modelling (SEM), Bayesian
Network (BN), fuzzy logic, and fuzzy cognitive map that can be integrated with other
methods such as fault tree analysis. These methods have a vast application in expert
systems and knowledge representation and can have one of the below-mentioned risk
reasonings [56]:

1. Probability-based reasoning, referring to probability theory to indicate the uncertainty
in knowledge, including fault tree analysis (FTA), SEM, and BNs.

2. Rule-based reasoning, deploying a set of rules in the “if <conditions>, then <conclu-
sion>" format with logical connectives, such as AND, OR, and NOT, for analyzing
the qualitative and linguistic data of expert opinion, including fuzzy logic.
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3. Fuzzy cognitive map (FCM) learned from data or expert opinions, in which the fuzzy
graph structure enables interpreting complex relationships and systematic causal propa-
gation for the immediate identification of risks’ root causes in uncertain conditions.

SEM is a versatile multivariate statistical technique consisting of a schematic diagram
representing causal structural relationships among multiple variables [57], and has a vast
application in construction safety risk analysis with Exploratory Factor Analysis (EFA).
EFA can uncover the underlying structure of a large set of variables when there are no
hypotheses about the nature of the underlying structure of a model [58].

Bayesian Networks are the most applied Probabilistic Graphical Model in the con-
struction industry [20], and are statistical techniques based on probability and graph theory
that represent the causal relationships between the variables and their probabilities in a
risk networks. BNs are presented as graphs consisting of nodes, as random variables,
and directed arcs, as causal relationships among these variables, which is referred to as
the Directed Acyclic Graphical model (DAG) [59] and includes a Conditional Probability
Distribution (CPD) for continuous variables or a Conditional Probability Table (CPT) for
categorical variables, representing the influences between the nodes. The structure and
parameters for CPD or CPT can be learned through algorithms from extensive historical
data, expert opinion, or both. BNs have a wide application in modelling, identifying, and
analyzing project-related risks such as claims and contract risks, structural health, operation
quality, cost and schedule overruns, and safety hazards [60,61].

Fuzzy logic has wide application in modelling qualitative and subjective data ex-
tracted from expert opinion, which allows reasoning with ambiguous information. The
probability of verbal expressions are transformed into fuzzy numbers, with degrees of
truthfulness or falsehood represented by a range of values between 1 (true) and 0 (false),
using triangular, trapezoidal, or Gaussian fuzzy membership functions, and through four
subprocesses of fuzzification, inference, composition, and defuzzification [62]. Fuzzy
logic integration with Bayesian Network, Analytic Hierarchy Process (AHP), and TOPSIS
is proven to be a robust risk assessment and decision-making approach, especially when
the problems are characterized by subjective uncertainty, ambiguity, and vagueness [63].
A fuzzy cognitive map [56] is a combination of fuzzy logic and cognitive map, which uses
subjective and vague linguistic variables from domain experts, performs a Root Cause
Analysis, and models complex and dynamic systems with numerous indicators, causal
dependencies, and weights. FCM forms a what-if scenario analysis for the prediction and
evaluation of risks in a fuzzy weighted graph model with a tolerance of imprecision and
uncertainty [64].

There are some interesting previous studies that proposed probabilistic and subjec-
tive RM models for construction projects. Afzal et al. [65] proposed a hybrid method of
fuzzy logic and BBN based on a systematic literature review on subjective RM methods
for cost overrun risk in construction projects, which proved to have better performance
compared to other Al-based methods. The integration of Monte Carlo simulation (MCS)
and multi-criteria decision model (MCDM) techniques for measuring complexity and
risk relationship for cost overrun in construction projects was studied and proposed by
Floyd et al. [66] and Qazi et al. [67]. Cardenas et al. [31] addressed the data unavailability
and incompleteness problem in tunneling projects through expert elicitation in BBNs. Lee
and Kim [68] proposed a Failure Mode and Effects Analysis (FMEA)-based method to find
primary factors responsible for causing cost increases throughout the modular construction
life cycle. Ferdous et al. [69] developed a Quantitative Risk Analysis model based on event
tree analysis (ETA) and fault tree analyses (FTA) to handle and describe the uncertainties in
the input event likelihoods. Kim et al. [70] conducted a comparative analysis between SEM,
multiple regression, and ANN and developed an SEM-based model to predict the project
success of uncertain international construction projects.

There is a trend of integrating fuzzy logic with other Al-based methods in the literature.
Fuzzy logic applications in construction management literature can be divided into two
main fields (a) fuzzy set/fuzzy logic and (b) hybrid fuzzy techniques, with the applications
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in four main categories, including decision making, performance, evaluation/assessment,
and modeling [71]. For instance, Zhao et al. [72] developed a risk assessment model using
a fuzzy synthetic evaluation approach for green building projects in Singapore, which
grouped and calculated the likelihood of each risk factor’s occurrence, risk magnitude,
and criticality. Kabir et al. [73] incorporated fuzzy logic into BBN and proposed a fuzzy
Bayesian belief network (FBBN) model to represent the dependencies of events and uncer-
tain knowledge (such as randomness, vagueness, and ignorance) for the safety analysis
of oil and gas pipeline projects. In another study, Shafiee [74] proposed a fuzzy analytic
network process (FANP) approach to select the most appropriate risk mitigation strategy
for offshore wind farms with regard to four criteria: safety, added value, cost, and feasibility.
Zhong et al. [75] proposed a project risk prediction model using an entropy weight method
(EW), a fuzzy analytic hierarchy process (FAHP), and a 1D convolutional neural network
for risk indexing. Cheng and Lu [76] presented a hybrid risk analysis model combining
fuzzy inference with failure mode and effect analysis (FMEA) to improve the existing risk
assessment methods for pipe jacking construction by mapping the relationship between
occurrence (O), severity (S), and detection (D) and the level of criticality of risks. Liu and
Ling [77] constructed a fuzzy-logic-based artificial neural network model, or fuzzy neural
network (FNN), to facilitate the decision-making process for contractors, providing a clear
explanation to justify the rationality of the estimated markup output. There are also some
remarkable literature review studies on fuzzy and hybrid risk assessment methods in
construction projects, such as the one that Islam et al. [78] conducted, which delineated
the advantages of the fuzzy Bayesian belief network (FBBN) over other hybrid models
such as FANP, due to overcoming systematic constraints such as the lengthy calculations
required for the pairwise comparisons. Petroutsatou et al. [79] proposed a probabilistic
model for pre estimating the life cycle cost of road tunnels’” construction using multiple
regression analysis and Monte Carlo simulation. A detailed table of related papers and
their techniques can be found in Appendix A.

4.3.2. Deterministic Approach

A list of ML techniques applied in construction-related disciplines includes artificial
neural networks (ANN), Decision Trees, Logistic Regression, Naive Bayesian Models,
and Support Vector Machines. ML combines methods from statistics, database analysis,
data mining, pattern recognition, and Al to extract trends, inter-relationships, patterns of
interest, and useful insights from complex data sets [80]. A deterministic approach is used
by most of the machine learning algorithms. These algorithms can be used for one of the
following applications in RM: (a) regression to predict continuous numerical outcomes
such as delay caused by a risk, including Linear Regression, Decision Trees, Support Vector
Machines (SVM), and neural network (NN) techniques; (b) classification to present the
class of the output based on some input features, such as risk identification, including NN,
Random Forest, SVM, and Genetic Algorithm; (c) clustering to explore data for natural
groupings, such as finding related events causing a risk, including K-means and SVM;
(d) attribute importance to rank attributes based on their relationships to the target variable,
such as identifying the most significant causes of accidents, including Decision Trees and
Random Forest; (e) anomaly detection to identify unusual cases based on deviation, such
as identifying accident risks, including SVM and deep neural networks. In contrast to other
realms in construction, ML applications have been limited and mainly related to predicting
delay risks in construction, predicting the impact of contract changes on the time and
quality performance, and analyzing and modeling incident databases for predicting H&S
risks. The format of the input risk data for risk assessment in the deterministic approach
can be numeric, categorical, video data, sensor data, textual data, etc., and input data
acquisition approaches could be historical, real-time, or a combination of historical and
real-time data [81].
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ANN:Ss are the most applied ML method in engineering risk assessment, followed
by SVM, Decision Trees, RF, CART, Naive Bayes, K-means, KNN, Linear Regression, and
BRT [81]. NNs are formed by layers of interconnected nodes using activation function,
weight, and bias, which simulate the human brain structure and behavior for solving
problems such as recognition, classification, and regression [82]. The reasoning behind
these layers relies on the weights and biases assigned to each node, being learned and
optimized, based on forward propagation and backpropagation processes, with an objective
to minimize the loss function as an indicator of prediction precision. They provide notable
performance in the presence of abundant data, capturing linear and nonlinear relationships
of the data. They also act as a predicting—analytical model for industrial RM control and
accidents’ severity assessment, firstly to estimate the S-curve in a construction project,
secondly to analyze the causes of accidents, and to also predict delay risk in construction
logistics [83].

DT is a supervised learning method that explores the relationships of many input
attributes to an output attribute by creating a top-down branching structure consisting of a
root node splitting into branches as probable outcomes. DTs do not need any assumptions
regarding the independence of variables or variable values. They can process both numeri-
cal (continuous) and categorical (discrete) data and perform regression and classification.
Support Vector Machines (SVM) perform regression and classification by mapping data
to a high-dimensional feature space. This is to categorize the data points by forming a
separator between the categories in the form of a hyperplane. Genetic Algorithm, which is
an optimization and complex problem-solving method using an adaptive heuristic search,
is also useful in measuring project risk interdependencies for the optimal cost solution
under uncertainties [84].

The deterministic approach has been widely studied in the RM literature. Jallan and
Ashuri [85] used text mining and Natural Language Processing techniques to identify
and classify risk types and trends affecting publicly traded construction companies
by leveraging their 10-K reports filed with the Securities and Exchange Commission.
Chattapadhyay et al. [86] used a cross-analytical machine learning model with K-means
clustering and Genetic Algorithm to exploit different risk factors and their impacts on the
performance aspects of construction megaprojects. Valpeters et al. [87] determined the
probability of contract execution risk at a given stage of its establishment using Logistic
Regression, Decision Tree, and Random Forest algorithms. Creedy et al. benefited from
Multivariate Regression Analysis for evaluating risk factors that lead to cost overruns in
delivering highway construction projects. Yaseen et al. [12] developed a hybrid artificial
intelligence model called integrative Random Forest classifier with Genetic Algorithm
optimization (RF-GA) for delay problem prediction. Joukar and Nahmens [88] extracted
and forecasted the short-term volatilities of the Construction Cost Index (CCI), like price
volatilities, by assessing the cost risk of construction projects, and quantified the risk
of overestimation or underestimation, using Generalized Autoregressive Conditional
Heteroskedasticity (GARCH) model and ARIMA. Gondia et al. [83] used Decision Tree
and Naive Bayes model to analyze and predict project delay risks using objective data
from previous projects. Alshboul et al. [89] implemented an ensemble machine learning
technique combining various ML algorithms, such as XGBoost, Categorical Boosting,
K-Nearest Neighbor, Light Gradient Boosting, ANN, and DT, to predict the liquidated
damages in highway construction projects.

Neural networks are the most used algorithms in this group and have been integrated
with other algorithms in hybrid models as well. Goh and Chua [90] used NN analysis
in a quantified occupational safety and health management system audit with accident
data obtained from the Singaporean construction industry in order to predict accidents
and identify safety critical factors. Gajzler [91] developed a method for supporting the
decision-making process of materials and technology selection for repairing industrial
building floors using knowledge-based NN and fuzzy logic. Jin and Zhang [92] developed
an ANN-based risk allocation decision-making process in public-private partnership (PPP)
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projects. Chenyun and Zichun [93] conducted an analysis and evaluation of project cost
risk and the identification of critical factors based on NN. A detailed table of the related
studied papers and their techniques can be found in Appendix A.

4.4. Comparative Analysis between Probabilistic and Deterministic Models

Following determining and listing the probabilistic and deterministic algorithms based
on the source papers in Figure 3, an analytical comparison was performed between them
regarding their reasoning basis in risk identification, assessment, and mitigation planning
stages, advantages and disadvantages, application areas, and data requirements for each,
presented in Table 1. The basis of this comparison was the points mentioned in the sourced
papers of the systematic literature review regarding the precision, problem type, analytical
reasoning, input data requirements, level of probability included, and characteristics of
each of these methods.

Table 1. Analytical comparison between probabilistic and deterministic RM models.

Comparison Criteria Probabilistic Approach Deterministic Approach
Probability-based reasoning Forward propagation and backpropagation
Reasoning basis Rule-based reasoning Loss function
Fuzzy logic [44,50,87,94] Weights and biases [95,96]
Structure Interconnected graphs [67,68,97] Layers of neurons or branches [91,92]
Data Source Historical Data, model simulation Historical data, model simulation
Experts’ opinion [98,99] [95,96,100]
Inference Bayesian inference [101] Frequentist inference [102]
Limited amount of data High amount of data
Data Requirements Able to deal with missing values Partial ability to deal with missing
Numerical, categorical, and linguistic data [103,104] values [24]

Probability and
dependencies’ role

Does not embrace probability in
assessments
Considering variables interdependencies
on final output [87,107]

Embrace probability in assessments
Considering variables interdependencies with each
other and final output [105,106]

Prediction precision Mid-high [108] Very high [25]
Application scope Subjective and uncertain problems with limited Objective and complex problems with
PP P data [109] abundant data [83]

Application in RM processes

Risk identification
Qualitative and quantitative analysis
Mitigation planning
Risk control [86,87,113]

Risk identification
Qualitative analysis
Risk control [110-112]

Flexibility to various problems

Ability to integrate qualitative and quantitative data Quick processing and learning

Ability to consider linear and nonlinear

Advantages (subjective and objective) lationshi
Risk path approach o re .atlons ips among data
Ability to include dynamic data [114,115] Ability to include dynamic data [116,117]
Takes longer time to create the structure Individual risk analysis approach (isolated)
Disadvantages Not high precision if merely based on historical data Not flexible toward change

High processing time in complex problems [67,118] = Requirement of high data volume [119,120]

In general, algorithms with a deterministic approach have advanced structure, quicker
processing time, and higher result precision in complex problems, but they require a
large amount of structured data with no missing values or uncertainties. Given that
documentation is in a less than optimum condition in the industry, data scarcity and
infrequent data updates are the main challenges in these models. The probabilistic approach,
on the other hand, due to functioning in the state of data scarcity and missing values and
being closer to reality regarding the inter-dependencies between risk variables, is more
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practical. It can integrate subjective and experience-based experts’ opinions through
the elicitation of objective historical data gathered from previous projects or simulations
to overcome the data scarcity issue. Moreover, it benefits from the risk path approach
instead of isolated risk assessment. However, the structure and parameter learnings are
daunting and complicated tasks as the model becomes more complex, containing more
variables and relationships. The probabilistic approach is based on Bayesian inference,
as mentioned in Equation (1), and the deterministic approach is based on frequentist
inference, as mentioned in Equation (2). These equations are the basis of risk reasoning and
assessment for different Al algorithms, which can lead to different results and accuracies
in the RM process. Construction firms can refer to this study and Table 1 to choose the
most appropriate Al model to foster their RM processes, their enterprise requirements, and
data availability.

P(D|H)Ppyio,(H)

PPosterior(H|D) = P(D)

@

Likelihood L(H; D) = P(D|H) @)

4.5. Results Comparison with Previous Studies

The main foci of previous review studies were the structure of the AT algorithms
or the data mining technologies [121], the classification of Al methods based on their
structure, or the used technology, such as ML or computer vision [15]. The grouping of
these technologies was based on their area of application in construction projects. For
instance, Afzal et al. [65] conducted a comprehensive review analysis on Al-based risk
assessment methods, and listed papers based on the technique used, identifying six key
techniques used. In another study, the tree structure consisting of nodes in data mining was
studied by Rao and Chen [121] in the scope of construction risk control. Islam et al. [78]
conducted an extensive review of hybrid and fuzzy models’ structures and then explored
the areas of their applications, such as roads and highways and building projects [122]. A
few articles just focused on one type of risk, such as safety risk, and one type of project,
such as urban railway construction. Some other studies [7-11] highlighted the RM domain,
focusing on the types and structures of Al technologies applied in construction. In other
studies, a specific method, such as the SEM, was analyzed thoroughly regarding technical
aspects, sample size issues, data screening and reliability testing, model evaluation and
validation processes, etc. [57].

Although such studies provide helpful insights, they contain highly detailed and
advanced information and formulas that might be from the experience and roles of the
audience and, in our case, the practitioners and industrial researchers in the field. Most of
the technologies discussed in these papers are at the research stage. Their future potential
application in practice is therefore still unknown. Applying a practical approach to the
topic, this study aims to analyze the ML algorithms from the risk reasoning and judgment
point of view, and classify the methods based on the established statistical reasonings in
probability studies, i.e., frequentist and Bayesian approaches. Such a functional and right-to-
the-point classification is easily comprehensible and able to be addressed by practitioners
and researchers in the field, meaning they can choose the method that best fits their
requirements and resources. This is an interdisciplinary and novel way of grouping the
widespread ML algorithms already implemented in the construction industry. Furthermore,
this practical viewpoint assisted the integration of the various, heterogeneous findings
of previous studies in the literature, which had differing scopes. Underlying similarities
between this study and previous investigations in terms of the systematic literature review
process are inevitable and expected in part.

It is noteworthy that the validation of results produced by different ML algorithms
is outside the scope of this study. However, previous studies proved the higher accuracy,
efficiency, and processing speed of the ML algorithms compared to traditional methods.
Their accuracy is assessed using performance metrics such as Root Mean Square Error
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(RMSE), Mean Absolute Error (MAE), Mean Absolute Percentage Error (MAPE), and
Coefficient of Determination (R2) [89], which compare the estimated value with the actual
value of outcomes. Different algorithms are of varying accuracy and performance in
different contexts; therefore, it is only possible to evaluate their overall performance and
validate them by knowing the context and scope of their application.

5. Conclusions and Further Research

The construction RM process benefits significantly from Al in terms of automation,
optimization, fostering decision making, and standardization, as supported by the system-
atic literature review findings. Machine learning and deep learning algorithms, with ANN,
SVM, BN, and fuzzy logic in the lead, have found significant applications in RM research.
However, in order to implement these methods in practice, and to identify the causes of
various risks and to analyze them in construction projects, experience, prior knowledge,
and historical data are required. In most cases, those experiences are not always well
documented nor easily accessible. Therefore, the data requirements, reasoning, and struc-
ture of each AI model needs to be thoroughly analyzed to select the most appropriate one
based on the requirements and data availability in an organization. Furthermore, Al-based
methods, such as text mining and computer vision, can assist in structuring the risk data
and overcome the data scarcity problem.

This study provided a systematic literature review based on the PRISMA guidelines
provided for classifying Al algorithms that can be applied during different phases of the
RM process. The source papers were studied thoroughly to extract insights on common
Al algorithms used for risk management, as well as their main areas of application. These
algorithms were grouped under probabilistic and deterministic groups based on their risk
reasoning, learning process, data requirements, flexibility toward data scarcity, uncertainty,
integration of qualitative and quantitative data, and application scope.

The deterministic approaches are mostly based on frequentist statistics and can
predict an outcome without attaching a likelihood to it. Moreover, ML algorithms
with a deterministic approach, such as deep learning algorithms, have a black-box
structure; that is, the workflow between input and output variables is complex and
incomprehensible to users. Therefore, there is no room for subjective expert judgment
in the process. The relationships between inputs and outputs are merely learned from
historical data and simulations, making the model require a huge amount of data for
learning and adjusting weights.

Alternatively, the probabilistic approaches are based on Bayesian statistics and pre-
dict the likelihood of different possible outcomes. While black-box models are being
programmed with minimum human guidance, probabilistic models such as Bayesian Net-
works and SEMs are the closest examples to the Explainable AI (XAI) concept, being more
comprehensible for users due to their transparent and graph-based structure indicating the
inter-relationships between input variables and the output. Therefore, they can serve as
knowledge-based systems representing domain knowledge and expert opinions through
elicitation, integrating subjective expert judgment with objective historical data. This is an
advantage when there are not enough data available to base the entire learning process
on. It is noteworthy that hybrid models, such as fuzzy neural networks or Bayesian neural
networks, combine the two approaches and benefit from both linear and non-linear rela-
tionships between input variables. They usually have more robust performance and better
flexibility and are becoming more widespread in construction research.

The contribution of this paper is providing an analytical comparison between different
Al algorithms for practitioners and researchers to choose the appropriate Al model for a
targeted risk, which, as proven by the results of previous studies in the literature, can bring
many advantages in terms of automation, optimization, digitalization, and decision making,
increasing the RM processes’ performance and projects’ success rate. This comparison is
made from a practical and problem-driven viewpoint and highlights the most influential
features when choosing and implementing a model in practice. That is, instead of focusing
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on the structure of each algorithm and trying to fit them into the RM problem, which can
often fail, this study focuses on the situations and problems in which each algorithm can
work best regarding data availability, the emphasis on uncertainty, the existence of different
data sources, etc. The algorithms’ categorization provided by this study is also based on
risk reasoning statistics to bring the theoretical topics one step closer to practical processes.
It is the main difference from previous literature review studies, which put their focus
on the algorithms’ structures and types with great theoretical detail and formulas rather
than their practical capacities, reasonings, and challenges. An Al-based RM framework is
presented, in which this study focuses on the data analysis phase. Future phases will be
the subject of further studies.

One of the limitations of this research was the paucity of publications when validating
the proposed analytical comparison. Being a highly specialized topic, many previous stud-
ies were out of the scope of this study and could not serve as a benchmark for comparing
results. Another limitation was using English language as one of the filters. This might
have excluded some relevant studies. Further, the classifications provided by previous
researchers for the Al algorithms were based on different criteria, such as the project phase,
the algorithms’ efficiency levels, supervised or unsupervised learning, etc., which in some
cases were incompliant, contradictory, or partial. Therefore, this study grouped them under
probabilistic and deterministic approaches to include the majority of these criteria. A more
detailed classification would provide a more accurate comparison. Another limitation is the
variety of methods and techniques, both Al-based and non-Al-based; each has a different
scope and target process. Therefore, not all of the techniques could be analyzed within one
article, and most of them applied to other phases such as data gathering and digital twin
integration. However, these topics will be the focus of future research work to complete the
Al-based RM framework proposed in this study.

In addition to analyzing the Al-based data gathering and preprocessing tool, a
further study can involve the discussion and validation of the comparative table by ex-
perts in the field and/or through case studies for the implementation of algorithms and
comparison of the results. The systematic literature review could also be expanded into
other generic Al-based RM framework phases, such as data production and documenta-
tion techniques, integration with digital twins, etc. Moving toward a fully automated
RM process, the findings of the practical application of Al in real-world case studies
throughout different phases of the proposed framework, for instance, the data gathering,
data analysis, and automating document update, would be the topic of further studies.
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Appendix A

Table A1. References of source papers and partially used papers for the systematic literature review.

References

Model

Technique

Context

Love et al. (2021) [123]

Review Paper

Review on risk and uncertainty of rework in construction

Afzal et al. (2019) [65]

Review Paper

Systematic literature review and content analysis on Al-based risk
assessment methods

Cao et al. (2021) [42]

Review Paper

Review on Al algorithms, e.g., ANN, GA, SVR, etc., applications in
civil engineering domains such as predicting and evaluating the
different parameters of composite beams and shear connectors

Chenya et al. (2022) [6]

Review Paper

Systematic literature review on research gaps and future trends of
intelligent risk management in construction projects

Saka et al. (2023) [124]

Review Paper

Review on conversational Al systems, e.g., Natural Language
Processing

Xiong et al. (2015) [57]

Review Paper

Critical review of SEM applications in construction

Basaif et al. (2020) [27]

Review Paper

Study on technology awareness of Al application for risk analysis
in Malaysian construction projects

An et al. (2021) [15]

Review Paper

Literature review on five type of popular Al algorithms, including
Primary Component Analysis, Multilayer Perceptron, fuzzy logic,
Support Vector Machine and Genetic Algorithm

Okudan et al. (2021) [125]

Review Paper

Review of knowledge-based RM tools in construction projects
using AI, ML, and fuzzy set

Abioye et al. (2021) [16]

Review Paper

Review on Al status, opportunities and future challenges in the
construction industry

Adams (2008) [126]

Review Paper

Review on risk identification and analysis techniques in
construction projects in the UK

Pan and Zhang
(2021) [10]

Review Paper

A systematic literature review and qualitative analysis on the
current state of Al adoption in the context of construction
engineering and management and discussion on its future trends.

Wau et al. (2021) [122]

Review Paper

Safety risk investigation framework in urban rail transit
engineering construction using Al algorithms and data clouds

Yucelgazi and Yitmen

Analytical network

(2020) [112] Probabilistic processing (ANP) Risk assessment for large infrastructure projects

Khodabakhshian and Re - . c AT . .

Cecconi (2022) [60] Probabilistic BN, process mining Risk identification in construction projects

Chen et al. (2012) [127] Probabilistic Expert system Evaluating performfmce he.terogenqtyAthrough a knowledge

Knowledge management  management maturity test in the building sector

Khademi et al. - . . .

(2014) [128] Probabilistic ANP and AHP Construction risk analysis

Liu et al. (2016) [129] Probabilistic SEM International construction projects risk assessment

Luetal. (2022) [130] Porbabilistic BN, fuzzy logic System risk management

Qazi et al. (2016) [67] Probabilistic ANP and BN Risk path} measuring and modeling project complexity in
construction projects

Khakzad et al. (2013) [97]  Probabilistic BN Risk analysis of offshore drilling operations

Boughaba and Bouabaz Probabilistic and . Al-based tendering decision-making model considering the success

(2020) [131] Deterministic ANN, fuzzy logic, RNN and failure factors

Islam et al. (2017) [78] Probabilistic MCS Hybrid methods for risk assessment in construction projects

Samantra et al. (2017) [50]  Probabilistic Fuzzy Set Fuz;y—based rlsk_assessr}went module for an underground metro rail
station construction project

Tian et al. (2022) [132] Probabilistic BN Crossed risk assessment of construction safety

Adeleke et al. (2018) [133]  Probabilistic SEM Nigerian companies’ construction risk management

Chen et al. [94] Probabilistic BN, fuzzy logic Catenar'y construction risk assessment based on expert fuzzy
evaluation and BN

Kabir et al. (2016) [134] Probabilistic ANN, BN, and FTA Risk assessment in energy projects
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Table A1. Cont.

References Model Technique Context
Fuzzy set, ELECTRE III, . . .
Chen et al. (2020) [135] Probabilistic multi-attribute Fuzzy- and ELECTRE III—based construction bid evaluation
L . framework under uncertainty
decision making
Moradi et al. (2022) [136] Probabilistic Bayesian neural Con'dmo'n and operation risk monitoring of complex
networks, BN engineering systems
Karakas et al. (2013) [110]  Probabilistic ?Aultlagent systems, BN, Multlagen't system to glmulate risk-allocation and cost-sharing
uzzy set processes in construction projects
g}gblli)o ?ZS;] etal Probabilistic SEM Risk rath identification of international construction projects
Vagnoli and
Remenyte-Prescott Probabilistic BN Expert knowledge elicitation into system monitoring data
(2022) [137]
Investigate how the capacity of probabilistic reasoning to handle
Omondi et al. (2021) [105]  Probabilistic MCS, Markox{ chain uncertainty can b'e com'bmed with the capacity of Markov chains to
model, Bayes” theorem map the stochastic environmental phenomena to improve
performance of tuning decisions under uncertainty
(\;)Iig;)illrgg] al Probabilistic Fuzzy ANP Hybrid fuzzy cybernetic model to identify shared risks in projects
Senova et al. (2023) Probabilistic MCS Financial risk assessment using Monte Carlo simulation
Kamari and Ham - Computer vision, point Deep-learning-based digital twinning framework for construction
Deterministic cloud segmentation, . .
(2022) [33] diei . siter disaster preparedness
igital twinning
Fang et al. (2013) [113] Deterministic GA Risk planning under resource constraints
Choi et al. (2021) [26] Deterministic NLE, text mining ngelopmg a dlgltal‘ EPC contre}ct risk analysis tool for contractors,
using Al and text mining techniques
Wu and Lu (2022) [139] Deterministic RF, XGBoost, Bagging AI‘—based for acc1_dent and safety risk assessment in
Regressor, SVR, bridge construction
T XGBoost, KNN, ANN, Lo e . .
Alshboul et al. (2022) [89]  Deterministic DT, LightGBM, CatBoost Liquidated damages prediction in highway construction projects
Esmaeili and Hallowell T . Developing a decision support system called scheduled-based
(2012) [140] Deterministic Delphi method, SSRAM safety risk assessment and management (SSRAM)
Habbal etal. (2020) [95]  Deterministic ANN ANN-based planning risk forecasting model in
construction projects
Yaseen et al. (2019) [12] Deterministic RE, GA Risk delay prediction in construction projects by hybrid an
Al model
NLP, bi-directional long Contractor’s risk analysis of Engineering Procurement and
Choi and Lee (2022) [141]  Deterministic short-term memory Construction (EPC) contracts Using Ontological Semantic
(bi-LSTM) Model and bi-long short-term memory (LSTM) technology
Hosny et al. (2015) [96] Deterministic NN Development of an NN-I?ased Predlct}ve and decision awareness
framework for construction claims using backward optimization.
Chattapadhyay et al. - Cross:analyhcal machine Exploiting different risk factors and their
(2021) [86] Deterministic learning model, K-means impacts on the performance aspects of construction megaprojects
clustering, GA P P P Zaproj
Valpeters et al. [87] Deterministic Logistic Regression, DT, _determm.anon of the probability of contract execution at a stage of
Random Forest its establishment
Fan et al. (2020) [142] Deterministic NN, AHP Development of a credit risk index system of water
conservancy projects
Anysz et al. (2021) [107] Deterministic Decision Tree, ANN Predicting the result of a dispute
Deterministic CNN, fuzzy AHP, Cost and schedule risk prediction model for construction projects
Zhong etal. (2021) [75] and Probabilistic ~ entropy weight method using 1D-CNN, EW, and FAHP.
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Abstract: Medium-rise reinforced concrete (RC) framed apartment complexes with stories ranging
from 15 to 50 are becoming more common in Ethiopia’s main cities. In these RC-framed structures,
shear walls are included for lateral load resistance. As apertures are frequently provided in shear
walls, it is critical to evaluate their influence on story drift, stiffness, shear and moments, and
stress within the shear walls. A 3D study with five different cases was carried out with ETABS
version 19.00 software to investigate the influence of apertures in a building’s shear wall. This study
looks at the effects of changing the size and location of these apertures. Based on this analysis,
extensive data were acquired, and useful conclusions were formed that will be useful to practicing
engineers. The seismic parameter utilized for the response spectrum study was Building Code of
Ethiopia ES8-15, which conforms to Eurocode 8-2004 seismic code guidelines (based on EN1998-1)
with target response spectrum type-I. The following parameters were used: ground acceleration,
ag/g = 0.1, spectrum type = I, ground type = B, soil factor, S = 1.35, spectrum period, Tb, = 0.05 s,
spectrum period, Tc = 0.25 s, spectrum period, Td = 1.2 s, lower bound factor, beta = 0.2, behavior
factor = 1, and damping ratio = 5%. The outcomes are compared using various parameters such
as displacement, story drift, story stiffness, story shear, and story moment both with and without
shear wall opening cases. This study will give tremendous insight into the effect of shear wall
openings on the performance of the structure. The analysis in this work was carried out on a linear
model, which may not represent the complete local response of the structure; thus, future researchers
should perform nonlinear analysis based on a performance-based design. It was concluded from
this investigation that incorporating shear walls considerably enhanced the performance of the
building over framed structures. Shear wall openings in a structure have a significant influence on the
building’s performance. Due to their significant resistance to earthquake forces, shear wall structures
are highly recommended for seismic hazard zones.

Keywords: response spectrum; story displacement; story drift; story moment; story shear

1. Introduction

Reinforced concrete (RC) structures can face significant horizontal and vertical loads.
The most standard designs for which shear partitions are designed are for wind and seismic
events [1]. Shear walls offer the necessary power in opposition to seismic pressures and are
the highest quality and most effective technique to absorb those lateral stresses [2—-4]. Seis-
mic walls are container factors that help the structure from the perimeters. Shear partitions
provide lateral power and stiffness [5-8]. Since shear walls are liable to experience extensive
lateral stresses, the tilting impact is crucial, which has to be taken into consideration within
the design of the structure. To avoid negative outcomes of torsion, shear partitions in
systems must be symmetrical [9-11].
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Shear walls may be placed symmetrically in one or both directions. Earthquake-
resistant walls are more powerful when they are constructed completely across the build-
ing. As a result, this configuration will increase the torsion resistance of the shape [12].
The behavior of a shear wall is decided by the materials used, the length of the wall, the
thickness of the wall, the placement of the wall, and the construction. Due to their stiff-
ness, load-bearing potential, and excessive ductility, RC shear partitions are used for the
creation of high-rise structures in seismic zones [13-15]. Shear wall openings which are
oriented alongside in-plane loading are more important than shear wall openings which
can be located along out-of-surface loading. This is because a big shift in displacement is
experienced whilst the shear wall opens. Loads within the plane are located together [16].

Due to their capacity to resist lateral stresses, which include earthquakes and wind
loads, shear partitions are considered a critical factor within the construction industry. As a
result, experiments have been performed to better apprehend the structural conduct of shear
partitions under distinctive loading situations and instances. The seismic conduct of prefab-
ricated strengthened shear partitions with vertical joints was investigated by Zhang and
Wang [17,18], in which shear walls were constructed in a pilot building. Coccia et al. [19]
studied the overall seismic performance of masonry partitions modified with vertical
FRP stiffeners and found that conventional methods of seismic strengthening of masonry
partitions have an impact on the seismic performance of the components. Generally, out-of-
surface bending behavior is used for modification. Furthermore, Jeon et al. [20] investigated
the seismic vulnerability of plain bolstered concrete shear partitions with tie beams and
tested them in plain bolstered concrete shear partitions for high upward thrust buildings
built with seven sets of ground movement factors and shear amplification elements of 1.2
and have been shown to be enough to fulfill FEMA P695 standards for the probability of
disintegrating and restricting the ratio of collapse. Reinforced concrete structures with
L-shaped partitions provide architects with numerous opportunities to design buildings
with extra open space and variety [21-23]. As a way to promote compliance with the pro-
tection criteria imposed by numerous requirements, numerous experimental and numerical
studies ought to be completed on L-shaped shear walls. Similarly, when deformability and
power are required, L-shaped concrete disc partitions have a high ability to soak up lateral
pressure and, if designed well, can absorb a substantial amount of seismic energy [24-27].
Network or retrofit issues, in addition to the proximity of elevators, home windows, doors,
and stairways, may require shear wall openings [28]. Holes in a shear wall not only lessen
the pressure around the hollow but additionally lessen the general structural ability and
integrity of the wall [27].

The primary goal of this research is to recognize the conduct of stepped and normal
openings and to analyze the effect of stepped openings on seismic loading with different
masses. Shear walls without holes outperform shear partitions with vertical and staggered
holes. Marius [29] determined the same results. On average, no matter where the shear
wall starts, the presence of a shear wall in a constructing will greatly increase the seismic
reaction of the building. Recently, a few researchers have carried out work comparable to
this on the usage of finite element modeling to resolve structural and cloth problems, as
seen in literature reports [30-37].

Shear walls or similar are included in a few excessive upward thrust houses and there
may be a need to govern lateral deflection within flooring. Shear walls are prepared with
openings that meet practical requirements. In some instances, wall openings for domestic
home windows, doorways, and particular kinds of openings are unavoidable in shear
walls. Shear partitions are vertical reinforced concrete beams that are usually very deep
and skinny. They are regularly applied in systems to face gravity loads and floor shear. A
shear wall is the vertical detail of a lateral strain suppression device that transfers lateral
forces from the pinnacle diaphragm to the lower diaphragm or basis. A shear wall may
be a load-bearing wall in a gravity load machine or part of a duplex gadget that is built to
withstand lateral stresses [38].
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Further, others have furnished seismic observations and evaluated the impact of
shear partitions on multi-span RC frames. The seismic evaluation shows that RC frame
geometry with shear partitions has high seismic resistance [39]. We evaluated rectangular,
C, L, and T regular shear partitions. An average design for a 20-story RC structure was
implemented [39].

A 10-story RC shear wall with and without openings placed under seismic loading
was used with time information and pushover after modification for study. The study
confirmed that a form with various levels of openness determined a large displacement of
upward thrust with an opening period [40].

The development of a ten-story RC shear wall may be initiated under seismic loading,
and the time records and stressors were changed for investigation. This study showed
that constructs with distinctive layer openings show a large displacement increase in
opening length [40]. Using the ability spectrum method, the shape of the plastic hinge
remained consistent over time because the selection curve crossed the capability curve at in
situ occupancy. The effects show that the arena-type shear wall modality has much less
affiliation—primarily based on absolute shear. Layout—primarily based on displacement
and shear—will grow in terms of open tops and bottoms [41]. Moreover, every test studied
slightly upwardly pushed buildings with various designs and shear wall placements and
determined that the construction’s center of mass and center of rigidity are closer to shear
partitions than other walls. The shape of the shear wall and its surroundings influence the
effect [42]. Some research has included multi-story shear wall installation shear partitions
to reduce transverse and longitudinal pinnacle deflection [43]. Similarly, shear apertures
have an impact on a construction’s seismic reaction. STAAD was used to simulate apertures
and shear wall locations were investigated. A static identical assessment was used. The
first-class displacement of homes with great-bridge apertures grew to 14% [44]. In the X
and Y recommendations, buildings with staggered openings showed higher displacement,
story float, and story shear outcomes than odd structures with staggered openings [45].
The overall performance of several shapes of shear walls has been evaluated using response
spectrum assessment by Gupta [46] and it was observed that the common I-shaped shear
wall has better results than all other shapes of shear wall. Columns were used to illustrate
the shape, while the chosen version lacks a shear wall. In each unbiased model, the whole
in-evaluation shear wall forms were studied. Story drifts, displacements, and shears are
examples of analytical results. Rectangular and L-shaped partitions are more resistant to
earthquakes than H- and T-shaped barriers [47]. The stiffness of squat RC robust shear
walls was compared to standard reinforcement, in-built RC stiffness, and metallic tube
stiffness. Shear partitions with RC stiffness and metal tube stiffness bear greater loads than
normal reinforced shear partitions. Shear walls with reinforced concrete and steel tube
stiffness have 34% and 9% better deformation ability than conventionally reinforced shear
walls, respectively.

In comparison to historical strengthened shear partitions, metal tube stiffness, like
RC stiffness, increased strain by 209% [48]. The association of shear walls turns out to be
considerably changed to provide multi-story building shape [49]. The ETABS software
program was used to explore the effect of constructing a shear wall at certain locations
and configurations in projects and compared to those that do not include a shear wall [49].
Perimeter shear partitions exhibit 5.85% and 1.5% higher displacement than canter shear
partitions in square and rectangular buildings, respectively [49]. A nook shear wall reduces
the model’s length in every test, regardless of its expanded mass (s). Corner shear partitions
have the least displacement (108.508 mm) due to stiffening, whereas standard frames have
the most (303.339 mm) [50]. Outdoor shear partitions have proven to have the highest
critical base share in each square and rectangular form. In comparison to rectangle-form
homes, the strain in square-form homes with center partitions was 3.23% higher [51].
Although its mass grows, this version’s spectrum period (s) is reduced in a nook shear wall
due to extended stiffness. The displacement is the least (108.508 mm) in the case of a corner
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shear wall and the biggest (303.339 mm) in the case of a conventional frame due to the
stiffening of the form [52].

Therefore, the main objective of this study is to investigate the tremendous impact of
shear wall openings on the overall performance of a structure during seismic loading as
per a type-I response spectrum based on EN1998-1 [53].

2. Materials and Method
Project Description

For this study, a regular reinforced concrete building of 15 and 50 stories are considered
in different 5 cases as shown in Figures 1-6. The floor area of the 15-story structure is
900 sqm (30 m x 30 m) with 5 bays along each side (each span 6 m). The floor area of the
50-story structure is 225 sqm (15 m x 15 m) with 5 bays along each side (each span 3 m).
The structure is modeled with 5 different cases of 50-story structures with each story height
being 3 m and with and without a shear wall opening as shown in Figures 1-6. Tables 1-3
shows the loading and building details of the sample model buildings.

pad [ i
X ‘ X

Figure 1. (a) G + 15 shear wall with opening Floor Plan; (b) G + 15 shear wall without opening

Floor Plan.

(b)

Figure 2. (a) G + 50 shear wall with opening Floor Plan; (b) G + 50 shear wall without opening
Floor Plan.
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Figure 3. (a) G + 50 Framed Structure without shear wall Floor Plan; (b) G + 15 Framed Structure
with shear wall Opening 3D Mode.

(b)

Figure 4. (a) G + 15 Framed Structure without shear wall Opening 3D Model; (b) G + 50 shear wall
with opening 3D Model Case-1.

(@) (b)

Figure 5. (a) G + 50 shear wall with opening 3D Model Case-2; (b) G + 50 shear wall with opening
3D Model Case-3.
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(b)

Figure 6. (a) G + 50 Framed Structure 3D Model Case-4; (b) G + 50 shear wall without opening 3D
Model Case-5.

Table 1. The 50- and 15-story RC sample building loading detail.

Loading Detail Intensity Code
Dead load 2 KN/m? ES8-15
Live load 3KN/m? ES8-15

Wall load on beam 12 KN/m? ES8-15
Response spectrum Type-1 ES8-15

Table 2. Sample 15-story RC building details.

Structure Type Intensity Remark
Flft'ee.n-story moment 45m ES8-15
resisting frame RC
Floor to floor height 32m ES8-15
Wall load on beam 12 KN/m? ES8-15
Soil type B ES8-15
Damping 5% ES8-15
Support Fixed support ES8-15
Beam section 0.50 x 0.35m ES8-15
Column section 0.4 x 040 m ES8-15
Wall section 0.300 m ES8-15
Slab section 0.20 m ES8-15
Seismic zone III (Addis Ababa) ES8-15
Concrete quality C-30 ES8-15
Steel G-60 ES8-15
R factor 1 ES8-15

Table 3. Sample 50-story RC building detail.

Structure Type Intensity Remark
Fifty-story moment resisting 150 m ES8-15
frame RC
Floor to floor height 3.0m ES8-15
Wall load on beam 12 KN/m? ES8-15
Soil type B ES8-15
Damping 5% ES8-15
Support Fixed support ES8-15
Beam section 0.50 x 0.40 m ES8-15
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Table 3. Cont.

Structure Type Intensity Remark
Column section 1.20 x 1.20 m ES8-15
Wall section 0.300 m ES8-15
Slab section 0.20 m ES8-15
Seismic zone 11T (Addis Ababa) ES8-15
Concrete quality C-30 ES8-15
Steel G-60 ES8-15
R factor 1 ES8-15
3. Results

3.1. Sample 15-Story RC Building Results
Global Responses of 15-Story Building with and without Shear Wall Opening Results

After performing dynamic analysis for both structures with the case-1 and case-2
shear wall opening type, the obtained results were compared based on five factors, i.e.,
displacement, story drift, base shear, story shear, and story moment.

e CM Displacement for Diaphragm D1

Table 4, Figures A3a and A7a show the CM displacement for diaphragm D1 for a
15-story structure with and without shear wall opening response spectrum analysis outputs.
From the results, it can be observed that the CM displacement for diaphragm D1 obtained
by the shear wall with an opening is higher than that obtained by the shear wall without
an opening for all stories. Shear wall with opening analysis gives a maximum of 15% in
the X-direction and 12.38% in the Y-direction as higher results at the location of story 4. It
can also be noticed that the percentage difference in CM displacement for diaphragm D1
calculated with and without shear wall openings decreases with the increase in height of the
structure in both directions. This gives an excellent indication that for high-rise buildings
the effect of openings might not be that much compared to low- and mid-rise buildings.

e  Drifts for Diaphragm D1

Table 4. Comparison of with and without shear wall opening dynamic analysis results for CM
displacement for diaphragm D1 for 15-story structures.

G + 15 RC with G + 15 RC without X-Y-Axis Output
Opening Opening Title 3
X-Axis Y-Axis X-Axis Y-Axis

CM Displacement for Diaphragm D1 CM Displacement for Diaphragm D1

With vs. Without Shear ~ With vs. Without Shear

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m mm mm mm mm % %

Story 15 45 Top 38.48 39.016 36.628 37.041 105.0589713 105.3319295
Story 14 42 Top 35.63 35.98 33.66 33.96 105.85526 105.94452
Story 13 39 Top 32.68 32.87 30.65 30.85 106.60925 106.55084
Story 12 36 Top 29.66 29.72 27.63 27.73 107.34964 107.16397
Story 11 33 Top 26.62 26.56 24.62 24.64 108.10964 107.80000
Story 10 30 Top 23.58 23.41 21.65 21.59 108.91628 108.45298
Story 9 27 Top 20.60 20.32 18.75 18.61 109.83685 109.17879
Story 8 24 Top 17.64 17.29 15.92 15.73 110.81946 109.94661
Story 7 21 Top 14.76 14.34 13.19 12.95 111.92479 110.73965
Story 6 18 Top 11.95 11.48 10.56 10.29 113.10436 111.49737
Story 5 15 Top 9.251 8.753 8.092 7.805 114.32278 112.14606
Story 4 12 Top 6.67 6.208 5.795 5.524 115.09922 112.38233
Story 3 9 Top 429 3.923 3.748 3.52 114.46104 111.44886
Story 2 6 Top 2217 2.004 2.034 1.875 108.99705 106.88
Story 1 3 Top 0.659 0.606 0.735 0.661 89.659863 91.679273

Base 0 Top 0 0 0 0 0 0
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Table 5 and Figures A3b and A7b show the drifts for diaphragm D1 for a 15-story
structure with and without shear wall opening response spectrum dynamic analysis global
responses. From the results, it can be observed that the drifts for diaphragm D1 obtained
by a shear wall with an opening are higher than those obtained by a shear wall without an
opening for all stories. A shear wall with opening analysis gives 27.39% in the X-direction
and 17.23% in the Y-direction direction as higher results. It can also be noticed that the
difference in drifts for diaphragm D1 calculated with and without a shear wall opening
decreases with the increase in height of the structure in both directions. This gives an
excellent indication that for high-rise buildings the effect of openings might not be that
much compared to low- and mid-rise buildings.

e Max Story Displacement

Table 5. Comparison of with and without shear wall opening dynamic analysis drifts for diaphragm
D1 results for 15-story structures.

G + 15 RC with G + 15 RC without X-Y-Axis Output
Opening Opening Title 3
X-Axis Y-Axis X-Axis Y-Axis
Drifts for Diaphragm D1 Drifts for Diaphragm D1

With vs. Without Shear ~ With vs. Without Shear

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m % %
Story 15 45 Top 0.001142 0.001093 0.001141 0.001091 100.08764 100.18332
Story 14 42 Top 0.001214 0.00114 0.001175 0.001118 103.31915 101.9678
Story 13 39 Top 0.001258 0.001169 0.001193 0.001131 105.44845 103.35986
Story 12 36 Top 0.00128 0.00118 0.001195 0.001129 107.11297 104.51727
Story 11 33 Top 0.001282 0.001174 0.001182 0.001113 108.46024 105.48068
Story 10 30 Top 0.001248 0.001143 0.001147 0.001078 108.80558 106.02968
Story 9 27 Top 0.001217 0.00111 0.001107 0.001038 109.93677 106.93642
Story 8 24 Top 0.001174 0.001066 0.001057 0.000989 111.06906 107.78564
Story 7 21 Top 0.001127 0.001017 0.001 0.000932 112.7 109.12017
Story 6 18 Top 0.001067 0.000956 0.00093 0.000865 114.73118 110.52023
Story 5 15 Top 0.001002 0.000881 0.00085 0.000784 117.88235 112.37245
Story 4 12 Top 0.000914 0.000783 0.000747 0.000682 122.35609 114.80938
Story 3 9 Top 0.000786 0.000653 0.000617 0.000557 127.3906 117.23519
Story 2 6 Top 0.00058 0.000474 0.000462 0.000409 125.54113 115.89242
Story 1 3 Top 0.000239 0.000204 0.000259 0.000222 92.277992 91.891892
Base 0 Top 0 0 0 0 0 0

Table 6 and Figures A4a and A8a show the max story displacement for a 15-story
structure with and without shear wall opening response spectrum analysis global responses.
From the results it can be observed that the max story displacement obtained by a shear
wall with an opening is higher than that obtained by a shear wall without an opening for
all stories. Shear wall with opening analysis gives a maximum of 21.13% in the X-direction
and 13.33% in the Y-direction as higher results in story 4. It can also be noticed that the
percentage difference in max story displacement calculated with and without shear wall
openings decreases with the increase in height of the structure in both directions. This
gives an excellent indication that for high-rise buildings the effect of openings might not be
that much compared to low- and mid-rise buildings.
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e Maximum Story Drift

Table 6. Comparison of with and without shear wall opening dynamic analysis max story displace-
ment results for 15-story structures.

G +15 RC with
Opening

G + 15 RC without

Opening X-Y-Axis Output

X-Axis Y-Axis X-Axis Y-Axis

Max Story Displacement Max Story Displacement

With vs. Without Shear ~ With vs. Without Shear

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m mm mm mm mm % %
Story 15 45 Top 0.001142 0.001093 0.001141 0.001091 100.08764 100.18332
Story 14 42 Top 0.001214 0.00114 0.001175 0.001118 103.31915 101.9678
Story 13 39 Top 0.001258 0.001169 0.001193 0.001131 105.44845 103.35986
Story 12 36 Top 0.00128 0.00118 0.001195 0.001129 107.11297 104.51727
Story 11 33 Top 0.001282 0.001174 0.001182 0.001113 108.46024 105.48068
Story 10 30 Top 0.001248 0.001143 0.001147 0.001078 108.80558 106.02968
Story 9 27 Top 0.001217 0.00111 0.001107 0.001038 109.93677 106.93642
Story 8 24 Top 0.001174 0.001066 0.001057 0.000989 111.06906 107.78564
Story 7 21 Top 0.001127 0.001017 0.001 0.000932 112.7 109.12017
Story 6 18 Top 0.001067 0.000956 0.00093 0.000865 114.73118 110.52023
Story 5 15 Top 0.001002 0.000881 0.00085 0.000784 117.88235 112.37245
Story 4 12 Top 0.000914 0.000783 0.000747 0.000682 122.35609 114.80938
Story 3 9 Top 0.000786 0.000653 0.000617 0.000557 127.3906 117.23519
Story 2 6 Top 0.00058 0.000474 0.000462 0.000409 125.54113 115.89242
Story 1 3 Top 0.000239 0.000204 0.000259 0.000222 92.277992 91.891892
Base 0 Top 0 0 0 0 0 0
Table 7 and Figures A4b and A8b show the max story drifts for a 15-story structure
with and without shear wall opening response spectrum dynamic analysis results. From the
results, it can be observed that the max story drifts obtained by a shear wall with an opening
are higher than that obtained by a shear wall without an opening for all stories. Shear
wall with opening analysis gives 27.39% in the X-direction and 17.23% in the Y-direction
as higher results. It can also be noticed that the difference in max story drifts calculated by
percentage differences with and without a shear wall decreases with the increase in height of
the structure in both directions. This gives an excellent indication that for high-rise buildings
the effect of openings might not be that much compared to low- and mid-rise buildings.
e  Maximum Story Shear
Table 7. Comparison of with and without shear wall opening dynamic analysis max story drift results
for 15-story structures.
G +(}5 R.C with G +15RC .w1thout X-Y-Axis Output
pening Opening
X-Axis Y-Axis X-Axis Y-Axis
Max Story Drifts Max Story Drifts
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m % %
Story 15 45 Top 0.001142 0.001093 0.001141 0.001091 100.08764 100.18332
Story 14 42 Top 0.001214 0.00114 0.001175 0.001118 103.31915 101.9678
Story 13 39 Top 0.001258 0.001169 0.001193 0.001131 105.44845 103.35986
Story 12 36 Top 0.00128 0.00118 0.001195 0.001129 107.11297 104.51727
Story 11 33 Top 0.001282 0.001174 0.001182 0.001113 108.46024 105.48068
Story 10 30 Top 0.001248 0.001143 0.001147 0.001078 108.80558 106.02968
Story 9 27 Top 0.001217 0.00111 0.001107 0.001038 109.93677 106.93642
Story 8 24 Top 0.001174 0.001066 0.001057 0.000989 111.06906 107.78564
Story 7 21 Top 0.001127 0.001017 0.001 0.000932 112.7 109.12017
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Table 7. Cont.

G+15 R.C with G +15RC .w1thout X-Y-Axis Output
Opening Opening
X-Axis Y-Axis X-Axis Y-Axis
Max Story Drifts Max Story Drifts
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m % %
Story 6 18 Top 0.001067 0.000956 0.00093 0.000865 114.73118 110.52023
Story 5 15 Top 0.001002 0.000881 0.00085 0.000784 117.88235 112.37245
Story 4 12 Top 0.000914 0.000783 0.000747 0.000682 122.35609 114.80938
Story 3 9 Top 0.000786 0.000653 0.000617 0.000557 127.3906 117.23519
Story 2 6 Top 0.00058 0.000474 0.000462 0.000409 125.54113 115.89242
Story 1 3 Top 0.000239 0.000204 0.000259 0.000222 92.277992 91.891892
Base 0 Top 0 0 0 0 0 0
Table 8 and Figures A5b and A9b show the max story shear for a 15-story structure with
and without shear wall opening response spectrum dynamic analysis. From the results, it
can be observed that the max story shear obtained by a shear wall with an opening is lower
than that obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis gives 15.03% in the X-direction and 12.7% in the Y-direction as lower results. It can
also be noticed that the difference in max story shear calculated with and without a shear wall
opening increases with the increase in height of the structure In both directions.
e Maximum Overturning Moment
Table 8. Comparison of with and without shear wall opening dynamic analysis max story shear
results for 15-story structures.
G+15 R,C with G +15RC 'w1thout X-Y-Axis Output
Opening Opening
X-Axis Y-Axis X-Axis Y-Axis
Max Story Shear Max Story Shear
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m KN/m KN/m KN/m KN/m % %
Story 15 45 Top 3328.59 3554.1 3902.75 3977.1423 85.28821299 89.36316158
Bottom 3328.59 3554.1 3902.75 3977.1423 85.28821299 89.36316158
Story 14 42 Top 5740.14 6090.17 6695.19 6835.6726 85.73536589 89.09398762
Bottom 5740.14 6090.17 6695.19 6835.6726 85.73536589 89.09398762
Story 13 39 Top 7121.56 7454.53 8212.4 8343.686 86.71725556 89.3434029
Bottom 7121.56 7454.53 8212.4 8343.686 86.71725556 89.3434029
Story 12 36 Top 7831.7 8046.42 8886.66 8917.9213 88.12874365 90.22748384
Bottom 7831.7 8046.42 8886.66 8917.9213 88.12874365 90.22748384
Story 11 33 Top 8147.42 8280.14 9062.08 9020.743 89.90674748 91.78995677
Bottom 8147.42 8280.14 9062.08 9020.743 89.90674748 91.78995677
Story 10 30 Top 8287.47 8396.54 9019.59 8983.2814 91.88303504 93.46846465
Bottom 8287.47 8396.54 9019.59 8983.2814 91.88303504 93.46846465
Story 9 27 Top 8499.82 8566.85 9111.37 9068.4749 93.28802745 94.46844254
Bottom 8499.82 8566.85 9111.37 9068.4749 93.28802745 94.46844254
Story 8 24 Top 8928.7 9009.51 9594.43 9561.6368 93.06131629 94.22563718
Bottom 8928.7 9009.51 9594.43 9561.6368 93.06131629 94.22563718
Story 7 21 Top 9631 9843.38 10,523.1 10,602.9583 91.52228966 92.83614744
Bottom 9631 9843.38 10,523.1 10,602.9583 91.52228966 92.83614744
Story 6 18 Top 10,633.8 10,973.1 11,859.1 12,052.0467 89.66762417 91.04762596
Bottom 10,633.8 10,973.1 11,859.1 12,052.0467 89.66762417 91.04762596
Story 5 15 Top 11,832.6 12,256.6 13,4419 13,674.5031 88.02736954 89.63133512
Bottom 11,832.6 12,256.6 13,4419 13,674.5031 88.02736954 89.63133512
Story 4 12 Top 13,073 13,6124 15,036.9 15,315.2795 86.93952341 88.88092248
Bottom 13,073 13,612.4 15,036.9 15,315.2795 86.93952341 88.88092248
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Table 8. Cont.

G +015 R.C with G +15RC .w1thout X-Y-Axis Output
pening Opening
X-Axis Y-Axis X-Axis Y-Axis
Max Story Shear Max Story Shear
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m KN/m KN/m KN/m KN/m % %
Story 3 9 Top 14,251.3 14,888.1 16,490.7 16,823.99 86.42010228 88.4929972
Bottom 14,251.3 14,888.1 16,490.7 16,823.99 86.42010228 88.4929972
Story 2 6 Top 15,147.6 15,803.5 17,646.6 17,964.7664 85.83859355 87.96933368
Bottom 15,147.6 15,803.5 17,646.6 17,964.7664 85.83859355 87.96933368
Story 1 3 Top 15,517.4 16,174.8 18,262.1 18,527.2085 84.97040743 87.30285299
Bottom 15,517.4 16,174.8 18,262.1 18,527.2085 84.97040743 87.30285299
Story 0 0 Top 0 0 0 0 0 0
Bottom 0 0 0 0 0 0
Table 9 and Figures A5a and A9a show the overturning moment for a 15-story structure
with and without a shear wall opening response spectrum dynamic analysis. From the
results, it can be observed that the overturning moment obtained by a shear wall with an
opening is lower than that obtained by a shear wall without an opening for all stories. Shear
wall with opening analysis gives 10.64% in the X-direction and 14.71% in the Y-direction as
lower results. It can also be noticed that the difference in overturning moment calculated
with and without a shear wall opening decreases with the increase in height of the structure
in both directions. This gives an excellent indication that for high-rise buildings the effect
of openings might not be that much compared to low- and mid-rise buildings.
e  Story Stiffness
Table 9. Comparison of with and without shear wall opening dynamic analysis max overturning
moment results for 15-story structures.
G +015 R.C with G +15RC .w1thout X-Y-Axis Output
pening Opening
X-Axis Y-Axis X-Axis Y-Axis
Overturning Moment Overturning Moment
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m KN/m KN/m KN/m KN/m % %
Story 15 45 Top 0 0 0 0 0 0
Story 14 42 Top 10,662.3 9985.7682  11,931.427  11,708.263 89.363162 85.288214
Story 13 39 Top 28,884.19  27,142.432  32,391.103  31,726.68 89.173221 85.550812
Story 12 36 Top 50,945.642 4814529  57,128996  55,976.906 89.176504 86.009202
Story 11 33 Top 74,092,672 70,621.037  82,905.189  81,520.645 89.370368 86.629635
Story 10 30 Top 96,721.51  93,073.904 107,701.67  106,463.53 89.805026 87.423279
Story 9 27 Top 118,058.8  114,607.96  130,471.76  129,637.42 90.486092 88.406542
Story 8 24 Top 137,854.98 13490442  150,872.21  150,594.73 91.372015 89.581106
Story 7 21 Top 156,388.37  154,201.21  169,283.33  169,695.58 92.382614 90.869317
Story 6 18 Top 174,530.84  173,160.17  186,884.1  187,979.43 93.389879 92.116551
Story 5 15 Top 193,572.1  192,796.92  205,472.61  207,006.64 94.208228 93.135623
Story 4 12 Top 214,805.73  214,340.56  227,018.45  228,632.79 94.660029 93.748828
Story 3 9 Top 239,72497  238,907.61  253,180.7  254,510.69 94.685326 93.869384
Story 2 6 Top 268,892.43  267,255.46  284,953.79  285,632.13 94.363522 93.566314
Story 1 3 Top 302,499.31  299,573.61  322,395.38  322,149.65 93.828672 92.992066
Base 0 Top 339,778.72  335275.79  364,569.2  363,315.93 93.200063 92.28216

Table 10 and Figures A6 and A10 show the story stiffness for 15-story structure with and
without a shear wall opening response spectrum dynamic analysis. From the results, it can be
observed that the story stiffness obtained by a shear wall with an opening is lower than that
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obtained by a shear wall without an opening for all stories. Shear wall with opening analysis
gives 25.48% in the X-direction and 20.59% in the Y-direction as lower results at story 2. It can
also be noticed that the difference in story stiffness calculated with and without a shear wall
opening varies with the increase in height of the structure in both directions.

Table 10. Comparison of with and without shear wall opening dynamic analysis max story stiffness
results for 15-story structures.

G +15 RC with G + 15 RC without

X-Y-Axis Output

Opening Opening
X-Axis Y-Axis X-Axis Y-Axis
Story Stiffness Story Stiffness
. . . . . . With vs. Without Shear ~ With vs. Without Shear
Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis Wall Opening X-Axis Wall Opening Y-Axis
m KN/m KN/m KN/m KN/m % %o
Story 15 45 Top 1,064,3204 1,071,233.4 1,243,754.3 1,219,373.4 85.573201 87.851138
Story 14 42 Top 1,748,285.5 1,771,981.3 2,068,494  2,044,364.1 84.519728 86.676402
Story 13 39 Top 2,110,763.6  2,129,096.7 2,497,447  246,7981.7 84.51685 86.268737
Story 12 36 Top 2,299,928.7 2,285950.9 2,695,627.8 2,641,784.2 85.320707 86.53057
Story 11 33 Top 2,410,529.3 2,384,282 2,778,993.7  2710,407 86.741083 87.967671
Story 10 30 Top 2,515,184.4 2,486,868.9 2,848589.2 2,786,111.3 88.295792 89.259498
Story 9 27 Top 2,655,818  2,622,940.2 2,982,4043 2,922,177.4 89.049562 89.759785
Story 8 24 Top 2,895,568.6 2,875,181.6 3,285,3285 3,233,806.7 88.13635 88.910125
Story 7 21 Top 3,268,264  3,313,154.3 3,805,207.2 3,804,871.8 85.889253 87.076636
Story 6 18 Top 3,815,887  3953,776.6 4,597,455  4,659,724.1 82.999985 84.850014
Story 5 15 Top 4,562,071.3 4,857,171.1 5,685,850.5 5,835,069.9 80.235513 83.241009
Story 4 12 Top 5,602,686.9 6,205356.4 7,203,677  7,503,307.2 77.775377 82.701617
Story 3 9 Top 7,390,724.1  8,516,175.4  9,501,555.3 10,104,998 77.784362 84.276864
Story 2 6 Top 10,066,304  11,665455 13,507,644 14,689,379 74.523018 79.414217
Story 1 3 Top 23,452,851 26,533,469 24,809,272 27,929,484 94.532604 95.001644
Base 0 Top 0 0 0 0 0 0

3.2. Sample 50-Story RC Building Results
Global Responses of 50-Story Building with and without Shear Wall Opening Results

e  CM Displacement for Diaphragm D1

Figures Alla, Al5a, A19a, A13a and A27a show the CM displacement for diaphragm
D1 for a 50-story structure with and without a shear wall opening and framed structure
response spectrum dynamic analysis global responses. From the results it can be observed
that the CM displacement for diaphragm D1 obtained by a shear wall with an opening is
higher than that obtained by a shear wall without an opening for all stories. Shear wall with
opening analysis of case-1 gives 5.45% in the X-direction and 4.83% in the Y-direction as
higher results. Case-2 gives 9.33% in the X-direction and 8.19% in the Y-direction as higher
results. Case-3 gives 20.36% in the X-direction and 18.03% in the Y-direction as higher
results. Case-4 gives a surprising result that for a framed structure the CM displacement
of the bottom part of the structure is extremely high compared with the case-5 building
with a shear wall without an opening with 36.434% in the X-direction and 44.54% in the
Y-direction as higher results. At the same time, case-4 gives a surprising result that for
a framed structure the percentage difference for displacement for the upper part of the
structure is extremely low compared with the case-5 building with a shear wall without an
opening with 14.61% in the X-direction and 12.43% in the Y-direction as lower results at
story 30. It can also be noticed that the difference in the percentage of CM displacement
for diaphragm D1 calculated with and without a shear wall opening decreases with the
increase in height of the structure in both directions. This gives an excellent indication
that, for high-rise buildings, introducing shear walls and openings is not the final and
only solution for seismic-prone areas. It is necessary to look for other advanced lateral
force-resisting systems such as viscous damping and other relevant technologies.
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e Dirifts for Diaphragm D1

Figures A11b, A15b, A19b, A23b and A27b show the drifts for diaphragm D1 for a
50-story structure with and without a shear wall opening and framed structure response
spectrum dynamic analysis global responses. From the results it can be observed that
the drifts for diaphragm D1 obtained by a shear wall with an opening are higher than
those obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis of case-1 gives 7.44% in the X-direction and 6.06% in the Y-direction as higher
results. Case-2 gives 12.23% in the X-direction and 9.82% in the Y-direction as higher results.
Case-3 gives 34.96% in the X-direction and 24.31% in the Y-direction as higher results.
Case-4 gives a surprising result that for a framed structure the drifts for diaphragm D1
of the bottom part of the structure are extremely high compared with the case-5 building
with a shear wall without an opening with 33.24% in the X-direction and 45.66% in the
Y-direction as higher results. At the same time, case-4 gives a surprising result that for
a framed structure the percentage difference for drifts for diaphragm for the upper part
of the structure is extremely low compared with the case-5 building with a shear wall
without an opening with 25.09% in the X-direction and 20.7% in the Y-direction as lower
results at story 30. It can also be noticed that the difference in the percentage of drifts
for diaphragm D1 calculated with and without a shear wall opening decreases with the
increase in height of the structure in both directions. This gives an excellent indication
that, for high-rise buildings, introducing shear walls and openings is not the final and
only solution for seismic-prone areas. It is necessary to look for other advanced lateral
force-resisting systems such as viscous damping and other relevant technologies.

e  Maximum Story Displacement

Figures Al2a, Al6a, A20a, A24a and A28a show the max story displacement for a
50-story structure with and without a shear wall opening and framed structure response
spectrum dynamic analysis global responses. From the results, it can be observed that
the max story displacement obtained by a shear wall with an opening is higher than that
obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis of case-1 gives 6.51% in the X-direction and 5.16% in the Y-direction as higher
results. Case-2 gives 10.58% in the X-direction and 8.24% in the Y-direction as higher results.
Case-3 gives 26.11% in the X-direction and 18.76% in the Y-direction as higher results.
Case-4 gives a surprising result that for a framed structure the max story displacement
of the bottom part of the structure is extremely high compared with the case-5 building
with a shear wall without an opening with 31.28% in the X-direction and 44.25% in the
Y-direction as higher results. At the same time, case-4 gives a surprising result that for
a framed structure the percentage difference for max story displacement for the upper
part of the structure is extremely low compared with the case-5 building with a shear wall
without an opening with 17.51% in the X-direction and 12.44% in the Y-direction as lower
results at story 29. It can also be noticed that the difference in the percentage of max story
displacement calculated with and without shear wall openings decreases with the increase
in height of the structure in both directions. This gives an excellent indication that for
high-rise buildings introducing shear walls and openings is not the final and only solution
for seismic-prone areas. It is important to look for other advanced lateral force-resisting
systems such as viscous damping and other relevant technologies.

e  Maximum Story Drift

Figures A12b, A16b, A20b, A24b and A28b show the max story drifts for a 50-story
structure with and without a shear wall opening and framed structure response spectrum
dynamic analysis global responses. From the results, it can be observed that the max story
drifts obtained by a shear wall with an opening is higher than that obtained by a shear
wall without an opening for all stories. Shear wall with opening analysis of case-1 gives
7.44% in the X-direction and 7.06% in the Y-direction as higher results. Case-2 gives 12.23%
in the X-direction and 9.82% in the Y-direction as higher results. Case-3 gives 34.96% in
the X-direction and 24.31% in the Y-direction as higher results. Case-4 gives a surprising
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result as, for a framed structure, the max story drifts of the bottom part of the structure are
extremely high compared with the case-5 building with a shear wall without an opening
with 33.24% in the X-direction and 45.66% in the Y-direction as higher results. At the same
time, case-4 gives a surprising result that for a framed structure the percentage difference
for max story drifts for the upper part of the structure is extremely low compared with
the case-5 building with a shear wall without an opening with 25.08% in the X-direction
and 20.697% in the Y-direction as lower results at story 50. It can also be noticed that the
difference in the percentage of max story drifts calculated with and without shear wall
openings decreases with the increase in height of the structure in both directions. This gives
an excellent indication that for high-rise buildings introducing shear walls and openings
is not the final and only solution for seismic-prone areas. Once again, it Is Important to
look for other advanced lateral force-resisting systems such as viscous damping and other
relevant technologies.

e  Maximum Story Shear

Figures Al13a, A17a, A21a, A25a and A29a show the max story shear for a 50-story
structure with and without a shear wall opening and framed structure response spectrum
dynamic analysis global responses. From the results it can be observed that the max story
shear obtained by a shear wall with an opening is lower than that obtained by a shear
wall without an opening for all stories. Shear wall with opening analysis of case-1 gives
3.22% in the X-direction and 3.63% in the Y-direction as lower results. Case-2 gives 5.32%
in the X-direction and 4.98% in the Y-direction as lower results. Case-3 gives 13.74% in
the X-direction and 11.48% in the Y-direction as higher results. Case-4 gives a surprising
result that, for a framed structure, the max story shear of the bottom part of the structure
is much lower compared with the case-5 building with a shear wall without an opening
with 55.52% in the X-direction and 55.91% in the Y-direction as lower results. At the same
time, case-4 gives a surprising result that for framed structure the percentage difference
for max story shear for the upper part of the structure is extremely low compared with
the case-5 building with a shear wall without an opening. It can also be noticed that the
difference in the percentage of max story shear calculated with and without shear wall
openings decreases with the increase in height of the structure in both directions. This
result gives an Indication that for high-rise buildings introducing a shear wall can enhance
the shear capacity of the building by over 50% more than that of framed structures, which
is extremely important in earthquake-prone areas.

e Maximum Overturning Moment

Figures A13b, A17b, A21b, A25b and A29b show the overturning moment for a 50-
story structure with and without a shear wall opening and framed structure response
spectrum dynamic analysis global responses. From the results, it can be observed that the
overturning moment obtained by a shear wall with an opening is lower than that obtained
by a shear wall without an opening for all stories. Shear wall with opening analysis of
case-1 gives 3.53% in the X-direction and 3.74% in the Y-direction as lower results. Case-2
gives 4.85% in the X-direction and 5.198% in the Y-direction as lower results. Case-3 gives
11.54% in the X-direction and 13.68% in the Y-direction as lower results. Case-4 gives a
surprising result that for a framed structure the overturning moment of the bottom part of
the structure is much lower compared with the case-5 building with a shear wall without
an opening with 55.91% in the X-direction and 55.53% in the Y-direction as lower results.
At the same time, case-4 gives a surprising result that for a framed structure the percentage
difference for the overturning moment for the upper part of the structure is extremely low
compared with the case-5 building with a shear wall without an opening. It can also be
noticed that the difference in the percentage of the overturning moment calculated with and
without shear wall openings decreases with the increase in height of the structure in both
directions. This result gives an excellent indication that for high-rise buildings introducing
a shear wall can enhance the moment capacity of the building by over 50% more than that
of over-framed structures, which is extremely important in earthquake-prone areas.
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e  Story Stiffness

Figures Al4, A18, A22, A26 and A30 show the story stiffness for a 50-story structure
with and without a shear wall opening and framed structure response spectrum dynamic
analysis global responses. From the results, it can be observed that the story stiffness
obtained by a shear wall with an opening is lower than that obtained by a shear wall
without an opening for all stories. Shear wall with opening analysis of case-1 gives 10.3%
in the X-direction and 10.45% in the Y-direction as lower results. Case-2 gives 12.03% in
the X-direction and 12.07% in the Y-direction as lower results. Case-3 gives 22% in the
X-direction and 17.37% in the Y-direction as lower results. Case-4 gives a surprising result
that for a framed structure the story stiffness of the bottom part of the structure is much
lower compared with the case-5 building with a shear wall without an opening with 63.19%
in the X-direction and 63.4% in the Y-direction as lower results. At the same time, case-4
gives a surprising result that for a framed structure the percentage difference for the story
stiffness for the upper part of the structure is extremely low compared with the case-5
building with a shear wall without an opening. It can also be noticed that the difference in
the percentage of story stiffness calculated with and without shear wall openings decreases
with the increase in height of the structure in both directions. This result gives an excellent
indication that for high-rise buildings introducing a shear wall can enhance the stiffness
capacity of the building by over 63% more than over-framed structures, which is extremely
important in earthquake-prone areas.

4. Discussion

After performing response spectrum analysis for fifteen-story structures with case-1
and case-2 shear wall opening types and with five cases for fifty-story structures, the
obtained results were compared based on five factors, i.e., displacement, story drift, base
shear, story shear, and story moment.

Figure 7 shows the CM displacement for diaphragm D1 for a 15-story structure with
and without a shear wall opening response spectrum analysis outputs. From the results, it
can be observed that the CM displacement for diaphragm D1 obtained by a shear wall with
the opening is higher than that obtained by a shear wall without an opening for all stories.
Shear wall with opening analysis gives a maximum of 15% in the X-direction and 12.38%
in the Y-direction as higher results at the location of story 4. It can also be noticed that the
percentage difference in CM displacement for diaphragm D1 calculated with and without
shear wall openings decreases with the increase in height of the structure in both directions.
This gives an excellent indication that for high-rise buildings the effect of openings might
not be that much compared to low- and mid-rise buildings.

CM Displacement for Diaphragm D1

G415 RC with Opening X-Asis CM Displacement or Diaphragm DI #G#15 RC with Opening Y-Axis CM Displacement fr Dihragm D1

#G+15 RC Without Opening X-Axis ‘GH1SRC Without Opening Y-Axis
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Figure 7. G + 15 RC with opening X-Axis CM Displacement for Diaphragm D1; G + 15 RC without
Opening X-Axis; Linear (G + 15 RC with Opening X-Axis CM Displacement for Diaphragm D1).
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Figure 8 shows the drifts for diaphragm D1 for the 15-story structure with and without
shear wall opening response spectrum dynamic analysis global responses. From the results,
it can be observed that the drifts for diaphragm D1 obtained by a shear wall with the opening
is higher than that obtained by a shear wall without an opening for all stories. Shear wall
with opening analysis gives 27.39% in the X-direction and 17.23% in the Y-direction as higher
results. It can also be noticed that the difference in drifts for diaphragm D1 calculated with
and without a shear wall opening decreases with the increase in height of the structure in
both directions. This gives an excellent indication that for high-rise buildings the effect of
openings might not be that much compared to low- and mid-rise buildings.
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Figure 8. G + 15 RC with opening X-Axis Drifts for Diaphragm D1; G + 15 RC without Opening X-Axis.

Figure 9 shows the max story displacement for the 15-story structure with and without
a shear wall opening response spectrum analysis global responses. From the results it can
be observed that the max story displacement obtained by a shear wall with an opening is
higher than that obtained by a shear wall without an opening for all stories. Shear wall
with opening analysis gives a maximum of 21.13% in the X-direction and 13.33% in the
Y-direction as higher results in story 4. It can also be noticed that the percentage difference
in max story displacement calculated with and without shear wall openings decreases with
the increase in height of the structure in both directions. This gives an excellent indication
that for high-rise buildings the effect of openings might not be that much compared to low-
and mid-rise buildings.
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Figure 9. G + 15 RC with opening X-Axis Max Story Displacement; G + 15 RC without Opening X-Axis.

Figure 10 shows the max story drifts for the 15-story structure with and without a
shear wall opening response spectrum dynamic analysis results. From the results it can be

79



Buildings 2023, 13, 1303

observed that the max story drifts obtained by a shear wall with an opening is higher than
that obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis gives 27.39% in the X-direction and 17.23% in the Y-direction as higher results.
It can also be noticed that the percentage difference in max story drifts calculated with
and without shear wall openings decreases with the increase in height of the structure in
both directions. This gives an excellent indication that for high-rise buildings the effect of
openings might not be that much compared to low- and mid-rise buildings.
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Figure 10. G + 15 RC with opening X-Axis Max Story Drifts; G + 15 RC with Opening X-Axis Max
Story Drifts.

Figure 11 shows the max story shear for the 15-story structure with and without a
shear wall opening response spectrum dynamic analysis results. From the results, it can be
observed that the max story shear obtained by a shear wall with an opening is lower than
that obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis gives 15.03% in the X-direction and 12.7% in the Y-direction as lower results. It can
also be noticed that the difference in max story shear calculated with and without shear
wall openings increases with the increase in height of the structure in both directions.

Max. Story Shear
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Figure 11. G + 15 RC with opening X-Axis Max Story Shear; G + 15 RC with Opening X-Axis Max
Story Shear.
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From the 15-story structure with and without a shear wall opening response spectrum
dynamic analysis results, it can be observed that the overturning moment obtained by a
shear wall with an opening is lower than that obtained by a shear wall without an opening
for all stories. Shear wall with opening analysis gives 10.64% in the X-direction and 14.71%
in the Y-direction as lower results. It can also be noticed that the difference in overturning
moment calculated with and without a shear wall opening decreases with the increase
in height of the structure in both directions. This gives an excellent indication that for
high-rise buildings the effect of openings might not be that much compared to low- and
mid-rise buildings.

From the story stiffness for the 15-story structure with and without a shear wall
opening response spectrum dynamic analysis results, it can be observed that the story
stiffness obtained by a shear wall with an opening is lower than that obtained by a shear
wall without an opening for all stories. Shear wall with opening analysis gives 25.48%
in the X-direction and 20.59% in the Y-direction as lower results at story 2. It can also
be noticed that the difference in story stiffness calculated with and without a shear wall
opening varies with the increase in height of the structure in both directions.

From the CM displacement for diaphragm D1 for the 50-story structure with and
without a shear wall opening and framed structure response spectrum dynamic analysis
global results, it can be observed that the CM displacement for diaphragm D1 obtained by a
shear wall with an opening is higher than that obtained by a shear wall without an opening
for all stories. Shear wall with opening analysis of case-1 gives 5.45% in the X-direction and
4.83% in the Y-direction as higher results. Case-2 gives 9.33% in the X-direction and 8.19%
in the Y-direction as higher results. Case-3 gives 20.36% in the X-direction and 18.03% in the
Y-direction as higher results. Case-4 gives a surprising result that for a framed structure the
CM displacement of the bottom part of the structure is extremely high compared with the
case-5 building with a shear wall without an opening with 36.434% in the X-direction and
44.54% in the Y-direction as higher results. At the same time, case-4 gives a surprising result
that for a framed structure the percentage difference for displacement for the upper part of
the structure is extremely low compared with the case-5 building with a shear wall without
an opening with 14.61% in the X-direction and 12.43% in the Y-direction as lower results
at story 30. It can also be noticed that the difference in percentage of CM displacement
for diaphragm D1 calculated with and without a shear wall opening decreases with the
increase in height of the structure in both directions. This gives an excellent indication
that for high-rise buildings introducing shear walls and openings is not the final and only
solution for seismic-prone areas. We have to look for other advanced lateral force-resisting
systems such as viscous damping and other relevant technologies.

From the drifts for diaphragm D1 for the 50-story structure with and without a shear
wall opening and framed structure response spectrum dynamic analysis global results it
can be observed that the drifts for diaphragm D1 obtained by a shear wall with an opening
is higher than that obtained by a shear wall without an opening for all stories. Shear wall
with opening analysis of case-1 gives 7.44% in the X-direction and 6.06% in the Y-direction
as higher results. Case-2 gives 12.23% in the X-direction and 9.82% in the Y-direction as
higher results. Case-3 gives 34.96% in the X-direction and 24.31% in the Y-direction as
higher results. Case-4 gives a surprising result that for a framed structure the drifts for
diaphragm D1 of the bottom part of the structure are extremely high compared with the
case-5 building with a shear wall without an opening with 33.24% in the X-direction and
45.66% in the Y-direction as higher results. At the same time, case-4 gives a surprising
result that for a framed structure the percentage difference for drifts for diaphragm for
the upper part of the structure Is extremely low compared with the case-5 building with a
shear wall without an opening with 25.09% in the X-direction and 20.7% in the Y-direction
as lower results at story 30. It can also be noticed that the difference in the percentage of
drifts for diaphragm D1 calculated with and without a shear wall opening decreases with
the increase in height of the structure in both directions. This gives an excellent indication
that for high-rise buildings introducing shear walls and openings is not the final and only
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solution for seismic-prone areas. We have to look for other advanced lateral force-resisting
systems such as viscous damping and other relevant technologies.

From the max story displacement for the 50-story structure with and without a shear
wall opening and framed structure response spectrum dynamic analysis results, it can be
observed that the max story displacement obtained by a shear wall with an opening is
higher than that obtained by a shear wall without an opening for all stories. Shear wall
with opening analysis of case-1 gives 6.51% in the X-direction and 5.16% in the Y-direction
as higher results. Case-2 gives 10.58% in the X-direction and 8.24% in the Y-direction as
higher results. Case-3 gives 26.11% in the X-direction and 18.76% in the Y-direction as
higher results. Case-4 gives a surprising result that for a framed structure the max story
displacement of the bottom part of the structure is extremely high compared with the case-5
building with a shear wall without an opening with 31.28% in the X-direction and 44.25%
in the Y-direction as higher results. At the same time, case-4 gives a surprising result that
for a framed structure the percentage difference for the max story displacement for the
upper part of the structure is extremely low compared with the case-5 building with a
shear wall without an opening with 17.51% in the X-direction and 12.44% in the Y-direction
as lower results at story 29. It can also be noticed that the difference in the percentage of
max story displacement calculated with and without shear wall openings decreases with
the increase in height of the structure in both directions. This gives an excellent indication
that for high-rise buildings introducing a shear wall and openings is not the final and only
solution for seismic-prone areas. We have to look for other advanced lateral force-resisting
systems such as viscous damping and other relevant technologies.

From the max story drifts for the 50-story structure with and without a shear wall
opening and framed structure response spectrum dynamic analysis results, it can be
observed that the max story drifts obtained by a shear wall with an opening are higher
than those obtained by a shear wall without an opening for all stories. Shear wall with
opening analysis of case-1 gives 7.44% in the X-direction and 7.06% in the Y-direction as
higher results. Case-2 gives 12.23% in the X-direction and 9.82% in the Y-direction as higher
results. Case-3 gives 34.96% in the X-direction and 24.31% in the Y-direction as higher
results. Case-4 gives a surprising result for a framed structure as the max story drifts of the
bottom part of the structure are extremely high compared with the case-5 building with a
shear wall without an opening with 33.24% in the X-direction and 45.66% in the Y-direction
being the highest results. At the same time, case-4 gives a surprising result that for a framed
structure the percentage difference for max story drifts for the upper part of the structure is
extremely low compared with the case-5 building with a shear wall without an opening
with 25.08% in the X-direction and 20.697% in the Y-direction as lower results at story 50. It
can also be noticed that the difference in the percentage of max story drifts calculated with
and without shear wall openings decreases with the increase in height of the structure in
both directions. This gives an excellent indication that for high-rise buildings introducing
shear walls and openings is not the final and only solution for seismic-prone areas. We
have to look for other advanced lateral force-resisting systems such as viscous damping
and other relevant technologies.

From the max story shear for the 50-story structure with and without a shear wall
opening and framed structure response spectrum dynamic analysis results, it can be
observed that the max story shear obtained by a shear wall with an opening is lower than
that obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis of case-1 gives 3.22% in the X-direction and 3.63% in the Y-direction as lower results.
Case-2 gives 5.32% in the X-direction and 4.98% in the Y-direction as lower results. Case-3
gives 13.74% in the X-direction and 11.48% in the Y-direction as higher results. Case-4 gives
a surprising result that for a framed structure the max story shear of the bottom part of the
structure is much lower compared with the case-5 building with a shear wall without an
opening provided with 55.52% in the X-direction and 55.91% in the Y-direction as lower
results. At the same time, case-4 gives a surprising result that for a framed structure the
percentage difference for max story shear for the upper part of the structure is extremely
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low compared with the case-5 building with a shear wall without an opening. It can also
be noticed that the difference in the percentage of max story shear calculated with and
without shear wall openings decreases with the increase in height of the structure In both
directions. This result gives an excellent indication that for high-rise buildings the effect of
introducing shear wall can enhance the shear capacity of the building by over 50% more
than over-framed structures, which is extremely important in earthquake-prone areas.

From the overturning moment for the 50-story structure with and without s shear wall
opening and framed structure response spectrum dynamic analysis results it can be observed
that the overturning moment obtained by a shear wall with an opening is lower than that
obtained by a shear wall without an opening for all stories. Shear wall with opening analysis
of case-1 gives 3.53% in the X-direction and 3.74% in the Y-direction as lower results. Case-2
gives 4.85% in the X-direction and 5.198% in the Y-direction as lower results. Case-3 gives
11.54% in the X-direction and 13.68% in the Y-direction as lower results. Case-4 gives a
surprising result that for a framed structure the overturning moment of the bottom part of
the structure is much lower compared with the case-5 building with a shear wall without
an opening with 55.91% in the X-direction and 55.53% in the Y-direction as lower results.
At the same time, case-4 gives a surprising result that for a framed structure the percentage
difference for the overturning moment for the upper part of the structure is extremely low
compared with the case-5 building with a shear wall without an opening. It can also be
noticed that the difference in percentage of the overturning moment calculated with and
without shear wall openings decreases with the increase in height of the structure in both
directions. This result gives an excellent indication that for high-rise buildings the effect of
introducing a shear wall can enhance the moment capacity of the building by over 50% more
than over-framed structures, which is extremely important in earthquake-prone areas.

From the story stiffness for the 50-story structure with and without a shear wall
opening and framed structure response spectrum dynamic analysis results, it can be
observed that the story stiffness obtained by a shear wall with an opening is lower than
that obtained by a shear wall without an opening for all stories. Shear wall with opening
analysis of case-1 gives 10.3% in the X-direction and 10.45% in the Y-direction as lower
results. Case-2 gives 12.03% in the X-direction and 12.07% in the Y-direction as lower results.
Case-3 gives 22% in the X-direction and 17.37% in the Y-direction as lower results. Case-4
gives a surprising result that for a framed structure story stiffness of the bottom part of the
structure is much lower compared with the case-5 building with a shear wall without an
opening with 63.19% in the X-direction and 63.4% in the Y-direction as lower results. At
the same time, case-4 gives a surprising result that for a framed structure the percentage
difference for story stiffness for the upper part of the structure is extremely low compared
with the case-5 building with a shear wall without an opening. It can also be noticed that
the difference in the percentage of story stiffness calculated with and without shear wall
openings decreases with the increase in height of the structure in both directions. This result
gives an excellent indication that for high-rise buildings the effect of introducing a shear
wall can enhance the stiffness capacity of the building by over 63% more than over-framed
structures, which is extremely important in earthquake-prone areas. The result also gives
an excellent indication that for high-rise buildings the effect of introducing a shear wall
can enhance the moment capacity of the building by over 50% more than over-framed
structures, which is extremely important in earthquake-prone areas.

5. Conclusions

From intensive analysis and study of case-1 and case-2 for 15-story RC buildings and
case-1-5 for 50-story buildings with a type-I response spectrum as per ES8-15 corresponding
to Eurocode 8-2004 standards (based on EN 1998-1) [54] for seismic code recommenda-
tions, it is concluded that the overall performance of the building was enhanced by the
introduction of a shear wall. Case-4 gives a surprising result that for a framed structure
the story stiffness of the bottom part of the structure is much lower compared with the
case-5 building with a shear wall without an opening with 63.19% in the X-direction and
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63.4% in the Y-direction as lower results. At the same time, case-4 gives a surprising result
that for a framed structure the percentage difference for story stiffness for the upper part
of the structure is extremely low compared with the case-5 building with a shear wall
without an opening. It can also be noticed that the difference in the percentage of story
stiffness calculated with and without shear wall openings decreases with the increase in
height of the structure in both directions. This result gives an excellent indication that
for high-rise buildings the effect of introducing a shear wall can enhance the stiffness
capacity of the building by over 63% more than over-framed structures, which is extremely
Important In earthquake-prone areas. The result also gives an excellent indication that
for high-rise buildings the effect of introducing a shear wall can enhance the moment and
shear capacity of the building by over 50% more than over-framed structures, which is
extremely important in earthquake-prone areas.

Case-4 gives a surprising result that for a framed structure the max story drifts of the
bottom part of the structure are extremely high compared with the case-5 building with a
shear wall without an opening with 33.24% in the X-direction and 45.66% in the Y-direction
being the higher results. At the same time, case-4 gives a surprising result that for a framed
structure the percentage difference for max story drifts for the upper part of the structure is
extremely low compared with the case-5 building with the shear wall without an opening
with 25.08% in the X-direction and 20.697% in the Y-direction as lower results at story 50. It
can also be noticed that the difference in the percentage of max story drifts calculated with
and without shear wall openings decreases with the increase in height of the structure in
both directions. This gives an excellent indication that for high-rise buildings introducing
shear walls and openings is not the final and only solution for seismic-prone areas. It is
very important to look for other advanced lateral force-resisting systems such as viscous
damping and other relevant technologies. It is also concluded that the total deflection
of the building is reduced if the shear wall opening is at a higher story. The size and
location of the shear wall opening have a tremendous effect on the overall performance
of a structure. In general, the story shear, stiffness, drift, overturning moment, and shear
force parameters were higher for structures with shear walls, hence it is concluded that
the introduction of shear walls with appropriate opening size and location is extremely
important in earthquake-prone areas.
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Appendix A

Convertto User Defined

Figure A1l. Target Response spectrum as per ES EN 1998-1:2015 [54].
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Figure A2. Shape of the elastic Response Spectrum as per ES EN 1998-1:2015.

Table A1. Elastic response spectra as per ES EN 1998-1:2015.

Ground Type S Tg(S) Tc(S) Tp(S)
A 1.0 0.05 0.25 1.2
B 1.35 0.05 0.25 1.2
C 15 0.10 0.25 1.2
D 1.8 0.10 0.30 1.2
E 1.6 0.05 0.25 1.2

Table A2. Values of the parameters describing the recommended Type-II elastic response spectra as
per ES EN 1998-1:2015.

Ground Type S Tg(S) Tc(S) Tp(S)
A 1.0 0.15 04 2.0
B 1.2 0.15 0.5 2.0
C 1.15 0.20 0.6 2.0
D 1.35 0.20 0.8 2.0
E 14 0.15 0.5 2.0
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Appendix B

ETABS Output Result.
G + 15 ETABS Output Result for Shear Wall Without Opening.
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Figure A3. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.
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Figure A5. (a) Story Overturning Moment; (b) Story Shear.
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G + 50 ETABS Output Result for Shear Wall Without Opening.
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Figure A1l. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.
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Figure A13. (a) Story Overturning Moment; (b) Story Shear.

Srory Srirrress
Storyso

Storyas
Storyao
Storyas
Story30
Storyas
Story=0
Storyas
Storvio

Stons

co =20 @20 ©© =0 100 120 140 160 E-s
Stiffness. KN/m

Figure Al4. Story Stiffness.

88



Buildings 2023, 13, 1303

Storvso

Storyas

Storyao

Storyas

Story30

Story2s

Story=0

Storyis

Storyio

Stons

Storyso

Storyas

Storyao

Storyas

Storys0

Story2s

Storyzo

Story1s

Story10

Stons

Storyso

Storyas

Storyao

Storyas

Story30

Storv=s

Storyzo

Storyas

Storyio

Storvs

G + 50 ETABS Output Result for Shear Wall With Opening Case-1.

ror
Storyso -

Storyas

Storyao

Storyas -

Story30 -

Story2s

Storyz0 |

Storyis

Storyio -

Stonys

D7

26 40 eo =0 160 120 140 160 180 =00 ©

Displacement, mm

(@)

50 © 20 © 40 © GO © 8O 1 0O 1 20 1 40 1 GO 1 80 = 0O =3
Drift, Unitless

(b)

Figure A15. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Srory

Storyso -
Storyas
Storyao
Storyas
Story30 |
Storv2s |
Storyzo |
Storvis
Storvio

Stonys |

3

Zo <0 o ®o 160 120 140 160 180 =00 o

Displacement, mm
()
Figure A16. (a) Maximum Story Displacement

Srory Overtwrming Morrernt
Storyso —

Storyas |
Storyso |
Storyas |
Story30
Storv2s
Storvz0 |
Storvis |
Storvio |

Storys

S0 0 20 0 40 0 G0 0 80 1 60 1 20 1 40 1 GO 1 80 = 0O E-3

Drift, Unitless

(b)

; (b) Maximum Story Drifts.

Srory Shears

So 1060 150 =060 =<0 =00 550 <00 <50 S00 =-3 o

Moment, kN-m

@

S0 0 80 1 6o = 40 3 20 4 00 4 80 S 60 © 40 7 20 8 00 =-3

Force. kN

(b)

Figure A17. (a) Story Overturning Moment; (b) Story Shear.

Srory Sziffrress
Storyso

Storyas
Storyao
Story3s
Storv30
Story2s
Storyzo
Storvis
Storvio

Storvs

oo 1s o a4as so 7s

Stiffness, kKN/m

Figure A18. Story Stiffness.

89

oo 105120 13 s



Buildings 2023, 13, 1303

G + 50 ETABS Output Result for Shear Wall With Opening Case-2.
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Figure A19. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.
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G + 50 ETABS Output Result for Shear Wall With Opening Case-3.
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Abstract: The emergence of immersive technologies, such as virtual reality (VR) headsets, has revo-
lutionized the way we experience the physical world by creating a virtual, interactive environment.
In the field of education, this technology has immense potential to provide students with a safe and
controlled environment in which to experience real-world scenarios that may be otherwise unfeasible
or unsafe. However, limited research exists on the effectiveness of integrating immersive technologies
into technical education delivery. This research investigated the potential use of immersive virtual
reality (IVR) in university-level construction management courses, with a focus on integrating IVR
technology into traditional education for construction project planning and control. The experiment
involved comparing the students’ learning and understanding of the subject matter using a set of
two-dimensional construction drawings and a critical path method (CPM)-based construction sched-
ule, with and without the use of an immersive environment. The findings suggested that the use of
immersive technology significantly improved the students” ability to understand technical concepts
and identify any errors in the construction sequence when compared to traditional teaching methods.
This paper presents the details of the experiment and a comparative analysis of both approaches in
terms of students’ learning and understanding of project planning, sequencing, and scheduling.

Keywords: immersive technologies; virtual reality; technical education; construction project planning;
construction sequencing; construction scheduling; comparative analysis

1. Introduction

Engineering education amalgamates related research and technical education to foster
technological and educational innovation, thereby enhancing problem-solving abilities
and creativity among recent graduates entering the technical workforce. The 2019 Degree
Survey by the Ministry of Education (MoE) in the United Arab Emirates (UAE) identified
engineering as the most sought-after degree program. According to the Knowledge and
Human Development Authority (KHDA)—MOoE, over 9000 engineering students are cur-
rently enrolled in various institutions across the UAE, and this number is anticipated to
significantly escalate [1]. These statistics underscore the criticality of a technically skilled
workforce and the indispensability of quality engineering education in the UAE.

Conventional approaches to engineering instruction are limited in their ability to
provide students with exposure to practical applications of their field-specific knowledge,
as they are typically conducted in a classroom setting with minimal opportunities for hands-
on learning [2]. This poses a challenge for students in understanding real-world situations,
particularly in harsh weather conditions such as those experienced in the UAE [3]. More-
over, conventional engineering courses rely heavily on non-intuitive documentation, which
can be problematic for students lacking industry experience, such as those in construc-
tion management programs. Such documentation, including two-dimensional drawings
and project-related materials for activities such as project planning, activity sequencing,
scheduling, safety planning, and cost estimates, can be difficult to comprehend and prone
to error.
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The emergence of building information modeling (BIM) has brought about numerous op-
portunities for both industry and academia to transition from traditional document-oriented
practices to data-driven, 3D model-enabled engineering processes and workflows [4]. Ad-
ditionally, the advent of immersive and reality-based technologies has given rise to highly
effective tools such as virtual reality (VR), augmented reality (AR), and mixed reality (MR).
The construction sector has increasingly used applications of BIM and VR to enhance con-
struction sequencing and planning, such as 4D BIM and virtual construction. VR technology
offers users the ability to completely immerse themselves in a virtual environment through
computer-generated simulations [5], providing a symbolic representation that helps them
better visualize and understand the project [6]. As a result, decision-makers can use VR
simulation to visualize, evaluate, and mitigate any errors that might obstruct the project’s
execution. The integration of BIM and immersive technologies has been studied, and various
studies have used these integrations to enhance the construction management process [7-9].
This advanced visual communication can significantly improve students” ability to under-
stand and learn by reviewing designs for constructability and planning the construction of
building and infrastructure projects. Moreover, the utilization of advanced visualization
techniques can promote active learning among students. However, limited studies have
investigated the potential of these technologies in enhancing engineering education.

The purpose of this research was to investigate the potential application of immersive
virtual reality (IVR) in construction management courses at the university level. Specif-
ically, this study aimed to examine the integration of IVR technology into traditional
construction management education, particularly in courses related to construction project
planning and control. To achieve this objective, the effectiveness of IVR in enhancing
students’ understanding of project sequencing and planning was tested with architectural
engineering students at the UAE University and compared with the use of traditional 2D
project data. The research methodology comprised four main steps: (1) development of a
simplified Gantt chart and 3D Revit model for IVR application, (2) experimentation with
construction management students, (3) assessment of the students’ experiences through
a post-experiment survey, and (4) analysis of the survey outcomes. The findings of this
study are expected to contribute to the existing knowledge on the integration of advanced
technologies in construction education and encourage course instructors to consider IVR as
a teaching tool in their courses.

2. Literature Review
2.1. Immersive Virtual Reality (IVR)

IVR refers to a computer-generated environment that simulates an interactive experi-
ence and fully engages the user’s senses, typically including sight, sound, and touch. IVR
involves the use of wearable displays, such as head-mounted displays (HMDs), to track the
movements of users and present virtual information based on their positions. This enables
users to experience the virtual environment in 360 degrees, resulting in a fully immersive
experience. It is this sense of immersion that is often associated with VR technology and
is one of its most marketable features [10]. The history of IVR can be traced back to the
1960s when Ivan Sutherland introduced the first head-mounted display system. However,
the technology was not advanced enough to garner widespread attention until the 1990s,
when the reality-based system became a research field of its own [11]. Moreover, the idea
of IVR began to gain traction with the advent of consumer-grade hardware such as vir-
tuality headwear and Nintendo’s Virtual Boy, which helped introduce the concept to the
general public [12]. With advancements in computer processing and graphics technology,
the CAVE (cave automatic virtual environment) was conceived by a team of scholars at the
University of Illinois at Chicago in 1991 as a tool to advance scientific visualization. The
CAVE system elicited a sense of immersion by enclosing the user within a physical space
surrounded by projection screens that displayed images in a stereo format. The projected
images were rear-projected onto the walls and down-projected onto the floor. To fully expe-
rience the stereoscopic visualization, the user required specialized three-dimensional shutter
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glasses [13]. In the 2000s, with the rise of the internet and advent of online gaming, IVR
continued to evolve with the development of more sophisticated hardware such as HMDs
and haptic feedback devices that allowed for greater sensory immersion [14]. IVR represents
a significant advance in our ability to simulate and interact with the digital environment,
opening up new possibilities for entertainment, education, and scientific research.

IVR technology has experienced significant advancements that have opened up var-
ious possibilities for exploring new dimensions in different fields, such as education,
healthcare, gaming, entertainment, engineering, and beyond [10]. A literature review
recently explored the impact of IVR on various fields, highlighting its current and potential
applications along with the limitations of the technology. The study noted the potential
of IVR in industrial applications such as driving simulation, as it allows the creation of
realistic situations without risk to the driver or learner [15]. Additionally, IVR can be used
in product design and prototyping by creating virtual design alternatives, thus saving
significant time, money, and effort by reducing material wastage [16]. The study also
identified the potential of IVR in education, specifically in fields such as medicine, en-
gineering, and military training [17]. IVR technology can keep students more attentive
and enable teachers to have one-on-one interactions with students, thereby enhancing the
learning experience [18,19]. In addition, IVR-based medical training can be utilized to train
surgeons to operate and practice in a virtual environment, reducing the chances of mistakes,
while students can practice and experience real-life scenarios with virtual patients [20,21].
Moreover, IVR has great potential in public health and wellness. For instance, exergaming,
fitness, and sports opportunities can be provided that improve the overall fitness of users,
which contrasts with traditional sedentary techniques of gaming [22]. IVR technology is
also utilized in therapy and meditation to provide immersive environments for overcoming
traumas and other stress-related illnesses [23]. Furthermore, social interactions are one
of the latest additions to the category, where IVR provides a realistic setting to interact,
improving the social abilities of people with disabilities or allowing individuals to interact
in various situations such as education, business, work, and community gatherings [23,24].

In recent years, IVR technology has made significant progress, thanks to continued
technological advancements in both hardware and software [25]. These innovations have
contributed to the enhancement of the VR experience, resulting in increased levels of
immersion and interactivity for users. The integration of high-quality displays, wireless
headsets, hand and body tracking, haptic feedback, and artificial intelligence (AI) works
together to create a more realistic and engaging virtual environment [26,27]. High-quality
headsets equipped with advanced features such as high resolution, high refresh rate, wide
field of view, and precise tracking accuracy have greatly enhanced the IVR experience [28].
These features contribute to a more realistic and detailed visual representation of the
virtual environment, providing users with a truly immersive experience. Furthermore, the
introduction of wireless VR headsets has significantly improved the IVR experience by
freeing users from the physical constraints of being tethered to a computer or console [29].
The integration of hand and body tracking in virtual reality technology has improved the
overall immersive experience by enabling more natural and intuitive interactions with
the virtual environment [30]. In addition, haptic feedback improves the immersive virtual
reality experience by providing tactile sensations that simulate the feeling of touch and
enhance the realism of interactions with virtual objects [31]. Artificial intelligence has also
been used to create better virtual reality experiences by developing new techniques for
improving 3D displays for virtual and augmented reality technologies. Al can also be used
to interpret user input in a more natural way, allowing for more realistic and responsive
interactions with virtual characters and environments [32]. These advancements have the
potential to revolutionize the way we interact with virtual reality. Overall, the progress in
IVR technology has the potential to disrupt almost every field imaginable in the near future
and remarkably enhance the users’ learning experiences across all domains.
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2.2. IVR in Construction Education

The emergence of IVR has transformed the way students learn in many fields, includ-
ing education. This technology provides an opportunity to engage learners in a highly
interactive and immersive learning environment [33]. IVR has been shown to enhance the
learning experience by providing a highly realistic and interactive setting where learners
can visualize and experience complex concepts, ideas, and procedures [34]. The use of IVR
in education offers several benefits, including increased engagement, better knowledge
retention, and enhanced learning outcomes [35]. Furthermore, it offers the potential to
overcome traditional classroom limitations by enabling students to learn at their own pace
and in a way that best suits their learning style [36]. One of the key benefits of IVR in
education is that it provides a safe and controlled environment for learners to experiment
and practice without the risk of harm or damage to equipment [37]. For example, engi-
neering students can simulate and explore different design solutions while construction
management students can simulate and practice project management scenarios, leading to
better decision-making and critical thinking [38]. Additionally, the use of IVR in education
has the potential to address the challenge of providing practical experiences for students in
fields such as medicine and healthcare, where the risks associated with real-world proce-
dures are high [39]. By using IVR to simulate real-world scenarios, students can develop
their skills and improve their confidence in a controlled and safe environment. Despite
the many potential benefits of IVR in education, some limitations exist, such as the high
cost of implementation, technological limitations, and the need for specialized training
for both educators and learners [33,40]. Moreover, there is a lack of standardization in the
field, making it difficult to evaluate the effectiveness of IVR in education [41]. Nonethe-
less, the potential of IVR in education is enormous, and with continued development and
refinement, it could revolutionize the way students learn in the future.

The use of IVR technology has been implemented in various studies focused on
construction management education, with positive results. A study reviewed the recent
applications of VR in architecture, the construction industry, as well as in education and
evaluated its potential to improve student learning. It found that using VR could enhance
creativity, improve visualization of complex designs, and aid in understanding course con-
cepts but may face obstacles related to cost and rapidly changing technology [42]. Another
study developed and tested an augmented reality-based assessment tool for evaluating haz-
ard recognition skills of construction management students, finding that it outperformed
traditional paper and computer-based assessments in terms of effectiveness and student
preference. The study highlighted the potential of immersive technologies to bridge the
gap between classroom and real-world construction environments for improved safety
training [43]. Furthermore, Whisker et al. [5] explored the use of 4D CAD modeling and
immersive virtual reality in construction engineering education and found that these ad-
vanced visualization tools could improve students” understanding of construction projects
and plans. The study suggested that using virtual reality could supplement actual con-
struction site visits and allow students to experiment with different construction sequences,
temporary facility locations, trade coordination, safety issue identification, and design
improvements for constructability. In a similar realm, a recent study investigated the use of
immersive videos (360, 180 3D, and flat) as an educational tool in construction management
and found that students had a positive perception towards using this technology, with
HMDs being their preferred delivery method. The study suggested that incorporating
immersive videos could enhance construction management education, although further
research with larger and more diverse samples was needed [44]. A class experiment found
that the implementation of a 4D BIM schedule, along with virtual reality technology, could
enhance the fabrication and assembly performance of modules. Most of the participants
who experienced a 4D BIM schedule along with immersive virtual reality (4D/IVR) strongly
agreed that it was an easy and straightforward way to visualize the project, understand
the schedule, and find any errors. Moreover, almost all of them successfully sequenced the
assembly with 4D/IVR, compared to only 42% with conventional 2D drawings and sched-
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ules [45]. In an effort towards implementation of VR-based techniques, a recent research
study proposed a methodology for implementing VR-BIM technology in the construction
management undergraduate curriculum to enhance students’ understanding of building
principles. The methodology included integrating VR-BIM into the existing courses and
providing a new computer lab classroom, while overcoming challenges such as faculty
training and availability of technology [46]. These studies have reported that the implemen-
tation of IVR-based techniques can enhance creativity, improve visualization of complex
designs, aid in understanding course concepts, and supplement actual construction site
visits. However, obstacles such as cost, limited exposure of both students and faculty to
VR, lack of infrastructure, rigidity of traditional course content, and policies may impede
the implementation of IVR in construction management education [47,48].

3. Research Methodology

Initially, a case study project was selected and essential documentation, including
2D construction drawings and a construction schedule, was acquired. Then, a modified
construction baseline schedule was prepared that presented only execution-related activi-
ties in the Gantt chart. The Gantt chart was created using Microsoft® ProjectTM, a project
management software used for developing and managing construction schedules. Simplifi-
cation of the baseline schedule was necessary to avoid overwhelming students who had
little or no knowledge of construction sequencing. Additionally, the 2D drawings were
transformed into a detailed 3D structural model using the licensed version of Autodesk®
Revit™ 2022. The 3D Revit model was divided into several pre-arranged phases as per the
activities present in the simplified construction baseline schedule. After the 3D Revit model
was developed, it was transformed into the IVR environment using the Enscape™ plug-in.
The Oculus™ Rift S headset was utilized as the IVR gear, allowing users to experience the
3D constructability of the case study building and evaluate its correctness.

Subsequently, the experiment was conducted by randomly dividing students in the
undergraduate course “ARCH 450—Construction Project Planning and Control” and the
graduate course “MEME 635—Project Management for Engineers” into two groups: the
control and test groups. Both groups consisted of 45 students each, and all users were tested
and evaluated independently. The sample size was much larger than that of Wang and
Dunston’s [49], who experimented with 16 students, and an experimental study [50] that
included 20 participants for similar experiments. The control group comprised students
who were tested using the 2D set of drawings and baseline schedule (Gantt Chart). Each
user in the control group was briefed on the research objective and provided with a
comprehensive description of the expected task. A laptop was provided to all users
to review the documents and a sheet of paper was given to record their observations
during the experiment. On the other hand, all users in the test group were briefed on
the experiment and a ten-minute session was arranged to train them on how to use the
Oculus™ Rift S headset gear and navigate through the IVR environment on a sample 3D
model. After the necessary training, all users in the test group were exposed to the IVR
model and their feedback was recorded. The IVR simulation included phases from laying
out the foundation, framing each floor, to completion of the frame structure of the case
study building.

Thirdly, to capture the users’ experiences, a survey questionnaire was developed with
three distinct sections. The first section aimed to gather demographic information and prior
knowledge of the users and consisted of six questions. The second section, comprising
six questions, aimed to assess the users’ overall experiences throughout the experiment,
including both the control and test groups, through selection- and statement-type responses.
Lastly, the third section of the survey consisted of three statement-type questions aimed at
evaluating the quality of interaction experienced by the users throughout the experiment.
The complete survey questionnaire can be found in Table 1. This structured approach to data
collection was crucial for accurately analyzing and understanding the users” experiences.
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Table 1. Questionnaire.

Subjective Measures

Questions

Characterization of Users

The Extent of Experience Felt

Question 1: Year of your Undergraduate study (Tick One)
First Year
Second Year
Third Year
Final Year
Question 2: Did you take any construction management
courses in your degree so far? (Selection Response)
Yes
No
Question 3: Did you have any construction-related
internships so far? (Selection Response)
Yes
No
Question 4: Did you review the Gantt Chart/2D or experience
virtual reality? (Tick One)
Gantt Chart/2D
Virtual Reality
Question 5: How familiar are you with the Gantt
Chart/virtual reality technique? (Selection Response)
Very Familiar
Somewhat Familiar
Not Familiar
Question 6: How familiar are you with construction
planning/sequencing? (Selection Response)
Very Familiar
Somewhat Familiar
Not Familiar
Question 7: How difficult was this experience for you?
(Selection Response)
Very Difficult
Somewhat Difficult
Not Difficult
Question 8: Did you entirely complete the given task?
(Selection Response)
Yes
No
Could not review through this method
Question 9: Do you think that you have found all errors/
irregularities in the construction sequence? (Selection
Response)
Yes
No
Not Sure
Question 10: Did you think that you had understood the
given task properly before starting this experiment? (Selection
Response)
Yes
No
Not Sure
Question 11: Do you think enough time was given to review
the construction schedule in this experiment? (Selection
Response)
Yes
No
Not Sure
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Table 1. Cont.

Subjective Measures Questions

Question 12: Please respond to the following aspects of the
tool/technique/method you have experienced (Selection
Response):
i. Information was clear with this method
Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree
ii. Information was easily understood with this method
Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree
iii. Did not need to consult with the professor for clarifications
Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree
iv. The method was effective in presenting the construction
sequencing information
Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree
v. Sequencing errors/irregularities were easier to locate
Strongly Agree
Agree
Neutral
Disagree
Strongly Disagree
User Opinion of the Quality of ~ Question 13: What aspects were difficult for you to complete
the Interaction this task? (Statement Response)
Question 14: What do you think could be done to make it
easier for you to perform this task? (Statement Response)
Question 15: Please specify all construction sequencing
errors/irregularities found. (Statement Response)

Finally, the users’ feedback collected through the paper-based survey questionnaire
was entered into a Microsoft® Excel ™ spreadsheet for further analysis. Descriptive analysis
was conducted on the data to gain valuable insight into the effectiveness of the techniques
employed and to evaluate the effectiveness of the advanced IVR environment in enhancing
the delivery of construction management education. The complete methodology is depicted
in Figure 1.
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Figure 1. Representation of research methodology.

4. Results and Discussion
4.1. Participant Characterization, Experience, and Quality of Interaction

To conduct this comparative study testing the effectiveness of IVR in teaching construc-
tion sequencing and planning as compared to traditional 2D teaching techniques, a total
of 90 users participated and completed the survey questionnaire after the test. For users’
educational year, more than 70% of the users were enrolled full-time in their fourth and
final year of study in the Department of Architectural Engineering. There were four users
currently enrolled full-time in the second year of their undergraduate study program and
nine users were enrolled full-time in the first year of their master’s study program. For
users’ construction management-related education, all of the users were either enrolled in
the construction management-related course/s or had already taken one of these courses in
previous semesters. The Department of Architectural Engineering offers three construction
management-related courses in its Bachelor of Architectural Engineering Degree Program
i.e., ARCH 326—Building Construction Methods and Equipment, ARCH 440—Construction
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Project Management, and ARCH 450—Construction Project Planning and Control. More-
over, the users from the Master of Engineering Management program were enrolled in
MEME 635—Project Management for Engineers. For users’ construction-related exposure
either through full-time jobs or internships, nearly 31% of the users had actual construction
experience through summer internships, which was a similar figure among the control and
test groups.

Both the control and test groups each comprised 45 users. For users’ familiarity with
the method tested, 56% of the users were ‘somewhat familiar’ with the tested method, 17%
of users were ‘not familiar’ with the technique they were using, and 27% of users stated
a high level of familiarity with the method in the test group. For the control group, 60%
of the users stated that they were ‘somewhat familiar’ with the method of identifying the
construction sequence using a 2D set of drawings and a Gantt chart, 20% of users mentioned
a high level of familiarity with the method, and the rest were unfamiliar with the method
altogether. Furthermore, for their familiarity with construction scheduling and sequencing,
51% and 60% of the users in the test and control groups, respectively, were ‘somewhat
familiar” with construction scheduling and sequencing. A summary of the responses on
users’ characterization is presented in Table 2.

Table 2. Summary of participants’ characterization.

Qualitative Responses (Out of 45 for VR and 45 for 2D)

Characterization Questions

VR 2D
Educational Year
First Year 9 8
Second Year 4 4
Third Year - -
Final Year 32 33
Construction Courses
Yes 45 45
No - -
Internships
Yes 14 15
No 31 30
Method Used 45 45
Familiarity with Method
Very Familiar 12 9
Somewhat Familiar 25 27
Not Familiar 8 9
Familiarity with Sequencing
Very Familiar 18 7
Somewhat Familiar 23 32
Not Familiar 4 6

Moreover, to gauge the quality of the users’ interactions, the survey presented five
selection-type response questions on the level of difficulty of the task, the extent of its
completion, the opinions of the users on whether they had found all the errors, their
understanding of the task beforehand, and their opinion on whether they were given
enough time to complete the given task. For the level of difficulty of the task, 62% of the
users in the test group reported the task as ‘not difficult’” while the rest of them classified
the task as ‘somewhat difficult’. In contrast, 93% of the users in the control group found this
task as ‘somewhat difficult’” and ‘very difficult’. Regarding their opinion about completion
of the given task, 98% of all of the users in the test group agreed that they successfully
finished the given task except for one user. However, there was an equal difference of
opinion about the completion of the given task in the control group, as 18% of the users
stated that the given task was not finished to its entirety and two users stated that it was
not possible to review through this method. Regarding the identification of all the errors in
the given task, 63% of the users in the test group were confident about finding all the errors
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and irregularities in the construction sequence and only 28% said the same in the control
group. Most of the users in the test group agreed that they clearly understood the task
before starting the experiment and enough time was given to complete the test. However,
in the control group, only 82% stated that they had understood the task beforehand and a
similar percentage agreed on having enough time to finish the task at hand.

The users were also asked to provide their feedback on the following five aspects
of the method used: (1) information clarity, (2) information understanding, (3) need for
professor assistance, (4) effectiveness of the method, and (5) locating errors. The responses
are discussed briefly as follows and also summarized in Table 3.

Information clarity: The users were asked whether the scheduling and sequencing
information provided through the method being tested was clear enough. For the test
group, 67% of users ‘strongly agreed’” that the information was clear enough and the rest
of the users in the group ‘agreed’. The results were not surprising, as one of the primary
advantages of VR technology is its ability to provide clear and immersive information.
This has contributed to its growing popularity in various fields, including construction
management, where it can be used to improve construction quality, monitor progress, and
enhance safety [7,51]. However, only 75% of the users in the control group either ‘strongly
agreed’ or ‘agreed’ that the information was clear enough and 22% remained ‘neutral’. The
results of the research aligned with previously published studies indicating that both
students and field experts experience difficulties in interpreting information presented
through 2D drawings in construction management practices [5,52]. Additionally, studies
have highlighted the need to supplement traditional 2D practices with more information-
rich three-dimensional models, such as BIM [4].

Information understanding: The users in both the test and control groups were asked
to state whether the information provided was easily understood. For the test group, 91%
of the users ‘strongly agreed” or ‘agreed” with the statement, and only 4 users remained

‘neutral’. The research findings were consistent with research conducted on exploring the

effectiveness of immersive interfaces for learning, as these studies indicated that immersive
virtual reality experiences offered a more engaging and effective way to perceive and
understand complex information compared to information presented in 2D or even simple
3D models by providing a more interactive, emotional, and multi-sensory experience [53,54].
In contrast, only 40% ‘agreed’ with the statement while 33% and 9% of the users in the control
group remained ‘neutral’ and ‘disagreed’, respectively. The overwhelming disagreement with
the effectiveness of understanding the information through 2D drawings was reasonable as
it has been well-documented in previous research. Drawings can limit the effectiveness
of construction education due to their provision of limited spatial awareness, incomplete
information, lack of interactivity, difficulty in visualization, and limited engagement [50,55].
Need for professor assistance: The users were permitted to consult their professor for
any necessary clarifications during the experiments, and they were also asked about this
in the survey questionnaire. For the test group, 49% of participants either ‘strongly agreed’
or ‘agreed’ with the fact that they did not feel the need to consult their professor during
the experiment and only 18% remained ‘neutral’. While the effectiveness of IVR in provid-
ing information clearly and improving understanding was evident from the predictable
responses, it is worth noting that most participants lacked formal construction experience,
such as through jobs or internships. Therefore, the tendency to consult the professor for
concept or process clarification was not due to a lack of information clarity or understand-
ing provided by IVR, but rather a lack of user experience related to the information [55].
On the contrary, 94% of the users in the control group either ‘disagreed’ or ‘strongly disagreed’
with this statement. These findings aligned with the broader trend, as students encountered
difficulty in comprehending the information due to the cluttered and disconnected nature
of 2D drawings and the Gantt chart. Consequently, they were compelled to consult the pro-
fessor more frequently, indicating the limitations of this approach in delivering construction
project planning and control course content and impeding participants’ comprehension.
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Table 3. Summary of participants” experience.

Qualitative Responses (Out of 45 for VR and 45 for 2D)

Experience Questions

VR 2D
Level of Difficulty
Very Difficult - 3
Somewhat Difficult 17 25
Not Difficult 28 17
Completion of the Task
Yes 44 35
No 1 8
Could not Review - 2
Finding all Errors
Yes 28 8
No 2 13
Not Sure 15 24
Understanding of the Task
Yes 40 37
No 1 1
Not Sure 4 7
Enough Time Given
Yes 42 38
No 1 5
Not Sure 2 2
Aspects of the Method Used
i. Information Clarity
Strongly Agree 30 11
Agree 13 23
Neutral 2 10
Disagree - 1
Strongly Disagree - -
ii. Information Understanding
Strongly Agree 28 8
Agree 13 18
Neutral 4 15
Disagree - 4
Strongly Disagree - -
iii. Need Professor Assistance
Strongly Agree 13 -
Agree 9 -
Neutral 8 3
Disagree 14 29
Strongly Disagree 1 13
iv. Effectiveness of Method
Strongly Agree 28 9
Agree 15 20
Neutral 2 10
Disagree - 6
Strongly Disagree - -
v. Locating Errors
Strongly Agree 29 6
Agree 13 10
Neutral 2 15
Disagree - 8
Strongly Disagree 1 6
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Effectiveness of the method: The users were also asked whether or not they thought that
the given method was effective in presenting the construction sequencing information. In
the test group, 96% of the users either ‘strongly agreed” or ‘agreed’ with the statement, which
showed the effectiveness of IVR in presenting the construction sequencing information
to the users. Similar results were reported on the effectiveness of IVR-based classroom
learning by a recent review analyzing 17 studies published between 2015 and 2019, which
suggested that virtual classroom environments are increasingly being used alongside
traditional teaching with reported significant improvements in cognitive and skill-based
learning outcomes [56]. However, only 44% of the users ‘agreed” and 22% remained ‘neutral’
in the control group. This finding aligned with the existing literature, which highlighted the
insufficient emphasis placed on developing students’ spatial skills through the utilization
of 2D representations of 3D objects in the current engineering curriculum. Traditional
approaches, such as analyzing pictorial and orthogonal views, are insufficient for enabling
students to appropriately interact with and observe objects in 3D [57].

Locating errors: At the end of this section of the survey questionnaire, the users were
asked to provide their opinion on their ease of finding errors and irregularities using
the given method. For the test group, 65% of the users ‘strongly agreed” and 29% ‘agreed’
with the fact that errors and irregularities were easier to locate using IVR. A recent study
investigating the efficacy of combining 4D BIM and IVR to determine accurate assembly
sequences in modular construction projects reported comparable findings [45]. However,
33% of the users in the control group remained ‘neutral’ and a similar percentage of the users
either ‘disagreed’ or ‘strongly disagreed” with the statement. This result indicated that many
students struggle to connect the two-dimensional plan of a building with the corresponding
section also presented in a 2D format. This difficulty in visualizing and predicting the
constructability of a construction project based on 2D documents is a significant limitation
in identifying potential logical errors solely from 2D drawings and Gantt charts. According
to a research study, professional construction estimators who relied on 2D drawings and
specifications took longer to complete the task and produced less accurate outcomes
compared to those who utilized reality-based tools [50].

For users’ opinion on the quality of interaction, the users were directed to provide
statement-type responses to two questions. For aspects that posed difficulty in the
completion of the task, 55% of the users in the test group mentioned motion sickness
and dizziness during their interaction. However, 60% of the users in the control group
reported that the major hurdle in completing tasks was the lack of sufficient knowledge
regarding construction sequencing or the overall construction process. Construction man-
agement students often lack experience with the complexity of construction processes,
which limits their understanding of spatial and temporal constraints on construction
sites and makes them ill-prepared for such intricacies regarding actual construction
processes [58]. In their opinion on improving similar experiences, 51% of the users in the
test group mentioned adequate training and practice in the VR environment beforehand.
However, 82% of the users in the control group stated that prior adequate construction
planning and sequencing knowledge was the key factor for an improved experience.
Further detail on the users’ opinions on the quality of interaction as thematic responses
is summarized in Table 4.
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Table 4. Users’ opinions on the quality of interaction.

Users’” Opinions on the
Quality of Interaction

Thematic Responses

VR 2D

What aspects were
difficult to complete this
task?

What could be done to
improve the experience?

Error identification without enough knowledge of

Not enough knowledge of construction
sequencing (23/45)
Lack of VR training (14/45) Locating information from 2D documents (21/45)

The number of activities was high (07/45)

Motion sickness and dizziness (25/45)

construction sequences (09/45)
Prior construction planning and sequencing

Adequate VR training and practice (23/45) knowledge (37/45)

Adequate knowledge of construction sequencing Site visits or actual construction experience
(11/45), (22/45)
better resolution, and quieter environment .
(07/45) Easier/clearer schedule (14/45)

4.2. Error/Irregularity Identification

While preparing the simplified construction baseline schedule and IVR simulation,
five logical sequencing errors were intentionally introduced. The primary reason for
intentionally introducing these errors was to evaluate the effectiveness of the proposed
method, i.e., IVR, in improving students’ ability to identify these errors as compared
to traditional 2D techniques. By introducing these errors, the effectiveness of the IVR
technique in improving students’ level of understanding could be measured. An overview
of the sequencing errors is as follows: (1) the height of the ground floor columns was
extended to the first floor ceiling slab, (2) the first floor stairs were built before the first floor
ceiling slab, (3) the second floor ceiling slab was built before its beams, (4) the lift well was
built from the ground up after the roof slab was poured and the structure was finished,
(5) the second floor walls were built before its columns. The representation of errors in IVR
and the Gantt chart can be seen in Figure 2.

All of the users were expected to locate these intentional logical sequencing errors
during the experiment. For error 1, 73% of the users in the test group successfully identified
the error as compared to only 11% in the control group. For error 3, 78% of the users in the
test group successfully identified the logical error and 2 of the 45 users in the control group
could do the same. Similarly, the users in the test group were able to identify the errors
with a certain percentage of success; however, this statement was not true for the control
group. This comparison presented the effectiveness of IVR in identifying sequencing errors
and irregularities as compared to a complicated construction baseline schedule. Figure 3
presents an overview of the task completion status of both groups.

Despite the overwhelming positive response from the participants using IVR regarding
information clarity and understanding, the overall success rate of task completion remained
low, even when using IVR. The unanimous agreement among participants regarding
information clarity may be inflated, potentially resulting from overconfidence due to
improved visualization. This heightened confidence may lead participants to believe that
they have correctly identified the errors in the provided task, when in reality they have not.
Similar outcomes may also be observed in 2D tasks where poor responses or significant
disagreement could indicate a lack of confidence among participants, potentially arising
from cluttered information and perceived difficulty in error identification. However, with
adequate time provided for participants to familiarize themselves with the task, working
memory may be enabled that leads to improved performance, as suggested by ref. [59].
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Figure 2. Representation of errors in IVR and Gantt chart.
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Figure 3. Task completion status (IVR vs. 2D).

5. Conclusions

IVR technology has been the subject of numerous studies examining its effective-
ness across various domains, including education. This study aimed to address a gap in
the existing literature by incorporating IVR technology into the delivery of construction
sequencing and planning content. To compare the efficacy of IVR-based construction
sequence simulation with traditional 2D documentation, an experiment was conducted
in an undergraduate construction project planning and control course. The students were
randomly assigned to a control group (2D) or test group (IVR), and both groups were
tasked with identifying intentional logical errors in the construction baseline schedule of a
low-rise apartment building. The results indicated that IVR simulation was significantly
more effective than traditional 2D documentation in helping users identify errors and
irregularities in construction schedules. Additionally, the survey questionnaire responses
indicated that the IVR presentation was clearer, easier to understand, more effective at
presenting sequencing information, and facilitated the identification of logical sequencing
errors without requiring assistance from the professor. Notably, users appeared more
confident in their ability to address various aspects after IVR simulation, in contrast to
using the 2D method, which caused confusion.

Despite evidence supporting the effectiveness of IVR technology in delivering con-
struction planning course content to students, significant concerns remain that limit the
capabilities of this method. One major hurdle was the users’ lack of familiarity with con-
struction sequences. Additionally, this study’s limited sample size and failure to consider
demographic factors, such as the number of construction management courses completed,
exposure to real construction environments through internships, and the extent of learning
during those internships, limit the generalizability of the findings. Furthermore, issues
such as dizziness, motion sickness, and eye soreness were major factors that affected users’
ability during the experiment. However, these are common and well-established issues
associated with experiencing IVR simulations. One potential solution to mitigate these
issues is to expose users to the IVR environment for a more extended period, allowing
them to become accustomed to the technology through semester-long training.

Future research will employ experiments that involve a more diverse demographic by
carefully selecting users who possess at least some level of field experience and a founda-
tional understanding of construction planning and sequencing. Typically, graduate-level
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students in the department are working professionals who have already been exposed to the
real construction environment through part-time or full-time employment. Furthermore, it
is recommended that field personnel with first-hand experience in construction planning,
monitoring, and control be included in future experiments to gain a deeper understanding
of the effectiveness of the proposed system. Such experimentation will provide valuable
insight for improving the experience of undergraduate students.
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Abstract: The global transition to a renewable-powered economy is gaining momentum as renewable
energy becomes more cost-effective and energy-efficient. Renewable-energy-integrated Virtual Power
Plants (VPPs) are capable of facilitating renewable transition, reducing distributed generator impacts,
and creating value for prosumers and communities by producing renewable energy, engaging in the
electricity market, and providing electricity network functions. In this paper, we conducted a case
study in the City of Greater Bendigo to evaluate the challenges and opportunities of the community-
focused renewable energy transition through establishing VPP with community-based renewable
generators and storage systems. A reinforcement learning algorithm was formulated to optimise the
energy supply, load shifting, and market trading in the VPP system. The proposed VPP system has
great potential to improve the economic value and carbon emission reduction performance of local
renewable resources: it can reduce 50-70% of the case study city’s carbon emissions in 10 years and
lower the electricity price from the current range of 0.15 AUD/kWh (off-peak) —0.30 AUD/kWh
(peak) as p