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Abstract

The architecture, engineering and construction (AEC) industry is currently encountering numerous challenges and actively pursuing
industrial upgrades through digital transformation. Digital twin (DT) technology aligns well with the industry’s evolving needs due to its
capabilities in data integration, intelligent decision-making, and effective management of project progress, efficiency, and quality. This study
conducts a comprehensive literature review to analyze the strengths, weaknesses, opportunities, and threats (SWOT) associated with DT
applications in the AEC sector. Additionally, field visits and semi-structured interviews were conducted on a selected construction project
where DT was implemented, allowing for an in-depth examination of both its significant benefits and potential limitations. To further
evaluate and prioritize the identified SWOT factors, a SWOT-AHP analysis was performed. The results indicate that the AEC industry has a
strong interest in DT's advantages, particularly its potential to enhance resource allocation and process efficiency. Furthermore, the analysis
reveals that the strategic quadrilateral occupies the largest area in the fourth quadrant (0.8554), with the strategic center of gravity located
at (0.2321, -0.04135), suggesting that Strengths-Threats (ST) strategies should be implemented to support the future development and
adoption of DT. Based on this strategic framework, the study formulates actionable development strategies to facilitate the effective
integration and widespread adoption of DT in the AEC industry.
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1. Introduction

The architecture, engineering, and construction (AEC) industry is undergoing significant transformation due to the rapid proliferation
of smart technologies and digital tools that are reshaping construction practices!'l. However, despite these advancements, the AEC
industry is still often perceived as a traditional, labor-intensive sector. This conventional nature is further exacerbated by challenges
such as significant energy consumption and outdated management practices. As a result, the AEC industry faces both new
opportunities and significant challenges in the wake of technological transformation. Notably, the AEC industry suffers from limited
information flow, a low degree of intelligence, and a lack of production innovation, all of which hinder its progress!?. Achieving
sustainable development necessitates innovative technological solutionsl®, making it imperative for the AEC industry to adopt new
digital strategies to enable greener, more efficient, and safer practices!'l. While the industry is actively exploring new information
technologies, tools such as Computer-Aided Design and Building Information Modeling (BIM) still face limitations, including
insufficient information integration and coordination challenges®l.

Digital twin (DT) offers an imaginative solution to the challenges currently faced by the AEC industry. Originally introduced by NASA in
the 1960s as part of the Apollo program!®l. DT was later adopted by the US Air Force Research Laboratory for military applications. It
supports functionalities such as real-time remote monitoring, simulation, and predictive maintenancel!”), enabling the U.S. Air Force
address aircraft maintenance and life prediction issues in complex operational environments. With advancements in technology
policies, DT was converted from military to civilian use. It facilitates product-specific digital energy measurement during both
production and usage phases, providing feedback for sustainable product development and optimized monitoring!®l. At the Hannover
Messe, Germany proposed the “Industry 4.0” concept, which incorporates DT and emphasizes its role in integrating information and
physical systems to connect humans, machines, products, and other production resources!’l. At present, DT has emerged as the
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primary digital solution for intelligent manufacturing and product life cycle management!'°l.

In the AEC industry, despite numerous studies exploring various aspects of DT, both stakeholder needs and strategies for its effective
adoption have received insufficient attention!!!l. This gap limits a comprehensive understanding of DT’s full potential and hinders its
transition from theory to practice. The practical applications of DT remain an area of ongoing exploration, with current research
primarily focusing on challenges related to digital integration and data fusion!!l. For instance, Alizadehsalehi and Yitmen!'?! developed
an automated construction progress monitoring system, DRX, by integrating DT. This system captures accurate, real-time data to
enhance transparency and facilitate intelligent building operations. Additionally, Kor et al.['3l proposed a framework that combines
deep learning with DT to enhance real-time decision-making during the planning and construction phases. While some studies have
employed systematic methods to analyze the status of DT applications, they remain limited. For example, Altan and Isikl'Y] used
AHP-BOCR analysis to assess the barriers and drivers of DT adoption in lean construction. Moreover, Zhang et al.['l examined
technical strategies for DT implementation in the operation and maintenance phase, whereas Nabizadeh Rafsanjani et al.l'l
investigated the key advantages and applications of Virtual Design and Construction and DT!!l. However, these studies do not
comprehensively address both internal and external factors influencing DT adoption. Furthermore, Jiang et al.l'>! analyzed DT
development directions using the Systematic Literature Review method, but their approach lacked a quantitative assessment of the
complex internal and external environments.

To bridge this research gap, this study offers a novel perspective by exploring DT’s future development from the standpoint of
stakeholder needs while incorporating a quantitative analysis of both internal and external factors. This approach enhances the
understanding of DT’s capabilities and adoption dynamics—areas that remain insufficiently explored in existing literature—thereby
contributing to its more effective and widespread implementation in the AEC industry.

Accordingly, this study aims to investigate the application of DT in construction projects, conduct a comprehensive analysis of the
SWOT associated with DT adoption, and propose a strategic development framework for its implementation within the AEC industry.
First, an extensive literature review was conducted to identify the application of DT in the AEC industry and to analyze its
corresponding strengths, weaknesses, opportunities, and threats. Second, a case study on DT adoption in the AEC industry was
examined through participatory observations, interviews, and document analysis. Surveys targeting project participants were then
conducted to assess the significance of the identified SWOT factors and their interrelationships. Third, the SWOT-AHP methodology
was employed to perform a detailed analysis and evaluation of the impacts of these SWOT factors. Finally, the analysis indicates that
the strategic quadrilateral exhibits the largest area in the fourth quadrant, with a value of 0.8554. The coordinates of the strategic
center of gravity are (0.2321, -0.04135). These findings suggest that Strengths-Threats (ST) strategies are essential for the future
development and adoption of DT, providing a foundation for tailored recommendations to enhance its effective development and
implementation in the AEC industry.

2. Literature Review

2.1 The comparison between DT and BIM

There is a strong correlation between DT and BIM!'!], yet it is crucial to distinguish differentiate between them!'°l. BIM is a digital
methodology based on 3D modeling that integrates visualization, simulation, and system integration capabilities. It is primarily used
to facilitate collaboration and information sharing throughout the design and construction phases!!'’. However, BIM models has
limitations in processing dynamic, real-time data from building systems, which can result in inefficient decision-making and
suboptimal operational performance, ultimately increasing costs!'l. In contrast, DT has a broader scope of data utilization!'®! and is
regarded as an advancement of BIM!'!l, It is widely employed in advanced applications such as energy management, facility
operations, structural health monitoring, and predictive maintenance, contributing to overall project management!'sl. DT collects
real-time data through sensors and other devices, enabling real-time monitoring. Additionally, it can optimize the structure and
layout of civil engineering projects while predicting and assessing their behavior and performance under various conditions!!"\.
Moreover, BIM offers limited interactivity, restricting real-time user participation and primarily serving as a tool for designers and
engineers during the design and construction phases!'’l. In contrast, DT enhances interactivity and user engagement, making it
accessible to a wider range of stakeholders!!”l. By addressing BIM’s limitations, DT presents an opportunity for more advanced and
efficient building system management.

2.2 The basic mechanism of DT

DT enables virtual simulation, real-time monitoring, and intelligent decision-making™"l. Typically, the implementation of DT requires
a data connection between a physical entity and its corresponding virtual model. Modeling techniques are used to generate a virtual
model that reflects the parameters of the physical environment such as geometry, function, state, location, process and
performancel?l. For existing buildings, geometric information for digital twins is obtained through 3D scanning, oblique
photogrammetry, and LiDAR scanning, while real-time data collection is facilitated by integrating drone footage, high-definition
cameras, sensors, and IoT technologies[*?2l. Consequently, the data and status of physical entities are continuously updated in real
time, allowing simulation outcomes from virtual entities to be applied to their physical counterparts. This process enables
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virtual-reality integration and closed-loop control. Figure 1 illustrates the realization of DT.
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Figure 1. The basic mechanism of DT. The icons above were obtained from PNGKey. DT: digital twin.

2.3 The SWOT of the DT adoption in the AEC industry
2.3.1 Strength of the current state of DT use

The application of DT during the construction process can build a more efficient and scientific construction mode. For instance,
Alsakka et al.[>’! applied DT to production estimation, scheduling, and real-time monitoring in an off-site construction setting at a
wall-framing workstation. Their study demonstrated that DT reduced deviations from the actual production schedule by 81%
compared to the fixed-rate method commonly employed in traditional construction practice. In addition, Reuter et al.**! developed
an inspection planning method utilizing DT, which significantly minimizes manual inspection efforts for sill beam geometry
measurements, reducing inspection time by up to 4.5 hours. The data-driven inspection approach enables precise evaluation of
workpiece features, leading to a 75% reduction in overall inspection effort.

DT is also applicable in building structural health monitoring, enabling the detection and prevention of potential quality issues![?l. In
Zheng et al.’s*] research, five-dimensional DT models were developed to support various services, including quality monitoring and
optimization, predictive maintenance, and the goal of zero defects. Additionally, a DT platform was developed for tunnel construction
safety management, monitoring air quality, machine positioning, and worker comfort, with data displayed on a dashboard®7l.,

2.3.2 Weakness of the current state of DT use

Neither current hardware nor software can fully realize the vision of DT?%l. The implementation of DT depends on comprehensive
physical data and the integration of various supporting technologies!*’l. For instance, DT primarily incorporates advanced BIM-based
technologies to optimize workflows, aiming for maximum efficiency in project designing and building projects*°l. In addition, DT
requires engineers to possess both software development expertise and a deep understanding of the engineering disciplines being
modeled!”!l. However, the demand for such multidisciplinary talent remains a significant challenge.

Currently, DT standards are still in the development stagel*!, and the data management capabilities of existing DT systems remain
immaturel*?l, Additionally, the absence of a standardized data framework hinders data transmission and sharing due to data
heterogeneity issuesl**l. Data loss can also occur when storing information on cloud platforms, with losses of up to 2% when using the
DT framework for data replication*!l. Moreover, the implementation of DT necessitates significant investment in IT infrastructure,
such as setting up servers and communication links to enable two-way data flow between physical and virtual environments!'l. The
associated costs are substantial, encompassing expenses for sensors, computing resources, metering equipment, and software
licenses®l. Implementation costs primarily consist of labor costs for installation, training costs, and encompassing operational
expenses. Additionally, the cost of software licenses and future updates imposes a financial burden, potentially reducing the
attractiveness of DT adoption[®*°l. Privacy concerns present another key challenge. Since DT involves the processing of physical
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objects and sensitive data, the high degree of interconnectivity between devices increases the risk of data breaches and information
misusel’”l, Ensuring secure data handling and achieving regulatory compliance remains a significant hurdlel?”). Compliance,
particularly regarding data protection and ownership, has emerged as a major barrier to DT implementation, as existing legal
frameworks remain inadequate to address the complex data-related challenges within the DT context!33,

2.3.3 Opportunity of the current state of DT use

Governments in various countries are actively promoting the integration of information technologies within the AEC industry,
implementing funding and research initiatives to enhance their nation’s competitiveness in construction. In Spain, for instance, BIM
adoption is accelerating and has even become mandatory for projects exceeding a certain scale. Further versions of BIM such as DT
could also benefit from this favorable condition!?’l. This offers both policy support and opportunities for the advancement of DT in the
AEC industry. The transition to a more digitized development environment will also require the development of academia. Many
colleges have made computer science programs a key part of their undergraduate engineering degrees/?8l.

A major challenge in DT implementation is the lack of real-time data transfer, which can be addressed by adopting appropriate
communication protocols to facilitate seamless sensor-to-DT exchangel*!l. Schroeder et al.l*” proposed a model designed to enhance
interoperability between various systems associated with DT, effectively managing and exchanging the complex information related
to building components. Additionally, Ni et al.’*l incorporates the combination of IoT and Al into DT to develop digital models of
historical buildings.

2.3.4 Threat of the current state of DT use

The AEC industry’s understanding of DT remains superficial, with an unclear definition under Industry 4.0. This ambiguity is primarily
driven by uncertainties surrounding emerging technologies and market demands, which impede the widespread adoption of DT,
Currently, the construction of sharing mechanisms and service systems related to DT is still incomplete, and there are still security
risks and conflicts of interest in the sharing of data and models between different subjects, making it difficult to meet the
requirements related to the development and sharing of data by DTI*!1,

DT is highly dependent on hardware systems, such as sensors. When integrated ultrasonic sensors exhibit high accuracy and
precision, the monitoring capabilities of the DT system perform optimally[>*]. However, using high-precision equipment on
construction sites is challenging, as sensors and measurements are delicate and require careful handling(?’l. Additionally, DT relies on
the support of other technologies, such as VR and AR, which can provide various scenario prediction analyses for the projects(*’l. In
2021, the global market for AR and VR technologies was valued at approximately $30 billion. With an average device cost of $40, the
estimated global number of devices remains under 1 billion!'l. The number is insufficient for widespread DT applications. Table 1
presents a summary of the SWOT analysis for the use of DT derived from the literature.

Table 1. SWOT analysis of DT adoption based on the literature.

Strengths Weaknesses

1. The capacity of analyzing large amounts of data. ) ) ) ) .
1. Complexity requirements and high costs for implementation.
2. The capacity of monitoring the status of a system in ) ) )
2. High dependence on high quality and large scale data.
Internal factors rea| time.
o o 3. High demand for specialized knowledge and skills.
3. Accurate prediction and decision support.
o o i 4. Lack of standardization and a risk that sensitive information
4. Improve efficiency by optimizing resource allocation )
may be compromised.
and processes.

External factors Opportunities Threats

1. Growing market demand for DT. 1. Competitive technological pressures inside and outside the DT

2. Support and promotion by government and industry  field.

policies.
3. Rapid technological advancement and its related
fields.

4. Establishment of standards and regulations.

2. Complex integration with other intelligent building
management technologies.

3. Insufficient number of hardware devices for DT systems and
potentially high maintenance costs.

4. Uncertainty in the use created by rapid changes in the market

environment and customer needs.

DT: digital twin; SWOT: strengths, weaknesses, opportunities, and threats.
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3. Methods

A mixed-methods approach was employed in this study, combining both qualitative and quantitative methodologies. Qualitative
methods were employed to identify the SWOT factors related to the application of DT in the AEC industry and to develop an
understanding of how DT is implemented in real-world construction projects. To strengthen the validity of the findings, statistical
analyses were conducted on the quantitative data to assess the significance of the identified SWOT factors. These insights
subsequently informed the strategic direction for deployment of DT in the later stages of the research. Figure 2 presents the
methodology flowchart utilized in this study.

Start

¥

Problem definition

N

Identify factors influencing the value and Literature review
shortcomings of DT application
L
v
Identify the case and develop interview questionnaire

Collect data through interview, participant
observation and document review

Case study
Analyse the application of DT in the case
A
Conduct survey by asking participants to rate the SWOT factors
Mark strategic factors
v \
Establish a judgement matrix and weight strategic factors SWOT - AHP

Four-quadrant coordinate system analysis

\j

Determine the type of strategy
I

v
End

Figure 2. Research methodology flowchart. DT: digital twin; SWOT: strengths, weaknesses, opportunities, and threats; AHP: analytic hierarchy process.

3.1 Case study approach

The case study method employed not only to describe objective phenomena but also to explain, predict, and manage the
development and transformation of these phenomenal*’l. A construction project implementing DT was selected as case study for this
research. The project’s stakeholders include both private enterprises and government entities, providing a comprehensive
perspective that captures the experiences and viewpoints of diverse stakeholders concerning regarding the application of DT.

The data collection tools used in the case study include participant observations, interviews, and document reviews. To gain a deeper
understanding of the adoption of DT in the construction project, field visits were conducted, with the author spending two months
working on the construction site. Semi-structured interviews were held with the on-site managerial staff, during which ten questions
were posed to explore the use of DT in the project and to assess its strengths, weaknesses, opportunities, and threats. Additionally,
relevant documents were provided by the project staff as supplementary information.

The case was initially analyzed to investigate the implementation process of DT, and the results of the interviews were used to
summarize the SWOT factors associated with DT adoption. Since the interview questions were consistent across participants, it was
possible to compare and contrast the responses from different interviewees, thereby strengthening the conclusions.

3.2 SWOT-AHP approach

While SWOT analysis effectively identifies key factors in decision-making, it does not provide a quantitative measure of their relative
importance, making it challenging to determine which factor has the greatest impact on a strategic decision. Empirically assessing
causal relationships requires minimizing confounding factors that influence both causes and outcomes!*!l. In the absence of such
confounding influences, the impact of different factors can be analyzed quantitatively using the AHP. The AHP is flexible and enables
decision makers to assign relative importance to each factor through pairwise comparisons. When integrated with AHP, SWOT
analysis provides a quantitative assessment of each factor’s significance, enabling the estimation of their relative priorities within
different categories. This combined approach is particularly useful for decision-making in contexts where influencing factors involve
a degree of subjectivity!”l, thereby enhancing the objectivity and comparability of SWOT analysis results.
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Compared to other methods, such as Data Envelopment Analysis, which has lower discriminatory power!‘’l, and qualitative analysis
models, SWOT-AHP offers a more effective approach. Additionally, it is less complex and time-consuming than the ANP!"7l and
PROMETHEE!*®*] methods, making it a practical tool for decision-makers by improving data identification accuracy and strategy
selection!’l.

3.2.1 Data collection

A survey questionnaire was designed for project staff to evaluate the importance of the identified SWOT factors in DT adoption. A
five-point rating scale was used, where 1 represents the lowest importance and 5 represents the highest. Additionally, respondents
were asked to assess the relative importance of different factors based on the rating system outlined in Table 2. The questionnaires
were distributed via the ‘Questionnaire Star’ application, and a total of twenty valid responses were collected for further analysis.

Table 2. Rating criteria.

Score Degree of importance

1 Equally important

3 Slightly important

5 Obviously important

7 Strongly important

9 The most important

2,4,6,8 Middle of the road between the two above
1/2....1/9 significance ratio

3.2.2 Data analysis

A hierarchical analytical model was constructed for the identified SWOT factors of DT adoption. The hierarchical analysis steps are to
decompose the complex multi-factor decision-making problem into a number of factors, classify and group these factors according
to the attribute relationship, and transform them into a hierarchical structurel>"., In this model, strength and opportunity factors are
assigned positive values, while weakness and threat factors are assigned negative values.

The scores provided by participants were averaged to construct a judgment matrix, from which the weights of each factor and the
maximum eigenvalues of the four multi-order matrices were calculated. A judgment matrix quantifies the importance of factors
through pairwise comparisons. The quantitative analysis involves a total of five matrices: A, S, W, O, and T. In this process, matrix A
first performs pairwise comparisons of the four SWOT categories. Subsequently, matrices S, W, O, and T conduct pairwise
comparisons of their respective impact indicators, ultimately leading to a comprehensive analysis.

Utilizing the hierarchical model, a judgment matrix was developed for sixteen internal and external environmental factors. The
strategic strengths and weights of each factor were then calculated using Excel, while the maximum eigenvalue was determined
using MATLAB.

The remaining calculation objectives and corresponding formulas are summarized in Table 3. For a 4 x 4 matrix, the random
consistency index is 0.900°'l. The consistency index and consistency ratio (CR) are then computed using formulas (3.1) and (3.2)2. A
judgement matrix passes the consistency test if CR is less than 0.1; otherwise, if CR exceeds 0.1, the matrix fails the consistency test!>l.
The strength and weight of strategic factors are determined using formula (3.3)°%, which then enables the calculation of the total
strategic strength using formula (3.4). By applying SWOT-AHP analysis and determining SWOT coordinates through formula (3.5), (3.6)
and (3.7)%, the strategic types and directions for DT development can be determined.

Table 3. Calculation formula.

] o i Formula
Calculation objectives Calculation formula
number
Consistency evaluation indicator Cl=Amax-n)/(n-1) (3.1)
Consistency ratio CR =CI/RI (3.2)
Calculate strategic factor strength with Strategic factor strength= strategic factor score x strategic factor weights (3.3

strategic factor weights (Weights of groups x Factor weights)
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Total strategic strength Total strategic strength= 3 intensity of each strategic factor within the group (3.4)

Coordinates of the strategic centre of gravity (X Y):(w % (3.5)

Coordinates of the strategic azimuthal angle g =, —-1X —ta —1ﬂ (3.6)
B G O €T

pP= U _ Sx0 (3.7)
U+V — SXO+WxT

CI: consistency index; CR: consistency ratio; RI: random consistency index.

Strategic intensity factor P

4. Case Study

4.1 Project description and main features

The case study focused on a newly developed residential project in eastern China, funded by government investment. The project’s
key stakeholders included the investor (government), the construction contractor, financial institutions, and material suppliers. This
case study provided a specific scenario: the decoration phase of residential areas and specialized systems including municipal
greening. The project involved the application of DT as a systematic quality construction of decorative facilities, which covered the
whole process from the point of view of quality checking. The quality checks in this project encompassed various aspects, including
the interior finishes of all residential units, external environments, and public infrastructure. The scope of inspection extended to
substations, waste transfer stations, power systems, fire protection systems, fire monitoring rooms, and IT systems.

4.2 Application of DT in the project

The construction techniques used for the project’s decorative finishes were diverse, with DT technology primarily employed for
quality inspection, as illustrated in Figure 3. Outdoor data collection for residential facades and municipal landscapes primarily
employed drone technology. Equipped with 3D laser scanning capabilities, the drones rapidly captured essential information,
including spatial coordinates, reflectivity, and surface texture. The software enabled direct measurements of spatial dimensions,
headroom, and flatness from the resulting point cloud model. Furthermore, the generated point cloud model was compared with the
digital design model to detect geometric discrepancies. This process provided an accurate assessment of the overall quality of
architectural decoration, facilitating enhanced quality control throughout the project.

)
Rectify and improve 'II
,@ Constructor
R 2 \.J
Virtualised
environment
i =\
D X

Point cloud Data platform

Quality Engineer Project Owner

§:
. . . Al
Interior decoration Mobile device &

Reverse modelling

Owner's commission

Figure 3. The DT implementation workflow. The icons above were obtained from PNGKey. DT: digital twin; UAV: unmanned aerial vehicle. HYPERLINK

During the internal inspection, construction technicians monitored the installation status of each component using high-definition
cameras. Upon completing each process, the on-site technician promptly recorded it in the real-time monitoring system. The
high-resolution photos taken on-site were instantly transferred to the backend database. The inspection records included details
such as the project undertaking unit, owner unit, transfer unit, and the specific inspection sub-items. Locations were documented
with precision, down to the exact floor and corresponding house number. Inspection issues were categorized to facilitate
organization, and to enhance accountability, each inspector was assigned a unique account number linked to their inspection
records and upload times. Once problem images were uploaded to the database, builder could identify and locate defects through the
photos, enabling timely rectification of decorative issues.
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The inspection process encompassed approximately 1,000 households, covering a total construction area of around 100,000 square
meters. As shown in Figure 4, the summarized information amounted to 9,900 entries. Issues identified in the decoration project were
recorded in the project information platform, with accompanying photos providing visual details for better clarity. This made it
easier for subcontractors to understand the situation. Compared to traditional quality management methods, this approach enabled
real-time monitoring of the construction process, allowing for prompt feedback and corrective actions. Additionally, it efficiently
managed large volumes of information, significantly improving overall work efficiency. However, due to the high volume of
messages, the platform occasionally experiences crashes, which could hinder progress.

Building Inspection Site Work

Check category House Worker Check time
number problem photos type
The kitchen's
Household inspection 9 16 1602 door is User 1 Onsite 2023/11/23 9:00 AM
damaged

Total: .
Previous

9886 o
page Next page

messages

Figure 4. Project information platform and total data volume.

4.3 Challenges of using DT in the project

Data interaction and storage issues in this project hindered the effectiveness of DT, as real-time information exchange is crucial for
its optimal performance. The data collected from sensors and video images in this project were independent, and their large
quantities posed a challenge for the device to store and access the real-time data. The building site’s environmental factors were
complex, and despite the use of sensors to gather data, they did not provide an accurate picture of the spatial state of the building.
This limitation required more efficient computer processing capabilities, which at that time could only be managed by human
intervention. In addition, the current database storage capacity was severely limited, with the maximum number of files that could be
exported at one time restricted to 200. This clearly could not meet the real need for nearly 10,000 pieces of information in this
project.

5. Results & Discussion

5.1 Results of SWOT-AHP hierarchical analysis model

First, the AHP evaluation index was normalized by calculating the eigenvector A. The maximum eigenvalue was then obtained using
MATLAB, with the detailed calculation process provided in supplementary materials.

The maximum eigenvalues of the A, S, W, O, and T matrices are 4.1213, 4.2106, 4.1649, 4.0710, and 4.2353, respectively. Table 4 shows
the consistency test results for each judgement matrix. As shown in the table, the CR values are below 0.1, indicating that there is
good internal consistency among the influencing factors.

Table 4. Consistency test results for each judgement matrix.

Judgement matrix Amax I RI CR Pass or fail the test
A 41213 0.0404 0.90 0.0449 Pass
S 4.2106 0.0702 0.90 0.0780 Pass
w 4.1649 0.0550 0.90 0.0611 Pass
O 4.0710 0.0237 0.90 0.0263 Pass
T 4.2353 0.0784 0.90 0.0871 Pass

CI: consistency index; CR: consistency ratio; RI: random consistency index. S: strengths; W: weaknesses; O: opportunities; T: threats; A: performs pairwise comparisons of the
four SWOT categories.

Table 5 below presents the results of strategic factor weights and strategic strengths. Based on the hierarchical analysis weight
calculation, the data shows that the strategic factor strength of “Strength” is 1.4907, which holds a clear advantage over the other
strategic elements. In contrast, the strategic factor strength of “Weakness” is -0.5623, the lowest among the strategic factors. The
results in Table 5 are further illustrated in a more intuitive manner through a bar graph, as shown in Figure 5.
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Figure 5. Weights of groups and SWOT indicators. SWOT: strengths, weaknesses, opportunities, and threats.

Table 5. Strategic factor weights and strategic strengths.

Elements of

Dimension Weights of weights within Factor weights Strategic factor ~ Strategic factor  Strategic factor Total strategy

groups weights score strength strength

groups

S 0.3247 S1 0.0901 0.0292 4.35 0.1272 1.4907
S2 0.2535 0.0823 4.60 0.3787
S3 0.2321 0.0753 4.75 0.3579
S4 0.4244 0.1378 4.55 0.6269

W 0.1220 W1 0.4155 0.0507 -4.80 -0.2433 -0.5623
w2 0.2895 0.0353 -4.35 -0.1536
W3 0.1258 0.0153 -4.85 -0.0744
w4 0.1693 0.0207 -4.40 -0.0909

O 0.2861 01 0.4118 0.1178 3.20 0.3770 0.9823
02 0.2930 0.0838 2.90 0.2431
03 0.1080 0.0309 3.75 0.1159
04 0.1872 0.0536 4.60 0.2464

T 0.2672 T 0.1302 0.0348 -4.90 -0.1705 -1.1477
T2 0.2043 0.0546 -3.80 -0.2074
T3 0.3130 0.0836 -4.70 -0.3931
T4 0.3525 0.0942 -4.00 -0.3767

S: strengths; W: weaknesses; O: opportunities; T: threats.
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5.2 Discussion

As illustrated in Figure 5, strengths hold the highest weight, with a value of 0.3247. This indicates that the AEC industry places
considerable emphasis on the strengths of DT, particularly its ability to optimize resource allocation and improve process efficiency.
Interviews with project management staff revealed a consensus on the advantages of DT in improving construction efficiency, while
they identified the complexity and extensive requirements for its implementation as significant weakness. For instance, project
management personnel in the interview expressed concerns about the current immaturity of DT, noting that data modeling using 3D
laser scanning needs further refinement to be effectively applied on-site. Additionally, they highlighted the challenges associated with
data storage and the complexity of finding viable solutions.

In terms of opportunities, most participants believe that the growing market demand presents a favorable environment for the
advancement of DT. Currently, BIM is the most widely adopted emerging technology in the industry. However, due to the vast
amounts of data and information, BIM struggles to effectively integrate all collected parameter data. In contrast, DT offers several
distinct advantages over BIM, including real-time capabilities and collaborative applications.

Regarding threats, the analysis shows that T4 has the highest weight, closely followed by T3. From the stakeholders’ perspective, the
needs of governmental units and private companies significantly influence the use of DT. For instance, the main reason for
implementing DT in the case project was that the project owner, a governmental entity, favored the implementation of new
technologies in construction. Without the requests and support from governmental entities, the project may have considered
alternative technologies. Furthermore, the adoption of DT in the project placed substantial financial pressure on construction
contractors, potentially reducing their motivation to adopt the technology.

Considering the synergy among factors, the weights of S4 and O1 are the largest, respectively. The advanced data analysis capabilities
offered by DT are highly appealing to the construction industry, driving the development of standards and regulations governing
their use, which in turn fosters their broader adoption across the sector.

Considering the conflicts among the factors, the weights of W1 and T4 represent the largest proportions. DT may hinder project
realization due to its complexity and high cost. Additionally, the rapid evolution of the market environment and changing customer
demands could create discrepancies between resource allocation, investments, and current requirements, further exacerbating
uncertainty and potential risks. Therefore, DT should adopt more dynamic and flexible strategies to effectively respond to the
changing external conditions.

5.2.1 Define DT development strategies

To better understand the influence of each SWOT indicator on the DT application process, a strategy quadrilateral has been
established based on the weights of the SWOT indicators, as shown in Figure 6.

O (0.9823)

WO strategy \\SO strategy
/ \
(-0.5623) W ———— Q S (1.4907)

WT strategy ST strategy

T (-1.1477)

Figure 6. SWOT strategic quadrilateral. SWOT: strengths, weaknesses, opportunities, and threats.

The area of the four triangular regions formed by the strategic quadrilateral and the coordinate axes is calculated. S Aso = 0.7322;
SAgr=0.8554; SAyo = 0.2762; SA = 0.3227. The strategic quadrilateral occupies the largest area in the fourth quadrant. The
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strategy for the future development of DT should focus on leveraging its internal strengths while mitigating external threats.

To determine the specific strategy type, the centre of gravity coordinate of the strategy quadrilateral and the strategy azimuth are
first calculated. The strategy type and orientation are then determined using the strategy type and strategy intensity spectrum in
polar coordinates. According to formulas (3.5) and (3.6), the coordinate of the strategic centre of gravity is (0.2321, -0.04135) and the
strategy azimuth O is -10.1°.

The strategic intensity factor (P) is calculated according to formula (3.7), resulting in a value of 0.6941. Since the strategic intensity
factor P is greater than 0.5 and the centre of gravity coordinates line in the fourth quadrant, the ST strategy should be adopted for the
future development of DT, as shown in Figure 6. Accordingly, the detailed strategies for different stakeholders are discussed below.

5.2.2 Specific measures of ST strategies

To promote the application of DT in the AEC industry, the following ST strategies are proposed based on the interview records and
reflecting the perspectives of various stakeholders.

5.2.2.1 Create typical demonstration projects using DT (government and industry)

Currently, many professionals in the AEC industry lack sufficient knowledge about DT and its applications in their projects. Therefore,
it is crucial to showcase successful case studies that demonstrate the effective use of DT in typical engineering projects. The
implementation of DT demonstration projects can increase companies’ familiarity with the technology, thereby enhancing their
recognition of its valuel'!l. Once the benefits of DT are recognized and accepted within the industry, promoting its widespread
adoption will become more feasible.

5.2.2.2 Establish application standards and specifications (government and industry)

With the continuous emergence of new technologies, materials, and processes, many traditional standards are inadequate for
supporting the DT realization model. Standardization plays a key role in promoting the adoption of DT by ensuring system
consistency and interoperability. It also enhances the construction industry’s understanding of the technology’s benefits, facilitating
its application*l. Additionally, standardization can also reduce implementation complexity and optimize cost-effectivenessl>°.

5.2.2.3 Actively give policy and financial assistance (government and industry)

The AEC industry is currently undergoing a critical transition to the digital era. Immature or unclear policies can hinder the industry’s
overall progress. Therefore, it is essential for governments and policymakers to adopt a comprehensive approach and implement
forward-thinking policies that foster the sector’s developmentl>l. To promote the adoption of DT, the government could implement
supportive policies, such as financial subsidies, to reduce implementation costs. Additionally, the government can also consider to
give incentives that support vendors to further develop and improve the DT related systems. Research by Yang and Ng!'!l highlights
the effectiveness of government subsidies in promoting the adoption of DT, which can influence key stakeholders’ decisions in
construction projects.

5.2.2.4 Combine DT with other powerful information technology (technical service providers)

Technical service providers can greatly enhance their offerings by integrating DT with advanced information technologies such as
artificial intelligence (Al), blockchain, and robotics technology. This integration improves data collection and analysis processes,
enhancing data security through blockchain, which helps mitigate the risk of information leakage from databases!®’l. DT can also
adopt Privacy-Preserving Record Linkage in healthcare services, enabling data integration without compromising privacy, thus
reducing the risk of privacy breachesl>®l. Al can make a substantial impact by allowing engineers to input their ideas into DT models,
optimizing strategies, and generating more effective solutions!'l. Furthermore, Al can update the DT by analyzing real-time data from
sensors and other sources, thereby enhancing the decision-making capabilities of DT. Robotics also plays an increasingly important
role in dynamically controlling DT construction systems!'>l. Regarding data storage, the vast amounts of DT data can be stored in
cloud systems, overcoming the limitations of traditional storage methods>°l. This integration will create a competitive advantage for
the future application of DT.

5.2.2.5 Increase enterprise capital investment and talent training (construction contractors)

Contractors should adopt a proactive approachl>l, increasing their financial investments in DT while simultaneously training their
workforce to meet the growing demand for DT talent>l. Additionally, contractors should continuously explore effective applications
of DT, leveraging lessons learned to maximize the technology’s potential and ensure its successful implementation.

5.3 Limitations and recommendations

Individuals who are heavily involved in the project and possess experience with DT are invited to participate in the study and share
their insights based on their expertise. However, the sample size of participants for the interviews remains relatively limited, and the
interviewees’ views may be subjective and restricted in scope. Therefore, future studies could expand the sample size to gather a
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broader range of practitioners’ perspectives on DT adoption.

Although the consistency check of the matrix shows that the CR value is less than 0.1, indicating that the matrix passed the
consistency test, this does not completely eliminate the possibility of subjective biases in the participants’ ratings, such as personal
experience and preferences for digital technologies. Therefore, it is recommended to increase the number of participants in the
survey and to conduct multiple rounds of feedback and discussion to further mitigate these biases, thereby enhancing the objectivity
and consistency of the ratings.

In addition, the data is mainly collected from one construction project exploring the use of DT in China, so the results may need
further validation in other contexts. Therefore, it is recommended that the use of DT in other countries can also be investigated to
formulate customized strategies to better fit for the development and the implementation of DT in the local region.

From the perspective of DT application, the use of DT in this case study is limited to the decoration stage. In the future, DT can
leverage advanced technologies such as Al and big data analytics to enable predictive maintenance and optimization of complex
systems!®l. By extending across the entire project life cycle, DT can facilitate continuous improvement and optimization of
engineering solutionsl®!l.

6. Conclusions

The emergence of DT provides a new solution to address the existing problems in the AEC industry. This research, while reviewing
the current use of DT in the sector, examined DT applications in a sample construction project through a combination of qualitative
and quantitative methods. A case study approach was employed to identify both the advantages and challenges of implementing DT
on-site. The degree of influence of each identified SWOT factor was further quantitatively analyzed using the AHP method. Finally,
based on the strategic quadrangle, ST strategies were identified as the most suitable for future DT development, and specific
strategies were proposed for different stakeholders to consider and implement.

The case study result provides practical insights into how DT can be implemented in construction projects, and the summarized DT
implementation workflow can serve as guide for other practitioners to better utilize DT in their projects. The SWOT-AHP analysis
reveals that the strengths of DT significantly favor its adoption. While DT offers a wealth of data that can enhance decision-making
capabilities, its implementation requires substantial capital investment and specialized expertise. Moreover, the digitalization of the
construction sector has not yet achieved full market maturity, suggesting that widespread adoption will take several years. ST
strategies will be crucial in facilitating the future development of DT, and addressing current deficiencies will promote its broader
adoption in the AEC industry.
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