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forming the idea behind Construction 4.0, which is founded on: the digitization of the
construction sector and the industrialization of the construction procedure. The
current use of digital twins in the construction industry is considered among the most
successful and influential ways to achieve Construction 4.0, optimize construction
links, and improve coordination among stakeholders. Many factors are impacting the
construction industry's adoption of digital twins. Previous studies have failed to
propose a practical model to facilitate the implementation of digital twins in the
construction industry. This study fills this gap. First, this study conducted a systematic
literature review (SLR) based on Web of Science and Scopus databases to identify
negative and positive factors. SLR identifies four aspects of factors, including
technical factors, stakeholder factors, external factors, and economic factors. A
conceptual model is then proposed using an interpretive structural modeling analysis
approach. The model is used to describe the interaction of these factors in digital
twins implementation, and finally, recommendations are made to mitigate the

Keywords: negative factors based on the model. This conceptual model helps guide digital twin
Digital Twins; Construction Industry; implementation in the construction industry and helps build a knowledge system of
Interpretive Structural Modeling (ISM) digital technology. The findings will support practitioners in the construction industry
Analysis using or planning to use digital twins.

1. Introduction

With the progress of technology and science, many management methods and advanced
technologies have been introduced into industrialized construction, promoting the adoption of
construction innovation and industrialization [1]. Industry 4.0 integrates a series of emerging
technologies, including building information modelling (BIM), the internet of things (1oT), digital twins
(DTs), cloud computing, and big data. The construction industry (Cl) has also benefited from this
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development, resulting in the concept of "Construction 4.0.” The purpose of applying digital
technology is to improve operational efficiency and increase productivity in industrial environments
[2]. Digital twins as a common Industry 4.0 production technique, are generally considered to be
“high-fidelity virtual copies of physical assets with real-time two-way communication for simulation
purposes and product service-enhanced decision-making aids.” DTs are generally considered
versatile and scalable solutions that provide a cost-effective approach to resource tracking, and
modelling includes two-way real-time communication for scenario simulation and solution creation.
DTs are now key facilitators for advancements related to Construction 4.0 [3].

By reviewing previous research, most of the literature shows that research on DTs focuses more
on the manufacturing, computer science, automation control, and healthcare industries. Over the
past few years, interest in this topic has increased. from academia and industry in the use of DTs
systems in construction [3]. According to reputable research firm Markets and Markets, the size of
the global DTs market was estimated at $ 3.1 billion in 2020 and is expected to grow to USD 48.2
billion by 2026. It is anticipated to expand at 58% CAGR throughout the projected period [4]. To
address the persistent challenges of low productivity and underperformance in construction projects,
researchers and professionals in the Architecture, Engineering, and Construction (AEC) domains have
been searching for optimal solutions [5]. Even with such incremental changes, construction
productivity remains among the lowest in the industry [6]. One significant challenge in modernizing
the Cl is its resistance to technological advancements. Despite extensive efforts by researchers to
ascertain the potential of DTs in addressing industrial issues, their implementation in the
construction sector has been minimal. This is because of the limited use of digital technologies in
developing DTs for smart buildings [7]. In the previous study conducted by Su et al., [8], DTs were
applied to construction supply chain coordination, and a real-time logistics simulation method based
on DTs was developed, which can accurately predict potential logistics risks and delivery time. It
tested the method in a case project. In subsequent research, DTs were applied to communication
between construction stakeholders, and a traceable data communication method for the
construction industry based on DT and blockchain was developed. Finally, the proposed method was
verified through a project.

Researchers believe that the study and implementation of DT can help the construction industry
move forward, but the existing literature shows that 1. The research on the implementation of DT in
Cl comes only from a single literature review of implementation barriers and driving factors, and 2.
There is no in-depth study of the correlation between these factors, which means that previous
studies cannot reveal these key factors or describe the relationship between them. The
incompleteness of related research and the complexity of the Cl itself make it difficult for industry
practitioners to make the most appropriate decisions to implement DT to improve productivity and
safety. This study collects and organizes existing research, conducts sufficient content analysis, and
establishes an explanatory structural model based on the correlation of each element, providing
practitioners with stronger background knowledge on DT implementation and researchers with a
stronger foundation for the future development of literature.

The remainder of this paper is structured as follows: The second part clarifies that the research
design is divided into five steps, introduces the material collection and statistical steps of the
systematic literature review (SLR) in the study. The third section based on the content analysis of the
SLR, a list of factors affecting the implementation of DTs in the Cl was compiled, and a summary
grouping and specific descriptive analysis were conducted. The fourth part uses Interpretive
Structural Modelling (ISM) for further analysis and formulates a model. The fifth part analyzes the
structural model and factor classification results to identify strategies to enhance current DT-related
practices. Finally, the sixth part discusses the limitations of this work, as well as implications for
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practice and research, and suggestions for future research directions. This study fills the research gap
in the existing literature regarding the lack of in-depth exploration of the relationships between
factors influencing the implementation of Digital Twins (DTs). By using the ISM method, a hierarchical
structure model of these factors is constructed, systematizing their roles. This provides a clearer and
more structured framework for analyzing the influencing factors, serving as practical guidance for the
digital transformation of the construction industry.

2. Methodology

Figure 1 illustrates the research design of this study. To fulfill this study's objectives, the following
research work is planned based on the above research questions. First, through SLR and content
analysis, a large number of published relevant literature on DTs applications was reviewed, and a
preliminary list of factors was compiled (Figure 2). Next, we determined the factors influencing how
DTs are implemented in the Cl and evaluated the interrelationships of these factors. If there were
different opinions, semi-structured interviews were used to conduct group interviews with several
DTs research experts. The critical influencing factors were identified, and then the ISM analysis
method was used to build a structural model to visualize the interaction of the identified influencing
factors. The method used in this study included the four steps listed in Figure 1 such as material
collection, descriptive analysis, category selection, and material evaluation [9]. Each stage is
described in the following subsections.

Research Methods Outcomes
Steps
Identify the
factors affecting the Contenent analysis )
g > o . »  Factors list
implemention of DTs Systematic literature Review
in construction industry
ldentify the
contextutal relationship - Nominal group >l Adjdacency
(Si.,j ) between the technique Matrix

multi-factors

Avre there any
inconsistencies in
the relationship
identification?

> Semi-strurctutred interviews

Develop a Reachabaility
Matrix from the
Adjacency Matrix Reachabaility
Matrix
Interpretive
structural modeling

Structural

Establish hierarchy Model

structure based on the
Reachability Matrix

Suggestions for
#  enhancing the
current practices

Discussion
Conclusion

Fig. 1. Research design

265



Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 53, Issue 2 (2025) 263-282

2.1 Material Collection

Scopus and Web of Science databases were employed in the initial search as they have broader
coverage [10]. Gathering data from multiple databases ensures more inclusive results. To avoid
multiple databases offering the same documents, Endnote was used to filter out duplicate
documents. To obtain a large number of papers, an extensive search was first carried out with the
proper Boolean operators and keywords: Period: 2017-2024; Language: English; Type= “Article” OR
“Review”; Source= “Journal”; Subject Category= “Engineering,” DTs is considered relatively new in
the Cl, so the year limit is 2017-2024. Select "Article" or "Review" as the document type as They offer
the most reliable and significant information sources [11]. Reviews of books, presentations,
discussions, and seminar papers were not included in this investigation, and the language type was
limited to English

The original search version string was relatively simple, and the search string was expanded using
several iterations. During iterations, new keywords are added to consider synonyms based on new
developments and the content of the literature, making the search string more thorough. Table 1
shows the search string used in the search. The search keywords were derived from the Research
Questions (RQs) to ensure their consistency with the research topic and from the analysis of the most
relevant literature content to accurately answer these questions. The search string underwent three
search iterations to obtain relevant literature on factors affecting the implementation of DTs in the
Cl. Table 2 lists the number of documents obtained from the database in each iteration. As can be
seen from the results, the number of publications on the topic continues to increase, demonstrating
a continued upward trend in interest in DTs applications among researchers and industry
practitioners [12,13].

Table 1
Search strings used for the literature study
Sources Search string
Scopus TITLE-ABS-KEY (“digital twin*” OR “digital shadow” OR “digital twins*” OR “virtual twin” OR

“virtual shadow” OR “Cyber-Physical System”) AND TITLE-ABS-KEY (construction OR construction
industry OR building OR architecture OR engineering OR article OR review) AND TITLE-ABS-KEY
(barriers OR obstacles OR enable* OR driver) AND LANGU AGE (English) AND YEAR (2018-2024)

Web of Science TS = (((“digital twin*” OR “digital shadow” OR “digital twins*” OR “virtual twin” OR “virtual
shadow” OR “Cyber-Physical System” OR “CPS”)) AND ((construction OR construction industry OR
building OR architecture OR engineering OR article OR review) AND (barriers OR obstacles OR
enable* OR driver)) AND LANGUAGE: (English)AND YEAR (2018-2024)

Table 2

Number of hits at the iteration of the literature search
Sources Iterationl Iteration2 Iteration3

02/05/2023 28/08/2023 21/12/2023

Scopus 318 415 557
Web of Science 375 483 636
Total (removing duplicates) 648 859 1193
Growth (form iteration1) +32.6% +38.9%

Following the above search, the total number of documents were collected was 1193. After
removing duplicates, this number was reduced to 1037 articles. The studies underwent a two-step
screening procedure carried out by two individuals on the study team to reduce the risk of bias. The
first phase was reading each article's title and abstract and then conducting an initial screening based
on their significance for the RQs. Papers that did not mention enablers or barriers to DTs
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implementation in the title or abstract were excluded. If the article's topic was mentioned in the
abstract, including enablers or barriers to DTs implementation, it was retained for the next round
even if any specific factors in the abstract were not explicitly mentioned. In this step, 932 papers
were discarded, leaving 105 articles that could be pertinent for the subsequent stage of the intensive
literature selection process. This approach aimed to identify relevant papers that only mentioned
enablers or barriers to the implementation of digital technologies throughout the text. This process
yielded a final list of 35 pertinent papers. The procedure for choosing articles from the first iteration
to the last iteration is displayed in Table 1, Table 2 and Figure 2.

Identification of studies via databases and registers

)
'% Records identified from*: Records removed before
§ Scopus (n=557) screening:
] Web of Science (n =636) Duplicate records removed (n =
3 Total (n=1193) 156)
)
Records
Records screened L »| excluded**(title/abstract
(n=1037) screening )
(n =932)
£ v
= .
g Reports sought for retrieval »| Reports not retrieved
| [(n=105 q (n = 10)
Reports assessed for eligibility Reports excluded:
(n=95) Reason not factors (n = 15)
Reason not DT (n =19)
) Reason only focus on specific
1 A4
o
% Studies included in review
= (n=35)
Reports of included studies

Fig. 2. Flow diagram for systematic literature reviews
2.2 Descriptive Analysis

Figure 3 shows the main information in the selected literature. The selected articles were all
published between 2019 and 2024, and the final number of documents was 35, including 23 journal
papers and 12 literature reviews. The average annual publication rate of articles studying the factors
influencing DTs was less than two. This shows that research on influencing factors is relatively limited,
which also proves the significance of this study. Figure 4 shows that among the 35 articles, the
number of publications on the topic of DTs has shown steady growth in developed countries such as
Australia, the United Kingdom, and the United States, while research on DTs in developing countries
such as China and Malaysia will also gradually increase from 2022. This number has reached or even
exceeded that of developed countries. Starting from 2021, the data show a substantial increase in
China, which shows that China has great interest and potential in the application of DTs in the CI.
Figure 5 shows the research cooperation relationships between countries. Developed countries
mostly cooperate with the United States, whereas developing countries are dominated by China and
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Malaysia. Figure 6 shows the Most Relevant Sources. The first is buildings, and the second and third

are applied Sciences, Journal of Information Technology in Construction.
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In the co-occurrence network of topic analysis under conceptual structure, Figure 7 shows the
development direction of DTs topics. The same topic type is represented by the same color. Figure 8
shows four areas that display the research topics. The lower right corner is the basic topics including
the implementation of DTs, construction processes, engineering construction, etc.; the upper right
corner is the mainstream topics including facility management, digitalization, sustainability, and
decision analysis; the upper left corner is the professional topics including information models,
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project investment, bibliometric analysis, education, etc.; in the lower left corner are emerging or
declining topics including simulation, cloud computing, literature review, etc. The co-occurrence
network of the above topic further verifies the necessity of this study.
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Figure 9 uses the co-occurrence of word pairs or noun phrases in a document to determine the
connections between each subject in the research represented by the document set. The figure
shows terms related to research topics, such as digital technology, digital tools, asset management,
life cycle management, Al, and developing countries. The lines represent the connections between
keywords.
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2.3 Category Selection

aeco industry

NVivo software was used to code the literature. The influencing factors of DTs implementation in
the Cl mentioned in the content were recorded in the Nvivo file, along with information about the
articles cited. After scanning each paper and noting all influencing factors, duplicates were combined,
and the total number of mentions for each factor was listed. Such findings “capture key elements of
the phenomenon being described” [14]. The identified factor categories were organized using simple,
typical, and descriptive coding with unambiguous labels. Through this process, four factor categories

were identified, encompassing 13 key factors as shown in Table 3 under section 2.4.
2.4 Material Evaluation

Table 3 lists the identified factors and their classification and description.

Table 3
Factors Affecting DTs Implementation
Categories Factors References
Technology Factors (F1) Integration of enablers [5, 15-19]
Stakeholder Factors (F2) Information management [5, 16-18, 20-24]
Social Factors (F3) System and processes [16, 18, 25]
Economic Factors (F4) Scalability issues [16, 25, 26]
(F5) Focus [17, 18, 22, 27-29]
(F6) Strategic decision [16, 17, 30]
(F7) Coordination [8, 20, 31, 32]
(F8) Performance assessment [22, 30, 33-35]
(F9) Guidelines and standards [21, 29, 36, 37]
(F10) Organization issues [16, 17, 20, 34, 37, 38]
(F11) Infrastructure and platform [20, 22, 30, 39]
(F12) Investment [5, 16, 20, 27, 40]
(F13) Production cost [17, 18, 34, 38]
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3. Systematic Analysis of the Factors for Implementing Dts in the Cl from the Literature

The concept of using twin models can be traced back to the Apollo program of NASA, which
produced two identical spacecrafts in the 1970s to replicate a ship's environment [41]. Regarding the
definition of DTs, different development and research stages and research fields are not completely
unified. According to the literature review, the key information reflected by the core vocabulary can
be extracted, which represents the core part of the DTs - "virtual high-fidelity model, real-time
simulation, dynamic feedback,” which can reflect its role in simulation, diagnosis, optimization, the
potential for prediction, control, decision-making, etc.

3.1 Technology Factors

Considering the requirements for its technology in the context of DTs, four factors were classified
under this category, including integration of enablers, information management, system and
processes, and scalability issues.

Integration of enablers: Initially, DTs were considered synonymous with BIM models in CI [23].
According to the definition of DTs, from the perspective of the "virtual high-fidelity model" created
by DTs, compared with other 3D modelling software such as BIM, the biggest difference is that DTs
require models to provide real-time feedback on dynamic data [35]. BIM is suitable for static data
but not for real-time data. Although BIM and DTs have similarities, their purposes, technologies, end-
users, and facility life stages differ. BIM technology can provide visual 3D communication for digital
twins. The combination of BIM and wireless sensor networks (WSN) establishes a real-time active
model as an application of digital twins in the construction industry, providing designers with
effective information during the project design process [10]. The Internet of Things (loT), sensors,
and actuators have realized dynamic real-time feedback [42]. It is more accurate that “The basis of
the integration of BIM and IoT has led to the emergence of Digital Twin’ [5]. BIM cannot be equated
with DTs and should be regarded as the first phase needed for DTs, and only as one of the enabling
digital technologies of digital twins. In addition, DTs also include Machine Learning, Artificial
Intelligence, Virtual/augmented reality, big data, and other technologies [42]. DTs are integrated
platforms with embedded data that are capable of large-scale synchronization and management of
data, information, and knowledge through the integration of enabling technologies. DTs are not just
a technology or entity; they should be a platform that integrates a large number of physical objects,
virtual models, and industrial systems. Each component of the platform is an integration of multiple
technologies [8]. Some software, including Siemens NX, combines DTs physical simulation technology
to bring 3D details into the system environment, and can easily integrate embedded control software
and HMI design to support the use of physical system models to test the performance of embedded
controls. This helps enterprises realize the value of digital twins. Provide next-generation design,
simulation, and manufacturing solutions using an integrated toolset [13].

Information management: Owing to the integration of various technologies during the DTs
implementation process, the needs or generation of different technologies exist in the form of data.
Data-related aspects, including the acquisition, retrieval, generation, storage, sharing, and use of
information, data management influencing data or dataset availability, data security, and data
analysis, all belong to information management [43]. The previous study was considered that
because of their high density, DTs require a large amount of data storage [20], and it was also pointed
out that the volume of data collected creates the challenge of using this data to create intelligent
models that enable facility managers to make decisions and take action in DTs implementation [21].
As early as 2021, studies have proposed that data loss during transmission could be brought on by
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several circumstances, including data fading and software incompatibility caused by external
environmental interference. Moreover, many kinds of loT sensors gather the same or different kinds
of environmental data, which may also bring some difficulties to the data analysis process [5].
Subsequent research has further clarified that the implementation of DTs requires high-quality data.
If the data are unstable and unreliable and will run on erroneous and missing data, then the efficiency
of DTs may be affected. The quality and quantity of IoT signals are key factors in digital twin
information [37]. While ensuring data availability, many researchers report challenges around data
security, a lack of trust in the data collected, and how to analyze and interpret these data in the right
context and in the right way [21]. In the research description of DTs implementation barriers in [18],
security issues are emphasized again, including reliability and robustness, providing minimal delay in
reporting, tracking, and communication can be challenging uncertainty about accuracy levels, etc.
[21].

System and processes: At the same time, implementing DTs poses problems to practitioners,
especially decision makers. This is not only because of the above-mentioned need for digital
technology integration, but also because of the complex production and procurement systems of the
construction industry itself. Asset managers are resistant to incorporating new technology into
management procedures as it currently now [44]. If DTs are implemented, communication is
necessary regarding the modifications that need to be made to procedures, practices, and working
methods. which can be offered for this purpose. DTs can serve as digital solutions for optimizing and
streamlining operations [25].

Scalability issues: To date, it has taken more than a decade for the AECO-FM industry to adopt
the digital twin concept [16]. Some studies predict that in upcoming studies, there will be numerous
prospects for establishing O&M technologies related to digital twins (such as big data-based fault
prediction and modelling with high accuracy and quick computation speed) [8]. This requires DTs to
develop sustainably, and the speed of technology development will determine whether the expected
drives and features of next-generation DTs can meet more aspects of construction applications.

3.2 Stakeholder Factors

Stakeholder factors include focus, strategic decisions, coordination, and performance assessment
of the stakeholders in the CI.

Focus: As early as 2020, a study first analyzed the challenges faced by end users focusing on DTs
implementation from the digital technology level, which pointed out the need for greater
transparency and explainability to make decisions based on DTs [17]. Decision-makers implementing
DTs focus on the conditions that support their decision making. Later, in the study by Bosch-Sijtsema
et al., [18], based on the knowledge and use of eleven digital technologies as of right now in AEC,
including DTs, it was confirmed that the main obstacles to the implementation of new technologies
mainly come from stakeholders’ short-term focus on construction projects; while expectations may
change as a result of new digital technology, they may also disrupt traditional practices or pose a
threat to practitioners who believe that investment in innovation and possess an excessive amount
of knowledge, making them less inclined to adopt new ideas. In subsequent research, from the
perspective of the characteristics of the Cl itself, in the face of construction projects that have
become complex, quality standards have improved, and schedule burdens have increased,
digitalization is still in its infancy, even if various enabling technologies are different from before. BIM
has developed and improved rapidly, but the short-term thinking of decision makers in the Cl still
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leads to their reluctance to adopt digital technologies [22]. This shows that stakeholders' attention
tendencies affect whether they adopt DTs.

Strategic decisions: The impact of this factor is reflected mainly in top management and
leadership support. First, new innovative technologies have the possibility of speculation in the
industry. A comprehensive judgment must be made regarding its actual development and whether
it can be concretely transformed into feasible and effective technologies [18]. Second, during the
entire process of implementation of DTs in the context of Architecture 4.0, the workflow is different
from the previous one. It is impossible to isolate the role of each practitioner independently, and DT
implementation requires cross-professional and interdisciplinary work. In combination, stakeholders
are more afraid of the AEC's digital transformation because it involves new market participants and
business models [22]. At the same time, they lack professionals around them to instil concepts and
analyze trends, so it is difficult for decision-makers to make strategic decisions that subvert tradition
and affect the implementation of DTs in the CI [18].

Coordination: Owing to the large number of participants in the Cl, efficient and safe
communication between them is crucial [8]. From the perspective of the project cycle, the inability
to complete a project on time is one of the difficulties faced by builders. This is mainly caused by the
combination of tasks and actions of the contractor, owner, or all stakeholders. The key to solving this
problem is that it should be investigated from delay shifting to identifying preventive factors. Digital
technologies, such as DTs, can be useful for this, but they often overlook this. The visibility, real-time
monitoring, and flexibility of projects using wider digital technologies can mitigate the negative
impacts of resource and coordination issues [33]. Following a 2021 study that suggested how DTs
might assist in the design and construction of buildings and civil infrastructure, scholars and
practitioners cannot agree. The following research extends the existing understanding of DTs in the
Cl, targeting the use of DTs in the Cl. DTs information systems derive coherent, comprehensive, and
actionable workflows for planning and controlling the design and construction of buildings and other
facilities. The final study proposes a comprehensive framework for engineering processes with DTs
information systems at its core, but primarily the design and construction phases of buildings and
infrastructure [10]. In summary, the extent to which researchers and practitioners collaborate in DTs
to support a coherent overall “digital twin” operation throughout phases through the process of
construction life cycle affects the implementation of DTs.

Performance assessment: It can be seen from the literature review that previous research
focused on the investigation and analysis of specific digital application technologies. In contrast,
there is a lack of key information about how to improve project performance [32]. Therefore, for the
performance brought about by the implementation of DTs, stakeholders have corresponding
requirements and expectations. Existing research has mentioned that DTs can reduce greenhouse
gas emissions, and that implementing DTs can improve project quality [16,10]. It has been proposed
that projects applying digital technology win awards in competition units or are recognized in public
contract competitions. Expanding the influence of enterprises, if a basis for promoting project
performance based on intelligent digital technology can be provided, this will help establish a more
effective organizational environment [45,43]. Developing overall effectiveness evaluations is crucial
for convincing decision makers to use innovative technology [22].

3.3 External Factors

External factors include guidelines and standards, organizational issues, and infrastructure and
platform.
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Guidelines and standards: From a technical perspective, some research points out that, whether
physics-based or design-based, the simulation of DTs from the initial concept to the final design
requires a unified approach. Standardized methods promote usage, domain understanding, and
information flow during all stages of DTs creation and use [37]. Without a unified standard modelling
method and insufficient details, existing work and results cannot be replicated or improved by
relevant researchers and practitioners, thus limiting the widespread use of the technology [29]. From
an ethical perspective, guidelines, standards, and new or revised forms of construction contracts
affect legal and ethical issues regarding usage, user and behavioral data collection, and integrity in
the implementation of digital technologies [17].

Organizational issues: The first refers to the development of digital theme education (not
professional digital technology). Research shows that in addition to the lack of skilled labor, there is
also a lack of awareness and understanding of digital technology [46]. On the other hand, the
democratization of technology should be encouraged to make it easier for academia and Cl to use,
such as pilot projects established with public investment. The data generated should be publicly
available, and resources can be shared based on the results of pilot projects [36].

Infrastructure and platform: Research shows that the concept of DTs covers a wide range of
content, from basic research to technology development to system integration stages [17]. Therefore,
the functions and applications of DTs are limited by their technical computing capability and
infrastructure. A good technical infrastructure is conducive to data sharing and communication and
thus affects the implementation of DTs [20].

3.4 Economic Factors

Economic factors include investment and production costs.

Investment: The implementation of DTs in the CI still requires an initial cost in most cases.
Stakeholders focus on the cost of implementing new technologies but often do not consider long-
term savings and production costs. Especially in the case of financial scarcity, investment should be
more cautious. Current business models hinder the implementation of DTs [22]; therefore, adaptive
business models need to be adopted. The creation and ongoing maintenance costs of DTs of different
complexities will vary, making the business case and return on investment analysis more complex.
Every technology requires investment; therefore, choosing the right technology to leverage is critical
to maximizing its efficiency [29].

Production cost: When the project life cycle is short, digital transformation can be costly and may
not be an investment business are willing to make. Similar to other technologies, the high cost and
difficulty of handling massive DTs datasets may be why DTs are not utilized in these nations.
Furthermore, DTs also need to be continuously updated to reflect the advancements in the
technological fields in which they are adopted, such as IoT and machine study. These technologies
enable DTs to update themselves using incoming real-time data. Because digital transformation relies
on rapidly evolving technologies, investments in digital transformation need to be ongoing, which
results in higher long-term costs [29].

4. ISM Analyses and Results
After factor identification, ISM techniques were used to model the interrelationships of these
factors. Warfield originally proposed ISM technology in the United States in 1973 [45]. The main

objective was to extract the constituent elements of the research problem and use matrix tools and
computer technology to process the elements and their interrelationship information. The purpose
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was to clarify the hierarchical and overall structure of the elements to improve awareness and
understanding of research issues. The analysis included the following steps:

Step1l: identify the contextual relationship i, j between the multi-factors

First, to display the contextual link between components, an adjacency matrix was utilized, which
involved 13 influencing factors. The multi-factor relationship is established mainly through content
analysis of the literature review and the opinions of professionals on the mutual influence of factors
i (row elements in the matrix) and j (column elements in the matrix). The results are presented in the
form of an adjacency matrix A (Table 4), in which the influence relationships between elements (e.g.,
causal relationships, affiliation relationships, and comparison relationships) are represented by 1 or
0. If factor i can directly affect factor j, the (i, j) item in the adjacency matrix is 1; otherwise, it is 0. If
factor i can be directly affected by factor j, the (j, i) item in the adjacent matrix is 1; otherwise, it is O.

Table 4

The adjacency matrix of factors affecting the implementation of DTs in the construction industry
A F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
F1
F2
F3
F4
F5
F6
F7
F8
F9
F10
F11
F12
F13

o

OO0 OO O0O0O0O0O0OO0OOoOOoOOo
OO FrPrR OO0OO0OO0OO0OO0OO0OOoOOoOOo
OFrP OO0 O0O0OFr, OO0OO0OoOOoOOo
OO0 O0OO0OO0O0OO0OO0OFr OO oo
OO0 OO0 000000 OoOOoOOo
P OO0OO0OO0OO0OO0OOFr ORFr oo
OFRP OO0 00000 Fr OFR K
OO0 OO0 000000 OoOOoOOo
OO0 O0OO0OO0OFr OO0OO0OO0OoOOoOOo
OO0 O0OO0OO0OFr OO0OO0OO0OoOOoOOo
OO0 O0OO0OO0OO0OO0O0OFr OO0 Lo
OO0 O0OFrRrR OFrRrROOFr OO
OO0 OO 000000 OoOOoOOo

Step 2: Model Calculation

The matrix of adjacency only shows the connection of direct influence between variables but
cannot show the indirect relationship between them. For example, if there is a direct impact on the
relationship between factors i and j, it means that i can reach j. When there is no direct relationship
between them, i may also reach j through other paths, and these paths show indirect relationships
between factors. The reachability relationship composed of these is called the reachability matrix,
which is represented by M: power iteration analysis based on the adjacency matrix is used to create
the Reachability Matrix [46]. The following formula Eq. (1) can be used to calculate the reachability
matrix:

M=A+D" (1)
When following the rules of Boolean operations, the value of r can be determined using software

iterative operations until (A+l)" = (A+l) "*1. The study's reachability matrix is presented in Table 5 and
Table 6. Meanwhile, the outcomes of the level divisions are presented in Table 7.
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Table 5
Reachability matrix of variables influencing the implementation of DTs in the construction industry
M F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 F12 F13
F1 1 0 1 0 0 1 1 0 0 0 0 0 0
F2 0 1 1 0 0 1 1 0 0 0 1 1 0
F3 0 0 1 0 0 1 0 0 0 0 0 0 0
F4 0 0 1 1 0 1 1 0 0 0 0 0 0
F5 0 1 1 1 1 1 1 0 0 0 1 1 0
F6 0 0 0 0 0 1 0 0 0 0 0 0 0
F7 0 0 1 0 0 1 1 0 0 0 0 0 0
F8 0 0 1 0 0 1 1 1 1 1 0 1 0
F9 0 0 0 0 0 0 0 0 1 0 0 0 0
F10 0 0 1 0 0 1 1 0 0 1 0 1 0
F11 0 1 1 0 0 1 1 0 0 0 1 1 0
F12 0 0 1 0 0 1 1 0 0 0 0 1 0
F13 0 0 0 0 0 1 0 0 0 0 0 0 1
Table 6
Reachability matrix of factors affecting the implementation of DTs in the construction industry
F1 F2 F3 F5 F6 F7 F8 F9 F10 F11 F12 F13
Driving-power 4 6 2 8 1 3 7 1 5 6 4 2
Dependence- 1 3 10 11 12 9 1 2 2 3 6 1
Table 7
The level partition between factors
Level Factors
I (F6) Strategic decision
(F9) guidelines and standards
I (F3) system and processes
(F13) production cost
I (F7) coordination
I\ (F1) Integration of enablers
(F4) Scalability issues
(F12) investment
v (F2) information management
(F10) organization issues
(F11) infrastructure and platform
VI (F5) Focus

(F8) performance assessment

The above results were calculated using SPSSAU.

Step3: ISM diagram drawing

Using the information in Table 6, the ISM-based hierarchical structure among the 13 factors was
obtained. Draw the ISM diagram based on the order of the factor selection and accessibility matrix.
The diagram shows the interrelationship between different factors in the system, providing the
reader with a graphical illustration, as shown in Figure 10.
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Fig. 10. ISM diagram of the factors
5. Discussion

According to the principle of the ISM analysis method and the above results, the discussion
section is mainly divided into three modules: fundamental factors, result factors, and intermediate
factors.

1. Fundamental factors, that is, those that affect other factors, are at the lowest level. According
to the results of the above ISM analysis, it can be seen that the first two layers located in the ISM
hierarchy diagram in Figure 10 include focus (F5), performance assessment (F8), information
management (F2), organization issues (F10), and infrastructure platform ( F11), indicating that to
address these factors, priority measures and actions need to be implemented. F5 and F8 are located
at the highest level of the hierarchical diagram, meaning that they have the greatest driving force for
the implementation of DTs in the CI, have the greatest impact on initial decision-making, and should
be given priority. Stakeholders usually pay only short-term attention to emerging technologies. They
are usually not optimistic about technologies that require more than ten years of process because
this means that the investment return period will be longer, and there will be no interest and
confidence in adoption. Short- or long-term focus affects the decision to implement DTs, as this often
requires a long-term perspective. When technology develops to a certain stage, it is not only the
technical level that affects its implementation, but also the use of existing performance and the
development of comprehensive performance evaluations to convince decision-makers to adopt
advanced technologies. This is crucial, and it is recommended to summarize and promote the
experience of DTs implementation and provide the information it brings about improving
performance.
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In addition, in the second layer, F2, F10, and F11 are also considered as three other important
driving factors, which have a significant impact on several factors in the next layer. Because DT
integrates multiple enabling technologies and requires a lot of computing resources and operations
performed in a cloud computing environment [37], infrastructure will affect its application and role.
At the same time, in the process of DT implementation, the availability of emerging data sets, data
security, and data analysis make data management infrastructure the first obstacle that appears at
the project level. However, the aforementioned problems are similar to the BIM implementation
barriers faced by the AEC industry. Therefore, with industry experience in BIM implementation, the
adoption of DT concepts may become easier [15]. At the same time, the government should also
provide incentive policies and take the lead in improving infrastructure construction before requiring
projects to adopt digital twin policies. On the basis of pilot projects established with public
investment, construction resources and results will be publicly shared, digital theme education will
be carried out to society, and practitioners and decision makers will be allowed to think about
planning projects with digital thinking, which will help promote the implementation of digital twins
in infrastructure construction.

2. Intermediate factor set, sending downward arrows to influence lower-level factors. The
intermediate influencing factors of the ISM diagram: integration of enabling factors (F1), scalability
issues (F4), coordination (F7), and investment (F12) are considered intermediate factors. These
factors are not strong drivers of the other factors. The development of these four factors is also less
dependent on the factor system. Therefore, these are relatively stable factors. These changes do not
lead to comprehensive changes in the system. In the long run, they are in the middle of the
incremental hierarchy of the entire system, are affected by the root layer, and act as presentation
hubs that connect the upper and lower levels. These factors can be prioritized appropriately [46].

3. The resulting layer factors have the following characteristics and are affected by other factors.
(F3), and strategic decisions (F6). Lower-level factors can be regarded as result-layer influencing
factors. However, they were still affected by high-level driving factors. If the previous driving factors
improve, the influence of these dependent factors also improves. In summary, the five main driving
factors at a high level, F2, F5, F8, F10, and F11, should be prioritized over the four dependent factors
at a low level, F3, F6, F9, and F13.

6. Conclusions

With the rapid development of Industry 4.0, the beginning of Construction 4.0 has been
promoted. The construction industry has entered the digital transformation era, and digital
technology has been used to change the backward status quo of the CI. DTs are a key digital
technology for the Cl to improve production efficiency and quality, but their implementation in the
Clis still not widespread. Many factors affect its implementation. Previous studies have discussed the
driving factors and obstacles affecting the implementation of DTs in the Cl. However, the relationship
between these factors has not been further verified and discussed. This study first found 13
representative influencing factors through a systematic literature review and then constructed a
hierarchical structure of these factors through the ISM method, divided into six levels. The final
hierarchical results are presented in the form of an ISM diagram. The results show that factors such
as focus (F5) and performance assessment (F8) have a strong driving effect on the implementation
of DTs in the Cl and should be given more attention. Practitioners should first pay attention to these
factors in their projects. Understanding these representative factors and hierarchical structures can
provide practitioners with meaningful guidance in implementing DTs. If these factors are effectively
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solved, DTs are expected to be adopted more in the Cl and play a greater role. The findings will
support practitioners in Cl using or planning to use DTs.
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