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Abstract: This study aimed to identify the influencing factors that drive the adoption of smart con-
struction technologies by highway construction companies. Using expert interviews and expert
scoring, interview data were collected from 25 experts in the field, and the TOSE framework was
proposed based on the TOE framework, identifying four dimensions and fourteen influencing fac-
tors. The results were analyzed using the Fuzzy-DEMATEL-ISM method, and the findings were
then summarized according to the evaluation criteria to determine the validity of the fourteen hy-
potheses and the extent to which they drive the adoption of intelligent construction technologies by
motorway construction companies. The findings of this paper will be of great value to decision-
makers and participants in highway construction companies, as well as to other companies in the
construction industry, in their decision to adopt smart construction technologies.

Keywords: decision-making; Fuzzy-DEMATEL-ISM; highway construction companies; driving in-
fluences; intelligent construction technology

1. Introduction

By the end of 2020, the total mileage of roads in China exceeds 5.19 million kilome-
ters, of which the highways have reached 161,000 kilometers, ranking first in the world
[1]. However, with the progress of technology, intelligent construction is gradually replac-
ing traditional construction methods with its advantages of high efficiency, low energy
consumption, low loss, and low pollution [2]. Most of the technologies in intelligent con-
struction technology are new, so many domestic highway construction enterprises still
maintain an observant and hesitant attitude, while the construction of highways with long
construction periods, large land areas and environmental pollution, the damage to the
environment and the waste of resources, in the long run, will be serious and irreversible,
which is also contrary to the concept of sustainable development in China [3]. Therefore,
the integration of multidisciplinary knowledge and the development of intelligent con-
struction technology is an issue that cannot be ignored by highway construction enter-
prises in China [4].

Oyewole et al. investigated the characteristics of smart construction, and nearly half
of the respondents knew almost nothing about smart construction [5]. Gyamfi et al. delve
into the current state of the construction industry in Ghana and found that most construc-
tion professionals fail to recognize the concept of smart construction [6]. Ahiabor et al.
believe that smart construction technology has a large space for development in many
developing countries, and it is necessary to give priority to understanding intelligent con-
struction technology before application [7]. Chawla et al. discussed the knowledge system
of green construction in the concept of smart construction, and the survey found that the
adoption rate of smart construction technology in developing countries is very low [8].
De-Graft et al. used Ghana as an example to assess the level of decision-making in devel-
oping countries to adopt smart construction technologies and summarized the relevant
decision-making factors [9]. Ghansah et al. investigated the level of awareness of smart
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construction technologies in developing countries such as Ghana and identified key fac-
tors that have a significant impact on the level of awareness [10]. Duan et al. investigated
the application of BIM technology in intelligent construction technology in highway con-
struction management, reflecting the practical application of BIM technology [11]. Wan et
al. built an intelligent transportation system platform mechanism frame based on big data
technology in intelligent construction technology [12]. He et al. applied constrained least
squares to optimize intelligent video surveillance technology [13]. Arka et al. reviewed
IoT technologies in smart construction technologies, analyzing key drivers and research
trends [14]. Ali et al. summarized the integration of UAV technology in intelligent con-
struction technology into seven dimensions and summarized the 3D modelling in detail
[15]. The research of the above scholars analyzes the adoption factors and application sta-
tus of intelligent construction technology from various angles, but the research on the
driving factors for the adoption of intelligent construction technology by highway con-
struction enterprises is rarely mentioned, which may also be the reason for the low level
of intelligent construction of highways in China. Therefore, this paper aims to identify the
driving factors for the adoption of intelligent construction technology by Chinese high-
way construction enterprises and determine the role of these factors in the adoption of
intelligent construction technology by enterprises, to promote intelligent construction
technology in highway construction enterprises and fill the research gap in this field.

2. Theoretical foundations

The Theory of Technology-Organization-Environment (TOE) framework was first
proposed by Tornatzky in the 1990s [18]. The theory consists of three dimensions: the
technology dimension, the organization dimension, and the environmental dimension. In
recent years, the TOE framework theory has been applied to numerous smart construction
technology adoption studies, including BIM technology [19], cloud computing technology
[20], big data technology [21], Internet of Things technology [22], blockchain technology
[23], etc. For example, Owusu-Manu et al. Analyzed and assessed the decision factors for
the adoption of smart construction technologies in developing countries based on the TOE
framework theory in the form of a questionnaire [10]; Badi et al. (2021) applied the TOE
framework to conduct an empirical study on the determinants of smart contract adoption
in the construction industry from the perspective of UK contractors [74]; Kim et al. Based
on the TOE (2021) proposed variables that influence the adoption of blockchain technol-
ogy and found that blockchain technology has a positive impact on logistics performance
[75]; Ullah et al. proposed a multi-layered risk management framework based on the TOE
framework to identify and manage the risks associated with smart city governance [76];
where the technology dimension mainly covers the internal and external dimensions of
technology, such as the existing technology of the firm and the cost of adopting new tech-
nology; the organizational dimension The organizational dimension includes manage-
ment-related structures, such as top management support and corporate culture, and the
environmental dimension involves the external environment in which the company oper-
ates, such as the competitive peer environment and the policy environment of the compa-
ny's location [19,24].

The main object of this paper is the drivers of the adoption of intelligent construction
technology in highway construction enterprises, and the TOE framework theory is more
organizational in perspective and widely applied; and this paper adopts Fuzzy-DE-
MATEL-ISM for model construction to analyze the influencing factors, while the TOE
framework theory can provide a more comprehensive framework for the potential factors,
so this paper finally chooses the TOE framework as the theoretical perspective [16,17].
Given that the subject of this paper is a highway construction enterprise with a wide range
of technologies, a large organizational system, and a complex environment, the adoption
of smart construction technologies is not limited to the technical, organizational, and en-
vironmental dimensions. Thus, after discussing with various experts and scholars, this
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paper adds the social dimension influencing factors to the TOE framework theory, in con-
junction with the TOSE framework (i.e. Technical, Organizational, Social and Environ-
mental Resilience) proposed by Bruneau to explain resilient cities [79].

This section identifies and determines the main influencing factors for the adoption
of smart construction technologies in Chinese highway construction companies based on
literature research and expert feedback. The literature research was conducted in May
2022 and the database was selected as Web of Sciences, and no time limit was set as re-
search related to smart construction technologies and their adoption is an emerging topic.
The keywords searched included "Smart build & adopt”, "Smart build &Influencing fac-
tors", "Smart construction adopts the will", and "Build & adopt". To improve the quality
of the study, the selection criteria were set: only journal and conference articles were re-
tained, and only English-language literature was retained. 1802 papers were initially
searched on the Web of Science, then duplicate papers and papers unrelated to the study
were excluded, and finally, 34 papers were selected and retained by reading the titles,
abstracts, keywords, and full text of the papers. In addition, 7 additional papers were ex-
panded by reading PhD theses in related fields. Finally, 41 literature articles were identi-
fied as the drivers for identifying and determining the adoption of smart construction
technologies by highway construction companies in China, with the process shown in Fig
1. Based on this, four dimensions of influencing factors were set for the hypothesis in this
study: technical dimension, organizational dimension, environmental dimension, and so-
cial dimension.

Web of Science
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articles
575 duplicate
I* { articles were
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- S
1227 articles
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‘ 1 .
literature, and
eliminate 916
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Figure 1. Literature selection process.

3. Influencing factor identification and assumptions Identification of technical di-
mensional influences

Compared with traditional construction technology, intelligent construction technol-
ogy has the advantages of high efficiency, low energy consumption, low pollution, etc.
Mastering and applying intelligent construction technology can bring long-term benefits
and sustainable development to highway construction enterprises [25,26,40,62,63]. The
adoption of intelligent construction technology requires not only the purchase of new
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equipment but also the investment in the training of technicians, maintenance of equip-
ment, and the hiring of experts. The application of intelligent construction technology can
achieve unified management of the construction progress of highway projects by sharing
engineering construction data on the system platform while improving the speed of in-
formation transfer and enhancing the privacy of information storage. However, the com-
plexity and risks involved in implementing smart construction technology require careful
planning and management [9, 34-36]. The application of smart construction technology
will inevitably conflict with the application of the original technology, which includes not
only the compatibility of software and data but also the hindrance in the management
process of the highway construction process. However, whether this compatibility issue
will hinder the adoption of intelligent construction technology by highway construction
enterprises needs to be further explored [19,77,78].

3.1. Assumptions about the factors influencing the technological dimension

These include factors such as 'technological advantage', 'technological cost’, 'com-
plexity', and 'compatibility'. Therefore, the following hypotheses are proposed in this
study.

Hla: Better technological advantage has a significant positive effect on driving the
adoption of smart construction technologies by highway construction firms.

H1b: There is a significant positive impact of lower technology costs on driving the
adoption of smart construction technologies by highway construction companies.

Hlc: lower complexity has a significant positive impact on driving the adoption of
smart construction technologies by highway construction firms.

H1d: Good compatibility has a significant positive impact on driving the adoption of
smart construction technologies by highway construction companies.

3.2. Identification of influencing factors in the organizational dimension

A company with a solid, conservative mindset is often lagging or even refusing to
adopt new technologies; whereas a company with an innovative mindset is always ahead
of the curve and planning when it comes to adopting new technologies. Thus, corporate
culture is also one of the important influencing factors in determining the adoption of
intelligent construction technology in highway construction enterprises [37-39]. Adequate
reserves of talent, capital, technology, and other resources can enable highway construc-
tion enterprises to integrate and apply intelligent construction technology more quickly
and steadily, while enterprises with a lack of or insufficient resources may have certain
obstacles and difficulties in adopting intelligent construction technology [9, 40-42, 72]. Top
management support for smart construction technologies can stimulate the potential of
employees, improve productivity, and make them feel trusted and more focused on their
work; at the same time, top management stimulates change through communication and
reinforcement of company values, thus influencing the adoption of new technologies [9,
43-48, 51]. The attitude of technical professionals towards the adoption of new technolo-
gies is important, including but not limited to software technicians in the design and plan-
ning phase, equipment technicians in the construction and maintenance phase, etc. Their
ability to coordinate and collaborate with experts and academics influences the adoption
of smart construction technologies. The adoption of intelligent construction technologies
in highway construction companies requires the training of existing staff in the operation
of new software or equipment, or the recruitment of specialist technicians, which will not
only increase the size of the company to a small extent but also improve its core competi-
tiveness [9, 31-33, 49-51,].

3.3. Hypotheses about the influencing factors of the organizational dimension

These include factors such as 'corporate culture’, 'resource readiness', 'top manage-
ment support' and 'employee support'. Therefore, the following hypotheses are proposed
in this study.
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H2a: Better corporate culture has a significant positive impact on driving the adop-
tion of smart construction technologies in highway construction firms.

H2b: better resource readiness has a significant positive impact on driving the adop-
tion of smart construction technologies in highway construction firms.

H2c: there is a significant positive impact of top management support on driving the
adoption of smart construction technologies in highway construction firms.

H2d: Employee support has a significant positive impact on driving the adoption of
smart construction technologies in highway construction firms.

3.4. Identification of environmental dimensional influences

Environmental dimension influencing factors are mainly divided into competitive
pressure, policy environment, and economic environment. Among these, the competitive
market environment refers to the competitive pressure felt by firms when competitors in
the same industry have adopted or are preparing to apply new technologies and is an
inevitable product of competition in the industry. When this competitive pressure arises,
firms may apply innovations in the industry, which in turn reduce the competitive market
pressure and change the competitive market environment [19,26,52-54,73]. The policy en-
vironment refers to mandatory policies or recommendations related to smart construction
in the locality or country where the firm is located. Government incentives, subsidies, and
support for new technology can have a significant impact on the adoption and diffusion
of the new technology by firms [54-56,69-71]. Economic environment includes pressure
from customers and pressure from partners. For example, if smart construction technol-
ogy is recognized by customers or applied by partners, to ensure the technical concept
and goals, the company is likely to use it to better communicate and cooperate, or to meet
customer needs [38-42,74]. To achieve the application of smart construction technologies
for highway construction, highway construction companies need to collaborate with ex-
ternal parties, where stakeholder involvement and support will play an important role; in
making stakeholders aware of, it is familiar with, and then mastering and using smart
construction technologies is an important influencing factor for the adoption of smart con-
struction technologies [9, 80].

3.5. The hypothesis of environmental dimension influencing factors

These include factors such as "competitive market pressure", "policy environment",
"economic environment” and "stakeholder ", therefore the following hypotheses are pro-
posed in this study.

H3a: Competitive market pressures have a significant positive effect on driving the
adoption of smart construction technologies by highway construction firms.

H3b: A good policy environment has a significant positive impact on driving the
adoption of smart construction technologies by highway construction firms.

H3c: a good economic environment has a significant positive impact on driving the
adoption of smart construction technologies by highway construction firms.

H3d: Stakeholder involvement has a significant positive impact on driving the adop-
tion of smart construction technologies in highway construction enterprises.

3.6. Identification of social dimensional influencing factors

Due to the strict site selection, long construction period, high cost, large investment,
and large scale of construction, highway construction enterprises are required to strictly
comply with laws, regulations, industry standards, and other institutional requirements
during the design and construction stages. As a result, companies with a better sense of
social responsibility are more likely to give preference to the application of intelligent con-
struction technology to ensure that the highway schedule is not delayed, the project qual-
ity is high, and the social people are better served [81,82]. Sustainable development refers
to meeting the needs of the present generation for economic, environmental and social,
development without preventing future generations from meeting their needs [83]. The
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adoption and application of smart construction technologies can help companies to trans-
form and innovate [84, 85].

3.7. The hypothesis of social dimension influencing factors

These include factors such as ‘corporate social responsibility and ‘sustainable devel-
opment’ and therefore the following hypotheses are proposed in this study.

H4a: Better corporate social responsibility has a significant positive impact on driv-
ing the adoption of smart construction technologies in highway construction companies.

H4b: Sustainable development has a significant positive impact on driving the adop-
tion of smart construction technology in highway construction companies.

In summary, after discussions with industry experts and scholars, this study pro-
poses a framework for analyzing the drivers of smart construction technology adoption
in highway construction enterprises based on the TOE framework theory, including 14
key drivers in four dimensions, including technology, organization, environment, and so-
ciety, as shown in Table 1, to analyze the mechanism of the impact of driving smart con-
struction technology adoption in highway construction enterprises.

Table 1. Summary of drivers for the adoption of smart construction technology in China's highway construction compa-

nies.
Main factors No. Sub-factors Description of influencing factors
Hla Technical advantages The technology dimension influences factors
H1b Technical costs meant to influence the adoption of smart construction
Technical dimen- Hlc Complexity technology by motorway construction companies. The
sion intelligent construction of motorways is achieved
Hi1d Compeatibility through the capture, collection, integration and analy-
sis of information.
H2a Corporate Culture The organizational dimension is influenced by
Organizational di- H2b Resource Readiness the acceptance and support factors at various levels
mensions H2c Senior management support within the organization when adopting smart con-
H2d Staff Support struction technologies.
H3a Competitive market pres- The environmental dimension influences factors
Environmental di- . suljes that affect the collaboration between companies and
. H3b Policy environment . L.
mensions . . external parties, which in turn support and help each
H3c Economic environment

H3d  Stakeholder engagement other to adopt smart building technologies.

Corporate Social Responsi- The social dimension affects mainly means that corpo-
bility rate strategies and behaviors are transformed under
H4b  Sustainable development the constraints of the social dimension.

The social dimen- H4a
sion

Through the above analysis, a system of drivers for the adoption of intelligent con-
struction technology in China’s highway construction enterprises is established, as shown
in Fig 2.
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Figure 2. System of driving influences on the adoption of intelligent construction technology by highway construction
enterprises in China.

4. Research methods and calculation processes

This study applies the Decision-Making Trial and Evaluation Laboratory (DE-
MATEL) method of analysis. This method makes full use of experts’ knowledge and ex-
perience to identify and analyze complex factor networks and explores the causal rela-
tionships between factors by establishing relationship matrices through matrix and graph
theory [86]. However, this method is too subjective and expert judgments vary greatly,
and the research results are somewhat biased. Therefore, this paper combines fuzzy set
theory, so that the triangular fuzzy numbers in it are combined with DEMATEL to form
the Fuzzy-DEMATEL method. The method fuzzifies the direct influence matrix by trans-
forming the expert semantics into the corresponding triangular fuzzy numbers, while the
CFCS method is later applied to defuzzify and further process and clarify the hierarchical
relationships [87].

Research process.

This study established a system of driving influences and conducted research using
expert interviews and expert scoring. Thirty-five experts with relevant experience were
contacted for this research effort, and the support of 25 experts was eventually obtained
after consultation. These experts were from leading construction companies, research in-
stitutes and universities. The research was based on a scale scoring principle and the av-
erage conversation time was 15 minutes. The specific background information of the ex-
perts is shown in Table 2. After collating the experts’ scores, reliability and validity anal-
yses were conducted, and the results are shown in Table 4. The Cronbach alpha coefficient
of 0.870 was greater than 0.8 and the KMO value, of 0.823 was greater than 0.7, fully
demonstrating the validity of the questionnaire.

Table 2. Background information on experts.

Features Features Number of people
Educational background Undergraduate 1
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Masters 9
PhD 15
5-10 years 6
Relevant work experience 10-15 years 6
More than 15 years 13
Constructor 5
Work Unit . Design.ers L ?
Higher education institu- 1
tions
Technical positions 6
Management positions 8
Jobs .
Technical + management 1
positions
Title Intermediate title 8
Senior title 17
Table 3. KMO and Bartlett's test.
Projects Test value
KMO Metrics 0.823
Apprc.)xm}ate 992.052
Bartlett's test for sphericity cardinality
Df 270
Sig. 0

The specific process of trigonometric fuzzy number transformation is as follows.

1. Based on the construction of the driver indicators, an expert semantic scale was
constructed. The influencing factors are classified into five levels: no influence "0", weak
influence "1", average influence "2", strong influence "3 ", strong influence "4".

2. Based on the scoring results of each expert, construct an initial matrix of order n

C= |Cij
cijmeans the degree of influence of factor Fi on factor F. factor Fi.

3. the initial direct influence matrix is transformed into a triangular fuzzy number,

which is expressed as X= (l’ m, r) , with 1 being the left-hand side value, i.e. the conserva-
tive value; m being the middle value, i.e. the closest to the actual value; and n being> the

nxn

k_(1x k k
right-hand side value, i.e. the optimistic value, and satisfying both =~ 9 V1?7 ¥>"¥/ ag
shown in Table 4. The final result is intended to be the degree to which the kth expert

believes that factor i influences factor j.

Table 4. Semantic conversion table.

Semantic variables Triangular fuzzy number
No impact (0,0,0.25)
Weaker impact (0,0.25,0.5)
General Impact (0.25,0.5,0.75)
Stronger impact (0.5,0.75,1)
Strong Impact (0.75,1,1)
The CFCS method was applied for defuzzification to obtain the direct influence ma-

trix Z.
The process is as follows.

1. Normalize the triangular fuzzy number ISE = (l: - minl;f )/ AT
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X
n

k _ k s 7k ma;
ms; = (m; —min/; )/ Al
k _ / k - 7k max
rs; = (r;; —minl; )/ AT
max __ k s 7k
A, =maxr; —min/;
k

Isf ms. rs} , . .
v, Y, ¥ are the normalized value of the left-hand side of the triangular

k k

fuzzy number 7, the middle value ¥ and the right-hand side of the triangular fuzzy
k

I,
number Y respectively; Ar:ﬁ
left-hand side.

2. Normalization of left-hand and right-hand values uf;. = ms;‘. /(1+ ms;‘. - lsg)

is the difference between the right-hand side and the

kK k k k
v, =rs; [(1+rs; —ms;)

k k
u. "
Y and Y2 are the normalized values for the left-hand and right-hand values, re-
spectively.

3. Calculating clear values

z; =minc; + Arﬁ’;[minu;‘. (1—u;)+ vy, ]/ [1 —u; + v,f]

4. Calculate the mean of the clear values to obtain the direct impact matrix.
z,=(z;+z, +..+z,)/k

Z= ‘zu

1

nxn
By aggregating and collating the scoring results of the 15 experts and scholars, each
scoring result was transformed into a triangular fuzzy number and later de-fuzzified to
obtain the direct impact matrix.
The direct impact matrix was standardized as follows, and the direct impact matrix
was standardized as shown in Table 5.

A=1/max) z,,G=2Z
Jj=1

I<i<n “=

Table 5. Standardization of the direct impact matrix of factors driving the adoption of smart con-
struction technologies by enterprises.

Factors Hila H1b Hilc Hid H2a H2b H2c
Hla 0 0.1021 0.0743 0.0625 0.0721 0.0650 0.0721
Hilb 0.0828 0 0.0728 0.0577 0.0460 0.0554 0.0734
Hilc 0.0841 0.0777 0 0.0754 0.0582 0.0797 0.0863
Hid 0.0799 0.0748 0.0601 0 0.0706 0.0643 0.0863
H2a 0.0565 0.0614 0.0637 0.0428 0 0.0702 0.0642
H2b 0.0603 0.0645 0.0670 0.0594 0.0763 0 0.0652
H2c 0.0837 0.0577 0.0798 0.0546 0.0821 0.0748 0

H2d 0.0738 0.0747 0.0711 0.0766 0.0676 0.0754 0.0741
H3a 0.0708 0.0955 0.0748 0.0705 0.0666 0.0647 0.0683
H3b 0.0755 0.0552 0.0615 0.0755 0.0711 0.0863 0.0835
H3c 0.0748 0.0777 0.0528 0.0568 0.0459 0.0763 0.0670
H3d 0.0537 0.0777 0.0537 0.0542 0.0570 0.0835 0.0799
H4a 0.0633 0.0542 0.0437 0.0609 0.0704 0.0633 0.0805
H4b 0.0886 0.0944 0.0559 0.0672 0.0556 0.0732 0.0763
Factors H2d H3a H3b H3c H3d H4a H4b
Hila 0.0490 0.0843 0.0879 0.0692 0.0505 0.0494 0.0944
H1b 0.0518 0.0806 0.0964 0.0921 0.0792 0.0720 0.0813
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Hilc 0.0741 0.0621 0.0762 0.0655 0.0799 0.0732 0.0835
Hid 0.0577 0.0598 0.0750 0.0741 0.0639 0.0864 0.0992
H2a 0.0724 0.0730 0.0774 0.0471 0.0628 0.0948 0.0963
H2b 0.0595 0.0734 0.0685 0.0850 0.0568 0.0850 0.0848
H2c 0.0697 0.0813 0.0742 0.0680 0.0570 0.0592 0.0770

H2d 0 0.0543 0.0661 0.0628 0.0583 0.0826 0.0719
H3a 0.0781 0 0.0973 0.0792 0.0676 0.0708 0.0732
H3b 0.0528 0.0857 0 0.0811 0.0921 0.0992 0.0754
H3c 0.0630 0.0679 0.0892 0 0.0736 0.0706 0.0550
H3d 0.0550 0.0706 0.0752 0.0728 0 0.0764 0.0717
H4a 0.0609 0.0473 0.0790 0.0884 0.0712 0 0.0906
H4b 0.0690 0.0641 0.0878 0.0736 0.0692 0.0748 0
The combined impact matrix was calculated as follows, as shown in Table 6.
T=G(1-G)"

Table 6. Composite impact matrix of influencing factors driving the adoption of smart construction
technologies by enterprises.

Factors Hla H1b Hlc Hid H2a H2b H2c
Hla 0.8799 0.9866 0.8436 0.8195 0.8487 0.9241 0.9687
Hi1b 0.9610 0.8983 0.8458 0.8199 0.8306 0.9215 0.9754
Hilc 0.9903 0.9986 0.8033 0.8597 0.8672 0.9701 1.0157
Hild 0.9652 0.9740 0.8406 0.7704 0.8586 0.9353 0.9934
H2a 0.8839 0.9008 0.7905 0.7604 0.7393 0.8815 0.9123
H2b 0.9064 0.9232 0.8101 0.7911 0.8267 0.8345 0.9325
H2c 0.9409 0.9323 0.8347 0.7993 0.8448 0.9181 0.8855
H2d 0.9220 0.9354 0.8174 0.8093 0.8228 0.9080 0.9443
H3a 0.9817 1.0168 0.8754 0.8582 0.8765 0.9600 1.0030
H3b 1.0003 0.9975 0.8769 0.8753 0.8953 0.9943 1.0320
H3c 0.8940 0.9092 0.7763 0.7674 0.7781 0.8811 0.9086
H3d 0.8795 0.9127 0.7803 0.7681 0.7913 0.8910 0.9237
H4a 0.8798 0.8841 0.7638 0.7667 0.7957 0.8658 0.9158
H4b 0.9714 0.9899 0.8363 0.8327 0.8444 0.9418 0.9834

Factors H2d H3a H3b H3c H3d H4a H4b
Hla 0.8045 0.9217 1.0548 0.9610 0.8722 0.9622 1.0515
Hi1b 0.8108 0.9228 1.0674 0.9865 0.9020 0.9865 1.0450
Hilc 0.8548 0.9335 1.0802 0.9917 0.9281 1.0173 1.0791
H1d 0.8219 0.9107 1.0558 0.9771 0.8940 1.0063 1.0691
H2a 0.7835 0.8637 0.9908 0.8921 0.8369 0.9517 1.0002
H2b 0.7886 0.8825 1.0046 0.9446 0.8495 0.9628 1.0109
H2c 0.8097 0.9037 1.0249 0.9433 0.8624 0.9547 1.0199
H2d 0.7349 0.8694 1.0059 0.9289 0.8538 0.9643 1.0046
H3a 0.8608 0.8778 1.1023 1.0068 0.9211 1.0190 1.0729
H3b 0.8526 0.9715 1.0346 1.0244 0.9562 1.0596 1.0924
H3c 0.7690 0.8548 0.9949 0.8459 0.8409 0.9240 0.9573
H3d 0.7660 0.8605 0.9870 0.9132 0.7759 0.9332 0.9761
H4a 0.7640 0.8322 0.9809 0.9174 0.8345 0.8539 0.9834
H4b 0.8302 0.9138 1.0657 0.9761 0.8978 0.9950 0.9767

The process for calculating the degree of influence and the degree of being influenced
is as follows.

n
e, =Y t,,i=12.n
i=1
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t.
Y is the influence value of element i on element j in the integrated image matrix T;

Ji

is the degree of influence of element i; € isthe degree of element i being influenced.
The degree of influence is the sum of the rows in which the factors are located and is

the combined influence of the corresponding factor in that row on all other factors. Influ-

encedness is the sum of the columns in which each factor is located and is the combined

influence of the factors in that column on all other factors.

The process for calculating centrality and causality is as follows.

M, =f+e,i=12,.n

N,=f—e,i=12,.n

Centrality is expressed as the position of the factor in the system and the strength of
its influence and is the sum of the degree of influence and the degree of being influenced.
The degree of cause is the difference between the degree of influence and the degree of
being influenced, representing the causal relationship between the influencing factors. If
the degree of cause is greater than 0, it is the causal factor, and if it is less than 0, it is the
effect factor. The degree of influence, degree of being influenced, degree of centrality and
degree of cause are calculated, as shown in Table 7. And accordingly, make the causality
diagram of influence factors as shown in Fig 3.

Table 7. Indicators of the comprehensive impact matrix analysis of the factors driving the adoption
of smart construction technologies by enterprises.

Degree of im- Degree of being

Projects pact influenced Centrality Degree of cause
Hla 12.8990 13.0565 25.9555 -0.1575
Hi1b 12.9733 13.2595 26.2329 -0.2862
Hilc 13.3896 11.4950 24.8846 1.8946
H1d 13.0722 11.2981 24.3702 1.7741
H2a 12.1876 11.6199 23.8075 0.5676
H2b 12.4678 12.8271 25.2950 -0.3593
H2c 12.6743 13.3943 26.0686 -0.7200
H2d 12.5210 11.2514 23.7724 1.2696
H3a 13.4321 12.5185 25.9507 0.9136
H3b 13.6629 14.4496 28.1124 -0.7867
H3c 12.1016 13.3089 25.4105 -1.2074
H3d 12.1586 12.2251 24.3838 -0.0665
H4a 12.0381 13.5905 25.6285 -1.5524

H4b 13.0553 14.3389 27.3942 -1.2837
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Figure 3. Causal relationship of driving influences.

The integrated impact matrix was transformed into an overall impact matrix, and
based on expert advice and several trial calculations, a threshold value of A = 1.01 was
determined, and the process for calculating the reachable matrix was as follows.

Lh;=4
kij = {o, hy < ,Gj=12..n),K= (k] .

A is the threshold value, the larger the value of A the more obvious it is for structural
simplification, in the actual analysis the size of A needs to be determined specifically ac-
cording to the complexity of the system; kij is the value of the association between factor
i and element j. The obtained reachable matrix is shown in Table 8.
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Table 8. Reachable matrix.

Factors Hila H1b Hilc H1d H2a H2b H2c
Hila
H1b
Hic
H1d
H2a
H2b
H2c
H2d
H3a
H3b
H3c
H3d
H4a
H4b

Factors H2d
Hila
Hi1b
Hilc
H1d
H2a
H2b
H2c
H2d
H3a
H3b
H3c
H3d
H4a
H4b

The process for creating antecedent and reachable sets is as follows.
A(s) = {s; € S|k;; = 1}
R(s;) = {s]- € S|kﬁ = 1}

A(si) is the set of antecedents, the set of elements corresponding to all rows in the Sith
column of the reachable matrix whose elements are 1.

R(si) is the reachable set, the set of elements corresponding to all columns in the Sith
row of the reachable matrix whose elements are 1.

If B(s;) = {sj € S|R(si) NA(s;) = A(si)} , then B(si) is the highest level factor set. The
antecedent set, the reachable set and their intersection sets are shown in Table 9.

O O O O OO OO OO oo oo
O O O OO R OO OO oo oo
O O O O OO OO O o oo oo
O O O O OO OO O o oo oo
O O O O OO OO O oo o oo
O O O O OO OO O o oo oo
O O O O R OO OO o= OoOOo

ay
@3

a H3b

a
@

C H3d H4a H4b

O O O O DO OO OO o oo o o
O O O O DO OO OO oo o o
O OO R PR OFRr OO R PR R =
O OO R OO OO OO oo o o
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Table 9. Predecessor sets and reachable sets and their intersections.

Accessible collection

Factors  Preliminary review A(si) R(s) Intersections B(si)
Hla 1710111314 1 1
Hi1b 2710111314 29 2
Hilc 3710111314 3 3
Hild 4710111314 4 4
H2a 5 5 5
H2b 6710111314 6 6
H2c 710111314 12346791014 71014
H2d 8 8 8
H3a 27910111314 9 9
H3b 710111314 12346791014 71014
H3c 11 1234679101114 11
H3d 12 12 12
H4a 13 1234679101314 13
H4b 7101113 14 12346791014 71014

The hierarchy of influencing factors driving the adoption of intelligent construction
technologies by enterprises is constructed according to the reachable matrix as shown in
Table 10, and the ISM model diagram of influencing factors driving the adoption of intel-
ligent construction technologies by enterprises is shown in Fig 4.

Table 10. Hierarchy table.

Levels Elemental set Level of impact
L1 H2a, H2d, H3a, H3d Surface impact
L2 Hla, H1b, Hlc, H1d, H2b Mid-level impact
L3 H2c, H3b, H4b Deep Impact
L4 H3c, H4a Root Images
Economic Conposats
vironment ‘“‘?‘, :
- : responsibility |
Management | Polic y Sustainable
support environment development
A A 4
Technical Technical : i Resource
advantages costs Coniglexity Compaibility readiness
A
Corporate Employee co;h:l;e; - Stakeholder
culture support pe engagement
pressure

Figure 4. ISM Hierarchy Model of Influencing Factors Driving Enterprise Adoption of Smart Con-
struction Technologies.
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5. Research results

According to the Fuzzy-DEMATEL-ISM calculations, the 14 hypotheses of the four
dimensions of technology-organization-environment-society proposed in this study
based on the TOE framework all have varying degrees of driving influence and the hy-
potheses are largely valid. The specific findings of the study are as follows.

1. Policy environment (H3b), competitive market pressure (H3a), complexity (H1c),
compatibility (H1d), and sustainability (H4b) have the highest degree of influence on
other factors in the whole system of influencing factors, with the degree of influence being
13.6629, 13.4321, 13.3896, 13.0722, and 13.0553 respectively. policy environment the policy
environment (H3b), sustainable development (H4b), corporate social responsibility (H4a),
senior management support (H2c), and economic environment (H3c) were the five most
influenced factors, with the following levels of influence: 14.4496, 14.3389, 13.5905, 13.3943
and 13.3089 respectively. This indicates that these five factors are the most influenced by
other factors.

2. Policy environment (H3b), sustainability (H4b), cost of technology (H1b), senior
management support (H2c), and technological advantage (H1a ) were the most significant
in the system of influencing factors driving the adoption of smart construction technolo-
gies by firms, with D+C of 28.1124, 27.3942, 26.2329, 26.0686, and 25.9555 respectively,
Employee support (H2d), corporate culture (H2a), compatibility (H1d), stakeholder in-
volvement (H3d), and complexity (H1lc) were the five factors with the lowest D+C of
23.7724, 23.8075, 24.3702, 24.3838, and 24.8846, respectively, indicating a relatively weak
influence in the system.

3. positive D-C values for complexity (H1c), compatibility (H1d), employee support
(H2d), competitive market pressure (H3a), and corporate culture (H2a) indicate that these
factors are causal factors and have an active influence on firms' adoption of smart con-
struction technologies and are less influenced by other factors; stakeholder involvement
(H3d), technological advantage (H1a), technology cost ( H1b), resource readiness (H2b),
senior management support (H2c), policy environment (H3b), economic environment
(H3c), sustainability (H4b), and corporate social responsibility (H4a) have negative D-C
values, meaning that they are outcome factors that are influenced by other factors and
thus drive the adoption of smart building technologies.

4. A hierarchy based on the Interpretive Structural Model (ISM) classifies the influ-
encing factors affecting the adoption of intelligent construction technologies by compa-
nies into four levels. The first level of influence is the surface level, which includes four
factors: corporate culture (H2a), resource readiness (H2b), competitive market pressure
(H3a), and stakeholder involvement (H3d). The second level of influence is the middle
level, which consists of five factors: technological advantage (Hla), technological cost
(H1b), complexity (H1c), compatibility (H1d), and resource readiness (H2b). The third
level is the deeper level of influence, which consists of three factors: top management sup-
port (H2c), economic environment (H3c), and sustainability (H4b). The fourth level is the
root cause, which includes two factors: economic environment (H3c) and corporate social
responsibility (H4a).

5. Of the four influencing factors of the technology dimension including technology
advantage (H1a), technology cost (H1b), complexity (H1c), and compatibility (H1d), two
factors have positive D-C and are causal factors; two have a greater degree of influence,
which indicates that the influencing factors of the technology dimension have the most
significant degree of influence on driving the adoption of smart construction technologies
by highway construction firms, which is in line with Owusu-Manu et al. Berst et al. Yang
et al. Dewi et al. have found the same [9, 88-90].

6. The organizational dimensions of top management support (H2c) and employee
support (H2d) have a high degree of influence on the system of factors driving the adop-
tion of smart construction technology in highway construction enterprises, which means
that the process of adopting smart construction technology in enterprises should focus on
the training of enterprise personnel, especially when adopting innovative technologies,
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the degree of personnel's understanding of the technology and the precise cooperation
during operations can make The adoption of smart construction technology by companies
is easier.

7. Among the environmental dimensions, competitive market pressure (H3a) and
policy environment (H3b) have a significant impact on the adoption of intelligent con-
struction technologies and other factors in the system. This suggests that the environmen-
tal dimension is a key consideration in the adoption of intelligent construction technolo-
gies.

8. This study innovatively presents the social dimension influencing factors, includ-
ing corporate social responsibility (H4a) and sustainability (H4b). According to the results
of the analysis, the degree to which sustainability (H4b) influences other factors in the
system and drives the adoption of smart construction technologies is highly significant.
Corporate social responsibility (H4a), on the other hand, belongs to the root influence level
of the ISM hierarchy model. This suggests that the social-level influences proposed in this
paper are important in the system of driving influences on the adoption of smart construc-
tion technologies by highway construction firms and provide empirical evidence and new
research ideas for subsequent scholars.

6. Discussions and Conclusion

Based on national and international literature, this study first summarizes the multi-
faceted nature of the motorway construction field. Then, to benefit from the rich theories
developed in different knowledge systems, 25 experts, scholars, and professionals in the
field were invited to participate in the study through expert interviews, summarizing and
refining the driving influences in four dimensions: technical, organizational, environmen-
tal and social, and establishing the TOSE framework based on the TOE framework, which
to some extent increases and expands the adoption of the intelligent construction field
research in This adds to and extends the experience of applying the TOE framework to
research in the field of intelligent construction. Although the number of experts involved
was 25, which may be a limitation of this study. However, the focus of this study was on
experienced experts in the field rather than the number of experts. Finally, applying the
Fuzzy-DEMATEL-ISM method to analyze the results of the expert scoring, the results of
the study show that the hypothesis of the 14 influencing factors holds true and that each
factor has a driving influence on the adoption of smart construction technology by high-
way construction companies in China to varying degrees. Among them, the degree of in-
fluence of the technology dimension influencing factors is the strongest, coinciding with
some of the previous research findings, which also laterally demonstrates the authenticity
and reliability of the results of this study.

Because of the above findings, the results of this study will help the decision makers
and managers of highway construction enterprises to understand and grasp the various
influencing factors of the adoption of intelligent construction technology in their enter-
prises in future practice, which is an important reference value for the decision making of
highway construction enterprises in the application of intelligent construction technology.
In addition, this study has implications for the adoption of intelligent construction tech-
nology in other areas of the construction industry. Although this study focuses on high-
way construction companies, which is still different from other companies in the construc-
tion industry, the influencing factors presented in this paper can be added to and sub-
tracted from future discussions to fill in the research on the influencing factors of other
companies in the adoption of smart construction technology. To further develop and pro-
mote the application of smart construction technology in the construction industry, to
achieve sustainable development of smart construction in buildings and to improve the
intelligence of buildings, this study recommends that companies conduct training and
learning about smart construction technology.
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