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Abstract: There is an urgent need to improve our understanding of the digital transformation
of the construction in order to leverage the benefits of the wider adoption of the Industry 4.0
paradigm. However, there is a lack of systematic research on the digital transformation pathway
of the construction industry. In view of this, this study uses the LDA theme model to explore
the key influencing factors for the digital transformation of the construction industry and builds a
digital comprehensive evaluation system of the construction industry with DEMATEL-ANP. The
findings are as follows: Firstly, five elements of the construction industry, such as enterprise resources,
enterprise capabilities, enterprise spirit, macro environment and industry environment, have an
important impact on the digital transformation of the construction industry. Secondly, the ability
of construction enterprises has the most significant influence on the digital transformation of the
construction industry. This empirical study provides policy suggestions and an implementation
framework for realizing high-quality development of the construction industry based on digital
technological innovation. The study helps construction enterprises to understand the necessity of
digital transformation and provides a theoretical basis and practical ideas for construction enterprises
to formulate their own digital transformation strategies.

Keywords: construction industry; digital transformation digitalization; influencing factors;
LDA thematic model; DEMATEL-ANP

1. Introduction

As part of the fourth industrial revolution or so called Industry 4.0, digital technologies
such as big data, artificial intelligence, block chain, Internet of Things and machine learning
have spread widely around the world and have the potential to transform how companies
operate in the digital context [1–3]. The spread and application of digital technology has
promoted the development of companies digitalization [4]. With the ongoing intensification
of global competition, the digital transformation of companies has become a general
trend in many countries [5–7]. This trend includes not only the application of digital
technology, but also the profound change of a business model [4]. Consequently, the
digital transformation of traditional industries has become key for enterprises to secure and
maintain competitiveness [8–10]. Therefore, various countries have introduced measures to
promote the digital development of enterprises. The United States has successively issued
policies, such as ‘National Artificial Intelligence Research and Development Strategic Plan’
and ‘Intelligent Manufacturing Revitalization Plan’ to promote the integration of digital
technology in traditional industries [11]. As a strong country in traditional manufacturing,
Germany has gradually improved its digital transformation plan with Industry 4.0 as
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the core and launched ‘Digital Strategy 2025’ to promote the development of traditional
manufacturing industries [12]. In 2021, China’s ‘Government Work Report’ emphasized
the need for accelerating digital development, creating new advantages of digital economy
as well as promoting digital industrialization and industrial digital transformation [13].

As a traditional resource-intensive sector, the construction industry has made signifi-
cant contributions to national economic development [14]. However, the inherent problems
in the sector, such as high consumption, low efficiency and in some cases poor management
have been seriously restricting the development of the construction industry. Promoting
digital transformation of the construction industry has therefore become an inevitable
requirement to enable the transformation and upgrading of the construction industry as
part of a high-quality development strategy [15–17]. For this reason and in the field of engi-
neering construction, developed economy countries have successively issued construction
industry development strategies based on the adoption of digital technology, such as the
Strategic Plan for Infrastructure Reconstruction (USA), the ‘Build 2025’ Strategy (UK) and
the ‘Construction Site Productivity Revolution’ Strategy (Japan) [18].

Although the construction industry is actively promoting digital transformation,
compared with other industries, the application of digital technology in the construction
industry is still at a relatively low level and subject to certain challenges [19]. The over-
all digital development level of the construction industry ranks last among twenty-two
industries, even lower than metallurgy, mining and agriculture [18]. In the case of China
and to some extent, the low level of digitalization in the construction industry hinders the
high-quality development of country’s construction industry and the realization of the
transformation goal. Therefore, it is an urgent priority to explore the development path of
digital transformation of the construction industry and clarify the key factors that impact
the digital development of China’s construction industry. Although academic circles have
recognized the importance of developing an effective digital transformation strategy for
the success of construction enterprises, nevertheless certain questions remain unanswered:
What are the key factors behind the digital transformation of the construction industry?
What are the structural relationships among these key influencing factors? What mecha-
nisms are needed for the digital transformation of the construction industry? Consequently,
the above questions and corresponding propositions need to be explored both theoretically
and empirically.

As a traditional industry with inherent problems, such as low productivity, periods of
negative growth, high consumption of resources and energy, and relatively low levels of
scientific and technological focus, the digital transformation of the construction industry is
potentially a long and complicated process; during which the sector will face challenges in
technology, resources, ability, organization, culture and management [20]. Indeed, from
a practical point of view, the digital transformation of the construction industry is still in
its infancy. Furthermore, a typical position of “I don’t know how to do it” is an important
problem faced by construction enterprises, which is an active area of investigation for
various researchers.

There are two main focus areas for current research on this matter. Firstly, there is
research on the impact of the digital technology application layer on the digital transforma-
tion of the construction industry. For instance, Zhen Xu et al. studied the application of
3D printing technology combined with a construction robot in the construction industry
as well as integration with building materials and building environment to realize green
and sustainable building construction and digital transformation [21]. Through a process
of literature review and bibliometrics, Gleiliu et al. identified that the current level of
digital intelligent construction is still in its infancy, and the key to digital transformation
is to harness the advantages of intelligent technology to promote the productivity and
management performance of construction projects [22]. Whereas Seungwon Baek et al.
studied the application of NLP (natural language processing) technology in the field of
architecture, and identified that NLP could have a potential role in building engineering
and management [23].



Buildings 2022, 12, 1409 3 of 22

Secondly, there is research using qualitative analysis to explore the impact of digital
transformation on the construction industry from the macro level. For instance, Han Qium-
ing and others discussed the development mechanism of industrial intelligence through a
method based on expert interviews and identified that strengthening policy guarantees and
improving infrastructure can potentially accelerate the rate of digital transformation [24].
Whereas Chen Ke studied the participants and policy tools of construction industry trans-
formation and identified that there is a need to consider the different characteristics of
the governmental entities, construction enterprises, universities and scientific research
institutions as well as and digital solution providers. This is required to promote the
development of digital transformation in the construction industry through leveraging
interactions between government and university-industry collaborative research, thereby
injecting vitality into the digital transformation of the construction industry [25]. Further,
Xie Xianqi and others studied the development path for the new generation of building
quality and safety management systems, identified that digital twin technology has good
potential in the construction industry and is an important driving force for the digital
transformation of the construction industry [26]. On the whole, the existing research often
focuses on one factor, or some set of factors, but does not necessarily build a complete
system of key influencing factors for the digital transformation of construction industry. At
the same time, research from extant literature also considers the influence of internal and
external factors of construction enterprises but does not further explain which factors are
more worthy of attention.

Therefore, this research study is based on the global perspective, and attempts to
obtain more comprehensive research literature relating to the digital transformation of
the construction industry, which is filtered and processed before being imported into
LDA thematic model. Through the LDA theme model, the research theme of digital
transformation of construction industry is excavated, and the key influencing factors of
digital transformation of the construction industry are revealed. The DEMATEL method
is used to analyze the mutual influence of each factor, and a comprehensive influence
matrix among each factor is established. Finally, the ANP network hierarchy is established
according to the influence relationship obtained by DEMATEL method. Thereafter it
is imported into SD software for calculation, and the weight of each influence index
is obtained, so as to quantitatively evaluate the key influencing factors for the digital
transformation of the construction industry.

The research contributions of this study can be considered according to the following
aspects: (1) Research on the path of digital transformation of construction industry has
been improved from a global perspective. (2) An in-depth discussion on the mechanism of
various factors affecting the digital transformation of the construction industry is provided.
(3) The comprehensive impact index system of digital transformation of the construction
industry is constructed. (4) The study provides a reference for government departments to
formulate industrial policies for the transformation of the construction industry.

2. Analysis of Key Terms
2.1. Digital Transformation

In recent years, digital transformation has gradually become a core strategic direc-
tion of global technological change. Indeed, the governments of various countries have
successively introduced digital strategies to guide the development of digital technology
and promote digital transformation [27]. For example, in August 2015, Singapore released
the ”Smart Country 2025 Plan”, which focuses on using artificial intelligence (AI) and data
science, immersive media, Internet of Things (IOT) and network security technologies to
improve social productivity, increase employment opportunities for highly skilled jobs,
accommodate an aging population and cultivate social cohesion. In May 2016 and in order
to build a stronger and safer digital Denmark, the Danish government jointly formulated
and promulgated the national digital strategy deployment by the central, regional and
local governments called “Digital Strategy 2016–2020”. This strategy laid out a blueprint
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for the digital transformation of government departments, enterprises and individuals. In
Australia’s “Digital Transformation Strategy 2025”, a specific roadmap for improving the
digital service supply mode for individuals and enterprises is provided, and the current
preparations and future acceleration plans for realizing the digital transformation strategy
in Australia are described in detail. At the Fourth Plenary Session of the 19th CPC Central
Committee, China identified that it was necessary to “establish and improve the use of the
Internet, big data, artificial intelligence and other technical means for digital transformation,
promote the construction of digital government, and strengthen the orderly sharing of
data” [27].

However, the question of “what is digital transformation” has been a controversial
topic among researchers and well-known organizations across the world. Some scholars
prefer to define digital transformation from the technical level. Westerman et al. defined
digital transformation as using technology to fundamentally improve the performance or
influence of enterprises [28,29]. Whereas Fitzgerald et al. believe that digital transformation
is the use of new digital technologies (such as social media, mobile, analytics or embed-
ded devices) to achieve significant business improvements (such as enhancing customer
experience, optimizing operations or creating new business models) [30,31]. Other scholars
define digital transformation from the organizational level. In this regard, Demirkan et al.
believe that digital transformation represents a profound and accelerated transformation of
business activities, processes, capabilities and modes, making full use of the changes and
opportunities brought by digital technology and its impact on the whole society according
to a strategic priority perspective [32]. Whereas Haffke defines digital transformation as
including the digitalization of sales and communication channels, which provides a new
platform and a new way of interacting with customers as well as digitalization of company
products (namely products and services), which replaces or adds physical products. Digital
transformation also describes how to trigger tactical and strategic business movements
through data-driven insights, and the introduction of digital business models, so as to
realize new ways of value capture [33]. On the basis of previous studies, Vial summarized
the definition of digital transformation, and holds that digital transformation refers to the
process of triggering significant changes in entity attributes through the combination of
information technology, computing technology, communication technology and connection
technology, in order to improve the entity [34]. This definition includes four attributes
of digital transformation, namely: target entity, means, scope and degree of change, and
expected outcome.

2.2. Transformation of the Construction Industry

In the 21st century, the fourth industrial revolution has brought great technological
and scientific progress, which embraces the use of computers and networked physical
systems. The construction industry has also benefited from this progress, resulting in the
concept of the digital transformation of the construction industry and this has attracted
much attention in the past few years [35]. For instance, Sawhney et al. defined this phe-
nomenon as a “transformative framework” in which three kinds of changes have taken
place, viz. industrial production and construction, network physical system, and digi-
tal technology [36]. Some examples of digital technologies include building information
modeling (BIM), public data environment (CDE), UAV (unmanned aerial vehicle) system,
cloud-based project management, augmented reality/virtual reality (AR/VR), artificial
intelligence (AI), network security, big data and analysis, blockchain and laser scanners.
Within the scope of network physical system, there are robots and automation, sensors,
the Internet of Things as well as workers with wearable sensors, actuators, additive man-
ufacturing, off-site and on-site construction, and equipment with integrated sensors and
embedded systems. Although the digital transformation of the construction industry does
not only refer to the application of technology in the field of construction. Raihan Maskuriy
and others suggest that it also includes the whole process from construction resettlement
conditions to design and investment preparation, as well as the construction process itself
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and the operation and maintenance of buildings and the re-enactment of government con-
struction legislation, which includes the standardization of new processes. From the project
management perspective, there is a need for project and budget preparation, construction
approval, construction management and specification of the complete electronic construc-
tion to be implemented for digital transformation projects. Furthermore, the principles of
public construction contracts should be applied by law to ensure necessary deliver of the
project management process [37].

3. Research Design

In this empirical study, the LDA-DEMATEL-ANP model is used to discover the
research theme and analyze the key factors for the digital transformation of the construction
industry (as shown in Figure 1). Latent Dirichlet Allocation (LDA) is a nonparametric
hierarchical Bayesian model based on probability graph, which has become one of the
mainstream topic models and is widely used in computing research, such as text mining.
As an unsupervised machine learning method, LDA can accurately and effectively mine
potential topic information in texts, and help researchers find potential topics in large-scale
text information [38]. Compared with the traditional statistical analysis based on keywords,
the LDA topic model is not characterized by a single co-occurrence word pair clustering,
but by generating a series of terms related to the topic by probability method, digging
the semantic information of the topic deeply, and measuring the intensity of the topic
and the relationship between the topics by quantification. This approach can judge the
development trend of the subject field more accurately. In this research study, we first
extracted a series of topics related to all documents from the literature records of digital
research in the construction industry, and then determined and identified 12 research topics
as the key factors for digital transformation in the construction industry according to the
intensity of topics and research needs.

Decision making trial and evaluation laboratory (DEMATEL) is a systematic analysis
method that combines chart theory with a matrix. This process seeks the logical relationship
among key influencing factors in the form of matrix through data, and calculates the
influence degree and affected degree of each key influencing factor, which serves as the
theoretical basis for constructing the causal relationship model among various factors [39].
In this study, we distributed questionnaires to ten experts to determine the interaction
between these twelve topics.

The Analytic Network Process (ANP) is a decision-making method proposed by
T.L. Saaty of the University of Pittsburgh in 1996, which adapts to the non-independent
hierarchical structure. It is a new practical decision-making method developed on the basis
of AHP [40]. In this study, the ANP network hierarchy is established through the influence
relationship among twelve topics quantitatively calculated by DEMATEL method, and the
index system of key influencing factors is constructed, and then the effective quantitative
evaluation of the digital transformation of the construction industry is realized through
the constructed index system of key influencing factors. This technical route has certain
innovative significance for discovering the key influencing factors and constructing the
index system of such factors for the digital transformation of the construction industry.

3.1. Data Sources

The Web of Science and Cnki are the data sources of the literature. In Cnki, the
literature type is set as periodical. There is a need to set the professional search, and search
with the theme of “construction industry” and “digitalization”. In the web of science,
literature type is set as papers, meeting and comprehensive papers. There is a need to
set the basic search and search with the theme of “construction” and “digital” Thereafter,
download all the literature information and export it in batch in Excel format, sift out the
repeated, irrelevant and incomplete literature, and finally obtain a total of 50 literature. As
shown in Table 1.
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Table 1. The representative literature data.

No. Title Literature Content

1

A Scientometric Review of Smart
Construction Site in Construction

Engineering and Management: Analysis
and Visualization

With the extensive development and application of information technologies
in construction engineering and management (CEM), the construction site is

experiencing a rapid digital revolution and transformation. Since smart
construction site has become the current research trend and one of the most

hot topics . . .

2
Factors Influencing Adoption and

Integration of Construction Robotics and
Automation Technology in the US

Robotics and automation technology (RAT) has emerged as one of the most
important drivers of the Industry 4.0 digital transformation of industrial

operations. Although RAT has been explored i n construction over the last
several decades, its applications in the field have been limited, despite its

potential and rise in application opportunities . . .

. . . . . . . . .

50
A critical review of text-based research in

construction: Data source, analysis
method, and implications

The advancement of natural language processing and text mining techniques
facilitate automatic non-trivial pattern extraction and knowledge discovery

from text data. However, text-based research has received less attention
compared to image- and sensor-based research in the construction industry

. . .

3.2. Data Processing

This part of the process involves the need to extract titles, keywords, abstract and
text information from literature information to form the corpus source of the LDA model.
Part-of-speech analysis and part-of-speech restoration are carried out on the corpus source
file with Jieba in Python, and the obtained data is preprocessed by word segmentation and
stop words removal to obtain the text corpus. Secondly, subject extraction is undertaken to
obtain the document-word matrix.

3.3. LDA Thematic Model Training

This involves building the LDA model with Sklearn package in Python software.
Before building a model, it is necessary to determine the optimal number of topics of
the model. In this study, the optimal number of topics of the model is determined by
combining the model Perplexity. The calculation formula of the degree of perplexity is
shown in Formula (1). Where M is the number of documents, Nd is the number of words,
and P(wd) is the probability of wd in words in documents.

perplexity = exp

{
−∑M

i=1 log(P(wd))

∑M
i=1 Nd

}
(1)

The degree of perplexity indicates the uncertainty (i.e., information entropy) of the
topic to which the document belongs. Perplexity is a standard method to measure the
similarity of LDA topics [41]. When the downward trend of the degree of perplexity is no
longer obvious or at the inflection point, the k value at this time is the optimal number of
topics. In this study, when the number of topics is 12, 13 and 14, the perplexity of LDA
model of text collection is in the lowest area. At the same time, considering the good
theoretical and explanatory nature of topics, and avoiding over-classification of topics, this
study set the optimal number of topics as K = 12 (as shown in Figure 2).

With regard to the setting of parameters, the Sklearn package in Python software is used
to infer the distribution of topics and words. Where the number of iterations(max_iter) = 2000,
algorithm for solving LDA (learning_method) is “batch”, a priori parameterα(doc_topic_prior)
of LDA = 50/k, k = number of topics, a priori parameter β(topic_word_prior) of LDA = 0.01
and other parameters use default values. Finally, 15 words with the highest probability
under each topic are extracted, and outputs according to the word frequency from big to
small, and five high-probability words under each topic are selected as the representatives
of the topic meaning, which are used as the core words for topic identification.
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3.4. Constructing Evaluation Indicators of Key Influencing Factors

Step 1: Determine the index relationship based on DEMATEL method. According
to the expert level 4 DEMATEL scale, the relationship between indicators is compared
pairwise, and an initial impact matrix A = [aij] n × n is formed. The initial impact matrix is
standardized, and a comprehensive impact matrix is formed through formula calculation.

Step 2: Establish a network hierarchy. DEMATEL method determines the significant
relationship between evaluation indexes through quantitative calculation, which provides
a basis for establishing network hierarchy. The network hierarchy of ANP method includes
two levels, namely the control layer and network layer, and the network layer is composed
of corresponding evaluation indexes and the relationship between them.

Step 3: Generate the judgment matrix. Suppose there are n indexes in the network
layer, which are A1, A2, . . . , An, and Ai contains secondary indexes Ai1, Ai2, . . . , Aik.
Then, take the element AjL in AJ as the criterion, and score the elements in the index Ai
according to their action intensity on Ajl according to the nine-level scale method, so as to
obtain the judgment matrix.

Step 4: Calculate the weight vector matrix. The feature vectors are transformed into
standard feature vectors through standardization, and the consistency coefficient is used to
test whether the judgment matrix meets the consistency requirements. If the consistency
coefficient is greater than 0.1, it is considered that the judgment matrix has failed the
consistency test, and it is necessary to score again to obtain new data.

Step 5: Determine the weighted hypermatrix. The standardized feature vectors of each
network layer under the control of the control layer are combined together to form a super
matrix Ww, and the weighted super matrix Ww is obtained by standardizing it.

Step 6: Calculate the limit hypermatrix. The Formula (2) is used to find the limit of
the weighted hypermatrix Ww. If the limit is convergent and unique, the weight of each
complexity index can be obtained through the limit, which also shows that the index weight
can fully reflect the action relationship among the indexes.

lim
k→∞

wk
w (2)
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4. Empirical Results and Analysis
4.1. Analysis of Word Frequency

Word frequency is a common technique used in text mining to evaluate the repetition
of a word in a corpus. The more times a word appears in the corpus, the more likely it is to
be the focus of study. Python is used to segment the text data of this study, and the words
with the minimum word number of two words and the top 100 word frequency are set to
make a word cloud map (as shown in Figure 3).
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In Figure 3 and according to the word size distribution, we can see that digital transfor-
mation of the construction industry has a concentration on the concept (or term) of reform,
followed by administration, capital, talents and construction.

4.2. Training Results of LDA Thematic Model

After the analysis process of LDA model training and topic extraction, the optimal
topics with k = 12 were finally selected, and the topic clustering and pyLDAvis visualization
are carried out (as shown in Figure 4). By extracting five high-probability words under
each topic, they are used as the characteristic words of this topic. It is an important process
to explore the path of digital transformation of construction industry that how to effectively
transform the superficial characteristic words of digital transformation of construction
industry into the deep influencing factors of digital transformation of construction industry.
Therefore, on the basis of synthesizing the clustering results of various topics, combining
with the meanings of high-probability words, this paper consults relevant literature and
consults experts to manually identify topics, and obtains the distribution of topics-terms
(as shown in Table 2).
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Table 2. The theme-term distribution of key influencing factors for digital transformation of the
construction industry.

Theme Identification Document Topic
Probability Words (5 Words with High Probability Related to the Topic)

1 Digitization technology 0.128 Construction, construction site, robots, equipment, machinery
2 Policy environment 0.127 Government affairs, reform, administration, matters, cases
3 Financial strength 0.118 Investment, entity, productivity, capital, funds

4 Enterprise management level 0.105 The whole process, project management, construction site,
management and control, manpower

5 International digital
environment 0.105 Employees, Global, Perspective, Globalization, International

6 Hi-tech innovation capacity 0.084 Scientific research, innovation ability, core technology, vitality
and competitiveness

7 Ordinary workers 0.084 Labor, labor, training, supply, skills
8 Entrepreneurship 0.067 Reform, uncertainty, managers, pressure, willingness
9 Social responsibility 0.064 Responsibility, public, benefit, public service, community
10 Green building 0.059 Green, technology, materials, ecology, construction
11 Business model 0.053 Users, partners, business processes, revenues, business models
12 Digital talents 0.006 Talent, academia, team, high quality, difficult problems.

4.3. Thematic Analysis

As can be observed from the theme identification in Table 2, are some hot topics
that are emphasized in research on the digital transformation of the construction industry.
Hereafter the 12 hot topics are analyzed in turn.
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1. Digital technology. In recent years, digital technologies such as 3D printing technol-
ogy, robotics, Internet of Things, assembly, BIM (Building Information Model) and digital
twin have been widely used in construction industry [42,43]. BIM technology, in particular,
has been popularized in China’s construction industry, but at present, the effect of these
technologies on the digital transformation of the construction industry is quite limited.
Indeed, digital construction technology in China’s construction industry is used for the
purpose of application, but only for the bidding of engineering projects, which fails to
fundamentally improve the efficiency, quality, safety and environmental protection level of
engineering projects. Therefore, and in the future, it is important to promote the innova-
tion and development of digital scientific and technological achievements through digital
technology as well as enhance the core competitiveness of construction enterprises, so as to
promote the structural change and digital transformation of the construction industry.

2. Policy environment. With the deepening of the digital transformation process in
the construction industry, the policies and systems for the digital transformation of the
construction industry have become more and more prominent, which has become a hot
topic in the research and practice of the digital transformation of the construction industry.
In many cases the government is the leader and regulator of the digital transformation of
the construction industry. Moreover, laws and regulations have a positive impact on the
digital transformation of the construction industry [44,45]. For example, the United States,
Australia, countries in the European Union as well as other countries have relatively robust
legal systems in terms of protecting scientific and technological innovation, and research
and development of digital technologies related to the construction industry is also at
the forefront of the world. Financial policies from governments, such as loan discounts,
tax reduction and exemption, and financial subsidies, can also effectively stimulate the
enthusiasm of construction enterprises for digital transformation [18].

3. Financial strength. In order to truly realize digital transformation, enterprises must
improve and upgrade existing equipment and introduce digital talents and technologies.
However, in recent years and with the global epidemic situation, rising labor costs, slowing
consumer demand, and tightening of national housing policy, the continuous operating
costs of construction enterprises, especially small and medium-sized construction enter-
prises, are constantly rising [46,47]. Faced with the natural cost of digital transformation,
unpredictable transformation cycle and uncertain transformation income, the construction
enterprises, which have insufficient funds, hold a cautious wait-and-see attitude towards
digital transformation. Thus, capital has become a major constraint factor in the transfor-
mation of most construction enterprises.

4. Enterprise management level. Under the tide of digitalization, the market always
completes self-renewal and upgrading in the process of constantly eliminating those enter-
prises that are inefficient and ineffective in providing value to users. The deep integration
of digital technology within the construction industry is not only beneficial to the quality
change, efficiency change and power change of the construction industry, but also related to
the competitive advantage of enterprises in the market [34,48]. Therefore, with the full ap-
plication of digitalization in the construction industry, construction enterprises are required
to make adaptive management changes and adjustments to their internal organizational
structure, marketing mode, product design and employment mode [49]. There is also a
need to continuously improve the efficiency of value creation and supply and achieve the
deep integration of digital technology and construction industry.

5. International digital environment. Nowadays, the world has entered the digital
age, and the data resources provided by digital technologies, such as artificial intelligence,
Internet of Things, and big data have replaced the dominant position of old production
factors, such as coal and oil. The production process is more dependent on capital invest-
ment and technical support, which adversely affects the traditional resource-intensive and
labor-intensive construction industry. For the traditional Chinese construction industry,
this means that the low-cost dividend disappears, and the industrial space is squeezed,
which potentially leads to the decline of the position of China’s construction industry in the
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world. On the contrary, countries with advanced technology, intensive capital and a higher
education level will have more advantages over the competition [50]. Therefore, China’s
construction industry must seize the opportunity in the process of digital transformation
and improve its position in the global value chain.

6. Scientific and technological innovation ability. With the advent of the digital age, the
capabilities afforded by scientific and technological innovation has become the foundation
for the survival and steady development of construction enterprises [51,52]. The economic
benefit brought by scientific and technological innovation is not only a symbol to measure
the survival and competitiveness of enterprises, but also a core factor to measure the market
position and growth potential of enterprises. Although construction enterprises continue
to increase the intensity of scientific and technological innovation, most of them are still
at the level of imitation learning and technology introduction, as well as lacking core
technologies with independent intellectual property rights. Indeed, the contribution rate of
scientific and technological innovation has been at a low level [53], and the core technology
“card neck” problem has not been alleviated. This is accompanied by the acceleration of
economic globalization, the influx of internationally renowned construction contractors,
the increasingly fierce competition in the construction market, and the unsustainable
traditional development mode of the construction industry. Under the new situation,
China’s construction enterprises must adapt to the market changes and the demand of
engineering science and technology and improve the level and ability of scientific and
technological innovation, so as to gain the initiative in market competition and realize the
high-quality development of the construction industry.

7. Ordinary labor force. In the context of an aging population and declining demo-
graphic dividend, the construction industry, as a labor-intensive industry, has received a
huge impact [52]. On the one hand, existing construction workers are becoming older. On
the other hand, as an important source of labor in the construction industry, the new gener-
ation of migrant workers are less and less willing to enter the construction industry [54].
As the main part of the labor force, the middle-aged and elderly workers often update their
skills slowly with sometimes limited adoption of digital knowledge and technology, and
often can’t adapt to the mechanized and intelligent construction environment [55]. In order
to alleviate the pressure of an aging construction industry, construction enterprises must
speed up digital transformation, promote the transformation of production mode and the
adjustment and optimization of industrial structure.

8. Entrepreneurship. Entrepreneurship is a key driving force for economic develop-
ment, and it has an important influence on the practical effect of digital transformation [56,57].
Some researchers have divided entrepreneurship into two types, namely innovative en-
trepreneurship and arbitrage entrepreneurship [58]. Driven by innovative entrepreneurial
spirit, construction enterprises actively explore the path of deep integration of digital
technology and the construction industry, overcome the difficulties and obstacles in the
implementation of digital transformation of construction industry, promote the coopera-
tion efficiency of digital supply chain among construction enterprises, and continuously
improve the performance of construction enterprises. In addition, by exerting the diffusion
effect of entrepreneurship in management practice, it is helpful to improve the risk-taking
awareness of construction enterprises, speed up the effective transformation of knowledge
and information acquired by construction enterprises through the external network to the
inside, and exert the knowledge spillover effect to achieve enterprise performance growth.

9. Social responsibility. As far as construction enterprises are concerned, there is a
need to express a social responsibility to employees, customers, shareholders, suppliers,
government and other stakeholders, which is an effective way to shape the firm’s corporate
image and potentially improve financial performance [59,60]. So as to better promote the
digital transformation of enterprises. As far as the government is concerned, it is also
willing to encourage construction enterprises to actively undertake social responsibilities
and form positive feedback through financial subsidies and loan interest subsidies. In
addition, enterprises’ active social responsibility can not only enhance consumers’ internal
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perception, which has a positive effect on the digital reform of enterprises, but also enhance
enterprises’ external perception. Consequently, the positive response of enterprises’ internal
mechanism to digital reform will also be strengthened [61].

10. Green buildings. The proportion of carbon emissions in China’s construction
operation stage accounts for 22% of the total carbon emissions in the whole society. There-
fore, energy conservation and carbon reduction in the construction sector is crucial to the
realization of China’s “30.60” double-carbon strategic goal [62]. In the era of the digital
economy, digital technology is the best tool to achieve China’s double-carbon goal [63]. In
this context, it is urgent for the construction industry to step up the rate of digital trans-
formation to achieve the goal of double carbon. In addition and according to the goal of
digital transformation, green upgrading has become an important supporting force for
high-quality economic development and securing people’s happy and content life [64]. The
demand for green upgrading of the construction industry has also forced enterprises to
pursue the road of digital transformation.

11. Business model. It can be observed that innovation through digital technologies
(such as the Internet of Things, big data, machine learning and artificial intelligence as
well as cloud computing) continuously promote the high-quality development of China’s
economy, and correspondingly the traditional business model of enterprises has undergone
subversive changes [65,66]. The construction industry is no exception. Facing the uncer-
tainty and complexity of the development of the digital economy, construction enterprises
must innovate their business models to identify the direction of digital technology change,
secure industrial policy orientation, find competitors’ threats and catch customers’ demand
trends, as well as quickly search for exploratory knowledge that matches the development
orientation through environmental insight [67]. This is required to successfully realize
the process of digital transformation, otherwise, the opportunities arising from digital
transformation may not be effectively identified and eventually pursued [68].

12. Digital talents. Digital talents are an important factor of production for digital
transformation. There is therefore a need to upgrade the level of talents in the construction
industry, which is related to the development of digital science and technology capabilities
in the construction industry [69,70]. With the development of digital theory and technology
in the construction industry, the demand for talents who have a good understanding of
both information and communications technology (ICT) as well as engineering technology
is huge. In this context, the shortage of digital talents is one of the main factors that
restricts the digital transformation of the construction industry [71]. Only by enhancing
the mechanism of talent development, improving the quality of talents, and building
the digital innovation mechanism of cooperation between companies and scholars under
the government, equality and Industry-University-Research, can the successful digital
transformation of the construction industry be realized [72].

4.4. Determination of the Relationship of Indicators Based on the DEMATEL Method

There is a mutual influence relationship among the impact indicators of the digital
transformation of the construction industry. The influence relationship and degree can
be determined by DEMATEL, and the indicators are recorded as Si{i =1, 2, J . . . 11, 12} in
order. First, 30 experts in the construction industry were given questionnaires to collect the
mutual influence among the indicators of digital transformation of the construction industry
judged by each expert. The 30 experts have been engaged in construction and management
related work in the construction industry for many years. All of them have senior engineer
and above titles, and there are many senior engineers at the level of chief engineer and
professor, with rich professional experience and high credibility. The questionnaire uses
the scale of 0–3 to indicate the degree of influence among indicators. See Table 3 for the
scale and corresponding meanings. After calculating the arithmetic average of data from
the 30 experts, the direct influence matrix A is obtained.
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Table 3. Scale and meaning.

Scale aij Meaning

0 Has no effect on Si Sj.
1 Have weak influence on Si Sj.
2 Have a moderate impact on Si Sj.
3 Have strong influence on Si Sj.

The maximum method is used to standardize the direct influence matrix A, and the
standardized direct influence matrix X is obtained. Where aij is the value of the i-th row
and the j-th column in A.

X =
A

max1≤i≤12 ∑12
i=1 aij

(3)

The comprehensive influence matrix is calculated with the help of MATLAB software.
The Formula (4) is used to calculate the comprehensive influence matrix, where T is the
comprehensive influence matrix and E is the identity matrix.

T = X(E − X)−1 (4)

In order to remove the less influential values in the digital transformation index
system of the construction industry, a reasonable threshold λ is selected to process the
comprehensive impact matrix T, and the processed comprehensive impact matrix D is
obtained. When aij ≤ λ in the comprehensive influence matrix T, aij = 0 is taken as the
comprehensive influence matrix D after treatment, which indicates that Si has no influence
on Sj or the influence degree is negligible, otherwise aij = 1 is taken, which indicates that
Si has influence on Sj. The value of λ is usually judged according to the experience of
experts, which also makes its value subjective. In order to effectively reduce the influence of
subjective experience on the results, this paper chooses the sum of the mean and standard
deviation of each value in the comprehensive influence matrix T as the value of λ.

D =



0 1 1 1 1 0 0 0 0 0 0 0
0 0 1 1 1 0 0 0 0 1 0 0
0 1 0 1 1 0 0 0 0 1 0 0
0 0 0 0 0 0 0 1 1 1 0 0
0 0 1 1 0 0 0 0 0 1 0 0
0 0 1 1 1 0 1 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0
1 1 0 0 0 0 0 0 1 1 0 1
0 0 0 1 1 1 0 1 0 1 0 1
1 1 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 1 0 0
0 0 0 0 0 0 0 0 0 1 0 0



(5)

4.5. ANP Calculation Index Weight

The process of calculating index weight by ANP is extremely complicated, and it is
difficult to calculate by manual method. Therefore, this study uses ANP programming
calculation software Super Decision (SD for short) to calculate the index weight by ANP.

The twelve key influencing factors from the LDA theme model are summarized
as follows:

• Enterprise resources (A1): capital resources (financial strength) and human resources
(digital talents);

• Enterprise capability (A2): management capability (enterprise management level),
scientific and technological innovation capability, organizational change capability
(business model);
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• Enterprise spirit (A3): entrepreneurship and social responsibility;
• Macro environment (A4): policy environment, technical environment (digital technology);
• Industry environment (A5): market competition (international digital environment),

aging labor force (ordinary workers), green requirements (green buildings).

According to the comprehensive influence matrix d obtained by DEMATEL, the ANP
network structure for digital transformation of the construction industry is established,
as shown in Figure 5. In the figure, the two-way arrow indicates that the indexes in two
element groups influence each other, the one-way arrow indicates that the indexes in the
tail element group influence the indexes in the head element group, and the circular arrow
indicates that the indexes in the element group influence each other. Among them, the
comprehensive evaluation system of the key influencing factors of digital transformation
of construction industry is the control layer; Enterprise resources A1, enterprise capabilities
A2, enterprise spirit A3, macro environment A4 and industry environment A5 are the first-
level indicators in the network layer; Resources A11, human resources A12, management
ability A21, scientific and technological innovation ability A22, organizational change ability
A23, entrepreneurship A31, social responsibility A32, policy environment A41, technical
environment A42, market competition A51, aging workforce A52 and green requirement
A53 are secondary indicators, that is, A = (A1A2A3A4A5); A1 = (A11A12); A2 = (A21A22A23);
A3 = (A31A32); A4 = (A41A42); A5 = (A51A52A53).
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Firstly, based on the comprehensive impact matrix D, the correlation of the first-level
and second-level indicators is listed. Due to the limited space, only the correlation of
the first-level indicators is shown in Table 4. Then, the 30 experts were invited to fill
out the questionnaire by using the nine-level scale method. The scale and meaning are
shown in Table 5. The data were averaged and rounded to form a judgment matrix,
which was input into SD. After passing the consistency test, the unweighted hypermatrix,
weighted hypermatrix and extreme hypermatrix were calculated by SD. See Tables 6–8 for
the comprehensive weight of each secondary index. Finally, comprehensive weights of the
secondary indicators were sorted, followed by calculation of the weights of the primary
indicators, and formation of the index weight table of the comprehensive evaluation system
for digital transformation of the construction industry, as shown in Table 9.
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Table 4. The correlation of first-level indicators.

Affected Factors Enterprise
Resource A1

Enterprise
Capability A2

Enterprise
Spirit A3

Macro
Environment A4

Industry
Environment A5

Enterprise resource A1 1 6 0 0 1
Enterprise capability A2 1 4 0 2 3

Enterprise spirit A3 0 5 1 0 1
Macro environment A4 2 2 1 2 4
Industry environment 2 1 0 1 2

Table 5. The scale degree and meaning of the nine-grade scale method.

Scale aij 1 3 5 7 9 2, 4, 6, 8

Definition

Two elements, A and
B, have the same
influence when
compared with

each other.

Comparing the
two elements A
and B, A has a
slightly greater

influence than B.

Comparing the two
elements A and B,

A has greater
influence than B.

Comparing the
two elements A

and B, A is
more influential

than B.

Comparing two
elements, A and B, A

is absolutely more
influential than B.

mean value

Table 6. The unweighted hypermatrix.

A11 A12 A21 A22 A23 A31 A32 A41 A42 A51 A52 A53

A11 0 0 0 0 0 0 0 0.88889 0 0.90000 0 1
A12 1 0 1 0 0 0 0 0.11111 0 0 0 0
A21 0.61538 0.67080 0 0 0.66667 0.65863 0 0 0 0 0 0
A22 0.30769 0.25596 0.75000 0 0.33333 0.26275 0 0 0.80000 1 0 0
A23 0.07692 0.07325 0.25000 0 0 0.07862 0 0 0.20000 0 0 0
A31 0 0 0 0 0 0 1 0 1 0 0 0
A32 0 0 0 0 0 1 0 0 0 0 0 0
A41 0 0 0 0.83333 0 0 0 0 1 0 1 0
A42 0 0 0 0.16667 0 0 0 1 0 0 0 0
A51 0 1 1 1 1 0 0 0.66667 0.66667 0 10 1
A52 0 0 0 0 0 0 0 0 0 0 0 0
A53 0 0 0 0 0 0 0 0.33333 0.33333 0 0 0

Table 7. The weighted hypermatrix.

A11 A12 A21 A22 A23 A31 A32 A41 A42 A51 A52 A53

A11 0 0 0 0 0 0 0 0.58551 0 0.30499 0 0.83564
A12 0.34188 0 0.31700 0 0 0 0 0.07319 0 0.03389 0 0
A21 0.40543 0.60581 0 0 0.60561 0.52690 0 0 0 0 0 0
A22 0.20271 0.23166 0.46486 0 0.30281 0.21020 0 0 0.51722 0.66112 0 0
A23 0.05068 0.06615 0.15495 0 0 0.06289 0 0 0.12943 0 0 0
A31 0 0 0 0 0 0 1 0 0.18194 0 0 0
A32 0 0 0 0 0 0.20000 0 0 0 0 0 0
A41 0 0 0 0.53335 0 0 0 0 0.10808 0 0.64002 0
A42 0 0 0 0.10667 0 0 0 0.21583 0 0 0 0
A51 0 0.09688 0.06249 0.35998 0.09158 0 0 0.08365 0.04189 0 0.35998 0.16436
A52 0 0 0 0 0 0 0 0 0 0 0 0
A53 0 0 0 0 0 0 0 0.04183 0.02094 0 0 0
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Table 8. The weighted limit hypermatrix.

A11 A12 A21 A22 A23 A31 A32 A41 A42 A51 A52 A53

A11 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395 0.12395
A12 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278 0.10278
A21 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588 0.14588
A22 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437 0.24437
A23 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362 0.04362
A31 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262 0.01262
A32 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252 0.00252
A41 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633 0.13633
A42 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549 0.05549
A51 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589 0.12589
A52 0 0 0 0 0 0 0 0 0 0 0 0
A53 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686 0.00686

Table 9. Index weights of the comprehensive evaluation system for digital transformation of the
construction industry.

Primary Index Weight w Secondary Index Comprehensive Weight w Sort

Enterprise resource A1 0.22673
Resources A11 0.12395 5

Talent resources A12 0.10278 6

Enterprise capability A2 0.43387
Management ability A21 0.14588 2

Technological innovation capability A22 0.24437 1
Organizational change capability A23 0.04362 8

Enterprise spirit A3 0.01514
Entrepreneurship A31 0.01262 9

Social responsibility A32 0.00252 11

Macro environment A4 0.19182
Policy environment A41 0.13633 3

Technical environment A42 0.05549 7

Industry Environment A5 0.13273
Market competition A51 0.12587 4

Aging workforce A52 0 12
Green A53 0.00686 10

5. Conclusions and Discussion
5.1. Main Conclusions of the Study

Based on the LDA-ANP model, this study determines the key factors influencing for
the digital transformation of the construction industry. The study systematically explains
the key factors and the theoretical logic of digital transformation of the construction industry
and constructs a comprehensive quantitative evaluation system. The specific conclusions
arising from the empirical research study are as follows:

Firstly, the study identifies the key factors for the digital transformation of the con-
struction industry. Among them, enterprise resources (capital resources, human resources),
enterprise capabilities (management capabilities, technological innovation capabilities, en-
terprise transformation capabilities) and enterprise spirit (entrepreneurship, social respon-
sibility) are internal influencing factors, whereas macro-environment (policy environment,
technical environment) and industry environment (market competition, aging labor force,
green requirements) are external influencing factors.

Secondly, the study establishes a comprehensive evaluation system for digital transfor-
mation of the construction industry through ANP and reveals that the five elements have
different levels of influence on digital transformation in the construction industry. Among
them, enterprise capability has the most significant impact on the digital transformation
of the construction industry. In the era of the digital economy, organizational boundaries
have been broken. Therefore, only by actively integrating digital technology with building
related entities and making adaptive adjustments to management methods and internal
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functions can construction enterprises effectively enhance their competitiveness and occupy
a competitive advantage in the era of the digital economy.

5.2. Theoretical Contribution

This study gives rise to a number of theoretical contributions to the body of literature,
which are summarized as follows.

Firstly, the LDA theme model is applied to the construction industry, and based on
Wos and Cnki databases, the frontier hotspots of digital transformation in the construction
industry are deeply excavated, which to some extent avoids the limitations caused by
insufficient samples. For example, Yiyue Wang et al. studied the influence of human capital,
management level and technical ability on the transformation of construction industry [73],
but they lacked the factors influencing the transformation of construction industry from
the perspective of entrepreneurs’ own characteristics and international competition. This
study discusses the key influencing factors of the digital transformation of the construction
industry as a whole, and clarifies the key factors affecting the digital transformation of
the construction industry. However, the existing research results mostly explore certain
influencing factors from a limited perspective, lacking the overall perspective achieved in
this study.

Secondly, the comprehensive evaluation system of key influencing factors for digital
transformation in the construction industry is constructed by ANP, and each key influencing
factor is systematically analyzed and quantitatively evaluated. This approach provides
theoretical support for digital transformation of construction industry, and also provides
a reference for management decisions in construction enterprises to adapt to the digital
economy era.

Thirdly, based on the fusion method of machine learning and network analytic hi-
erarchy process, the key influencing factors of digital transformation in the construction
industry are excavated and analyzed, and the comprehensive evaluation system of digital
transformation of the construction industry is obtained, which represents an innovation
application of the research method.

5.3. Management Implications

With the rapid development of the global digital economy, the need to understand how
to carry out digital transformation is a challenge that every enterprise in the construction
sector needs to face. According to the current situation in the construction industry,
addressing this question has become an urgent problem to be solved. Therefore, this study
provides guidance for the construction industry and corresponding management functions
to devise effective digital transformation strategies according to the following directives:

Firstly, there is a need to establish an improved awareness of digital transformation.
Traditionally, construction enterprises mainly focus on the quantity, quality and the price
of products and services. Whereas in the digital economy, the management of construction
enterprises will be integrated with users, and the corresponding models of products and
services are centered on the creation and supply of value. Digital transformation is not
only the use of digital technology to improve efficiency, but also represents a potential
change of competition mode, as well as the change of enterprise management thinking and
internal organizational structure. Therefore, if an enterprise wants to secure a competitive
advantage in the new era of the digital economy, such an enterprise must establish a sense
of transformation as soon as possible, fundamentally change the traditional management
concept, and accelerate the deep integration of digital technology and architectural entities.

Secondly, there is a need to formulate a digital transformation strategy suitable for the
context of the construction enterprise. In regard to the general trend of digital transforma-
tion, construction enterprises urgently need to formulate digital transformation strategies.
According to the internal strategic management elements and external environment of
the enterprise, there is a need for enterprises to analyze their strengths and weaknesses
and devise a feasible digital strategy and corresponding implementation plan. Although
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there is no universal digital strategy, “successful enterprises are the same, and failed en-
terprises have their own misfortunes” [49], which requires enterprises to meet the key
requirements of digital transformation in advance according to the concept of “system
determines success or failure”, and at the same time, to “make up for shortcomings” in time
according to the characteristics of “taking one lead and moving the whole body”. Although
in reality, the process of digital strategic transformation is a complex system engineering,
which requires not only the focus of construction enterprises at the technical level, but
also adequate consideration by management functions, system implementation as well as
careful consideration and effective engagement of various interest groups.

5.4. Shortcomings and Prospects

Although the study seeks to develop a reliable model through rigorous verification,
there are some research limitations: (1) The number of samples selected in this study is
large (articles), which has certain practical significance, but only papers and meeting are
taken into account, and patents, corporate reports and other contents are not taken into
account. In the future, we can consider expanding the sample size to fully understand the
development state of the digital transformation field of the construction industry; (2) The
labels of each theme are summarized by the author according to the key words and their
own subjective judgment, which has a certain level of subjectivity. Therefore, future studies
are proposed that would adopt methods to reduce the impact of such subjectivity.
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