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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 https://www.mdpi.com/journal/buildings1
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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 CII 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.

 

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 (CII, 1986)

2015 [39]
Modelling a decision support tool for

buildable and sustainable building
envelope designs

Design (CIRIA, 1983)

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
(ECI) in New Zealand

Early Design (CIIA, 1992)
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Table 1. Cont.

Year of Publication and Reference Publication Title Major Focus Definition Referenced

2019 [42] Concepts of constructability for
project construction in Indonesia All Stages (CII, 1986)

(CIRIA, 1983)

2019 [43]
An early-design stage assessment

method based on constructability for
building performance evaluation

Early Design (CIRIA, 1983)
(CII,1986)

2020 [44]
A systematic review of prerequisites

for constructability implementation in
infrastructure projects

Early Design & Design (CIRIA, 1983)
(CII, 1986)

2021 [27] Constructability obstacles: An
exploratory factor analysis approach Design (CII, 1986)

2022 [44]
Assessing design buildability through
virtual reality from the perspective of

construction students
Design (CIRIA, 1983)

2022 [17] Buildability in the construction
industry: A systematic review N/A (CIRIA, 1983)

2023 [10]
Buildability attributes for improving

the practice of construction
management in Nigeria

Design &
Construction (CIRIA, 1983)

2023 [20]
Measures for improving the

buildability of building designs in
construction industry

Design (CIRIA, 1983)

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.

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.

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

7



Buildings 2023, 13, 2870

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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• 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.

• 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.

• 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.

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

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

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

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

• 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:

1. Preparation of interview guide and verification,
2. Conducting in-depth interviews following the phenomenological interview approach,
3. Transcribing the originally recorded interviews (following research ethics),
4. Refining the verbatim following noise reduction,
5. Reading and re-reading the verbatim,
6. Codification and assignment of initial nodes in NVivo (“open coding”),
7. Arrangement of data according to dominant emerging themes (“axial coding”),
8. 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.

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
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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-
ous interpretations emerged, including “understanding the idea of construction”, “ability
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
buildability included “economic feasibility”, “effectiveness of construction”, “efficiency of
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
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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.

Key Constructs Key Components
Emergent
Themes

Primary Stage

C1 Knowledge sharing

1. Knowledge Types (Codified and Tacit)
2. Knowledge-sharing strategies

All All Stages

3. Identification of the knowledge gap
4. Ability to conceptualise from codified knowledge

and experience
5. External sources of knowledge
6. Dedicated knowledge manager
7. Knowledge sharing between key stakeholders
8. Knowledge sharing with external affiliates
9. Alternatives in the absence of modern technologies

People
Processes All Stages

10. Knowledge sharing across disciplines
11. Knowledge sharing among the disciplines
12. Knowledge sharing at each delivery stage

Processes
Technology All Stages

13. Technological sources of knowledge
14. Project-specific benefits from modern technologies
15. Risk of technologies hindering buildability
16. Technologies to help in the absence of people

Technology Stage 0–4

C2
Consideration of
project objectives

1. Understanding project needs
2. Balanced consideration of objectives

• What is to be done to improve quality? Reduce
cost? And reduce time?

3. Environmental concerns

People
Processes Stage 0–4

4. Re-evaluate objectives throughout the stages
5. Improve safety

All All Stages

C3
Being familiar with
project particulars

1. Familiarity with stakeholders People Stage 0&1

2. Familiarity with material
3. Familiarity with technology

Processes
Technology Stage 4&5

C4 Resource availability

1. Availability of local expertise
2. Experience of team members

People Stage 0&1

3. Material availability
4. Technology availability

Processes
Technology Stage 4&5
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Table 3. Cont.

Key Constructs Key Components
Emergent
Themes

Primary Stage

C5 On-site construction

1. Ability to construct in normal circumstances
2. Construction sequence
3. Less complexity during changes
4. Logistics
5. Method of construction

• Easy construction methods
• Efforts due to deviating from common methods

6. Practicality of construction
7. Less practical verifications

• No disturbances or harm throughout the stages
• No need for alternative methods

8. Reduce wastage and environmental concerns
9. Treat spatial aspects and construction aspects

separately

All
Stage 4&5

10. More knowledge sharing for complex projects
11. Planning
12. Safety

Stage 0–3

C6 Design aspects

1. Advise clients from a holistic point of view
2. Checking the availability of required people
3. Checking with a holistic view

People Stage 0–3

4. Linking the designer’s thinking to the contractor’s
proposal

5. Planning
6. Linking architectural design and structural design
7. Linking the client’s brief to architect’s concept
8. Linking concept design with detailed design
9. Linking design to project objectives

All Stage 4

10. Ability for integration
11. Checking each point on the construction method
12. Checking throughout the duration
13. Complexity of design

Processes
Technology All Stages

C7 Allocation of sufficient
time

1. Knowledge integration at the initial stages
2. Sufficient time for bidders to tender
3. Sufficient time for pre-construction planning
4. Sufficient time for recording lessons learnt

All Stage 1–4

C8
Buildability

momentum across
project stages

0—Strategic definition
1—Preparation and briefing
2—Concept design
3—Spatial coordination
4—Technical design
5—Manufacturing and construction
6—Handover
7—Use

All All Stages

C9 Collaboration
1. Among key stakeholders
2. With external parties
3. Towards the best interest of the project

People
Processes All Stages
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Table 3. Cont.

Key Constructs Key Components
Emergent
Themes

Primary Stage

C10
Identification of

opportunities

1. Identification of the expertise required
2. Identification of the technology required
3. Identification of the right time

People All Stages

4. More opportunities to share knowledge
5. Culture and trust

Processes All Stages

C11 Decision making 1. Evaluation of alternatives
2. Impact of decisions on performance

All All Stages

C12 Eliminating risk
1. Balanced risk distribution
2. Potential future risks
3. Risks related to the processes

All All Stages

C13 Organisation centric

1. Expertise
2. Resources
3. Technology
4. Safety culture

All All Stages

C14 Problem identification
and solving

1. Identify barriers to construction
2. Problem identification processes
3. Problem solving

People
Processes All Stages

C15 Updated information
availability

1. Local availability of technology
2. Local availability of material
3. Local availability of skills

All All Stages

C16 Need for government
intervention 1. An authority 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”
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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”,
“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 AI 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.

AI tools could assist in at least in three areas.

• AI 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 AI tools may fulfill this role.

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

• Predictive analysis for optimisation: AI 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 AI 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.
AI 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, AI 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.

Maqsood 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 2021–2022, 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.
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Context Barriers Motivators Incentives 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
Experience

(Years)
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 J 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 J 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.
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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., AI 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 AI-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 (AI), digital twins, and
the Internet of Things (IoT). These technologies prepare the technical foundation for an
intelligent and ever-improving construction industry. AI 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]. AI is gaining vast applications for fostering, optimizing,
and automating processes throughout the entire construction project life cycle for the
“intelligent management” of projects.

AI 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, AI applications in construction RM have been limited and behind other industries.
Robust AI-based RM frameworks are missing [6]. This study aims to analyze the AI
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 AI algorithms’ applications in the construction industry. Unlike
previous studies where the AI algorithm’s structure was the focus of analysis [7–11], this
study bases the analysis and comparison of AI 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]. AI 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], AI is 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 AI 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 AI model for a given problem,
regarding data availability and requirements, the role of probability, expert judgement, and
the reasoning behind the analysis [6,15].

AI 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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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.

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

AI-based RM systems can function as (a) early warning systems for risk control, (b) AI-
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, AI, and
expert systems, to capture the tacit knowledge within organizations’ computer systems [1].

As depicted in Figure 2, an AI-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 AI-based
analytical models for risk assessment and management and aims to study the relevant as-
pects of a successful AI 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, AI-based methods for data structuralizing and pre-processing
are required, such as Natural Language Processing for text mining, Generative Adversarial
Networks (GANs) for synthetic data production, and clustering and classification methods
such as Support Vector Machine (SVM) and K-Nearest Neighbor (KNN) [23–26].

Figure 2. AI-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-AI-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 AI-based algorithms is that they predict outcomes
based on some rules, distributions, and formulas set by the model, whereas AI 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:

(a) 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 AI-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
AI 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 AI 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 AI-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 AI methods for other purposes such as data generation, and some were focused on
non-AI 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 AI 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 AI 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. AI-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 AI 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 AI-based techniques that foster decision making.

Figure 4. Co-occurrence diagram of keywords/research areas of source papers.   AI algorithms,   
decision support systems,    RM domains    construction project disciplines,    health and safety.

Figure 5. Annual scientific publication rate in the research area.
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Figure 6. Trending topics in the domain within the past 15 years.

4.2. AI-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 AI 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 Naïve 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 (GANs) are applied to
improve the quantity and distribution of data by producing synthetic data through learning
from the training sample [48]. Although GANs 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. AI Algorithms Classification for Risk Identification, Analysis, and Mitigation Planning

Various categories have been proposed for AI-based risk analysis and reasoning
methods in the literature. Based on the categorization for AI 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 AI-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 AI-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, Naïve Bayesian Models,
and Support Vector Machines. ML combines methods from statistics, database analysis,
data mining, pattern recognition, and AI 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 NNs,
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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ANNs are the most applied ML method in engineering risk assessment, followed
by SVM, Decision Trees, RF, CART, Naïve 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 Naïve 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

Reasoning basis
Probability-based reasoning

Rule-based reasoning
Fuzzy logic [44,50,87,94]

Forward propagation and backpropagation
Loss function

Weights and biases [95,96]

Structure Interconnected graphs [67,68,97] Layers of neurons or branches [91,92]

Data Source Historical Data, model simulation
Experts’ opinion [98,99]

Historical data, model simulation
[95,96,100]

Inference Bayesian inference [101] Frequentist inference [102]

Data Requirements
Limited amount of data

Able to deal with missing values
Numerical, categorical, and linguistic data [103,104]

High amount of data
Partial ability to deal with missing

values [24]

Probability and
dependencies’ role

Embrace probability in assessments
Considering variables interdependencies with each

other and final output [105,106]

Does not embrace probability in
assessments

Considering variables interdependencies
on final output [87,107]

Prediction precision Mid-high [108] Very high [25]

Application scope Subjective and uncertain problems with limited
data [109]

Objective and complex problems with
abundant data [83]

Application in RM processes
Risk identification

Qualitative analysis
Risk control [110–112]

Risk identification
Qualitative and quantitative analysis

Mitigation planning
Risk control [86,87,113]

Advantages

Flexibility to various problems
Ability to integrate qualitative and quantitative data

(subjective and objective)
Risk path approach

Ability to include dynamic data [114,115]

Quick processing and learning
Ability to consider linear and nonlinear

relationships among data
Ability to include dynamic data [116,117]

Disadvantages
Takes longer time to create the structure

Not high precision if merely based on historical data
High processing time in complex problems [67,118]

Individual risk analysis approach (isolated)
Not flexible toward change

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 AI 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 AI model to foster their RM processes, their enterprise requirements, and
data availability.

PPosterior(H|D) =
P(D|H)PPrior(H)

P(D)
(1)

Likelihood L(H; D) = P(D|H) (2)

4.5. Results Comparison with Previous Studies

The main foci of previous review studies were the structure of the AI algorithms
or the data mining technologies [121], the classification of AI 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 AI-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 AI 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 AI 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, AI-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 AI algorithms that can be applied during different phases of the
RM process. The source papers were studied thoroughly to extract insights on common
AI 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
AI algorithms for practitioners and researchers to choose the appropriate AI 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 AI-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 AI 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 AI-based and non-AI-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
AI-based RM framework proposed in this study.

In addition to analyzing the AI-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 AI-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 AI 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 AI-based risk
assessment methods

Cao et al. (2021) [42] Review Paper
Review on AI 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 AI 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 AI application for risk analysis
in Malaysian construction projects

An et al. (2021) [15] Review Paper
Literature review on five type of popular AI 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 AI 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 AI adoption in the context of construction
engineering and management and discussion on its future trends.

Wu et al. (2021) [122] Review Paper Safety risk investigation framework in urban rail transit
engineering construction using AI algorithms and data clouds

Yucelgazi and Yitmen
(2020) [112] Probabilistic Analytical network

processing (ANP) Risk assessment for large infrastructure projects

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

Chen et al. (2012) [127] Probabilistic Expert system
Knowledge management

Evaluating performance heterogeneity through a knowledge
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

Lu et al. (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
(2020) [131]

Probabilistic and
Deterministic ANN, fuzzy logic, RNN AI-based tendering decision-making model considering the success

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 Fuzzy-based risk assessment 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 Catenary 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

Chen et al. (2020) [135] Probabilistic
Fuzzy set, ELECTRE III,
multi-attribute
decision making

Fuzzy- and ELECTRE III-based construction bid evaluation
framework under uncertainty

Moradi et al. (2022) [136] Probabilistic Bayesian neural
networks, BN

Condition and operation risk monitoring of complex
engineering systems

Karakas et al. (2013) [110] Probabilistic Multiagent systems, BN,
fuzzy set

Multiagent system to simulate risk-allocation and cost-sharing
processes in construction projects

Eybpoosh et al.
(2011) [29] Probabilistic SEM Risk rath identification of international construction projects

Vagnoli and
Remenyte-Prescott
(2022) [137]

Probabilistic BN Expert knowledge elicitation into system monitoring data

Omondi et al. (2021) [105] Probabilistic MCS, Markov chain
model, Bayes’ theorem

Investigate how the capacity of probabilistic reasoning to handle
uncertainty can be combined with the capacity of Markov chains to
map the stochastic environmental phenomena to improve
performance of tuning decisions under uncertainty

Valipour et al.
(2016) [138] 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
(2022) [33] Deterministic

Computer vision, point
cloud segmentation,
digital twinning

Deep-learning-based digital twinning framework for construction
siter disaster preparedness

Fang et al. (2013) [113] Deterministic GA Risk planning under resource constraints

Choi et al. (2021) [26] Deterministic NLP, text mining Developing a digital EPC contract risk analysis tool for contractors,
using AI and text mining techniques

Wu and Lu (2022) [139] Deterministic RF, XGBoost, Bagging
Regressor, SVR,

AI-based for accident and safety risk assessment in
bridge construction

Alshboul et al. (2022) [89] Deterministic XGBoost, KNN, ANN,
DT, LightGBM, CatBoost Liquidated damages prediction in highway construction projects

Esmaeili and Hallowell
(2012) [140] Deterministic Delphi method, SSRAM Developing a decision support system called scheduled-based

safety risk assessment and management (SSRAM)

Habbal et al. (2020) [95] Deterministic ANN ANN-based planning risk forecasting model in
construction projects

Yaseen et al. (2019) [12] Deterministic RF, GA Risk delay prediction in construction projects by hybrid an
AI model

Choi and Lee (2022) [141] Deterministic
NLP, bi-directional long
short-term memory
(bi-LSTM)

Contractor’s risk analysis of Engineering Procurement and
Construction (EPC) contracts Using Ontological Semantic
Model and bi-long short-term memory (LSTM) technology

Hosny et al. (2015) [96] Deterministic NN Development of an NN-based predictive and decision awareness
framework for construction claims using backward optimization.

Chattapadhyay et al.
(2021) [86] Deterministic

Cross-analytical machine
learning model, K-means
clustering, GA

Exploiting different risk factors and their
impacts on the performance aspects of construction megaprojects

Valpeters et al. [87] Deterministic Logistic Regression, DT,
Random Forest

determination of the probability of contract execution at a stage of
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

Zhong et al. (2021) [75] Deterministic
and Probabilistic

CNN, fuzzy AHP,
entropy weight method

Cost and schedule risk prediction model for construction projects
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 × 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 × 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.

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

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.

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

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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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/m2 ES8-15
Live load 3 KN/m2 ES8-15

Wall load on beam 12 KN/m2 ES8-15
Response spectrum Type-I ES8-15

Table 2. Sample 15-story RC building details.

Structure Type Intensity Remark

Fifteen-story moment
resisting frame RC 45 m ES8-15

Floor to floor height 3.2 m ES8-15
Wall load on beam 12 KN/m2 ES8-15
Soil type B ES8-15
Damping 5% ES8-15
Support Fixed support ES8-15
Beam section 0.50 × 0.35 m ES8-15
Column section 0.4 × 0.40 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
frame RC 150 m ES8-15

Floor to floor height 3.0 m ES8-15
Wall load on beam 12 KN/m2 ES8-15
Soil type B ES8-15
Damping 5% ES8-15
Support Fixed support ES8-15
Beam section 0.50 × 0.40 m ES8-15
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Table 3. Cont.

Structure Type Intensity Remark

Column section 1.20 × 1.20 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

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.

• 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.

• 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
Opening

G + 15 RC without
Opening

X–Y-Axis Output
Title 3

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

CM Displacement for Diaphragm D1 CM Displacement for Diaphragm D1

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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 4.29 3.923 3.748 3.52 114.46104 111.44886
Story 2 6 Top 2.217 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.

• 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
Opening

G + 15 RC without
Opening

X–Y-Axis Output
Title 3

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

Drifts for Diaphragm D1 Drifts for Diaphragm D1

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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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• 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

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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.

• Maximum Story Shear

Table 7. Comparison of with and without shear wall opening dynamic analysis max story drift 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 Drifts Max Story Drifts

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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 RC with
Opening

G + 15 RC without
Opening

X–Y-Axis Output

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

Max Story Drifts Max Story Drifts

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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.

• 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 RC with
Opening

G + 15 RC without
Opening

X–Y-Axis Output

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

Max Story Shear Max Story Shear

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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 13,441.9 13,674.5031 88.02736954 89.63133512
Bottom 11,832.6 12,256.6 13,441.9 13,674.5031 88.02736954 89.63133512

Story 4 12 Top 13,073 13,612.4 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 + 15 RC with
Opening

G + 15 RC without
Opening

X–Y-Axis Output

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

Max Story Shear Max Story Shear

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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.

• Story Stiffness

Table 9. Comparison of with and without shear wall opening dynamic analysis max overturning
moment 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

Overturning Moment Overturning Moment

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
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 48,145.29 57,128.996 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 137,854.98 134,904.42 150,872.21 150,594.73 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 214,895.73 214,340.56 227,018.45 228,632.79 94.660029 93.748828
Story 3 9 Top 239,724.97 238,907.61 253,180.7 254,510.69 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 339,778.72 335,275.79 364,569.2 363,315.93 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
Opening

G + 15 RC without
Opening

X–Y-Axis Output

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

Story Stiffness Story Stiffness

Story Elevation Location X-Axis Y-Axis X-Axis Y-Axis With vs. Without Shear
Wall Opening X-Axis

With vs. Without Shear
Wall Opening Y-Axis

m KN/m KN/m KN/m KN/m % %

Story 15 45 Top 1,064,320.4 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 2,285,950.9 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 2,848,589.2 2,786,111.3 88.295792 89.259498
Story 9 27 Top 2,655,818 2,622,940.2 2,982,404.3 2,922,177.4 89.049562 89.759785
Story 8 24 Top 2,895,568.6 2,875,181.6 3,285,328.5 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 3,953,776.6 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 6,205,356.4 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 11,665,455 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

• CM Displacement for Diaphragm D1

Figures A11a, A15a, 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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• Drifts 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.

• Maximum Story Displacement

Figures A12a, A16a, 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.

• 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.

• Maximum Story Shear

Figures A13a, 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.

• 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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• Story Stiffness

Figures A14, 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.

 

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.

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.

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
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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.

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.

 

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

Figure A1. Target Response spectrum as per ES EN 1998-1:2015 [54].

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 TB(S) TC(S) TD(S)

A 1.0 0.05 0.25 1.2

B 1.35 0.05 0.25 1.2

C 1.5 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 TB(S) TC(S) TD(S)

A 1.0 0.15 0.4 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 1.4 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.

Figure A3. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A4. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A5. (a) Story Overturning Moment; (b) Story Shear.

Figure A6. Story Stiffness.
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G + 15 ETABS Output Result for Shear Wall With Opening.

Figure A7. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A8. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A9. (a) Story Overturning Moment; (b) Story Shear.

Figure A10. Story Stiffness.
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G + 50 ETABS Output Result for Shear Wall Without Opening.

Figure A11. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A12. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A13. (a) Story Overturning Moment; (b) Story Shear.

Figure A14. Story Stiffness.
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G + 50 ETABS Output Result for Shear Wall With Opening Case-1.

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

Figure A16. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

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

Figure A18. Story Stiffness.
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G + 50 ETABS Output Result for Shear Wall With Opening Case-2.

Figure A19. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A20. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A21. (a) Story Overturning Moment; (b) Story Shear.

Figure A22. Story Stiffness.
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G + 50 ETABS Output Result for Shear Wall With Opening Case-3.

Figure A23. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A24. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A25. (a) Story Overturning Moment; (b) Story Shear.

Figure A26. Story Stiffness.
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G + 50 ETABS Output Result for G + 50 Framed Structure Case-4.

Figure A27. (a) CM Displacement for Diaphragm D1; (b) Drift for Diaphragm D1.

Figure A28. (a) Maximum Story Displacement; (b) Maximum Story Drifts.

Figure A29. (a) Story Overturning Moment; (b) Story Shear.

Figure A30. Story Stiffness.
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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)—MoE, 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.

Buildings 2023, 13, 1123. https://doi.org/10.3390/buildings13051123 https://www.mdpi.com/journal/buildings95



Buildings 2023, 13, 1123

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. AI 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®

RevitTM 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 EnscapeTM plug-in.
The OculusTM 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
OculusTM 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

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

The Extent of Experience Felt

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

the Interaction
Question 13: What aspects were difficult for you to complete

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® ExcelTM 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.

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

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.

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

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?

Motion sickness and dizziness (25/45) Not enough knowledge of construction
sequencing (23/45)

Lack of VR training (14/45) Locating information from 2D documents (21/45)
Error identification without enough knowledge of

construction sequences (09/45) The number of activities was high (07/45)

What could be done to
improve the experience? Adequate VR training and practice (23/45) Prior construction planning and sequencing

knowledge (37/45)
Adequate knowledge of construction sequencing

(11/45),
Site visits or actual construction experience

(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 provided by Victorian Essential Services Committee to 0.05 AUD/kWh (off-peak) (peak).
Overall, this study proposed a comprehensive framework to investigate community-based VPP in a
complex urban environment and validated the capability of the VPP in supporting the renewable
transition for Australian communities.

Keywords: community-focused; case study; distributed renewable energy; reinforcement learning;
virtual power plant

1. Introduction

Cities and their inhabitants consume more than 75% of global energy production
and contribute 80% of glasshouse gas emissions [1]. According to the United Nations
Department of Economic and Social Affairs (UN DESA), the global population has increased
from 751 million in 1950 to 4.2 billion in 2018, with a projected increase to 7 billion by
2050 [2]. With rising population and energy consumption, it is critical to accelerate the
energy transition and urban sustainable development.

There are numerous options to improving urban sustainability, including active ap-
proaches, such as introducing renewable energy alternatives, and passive approaches, such
as demand shift, demand reduction, etc. Among these options, distributed renewable
energy (DRE) such as solar photovoltaic (PV) is garnering increasing interest in both re-
search and the market. DRE can (1) reduce carbon emissions, (2) increase energy fairness,
supply security, and independence, and (3) minimise dependency on large-scale energy
infrastructure investment [3].

However, there are many challenges faced by DRE in urban areas such as limited
physical space for installation, compliance with building safety requirements, reduced
access to natural resources due to urban density (i.e., reduced solar exposure caused by
shading and instable air flow in high-density built areas), the low conversion rate of
the DRE system, unstable output of the DRE, impacts to the public electricity grid, etc.
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Therefore, a formidable energy management system is essential amid the growth of DRE in
the urban environment.

As a novel energy management concept, virtual power plants (VPPs) are gaining
increasing research interest. A VPP is a network of distributed generators (DG) and energy
storage systems (ESS), in which these integrated elements are able to participate in the
energy market as a single entity and own the function similar to a conventional power
plant (CPP) by, for example, participating in the electricity wholesale market, providing
electricity network services such as ancillary frequency control and load control, or serve
as a backup generator in the circumstance of outage.

In contrast to a CPP, a VPP operates differently in several aspects:

(1) A VPP relies heavily on communication and control systems to adjust its dispatch
strategies [4,5];

(2) The primary sources of electricity generation in a VPP are distributed energy resources
(DERs) located at various locations [6–8];

(3) The participants in a VPP are often referred to as prosumers, as they not only consume
electricity but also produce and contribute to the grid [9,10];

(4) VPPs’ functionality in the public grid largely relies on energy storage systems which
transform the intermittent power flow of the DERs into stabilised and scheduled
outputs [11–13].

With the rapid growth of distributed renewable energy systems in the urban envi-
ronment, it is important to assess the challenges and opportunities of adopting VPPs for
effective regulation and management of the DGs. There are several review papers in this
field examining the different factors of VPP studies. In 2012, a review paper [14] provided
a general overview of VPPs, including their logical framework, control strategies, and
optimization. The authors of this paper investigated numerous studies and European VPPs
and identified the need for better prediction tools and optimization methods for real-world
VPP projects.

A more recent review paper, [15], provided a detailed review of uncertainties involved
in the VPP studies. This review identified and discussed three categories of uncertainty:
renewable energy generation, market prices, and electricity demand. The authors pointed
out that future studies should pay more attention to the structural uncertainties caused by
the connection status of DERs. Another review paper [16] summarised the architecture
and optimization techniques of VPPs and provided a summary of the best optimization
techniques based on operational strategies. Additionally, ref. [17] assessed the risk man-
agement strategies adopted in VPP studies and concluded that current VPP studies still
have a limited scope regarding risks, which are mostly related to renewable generation and
market dynamics.

These review papers highlighted the need for improved prediction tools that are
capable of capturing the increasing uncertainties in a broader operating environment
of VPPs, optimization methods that are robust under greater complexities of the VPPs’
operating strategies, and risk management approaches that provide thorough consideration
in a comprehensive spectrum of VPPs’ operation goals. Additionally, they suggest the
importance of considering uncertainties and the flexibility of VPPs in energy markets.
However, most of the previous papers investigated technical benefits and risks from the
standpoint of the VPP system itself.

As pointed out in [17], future VPP studies should consider factors beyond technologies
or algorithms. VPPs are sophisticated systems that interact with DERs, electricity infrastruc-
ture, urban environment, communities, and the end-users. Therefore, the impacts of VPPs
require further investigation from the community level with the consideration of the VPPs’
costs and benefits, carbon emission reduction capability, and the impacts to the local supply
network. VPPs may have the potential to support the constantly growing penetration of
DRE systems in cities and reshape the energy landscape of communities by providing
cleaner and cheaper energy. However, changes in urban environments can also have signif-
icant impacts on VPPs in many ways. Population density, urban planning, and community
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socioeconomic status play important roles in urban infrastructure [18,19] and may also
affect the development and operation of VPPs. Consequently, suitable problem-solving
approaches and effective research framework are required to cope with the uncertainties
and complexities of deploying VPPs in diverse communities.

Therefore, this study aims to evaluate the challenges and opportunities of community-
focused renewable energy transition through the establishment of VPPs with community-
based renewable generators and storage systems. A case study was performed for community-
based VPPs with a sample size of 235 communities. A detailed modelling and information
capturing was carried out using geospatial analyses and K-Means Clustering, to capture and
describe the renewable energy resources and supply and demand profiles. Reinforcement
learning was selected as the optimisation and control solution to tackle the uncertainties
and complexities of the case study communities’ diverse demand and supply conditions.
This paper is structured as follows: The rest of Section 1 presents a literature review
on the present studies of VPPs in terms of VPP operation strategies, modelling, and
problem-solving techniques. Section 2 covers the research design and the process of
implementing the VPP framework in the case study. The detailed research methods and
processes are presented in Section 3, followed by the findings and discussion in Section 4.
Finally, Section 5 discusses the conclusion of this study along with research limitations and
recommendations for future work.

1.1. Literature Review
1.1.1. VPPs’ Risks and Benefits for Prosumers and Communities

VPP development and operation is a multi-party process involving service providers,
consumers, prosumers, legislators, and local communities. However, the majority of the
previously stated profit-enhancing or risk-reduction measures are primarily applicable to
VPP systems or VPP operators [20]. Although it is critical to ensure that VPPs perform opti-
mally when participating in the electricity market, the success of VPPs is largely dependent
on the participation and interaction of all stakeholders, as an electricity supply system that
may involve substantial investment and significant impacts on urban development [21].

The previous studies in this domain mostly focus on investigating the economic
potential of VPPs by optimising their operation strategies in the energy market. For
example, [22,23] provided the optimisation of a VPP’s profitability of participating in the
energy market through frequency control ancillary services and energy trading. The authors
of [24–26] investigated the optimisation of the VPP system’s operation cost and penalty due
to system instability, while [27,28] evaluated the VPP’s cost and benefits through reducing
greenhouse gas emission.

Although the previous research has developed a comprehensive understanding of the
benefits of VPPs as an entity, there is a lack of consideration for the benefits and risks for
end-users and communities where the VPPs are based. The participation of prosumers
and the communities is one of the essential criteria in the implementation of VPPs [29],
for its reliance on the cooperation and aggregation of distributed prosumers. However,
in most previous research, the end-users in the VPP framework are considered as flexible
loads [13,30] or simply as the source of revenue for the VPP entities.

Distributed renewable energy systems face challenges in achieving commercial vi-
ability due to their low capacity and unstable output, as summarised in [31]. Without a
well-performing control and optimisation strategy, these distributed resources can also
have negative impacts on the public grid, which may require extra costs for balancing
supply and demand [32–34]. Furthermore, DRE systems heavily rely on energy storage
systems [3], which can significantly increase costs [32]. These economic uncertainties can
pose potential economic risks to the communities and end-users greatly, and hinder the
renewable transition.

VPPs can play a crucial role in reducing the economic risks of renewable energy
through effective management of DRE systems [17]. By integrating DRE systems into the
public grid, VPPs can also contribute to reducing overall electricity prices in the market,
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making renewable energy more affordable for all. In particular, communities with limited
purchasing power may benefit from access to cheaper and cleaner energy by participating
in VPP networks. Hence, it is essential to gain a deeper understanding of the potential role
that VPPs can play in powering communities with distributed renewable resources.

1.1.2. Modelling and Problem-Solving Techniques in VPP Studies

As an energy system interacting with various demand patterns, generation patterns
and energy market conditions, the modelling of VPP involves numerous uncertainties
such as weather forecasting, demand forecasting, market price forecasting, etc. [15]. The
two commonly adopted modelling methods are deterministic modelling, which create
sophisticated calculation models for renewable energy systems, the VPP control system,
user demand, and energy market [24,35], and stochastic modelling, which represents the
VPP components with probability models [22,36,37]. In addition, some studies also use
actual data records of generators’ output or user demand instead of modelling them [30].

In terms of problem-solving methods such as optimisation and control strategies,
the commonly used approaches can be categorised as heuristic approaches and mathe-
matical approaches. Mathematical approaches, such as linear or nonlinear programming,
usually adopt regression methods to seek the global or local optimality within the VPP’s
operation constraints [38,39]. Although these mathematical optimisation approaches are
well-developed methodologies, their application to VPP is under critique due to their
vulnerability when dealing with uncertainties and their insensitivity to the global optimal-
ity [13,15].

Heuristic approaches, such as particle swam optimization, agent-based optimisation,
machine-learning-based heuristic control, and optimisation, have more flexibility when
dealing with uncertainties and can identify the global optimal more easily [40]. However,
as pointed out in [13], these methods may be ineffective for achieving local optimal. This
is due to the fact that, given a small population size, the optimisation algorithm typically
treats significant contingency events, such as demand spikes and market price spikes, as
outliers, despite the fact that these contingencies may be essential for enhancing the energy
conservation and economic performance of the VPP.

In addition, with increasing renewable energy options, technique innovation, and a
complex operation environment, it was found in [13] that the modelling process for the VPP
system is increasing in complexity. Hence, a more robust and effective problem-solving and
modelling approach should be introduced to provide optimised decision-making for VPP
implementation. As a branch of machine learning, reinforcement learning (RL) is a potent
tool for assisting decision making in dynamic situations. RL approaches can provide robust
optimisation for different scenarios [41,42] in the application of energy network control
and optimisation.

1.1.3. Summary of Literature Review

To sum up the findings of the literature review, it is found that although previous stud-
ies in the domain of VPP made significant contributions in investigating the optimisation of
VPP operations with various mathematical or heuristic approaches, most of these studies
have a limited focus on the VPP’s benefits and profitability for the VPP system itself or the
operator of the VPP. The risks and benefits for end-users and local communities are rarely
discussed. Additionally, current problem-solving techniques for VPP research have met
their limitations in dealing with the growing uncertainties and complexities of implement-
ing VPP in urban environments. To address these research gaps and limitations through
this research, we conducted a case study in an Australian city with a novel RL-based VPP
framework. The case study evaluated VPP’s performance in carbon emission reduction,
profitability, and benefits for end-users.
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1.2. Research Contributions

VPPs operate in complex and uncertain environments, where temporal and spatial
dynamics such as supply/demand conditions, demographic profiles, renewable energy
resources, urban growth, population growth, and corresponding demand growth can
significantly impact their performance. The implementation of VPPs also faces broader
challenges and uncertainties, such as long-term economic viability and socioeconomic val-
ues, which require in-depth analyses of VPP operations in urban environments. Therefore,
a comprehensive understanding of the operational complexities and potential impacts
of VPPs is crucial to ensure their effectiveness and sustainability in the long run. Hence,
this study aims to further explore the challenges and opportunities of using VPPs in an
Australian city’s context. The main research objectives of this study are:

(1) To implement a conceptual VPP framework in an Australian city;
(2) To model the VPP’s performance for urban communities across an Australian city;
(3) To optimise VPP performance for urban communities across an Australian city;
(4) To evaluate the technoeconomic impacts of VPP and provide discussion and sugges-

tions for future development and policy making

The significance of this study can be summarised into the following two aspects:
(1) This study focuses on the research gaps on community-oriented VPP operation and
addresses technoeconomic opportunities and challenges for communities and end-users.
(2) This study proposes a research framework in the context of community environment
and utilises a multi-disciplinary approach to address the uncertainties and complexities.

2. Case Study of Community-Based VPPs

2.1. VPP Implementation Case Study in an Australian City

To investigate the VPP’s efficacy in supporting the community-based renewable energy
transition, we conducted a case study in the urban area of the City of Greater Bendigo. The
City of Greater Bendigo is located near the geographical centre of Victoria, Australia [43],
and is the third largest city in Victoria. The urban and rural areas of Bendigo cover
nearly 3000 km2 [44] and are home to 111 thousand people [45]. The City of Greater
Bendigo has a strong commitment towards sustainable urban environment. According to
an environment strategy report by the City Council of Bendigo, the city encourages the
transition to sustainable urban development and has a target to achieve 100% renewable
energy in 20 years. However, it is unclear how the renewable systems can deliver the
expected effects in carbon reduction and economic viability. In addition, most of the
distributed PV and home battery systems have low visibility to the grid operator, which
poses a challenge to the grid’s stability and brings more uncertainties for future planning
on the electricity supply infrastructure.

In this research, we adopt statistical area level 1 (SA1) as the community unit for
modelling and data analysis. The statistical area hierarchy is introduced in Australian
Statistical Geography Standard (ASGS) [46] to reflect the social geographic location of
people and communities. Among the statistical area hierarchy, SA1 is designed to maximise
the geographic detail available for Census of Population and Housing data while maintain-
ing confidentiality. This study covers an area of 235 SA1s in the City of Greater Bendigo
(Figure 1). The study area is limited by the light detection and ranging data (LiDAR) cover-
age area in the City of Greater Bendigo. The LiDAR data collected on March 2020 by the
Department of Environment, Land, Water and Planning (DELWP) covers in total 235 SA1s
of the City of Greater Bendigo. The LiDAR data were used to identify and measure the
rooftop PV coverage, urban solar potential, building parameters, and shading impacts.
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Figure 1. LiDAR coverage in City of Greater Bendigo (Left) and the studied SA1s in this project (Right).

2.2. Implementing a VPP Research Framework in Community Context

To conduct the case study, a research framework was designed to implement the VPP
network in the City of Greater Bendigo (Figure 2). To provide comprehensive analyses
of the VPP implementation with the local communities’ urban environment conditions,
supply–demand conditions, and socioeconomic and demographic profiles, this research
employed multiple methods including geospatial information system (GIS) processing and
analysis, system modelling, demand data mining, and reinforcement learning.

 

Figure 2. Summary of the research process.
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The research process involved four main steps. Firstly, VPP components were mod-
elled and the supply and demand conditions of multiple communities were characterised
using geospatial mapping, demand data mining, and system modelling. Secondly, a rein-
forcement learning control system was established and trained using random populated
sample supply/demand, PV output, and market data to adopt the optimal distributed
resources management policy. Thirdly, the trained RL models were deployed to the com-
munities. The VPP simulations were carried out within each of the 235 communities under
multiple scenarios of renewable resources and battery capacity. The VPP operation consid-
ered the interaction of communities’ load, storage capacity, PV generation, and electricity
market at an hourly interval. Finally, technoeconomic analyses were conducted to evaluate
the VPP’s performance in terms of carbon emissions, economic impact, and grid impacts.
The detailed process of steps 1–3 is covered in Section 3 and the data analyses results and
discussion are presented in Section 4.

3. Data Processing, Modelling, Optimisation, and Simulation for Community-Based VPPs

3.1. Geospatial Mapping and Processing

GIS is a powerful tool which facilitates a better understanding of urban environment
dynamics and local resource distribution. In this part of the study, GIS data on the City
of Greater Bendigo were collected, and GIS platforms (QGIS and ArcGIS) and processing
tools were adopted to analyse the geographic data and map the urban environment and PV
resources. In this study, the GIS data were collected from the Department of Environment,
Land, Water and Planning (DELWP) of the Victoria State Government. The dataset includes
the LiDAR data of digital surface model (DSM), high resolution aerial image, building
height model (BHM), and property footprint. The DSM data were used to create the case
study city’s roof angular profile including azimuth (Figure 3) and tilt angle (Figure 4).

 

Figure 3. Roof azimuth angle raster layer calculated using BHM and QGIS Aspect function.
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Figure 4. Roof tilt angle raster layer calculated using BHM and QGIS Slope function.

BHM was used as an input raster to determine the azimuth angles of building rooftops.
The aspect function in the QGIS toolkit was used to generate the azimuth angle raster
layers. A rooftop’s azimuth angle (aspect) is its angle of departure from north (0◦). It has a
range of 0 to 360 degrees, with 0 representing north and 180 degrees indicating south. The
aspect function in QGIS returns the azimuth distribution of the input BHM (Figure 3). The
azimuth raster was coloured to illustrate different angular values. Each rooftop’s azimuth
angle was then exported as an attribute table, which was subsequently utilised to simulate
rooftop PV.

The tilt angle, like the azimuth angle, is an important angular parameter for simulating
PV output. The Slope function in QGIS takes the BHM as input and generates the rooftop
tilt angle layer. The tilt angle layer, like the azimuth angle layer, was coloured to show the
angle values (Figure 4).

Furthermore, GIS-based approaches were used to identify both existing and potential
solar PV resources in the case study city. With the high-resolution aerial image data and
the Mask R-CNN [47] image recognition algorithm, the existing PV systems installed on
Bendigo rooftops were delineated. Based on the angular parameter and shading impact
factor, the solar PV potential mapping of the rooftop PV in the case study area was created
(Figure 5). The GIS processing outcome of PV delineation, azimuth angle, tilt angle, and
potential mapping was used in the following sections for PV modelling and simulation.

 

Figure 5. Rooftop solar irradiation potential raster.
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3.2. System Modelling

The system modelling in this study comprises the modelling of the PV system, battery
energy storage system (BESS), the control mechanism of the VPP, and the energy market.
The modelling was carried out using MATLAB and Simulink. To simulate the operation
of the PV system, the following factors were taken into consideration: (1) Plane of array
(POA) irradiance; (2) Solar position; (3) Losses caused by heat transfer; (4) Losses caused by
the inverter, mismatch, wiring, shading, dust, etc. On the one hand, POA irradiance, solar
position, and heat loss are closely related to the GIS-defined urban environment profile,
which was sophisticatedly modelled to enable the analysis of different input scenarios. The
model adopted the PVlib toolbox developed by Sandia National Lab [48]. The modelling of
a storage system mainly requires inputs of system specifications such as charge/discharge
rate, maximum capacity, and efficiency. The reference value for BESS is based on the
specifications of the TESLA Powerwall [49].

3.3. Demand Data Mining

Energy consumption data were provided by the case study city’s local distribution
network service provider: PowerCor. The dataset included an aggregated customer-type-
based dataset for postal areas and 3000 de-identified samples with categories of different
property purposes: residential, commercial, industrial, agricultural (coded as R, C, I, and
A, respectively). A data-mining approach integrating Random Forest (RF) and K-means
Clustering was used to extract the features of the sample demand data and reconstruct the
demand dataset for the four user types in each SA1 cluster.

The data mining process comprised the following steps: (1) Train the RF model with
sample postal-area-level input features and validate the results at the postal area level,
(2) Establish the RF forecasting model on expanded postal-area-level input features and
validate the results at the postal area level, (3) Train the RF model on postal-area-level
input features to forecast the SA1-level consumption profile, (4) K-means clustering of
the de-identified sample to extract the consumption profile for each type of user, and
(5) Reconstruct SA1-level demand patterns based on clustered profiles and the forecasted
SA1-level consumption profile.

Additional input variables of the user type composition, population density, and
dwelling density for each SA1 and postal area were acquired from ABS to create a prediction
model with RF that could estimate a SA1-level aggregated consumption profile from postal
area demand data. The following input features were labelled on the aggregated postal
area demand data: (1) Season, (2) User type, (3) User type count, and (4) User type ratio.

The K-means approach was adopted for the clustering of the random sample data
to identify the typical demand patterns among different user types in the City of Greater
Bendigo. K-means is one of the most fundamental but efficient unsupervised learning
algorithms for data mining [50]. The goal of K-means clustering is to seek the optimal
clustering policy that has the minimal total squared errors across all defined clusters, which
can be described using the following equations:

EK(a, b) =
√

∑n
i=1(a − bi)

2 (1)

where, EK is the Euclidean distance of each cluster, a is the cluster mean, and bi are the
members of the defined cluster. The objective of the K-means approach is to minimise the
aggregated E across all K clusters:

min(EK) = ∑K
j=1 EK(a, b) (2)

The process of using K-means clustering to establish typical demand patterns is
shown in Figure 6. The dataset was divided into four sections by user type during the
pre-processing stage. Following that, each sub-dataset was divided into four seasons,
which generated sixteen independent datasets. The K parameter should be established
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after the sixteen independent datasets are ready for clustering. Because the goal of K-
means clustering is to minimise total squared errors across all clusters, inertia analysis
was performed to calculate the within-cluster sum of squared errors (WCSS). In the inertia
analysis, the WCSSs in each K were displayed in a line chart to show the reduction in inertia.
A suitable K divides the dataset into K clusters, resulting in a considerable reduction in
inertia when compared to the inertia in K 1 clusters. Following the selection of K, each
independent dataset was grouped into K clusters using the K-means algorithm. Each cluster
indicates a group of people who have the same customer type and use similar amounts of
electricity during a given season.

Figure 6. Establishing typical seasonal SA1 demand profiles with K-means.

Shown in Figure 7 is a sample of the reconstructed demand pattern. Each row of
Figure 7 shows one month’s electricity demand profile (kWh) for all residential users in one
sample SA1. The outcome is the hourly interval demand data for each type of user in each
SA1 of the City of Greater Bendigo. The reconstructed hourly demand pattern was then
amplified to fit the aggregated SA1 electricity consumption in each SA1 for each user type.
The models used in the demand data mining process were cross-validated multiple times at
the postal area level to ensure its efficacy as far as possible. However, it remains a limitation
that the true fidelity of this approach cannot be verified on a more detailed level (i.e., SA1
level), due to the lack of ground truth data at the SA1 level and the de-identification of the
sample user data.

3.4. Reinforcement Learning VPP Operation Model

To operate the VPP under uncertainties and complexities in the urban environment
and provide optimised control decisions, this study applied an RL-based approach to model
the VPP control system. The concept of RL is very similar to human behaviour patterns
when we observe and learn about the world. We learn something by obtaining sufficient
positive feedback and learn that something is incorrect or dangerous by receiving negative
feedback. Similar to human learning, the foundation of RL is the Markov Decision Process
(MDP), which defines the procedure by which RL agents interact with the environment.
MDP provides a control model for decision making in a discrete and stochastic process.
The MDP creates an environment for the decision maker, in our case, an artificial intelligent
entity (agent). In the MDP environment, the agent generates actions to change the states of
the environment randomly. The changes result in the reward the agent can obtain and the
probabilities of future state transitions. The agent’s objective is to select actions to maximise
the long-term measure of total reward.

In this study, the RL-controlled VPP system is capable of adjusting electricity trading
and scheduling strategies based on the observation and forecast of the users’ demand, the
national energy market (NEM) electricity price for wholesale and ancillary services, and
the renewable energy systems’ output. In total, four RL agents were trained under the four
demand patterns, namely A, C, I, and R. The RL agent applies the deep deterministic policy
gradient (DDPG) algorithm to construct its deep neural network through training iterations.
The VPP system structure was modelled in Simulink with a MDP environment embedded.
The RL system’s objective function is to maximise the economic benefits and minimise the
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losses in the operation of a VPP by providing demand shifting and participating in the
electricity market. The objective function can be formulated as the following equation:

max CF = ∑T
t=1 pvpp(t)× kmarket(t) + abs(pancillery (t))× kancillery (t) (3)

where CF is the total cashflow of all timesteps, kmarket(t) is the AEMO-recommended retail
price used to estimate the cash flow for trading with the public grid, and kancillery (t) is the
AEMO ancillary services market price used for estimating ancillary services incomes.

Figure 7. Sample reconstructed SA1 level demand pattern for residential users in four seasons (kWh).

With the objective function defined, the reward function for the RL system can then be
formulated with the following three components: (1) the objective reward (Robj), (2) the
step reward (Rmove), and (3) the finishing reward (Rmadeit). The reward function for the RL
system can be described as:

max R = ∑T
t=1[Robj(t) + Rmove(t)] + Rmadeit (4)
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Robj is modified from the objective function (Equation (4)) to represent the actual cash
flow of the VPP system.

3.5. Multi-Scenario Simulation and Analysis

The multiple scenario analysis of this study simulated and investigated the impacts
of different VPP operation strategies under the different scenario cases. When generating
scenario cases, this research considered the spatial and temporal dynamics of the urban
environment in terms of the demand/supply changes, market changes, etc. The following
aspects were considered in the scenario settings:

Scenario group A: Scenarios of potential PV coverage
Based on the PV system delineation results, the PV coverage scenario was established,

considering solar potential, rooftop orientation, the slope of the roof, and the rooftops’
financial viability for deploying PV systems. The scenarios were as follows: (1) Base case
with currently detected solar panels, (2) Medium coverage ratio scenario (25% of total
available rooftop), (3) High coverage ratio scenario (50% of total available rooftop).

Scenario group B: Scenarios of electricity storage facilities
The PV/battery ratio is an essential factor to be considered when designing a dis-

tributed PV system. Many studies have investigated the coverage ratio impact of PV sys-
tems and battery systems on self-sufficiency capability and economic performance [51–54].
However, most of these studies applied scenario analyses that investigate different ratios’
performance. The recommended ratio ranges from 50% to 200%, as can be found in these
studies. Based on a recommended system ratio from an Australian State Government
document, the baseline ratio in this research was set for 70% of the PV system capacity [55].
For scenario group B, three cases were introduced: (1) base case scenario without battery
capacity, which affects the base case VPP operation scenario only, (2) battery capacity of
70% PV capacity, (3) battery capacity of 140% PV capacity, and (4) battery capacity with
210% PV capacity.

Scenario group C: Scenarios for electricity demand growth
This study considered a demand growth of 5 years to reflect the future demand con-

ditions. The current demand is based on the demand data as introduced in Section 3.3.
The 5 years’ demand growth is forecasted using the estimated demand growth rate recom-
mended by Australian Department of Industry, Science, Energy and Resources (DISER) [56].
In the DISER’s 2020 report, the recent growth rate for 2019–2020 is used to estimate the
five years’ growth in the near future.

4. Findings and Discussions

This section discusses the feasibility of a distributed renewable energy management
system—VPP from the following aspects: (1) Carbon emission reduction, (2) Project eco-
nomic performance, (3) User electricity price reduction and (4) Consumption efficiency
measured by load factor.

4.1. Carbon Emission Reduction Performance of VPPs

Figure 8 presents the histogram of the simulation results of carbon emission reduction
(CO2-e) with VPP implemented in each SA1. The emission reduction was calculated using
Equation (5), where Ce−VPP is the emission of CO2 with VPP implemented, Ce−Total is the
total CO2 emission, and Ce−R is the emission reduction rate:

Ce−R =

(
1 − Ce−VPP

Ce−Total

)
× 100% (5)

The carbon emission reduction factor was calculated based on the carbon dioxide
(CO2) emission factor provided in [57] for electricity purchased from the grid. According to
the report, in Victoria, Australia, the emission factor for CO2 is 0.98 kg/kWh. As can be seen
in Figure 8, with low PV coverage levels, the vast majority of SA1s have carbon emission
reduction rates lower than 10%, and the frequency of the 0–10% group increases while
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the demand growth scenario changes from current to future years. Increased PV coverage
scenarios have a significant effect in increasing the rate of reduction of CO2 emissions. It
can also be noticed that within the same PV coverage scenario, increasing BESS capacity
enlarges the group size of SA1s with higher carbon emission reduction rates.

 

Figure 8. Histogram plots of SA1 simulation results for carbon emission reduction rate.

Figure 8 presents the histogram plots of SA1 communities’ carbon emission reduction
rate under different VPP operation scenarios. The X-axis represents the 10% interval
of carbon emission reduction rates being measured. The Y-axis represents the count of
observations that fall within each interval.

Based on Figure 8, VPPs have the potential to reduce communities’ reliance on fossil
fuel-based electricity. However, this capability depends on the capacity of available PV
and BESS in the VPP systems. Furthermore, the figure shows that even with medium or
high levels of PV coverage, around 20–30 communities in the second and third columns
have low carbon emission reduction rates of less than 20%. This is likely due to extreme
consumption levels in some industry or agriculture-focused communities that cannot be
effectively offset by renewable generation. Therefore, while VPPs perform well in most
communities with higher renewable energy and storage penetration, they may not be a one-
size-fits-all solution for all communities with various demand patterns. Future investments
and policy making should consider each community’s suitability when evaluating VPP as
a carbon emission reduction approach.

4.2. Economic Performance of VPPs Measured by 25 Years Net Present Value (NPV)

As presented in Section 4.1, the VPPs tend to have a better performance among the
communities when exposed to more renewable resources and BESS capacity. Neverthe-
less, the increasing size of distributed PV and BESS will involve a greater amount of
capital investment. Hence, it is essential to examine VPPs’ costs and benefits among the
multiple scenarios.

To measure the financial viability of investing in VPPs, this study calculated the VPP
project’s life cycle net present value (NPV) for each SA1. The NPV calculation considers a
25-year lifetime for PV and BESS systems. In the life cycle, the cost of the project includes:
(1) The cost of PV systems, (2) the cost of BESS systems, (3) the cost of construction, (4) the
cost of maintenance and replacement, and (5) the cost of electricity purchased from the
grid. The income of the project includes: (1) Income from selling electricity wholesale, and
(2) income from participating in FCAS services.
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The NPV calculation is this research applied the following equation:

CFn=1 =
(CPV+CBESS+CE_purchase_grid+CMaintenance+Iwholesale+IFCAS+SE_consumer)

(1+R)(n−1)

CFn =
(CE_purchase_grid+CMaintenance+Iwholesale+IFCAS+SE_consumer)

(1+R)(n−1)

NPV = ∑25
n=1 CFn

(6)

where, CFn is the present value of annual cashflow at year n, C is the cost item, I is the
income item, SE_consumer is the saving in expenditure on electricity by offsetting users’
demand, and R is the discount rate.

Figure 9 shows the histogram of the VPPs’ economic performance in each community
measured by 25 years NPV. The X-axis has a range from AUD −7 to 10 million with an
interval of AUD 1 million. The Y-axis shows the count of observations within each interval.

 

Figure 9. Histogram plots of SA1 simulation results for 25 years NPV.

It was found that the financial performance of VPP largely relies on the capacity of
renewable generators and storage systems. When the capacity remains at the current level,
the forecasted net present value (NPV) for investing in community-level VPP will be low.
The simulation results on the 25 years project NPV indicate that with current PV coverage,
most of the SA1s have low NPV or negative NPV values and the lowest NPV is around
AUD −5 to −4 million. In the current scenario, around 34–35% of the SA1s have positive
NPV values. This indicates that the investment in VPP with current installed PV capacity
will have a relatively low expected financial payback.

When the PV coverage increases to medium or high level, the NPV among SA1s shows
an increasing pattern, with over 88% of the SA1s populated above AUD 1 million in the
5-year scenario. The percentage grows up to above 90% of the SA1s with a higher NPV
than AUD 1 million in the 10-year scenario. Increasing PV capacity will have a positive
impact on the VPP’s NPV among the SA1s. However, the increase in BESS capacity can
have a double-sided effect on the project NPV. For example, if an SA1 community already
has a higher estimated profit (above AUD 10 million 25-year NPV), extra BESS capacity
will be more likely to further increase the profit level. On the contrary, if an SA1 community
has an estimated profit of less than AUD 1 million, the extra BESS capacity that incurs more
initial cost and maintenance cost will have a higher chance of reducing the exiting profit.

In summary, the economic payback and project value of the future VPP deployment
largely rely on the capacity of PV and BESS system. Higher PV and BESS system capacity
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gives VPP greater capability in demand offset and energy trading. It can also be found that
the high BESS capacity can sometimes reduce project economic feasibility, which may be
due to the high capital cost and maintenance cost of the BESS system.

4.3. Economic Benefits of VPP for Communities and End-Users

Based on the calculation of the NPV, this research also provides an estimation of the
electricity retail price which can fully offset the cost of the VPP. The adjusted electricity was
calculated using the ratio of the users’ net demand after the demand offset action of VPP
and the 25-year NPV in each SA1, as shown in the following equations:

CF′
n=1 =

(CPV+CBESS+CE_purchase_grid+CMaintenance+Iwholesale+IFCAS)
(1+R)(n−1)

CF′
n =

(CE_purchase_grid+CMaintenance+Iwholesale+IFCAS)
(1+R)(n−1)

NPV′ =
25
∑

n=1
CF′

n

Padjusted =
∑25

n=1

(
ETotal − EVPP_User

) /
(1 + R)(n−1)

NPV′

(7)

where ETotal is the total demand in each SA1 and EVPP_User is the user demand offset by VPP.
Figure 10 is the histogram plots of the simulation results for the adjusted electric-

ity price with VPP operating under each scenario. The X-axis has a range from 0 to
0.1 AUD/kWh with an interval of 0.01 AUD/kWh. The Y-axis shows the count of observa-
tions (i.e., the number of SA1 communities) falling into certain intervals.

 

Figure 10. Histogram plots of SA1 simulation results for adjusted electricity price.

The resulting histogram plots are shown in Figure 10. It can be found that VPP’s
economic performance has a strong impact on reducing the electricity cost for the local
communities, even with the current PV installation capacity. Most of the SA1s with
current PV capacity and low BESS capacity have reduced electricity price ranging from
0.05 to 0.08 AUD/kWh, while over 50% of the SA1s have an electricity price of less than
AUD 0.01. This illustrates a significant reduction compared to the Default Offer electricity
price (ranging from 0.1297 to 0.3091 AUD/kWh, excluding the service charge) provided
by the Essential Services Commission (ESC) of Victoria [58]. This demonstrates that the
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VPP has significant capacity in reducing the users’ electricity expenditure with different
demand profiles.

The results from the adjusted electricity price indicate that VPPs offer significant
benefits to end-users, even at the current level of renewable energy and BESS coverage.
Comparing the first column of Figures 9 and 10, it can be seen that despite the NPVs of
investment being suboptimal at low-PV and BESS coverage levels, end-users would still
benefit from much lower electricity prices by using VPPs. Therefore, it is recommended
that government bodies and potential investors take into account the positive impact on
end-users when considering VPP deployment. The successful implementation of VPPs
largely depends on the increase in distributed renewable energy and storage capacity. Since
a large portion of the procurement for such distributed generators comes from prosumers
or households, it is crucial to demonstrate the direct benefits of participating in VPPs to
end-users, prosumers, and the wider community.

4.4. Consumption Efficiency Measured by Load Factor

The load factor is an essential indicator for assessing the effects of load on the power
grid. As a distributed generator network, VPP has a significant impact on grid stability. The
load factor is defined as the ratio of the average load over time to the peak load over time.
The electricity infrastructure is built to sustain peak loads rather than normal loads. When
the load factor in a user cluster is higher, it signifies that the average load of the users is close
to the peak load, indicating that the energy infrastructure in this cluster is more efficient. In
contrast, if the load factor is low, it suggests that the consumers’ electricity consumption is
substantially lower than the peak demand that the electricity network is designed to meet
most of the time. As a result, a higher load factor indicates that the electricity network is
more efficient, whereas a lower load factor indicates that the network is less efficient, and
the network requires more ancillary service capacity to mitigate imbalanced frequency or
voltage when demand is much lower than the designed capacity.

This section provides an assessment of the VPP model’s impact on the grid’s consump-
tion efficiency using load factor as an indicator. The load factor in this study was calculated
using the following equation:

FL =
∑n E h

n

max
(

E h
n

) × 100% (8)

where FL is the load factor as a percentage and E h
n

is the hourly user demand in a year.
In this study, a comparison was made between the original load factor and the load

factor under VPP control. The original load factor was calculated using the current demand
data in each SA1, and a histogram plot was created (Figure 11) to show the distribution of
the load factors among the SA1s. The X-axis in Figure 11 represents the range of load factor
from 50 to 80% with an interval of 10%, while the Y-axis shows the count of observations
that belong to each interval. The figure shows that, of the 235 SA1s, over 50% have load
factors of around 60–65% and approximately 30 SA1s have load factors ranging from 65%
to 80%. Over one quarter of the SA1s have load factors below 60%.

The load factor results for VPP-controlled scenarios are shown in the histogram
(Figure 12). Compared with the original load factor histograms in Figure 11, the histograms
of low-PV scenarios in Figure 12 show a significant decrease in the distribution pattern,
with over 50% of the SA1s having lower load factors than 55%. This indicates that, when
applying the VPP system at current PV coverage level, the VPP will have a negative impact
on the efficiency and stability of Bendigo’s electricity network. The reason is that PV
has a higher output during the daytime while the users do not make their peak demand.
However, the PV output is not high enough to last in the system until the peak demand.
The consequence is that the PV output only reduces the average demand while the peak
demand cannot be mitigated. As a result, the load factor becomes higher than in the
situation without PV.
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Figure 11. Histogram of SA1s’ original load factors without VPP control.

 

Figure 12. Histogram plots of SA1 simulation results for load factor (%).

The load factor situation is improved as the PV coverage level increases. As Figure 12
shows, in scenarios with high PV coverage and medium–high BESS scenarios, less than
25% of the SA1s have load factors lower than 60%. Furthermore, the BESS capacity shows
its benefits in the medium–high PV coverage scenarios, where the scenarios with higher
BESS capacity have more SA1s located in the load factor range of 65–75% compared to the
scenarios with low BESS capacity.

In summary, the results of load factors presented in Section 4.4 demonstrate that there
is a significant impact on the public electricity network in terms of consumption efficiency
when PV and BESS coverage are low. The current renewable and storage capacity in the

129



Buildings 2023, 13, 844

sample communities are not sufficient to effectively offset the peak load among users,
resulting in a reduced load factor. This could cause unexpected frequency and voltage
turbulence during peak hours, which should be a concern for local network distributors.
Increasing the PV and BESS capacity can significantly improve the load factor of most
sample communities. However, approximately 10–20 communities experience a drop in
load factors even with medium–high PV and BESS coverage. This suggests that VPP may
not be a suitable option for these communities from the perspective of grid stability. It is
important to consider the balance between the deployment of VPPs and the stability of the
public electricity network when planning future investments and policies.

5. Conclusions and Further Research

This paper reports the results of a case study of an implementation of community-
focused VPP system in an Australian city. The aim of this study is to investigate the
VPP’s benefits and risks for end-users and local communities. In this study, a novel VPP
model with an RL-based control mechanism is introduced which is capable of operating
under various demand and supply profiles within each SA1 community. Geospatial
mapping and data mining approaches were utilised to capture the local renewable resources
and reconstruct the demand patterns for community-based user clusters. Based on the
simulation results, the data analysis provides an overview of the VPP’s performance in
terms of carbon emission reduction, project economic performance, electricity cost benefits
for end-users and communities, and the impacts on the grid consumption efficiency.

From the investment perspective, it was found that at current PV coverage level, the
implementation of VPP is not a feasible option due to the risks of low economic value, and
relatively poor performance in carbon emission reduction. Nevertheless, analysis of the PV
and BESS growth scenarios proves that the VPP has great potential to support the future
growth of the city’s renewable energy system and unlock the distributed system’s values
among the communities.

Ideally, with an increase in PV rooftop coverage to 25%, over 50% of the SA1 com-
munities will have a significant reduction in carbon emissions. When the PV coverage
further increases to 50% of rooftop are, over 70% of the SA1 communities will reduce the
carbon emissions by half. The increasing BESS capacity has the effect of maintaining carbon
emission reduction against demand growth. Compared with the scenario groups with
low BESS capacity, those with mid to high systems capacity will maintain a higher carbon
emission reduction rate even as the electricity consumption continues to grow.

For end-users, VPPs have great capacity in reducing the user’s expenditure on electric-
ity in all the scenarios when the adjusted electricity price lower than the Default Offer as
provided by the Victoria Essential Service Commission.

The analysis of load factor indicated that with current levels of renewable energy
penetration, VPPs tend to have a negative impact on the local electricity network that will
lower the consumption efficiency. It is a result of the insufficient PV and BESS capacity,
which reduces the average load but fails to significantly reduce the peak load. The alter-
native scenarios suggested that, with increasing PV and BESS capacity, VPP is capable of
improving the load factors compared to the default situation.

Due to the limitations in the data collection, this research does not consider the
detailed VPP operation from an electrical engineering perspective. The interaction among
VPPs operating in different communities are not considered as this requires single line
diagrams of the supply, distribution, and transmission network. The operating voltage and
frequency of the VPPs are not considered in this study, as they require further data input and
modelling of the grid-connected inverters and the feeder network. It is recommended that
future research may further expand the scope of research to include detailed simulation
of VPPs to include more aspects of electricity network impact factors such as voltage
control and frequency regulation. It is recommended that future studies may considerably
expand VPP modelling and functionalities, for example, by integrating a game-theory-
based bidding system in the market end of the VPP system model.
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To sum up, this research validates the VPP benefits for end-users and the communities
in terms of reducing carbon emissions and reducing electricity costs. However, the financial
viability and the grid impacts of VPP projects largely depend on the availability and
capacity of the renewable energy generators and storage systems.
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12. Sikorski, T.; Jasiński, M.; Ropuszyńska-Surma, E.; Węglarz, M.; Kaczorowska, D.; Kostyla, P.; Leonowicz, Z.; Lis, R.; Rezmer, J.;

Rojewski, W.; et al. A Case Study on Distributed Energy Resources and Energy-Storage Systems in a Virtual Power Plant Concept:
Technical Aspects. Energies 2020, 13, 3086. [CrossRef]

13. Naval, N.; Yusta, J.M. Virtual power plant models and electricity markets—A review. Renew. Sustain. Energy Rev. 2021,
149, 111393. [CrossRef]

14. Nikonowicz, Ł.; Milewski, J. Virtual Power Plants—General review: Structure, application and optimization. J. Power Technol.
2012, 92, 135–149.

131



Buildings 2023, 13, 844

15. Yu, S.; Fang, F.; Liu, Y.; Liu, J. Uncertainties of virtual power plant: Problems and countermeasures. Appl. Energy 2019,
239, 454–470. [CrossRef]

16. Pal, P.; Parvathy, A.K.; Devabalaji, K.R. A broad review on optimal operation of Virtual power plant. In Proceedings of the 2019
2nd International Conference on Power and Embedded Drive Control (ICPEDC), Chennai, India, 21–23 August 2019.

17. Linna, H.; Yingzhi, M.; Juning, S. A Review on Risk Management of Virtual Power Plant. In Proceedings of the 2019 IEEE 8th
International Conference on Advanced Power System Automation and Protection (APAP), Xi’an, China, 21–24 October 2019.

18. Liu, T.; Wang, Y.; Wilkinson, S. Identifying critical factors affecting the effectiveness and efficiency of tendering processes in
Public–Private Partnerships (PPPs): A comparative analysis of Australia and China. Int. J. Proj. Manag. 2016, 34, 701–716.
[CrossRef]

19. Pandit, A.; Minné, E.A.; Li, F.; Brown, H.; Jeong, H.; James, J.; Newell, J.P.; Weissburg, M.; Chang, M.E.; Xu, M. Infrastructure
ecology: An evolving paradigm for sustainable urban development. J. Clean. Prod. 2017, 163, S19–S27. [CrossRef]

20. Yang, M.; Wang, Y.; Gao, S.; Zhang, Q.; Li, Z.; Wang, D. A bidding model for virtual power plants to participate in demand
response in the new power market environment. In Proceedings of the 2021 International Conference on Power System Technology
(POWERCON), Haikou, China, 8–9 December 2021.

21. Liu, C.; Yang, J.; Yu, X.; Sun, C.; Wong, P.S.P.; Zhao, H. Virtual power plants for a sustainable urban future. Sustain. Cities Soc.
2021, 65, 102640. [CrossRef]

22. Tan, Z.; Tan, Q.; Wang, Y. Bidding Strategy of Virtual Power Plant with Energy Storage Power Station and Photovoltaic and Wind
Power. J. Eng. 2018, 2018, 11. [CrossRef]

23. Zhang, T.; Qin, Y.; Wu, W.; Zheng, M.; Huang, W.; Wang, L.; Xu, S.; Yan, X.; Ma, J.; Shao, Z. Research on Optimal Scheduling in
Market Transaction for the Participation of Virtual Power Plants. In Proceedings of the 2019 6th International Conference on
Information Science and Control Engineering (ICISCE), Shanghai, China, 20–22 December 2019.

24. Kasaei, M.J.; Gandomkar, M.; Nikoukar, J. Optimal management of renewable energy sources by virtual power plant. Renew.
Energy 2017, 114, 1180–1188. [CrossRef]

25. Kong, X.; Xiao, J.; Wang, C.; Cui, K.; Jin, Q.; Kong, D. Bi-level multi-time scale scheduling method based on bidding for
multi-operator virtual power plant. Appl. Energy 2019, 249, 178–189. [CrossRef]

26. Wang, H.; Riaz, S.; Mancarella, P. Integrated techno-economic modeling, flexibility analysis, and business case assessment of an
urban virtual power plant with multi-market co-optimization. Appl. Energy 2020, 259, 114142. [CrossRef]

27. Hadayeghparast, S.; Farsangi, A.S.; Shayanfar, H. Day-ahead stochastic multi-objective economic/emission operational scheduling
of a large scale virtual power plant. Energy 2019, 172, 630–646. [CrossRef]

28. Shafiekhani, M.; Badri, A.; Shafie-khah, M.; Catalão, J.P.S. Strategic bidding of virtual power plant in energy markets: A bi-level
multi-objective approach. Int. J. Electr. Power Energy Syst. 2019, 113, 208–219. [CrossRef]

29. Wang, L.; Guo, Z.; Zhang, Y.; Liang, Y.; Wang, Q.; Ji, Z. A Review of Virtual Power Plant: Concepts and Essential Issues. In
Proceedings of the 2021 IEEE Sustainable Power and Energy Conference (iSPEC), Nanjing, China, 23–25 December 2021.

30. Wei, C.; Xu, J.; Liao, S.; Sun, Y.; Jiang, Y.; Ke, D.; Zhang, Z.; Wang, J. A bi-level scheduling model for virtual power plants with
aggregated thermostatically controlled loads and renewable energy. Appl. Energy 2018, 224, 659–670. [CrossRef]

31. Allan, G.; Eromenko, I.; Gilmartin, M.; Kockar, I.; McGregor, P. The economics of distributed energy generation: A literature
review. Renew. Sustain. Energy Rev. 2015, 42, 543–556. [CrossRef]

32. McKenna, R. The double-edged sword of decentralized energy autonomy. Energy Policy 2018, 113, 747–750. [CrossRef]
33. Bracco, S.; Delfino, F.; Ferro, G.; Pagnini, L.; Robba, M.; Rossi, M. Energy planning of sustainable districts: Towards the exploitation

of small size intermittent renewables in urban areas. Appl. Energy 2018, 228, 2288–2297. [CrossRef]
34. Singh, B.; Sharma, J. A review on distributed generation planning. Renew. Sustain. Energy Rev. 2017, 76, 529–544. [CrossRef]
35. Rahimiyan, M.; Baringo, L. Strategic Bidding for a Virtual Power Plant in the Day-Ahead and Real-Time Markets: A Price-Taker

Robust Optimization Approach. IEEE Trans. Power Syst. 2016, 31, 2676–2687. [CrossRef]
36. Baringo, A.; Baringo, L. A Stochastic Adaptive Robust Optimization Approach for the Offering Strategy of a Virtual Power Plant.

IEEE Trans. Power Syst. 2017, 32, 3492–3504. [CrossRef]
37. Khorasany, M.; Raoofat, M. Bidding strategy for participation of virtual power plant in energy market considering uncertainty of

generation and market price. In Proceedings of the 2017 Smart Grid Conference (SGC), Tehran, Iran, 20–21 December 2017.
38. Naval, N.; Yusta, J.M. Water-Energy Management for Demand Charges and Energy Cost Optimization of a Pumping Stations

System under a Renewable Virtual Power Plant Model. Energies 2020, 13, 2900. [CrossRef]
39. Wozabal, D.; Rameseder, G. Optimal bidding of a virtual power plant on the Spanish day-ahead and intraday market for electricity.

Eur. J. Oper. Res. 2020, 280, 639–655. [CrossRef]
40. Gao, Y.; Zhou, X.; Ren, J.; Wang, X.; Li, D. Double Layer Dynamic Game Bidding Mechanism Based on Multi-Agent Technology

for Virtual Power Plant and Internal Distributed Energy Resource. Energies 2018, 11, 3072. [CrossRef]
41. Lütjens, B.; Everett, M.; How, J.P. Certified Adversarial Robustness for Deep Reinforcement Learning. In Proceedings of the

Conference on Robot Learning, Osaka, Japan, 30 October–1 November 2019; pp. 1328–1337.
42. Al-Nima, R.R.O.; Han, T.; Al-Sumaidaee, S.A.M.; Chen, T.; Woo, W.L. Robustness and performance of Deep Reinforcement

Learning. Appl. Soft Comput. 2021, 105, 107295. [CrossRef]
43. Plaque to Mark Exact Centre of Victoria. 2006. Available online: https://web.archive.org/web/20110314154704/http://www.

bendigo.vic.gov.au/page/page.asp?page_Id=1711&h=0 (accessed on 30 August 2022).

132



Buildings 2023, 13, 844

44. About Greater Bendigo. 2019. Available online: https://www.bendigo.vic.gov.au/About/About-Greater-Bendigo (accessed on
30 August 2022).

45. Australian Bureau of Statistics 2016 Census Data—Bendigo. Available online: https://quickstats.censusdata.abs.gov.au/census_
services/getproduct/census/2016/quickstat/202 (accessed on 30 August 2022).

46. Statistics, A.B. Australian Statistical Geography Standard (ASGS), 3rd ed.; Australian Bureau of Statistics: Canberra, ACT,
Australia, 2011.

47. He, K.; Gkioxari, G.; Dollár, P.; Girshick, R. Mask r-cnn. In Proceedings of the IEEE International Conference on Computer Vision,
Venice, Italy, 22–29 October 2017.

48. Holmgren, W.; Hansen, C.; Mikofski, M. pvlib Python: A python package for modeling solar energy systems. J. Open Source Softw.
2018, 3, 884. [CrossRef]

49. TESLA Australia-Powerwall Product Inforamtion. 2022. Available online: https://www.tesla.com/en_au/powerwall (accessed
on 30 August 2022).

50. Wu, J. Advances in K-Means Clustering: A Data Mining Thinking, 1st ed.; Springer: Berlin/Heidelberg, Germany, 2012.
51. Tang, Y.; Zhang, Q.; Mclellan, B.; Li, H. Study on the impacts of sharing business models on economic performance of distributed

PV-Battery systems. Energy 2018, 161, 544–558. [CrossRef]
52. Sun, S.I.; Kiaee, M.; Norman, S.; Wills, R.G.A. Self-sufficiency ratio: An insufficient metric for domestic PV-battery systems?

Energy Procedia 2018, 151, 150–157. [CrossRef]
53. Keiner, D.; Breyer, C. Modelling of PV Prosumers using a stationary battery, heat pump, thermal energy storage and electric

vehicle for optimizing self-consumption ratio and total cost of energy. In Proceedings of the 33rd European Photovoltaic Solar
Energy Conference, Amsterdam, the Netherlands, 25–29 September 2017.

54. Warmuz, J.; De Doncker, R.W. Pv-and battery-ratio for very large modular pv parks with dc coupled battery converters. In
Proceedings of the 2019 IEEE 10th International Symposium on Power Electronics for Distributed Generation Systems (PEDG),
Xi’an, China, 3–6 June 2019.

55. Fact Sheet: Home Battery Systems; Independent Pricing and Regulatory Tribunal—NSW State Government: Sydney, NSW,
Australia, 2018.

56. Australian Energy Statistics 2020 Energy Update Report; Department of Industry, Science, Energy and Resources, Australian
Government: Canberra, ACT, Australia, 2020.

57. Australian National Greenhouse Accounts; Australian Government Department of Industry, Science and Resources: Canberra, ACT,
Australia, 2020.

58. Victorian Default Offer Price Determination 2022–23; Essential Services Commission: Melbourne, VIC, Australia, 2022.

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.

133



Citation: Siddiqui, F.H.; Thaheem,

M.J.; Abdekhodaee, A. A Review of

the Digital Skills Needed in the

Construction Industry: Towards a

Taxonomy of Skills. Buildings 2023,

13, 2711. https://doi.org/10.3390/

buildings13112711

Academic Editors: Antonio Caggiano

and Irem Dikmen

Received: 3 August 2023

Revised: 20 October 2023

Accepted: 24 October 2023

Published: 27 October 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/

4.0/).

buildings

Review

A Review of the Digital Skills Needed in the Construction
Industry: Towards a Taxonomy of Skills

Fida Hussain Siddiqui 1,*, Muhammad Jamaluddin Thaheem 2 and Amir Abdekhodaee 3

1 Department of Civil and Construction Engineering, School of Engineering, Swinburne University of Technology,
Hawthorn, VIC 3122, Australia

2 School of Architecture and Built Environment, Deakin University, Geelong, VIC 3220, Australia;
jamal.thaheem@deakin.edu.au

3 Department of Mechanical Engineering and Product Design Engineering, School of Engineering,
Swinburne University of Technology, Hawthorn, VIC 3122, Australia; aabdekhodaee@swin.edu.au

* Correspondence: fsiddiqui@swin.edu.au or fida_siddiqui@hotmail.com

Abstract: The construction industry is slowly embracing digitalisation in line with the Industry 4.0
revolution and the aftermath of the COVID-19 pandemic. However, progress has been sluggish due
to stakeholders’ limited awareness of digital skills. This study addresses this issue by developing
a comprehensive taxonomy of digital skills required to successfully implement the Industry 4.0
principles of digitalisation in the construction industry. A systematic literature review was conducted
by mining the Scopus and Web of Science databases to identify relevant literature and map the skills
currently used or needed for digitalisation. The study also examined publication trends and outlets
to gain insight into developments. Additionally, VOSviewer was used to conduct a scientometric
analysis of the shortlisted articles to identify important keywords and authorship collaboration
networks within this research domain. A total of thirty-five digital skills were identified from the
literature. These skills were organised into a taxonomy with categories named automation and
robotics, coding and programming, design, drafting and engineering, digital data acquisition and
integration, digital literacy, digitisation and virtualisation, modelling and simulation, and planning
and estimation. The developed taxonomy will help stakeholders plan strategically to provide digital
skills to the new graduates joining the workforce, enabling a more comprehensive approach to the
digitalisation of the construction industry.

Keywords: construction industry; digital skills; digitalisation; Industry 4.0; systematic literature
review; scientometric analysis; taxonomy

1. Introduction

Digitalisation involves converting the existing manual processes into automated,
self-regulated digital processes using information and communication technology (ICT)
tools, techniques, and practices. However, digital technologies have a broad and diverse
definition that can vary depending on an individual’s needs, situation, and relationship
with the technology. Therefore, digital technologies, for instance, building information
modelling (BIM), augmented reality (AR), and virtual reality (VR), may mean different
things to different people. Moreover, these technologies, which consist of hardware and
software, can serve multiple purposes and be utilised throughout various phases of a
construction project [1].

Several industries, including manufacturing, retail, and banking, have recognised
the benefits of digitalisation [2]. However, the construction industry has yet to adopt
it and reap its usefulness fully [3–5], even in developed countries such as Australia [6].
The globally existing and fast-paced digitalisation in the context of Industry 4.0 or the
digital revolution [5] urges the construction industry to transform rationally for efficient
performance [7]. Disruptive changes have occurred in the construction sector, starting with
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transitioning from manual to computer-aided design (CAD) and then to BIM. Other digital
technologies, including the Internet of Things (IoT), AR, VR, artificial intelligence (AI),
drones, laser scanning, 3D printing, big data analytics, geographic information systems
(GIS), and robotics, are the applications of the Industry 4.0 concepts [8–15]. These tech-
nologies help further achieve modern-era sustainable solutions such as a circular economy
within the construction supply chain [16,17]. However, they have limited and slower
adoption in the construction sector [18,19]. Nevertheless, these technologies help eliminate
many of the inefficiencies of complex construction projects [18], improving the performance
of the construction projects [13], such as safety and quality [20].

Researchers report that adopting digital technologies and the transition towards In-
dustry 4.0 is hindered by a lack of skills, knowledge, expertise, and experience [6,18,21–23].
These barriers affect the individual’s and firm’s performance [14]. This claim is backed by
research that indicated that roughly 7.5% of time loss occurs due to malfunctioning of the
ICT devices because of a lack of ICT skills among the workers [24]. Furthermore, Francis
and Paton-Cole [25] emphasised the Victorian government’s findings that approximately
75% of construction industry employers believe technical and job-specific skills are lacking
in the industry [26], which affects project costs and productivity [27]. Several other authors,
such as Becker et al. [28] and Djumalieva and Sleeman [29], also point out that digital
skills are and will be required for most jobs. Suprun et al. [18] reported that the existing
skills gap might appear more significant soon as digital technologies and relevant skills
needed keep evolving. To this point in time, there is an overwhelming demand for digital
skills in the labour market [30]. Hence, enhanced skill sets should be provided to the site
personnel and higher management [31] to manage the challenges faced by Industry 4.0 in
the construction industry [7].

The research and application landscapes are changing in the construction industry
domain, for example, Industry 4.0 applications [32,33], digitalisation, and the utility of AI
for innovation in construction firms [34]. The evolution of information technology (IT)
related applications ranges from generic internet and email access to architecture, engi-
neering, and construction (AEC) specific applications such as foundational design and
code compliance checking [35,36]. Relevant emerging technologies are adapted in almost
all the project lifecycle phases and add value to the projects [37]. Implementing IT-based
systems in a construction organisation faces risk factors such as time limitations and lack
of training; however, it could be managed by maintaining dedicated IT professionals on
the project [38]. Still, on average, AEC firms invest less in innovation and give it less
significance than their counterparts in advanced industries such as IT and electronics [39].
It is evident from past research [40] that dedicated developers work on software develop-
ment applicable to various domains, including the construction industry. However, the
developed framework consists of cyclic efforts to reach a consensus to design the intended
application outcome [40].

Nonetheless, the abovementioned IT advancements have enabled computing to be-
come an increasingly vital component within AEC disciplines [41,42] and, consequently,
have pushed the construction industry stakeholders to improve their state of innovation
and automation through indigenous human resources [43,44]. As a result, more digi-
talisation and automation skills are deemed necessary and taught through formal and
informal training to construction professionals, making this a development field. It al-
lows the construction industry to develop technological tools that are better suited to
the construction industry [45]. In this regard, the increasing number of publications on
digitalisation-related topics in recent years attests to researchers’ growing interest in the
subject, indicating that such topics contribute significantly to the construction industry’s
worldwide development [46]. With the practical application of Construction 4.0 technolo-
gies and practices, including BIM, AR, and VR, the relevant requirement for a new set
of skills within the sector’s human resources is also evolving [6,47]. However, at the
same time, this evolved skillset requirement is a challenge for the industry, academia, and
government [5,33,48]. This shift towards digitalisation and the pressing need for rele-
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vant skills is further evident through grey literature [49–51]. As a result, computing and
programming skills are being increasingly considered and taught to upcoming civil and
construction graduates [52,53].

These arguments show that the construction industry’s skills requirements have
emerged and evolved. Stakeholders have continuously tried to assess the workforce skills
requirements to acknowledge the criticality of issues due to the skills shortage and propose
and implement skills development strategies and practices [54,55]. It presents the further
need for an updated evaluation of digital skills. Also, it will be evident from the subsequent
sections that various digital skills are available in the literature but in an isolated form. An
effective categorisation of the identified digital skills has been missing. In the absence, the
relevant academic and industry stakeholders struggle to target the training and upskilling
of the workforce fur future needs. Consequently, this research aims to synthesise the state
of the literature on the digital skills currently used or needed across a range of job roles
and professions, including design, estimation, planning, and scheduling, to name a few, in
the broader construction industry domain and to develop the taxonomy of digital skills per
the construction industry needs. This taxonomy will help academia and industry to focus
on the presently demanded digital skills.

2. Methodology

This study utilised scientometric analysis and a systematic literature review (SLR)
methodology to synthesise the literature’s state and develop the digital skills taxonomy,
as presented in the flowchart (Figure 1). Scientometric analysis involves quantitative and
qualitative methods to analyse the structure, evolution, and impact of scientific knowl-
edge [56]. In this study, the scientometric method was used to examine the publication
patterns, trends and outlets in the field of construction management, as covered by several
authors [57–59]. The data collected were further analysed to identify the most frequently
studied topics and authors and map the relationships between different scientific fields
and authors, i.e., co-occurrence and co-authorship networks. VOSviewer was used for
this purpose.

VOSviewer is a freely available statistical tool for measuring the impact of research
through bibliometric analysis and has been successfully applied across various academic
disciplines. It offers basic functionalities for producing, visualising and representing scien-
tometric networks [60]. Specifically, VOSviewer uses a graphical representation to visualise
the correlation strength between nodes, with warmer colours indicating a higher or stronger
correlation strength [61]. Furthermore, the visual interpretation of the relevant literature
with VOSviewer can identify emergent common themes and relationships between their
elements. In the construction management discipline, VOSviewer has been used success-
fully to analyse and visualise keyword mapping, author collaboration networks, prominent
outlet mapping, country collaboration networks, and research clusters.

Conversely, SLR uses replicable methods to identify, screen, and evaluate the studies
undertaken in the research area [62]. Furthermore, as an enormous amount of research
is produced for each research area, delineating a fine line between what is done and the
possible research gaps becomes necessary. SLR can be utilised to comprehensively collate
the existing works for a particular research question or aim [63–65]. The SLR procedure
usually comprises the following stages: scoping, planning, searching, screening, eligibility,
research syntheses, and presentation of results [63].

In the scoping and planning phases, the research focus statement was formulated, i.e.,
to develop a taxonomy (viz grouping, classification or categorisation) of the digital skills cur-
rently needed or utilised in the construction industry. Taxonomy in the scope of this research
includes categorising skills and competencies, similar to previous studies [66,67], where the
taxonomies were developed for standard soft skills and project management competencies.
Based on this research theme, search keywords were brainstormed (based on a preliminary
and non-systematic review of literature) and grouped under the categories “Construction
Industry (C)”, “Digital Skills (DS)”, “Digitalisation (D)”, “Systematic Literature Review
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(SLR)”, “Taxonomy (T)”, “Education (E)”, and “Stakeholders (S)”. The “C” group included
the keywords AEC, architectural engineering, civil/construction engineering, construction
engineering and management, and construction industry/management/sector. The “DS”
group included keywords such as digital skill/literacy/competence, emerging technologi-
cal skill/competence, digital competence, and technology/construction 4.0 skills. The “D”
group comprises digital technology/transformation, emerging technology, Industry 4.0/4th
industrial revolution, and advanced construction technology. The “SLR” group consisted
of content/bibliometric/meta-analysis, systematic literature review, scientometric analysis,
and text mining. The “T” group contained keywords such as classification, list, and group.
The other groups—“E” and “S”—consisted of keywords (phrases) with nouns from the “C”
group but with the addition of words such as classroom/curricula/education/program
and student/graduate/professional, respectively. The preliminary inclusion criteria were
set to consider only those publications that mention the digital competencies, roles or
skills related to digitalisation of the construction industry utilised or needed within the
architecture, construction engineering and management industries.

 

Figure 1. Flowchart of research methodology.

Several keyword combinations, for example, “C” and “DS”, “DS” and “S”, “DS”
and “T”, and “S”, as presented in Appendix A, were used to search in the Scopus and
Web of Science (WoS) databases, utilising title, abstract, and keyword search criteria. The
Boolean operator “AND” was used between different keyword groups, while “OR” was
used to control the scope within each group. While conducting the literature search, no
year limit was specified in the search criteria, similar to a previous recent study [68], to
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include as many articles as possible. It was done to ensure a comprehensive and inclusive
approach. A total of 471 records were found. After downloading the relevant records from
the two databases into the MS Excel format, the records were merged, duplicates (353) were
removed, and non-English language records (5) were discarded. With the title and abstract
screening process, 34 articles were discarded.

Furthermore, in the detailed screening phase of the SLR, while sifting through the full
versions of the 79 articles, 45 records were discarded based on the explicit inclusion and
exclusion criteria. Either the articles did not consider the “digital skills” related discussion,
did not mention the need or current utilisation of the research-themed skills, were related
to only teaching and learning, or the full texts were unavailable. Also, during this screening
phase, the scope was not specific to developing or developed countries. Therefore, articles
from developed and developing countries were included to reflect the relevant literature on
digital skills. Later on, the eligible records were scanned again. Through the snowballing
method, which is to look at the 34 shortlisted publications’ references and citations, a
further 12 research publications were found to be relevant. Hence, these were included,
totalling 46 articles for the final synthesis. The shortlisted articles were published between
2007 and 2023 (to date). Figure 2 summarises the above steps in the form of the preferred
reporting items for systematic reviews and meta-analyses (PRISMA) model.

 

Figure 2. PRISMA flowchart.
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Based on the mentioned criteria, the discarded articles consisted of irrelevant research
such as small- and medium-sized enterprises’ sustainability approaches and relevant
educational interventions [65], digital educational tools, personalised learning, and relevant
assessments of the students [69]. Furthermore, a research work [70] that focused only on the
professional and pedagogical competence development of the teachers at civil engineering
universities was also removed. In other research [71], road construction site managers’
competencies were assessed to identify the failures, and construction management system,
project administration, and resource procurement competency factors were emphasised
to be improved, so it was removed as well. Moreover, human resource development
strategies were ascertained in research work but with a keen focus on soft skills rather
than being digital precisely [72], so they were not aligned with the scope and hence were
discarded as well. Though the mentioned research works fall under the larger domain of
civil engineering works and discuss the needed competencies, they still lack the targeted
focus outlined in this work’s scope. It shall be noted that if the keywords “DS” or “D” were
to be searched in combination with “C”, it would result in enormous results. However,
the focus was not on the overall digitalisation in the construction industry domain or the
developed digital tools and technologies. Hence, the relevant search criteria were limited
to the need for or utilisation of digital skills. Therefore, all the papers not falling within this
scope were removed. Furthermore, it shall be noted that it is possible to search different
digital technologies or concepts, such as BIM, AR, and VR, along with the keyword “DS”.
However, it would yield a massive number of search results and eventually might not lead
to shortlisting any other digital skill because of the already-considered keywords related
to digitalisation.

3. Results and Discussion

The construction industry is undergoing the process of global digitalisation. Techno-
logical changes in the construction industry help improve the processes and tools on-site
and in the design and project offices to manage projects during various lifecycle phases [1].
The possibilities are limitless, including automation of construction sites [73], digitisation
of design documents, utilisation of big data for enormous data fetching and management
processes, and many more. The need for relevant digital skills has also intensified due to
the increasing utilisation of these and many other digital technologies in the construction
sector [23]. Any ability that involves the computer and the internet can be broadly termed
under the umbrella of “digital skills” [74]. They combine digital mindset, knowledge,
competence, skill, and attitude [75]. Engineers with digital skills are expected to be more
productive and beneficial for organisations [15].

3.1. Publication Trends

From analysing the considered publications, as presented in Figure 3, the results show
an equal number of conference proceedings and journal articles, with 22 publications each.
In addition, there are two book chapters in the dataset.

Furthermore, the trend shown in Figure 4 points to a variation in the number of annual
conference and journal articles published. Initially, a conference paper trend was observed
until the year 2021, whereas, from 2019, journal publications were also evident. The
year 2021 saw the highest number of publications (8 altogether). Specifically, the highest
number of conference publications (4) was found in 2020, while for journal articles, the
highest number (7) was in 2022. The years 2014, 2019, and 2021 observed three conference
publications each year.

139



Buildings 2023, 13, 2711

 

Figure 3. Number of publications.

 

Figure 4. Publication trends.

On the other hand, in 2021 and 2023, five publications each were noted as journal
articles. In 2020 and 2023, there were relevant publications in the form of a book chapter, the
only ones found in the current dataset. It is realised from the results that conference publi-
cations specifically saw two peaks: in 2014 and 2020. In comparison, journal articles were
more frequent in the later years. One of the possible interpretations could be the urge of re-
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searchers to present their works with limited supporting literature to the appropriate peers
and audience in the form of a conference and gain early feedback for improvement [76,77].
It also provides quicker dissemination of relevant knowledge as the turnaround time of
conference papers is significantly lower than those published in academic journals. Though
the conference papers are easier to publish, they are still peer-reviewed by experts in the
field, providing quality control. However, this further suggests that future researchers in
this area could also consider publishing in academic journals to achieve a wider reach and
rigorous critique for better quality and outcome.

3.2. Publication Outlets

Table 1 presents the distribution of the publications in the respective academic outlets.
The results show that the authors of the articles have published in a diverse range of
outlets, including both conference proceedings and academic journals. The authors have
contributed significantly to the body of knowledge in their field by disseminating their
research through various outlets. Among the conference publications, the American Society
for Engineering Education (ASEE) Annual Conference & Exposition was the most popular
outlet, with four publications. The Royal Institution of Chartered Surveyors (RICS) Construc-
tion and Building Research Conference, IEEE International Conference on Emerging eLearning
Technologies and Applications, and International Conference of Education, Research and Innovation
had two publications each. Whereas for the journal articles, the journal ‘Buildings’ had
the most (3) publications. After that, the journals ‘Journal of Construction in Developing
Countries’, ‘International Journal of Construction Management’, and ‘Journal of Management in
Engineering’ observed two publications. The remaining journals and conference outlets
had one publication each in the considered dataset. It points to the lack of interest in
mainstream construction digitalisation journals, for example, Automation in Construction, in
publishing education and skills-related research on construction digitalisation because of
the limitation of their scope. It involves using ICT in design, engineering, and construction
technologies and maintaining and managing the built environment [78].

Table 1. Frequency of publication outlets.

Outlet Count of Publications

ASEE Annual Conference & Exposition 4

Buildings 3

Journal of Construction in Developing Countries 2

International Journal of Construction Management 2

Journal of Management in Engineering 2

RICS Construction and Building Research Conference 2

IEEE International Conference on Emerging eLearning Technologies and Applications (ICETA) 2

International Conference of Education, Research and Innovation (ICERI) 2

Journal of Civil Engineering Education 1

International Journal of Construction Education and Research 1

Nanotechnologies in Construction A Scientific Internet-Journal 1

Frontiers in Built Environment 1

IOP Conference Series: Earth and Environmental Science 1

IEEE International Conference on Advanced Learning Technologies (ICALT) 1

Journal of Engineering, Design and Technology 1

Australasian Association for Engineering Education (AAEE) Annual Conference 1

Engineering Management Journal 1

Industry and Higher Education 1

American Society of Civil Engineers (ASCE) Construction Research Congress 1

Infrastructures 1
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Table 1. Cont.

Outlet Count of Publications

IOP Conference Series: Materials Science and Engineering 1

Routledge, Taylor & Francis Group, Informa UK Limited 1

Built Environment Project and Asset Management 1

South African Journal of Science 1

EAI/Springer Innovations in Communication and Computing 1

Transportation Research Record: Journal of the Transportation Research Board 1

Procedia—Social and Behavioral Sciences 1

AIP Conference Proceedings 1

Engineering, Construction and Architectural Management 1

International Conference on Intellectual Capital, Knowledge Management and Organisational Learning (ICICKM) 1

Sustainability 1

International Conference on Computers in Education (ICCE) 1

World Congress on Engineering (WCE) 1

International Conference on Education and New Learning Technologies (EDULEARN) 1

International Conference on Industrial Engineering and Operations Management 1

Similarly, the Journal of Computing in Civil Engineering focuses on innovative and novel
ideas in computing applicable to the engineering profession. These may include innovations
in artificial intelligence, parallel processing, distributed computing, graphics and imaging,
and IT [79]. So, this limitation practically directs the research published in such journals
towards technology innovation and application. However, to improve the academic aspects
of skill development, these outlets may broaden their scope to accommodate high-quality
research on digital skills for a much more extensive reach rather than limiting to solution
development or application-oriented research.

Besides that, there are other significant publication outlets for researchers in the
construction education area, which could be aimed at publishing research related to the need
for relevant skills. For example, the Journal of Civil Engineering Education and the International
Journal of Construction Education and Research are some of the many outlets. The Journal of
Civil Engineering Education focuses on research related to effective methods to teach civil
engineering principles and prepare students through formal education, teaching practice
issues, ethics education, case studies of pedagogy, and lessons learned that are unique to the
civil engineering practice [80]. Similarly, the International Journal of Construction Education
and Research contributes to understanding issues and topics associated with construction
education and the construction industry. The journal’s scope also embraces workforce
development and pedagogical content [81].

3.3. Co-Authorship Networks

The scientometric analysis investigated the authors’ co-authorship networks. Aware-
ness of collaborative teams and authors in any research area boosts the effectiveness and
efficiency of scholarly works [82]. Glänzel and Schubert [83] reasoned that the established
networks of authors help publish the articles in good outlets, resulting in more citations.
Thus, a co-authorship network is generated via VOSviewer. The type of analysis chosen
was co-authorship. The unit of analysis was set to ‘authors’ and the counting method
to ‘fractional counting’ to select the top investigators. An author’s minimum number of
documents was set to one to get an overall view. There were 136 authors altogether. When
processed for analysing, two networks were generated. One consists of all the authors
(Figure 5), whether interconnected or not; the second consists of seven items (Figure 6)
when the software tool prompts for the set of connected items only.
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Figure 5. Co-authorship network of all authors.

Figure 6. Co-authorship network of connected authors.
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Figure 5 shows the network map of 136 authors in 42 clusters, the most extensive of
which is seven authors. Most authors are not interconnected, except for being co-author
of each other in the same publication. It depicts that not much of a research network
is currently established in the research race to present the digital skills required for the
construction industry. One prospective explanation could be that the authors focus on and
assess the lack of digitalisation or relevant need for skills limited only to their institutes,
companies, or regions. Another possible reason for this lesser collaboration is that this
research area requires interdisciplinary collaboration. The research on digital skills demands
that researchers of traditional fields such as civil engineering, construction and architecture
join hands with modern fields, for example, ICT, under the stewardship of researchers of
education and training. Understandably, interdisciplinary collaboration comes with logistic
challenges, such as identifying and connecting with potential collaborators, establishing
working relationships, demonstrating mutual value, and traversing through sector-specific
jargon. Since researchers tend to work in silos, achieving this interdisciplinary collaboration
is more challenging than perceived. While several researchers work on digital construction
topics, digital skills and their provision to young graduates see less action, mainly due to
the need for three research dimensions: AEC, ICT, and education.

Figure 6 presents that only seven authors are interconnected with each other. Mandi-
cak T, Behun M, and Mesaros P are the most prominent authors. They are connected with
six other authors. The total link strength for each mentioned author is 3, meaning they have
co-authored three documents. Spisakova M and Kanalikova A, are found to be co-authors
of each other along with the three prominent ones, but in only one publication. In con-
trast, Behunova A and Mesarosova A are co-authors with the previously mentioned three
prominent authors through one document each but without sharing the same document
authorship with each other. On investigating their relevant articles, it is realised that they
have worked on the research areas of digital competencies, including BIM, amongst the
construction project management stakeholders [84–86].

Furthermore, Mandicak T, Mesaros P, and Spisakova M are affiliated with the Depart-
ment of Economics, Management and Information Systems in Construction, Faculty of
Civil Engineering, Technical University of Košice, Košice, Slovakia. In contrast, Kanalikova
A is with the Department of Applied Mathematics and Descriptive Geometry at the same
university. At the same time, Behun M and Behunova A are affiliated with the same univer-
sity but with the Institute of Earth Resources, Faculty of Mining, Ecology, Process Control
and Geotechnologies and the Department of Industrial Engineering and Informatics, re-
spectively. Mesarosova A, on the other hand, belongs to the Department of Audiovisual
Communication, Documentation and History of Art, Polytechnic University of Valencia,
Spain. From the connections, it is evident that the collaboration mainly remained amongst
different researchers within the multiple departments of the same university and country,
except for an author from a Spanish university.

3.4. Co-Occurrence Network

Keywords highlight the foundational concept in an article and provide a way to figure
out the main knowledge areas within a particular research domain [87,88]. Following the
opted methodology, the shortlisted documents were imported into VOSviewer to identify
the main keywords or clusters. The type of analysis chosen was ‘co-occurrence’. The unit
of analysis was set to ‘keywords’ and the counting method to ‘fractional counting’. The
minimum number of occurrences of a keyword was set to two. If only one was chosen,
too broad concepts (in terms of keywords) would be highlighted, which may not reveal
much meaningful analysis. Similar words or synonyms were also merged, such as “BIM”,
“building information modelling”, or “building information modeling”.

There were 118 keywords altogether. With the condition of two occurrences of key-
words, only twelve met the threshold. The resulting network is presented in Figure 7,
which shows twelve items formed into 4 clusters with 21 links. The first cluster consists
of the keywords: “BIM”, “BIM adoption”, and “BIM barriers”. Another set involves
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“Competence”, “Construction professionals”, and “Digital literacy”. After that, cluster
3 consists of “Construction industry”, “Artificial intelligence”, and “Skills”, and the last
set consists of keywords “Construction management students”, “skill gaps”, and “training
needs”. “Construction industry” and “BIM” are the central keywords here, with seven links
each. The “Construction industry” keyword centralises around the need of construction
stakeholders to improve their existing skills and competence set to modern technologies
such as BIM and AI. It is also realised from this network diagram how the concept of BIM
is quite central to most of the other relevant ideas, be it the adoption of technology and
barriers in the construction industry or the overall digital literacy improvement of the
relevant stakeholders. BIM is also interconnected with the “Skills” and “training needs”
keywords, emphasising the importance of this skill for construction industry professionals.

Figure 7. Co-occurrence network of keywords.

3.5. Taxonomy of Digital Skills

In the literature, different terminologies have been used to refer to a particular digital
skill. Hence, grouping or categorising these skills is done in this research for easy under-
standing. However, it is essential to note that numerous categorisations could be possible.
Even overlapping is likely, based on a researcher’s approach and the scope of the study,
i.e., a few of the digital skills in this study might be in a different category than the original
category in the selected literature. In addition, a generic and broad term can be used for
almost all the mentioned skills, i.e., “digital technological skills”.

Nonetheless, Table 2 presents the list of digital skills and categories. The second
column consists of categories: automation and robotics; coding and programming; de-
sign, drafting, and engineering; digital data acquisition and integration; digital literacy;
digitisation and virtualisation; modelling and simulation; and planning and estimation.
These categories were formed partially based on inspiration from [14,31] and authors’
brainstorming sessions [89]. Finally, the third column consists of digital skills and is titled
“Skills related to the use of” as it enlists various digital technologies, concepts, and software.
Furthermore, the following section discusses individual categories and the relevant digital
skills presented in Table 2, focusing on their current widespread utility and application

145



Buildings 2023, 13, 2711

in the larger construction industry domain. The discussion further directs towards the
practical implication that digital skills must be well considered and comprehended for the
fast-paced digitalisation of the construction sector.

3.5.1. Automation and Robotics

Growing advancements in the sector recently have increased the usage of several
tools and methodologies such as 3D printing, automation-based technologies, autonomous
vehicles, offsite construction and manufacturing, and drones/unmanned aerial vehicles
(UAVs) [23,90–92]. For instance, UAVs have become increasingly popular in the construc-
tion industry for safely capturing data and generating 3D maps of construction sites [93].
With high-resolution cameras, these drones can quickly and efficiently capture images
of construction sites from various angles and heights. The data collected can then be
used to create accurate and detailed 3D maps of the site, which can be helpful for project
planning, site analysis, and communication with stakeholders [73]. In addition, another
digital technology, 3D printing, is becoming increasingly important in the construction
industry as it has the potential to positively influence the industry by providing benefits
such as fast construction, reduced material waste, less labour-intensive requirements, and
improved worksite safety, as comprehensively summarised by Hossain et al. [91].

Furthermore, integrating automation and robotics technologies in the construction
sector has improved cost, safety, quality and productivity [5,94]. New roles and responsi-
bilities are also established whenever modern technologies are introduced in any industry.
Robotics and automation in construction will create new opportunities and roles, specifi-
cally during the transition phase of human–machine interaction. Gerbert et al. [95] claim
that new job positions will be more digital. For example, digital fabricator, digital coordi-
nator, digital manager, and digital programmer will be a few of the latest roles [5]. The
emphasis is on the fast-approaching digital construction era in which digital technologies
and the need for digital skills are evident [18].

Table 2. Categorisation of skills.

S. No Category Skills Related to the Use of Reference

1

Automation and Robotics

3D printing [23,73]

2 Automation-based technologies [73]

3 Autonomous vehicles [23]

4 Digital fabrication
[5]

5 Managing and coordinating digital fabrication

6 Drones/UAVs [23,73,93]

7 Offsite construction and manufacturing [23]

8 Robotics [23,73]

9

Coding and Programming

AI [23,73,96–98]

10 Computer programming techniques [18,22,73]

11 Digital fabrication programming [5]

12 Machine learning [23,73]

13

Design, Drafting, and Engineering

AutoCAD [5,22,99]

14 Nanotechnologies [100]

15 Structural design/software systems designing
technical solutions [22,101]

16

Digital Data Acquisition
and Integration

IoT
[23,73]

17 Smart sensors

18 IT/ICT/computer information systems [99,101–110]

19 Smart wearables [23]
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Table 2. Cont.

S. No Category Skills Related to the Use of Reference

20 Digital Literacy

Computational tools/techniques; computer skills;
Microsoft Office; construction software usage;
awareness of and knowledge to use state-of-the-art
construction technologies

[22,85,93,99,101–105,111–118]

21

Digitisation and Virtualisation

Big data [18,23,97,103]

22 Blockchain
[23,97]

23 Cloud computing and collaboration

24 Data analytics [18,23]

25 Data driven digitalisation [22]

26 GIS [18]

27 Laser scanning
[23]

28 Lidar survey scanner

29

Modelling and Simulation

BIM design and modelling [5,18,21–23,85,86,101–104,118–128]

30 Digital twin [23,129]

31 MR/AR/VR [23,73,97,103,130]

32 Revit [99]

33 Simulation [131]

34

Planning and Estimation

Productivity planning apps/software [23]

35 Scheduling and cost estimating/management via
technology and software, e.g., Navisworks [22,84,99,104,115,118]

3.5.2. Coding and Programming

The machine learning algorithms and AI concepts are mainly based on programming
skills. Various benefits of programming skills can be ascertained through the literature.
Kaiafa and Chassiakos [132] developed a comprehensive model in MS Excel for achieving
optimal solutions to multi-objective resource-constrained project scheduling problems. The
model used Visual Basic for an application-programmed genetic algorithm and aimed to
minimise additional costs due to resource overallocation and day-to-day fluctuations. In
addition, digital fabrication programming skills are required when robotic systems are
designed for an autonomous construction industry [5]. Furthermore, BIM-based form-
work and cladding quantity take-off were performed through a visual programming tool,
Dynamo [133]. Also, AI’s implementation areas in the construction industry were collated
by Darko et al. [134], such as modelling, forecasting, simulation, and decision-making. Sim-
ilarly, existing AI implementation and its benefits were assessed in the UK’s construction
industry. It was recommended that organisations consider AI’s implementation in the
future to become competitive [98].

Furthermore, developing construction industries such as South Africa were also
assessed regarding AI’s capability and uses. Though it was still lagging, it is highly
recommended that construction organisations strategically design policies for skills and
competencies development [96]. However, construction students are rarely introduced to
such advanced developed curricula [23,73]; hence, the literature emphasises the need for
digital skills related to programming languages for future employment [22,135,136]. Such
digital skills help implement digital technologies, optimising the construction process [18].

3.5.3. Design, Drafting, and Engineering

This category of digital skills encompasses the skills related to using CAD software,
design-oriented software and other pioneering engineering material development. Knowl-
edge and expertise in CAD and drawing software, such as AutoCAD and Revit, can be
beneficial for construction personnel [5,22], such as field managers [99], to handle drawing-
related complexities. Designing tools and software [101], leading to technical solutions, has
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also been deemed necessary in the construction industry [22]. Furthermore, engineering
and designing modern materials, including nanomaterials and their relevant applications,
support the building construction sector [100]. Such innovative and new construction
materials help increase the sustainability and efficiency of the construction processes [137].
Possessing these skills has been linked with the digital literacy of civil engineering gradu-
ates and is the expectation of employers, such as in Indonesia [22].

3.5.4. Digital Data Acquisition and Integration

Today, numerous tools and devices are linked to IT, ICT and IoT systems, such as radio-
frequency identification, smart sensors and wearables, which help in the data acquisition
and communication of essential information amongst different systems [92,104,138–140].
These systems help develop integrated, intelligent, innovative systems such as smart homes
and cities [141,142]. Furthermore, digital communication and collaboration are stressed
in the literature [143], such as by the Russian builders [101], for effective digitalisation
processes in construction projects. However, the integration of IT, IoT and relevant systems
has faced barriers such as managers’ lack of acceptability, limited skills, and lack of training
and practical understanding [73,99,105]. It is further evident through the surveys conducted
by past researchers [108,109], claiming that such skills are lacking among construction
students and must be included in the curricula [106]. Hence, relevant digital skills such as
IT skills [23,103], IoT skills [144], ICT skills [102], and skills related to the use of wearable
technologies are deemed essential, leading to efficient safety monitoring [145] and better
information circulation [107], organisational processes, and strategic planning [105].

3.5.5. Digital Literacy

Digital literacy is the knowledge and utilisation of digital devices for different tasks.
The ongoing dynamic paradigm of digital technologies requires construction personnel to
be digitally literate [101]; for example, field managers and personnel can interpret primav-
era schedules and Excel sheets [99]. Furthermore, digital literacy enables the stakeholders
to use several computational tools and techniques, such as Microsoft Office in general and
for resource calculation purposes, possessing an awareness of and essential knowledge to
use state-of-the-art construction devices, technologies, and software [85,93,102–104,112].

Furthermore, the knowledge and competence of relevant essential technologies and
tools can help in higher-end technological implementation towards Industry 4.0 [116], such
as IoT in construction [105]. Construction employees’ digital literacy enables effective
and efficient management of the relevant technologies and projects in developing and
developed countries [114,115,117]. The importance is evident as the relevant software and
concepts, such as BIM [118] and MATLAB, solve practical civil engineering problems [111].
These are and shall be taught to construction-related students [113]. In addition, being
digitally literate makes construction degree graduates eligible for prospective construction
jobs [22,26,93,112].

3.5.6. Digitisation and Virtualisation

Due to the digitalisation trends, an enormous amount of data is produced during
the project lifecycle. To collect, store, manage, map, analyse, and visualise such massive
data, concepts and tools such as big data, blockchain, cloud computing and collaboration,
data analytics, GIS, and laser and lidar scanning are utilised [18,22,23,31,103,146–149],
benefitting several construction processes [97]. The utilisation and need for such digital
competencies are evident from the relevant literature, emphasising the demand for digital
skills in the future [5,18,23] for civil engineering and allied disciplines, aiding in the
transition to Construction 4.0 [97].

3.5.7. Modelling and Simulation

A few of the most essential and popular digital skills required today are related to
the use of BIM design, modelling and simulation, mixed reality (MR), AR, and VR due
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to their vast benefits [18,23,73,103,130,150]. Simulation and modelling have been helpful
decision-support tools [131] for several construction project aspects [151]. BIM has been
adopted in the construction industry for a long time and almost in all phases and types
of projects [152], such as for safety management [57] and energy efficiency analysis [153].
BIM has helped establish new working platforms [5], developing and expanding the
professional, managerial, and digital capacities [86,101,104]. However, enhanced and
widespread adoption is still required for future jobs [22,119,120] because of the current
barriers BIM is facing in its due adoption [21], such as in design creation and coordination,
as-built-modelling, clash detection, and other project management tasks [128].

In connection with this, researchers are investigating the current skill level of stu-
dents and professionals regarding BIM and their future training needs [23,103,118,121–124].
Moreover, after analysing the barriers, researchers have suggested implementation rec-
ommendations and strategies at the organisational and government level [125–127]. In
addition, AR and VR have also been beneficial in educating personnel and preventing
quality and safety issues [154]. Furthermore, AR and VR technological skills have proven
highly effective in automated progress monitoring and safe working environments [73].
In addition, the digital twin concept has recently been established in the construction
industry [155], aiding monitoring and facility management [156]. Although Construction
4.0 utilises the above-identified tools and technologies, the stakeholders are not ready for
such an implementation [157]. The lack of relevant digital skills hinders their due imple-
mentation [18,158]. Strategies such as digital and cultural transformation and bridging
the skills gap must be implemented to transition towards technologies such as BIM and
digital twins [129].

3.5.8. Planning and Estimation

Innovative changes in the construction industry, such as in quantity surveying and
construction management areas, are compelling the relevant construction industry pro-
fessionals to possess modern skills to utilise tools, technologies, and software [104,159].
Productivity planning, scheduling and cost estimation, and optimisation via programming,
technology, and software, e.g., Dynamo, Navisworks, Primavera, MS Project, and Vico
schedule planners, are already happening in the industry and lead to productivity im-
provement [22,84,99,133,159–164]. However, efficient planning and estimation skills are
not sufficiently developed among the graduates and must be effectively taught [23,118].
Currently, these are not aligned with what is expected from industry practitioners [165] to
be able to work with modern and intelligent technological tools and devices [117].

It can be seen from the developed taxonomy [89], as presented in Table 2, that the
enlisted digital skills relevant to the construction industry’s needs are quite diverse. The
research articles mainly focused on developing, using, or needing these individual skills,
skipping an accumulative presentation of the needed skills. However, from the co-occurrence
network of keywords (Figure 7) analysis, it is distinct that most of the foundational concepts
and knowledge domains in the considered articles, such as [85,119,121–123], significantly
lean towards BIM. These articles either focus on BIM skills and their development or
BIM adoption and its barriers. Though this emphasises the importance of BIM skills
and expertise, other digital skills are also gaining gradual significance in the academic
and industry domains. Hence, as identified earlier in the literature, these skills must be
effectively and collectively taught to future professionals.

The research for assessing the required digital skills is ongoing in all sectors, including
construction and manufacturing, because technological change and upgrades are too fast.
As discussed in the earlier sections, the digital skills of the construction industry need
consolidation, and as a result, this taxonomy has been developed. Similarly, other sectors,
such as the manufacturing industry, to which the construction industry is usually compared
and contrasted, also have related developments. Though the manufacturing industry is
more advanced than the construction industry, the taxonomy development of digital skills
is progressive and evolving.
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Several publications have presented the digital skills needed in the manufacturing
sector. Per a report from Tulip [166], the essential digital skills required in the manufac-
turing industry include digital fluency, proficiency in writing and understanding code,
competency in programming manufacturing-specific machines and devices, machining,
fabrication, complex assembly, big data analytics, and robotics. Additional investigation
indicates a growing significance of digital skills within the manufacturing industry. For
example, Leitão et al. [167] underscore the significance of non-technical and technical
digital skills across various manufacturing domains. Also, Azmat et al. [168] emphasise the
necessity for workers to be equipped with digital skills in the age of industrial digitalisation.
In addition, Akyazi et al. [169] created a skill database tailored for the manufacturing sector,
encompassing anticipated future skill requisites for specific jobs.

Similarly, the researchers identified pivotal technical proficiencies and domain-specific
knowledge requisite for data science and intelligent manufacturing roles. Likewise, Jurczuk
and Florea [170] pinpointed deficiencies in digital skills in designing, implementing, and
utilising solutions for automating and robotising business processes. They also developed a
forward-looking framework for digital design competence to bridge these gaps. Florea [5],
on the other hand, zeroes in on the imperative for educational institutions to align engineer-
ing education with the competencies essential to future factories. This analysis deduced
potential competency requirements for Factory of the Future employees.

Furthermore, Salminen et al. [171] emphasised the imperative for industry and re-
search providers to collaborate in bolstering technology management regarding skills and
research. Moreover, Li et al. [172] assert that contemporary manufacturing professionals
must undergo training in advanced, data-rich, computer-automated technologies. In the
future, companies will require personnel possessing specialised skills in IoT-integrated
additive manufacturing throughout the value stream. This encompasses proficiency in
CAD, machine operation, raw material development, robotics, and supply chain manage-
ment. These research works substantiate that digital skills are pivotal in the manufacturing
industry’s transition towards Industry 4.0, underscoring the urgency for skill enhancement
and educational initiatives. However, it is crucial to note that while these skills repre-
sent excellence within Industry 4.0, they do not singularly constitute the comprehensive
prerequisites of the manufacturing process [173].

Although there might be certain similarities between manufacturing and construction,
significant distinctions exist concerning product complexity, safety risks, organisational
structure, and the distinct nature of construction projects. Nonetheless, it is observed
that the developed taxonomy of the construction industry in this research article and the
skills presented by the manufacturing industry have some similarities and differences,
mainly because the former is less digitalised. Because the manufacturing industry is
already more digitalised, the relevant required digital skills are inclined towards robotics,
code development, big data, automation technologies, CAD, additive manufacturing, and
many more.

4. Conclusions

The construction industry has been relatively slow in adopting digital technologies
compared to others, and one of the reasons for this is the lack of relevant skills and proper
understanding. Therefore, the current study aimed to investigate the most currently used
and needed digital skills in the construction industry. Initially, it followed the scientometric
analysis methodology to evaluate the trends, outlets, co-authorship, and keyword co-
occurrence networks in the published literature. The publication trend results implied
that publishing in conference proceedings remained common in this area, but journal
publications were also evident later. Scholars typically evaluate the reception of their new
concepts at conferences, where they obtain early feedback before publishing in academic
journals. Furthermore, conference publications can be advantageous for pioneering topics
with minimal supporting literature, as they offer a valuable platform for discussing and
disseminating original research findings.
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Observing the diverse range of publication outlets dictates that various authors target
multiple outlets to publish their research findings. The publication trends and outlet results
provide insights to future researchers on where to publish their scholarship, possibly in
journal outlets, to reach a broad audience and enhance the credibility and quality of their
research. Researchers must select the most appropriate publication outlet for their research
to ensure it reaches its intended audience and has the most significant impact.

Concerning the scientific collaboration network diagram, it is revealed that there is
a lack of collaboration and networking in the studied research area. As a result, many
have disregarded knowledge creation and dissemination through collaborative research.
Therefore, there is a need for greater attention and effort to forming collaborative networks
for future works. Furthermore, developing a collaborative network amongst different
departments, universities, and countries would help identify the digital skills needed and
utilisation around the globe. It could eventually lead to global need analysis and aid in
systematically dealing with the skills shortage. Furthermore, the keyword co-occurrence
analyses reveal that the concept of BIM is under the limelight despite the industry’s need
for several other skills. It is, therefore, recommended that scholars investigate different
skills needs and development.

In the second phase of the research, the article mainly contributed to listing and
categorising the most used and needed digital skills through a rigorous SLR process. The
identified digital skills were organised into a taxonomy. These digital skills were categorised
into automation and robotics, coding and programming, design, drafting and engineering,
digital data acquisition and integration, digital literacy, digitisation and virtualisation,
modelling and simulation, and planning and estimation. In contrast to past literature,
which focused on specific skills investigation such as for BIM, IoT, ICT, and IT, or any
specific job roles at the managerial and professional level, the shortlisting of the digital
skills in this work was not specified to any job position. Instead, it included diverse digital
skills ranging across professions. Therefore, the taxonomy could benefit many stakeholders,
whether on-site or office-based staff.

5. Implications

The developed taxonomy contributes to practise as it would aid company-wide skills
review of the existing staff base. This benchmarking will allow the companies to reevaluate
and improve depending on their needs and strategic goals. The developed taxonomy can
also be further assessed through a specific contextual point of view. As each country’s
construction industry technology adoption and digitalisation maturity level will be differ-
ent, possibly there would be a difference in their digital skills need and utilisation. This
warrants that the industry be assessed at national and international levels to identify the
respective digital skills in demand. Such an analysis could help formulate future policies
for the contextual construction industry. Also, the relevant institutes offering their services
to train the concerned stakeholders must ensure that the contextual needs of digital skills
are considered.

Additionally, such a taxonomy of digital skills becomes a foundation and the first
point of contact for academia. It will help academia upgrade its existing infrastructure
capabilities and technological and human capacity. Human resources can be re-skilled and
up-skilled if they are not capable enough. Moreover, dedicating resources to education and
training initiatives can be crucial to propel the industry into the digital age. By tackling
these impediments to the digitalisation of the construction industry, the industry can
significantly improve productivity, cut costs, and promote sustainability.

On the other hand, regarding the publishing domain and academic community, high-
quality construction digitalisation journals can better serve the bodies of knowledge and
practices by expanding their scope from using technology to improve the state of practice
to teaching the relevant digital skills to improve human resources, who can then use the
technology. Moreover, the existing construction education research-oriented journal outlets
could also be targeted for relevant publications.
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6. Limitations and Future Directions

Though the study has undergone a rigorous article collection and analysis process
utilising SLR methodology, additional extensive content analysis methodology can also
be employed for future works. It will help code and categorise the skills at deeper levels.
In addition, more analyses can be conducted through VOSviewer, such as co-citation
network analysis and bibliographic cluster analysis, to understand the bibliometric features
further. Moreover, the keyword co-occurrence analyses reveal that the concept of BIM is
in the limelight despite the industry’s need for several other skills. The literature review
inherently was mainly BIM-focused because of the popularity of BIM. Undoubtedly, several
other skills are also linked to BIM’s existence, usage, and dependency. However, it is
recommended that scholars investigate different skills needs and development.

Based on the presented importance of the developed digital skills taxonomy, one of the
critical future works that can be undertaken shall be based on each country’s construction
industry. It could help to ascertain the contextual needs of digital skills, and later, the
global perspective could be established. This work is inherently evolving because of
the underlying foundation of digitalisation and relevant digital technologies in demand
and use. The ever-changing nature of technology adoption and the swiftly evolving
landscape of Industry 4.0 could soon lead to some findings becoming obsolete. Dozens
of relevant research works are being regularly published. Future works within this area
shall be conducted at regular intervals to visualise the trendline of how the technologies are
implemented and improving in AEC and what related digital skills are desired to remain
updated and in competition.
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Appendix A

Table A1. Keywords Combinations and Relevant Search Results.

S. No Keywords Combinations Scopus Search Results WoS Search Results

1 C DS 94 46

2 C DS D 13 6

3 C DS D E 2 0

4 C DS D E S 1 0

5 C DS D S 5 1

6 C DS D SLR 1 0

7 C DS D SLR E 1 0

8 C DS D SLR E S 1 0

9 C DS D SLR S 1 0

10 C DS D T 2 1

11 C DS D T S 1 0

12 C DS E 10 7
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Table A1. Cont.

S. No Keywords Combinations Scopus Search Results WoS Search Results

13 C DS E S 5 2

14 C DS S 21 12

15 C DS SLR 18 6

16 C DS SLR E 1 0

17 C DS SLR E S 1 0

18 C DS SLR S 2 1

19 C DS SLR T 5 3

20 C DS SLR T S 1 1

21 C DS T 23 17

22 C DS T E 4 4

23 C DS T E S 3 1

24 C DS T S 7 4

25 DS D E 3 2

26 DS D E S 2 1

27 DS D S 7 3

28 DS D SLR E 2 1

29 DS D SLR E S 2 0

30 DS D SLR S 2 1

31 DS D T S 1 0

32 DS E 12 10

33 DS E S 6 3

34 DS S 27 15

35 DS SLR E 2 1

36 DS SLR E S 2 0

37 DS SLR S 3 3

38 DS SLR T S 1 1

39 DS T E 5 5

40 DS T E S 3 1

41 DS T S 5 4
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Abstract: This systematic review analyses research that introduces commercial design applications
that could be adopted for suicide prevention in homes. Furthermore, this literature review captures
social, spatial and biophilic design methods to improve wellness in homes using environmental
design psychology. Safety and human wellness frame this spatial design research that examines
means and access restriction to improve home safety and prevent suicides. Suicide is a growing
phenomenon that deserves specific attention to how environments can impact or restrict events. There
is a substantial evidence base to evaluate suicide prevention methods used in high-risk environments
of health and healing environments, workplaces and incarceration facilities. This review outlines
design methods using spatial arrangement and material choices to improve human wellness in
homes. The effects of biochemical reactions, such as those studied in toxicology, and stress are
considered in this research to suggest material choices and applications in design to improve mental
health in homes. Spatial designs for suicide prevention can guide various prevention measures,
such as adopting means and access restriction and environmental design methods for wellness
and considering impacts during lockdown periods. Environmental design psychology research
supplies evidence for improved spatial arrangements in homes, with evidence showing that design
applications can restore and improve mental health. This systematic review shows evidence for
planning methods to prevent suicides considering both means and access restriction with considerable
biochemical impacts from design. Design methods discovered by this systematic review will be
considered for future studies and used within economic modelling to demonstrate design guidelines
that improve wellbeing and support existing suicide prevention methods for Australian homes.

Keywords: environmental psychology; home design; spatial design; suicide prevention; value
management

1. Introduction

This paper explores the question of suicide prevention via building design by re-
viewing existing research using a systematic review process. The issue of home suicides
significantly impacts community function. This systematic review is conducted to discover
building design methods in homes within these communities for suicide prevention. A
significant gap in knowledge is shown to exist in this review considering home design
psychology research for suicide prevention. Suicide prevention considering mental health
for home design planning provides phenomenal benefits, with one in five Australians
experiencing mental illness at some point following the COVID-19 pandemic [1]. Envi-
ronmental experiences have potential to improve mental health [2] and quell negative
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feelings that lead or contribute to ideation or intentional self-harm [3]. Environmental
neuroscience research shows biochemical impacts from building materials [4] that cause
physical and mental health impacts such as pain, stress or depression. The rationale for this
home design research is to determine causes for biochemical reactions or suicide triggers
resulting from home designs, such as confusion, stress, sickness, anxiety or depression. De-
sign solutions promote better mental health in homes to support community interventions,
health treatment and physical suicide prevention methods. Considering mental health
and psychological impacts as adverse biochemical reactions can reduce mental illness, and
mental health can be promoted in specially designed homes [5,6]. Strategies of injury and
suicide prevention design are reviewed for commercial health and healing spaces [2,3,7],
incarceration facilities, workspaces [8] and learning spaces [9].

Researching mental health benefits shows that environmental psychology designs
improve productivity and wellbeing with improved health and recovery rates [2,10]. Men-
tal health management using designs for suicide prevention is explored in recent health
and healing design research [2,3,7,11] and demonstrates effectiveness for use in homes.
Improving mental health in homes is important for designers to consider for our society. Ac-
cording to statistics in 2020-21 during the COVID-19 pandemic that considered 19.6 million
Australians aged 16–85 years, over two in five, being 43.7% or 8.6 million people, had
experienced a mental disorder at some time in their life [1]. Furthermore, it was reported
that 21.4% or 4.2 million people had a mental disorder for at least twelve months, had
experienced a mental disorder at some time in their life and had sufficient symptoms of
that disorder in the twelve months prior to the survey [1].

Mental illness affects approximately 43.7% of Australians. In Australia, natural bio-
philic designs provide restorative effects from the positive cognitive interpretation of
natural forms and shapes [12]. Complimentary stress reduction theory (SRT) and attention
restoration theory (ART) show benefits for wellbeing in homes using biophilic, social and
spatial designs [2,13–19]. Environmental design psychology considering SRT and ART
shows positive impacts, and with it, designers can micro-manage adverse designs that
cause biochemical stress impacts such as cortisol release [20]. Health impacts by ‘routines
of stress’ can alter brain patterns with the continued release of chemicals such as cortisol,
which are related to design impacts including odour, air quality, heat stress, mould, or
allergies from material toxicology [6]. By considering environmental neurocognition and
biochemical impacts [4,21], design applications such as anti-viral lighting in high density
residential spaces can support mental health [22]. Value management can be useful for
considering the cost/benefit variables [23] in the design stages of construction. For this
research, we consider suicide prevention methods and demonstrate preliminary value
estimates of methods based on research findings.

2. Research Methodology

The main strategy to solve the proposed research question is to broaden the existing
literature. Narrative literature review is a good technique to explore the research topic,
but a systematic review will create a strong base of methodological rigour leading to
reliable findings [24]. Hence, the current study adopts a systematic review, which is an
extension of a larger research project for suicide prevention in homes by incorporating social,
spatial, biophilic and value management aspects to house design. Six objectives supply
a systematic review framework for this suicide prevention method research, considering
spatial design and material impacts. The objectives arise from a large research project that
applied environmental psychology and physical impacts to re-design homes and improve
psychological comfort to prevent, injury, self-harm or suicide events. Existing reviews show
‘a gap in research knowledge for home suicide prevention’ [25,26], and this systematic
review compliments previous research findings [25,26] with a final cost/benefit design
value modelling analysis. The objectives show the need for this systematic review and
could have resounding societal benefits. They are listed in short below:
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• Investigate the effect of intervention using building design for suicide prevention.
• Investigate the frequency and rate of mental health conditions in the population of

Australia including models and statistics of suicide in homes.
• Establish supportive design guidelines for health improvements considering mental

health impacts for home designs.
• Examine the impact theory of the physical and contributory causal factors related to

the phenomena of suicide in homes.
• Determine suitable design solutions for addressing biochemical impact risks for a

future cost/benefit economic analysis.
• Identify adverse design impacts for a future value management cost/benefit analysis

as a supportive quantification analysis for suicide prevention guidelines.

This building design review finds evidence to advance methods to improve mental
health [17,27–31] and prevent suicides. Environmental psychology, environmental neuro-
science and biochemical environmental impact are reviewed for impact evidence with a
Preferred Reporting Items for Systematic Reviews and Meta Analysis (PRISMA) systematic
review diagram using Covidence review software, adopted [32] as shown as follows in
Figure 1. While PRISMA follows a structured format enabling transparency and less bias,
the method has been highly preferred in construction and engineering research [33,34].

 

Figure 1. PRISMA systematic review screening diagram [32].

Exclusion search criteria** were sorted by relevance, date and topic significance for
suicide prevention and mental health benefits. Inclusion of articles was conducted using
the following search terms*: environmental psychology, suicide prevention, mental health
design, means and access restriction, biochemical impacts, toxicology, biophilia, SRT and
ART. This systematic review explored 64 articles gathered from academic databases includ-
ing PubMed, ProQuest, EBSCOhost, ScienceDirect, Emerald, Wiley and PubMed for peer
reviewed research in health and design methods. A total of 42 articles were included for
this systematic review study, with 22 articles removed due to exclusion criteria related to
quality, relevance, date and/or relevance. Research that offers key industry findings on
the topic is sparse. Key findings include methods using designs addressing suicide and
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that identify considerable design benefits to improve wellbeing and ameliorate feelings of
hopelessness, suicide ideation and/or biochemical impacts from stress [20]. Future research
will stem from topics identified from this research and combine theory findings to collate
empirical-evidence-based design guidelines (EBDG).

3. Results and Discussion

This systematic review examines existing design evidence suitable for health improve-
ment and suicide prevention including wellbeing design methods for homes. Mental health
is a considerable part of environmental neuroscience and is investigated in the subfield of
design psychology; neurotransmitter reactions to design can cause biochemical reactions
such as stress, fear or confusion. Stress reactions cause cortisol release, whereas toxico-
logical effects, e.g., pollutants or poor air quality, cause more physical impacts such as
allergies and asthma [6]. Along with physical reactions to design, adverse environmental
design psychology can cause or contribute to adverse mental health reactions such as fear,
confusion, helplessness and anxiety.

Relative models of theory for suicide prevention by design were included in the review
by [35]. These models include sociological theory (societal and community influences
on suicidality); hopelessness theory (suicide as a fatalistic expectation of an individual);
psychache theory (intense psychological pain and pain that can overpower any protective
mechanism); escape theory suicide (failure and disappointment used to escape problems);
and the interpersonal–psychological theory of suicide (feeling disconnected from society
and burdensomeness). It also includes one relevant model considering how environments
impact suicide: the stress diathesis model [35]. The stress diathesis model describes suicidal
behaviour as influenced by individual biological/psychological predispositions, as well
the surrounding environment [35]. Mental health design is included in health and healing
settings for suicide prevention. The designs can be used in homes and are considerable
for ameliorating feelings related to the stress diathesis model, hopelessness theory and
interpersonal–psychological theory. Designs created to improve mental health in homes
will supply recovery and restoration environments to boost recovery, as described by
sociological theory, psychache theory, hopelessness theory, interpersonal–psychological
theory and the stress diathesis model. Improving mental health designs in homes for
suicide prevention by including biophilic, spatial and social aspects shows benefits across
the literature [2,12]. Environmental design information from healthcare spaces [3] can
reduce stress and ameliorate depression or suicidal ideation. Means and access restriction
has also been reviewed [3,17,27,29,30] and is considered to be a useful physical strategy to
prevent suicide events by considering mental health and biochemical and adverse physical
reactions to built environments.

This systematic review research has been designed by collating physical restriction
and physical and mental health design for risk areas in homes as a way to support existing
prevention. Subsequent sections will provide a detailed description given to those critical
aspects of home design and suicide prevention.

3.1. Spatial Design: Means and Access Restriction and Wayfinding

“A persistent challenge for built environment design approaches to similar designs for
means restriction applies to statistics that 75% of suicide deaths occur at home” [29]

Barriers for suicide by jumping is an important suicide prevention strategy. Access to
lethal means is included in suicide prevention literature regarding firearms, poisons and
medications [35], and barriers for tall buildings including casual or video surveillance is
also shown to be useful [17,31]. Means and access restriction complements mental health
design and suicide prevention design in homes with tall spaces by offering solutions such
as barriers and reduced capacities. Preventing suicide by hanging is shown to be more
suitable for controlled environments and institutions, such as those of forced confinement,
including psychiatric hospitals and prisons [35]. Safety is a structural objective of building
design legislation such as the National Construction Code (NCC), and in this review, we
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analyse the impact of designs after construction, considering safety, psychology and health
impacts. Badly designed wayfinding causes confusion if complex and not user friendly,
which can cause the loss of life in emergency events. Wayfinding is important for design to
reduce mental health impacts. The mental health research conducted by Mackett (2021)
shows that factors related to confusion, helplessness and anxiety are seen as threatening
or uncomfortable experiences. Negative wayfinding design feelings can lead to future
psychological sequalae for avoiding those systems [36]. Means and access restriction has
been reviewed [3,17,27,29,30] and shown to be a useful physical strategy for preventing
injuries and suicide events, with barriers, guards or fencing as effective methods of access
restriction that can be supported by educational signage for support services in high risk
areas [31]. Spatial design research, including spatial scales, shows benefits for spatial design
to prevent injuries or jumping. Further health benefits stem from spatial design planning
for safety and refuge, and privacy diagrams with biophilia show benefits for cognitive
restoration [9,13] with spaces to escape, rest and restore mental cognition.

3.2. Biochemical Impacts: Physical and Mental Health

Biochemical impacts to human health and wellbeing can include adverse reactions
to a built environment, often resulting from incompatible material choices, poor assembly
or poor design methods. Air quality, sick building syndrome and odours are considerable
causes for both physical and mental health impacts following prolonged exposure. Material
impacts from adverse biochemical reactions in homes often arise in situations of water
penetration and wet seal failure, which create chemical material decomposition factors.

A review of microbial aerosols states that the ‘exposure to microbial aerosols is still
common in many different environments and is often the cause of many adverse health
effects’ [37]. Toxic reactions from buildings are researched by Torgal (2012), who showed
that the ‘toxicity of buildings’ has a variety of health-related material impacts for users.
Biomaterial reactions result from wood preservatives; nanoparticles (insulation, cement
and paint); and volatile organic compounds (VOC), including chemical carcinogens and
endocrine disruptors [6]. Toxicity in buildings leads to health concerns from users over
building material impacts, causing poor health from dangerous gases, particles or fibres
emitted at room temperature. Materials such as carpet, linoleum, paint or plastic can
decompose and become airborne, with older paint products containing lead and other ma-
terials containing radionuclides that can lead to ionizing radiation exposure [6]. Common
VOC air pollutants that occur in indoor spaces include formaldehyde, benzene, xylene,
acetaldehyde, naphthalene, limonene and hexanal. These pollutants can cause health effects
such as eye and respiratory irritations, headaches and mental fatigue [6].

Environment impacts such as heat stress, climate and geographical design location
can be considerable for design impacts on wellbeing. The results of a study conducted by
Florido (2021) investigating heatwaves and relative humidity and their impacts on suicide
(fatal intentional self-harm) showed humidity as more significantly related to suicide than
heatwaves, with youth and women more significantly affected [38]. Several studies showed
that ‘there is a lack of benchmarking assessment criteria between the set-in put parameters
and occupant behaviour for measuring the occupants’ thermal comfort and assessing the
overheating risk in a building’ [39]. Findings show that designs for mitigating heat stress
humidity can address patterns of poor mental health related to suicide. Daylight was
shown to impact wellbeing [3], the circadian rhythm and melatonin (biochemical) release
over time. The reviewed literature showed ‘that windows and skylights confer benefits to
home occupants through physiological and psychological mechanisms’ [3]. Benefits are
experienced by access to a view and increased daylight exposure [40,41], which can easily
be included as base measures for design suitability.

Disease spread can cause stress and anxiety and impact mental health, and the re-
viewed literature considered the impact of COVID-19 on mental health with design methods
that can mitigate and control disease spread by adopting improved materials. The impact
of disease spread has caused significant detriment to mental health nationally and inter-
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nationally, with lessons learned from the COVID-19 pandemic demonstrating low-cost
design methods to mitigate and control disease spread by adopting improved systems
and material applications. Ultraviolet lights and fittings can be used at entries and exits
of public spaces and for high-density residential environments, such as lifts, foyers and
exits, to decontaminate persons entering and leaving homes whilst controlling disease
spread using design. Copper handles ‘enable a reduction of the bacterial load on surfaces,
in liquids and air’ [22]. Automatic disinfection in publicly accessible surfaces, such as
doorknobs and handrails, using material choices such as copper or brass doorknobs can
help to reduce disease spread, improve safety and improve mental health. Copper/brass
doorknobs can be installed to reduce disease and viral transmissions, with a review by
Govind et al. (2021) showing the following:

1. Virus is active for 4 h on Copper surface.
2. Virus is active for 3 days on plastic/stainless steel.
3. Disease spread was minimized due to Copper/Brass door knobs.
4. Copper is preferred for doorknobs, push plates, handles, stair railings, restroom

faucets and other applications of public places as Public surfaces are prone to disease-
causing microbes.

5. Copper has antimicrobial properties [42].

The authors also stated that the ‘Exposure of copper to COVID-19 is reported to
inactivate viral genomes and showed irreversible impact on virus morphology, including
envelope disintegration and surface spike dispersal’ [42]. Designs using biomaterials to
reduce disease spread in homes are promising methods to mitigate COVID-19 and thus
improve health in homes. Lighting benefits for wellbeing can now be considered for
design, including anti-bacterial lighting [22] in entrances and public spaces. Research
by Rentfrow and Jokela (2016) [18] on geographical psychology showed that ecological
influence contributes to geographical variation in psychological phenomena: ‘The impact
on gendered suicide per unit increase of heatwave counts ranges from −6.1 to +5% in
suicide for males, and −6 to +6.8% in suicide for females’ [18]. Considerable evidence
indicates that features of natural and built environments, such as climate, terrain, green
space and urban crowding, can affect individuals’ psychological processes [18]. Further
results showed that living near green spaces fosters wellbeing and reduces stress, and
in geographical areas with high pathogen prevalence, individuals are more cautious and
risk-averse behaviour is more common [18]. Architectural health design is covered in the
systematic literature review conducted by Connellan (2013) for suicide prevention design
planning methods considering stress. The review shows evidence of positive impacts for
the following methods:

• Biophilic design

Gardens and art;

• Social design

Casual observation and connectedness;

• Spatial design aspects

Security, access restriction and natural lighting (circadian rhythms and chrono-
biology).

Evidence on how interior design in healing environments improves mental health
impacts focuses on user experience and includes post-occupancy evaluations [3]. Biochem-
ical and psychological stress responses to environmental design, such as allergies, are
natural stress responses produced to defend ourselves from harmful events or impacts.
The complexity of complete home environment analyses provides limitations for this re-
search; however, they are still relevant for inclusion in the economic modelling cost/benefit
analysis of a larger future systematic literature review.
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3.3. Environmental Design Psychology: Mental Health

Environmental psychology research demonstrates robust evidence for designs to
improve mental health and prevent feelings associated with suicide. The literature shows
the benefits of stress reduction, using design theory and stress reduction theory (SRT) to
improve health and healing in environments [3] and to improve mental health in homes.
Environmental design psychology for health spaces and aged care designs [43] can be
used in home design to improve functionality. The environmental psychology theory of
attention restoration theory (ART) can also provide benefits such as rejuvenation, healing,
stress reduction [3] and increase cognitive function [12,44]. The literature shows benefits
of improved mental health in homes during lockdown periods, when poor mental health
correlates with increased injury events [30].

3.4. Value Management

Construction economics as value management (VM) planning of building projects
and designs, provides the opportunity to improve benefits as presented in project life cycle
and life cycle cost planning measurements. VM considers planning decisions for specified
performance outcomes, such as legislative compliance and risk management. Value relates
to design outcomes that are improved during planning and data analysis. Value can be con-
sidered for design changes, such as more detailed design drawings and changes in plants,
assembly and construction methods, which will improve both cost and value outcomes
such as efficiency, material durability and aesthetics [23]. VM provides the opportunity
for issues analysis, risk management, functional design analysis, material compatibility,
ethics, legal requirements and community considerations to suit design goals. Suicide
prevention analysis can include VM cost/benefit measures for risk management in high-
density residential projects [31]. VM planning can include preventative access measures
and wellbeing considerations for community impact and risk management. Design risks
for suicide and adverse mental health can be managed and prevented by including social,
spatial and biophilic designs that can be evaluated via cost/benefit measures. Therefore,
design guidelines were developed during the larger systematic review and evaluated by a
VM analysis, with preliminary review findings listed in Table 1.

Table 1. Preliminary cost/benefit VM evaluation of design methods.

Design Method
Cost (AUD)

1 to 5
Suicide

Prevention
Wellbeing Benefit
(Mental Health)

Physical
Prevention

Biophilia 2 Low Yes Yes No

Spatial design 3 Medium Yes Yes Yes

Means and access restriction 2 Low Yes Yes Yes

Social design 1 Low Yes Yes No

Environmental psychology 2 Low Yes Yes No

Legislation
Suicide prevention evidence-based

design guidelines (EBDG)
4 High Yes Yes No

Material–Biochemical impacts 2 Low Yes Yes No

Suicide prevention
evidence-based design guidelines 1 Low Yes Yes No

4. Systematic Review Findings

The reviewed literature shows evidence that complements existing suicide prevention
methods with findings summarised in the subsequent paragraphs. Research findings
across public spaces, including health, healing and building control environments, provide
numerous physical suicide prevention methods that were discovered by previous home
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design research [25]. Physical design methods are further considered in this systematic
review resulting from research findings that show that spatial design can include means
and access restriction in the value management (VM) planning of houses. Means and access
restriction strategies are suitable for suicide prevention in high-density residential and
urban planning settings, such as roof tops and car parks. Further consideration of design
controls should be given for the physiological and biochemical impacts of home design on
the path to zero home suicides. Suicide prevention that considers lethal access to jumping
sites is useful for design planning and can supply low-cost planning solutions. Wayfinding
should be considered in spatial designs where solutions bolster the environmental impact
by improving mental health in dense housing spaces; this may provide another low-cost VM
planning solution. This research discovered further evidence that VM planning designs for
suicide prevention can also include the removal of biomaterials such as irritants, allergies,
odours and contagions, analysed via life cycle cost analysis and toxicology, to improve both
physical and mental health. Biomaterial design choices for suicide prevention methods
provide future research benefits for considering health impacts and developing evidence-
based design methods for cost/benefit economic modelling. Suicide prevention methods
with cost/benefit values can consider both physical and mental health designs to improve
homes in an effort to combat depression, stress and anxiety, which result from general
home life and environmental impacts. By considering both material design choices and
lethal means and access for suicide prevention in planning, we can improve life cycle costs,
the quality of designs and the quality of life for users. Improving mental health designs for
homes to improve psychological wellbeing using environmental design psychology is the
future of home design and spatial analysis. With the health design solutions presented in
this systematic review, which consider the complex variables of home designs to combat
the issue of home suicides, it has been demonstrated that these planning aspects can benefit
44% of society.

5. Conclusions

This systematic review displays the significant knowledge gap in suicide prevention
using building design, for which there are no design guidelines. Further design methodolo-
gies can be used to complement existing evidence-based environmental design guidelines
for suicide prevention in homes. This review shows supportive evidence for the use of
spatial, social and biophilic designs to improve mental health in built environments, with
preliminary cost/benefit considerations for future study expansion and research develop-
ment. This review displayed further information gaps regarding mental health design for
homes, considering disease control and toxicology along with environmental psychology
and biochemical impact variables. This review shows benefits for future cost/benefit home
design economic modelling and VM planning. This suicide prevention research can help
the greater community, improving low-cost design planning suicide prevention methods
for homes.
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Abstract: Despite substantial investments and efforts by governments, construction organisations,
and researchers, the construction industry remains one of the most male-dominated industries in
Australia, with women being underrepresented numerically and hierarchically. Efforts to attract and
retain women in construction have been implemented inconsistently on an ad hoc basis. As part of a
larger research project that focuses on retaining women in the Australian construction industry, this
research conducts a systematic literature review (SLR) in accordance with the PRISMA guidelines.
The objective is to explore the factors that influence women’s careers and their experiences in the
Australian construction industry that have been identified in the literature over the past three decades.
Additionally, the findings are anticipated to inform future efforts to evaluate the effectiveness of
current initiatives to retain women and develop a framework for enhancing women’s experiences and
retaining them in this profession. This SLR revealed that excessive and rigid work hours, gendered
culture and informal rules, limited career development opportunities, and negative perceptions of
women’s abilities are the main factors and issues that cause women to leave the industry. Among
these, rigid and long work hours seem to be the foremost factor to be prioritised. Understanding the
roles of key variables in driving this cultural change is important to ensure that concrete progress is
made. The paper draws three major aspects from the literature in which solutions and policies can be
researched, designed and implemented.

Keywords: retention; women; career progression; construction; Australia

1. Introduction

Women certainly must be resilient and develop their technical, interpersonal, and
coping skills to have a successful career in the construction industry. However, this view
individualises the problem, focuses on short-term solutions to “fix women”, and dismisses
the need to transform the industry’s culture and provide a safer working environment for
women [1].

As a male-dominated workplace, the percentage of women in construction is low,
between 9 and 13%, and has stayed relatively constant throughout the years despite efforts
to diversify the workforce [2]. U.S. Labour Force Statistics show that female labour force
participation was 9.9% in 2018 and 10.9% in 2021. In Germany, Belgium, Italy, Spain, and
Portugal, approximately 9% of construction workers are female, whereas the corresponding
statistics for Canada and the United Kingdom are below 14% [3].
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Being the third-largest industry in Australia, construction is forecast to increase at
a 2.4% annual rate through 2023, making it the second-largest sector with the greatest
expected employment growth (10%) [4]. The participation rate of women in this key
economic sector is extremely low, dropping from 17% in 2006 to 12.9% in 2020 [5]. The need
for more female participation in the construction sector has been highlighted to address the
labour shortage, promote equality, and increase productivity [2].

Australia’s federal and state governments have initiated and implemented numerous
initiatives to attract and retain women in this profession. The Queensland Government, for
instance, actively encourages women to enter the industry and sets a target to surpass the
National Association of Women in Construction’s 11% target for women in construction-
related occupations [6]. Similarly, the Victorian Government introduced a new policy
mandating greater female participation in the construction industry and allocated $5 million
to promote the policy’s implementation.

Despite government, industry, and educators’ efforts to attract women into these jobs,
they show limited success [6,7]. Australia’s construction industry, one of the country’s lead-
ing sectors, faces an impending labour market shortage, causing the industry to overheat
nationwide [8]. The sector is missing out on a large number of talented individuals who
do not engage or pursue a career in this sector. Hence, women represent an underutilised
resource for meeting the labour requirement in this industry [9]. This is not a new problem
in this industry; in fact, there is strong evidence that tackling the gender disparity has been
necessary since the latter half of the 20th century [10].

Even though several studies have explored the education, recruiting, and retention of
women in the sector, the reasons for women being underrepresented in construction are
still not entirely understood [11,12]. The underutilisation of women’s skills and abilities is
a compelling reason for scholars worldwide to investigate women’s attraction, retention,
and experiences in the construction industry [9]. Hegart [13], for instance, examined
how women in New Zealand’s construction industry entered, progressed through, and
eventually left the profession between 2010 and 2018. Perrenoud et al. [14] evaluated the
most relevant elements in attracting and retaining women in managerial occupations in the
U.S. construction industry. They surveyed 686 construction sector managers and found
that women enter the field later than men. Additionally, women in executive positions had
much less vocational training than their male counterparts.

In Turkey, Çınar [15] conducted qualitative field research consisting of in-depth in-
terviews with 32 construction workers. The findings show that by defining construction
labour in terms of physical capacity, a consequence of the labour conditions shaped by
the practice of subcontracting, construction work has become naturalised as a male occu-
pation. The findings also suggest how construction brings a wide range of masculinities
that intersect with a working-class perspective based on men’s traditional roles as heads of
households and protectors of their families. In Brazil, 17 employees and engineers who
work/have worked at construction sites were interviewed [16]. Their research found that
women are typically engaged near the end of the construction period, which raises the
issue of the gendered division of labour. The effects of the glass ceiling and the leaky
pipeline phenomena, together with harassment, discrimination, and sexism, were apparent.
Hickey and Cui [17] examined engineering and construction executive leadership jobs in
the U.S and found that women hold 3.9% of executive engineering positions. Their findings
suggest that most of these organisations lack gender diversity in their leadership cultures
and mission statements.

Australia’s struggle to solve this severe gender disparity has provided a good case
study for researchers and organisations attempting to address this issue. Early research by
Lingard and Lin [18] evaluated the effect of various family and work environment variables
on women’s careers in construction. Loosemore and Galea [19] found fewer conflicts would
occur if more women worked in construction in Australia.

Since then, additional studies have been undertaken to uncover the difficulties expe-
rienced by Australian women in this industry. Nevertheless, our research is based on a
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recommendation made by Zhang et al. [20], who conducted 19 interviews to investigate
the transition experiences from university to work for early career female professionals.
They suggested that “if retention, not simply attraction, is the key to increasing female
participation in construction, workplace structure, gender fairness, and rigid work practises
must be reconsidered” [20]. It is, however, unpresented in the literature what happens to
women after their introduction to the profession to eradicate impediments to retention. This
situation has been dubbed the “leaky pipeline”, implying that a large number of women in
construction are filtered out throughout the career pipeline, leaving only a handful at the
other end [1,20]. To bridge this gap, the following research questions are formulated:

1. What are the key factors influencing women’s retention and engagement in Australia’s
construction sector?

2. What solutions in the literature have been proposed to retain women in the Australian
construction sector?

This study is part of a broader, ongoing project that intends to assist governments and
policymakers by improving the effectiveness of programmes and projects implemented
in Australia and their influence on the retention of women in the construction industry.
It intends to explore the areas of improvement in the environment of the Australian
construction industry in order to retain women who have commenced or established a
career in this field. We believe that these improvements will result in fewer women leaving
the profession, a more positive image of the industry, and a more diverse and inclusive
workplace. Additionally, this will encourage more women to join the sector.

To answer the research questions, this study conducted a systematic literature review
(SLR) on prior studies and lays the groundwork for a more extensive and in-depth investi-
gation of the factors and issues that affect women’s retention and career advancement in
the construction industry in order to develop a framework for evaluating the initiatives
and policies in place to retain women in this industry.

Following the introduction, Section 2 describes the study’s methodology in detail.
Then, Section 3 presents the descriptive and content analysis of the reviewed studies.
Following the identification of the key factors influencing women’s retention, Section 4
provides a detailed discussion of the results. In addition, the proposed solutions in the
literature are explored. The information presented in this paper is based on a review of
prior studies and lays the groundwork for a more extensive and in-depth investigation
of the factors and issues that affect women’s retention and career advancement in the
construction industry in order to develop a framework for evaluating the initiatives and
policies in place to retain women in this industry.

2. Methodology

Using systematic literature reviews (SLRs), researchers may reliably and openly pin-
point the most pertinent material and follow consistent review processes [21]. SLRs provide
readers with a comprehensive overview of the literature and help them discover research
gaps in the field. Thus, an SLR can be considered a platform for advancing knowledge.
An SLR was conducted to identify major issues that influence women’s careers and their
experiences in the Australian Construction industry. To ensure reporting bias minimisation,
it is essential that systematic reviews adhere to a defined methodology and protocols before
beginning the review process. For instance, the protocol identifies the study question and
outlines the method in sufficient detail to permit replication by others (research techniques
made simple: assessing the risk of bias in systematic reviews). Similarly, this study es-
tablished the research question(s) and outlined the key steps to answer those questions
in advance.

The SLR was conducted employing the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines consisting of four phases: identification,
screening, eligibility, and inclusion for review [22]. Similar studies [23] have recommend
adopting the PRISMA technique to decrease bias and increase the review’s rigour and
replicability. The process is shown in Figure 1.
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Figure 1. PRISMA flowchart of selected articles (prepared by the authors).

In the identification phase, Scopus and ProQuest were selected as the preferred
databases for collecting existing articles. Keywords chosen in this study were related
to “construction industry”, “women”, “retention” and “Australia”. Two search strings
were developed, focusing on different synonyms:

• Female* OR women OR woman OR girl* OR feminist* OR “gender diversity” AND
“construction industry” OR “building industry” OR “construction management” OR
“construction companies” OR “construction company” OR “property industry” OR
“built environment”.

• Female* OR women OR woman OR girl* OR feminist* OR “gender diversity” AND
“construction industry” OR “building industry” OR “construction management” OR
“construction companies” OR “construction company” OR “property industry” OR
“built environment” AND Retention or Retain.

The search strings were applied to Scopus and ProQuest, by which 4071 documents
were identified. While Google Scholar provides very low-precision search results and
does not support many of the features required for systematic searches [5], it was used to
find results that may not have been found elsewhere due to the limited research in this
field in the Australian construction context. In total, 723 documents were identified by
Google Scholar.

As seen in Figure 1, the search yielded 4794 articles. In the screening phase, inclusion
and exclusion criteria were established to choose relevant articles, including articles pub-
lished in peer-reviewed journals, available in full text, written in English, published in the
last 30 years and researched in the Australian context.

Additionally, duplications were removed among Scopus, ProQuest and Google Scholar
at this stage, thus resulting in 1273 articles. The titles and abstracts of these 1273 articles
were screened to identify relevant articles. Only 200 articles were deemed eligible at this
stage. These 200 articles were read thoroughly (full text) by six authors in the eligibility
stage to determine if they met the inclusion criteria. A quality assessment strategy was also
implemented to assure the quality assessment of the identified studies. It was carried out
using an Excel spreadsheet that included the quality evaluation criteria and rating scale. It
was based on studies such as this.

In addition to the inclusion criteria, the research team carefully determined the quality
evaluation criteria to ensure that the papers could directly contribute to the research
questions. The scoring method (see Table 1) was also developed on the basis of similar
studies [24] and the study team’s observation of the published material. According to
the study, each question might be answered with a yes/no scoring method. Following
this stage, the study team decided to remove the articles with a ‘no’ answer to the quality
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assessment questions. For instance, the articles that only discussed gendered cultures
without mentioning the construction industry in Australia were removed.

Table 1. Quality Assessment Criteria.

Quality Assessments (QA) Scoring Method

QA1—Does the study include the factors/variables
affecting women in construction

Yes
No

QA2—Does the study includes the Australian
construction context across the different disciplines?

Yes
No

QA3—Does the study present a detailed description of
the research aims and objectives?

Yes
No

QA4—Does the study present a detailed description of
the research philosophy, method, and design?

Yes
No

The articles that discussed broad topics, such as social procurement, marginalised
communities, or social disparities, were excluded to maintain the focus on women in
construction. The construction profession as a whole was covered, including both skilled
labour and management roles.

Only 23 articles met the inclusion criteria and were included for data analysis, form-
ing the inclusion for the review phase. Although the literature acknowledges that there
is no specific limit for the number of studies to be included in a systematic literature
review [25,26], the reality that only 23 articles met the criteria for inclusion in the final
dataset was rather unexpected. Although women’s participation is persistently low in
the Australian construction sector [2,5,10], it seems that, so far, only a limited amount of
empirical construction management literature has focused on this topic. This absence of
extensive research on gender diversity in construction is also evident in other subjects
relating to women and minorities in Australia, such as the well-being of LGBTQ+ indi-
viduals [27,28], the challenges of culturally diverse disabled people [29], and family and
domestic violence [30]. The reason may be uncertain, however, it may be related to the
reliance of Australian researchers and policymakers on international research conducted in
nations with cultural similarities to Australia. While the number of identified articles is low,
several studies in the construction management field have undertaken SLRs using a similar
number of studies. For instance, Bridges et al. [31] investigated women’s recruitment
and retention in skilled professions and identified only 26 relevant studies between 1998
and 2019. Wang et al. [5] conducted a systematic and thematic review of the literature
on women in construction in Australia using a framework for women’s empowerment
that included only 20 studies. Kokkonen and Alin [32] conducted a systematic literature
review of 15 published papers (2003–2015) to address practice-related management issues
in construction projects. This indicates that the systematic approach to the literature review
is more critical than the quantity of included studies, which might vary depending on the
paper’s topic and selection criteria [33,34].

The finalized set of articles were analysed thematically. A thematical analysis method
is one of the generally accepted data analysis techniques that enhances the rigour of
qualitative research [5].

In order to conduct the thematic analysis, it is necessary to establish a content-based
coding of the data [35,36]. Likewise, the articles’ contents were coded carefully in this
study based on the theoretical basis, research methods, main results, and study focus of the
articles in a shared spreadsheet among the research team. All authors iteratively modified,
refined, and utilised code categories to conduct the content and thematic analyses of the
paper. After the group assessment and thematic analysis of the contents, the results were
discussed in a focus group (FG) with four academics and two professionals with more
than five years of experience to finalize the major themes. This technique resulted in the
identification of four key themes in the literature as follows:
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• Work Hours and Family (WHAF);
• Gendered Culture and Informal Rules (GCIR);
• Career Opportunities and Available Roles (COAR);
• Perception of Women’s Ability (POWA).

The identified themes led the research team to discover and classify solutions in the
paper’s Section 4.

3. Results

The results were categorised into two sections. A descriptive analysis was carried out
to shed light on the sources of publications and annual trends of the reviewed articles. A
Content analysis was undertaken to examine the 23 selected papers.

3.1. Descriptive Analysis

As shown in Table 2, the first bibliometric study examines the distribution of articles
by publication source.

Table 2. The number of articles published in journals and conference proceedings.

Source Name No. of Articles

Journals 22

Construction Management and Economics 7

Construction Economics and Building 4

Gender, Work, and Organisation 2

Journal of Construction Engineering and Management 1

Australian Journal of Civil Engineering 1

Equality, Diversity, and Inclusion 1

Australian Journal of Management 1

Journal of Management in Engineering 1

Construction Innovation 1

Work, Employment and Society 1

Buildings 1

International Journal of Construction Management 1

Conferences 1

IOP conference series. Materials Science and Engineering 1

All articles except one were journal publications, with the Construction Management
and Economics journal constituting the most prominent source with seven articles. This was
followed by the Construction Economics and Building and Gender, Work, and Organization
journals. Additionally, Figure 2 presents the distribution of these 23 articles from 1998
to 2022.

Although annual publications remained below three from 1998 to 2019, the numbers
indicate a modest rise to eight by 2021. It is noteworthy that more than half of the articles
were published after the COVID-19 pandemic began in 2020. The upward trend of articles
implies that scholars are becoming increasingly interested in the field, which is expected
to continue.

Table 3 includes all the factors and issues identified in each of the 23 papers that were
reviewed. This process helped us identify the main themes, which comprise almost all the
issues and will be discussed in the next section.
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Figure 2. Annual distribution of articles throughout 1998–2021.

Table 3. Mapping the challenges affecting women in the Australian construction industry in the
literature.
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Table 3. Cont.
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3.2. Content Analysis

The authors conducted a focus group meeting including four academics and two
professionals with more than five years of experience to extract the major themes which
can be seen in Figure 3.

Figure 3. The four themes identified in the focus group.
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Several challenges and factors influencing women’s retention and engagement in
Australia’s construction sector have been discovered through the SLR. While little research
has been conducted to evaluate the effectiveness of government policies in retaining
women in this sector, researchers have made significant progress in identifying the primary
obstacles that would cause women to leave this industry or seek employment elsewhere,
as discussed in the following sections. It should be noted that while the emphasis is
solely on the Australian construction sector, international research will also be utilised to
contextualise the results for the general readership and to inform the subsequent phases
of the larger project, which involve investigating these concerns in other countries with
comparable cultural environments to Australia.

3.2.1. Work Hours and Family (WHAF)

It is evident from the interviews conducted in Lingard and Lin’s [18] research that
the construction industry is infamously known for its rigid and long work hours. This
characteristic has been identified as the most significant barrier to gender equality in
the Australian construction industry across almost all research efforts. The sector clings
to restrictive work norms, such as long work hours and tight timetables. Historically,
long working hours and rigid work practices have been identified as the top reason for
women leaving the construc-tion industry [37,42,45,48,49]. Heavy workload, job pressure
and insufficient personal time were identified as the cause of poor life management in
the construction industry [45,48]. The representation of women in the industry is low
which suggests that the construction industry does not promote flexibility in work and
family balance [20,37]. Demanding working conditions and unrealistic expectations are
one of the frequently mentioned deterrents for women entering and retaining in the con-
struction industry [7,18,20]. It establishes expectations of “presenteeism” and absolute
availability, which are seen as the way things have always been [51]. One interviewee in
Zhang et al. [20] stated, “There was a time last Christmas I was doing 80 h a week, and I
just can’t maintain that. I can’t maintain that with a family, which I’m hoping to have, but
there’s expectations” [20].

According to Galea et al. [49], working on Saturdays regardless of level, responsi-
bility, or set work hours has been an unwritten norm in the Australian construction sector.
Due to long working hours, women quit or have considered leaving the con-struction
profession [37]. A participant in their study stated that “the standard working day is
ten hours plus travel and it is exhausting. I am working towards leaving the industry
because the hours are simply too much” [37] The practice of long working hours makes
the recon-ciliation harder between work and family for women [7,38,45] and domestic
respon-sibilities together with family duties [48]. The unsatisfactory life management leads
to women developing more health issues, adverse consequences and stress than their male
colleagues [7,48]. Although many female construction professionals in the study of Zhang
et al. [20] indicated to be in the construction sector for the next five years, the work-family
conflict appeared to their significant concern. The work-life balance can be attributed to
male-dominated culture [7]. In Baker and French’s [38] study, one female project manager
said: “The industry is used to you answering your phone at 6 a.m. in the morning when
[the] manager gets onsite, and they’re used to the manager calling you at 7 o’clock at night
when they’re still in the office so you just sort of have to be available.” [38]. It is important
to note that this phenomenon is not exclusive to women, but men have also struggled due
to these work norms, as reflected by the high occurrence of poor mental health.

Women experience a lack of support after returning from maternity leave [38,49]. The
need for full-time job availability and the absence of a part-time job poses a signif-icant
challenge to women’s retention in the construction industry [38]. Women con-sidered
that having a child would have a negative impact on their career progression in this
industry [40]. In many cases, a career in the construction industry impacted either their
personal relationship or parenthood [7,18,37]. Women expecting to balance both work
and family lives encounter challenges and difficulties [7,18,20,45]. The concern is reflected
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through the following comment by one woman survey respondent in the study of Lingard
and Lin [18], “I am extremely worried that should I choose to have a child that my job
will be in severe jeopardy” [18]. Therefore, if women professionals are to be retained
(not only limited to attraction) in the construction industry, organisations must reconsider
gender fairness, workplace structure, and inflexible work practices [20] and launch personal
development programmes [7]. In fact, both male and female construction professionals
prefer short working hours [7,48]. Research suggests that the investments in work–life
balance is positively associated with organisational performance, which would attract and
retain women in this industry [38]. One of the promising findings suggests that technology
can play an instrumental role in bringing about flexible work practices. With the use of
technology, women can monitor the construction sites remotely and utilise more automated
construction machines at sites [5].

3.2.2. Gendered Culture and Informal Rules (GCIR)

In the construction sector, aggressive and competitive behaviours are gendered since
they are founded on hegemonic male norms and rules of conduct; Chappell [52] refers to
this as a “gendered logic of appropriateness”. Both formal and informal rules, regulations
and practices in the construction industry are gendered and applied by gendered actors [49].
The informal rule around “masculine-coded behaviours” has made the construction com-
panies “greedy institutions” [49]. Informal rules in the sector have negatively impacted
the well-being of employees [51]. Francis [40] surveyed 463 women in professional or
management positions in the Australian construction sector and discovered that the less
masculine the organisation, the more women progress in their careers. As a result of
the cultural pressures of portraying masculinity in male-dominated professions, many
employees feel they must hide or ignore their mental health problems in order to demon-
strate their “toughness”, “self-reliance”, and “reliability” [53]. As a consequence of being
rewarded, these restrictions become ingrained, whereas feminine behaviours (such as ex-
hibiting emotions) are usually sanctioned [51]. Employees in the construction industry are
discouraged from displaying help-seeking behaviours and endure unpleasant and harsh
working conditions [51]. Women (trades and semi-skilled professionals) in the masculine
environment need to be highly resilient to survive and remain in this industry [5]. Women
require a higher level of resilience for gender-based hazards than task-related hazards [47].
Along with support from organisations, vocational curricula should incorporate resilience
development practices for women to navigate the hostile construction industry [47]. How-
ever, this is only a temporary solution to the adverse construction workplace. Eradicating
hostile environment is the long-term solution to women’s survival in this sector.

According to Oo et al. [50], the sector’s culture is seen as one of the most significant
hurdles to women’s participation in the construction sector. In the masculine culture,
women find it difficult to integrate [42]. Throughout their career paths, women confront
obstacles and gender bias [20]. The same rules around recruitment, career progression,
and retention have different implications for female and male construction professionals,
which suggests that discrimination and unfairness are apparent at every stage [49]. During
the recruitment process, male candidates are given preference over female applicants [49].
Organisations and their leaders frequently fail to consider organisational culture and
structural inequalities in the industry when implementing diversity initiatives, even though
doing so would go a long way towards addressing the core causes of inequality and
bringing about permanent change [44]. To address these cultural issues, Bridges et al. [31]
argue that businesses should conduct workplace education programmes that focus on
cultural change to promote harassment and bullying-free workplaces for women. Senior
management professionals who are held accountable for the implementation of gender
diversity initiatives must be familiar with the policies around gender equality and diversity,
as they often lack this knowledge [46]. Leaders (senior managers, directors and CEOs)
need to play a critical role in alleviating discriminatory practices from the construction
workplace and promoting equitable employment practices [31,40]. Leaders must come
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forward to promote gender equality and communicate with all employees [39]. Not only
is it instrumental to have sound and robust policies around gender equality, but they
also must be authentically practised [5,31]. The actual practice is critical as the growing
literature indicates that although formal well-being and other policies exist, they do little to
address the informal rules in use. At times, informal rules take over formal policies and
procedures. Therefore, companies need to reconsider informal rules and how formal rules
can compete with informal ones [51]. However, to institutionalise the change, a robust and
undivided vision is required across the organisation [39].

3.2.3. Career Opportunities and Available Roles (COAR)

In the construction sector, the shortage of transparent professional prospects has been
one of the primary obstacles to women’s career advancement [20,37,42]. Challenges related
to career development are some of the pressing concerns for female construction workers
regardless of age, work experience, occupation and career level [7]. According to research,
women are less likely than men to actively plan their careers, focusing more on surviving
in their current job [40]. Men are afforded better possibilities for career advancement,
such as working on and managing high-profile projects, while women must contend with
prejudices and assumptions that they will quit the sector or scale down their employment
to pursue motherhood [12,39].

Half of the people surveyed in a study by Baker and French [38] on gender bias and
other structural barriers to career development in Australia’s project-based construction
industry expressed scepticism about the openness, credibility, and fairness of internal
appointments and promotions that seemed to be based on informal selection and gender
bias. One respondent explained: “If you are a female . . . the only way you really progress
is [if] someone older or more senior than you takes you under their wing and that person
is typically a male. If you are a male . . . they seem to just progress much easier” [38]
(p. 806). This suggests that women are often not considered for promotions [37,38]. Career
progression is determined by previous success rates, while women are not provided with
the opportunity to demonstrate their skills and abilities. Instead, men receive more chances
to present their capabilities to leaders [49].

Previous research suggests that human capital factors such as working experiences in
the number of organisations, development opportunities and relocations for career are the
significant contributors to women career advancement in the construction industry [40].
Not only is gender discrimination a usual practice when it comes to awarding promotions,
but recruitment practices also are male dominated to expand on “boys’ club’ which is
relied on informal hiring practices [31]. Women are always re-quired to prove their capa-
bilities whilst men are considered capable anyway [37]. This is a significant obstacle for
women to grow professionally in this sector and this potentially leads to frustration and
unwilling to stay in this profession. There is a lack of evidence that women’s overall job
satisfaction has increased in recent years [50]. Furthermore, if equal opportunities and
fairness are absent, female construction professionals demonstrate a lack of organisational
commitment [18]. Lingard and Lin [18] suggested that the removal of women’s percep-
tion of discrimination practices and un-fair exchanges can contribute to female workers’
organisational commitments. This situation is exacerbated by the lack of organisation
support to female workers [20]. It is unfortunate that “construction evidently does not,
at present, give “permission” for women to lead or succeed” [40]. In addition, there is a
lack of female construction professionals as a role model to seek guidance from [7,37] and
absence of network for career progression [42]. Providing women with mentoring support
may help achieve their both personal and career goals [54] as mentoring is associated with
reduction in turnover and improved career satisfaction [55]. However, Francis [40] recently
advocated that mentoring does not advance women’s career progression and instead pre-
vents them from leaving the industry. Nonetheless, seeking support from other women
in the profession and expanding the network would promote women’s empowerment in
construction [5]. Although significant efforts are made in raising awareness about women’s
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participation in the construction sector and implementing gender equality legislation and
policies, a distinguishable shift in demographics has yet to become noticeable [56]. To
advance in career development in the construction industry, female construction workers
can focus on capacity-building based on skills and knowledge [5]. Women construction
professionals can only achieve their career goals and excel in the construction sector if
systematic and structural obstacles are eradicated [20].

Turner et al. [47] argue that women are often denied professional advancement possi-
bilities in addition to their skill sets being underutilised. For example, one of their research
participants commented: “I have been looked over for higher roles, leadership roles, be-
cause I’m a girl and I’ve been openly told you were the best candidate for this position, but
boys won’t . . . listen to you” [47] (p. 845).

3.2.4. Perception of Women’s Ability (POWA)

Women’s ability to perform the same job as their male counterparts is always ques-
tionable [7,20,37]. The construction industry is named as “men’s work” or a “masculine
space” [49] (p. 1226). In a series of interviews conducted 24 years ago, Pringle and Win-
ning [41] discovered that around one-fourth of tradespeople and builders believed that
lack of strength and inability to operate equipment made some fields inappropriate for
women. They made statements such as, “Women lack the intrinsic capacity to handle tools”,
“They lack the men’s natural understanding of construction”, and “Women are not built
to lift heavy materials”. Despite several initiatives and measures, this problem persists.
While men are assumed to be competent in the construction industry, women’s professional
ability is scrutinised, questioned, or discounted [47]. When a woman makes a mistake, it is
called a problem with “female capacity” rather than her own incompetence [49]. Zhang
et al. [20] state that males in the construction industry instinctively assume that women
lack the necessary skills and abilities to execute their jobs. Therefore, women are often
excluded from work-related conversation, social activities, and work meetings [20]. This
mindset is at odds with the efforts of the business world as a whole to expand the number
of women in the workforce. One of their research interviewees explained that: “Well,
even in a meeting, most of the subcontractors prefer to talk with the men in the room
rather than the ladies” [20] (p. 678). The situation is worse in small-to-medium and young
organisations, in which female workers are given lesser priority [43]. Despite negative
perceptions of women’s abilities, a positive correlation exists between gender diversity in
the construction industry and increased organisational financial benefits [44]. More than
three decades ago, Foley [57] indicated that the construction sector must promote bright
and talented individuals, including women, to stay competitive. Otherwise, the sector is
susceptible to facing high turnover, reduced performance, and increased organisational
ineffectiveness [57].

4. Discussion

This study aims to lay the groundwork for a large-scale investigation evaluating the
effectiveness of initiatives and policies that resolve the gender imbalance that hinders
women’s retention in the Australian construction sector. The most significant impediments
have been identified through the SLR on the variables and challenges affecting women’s
careers and experiences in this Australian construction sector. The results reveal that
women in the construction industry have been marginalised and have challenged several
stereotypes and informal rules intrinsic to the profession.

4.1. Retention Strategies

Throughout the years, Australian state and federal governments have developed and
implemented several initiatives and policies to tackle gender disparity in the construction
industry, yet studies indicate that only minimal improvements have been accomplished.
This suggests a potential study path to further analyse and evaluate these initiatives’ out-
comes and implementation. A systemic viewpoint is necessary to identify the various vari-
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ables/stakeholders/factors and their interrelationships to detect the leverage points [58,59]
and archetypes within the system in order to design the most effective policies and initia-
tives that can make a real difference. Indeed, these approaches will aid in making the sector
more appealing to and inclusive of women [46]. Several strategies and solutions, including
bottom-up (mentoring, networking, alternative management structures, and supporting
policies) and top-down approaches (leadership development programmes), have been
identified in the literature (government initiatives, legislation and funding) [31,60]. As a
result of analysing the themes identified in this study and conducting a thorough review of
such solutions in the literature, the following solutions were formulated. It is important to
emphasize that these areas are broad and interdependent and integral parts of a system:

4.1.1. Improving Work–Life Balance for Everyone

Most articles reviewed in this study identified institutionalised work practices, such
as rigid and lengthy work hours, as the most significant barrier to women’s professional
advancement in the construction industry and an important cause of leaving it. Long
working hours are hazardous for both men and women, although women are often affected
more severely [5]. Most women with families find balancing their careers and responsibil-
ities challenging, especially when they return from maternity leave and find themselves
without assistance [40]. For these women, trying to return to their prior project respon-
sibilities part-time, the demands of full-time employment, and the absence of part-time
work opportunities pose substantial obstacles [46]. Additionally, research indicates that an
imbalance between work and life has contributed to marital unhappiness among Australian
construction employees [18].

Changing the work pattern (solution to WHAF): Large government initiatives and
organisational well-being efforts have been launched to combat the ubiquitous challenge
of work–life balance in the construction industry [61]. The solution is not for women to
work like men but rather to value women and men who deviate from the norm of working
patterns that clash with family demands while maintaining full workloads. Additionally,
the notion that higher-level roles need extended working hours must be scrutinised, and
more efficient strategies for completing tasks must be developed. Although it may appear
inefficient initially, rewarding and promoting the most productive employees, regardless of
when they complete their tasks, can reduce costs in the long run [62].

Alternative work schedules (solution to WHAF): Research shows that the work–life
balance of construction employees can be improved through alternative work schedules,
such as work flexibility and compressed work weeks [61,63,64]. Such measures have been
demonstrated to be beneficial in Australian workplaces if they are introduced in phases,
enabling managers to engage in dialogue with workers to create a balanced strategy that is
tailored to their workplace [37].

Technology (solution to WHAF): Several studies have suggested technology and work-
from-home arrangements as potential solutions to alleviate the long hours of work and the
“presenteeism” problems in the construction industry. However, research indicates that not
everyone benefits equally from the option of working from home, and it differs depending
on personal characteristics and family situations [65,66]. It may have varying impacts
on those responsible for childcare or on the unique needs of women in the workplace
during pregnancy or maternity leave. For instance, in the research of Panojan et al. [67],
female participants regarded “increased time available to spend with friends and family”
as one of the most effective solutions for poor work–life balance. On the other hand, the
negative effects of this may be exacerbated by the growing usage of online communication,
with some research participants in Pirzadeh and Lingard’s [66] study stating that they
felt compelled to be always online. In addition, online communication was considered
less effective for problem-solving than face-to-face conversations, intensifying the time
constraints associated with project-based work [66]. Holden and Sunindijo [68] argue
that in Australia, the use of technology to perform work at home has significant negative
effects on work–life balance because it blurs the line between work and personal life. They
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state that even though workers may spend more time with friends and family in this
arrangement, technology can become an impediment for the employees to separate work
from personal life, casting a shadow over the improved flexibility and the opportunity
to complete the tasks at home. In addition, spending more time at home might lead to
increased domestic violence against women since it would provide the ideal environment
for domestic abusers [69].

4.1.2. Changing the Gendered Culture and the Informal Rules

Effective policies, regulations, research (solution to GCIR and COAR): The outcomes
of this research suggest that the gendered culture and informal rules have been among the
highest-ranked complexities for women to establish their careers in the construction indus-
try in Australia. Therefore, policymakers must provide more appropriate interventions to
this macho culture, favouring males and disadvantaging women, minority groups, and
men who do not precisely match the masculine stereotype [70]. This industry’s distinct
toxic masculinity remains mostly uncontested and underexplored in construction man-
agement studies Chan [71]. Although governments and policymakers have attempted to
make improvements, a culture of subtle denial and hostility to gender equality impairs the
appropriate implementation of rules and regulations [5]. Based on earlier findings, tackling
this issue should be the first focus for the sector to retain women. Improving this culture
may also enhance men’s and women’s work–life balance and mental health.

One major finding of this research that aligns with the overarching goal of our larger
project is the need to reshape the gendered informal norms and culture of the construction
industry in Australia. Gender inequalities are often incorporated into formal and informal
norms, making it more challenging to tackle them since they are difficult to detect and
confront [72]. Policies that are strongly concentrated on increasing the number of women
in construction but not on transforming the gender practises or culture of construction may
seem inadequate to the majority of male workers, who arguably have the authority and
the key to altering the industry’s culture. In addition, the policies tend to be low on the
organization’s priority list, often being sacrificed in pursuit of other, more restrictive formal
standards, such as construction contracts and safety protocols [11].

According to Galea et al. [49], efforts and policies addressing gender imbalance in
construction must be robust and adaptable. Otherwise, the above-mentioned informal
norms would impede the successful implementation of such initiatives, making it difficult
for these policies to “’stick”. The findings of the SLR are consistent with their research,
which implies that gendered norms and behaviours, such as long work hours, must be
prioritised when establishing a gender equality policy. The historical experience with
comparable difficulties and the presence of such informal regulations imply that more
obligatory and focused actions are likely to be more successful [43]. Since the informal rules
and practices impair women’s retention and progression [51], more research is required to
identify projects and policies that can target the primary determinants and causes that will
result in the most impactful improvements.

4.1.3. Facilitating Career Progression

Apart from the gendered culture and informal rules, the other significant obstacle
for women to leave this profession is limited career prospects compared to males and
a negative view of women’s abilities in some areas. Francis [40] found a positive and
significant correlation between career advancement and women overall, indicating the less
masculine the company, the more women advance. Therefore, to increase worker well-
being, these informal, commonly accepted, and gendered regulations must be broken [51].
If this is not done, informal norms will likely continue undermining official regulations,
such as government policies and efforts regarding gender disparity using public funds.

Organisational support, open discussions, and training (solution to GCIR, COAR,

and POWA): Findings indicate that the literature highlights a pervasive absence of organi-
sational support for women’s training and career progression in this sector [50,73]. Women
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are strongly encouraged to pursue construction-related courses in Australia (attraction
policies), but once they join the field, they are reportedly offered less support and fewer
opportunities (low retention rate) [20]. There is obviously a lack of training and career
advancement opportunities, and the feeling of being in the boys’ club causes women to
have a considerably smaller and weaker professional network, both of which are often vital
to career progression [5].

The research suggests that one effective solution is for employers to foster an atmo-
sphere where workers (in our case, females) openly discuss their needs and concerns. For
instance, if the female employees contemplating maternity leave need a return-to-work
plan, the plan should be discussed before the maternity leave and again before the re-
turn [37]. Another example would be to identify workplace hazards that are specific to
women and minorities but are not often included in standard training sessions [74].

Promote females to positions of authority (solution to GCIR, COAR, and POWA):

The appointment of more women in mentoring and leadership positions has also been
advocated in the literature as a much-needed solution for this masculine culture. In certain
instances, the research identifies these as the most effective methods for enhancing inclusion
and career progression [31,75,76]. The provision of mentorship (also linked to Section 4.1.2)
by female role models as change agents [77] would support women’s career progression
and encourage them to stay in the profession. According to Menches and Abraham [60],
mentorship greatly improves women’s retention at all construction industry levels. Women
in higher positions of power may act as role models for younger women and provide
inspiration which eventually helps the sector achieve gender balance [31,39]. However,
this mentoring and inspiration need not come only from female co-workers. According
to studies, the assistance of male instructors and supervisors is also highly influential,
and many women feel optimistic when they receive encouragement and support from
fellow male employees [31,76,78]. In addition to mentoring, providing women with career
development opportunities and organisational support may significantly contribute to their
retention and professional advancement [40]. There are just a few robust research studies
on how mentoring programs can be enabled and implemented via official regulations in
the construction sector, where time and resources are crucial to the successful completion
of projects.

5. Conclusions

Using an SLR method, this research examined the “wicked problem” of gender diver-
sity in the Australian construction sector and distilled the results into four major themes.
Six solutions within their overarching objectives targeting the major issues were also found
by undertaking a thorough review of the Australian and global literature. In the context
of gender diversity in Australia’s construction sector, a few studies reviewed in this SLR
have examined the same issue. However, there are significant differences in perspectives,
how the problem has been evaluated, and the conclusions that have been formed. For
instance, Wang et al.’s [5] research emphasises enhancing women’s interpersonal abili-
ties via empowerment to advance their careers in the construction sector. Their primary
findings focus on strengthening resilience, gaining knowledge, obtaining support, and
expanding professional networks. While the environmental component of the problem has
also been explored briefly, the authors suggest that new techniques to promote women’s
empowerment in construction may be developed at the intersection of this aspect with the
other relational and personal dimensions. In the current study, however, our major interest
at this point of the project revolves around the gendered environment and informal norms
that have substantially influenced women’s careers. Notably, the data will be utilised in
future project stages to empirically study these characteristics in order to formulate effec-
tive policies and initiatives. The primary distinction between our study and the research
of [7]. is, firstly, their mixed-method research design as opposed to our SLR. Secondly,
their research was conducted six years ago, and the industry and Australian society have
undergone significant transformations, particularly since the pandemic began in 2020. As
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mentioned before, a similar technique (quantitative and qualitative) may be used in the
future to continue this research; however, a more comprehensive SLR (compared to [7])
has been conducted in this study to understand the system more thoroughly. Similarly,
Carnemolla and Galea [10] have researched the gendered construction industry in Aus-
tralia. Their study significantly differs from ours because (1) they use a mixed strategy and
because (2) they concentrate on female students and why women do not establish a career
in this area. Nevertheless, similar to [20], their findings served as a tremendous source of
inspiration for us to undertake the present study. As mentioned previously, we believe that
while initiatives on attracting female students to pursue a degree in construction must be
implemented, improving the industry’s gender norms will eventually pave the way for
more women to establish a career in this sector, thereby improving the industry’s image
and leading to more women choosing this profession as a career.

Retaining women in the workforce through improving the environment and policies in
the construction industry is a topic that has received minimal attention from researchers in
Australia. Consequently, more comprehensive studies are required to provide governments
and policymakers with the input they need to design more effective initiatives. Instead of
concentrating primarily on attraction, we believe that women will remain in the sector if
the work environment is improved by addressing the gendered informal norms to create
a more favourable workplace for the current female employees. This will enhance the
sector’s reputation and improves its image, resulting in more female graduates pursuing
careers in construction. This requires academics and policymakers to employ systems
thinking approach to identify the system’s characteristics, causal interconnections, and
leverage points to establish a framework that would assist in developing more effective
strategies and initiatives. Any such framework can help measure the effectiveness and
success of such efforts and have a lasting impact. This will enhance the well-being of all
employees [11] and benefit the whole industry.

Future Research

This SLR reveals that only 23 high-quality research studies have addressed the un-
derrepresentation of women in the Australian construction sector during the past decades.
In addition, a significant number of these publications have focused mainly on women
and how they can/must cope with the existing situation by being “tough”. However, this
research adds to the conversation about the factors impacting the retention rate of women
in the construction industry and the need for more effective strategies to improve it by
enhancing the industry’s workplace culture and informal norms. It acts as a stepping stone
for the next section of our project, which seeks to offer a framework for policymakers to
design and assess more effective initiatives.
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Abstract: Over the last decades, population growth in urban areas and the subsequent rise in demand
for housing have resulted in significant space and housing shortages. This paper investigates the
influence of smart technologies on small urban dwellings to make them flexible, adaptive and
personalised. The study builds on the hypothesis that adaptive homes and smart technology could
increase efficiency and space usage up to two to three times compared to a conventional apartment.
The present study encompasses a comprehensive semi-systematic literature review that includes
several case studies of smart adaptive homes demonstrating various strategies that can be employed
to enhance the functionality of small spaces while reducing the physical and psychological limitations
associated with them. These strategies involve incorporating time-dependent functions and furniture,
as well as division elements that can adapt to the changing needs of users in real-time. This review
further categorises types of flexibility and adaptation regarding the size of the moving elements,
the time that the transformation takes and whether it is performed manually (by a human) or
automatically (by a machine). Results show that smart and adaptive technology can increase space
efficiency by reducing the need for separate physical spaces for different activities. Smart technology
substantially increases the versatility and multifunctionality of a room in all three dimensions and
allows for adaptation and customisation for a variety of users.

Keywords: adaptive homes; efficient spaces; flexibility; home automation; interactive architecture;
micro-living; personalisation; resilience; smart homes; space shortage

1. Introduction

Over the recent decades, the population growth in urban areas and rising demand for
housing have been accompanied by a sharp increase in space shortage and a loss of identity
and personalisation in urban homes. According to the RIBA [1], the most prevalent cause
of discontent with one’s home in the UK is lack of space. In major cities such as London, the
housing demand is hardly met with adequate supply, leading to unaffordable rents, urban
sprawl, transportation problems and sustainability issues [2]. Increasingly, ‘Micro-living’
concepts have been proposed as a possible solution for affordable residential spaces, when
combined with smart technology and automation. Smart technology can help increase the
quality of life, especially regarding the increase of functionality and personalisation [3].
By doing so, housing can overcome fixed layouts for specific functions and have the
potential to become smart, adaptive as well as easy to personalise. This will allow homes
to solve problems, alter furniture and layouts, make decisions and predict what users
might require in advance [3]. The objective can be achieved by introducing actuators and
forms of Artificial Intelligence (AI) such as a Bidirectional Associative Memory (BAM)
neural network, which is a type of recurrent neural network that is commonly used for
pattern recognition and associative memory. Bifurcations in a fractional-order BAM neural
network can have important implications for the network’s behaviour and performance,
and research in this area [4–7] influences several fields, including pattern recognition,
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computer vision, speech recognition, signal processing, optimisation, associative memory,
etc., that could play a vital role in smart adaptive homes and automation.

According to Oosterhuis [8], architecture can become the science of dynamic struc-
tures and environments running in real time. The intersections of different concepts that
contribute to a space that acts and reacts in real time such as smart, adaptive, etc., are
illustrated in Figure 1 below. Adaptive architecture combines the research areas of automa-
tion (making changes with the help of actuators and machines) and smart technology and
includes areas such as interactivity or reactivity.

Figure 1. Terminology. Source: Author (adapted from Jaskiewicz [9]).

“Smart” in this context means the integration of sensors, databases, and wireless access
to collaboratively sense, adapt, and provide services for users [10] in the home environment.
The term “adaptive architecture” (aA) is used to describe an environment capable of
continual self-adaptation to the constantly changing circumstances of its surroundings
while also being referred to as “interactive architecture” (iA) by Beesley and Khan [11] and
Oosterhuis [8], among others.

The research inquiry at hand pertains to exploring the following underlying research
question: What are the enablers and barriers for different strategies of adaptation to
overcome the physical and psychological limitations of small spaces?

The research is novel, as it concentrates on small residential spaces and addresses the
lack of systematisation and categorisation of adaptive systems throughout the literature.
The paper contributes to the body of knowledge of making small spaces adapt in real time
to achieve maximum functionality and space efficiency according to personal preferences
with the uptake of smart technology and links related theories with real-world products. It
also presents different options and categories of architectural concepts that can be utilised.

2. Materials and Methods

The methodology employed in this study involves a semi-systematic review of liter-
ature and case studies, aimed at identifying potential research opportunities to enhance
the efficiency, functionality, and personalisation of urban dwelling units. The literature
review includes a body of 410 peer-reviewed articles, working papers, case studies and
reports which were gathered and compiled through the use of EthOS, Science Direct, Re-
searchGate and Google Scholar as search engines and databases. A three-stage approach
was deployed: First, deduplication of the various sources was carried out Then, abstracts
were reviewed using a Critical Appraisal Skills Programme (CASP) protocol. Finally, when
full texts were available, the papers were thoroughly analysed. The review is considered
semi-systematic, since after the initial systematic scoping, the selection of the literature and
projects was based on the researcher’s judgement regarding relevance to the research focus.
The search terms that were used are“ cybernetic architecture”, “adaptive architecture”,
“adaptive interior”, “cybernetic architecture”, “home automation”, “interactive architec-
ture”, “micro-living”, “smart furniture”, “smart home”, and “space saving furniture”. The
search terms were used individually without further combinations. In this paper, the
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criteria for inclusion stipulate that the work was published in the time between 2010 and
2022 and contains information that is relevant to the architectural perspective of adaptive
spaces. This led to a reduction in the body of work to 81 articles, papers and conference
proceedings. Additionally, space standards and national statistics were considered.

Given the significant role that projects and technology play in the architectural disci-
pline, this review will also take into account a range of selected smart furniture and home
designs to supplement the existing literature. The comparison of theoretical strategies
aimed at achieving increased space efficiency and personalisation in adaptive smart homes
with real-world examples enables their evaluation. A semi-systematic literature and project
review create the theoretical framework for further research. This paper is part of a PhD
research project and only a selection of the literature and case study reviews are included.
The procedure implemented for this systematic literature review is presented in Figure 2.

Figure 2. Literature review protocol. Source: Author.

3. Literature Review

This review examines a variety of concepts relevant to small adaptive homes through
different lenses, namely the architectural perspective dealing with the concept of a home,
including the significance of space for well-being as well as micro living as a strategy to
improve space usage, and secondly the role that technology plays to make space more
interactive and efficient. The combination of these sections forms the state of the art of
adaptive and interactive environments, which consequently allows for the classification of
adaptive space concepts in the research results.
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3.1. The Home

From an architectural point of view, the concept of a home consists of physical space,
the function that a space enables and the meaning of space which considers the home as a
space of relationships, memories and as a representation of the resident [12]. The literature
indicates that personalisation and higher-level needs such as self-actualisation have to be
incorporated to achieve user satisfaction [13]. Today’s smart homes that improve energy
usage, security, remote control, automation and comfort [14] are especially attractive to
young people pursuing a technology-supported neo-nomadic lifestyle characterised by
their digital dependence and location independence [15].

3.2. Reasons for Adaptive Micro Living Spaces

Adaptive micro-living homes have been gaining attention in recent years due to
various reasons such as increasing urbanisation, rising housing costs, technological ad-
vancements, changing demographics, and a growing awareness of sustainable living. Most
of the analysed research papers focus on needs regarding space shortage or are linked to a
change in society where especially young people want to live in flexible, smart environ-
ments. According to the United Nations [16], an estimated 55.3 per cent of the world’s
population lived in urban settlements in 2018, and by the year 2030, that number is ex-
pected to rise to 60 per cent. This rapid growth and the inability of many metropolitan
areas to keep up with the resulting demand cause housing shortages in many of the world’s
largest cities. London’s population has increased by 25 per cent from 1999 to 2019, yet
the number of dwellings has only increased by 15 per cent, which leads to unaffordable
rents, house prices and housing dissatisfaction [2]. Well-intended legislation such as a
37 m2—minimum [17] for new-build flats in London are political attempts to improve
the situation. However, such legislation is criticised for making the situation worse by
architects such as Patrick Schumacher [18] or researchers such as Kichanova [2] who argued
that “smart micro-housing” is the better choice for some people. Reducing size can decrease
living costs, be a driver for sustainability and allow people to live in urban areas while
focusing more on social life and leisure activities [2]. The literature suggests that, young
individuals are particularly adept at utilizing micro-homes, or will be in the near future [3].

Historically, labour has been geographically bound, while the introduction of tele-
working has brought the freedom to work from anywhere for a group of people who are
often referred to as digital nomads [19]. Some studies have estimated that the number of
digital nomads will continue to rise and reach over 1 billion in 2035 [20]. Especially young
professionals who are working digitally while living a location-independent and often
travel-reliant lifestyle are looking for co-living, micro-living, or smart living solutions [21].
Research findings by Omar et al. [22] showed that personalisation is another important
factor for housing satisfaction. Their findings indicate that modifying homes does not
necessarily signify user dissatisfaction. Instead, it suggests that people desire to make their
homes unique and personal.

Currently, mass-produced homes are not designed to adapt with respect to residents’
individual needs. Although research conducted by organisations such as RIBA [1] demon-
strates that insufficient space is the primary source of housing discontent, Foye [23] argues
that moving to a “larger accommodation” has no positive long-term impact on subjective
well-being. Similar results are shown by other user surveys [24,25]. Jansen [26] explained
this outcome by stating that an increase in living space will initially close the gap between
one’s preferred housing situation and reality, leading to an initial increase in housing
satisfaction. However, this gap re-emerges over time and causes the uplift in housing
satisfaction to diminish [26]. In the literature, the concept of micro-living is discussed
mainly positively as a hub for aesthetic and functional refinement and innovation. The
size of a micro living space can vary depending on different contexts and definitions, but it
is generally considered to be a living space with a total floor area of approximately 15 to
37 square metres [2]. Critics say that instead of constituting sustainable liveable space, mi-
cro homes are sold above market price to increase profits [27,28]. According to Arcilla [24],
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this is due to efficiency becoming a modern obsession in all facets of life, good marketing
and design that sells micro-homes as more sustainable, but more importantly due to capi-
talism and market interests. The literature above suggests that when all basic needs such
as security, safety and physical needs such as warmth and hygiene are available, housing
satisfaction is influenced by the functionality of a space, the flexibility that it offers and only
to some extent the actual size per person. New technology has the potential to increase
space efficiency and personalisation and can be used to achieve real-time adaptation.

3.3. Technology (Automation and Smartness)

Most adaptive smart home concepts build on technological advancement as a driving
force for adaptive spatial design, which is addressed succinctly in the following paragraphs.
The state-of-the-art technology is highly influenced by the progress in sensors, actuators,
materials and AI. The role of these factors in adaptive architecture is illustrated in Figure 3.

Figure 3. Technology for adaptive spaces. Source: Author.

Progress in AI allows machines to learn, recognise what users are doing and make
predictions with very high accuracy [29]. Machines are becoming context-aware and
more ambiently intelligent [29]. Ambient Intelligence is used as a term for a collection
of technologies that smoothly blend into their environment to produce an unnoticeable
user interface [30]. Sensors are already very elaborate in collecting multitudes of data,
from temperature, humidity, solar radiance, or energy usage to human activity, sound or
spatial recognition of objects [31]. The trend progresses toward cableless microsensors or
wearables that detect human activity with high accuracy [32]. Cutting-edge actuators can
achieve almost any motion and vary from engines to artificial muscles. Soft actuators which
are materials that can perform tensile and torsional actuation are becoming increasingly
elaborate and cost efficient [33]. They include twisted fibre artificial muscles, shape memory
polymers, hydrogels, liquid crystal polymers, electrochemical actuators utilising conducting
polymers, and certain natural materials [34].

To alter space visually, lights, screens and materials allow the ambience and colour
of a room to change in real time [13]. Virtual Reality (VR), Augmented Reality (AR) and
Mixed Reality (MR) are advanced enough to offer an immersive experience that can be
a solution to expand the physical space [35]. Hermund and Klint [36] showed with a
questionnaire that was answered by participants experiencing a real space compared to
a group of people experiencing a digital copy in VR that virtual space can convey all
the information that physical space can, namely size, ambience and atmosphere. While
the literature indicates that technology is advanced enough to alter architectural space
physically or virtually, the big question in the architectural discipline concerns the best
way of adaptation and transformation to suit individual needs. Integrated technology
opens up many opportunities to achieve these individual preferences from a selection of
possible options.
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3.4. Adaptive Space Theories

According to Jaskiewicz [9], adaptation, which is the change in architectural space
over time (both regarding the building shell and the interior layout) is in the first aspect
linked to human needs and follows cycles of daily routines and external factors. Environ-
ments adapt to human activity, while at the same time, through a feedback loop, human
activity is influenced by the spatial characteristics of the human habitat [8]. According
to Jaskiewicz [9] and Yiannoudes [29], adaptation can be achieved by different means de-
pending on the time necessary for the change (Figure 4) and the entity (human or machine)
making the change. Adaptation can be divided into the following components: First is
reconfiguration of space, which is reassembling or changing parts of a building manually
(for instance, installing/removing a partitioning wall), which is time- and labour-intensive.
Second is flexibility, which means leaving margins in the space or creating open spaces that
allow users to reconfigure spaces manually. However, over-dimensioning leads to ineffi-
ciency [29]. Third is adaptation, which is achievable in real time by utilizing automation
with intelligent systems, sensors, and actuators [9]. The main emphasis of this paper is on
the third aspect.

Figure 4. Time-dependent space change. Source: Author.

An alternative approach to exploring the concepts of adaptation is to consider the
scale of components, ranging from an entire city down to a single structure, individual
furniture pieces, and constituent materials. Historical concepts remain highly pertinent
within contemporary literature that is built up on cybernetic and Metabolist ideas from
the 1950s and 1960s. Pask [37] proposed that cybernetics could make buildings adapt,
learn, and respond according to the interaction with users. In his work, “The Architectural
Relevance of Cybernetics” from 1969, Pask [37] described cybernetics as a transdisciplinary
area that permeates divergent domains such as engineering, biology, sociology, economics,
and design. He puts forward that the architect’s “aim is to provide a set of constraints that
allow for certain, presumably desirable modes of evolution” [37] (p. 75) and to determine
the relevant properties between humans and systems.

Archigram, an avant-garde architectural group drawing inspiration from technology,
had a more iconographic and theoretical approach towards adaptive architecture [38], and
they envisioned flexible and functionally indeterminate spaces where the “push of a button
or a spoken command, a bat of an eyelid will set transformation in motion—providing
what you want where and when you want it” [39] (p. 146). While Archigrams’ concepts
were futuristic, on the other end of the spectrum, the works of Price [40], Friedman [41]
and Zenetos [42] were more elaborate examples that marked a shift towards adaptive
user-centric designs [29].

Today, user-centric studies by Radha [3] and the MIT Media Lab [43] have shown that,
due to the technological advancements, moving furniture elements and adaptive spaces are
re-emerging in the public interest and are no longer futuristic ideas. The research project
CityHome [43] conducted in Cambridge/USA revealed that this smart furniture system
has the potential to increase the functionality of a small apartment to that of two or three
times its size. The MIT Senseable City Laboratory [44], which is a successor of the CityHome
project, continues to examine methods for studying the built environment as layers of
networks as well as digital information and the machine becoming the city [45].
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According to the findings by Radha [3] who conducted user surveys regarding adap-
tive smart home prototypes in Iraq, smart houses with moving room elements have better
internal space efficiency and functionality since they make better use of time and space
for a variety of activities using smart technologies and are more likely to be accepted by
younger people. The paper concludes that by “incorporating smart architectural elements,
an increased degree of design versatility was achieved, and it was discovered that changing
size, shape, reference, and layout became easier, faster, and allowed more options for
organising spaces in smart homes” [3] (p. 15). Together, the above studies show great
potential and user acceptance for adaptive elements to be integrated into existing as well
as new buildings. Yiannoudes [29] examined architectural designs that employ computa-
tional technology to adapt to changing environments together with human demands and
emphasised that intelligence is needed for adaptive spaces acting in real time. Ambient
Intelligence is concerned with intelligence in the built environment that allows smart envi-
ronments to proactively respond to the needs and activities of people by utilising adaptive
systems, ubiquitous computing, and user-friendly interfaces [29]. Although the analysis of
the literature under consideration indicates that only a limited cohort of scholars focus on
the user-centric design of spaces, the reviewed literature suggests that there is substantial
potential and related technology to optimise spatial utilisation and save space.

In prospect, research that examines the use of swarm robotics and room bots as a
prospective remedy for achieving almost infinitely adaptable spaces has demonstrated some
encouraging outcomes in preliminary studies and experiments. The Hyperbody Research
Group under the lead of Kaas Oosterhuis at TU Delft conducted research regarding adaptive
spaces, for instance, the Muscle Project that attempted to create a space that can change shape
by contracting and relaxing artificial muscles and stretchable materials [46]. According
to Oosterhuis [8], buildings are subject to the digital revolution and architects have to
play with the potential of the new media invading the built environment. Especially
swarm architecture (a self-organised system consisting of smaller elements) that is at the
same time e-motive, transactive, interactive and collaborative is seen as the future of
buildings adapting in real time [8]. Companies such as Festo were able to create small
robots (resembling, for instance, ants) that can work together like a real-world colony [47].
Currently, constructing furniture and walls with all of their inherent qualities (such as the
suppleness of a couch) poses a significant hurdle and is not realistically attainable.

Concerning automation and unrestricted indeterministic adaptability, Szot et al. [48]
developed a virtual environment to train robots to arrange objects and furniture in an
apartment with reinforcement learning, which shows that re-arranging ability can be
achieved with independent robots. Working towards a similar goal, Suzuki et al. [49]
developed the prototype of a room-scale dynamic haptic environment called RoomShift that
creates haptic experiences by rearranging physical spaces with the help of a tiny swarm
of shape-changing robots that can freely move a variety of furniture. Spröwitz et al. try
to “imagine a world in which our furniture moves around like legged robots, interacts
with us, and changes shape and function during the day according to our needs” [50]
(p. 15). An additional approach entails enhancing functionality through the integration
of virtual content. Although overlaying physical and virtual space using technology
such as VR (Virtual Reality), AR (Augmented Reality) or MR (Mixed Reality) is currently
feasible and individuals are increasingly conducting their social lives within virtual spaces,
it is questionable whether these technologies can or should fully replace the physical
space [29]. The mentioned literature indicates that technological advancement combined
with architectural design opens many possibilities.

3.5. Real-World Systems

Many aspects of interactive and adaptive architecture have not yet found their way into
commercial applications despite having been initially tried in experimental installations
or being applied to specific parts of buildings such as facades or furniture. Examples of
adaptive kinetic facades like the Ocean Pavilion by Soma from 2012, the Shed by Studio
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Diller Scofidio + Renfro completed in 2019, the Shanghai Theatre by Heatherwick and Foster
from 2017 or the Polish House by Robert Konieczny from 2017 are becoming more and more
common today and might be further developed for use in interiors. Products by Expand
Furniture [51], Candra [52], Dror [53], or the foldable and smart furniture lines by Ikea [54]
are contributing to space-saving.

Smart furniture by Ori Living [55] and Bumblebee [56] are considered to be state
of the art and show that furniture can be made adaptive and movable with actuators.
ORI furniture emerged from MIT Media Lab’s [43] CityHome project where furniture,
storage, exercise equipment, lighting, office equipment, and entertainment systems are all
integrated into a transformable wall system. The product range includes the Cloud Bed, a
ceiling-mounted bed, as well as the Pocket Studio and Pocket Office, which are smart walls
with an integrated bed or office table [55]. Although smart walls are often considered
the most highly anticipated feature, it is worth noting that both ceiling-mounted and
floor-mounted moving furniture options are currently available on the market and offer
significant space-saving benefits. The systems from ORI and Bumblebee (Figure 5) have the
same goal, namely, to increase the functionality of residential spaces with furniture that is
multi-functional, smart and can change the inner layout of space automatically in real time.

Figure 5. From left to right: ORI Cloud Bed, ORI Pocket Studio, Bumblebee Bed and Table. Source:
Author.

Both systems provide a bed, a table, and storage, although one of their principal dis-
tinctions is their respective mounting configuration: while ORI is floor and wall-mounted,
Bumblebee is a ceiling-mounted system. The advantage of the latter is its heightened
adaptability, as the bed and storage can be situated in the middle of a room. Nonetheless,
the Bumblebee solution appears to be more costly, owing to the more intricate cable-based
movement mechanism. Regarding the bed options from ORI and Bumblebee, they can both
almost free up the whole space of about 5 m2 that a standard bed would use. Regarding
storage, ORI can save about 50 per cent of space usage compared to a conventional cup-
board because the access area can be minimised. Systems like this become more efficient
if more rows of storage are staggered, like in the Domestic Transformer by Chang [57]. In
comparison, the Bumblebee system does not need any floor space. However, due to the
small volume of the ceiling-mounted boxes, there is a larger area of the ceiling necessary
to achieve a similar volume and a certain room height is necessary to make the system
feasible. Products such as the Pocket Studio by ORI combine a variety of functions, which
can save up to 9 m2 compared to the same elements without adaptiveness [55,56]. Looking
at these examples, it seems feasible that a 35 m2 studio can function like a 50 m2 home.

Regarding visual adaptation, art installations such as Ada by Microsoft from 2019 show
that light and sound can change in real time according to people around the installation [58].
There are also more advanced visual personalisation options such as colour-changing
materials (for instance, ChroMorphous [59], a material that changes colour and appearance
on demand, developed by researchers at the University of Central Florida), and invisible
screens. According to Yiannoudes [29], the functionality of an ambient intelligent system
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depends on the design of the space that is supposed to host it. Architectural design
and immersive smart technologies must be linked and thought of as a concise system.
Combining those has the potential to make our life happier, healthier, sustainable, and
more comfortable [9].

4. Results

The findings from the literature and project reviews suggest that the initial wave of
intelligent furniture systems available in the market hold great potential, despite their
current limited prevalence. Smartness has become an important factor in every related
product. Evident reasons why people would not buy such systems are high costs, system
compatibility issues and concerns regarding data security [60]. The avant-garde British
author J.G. Ballard in his short tale Billennium from 1962 [61] envisioned a dystopian
future metropolis that is overcrowded, where people have become accustomed to living in
cramped cellular rooms with a legal maximum size of just 3.5 square meters per person.
In future scenarios where space is scarce and expensive, these challenges [61] need to be
addressed and the goal to make most out of the available space emphasised [29].

The available evidence suggests that there is potential to increase functionality and
diminish the physical and psychological limitations of small spaces by making functions
time-dependent and interiors adaptive and personalised. Research works by Jaskiewicz [9]
and Radha [3], among others, attempt to build a new framework for such architecture to
establish a solid foundation for designing interactive architecture. Such a move away from
simply exploring theoretical concepts of complexity in architecture could help make these
concepts more accessible for both designers and users.

Adaptability often implies anticipating and planning to allow for unforeseen events,
while flexibility can be more immediate and situational, often with a need to accommo-
date other factors. These two concepts sometimes interchange, and it can be difficult to
differentiate between them in relation to the broader framework of a home interior. This
study tries to classify strategies of adaptation and flexibility and divide them into categories
(Figure 6) that can enable planners to create spaces that can easily adapt to changing user
needs while increasing space efficiency. In summary, flexibility leaves margins and open
spaces to allow for the movement of furniture and is closely linked to manual adaptation
that introduces movable or transformable elements such as walls, furniture, and parti-
tions that are manually transformed by the user. The strategies depicted on the right
half of Figure 6 use technology for change, such as automated real-time adaptation that
automates changes of layouts and functions and can include artificial intelligence or the
extension into cyberspace that is replacing an actual function with a virtual alternative [33].
Figure 6 also illustrates Representatives and Authors related to these concepts as well as
real-world examples.

Different strategies have different levels of multifunctional space, which is illustrated
in a simplified manner in Figure 7 based on a 37 m2 home. It is noteworthy that elements
such as kitchens or bathrooms, which rely on pipework and similar infrastructure, possess
a limited potential for adaptability across the strategies. The graphic is intended as a
general illustration of types of adaptation based on estimations and represents conventional,
manually adapting and automatically adapting furniture graphically. Further research is
carried out to determine the level of adaptability for each option.

The subsequent sections provide a comprehensive account of each approach, with
Figures 8–12 providing a simplified representation of these categories based on a 37 m2

apartment.

4.1. No Adaptation—Standard Apartment

The most common apartment type today is a conventional apartment that has room
separation and loose furniture. The minimum allowable space standard for newly built
flats with one occupant in the UK is 37 m2 according to the Technical housing standards [62]
and everything smaller is considered micro-living. The replacement of furniture presents
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an easy means of achieving personalisation. However, due to the spatial limitations
of many minimum apartments, reconfiguration and relocation of furniture may not be
feasible in practice. As a result, structural reconfiguration is necessary for severe functional
change. While standard furniture is the cheapest option, the usability of the space cannot
be increased, and functions are difficult to stack.

Figure 6. Systematisation of concepts of adaptation, Key authors, and Real-world examples. Source:
Author.

Figure 7. Estimation of spatial adaptability. Source: Author.

4.2. Manual Adaptation (Transformable Micro-Living Apartment Incorporating Flexibility)

Micro-living spaces that use movable or folding elements have become common to
make space more efficient. In comparison to a standard apartment, space is much more
flexible and can serve multiple purposes within a single area. There are relatively cheap
products such as wall-mounted folding beds (Murphy beds), sofa beds, stackable chairs,
expandable tables or simply furniture with wheels on the market. More elaborate, often
individually designed examples also use the floor and the room height to maximise space
usage with split levels or under-floor storage. While cost and space efficiency are the big
advantages, the disadvantage is that changing layouts is often time and labour-intensive.
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Figure 8. Standard apartment. Source: Author.

Figure 9. Manual adaptation (micro living). Source: Author.

 
Figure 10. Automated adaptation big modules. Source: Author.
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Figure 11. Automated adaptation small modules. Source: Author.

 
Figure 12. Virtual space. Source: Author.

4.3. Automated Adaptation with Fixed Layout Options (Large Modules)

Building upon theories by Radha [3] and the MIT Media Lab [43], this approach
provides a variety of predetermined configurations that the apartment can transform into,
resulting in highly predictable outcomes. It is adopted by real-world furniture such as
Bumblebee or ORI which automates the movement of elements with actuators. The ele-
ments can be ceiling-mounted storage, beds or tables, movable smart walls and expandable
elements. Automated adaptive systems offer the advantage of being able to place furniture
in areas that are difficult for users to access manually, such as ceilings. While furniture
elements come at a higher cost than furniture that does not transform automatically, it
has the benefit of increased flexibility and convenience. In the future, space will be able
to adapt by itself and do so without any user input with machine learning and activity
prediction, if wanted by the user.

4.4. Automated Adaptation without Fixed Layout Options (Small Modules)

This approach builds upon methods that use small robots, bio-inspired organic systems
or other small building elements. Theoretical projects such as the muscle projects by
Oosterhuis [63] as well as research by Lengiewicz and Hołobut [64] or Suzuki et al. [49] show
the potential of small robots and intelligent materials in test environments. The concept has
the advantage of the smaller elements always increasing freedom and spatial adaptiveness,
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allowing for the possibility of nearly any modification. Due to complexity, technological
limitations and costs, these systems are harder to achieve and are less accessible.

4.5. Virtual Space

The cultural shift towards digital space influences architecture on many levels. Ex-
tending space virtually while only having the bare minimum in the real world has limitless
options and allows users to live and play in a shared, permanent, and self-sustaining world
due to the metaverse ecology. Early examples of this trend such as the Metaverse show both
opportunities and problems [65]. While this approach has the problem of dystopian conno-
tation, both physical boundaries and location are irrelevant since everyone is connected
with everyone else and can be anywhere [66].

5. Discussion and Conclusions

This paper presents a review of existing research studies, links them with projects in
the field of smart adaptive homes and attempts to categorise strategies in terms of time
that the system needs to reconfigure the space and the type and size of the elements. The
literature review shows that today, there are both the need (regarding space shortage) and
the necessary technology for many concepts to be realised as well as the user acceptance
(especially among young people) to make adaptive homes successful.

Even though a lot of research is carried out in relation to smart homes, they concentrate
predominantly on technical improvements [67], while there is a gap in design-related
research, functional maximisation and real-world implementation as already pointed out
by some researchers [3]. A complex adaptive system has a boundary and a finite number of
components, just like any other system. All the abovementioned strategies enable increased
space efficiency. Smart interior design refers to the most efficient ways to satisfy inhabitants’
sometimes complex and intricate expectations. The goal of many researchers is to create an
ideal model, which results in a variety of approaches and theories that suit the majority.

Pursuing the need for better space efficiency, more user-centric studies need to be
executed, considering different locations of the world to explore whether results might
be different. Most studies agree that modular smart house architecture should have
changeable flexible or adaptive physical areas. While the lack of space is undoubted,
and technology should not be the excuse to make spaces smaller per se, there is little
available literature indicating the amount of space that is enough to prevent claustrophobic
conditions. This space requirement can also vary according to location, economic status, and
socio-cultural differences.

The role of technology has transcended the mere production of amusement, leisure, or
lifestyle gadgets, and it is imperative to remain abreast of alterations in customer desires
and ambitions. Thus, architecture and interior design must employ appropriate solutions
to work with, incorporate and benefit from the mentioned technologies. Increasing adap-
tiveness and reducing fixed residential space layouts can prevent the need for renovations
and construction work for possible additions and changes which can be a driver for sus-
tainability and resilience. Adaptive space anticipates and accommodates change from the
outset and allows occupants to reconfigure the space to meet their evolving needs without
requiring major renovations or structural changes. For example, if a family grows and
needs more space, they can simply reconfigure their existing living area or add temporary
partitions rather than building a whole new room or even moving to a larger house. Other
systems that are more focused on increasing efficiency in a minimal space correlate with
the trend towards living as a service, where residents could use the same housing model in
different places. Models driven by spatial efficiency are more sustainable and resilient in
the sense that they use less space and resources to provide the same functionality. However,
the question of what makes a smart adaptive space successful remains unanswered to some
extent. The analysis of the smart furniture systems from ORI and Bumblebee shows that
while saving floor space, they lack interactivity and have high costs. At a theoretical level,
the nomenclature employed to describe models of adaptability is not clearly defined and
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overlaps. Common terminology includes expressions such as “adaptive”, “automated”,
“cybernetic”, “interactive”, “reactive” and “smart”, among others. The categorisation of
strategies for the improvement of space efficiency can help future research to test different
solutions with users (for instance, in VR models).

In traditional building design, the relationship between indoor and outdoor space is
often fixed and inflexible, with clear boundaries between the two. However, adaptive archi-
tecture recognizes that these boundaries can be fluid and that adaptive building envelopes
can change this division both visually and physically. Although this paper focuses on
residential interiors and presents a single apartment module as an example, it is essential
to acknowledge that adaptive elements and dwellings cannot be considered independently
of their impact on an urban scale. As multiple environmental and communication flows,
as well as networks such as water, energy, transport, or building systems, become inter-
connected and continuously adapt [68], it is imperative to incorporate multi-disciplinary
research developments that seek to make entire cities adaptive, resilient, and sustainable.

The limitation of a semi-systematic literature review is that it is restricted in the scope
of depicting the whole picture since progress in the field is happening fast. For this ongoing
research, surveys and experiments with users will be conducted to better understand the
user perspective regarding these technologies and resulting living spaces. Specifically,
experimental research in micro homes and living labs could provide further information
regarding the future of housing.

The consolidation of the existing body of knowledge also shows that these new forms
of urban living (together with micro-living and co-living) can and should be reflected in
contemporary housing policies and practices. In the UK, for instance, the allowed minimum
floor area of 37 m2 for newly built apartments has been criticised, since the quality of the
space and its functionality might be more important than its size on paper. Mainstreaming
such novel and innovative concepts will require mind, attitude and behavioural changes
and many more real-time examples for lessons to be learnt. Therefore, research in the
area of smart adaptive and interactive micro homes is essential and has the potential to
improve living quality in urban areas and needs to be advanced to reflect the development
of technologies.

Author Contributions: Conceptualisation, T.G. and Y.K.; methodology, T.G. and Y.K.; software,
T.G.; validation, T.G. and Y.K.; formal analysis, T.G.; investigation, T.G. and Y.K.; data curation,
T.G.; writing—original draft preparation, T.G.; writing—review and editing, Y.K.; visualisation, T.G.;
supervision, Y.K.; project administration, Y.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analysed in this study. Data sharing does
not apply to this article.

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

References

1. RIBA. RIBA Housing Survey 2013. Available online: https://tinyurl.com/32p2xkau (accessed on 27 February 2022).
2. Kichanova, V. Size Doesn’t Matter; Adam Smith Institute: London, UK, 2019; Volume 5.
3. Radha, R.K. Flexible smart home design: Case study to design future smart home prototypes. Ain Shams Eng. J. 2021, 13, 101513.

[CrossRef]
4. Huang, C.; Wang, J.; Chen, X.; Cao, J. Bifurcations in a fractional-order BAM neural network with four different delays. Neural.

Netw. 2021, 141, 344–354. [CrossRef] [PubMed]
5. Xu, C.; Mu, D.; Liu, Z.; Pang, Y.; Liao, M.; Aouiti, C. New insight into bifurcation of fractional-order 4D neural networks

incorporating two different time delays. Commun. Nonlinear Sci. Numer. Simul. 2023, 118, 107043. [CrossRef]
6. Xu, C.; Zhang, W.; Aouiti, C.; Liu, Z.; Yao, L. Bifurcation insight for a fractional-order stage-structured predator–prey system

incorporating mixed time delays. Commun. Nonlinear Sci. Numer. Simul. 2023, 118, 107043. [CrossRef]
7. Xu, C.; Mu, D.; Liu, Z.; Pang, Y.; Liao, M.; Li, P.; Yao, L.; Qin, Q. Comparative exploration on bifurcation behavior for integer-order

and fractional-order delayed BAM neural networks. Nonlinear Anal. Model. Control 2022, 27, 1–24. [CrossRef]

203



Buildings 2023, 13, 1132

8. Oosterhuis, K. Hyperbodies: Towards an E-Motive Architecture; Jap Sam Books: Prinsenbeek, The Netherlands, 2012.
9. Jaskiewicz, T. Towards a Methodology for Complex Adaptive Interactive Architecture. Ph.D. Thesis, Delft University of

Technology, Delft, The Netherlands, 2013.
10. Kaluarachchi, Y. Potential advantages in combining Smart and Green Infrastructure for Future Cities. Front. Eng. Manag. 2020, 8,

98–108. [CrossRef]
11. Beesley, P.; Khan, O. Responsive Architecture/Performing Instruments; Architectural League of New York: New York, NY, USA, 2009.
12. Canter, D. The Psychology of Place; Architectural Press: London, UK, 1977.
13. Leitner, G. The Future Home Is Wise, Not Smart: A Human-Centric Perspective on Next Generation Domestic Technologies; Springer

International Publishing AG: Cham, Switzerland, 2015.
14. Gram-Hanssen, K.; Darby, S.J. “Home is where the smart is”? Evaluating smart home research and approaches against the

concept of home. Energy Res. Soc. Sci. 2018, 37, 94–101. [CrossRef]
15. Naz, A. Interactive Living Space Design for Neo-Nomads: Anticipation Through Spatial Articulation; Springer International Publishing:

Cham, Switzerland, 2016; pp. 393–403.
16. United Nations—Department of Economic and Social Affairs, Population Division. The World’s Cities in 2018—Data Booklet; UN:

New York, NY, USA, 2018.
17. Mayor of London. Policy 3.5 Quality and Design of Housing Developments. Available online: https://tinyurl.com/3mhjnej8

(accessed on 27 February 2022).
18. Schumacher, P.; Duan, X. An Architecture for Cyborg Super-Society. In Architectural Intelligence; Yuan, P., Xie, M., Leach, N.,

Yao, J., Wang, X., Eds.; Springer: Singapore, 2020.
19. Graham, M.; Hjorth, I.; Lehdonvirta, V. Digital labour and development: Impacts of global digital labour platforms and the gig

economy on worker livelihoods. Transfer 2017, 23, 135–162. Available online: https://journals.sagepub.com/doi/full/10.1177/10
24258916687250 (accessed on 27 February 2022). [CrossRef]

20. Wiranatha, A.S.; Antara, M.; Wiranatha, A.C.; Piartrini, P.S.; Pujaastawa, I.; Suryawardani, G. Digital nomads tourism in Bali.
J. Dev. Econ. Financ. 2020, 1, 1–16.

21. Wang, B.; Schlagwein, D.; Cecez-Kecmanovic, D.; Cahalane, M. Digital Nomadism and the Market Economy: Resistance and
Compliance. In Proceedings of the Association for Information Systems (AIS), Cancún, Mexico, 15–17 August 2019.

22. Omar, E.O.; Endut, E.; Saruwono, M. Personalisation of the Home. Procedia Soc. Behav. Sci. 2012, 49, 328–340. Available online:
https://tinyurl.com/yc2wd5c9 (accessed on 27 February 2022). [CrossRef]

23. Foye, C. The relationship between size of living space and subjective well-being. J. Happiness Stud. Interdiscip. Forum Subj.
Well-Being 2017, 18, 427–461. [CrossRef]

24. Frijters, P.; Johnston, D.W.; Shields, M.A. Life Satisfaction Dynamics with Quarterly Life Event Data. Scand. J. Econ. 2011, 113,
190–211. [CrossRef]

25. Nakazato, N.; Schimmack, U.; Oishi, S. Effect of changes in living conditions on subjective wellbeing: A prospective top-down
bottom-up model. Soc. Ind. Res. 2011, 100, 115–135. [CrossRef]

26. Jansen, S.J. Why is housing always satisfactory? A study into the impact of cognitive restructuring and future perspectives on
housing appreciation. Soc. Ind. Res. 2014, 116, 353–371. [CrossRef]

27. Hall, R. London’s Smallest Micro Flat Up for Sale at £50,000 for 7 Square Metres. The Guardian. 2022. Available online: https://
www.theguardian.com/uk-news/2022/feb/17/londons-smallest-microflat-up-for-sale-at-50000-for-7-square-metres (accessed
on 30 September 2022).

28. Arcilla, P. Tiny homes, big capitalism. Kill Your Darlings 2021, 2, 19–24. Available online: https://search.informit.org/doi/epdf/
10.3316/informit.229123979998403 (accessed on 19 February 2023).

29. Yiannoudes, S. Architecture and Adaptation; Routledge: New York, NY, USA, 2016.
30. Dunne, R.; Morris, T.; Harper, S. A Survey of Ambient Intelligence. ACM Comput. Surv. 2022, 54, 1–27. [CrossRef]
31. Zaro, F.; Tamimi, A.; Barakat, A. Smart Home Automation System. 2021. Available online: https://scholar.ppu.edu/handle/1234

56789/8298 (accessed on 19 February 2023).
32. Haroun, A.; Le, X.; Gao, S.; Dong, B.; He, T.; Zhang, Z.; Wen, F.; Xu, S.; Lee, C. Progress in micro/nano sensors and nanoenergy

for future AIoT-based smart home applications. Nanox 2021, 2, 22005. [CrossRef]
33. De Silva, C.W. Sensors and Actuators, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2016.
34. Zou, M.; Li, S.; Hu, X.; Leng, X.; Wang, R.; Zhou, X.; Liu, Z. Progresses in Tensile, Torsional, and Multifunctional Soft Actuators.

Adv. Funct. Mater. 2021, 31, 2007437. [CrossRef]
35. Yang, T.; Kim, J.R.; Jin, H.; Gil, H.; Koo, J.; Kim, H.J. Recent Advances and Opportunities of Active Materials for Haptic

Technologies in Virtual and Augmented Reality (Adv. Funct. Mater. 39/2021). Adv. Funct. Mater. 2021, 31, 217029. [CrossRef]
36. Hermund, A.; Klint, L.S. Virtual and physical architectural atmosphere. In Proceedings of the International Conference on

Architecture, Landscape and Built Environment (ICALBE 2016), Kuala Lumpur, Malaysia, 25–26 June 2016; pp. 3–4.
37. Pask, G. The Architectural Relevance of Cybernetics; MIT Press: Cambridge, UK, 1969; Volume 7.
38. Crompton, D. A Guide to Archigram 1961-74, 3rd ed.; Princeton Architectural Press: New York, NY, USA, 2012.
39. Archigram Living 1990; Architectural Design: Fairfield, CT, USA, 1967; Volume 37.
40. Price, C. The fun palace. Drama Rev. 1968, 12, 127–134. [CrossRef]
41. Friedman, Y.; Orazi, M. Yona Friedman. The Dilution of Architecture; Park Book & Archizoom: Lausanne, Switzerland, 2015.

204



Buildings 2023, 13, 1132

42. Zenetos, T. City and House of the Future. Econ. Postman 1972, 924, 10–12.
43. MIT Media Lab, CityHome. Available online: https://www.media.mit.edu/projects/OLD_cityhome2/overview/ (accessed on

27 February 2022).
44. MIT’s Senseable City Lab, Urban Imagination and Social Innovation through Design & Science. Available online: https:

//senseable.mit.edu/ (accessed on 18 June 2022).
45. Duarte, F.; Ratti, C. Designing Cities within Emerging Geographies: The work of Senseable City Lab. In The New Companion to

Urban Design; Routledge: England, UK, 2019; pp. 561–570.
46. Oosterhuis, K. E-Motive Architecture. 2001. Available online: https://tinyurl.com/9w3tuuyk (accessed on 5 September 2022).
47. Stoll, W. Festo, 1st ed.; Festo SE & Co. KG: Esslingen, Germany, 2021.
48. Szot, A.; Clegg, A.; Undersander, E.; Wijmans, E.; Zhao, Y.; Turner, J.; Maestre, N.; Mukadam, M.; Chaplot, D.; Maksymets, O.; et al.

Habitat 2.0: Training Home Assistants to Rearrange their Habitat. arXiv 2021, arXiv:2106.14405.
49. Suzuki, R.; Hedayati, H.; Zheng, C.; Bohn, J.; Szafir, D.; Do, E.Y.; Gross, M.; Leithinger, D. RoomShift: Room-scale Dynamic Haptics

for VR with Furniture-Moving Swarm Robots; ACM: New York, NY, USA, 2020; pp. 1–11.
50. Spröwitz, A.; Pouya, S.; Bonardi, S.; Van Den Kieboom, J.; Möckel, R.; Billard, A.; Dillenbourg, P.; Jan Ijspeert, A. Roombots:

Reconfigurable Robots for Adaptive Furniture. IEEE Comput. Intell. Mag. 2010, 5, 20–32. [CrossRef]
51. Expand Furniture Product Lines. Available online: https://expandfurniture.com/ (accessed on 18 June 2022).
52. Candra Furniture. Available online: https://www.chandrafurniture.com/ (accessed on 18 June 2022).
53. Dror Homepage, Dror Pick Chair. Available online: http://www.studiodror.com/for/pick-chair/ (accessed on 18 June 2022).
54. Ikea Homepage. Available online: https://www.ikea.com/gb/en/cat/furniture-fu001/ (accessed on 18 June 2022).
55. Ori Furniture Homepage. Available online: https://www.oriliving.com/about (accessed on 25 February 2022).
56. Bumblebee Spaces Homepage. Available online: https://bumblebeespaces.com/ (accessed on 16 January 2022).
57. EDGE Design Institute, Domestic Transformer. Available online: https://www.edgedesign.com.hk/2007domestictransformer

(accessed on 16 January 2022).
58. D’angelo, M. Jenny Sabin Studio’s “Ada” Embeds AI in Architecture at Microsoft. Available online: https://tinyurl.com/yf86dpek

(accessed on 16 July 2022).
59. ChroMorphous. A New Fabric Experience. Available online: http://www.chromorphous.com/ (accessed on 30 September 2022).
60. Schill, M.; Godefroit-Winkel, D.; Diallo, M.F.; Barbarossa, C. Consumers’ intentions to purchase smart home objects: Do

environmental issues matter? Ecol. Econ. 2019, 161, 176–185. [CrossRef]
61. Ballard, J.G. Billennium, 1st ed.; Suhrkamp: Frankfurt, Germany, 1983.
62. Department for Communities and Local Government. Technical Housing Standards–Nationally Described Space Standards. 2015.

Available online: https://www.gov.uk/government/publications/technical-housing-standards-nationally-described-space-
standard (accessed on 5 September 2022).

63. Oosterhuis, K. 2003|NSA Muscle|Centre Pompidou Paris. Available online: https://www.oosterhuis.nl/?page_id=534 (accessed
on 5 September 2022).

64. Lengiewicz, J.; Hołobut, P. Efficient collective shape shifting and locomotion of massively-modular robotic structures. Auton
Robot. 2018, 43, 97–122. [CrossRef]

65. Lee, A.; Min, J.O. Metaverse as a Future Living Environment of Homo Culturalis. J. Korea Converg. Soc. 2022, 13, 167–176.
[CrossRef]

66. Gibson, M.; Carden, C. Living and Dying in a Virtual World; Palgrave Macmillan: Cham, Switzerland, 2018.
67. Solaimani, S.; Bouwman, H.; Baken, N. The Smart Home Landscape: A Qualitative Meta-analysis. In Toward Useful Services for

Elderly and People with Disabilities; Springer: Berlin/Heidelberg, Germany, 2011; Volume 6719, pp. 192–199.
68. Kretzer, M.; Hovestadt, L. (Eds.) ALIVE: Advancements in Adaptive Architecture; Birkhäuser: Basel, Switzerland, 2014; Volume 8.

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.

205





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

www.mdpi.com

Buildings Editorial Office
E-mail: buildings@mdpi.com

www.mdpi.com/journal/buildings

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.





Academic Open 

Access Publishing

mdpi.com ISBN 978-3-7258-0722-2


