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SUMMARY: Industry 4.0 embraces digitization and smart products or processes that are integrated with several
technological developments to control the entire value chain of workflows. The construction industry is also
captivated with the idea of Industry 4.0 transformation that changes the traditional system into digital and cyber-
physical system that interacts and connects across the geographical and organizational borders. However, as
construction is commonly known as a low-technologically advanced industry, studies on Industry 4.0 in
construction still remains elusive, as compared to other sectors such as manufacturing, electrical and electronic
engineering and computer science. Therefore, this study aims to explore the current state of Industry 4.0
application from the construction engineering perspective. A systematic literature review (SLR) was conducted to
identify publications related to Industry 4.0 in construction. A bibliometric analysis has been outlined through
exclusion and inclusion principles, while a scientometric analysis has been further applied to enhance the SLR
findings through ‘science mapping’ visualization techniques. This study presents the relevance, along with the
movement, adoption and adaption of Industry 4.0 in the construction industry that further enables the spark of
new ideas, in effort to realize and comprehend the current and future technological transformation in construction.
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1. INTRODUCTION

The term Industry 4.0 or Industrie 4.0 have been globally introduced by the German federal government in 2011
(Bahrin et al., 2016). Industry 4.0 is proposed as a new emerging structure that uses information and
communications network of data sharing for a widely automated exchange of information between production and
processes. Industry 4.0 will change the design, production, operation and service of invention and organization
(RuBmann et al., 2015). According to Vaidya et al., (2018), Industry 4.0 is defined as a new level of organization
and control over the entire value chain and life cycle of products, geared towards increasing individualized
customers’ requirements. The nine pillars of Industry 4.0 are systems integration, augmented reality, additive
manufacturing, cyber-security, cloud computing, autonomous systems, simulation, internet of things and big data.

Various studies have been carried out on the applications of Industry 4.0, but only few have been conducted from
the construction engineering perspective. For instance, Industry 4.0 is used most in the engineering sector,
computer science, business management, decision science, mathematics, material science, social science and many
more (Glas & Kleemann, 2016; Lu, 2017; RiiBmann et al., 2015). However, based on a study by Liao et al. (2017),
the three engineering fields that applied Industry 4.0 the most are electrical and electronic, industrial and
manufacturing and mechanical. Limited studies were found on the applications of Industry 4.0 in construction
engineering, as the field of study is still in the process of formation, which necessitates further investigation
(Oesterreich & Teuteberg, 2016). This is resonated by Klinc and Turk (2019), who have further shared their
thoughts on how construction is considered to be ahead on the adoption of Industry 4.0 elements, as well as the
potentials of the concept within the sector.

Construction industry is one of the sectors that contributes to the Gross Domestic Product (GDP) of a nation
through economic development, by creating capital trades and resource purchase processes (Osunsanmi et al.,
2018). Industry 4.0 consists of technologies and concepts that could automate the construction process and creates
new construction environments by adopting smart factories, simulation/modelling and digitization (Oesterreich &
Teuteberg, 2016). The adoption of Industry 4.0 in the construction sector is expected to increase the productivity
and profitability towards construction’s development (Holt & Kearney, 2015). However, the common conception
of low-technological adoption in construction still looms the industry and the lack of innovation and technological
processes in construction would increase the gap between Industry 4.0 and construction.

Therefore, this study seeks to explore the current state of Industry 4.0 in the construction industry. From a
systematic literature review (SLR), bibliometric analysis, content analysis and scientometric analysis techniques
have been conducted to explore the nature of Industry 4.0 in the current construction sector. This study aims to
address the following research questions:

e What are the current pillars of Industry 4.0 that have been adopted in the construction engineering
practice?

e How has the construction industry adapted the concept of Industry 4.0 within the construction engineering
practice?

2. METHODOLOGY

The research methodology for this study is shown in Fig. 1. A combination of several different analyses has been
conducted to achieve the purpose of this study, namely bibliometric analysis, content analysis and scientometric
analysis through systematic literature review (SLR). SLR is essential in drawing the boundary, gap of research and
limitations of study (Comerio & Strozzi, 2018). According to Saunders et al., (2007), a SLR is an interactive cycle
of defining suitable search keywords, searching related documents and execute content analysis. In a recent study,
Oesterreich & Teuteberg (2016) have adopted the SLR method to obtain the state-of-the-art of Industry 4.0
technologies practiced in the construction industry, which were then analysed through bibliometric and content
analysis. The preliminary data source for this study has been retrieved from the Scopus database. According to
Zhao & Strotmann (2015), the Scopus database is the most commonly used database for citation because the
database covers nearly 60% of the citation index, larger than Web of Science (WoS).

In research method, the SLR approach was first employed to collect the relevant information and data by isolating
the papers according to the keywords, language, document types and etc. Secondly, a bibliometric analysis has
been conducted to refine influential research and to identify research trends using quantitative analysis.
Bibliometric analysis is essential in order to investigate and further understand the research by defining research
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categories, evaluating relevant sectors and tracking research disciplines (Olawumi et al., 2017). Thirdly, the
structural process in content analysis describes the literatures in categorical terms, in order to address the purpose
of this study. A careful review of the title and abstract was performed to analyse the current state of Industry 4.0
in construction engineering. Finally, in order to enhance the findings from the bibliometric and content analysis, a
scientometric analysis was conducted by using a text mining software.

Problem
Statement Data .
Collection Data Analysis
Research + Systematic « Bibliometric, Discussion and
Purpose Literature Content and Conclusion
: Scientometric
Research (Rselil"qe)w Analysis
Questions \
7 4 7 4
Introduction Research Method

FIG. 1: Research Methodology

According to He et al., (2017), a scientometric analysis could be used to construct knowledge maps by allowing
bibliometric data to be interpreted into new insights for research objectives, based on accurate representation and
analysis of previous research efforts. Following this method, a summary of current status and future direction of
studies can be determined. Van Eck & Waltman (2014) mentioned that there are various text mining software tools
that could be used to carry out science mapping analysis, such as CitNetExplorer, CiteSpace, Gephi, HistCite,
Pajek, Sciz and VOSviewer. In this study, the VOSviewer software has been used to analyse key findings from the
literature and the results will be illustrated in the form of science mapping with further critical discussions. The
VOSviewer software has been selected, over the other software, as VOSviewer is most suitable for visualising
larger networks (Van Eck & Waltman, 2014). In addition, Jin et al., (2018) have also highlighted the increasing
adoption of this software among construction field researchers.

2.1 Systematic Literature Review

Systematic Literature Review (SLR) is an appropriate and suggested technique to summarize current knowledge,
as well as to discover conceivable research gaps in a research process (Oesterreich & Teuteberg, 2016). Research
gaps are important to strengthen a field of study, as the use of SLR guideline enables the identification and analysis
of scientific and practical literatures (Kamble et al., 2018). Fig. 2 shows the six processes adopted for the SLR in
this study (Kamble et al., 2018).

The assessment criteria for the SLR of this study is given in Table 1, which comprises of the principles of exclusion
and inclusion in order to obtain a precise and related dataset for further analysis.

TABLE 1: Inclusion and exclusion criteria

Inclusion/ Criteria Criteria Explanation Results

Exclusion (No. of Documents)
Search SER 1: The search engine used was Scopus SER 1: 6086
Engine SER 2: All searches were limited to works published from SER 2: 6081

Reason (SER) 2011 until the current year because the IR 4.0 have been
officially introduced in year 2011 at the Hanover Fair by
the German Government

S SER 3: Papers with relevant title, abstract and keywords SER 3: 5440
5 in English only
u% Without Full-  Papers without full texts were assessed WEF: 5440
text (WF)
Non-Related  Excluded articles published in letter, editorial, note, short NR: 4646
(NR) survey, business article or press article-in-press, review,
editorial, short survey and erratum
Loosely The content is irrelevant with keywords searched: LR: 4646

ITcon Vol. 25 (2020), Zabidin et al., pg. 289



Inclusion/ Criteria Criteria Explanation Results
Exclusion (No. of Documents)
Related (LR)  “Industrial Revolution 4.0”, “Industry 4.0”, “IR 4.0” and
“Industrie 4.0”
Partially Search mentioning construction engineering based on the PR: 3004
Related (PR)  four major keywords and Engineering
c (“Industrial Revolution 4.0”, “Industry 4.0, “IR 4.0” and
o . . .
'z “Industrie 4.0” + Engineering)
S Strongly Focus on papers containing the descriptions of Closely Related
= Related (SR)  Construction Engineering within the four keywords (CR): 299
(“Industrial Revolution 4.0”, “Industry 4.0”, “IR 4.0” and
“Industrie 4.0” + Engineering + Construction)
Only papers on the application of “Industrial Revolution  Relevant Papers: 12
4.0”, “Industry 4.0”, “IR 4.0” and “Industrie 4.0 topics
are selected
*The first strategy is to identify relevant data sources for the systematic search.

Step 1 An electronic database, Scopus was used to access a wide range of publication.
Database Scopus database is the largest abstract and citation database of peer-reviewed
Selection literatures that delivers an overview of the world's research output in the fields

of science, technology, medicine, social sciences, arts and humanities.

Step 2 «The four major keywords used in this study are: “Industrial Revolution 4.0, “IR
Keyword { 4.0”, “Industry 4.0” and “Industrie 4.0”. These keyword selection is to identify
Selection the most relevant publication in regards to the subject matter.

*Based on the initial research, a total of 6086 numbers of publication have been
identified. From that, searches were limited to works published from year 2011
Step 3 until June 2019, since IR 4.0 was only officially introduced in year 2011 at the
. Hanover Fair by the German Government. Only publications within the relevant
Screening title, abstract and keywords in English have been selected. Furthermore, only
publications in the form of article and conference were selected to ensure the
reliability of the research sources.
Step 4 « Further process would be to refine the results through removal of duplications
L { and select only publications that include “Engineering” and “Construction” in
Filtering the keyword.
Step 5 +Descriptive analysis represents the statistical result from the database, such as
o year of publication, country distribution, type of document and publication
Descriptiv { details. The collected data were analysed quantitatively and finally, illustrated
e Analysis through statistical and graphical representations.

Step 6 .

«From 3004 (partially related, PR) searches resulted from the database, only 299

Results publications were found to be closely related (CR) to construction engineering,

. and based on the four major keywords and finally only 1 relevant papers on the
D'SCUSS'O’; applications of Industry 4.0 in construction were discussed.

FIG. 2: Steps adopted for the systematic literature review
2.2 Bibliometric Analysis

The aim of this study can be achieved by applying the bibliometric technique in conducting quantitative analysis
of previous published papers that are closely related to this study, based on the SLR data. In reference to Table 1,
only Strongly Related (SR) 299 publications from the SLR were further analysed. This technique was conducted
to obtain an overview of the descriptive data such as year, country, types of documents and trends of publication.
Fig. 3 shows the outline for the bibliometric analysis.
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2.3 Content Analysis

Content analysis has been used to further derive findings from the exclusion and inclusion method given in Table
1. The aim of this method is to investigate the current applications of Industry 4.0 in construction practices from
the Scopus database. This method has been applied following Mayring’s model, as shown in Fig. 4. Firstly, the
research questions were referred in order to align the analysis with the research purpose. Secondly, the formulation
of categories is conducted based on the papers’ definitions, examples and keywords, and finally, only papers
closely related to the subject matter are chosen to be further discussed.

> Research Questions > Categories formulation > Results discussion >

FIG. 4: Content analysis procedure (Mayring, 2000)
2.4 Scientometric Analysis

Scientometric analysis is one of the methods to visualize bibliometric networks in order to synthesize science
mapping that describes peculiar disciplines, scientific realms and research framework from comprehensive bodies
of literature and large bibliographical dataset (Cobo et al., 2011). A thorough literature review approach was
conducted by using a text-mining tool, VOSviewer to scrutinize a large diversity of bibliometric networks. The
tool extends from citation relations between publications, to networks of co-authorship relations between
researchers, and co-occurrence relationship between keywords (van Eck & Waltman, 2014). Based on the SLR
conducted earlier, only limited numbers of related findings have emerged. Therefore, this innovative visualization
technique has been selected to analyse and display a larger network from the Scopus database. Fig. 5 shows the
data mining process for this study.

> Bibliometric Search Scientometric Analysis Qualitative discussion
Data processing using : :
Data sources from Scopus VOSviewer Results and discussion

FIG. 5: Processes of Science Mapping Analysis

In this section, findings from the bibliometric analysis have been used as the basis for the scientometric analysis.
From the SLR, the most comprehensive paper on Industry 4.0 in construction was written by Oesterreich &
Teuteberg, 2016, who have utilised a triangulation approach in discussing the implications of digitisation and
automation, as well as the research agenda for the construction sector. This article has captured 14 elements of
Industry 4.0 from the context of construction. The 14 elements have been used as the keyword search in the Scopus
database, for this study. The study area is limited to the time frame between year 2011 until 2019 and only English-
language publications were selected. The subject area searched for this study are “engineering” and
“construction”. After the refining process, a total of 2417 papers were found related to this study. Table 2 shows
the resulting papers from the Scopus search.
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The next stage involves the visualization process of the 2417 papers that have been transferred into the VOSviewer
software. The purpose of this step is to analyse the bibliometric records directly from Scopus and generate maps
from the network analysis (Hosseini et al., 2018). The types of analysis conducted were co-authorship, which
identifies the authors, as well as country units and co-occurrence analysis, which analyses the author keywords
based on the bibliometric data obtained. The network of author keywords will pinpoint the frequently studied
topics, along with the inter-relatedness among publications (Jin et al., 2018). Furthermore, the author and country
units illustrate a list of numbers where the adoption/adaption of Industry 4.0 applications were used the most. The
VOSviewer provides three types of visualizations, which are network, overlay and density visualization. In this
study, only network and density visualizations were used as both visualizations provide clearer results for this
study. The network visualization indicates the weight of an item that set equally to the total strength of all links
between the items, while the same colour on the circle shows the cluster of each item (van Eck & Waltman, 2013).
The density visualization shows that the larger number of items are the higher weights of neighbouring items in
contrast to the lowest which is the smaller size of items.

TABLE 2: Distribution of the keywords and articles for Industry 4.0 in construction

Keywords Number of findings
Building Information Modelling (BIM) 1247
Internet of Things (IoT)/Internet of Services (10S) 89
Product-Lifecycle-Management (PLM) 8
Cloud Computing 48
Mobile Computing 22
Augmented Reality (AR)/Virtual Reality (VR)/Mixed Reality (MR) 198
Robotics 484
Radio-Frequency Identification (RFID) 80
Big Data 53
3D-Printing/Additive Manufacturing 101
Smart Factory 0
Human-Computer-Interaction (HCI) 23
Modularisation 7
Cyber-Physical Systems (CPS)/Embedded system 57
Total 2417

3. DATA ANALYSIS

Quantitative descriptive analysis represents research patterns that answers the who, what, where, when and how
questions in order to fulfil the capacities, needs, methods, practices, guidelines, data and classifications of the study
(Loeb et al., 2017). There are three combinations of analyses utilised in this study, namely bibliometric analysis,
content analysis and scientometric analysis.

3.1 Results of Bibliometric Analysis
The bibliometric analysis has been conducted based on the 299 Strongly Related findings, as given in Table 1.
3.1.1  Year-wise trend in publications

Fig. 6 shows the trend of publication-year for Industry 4.0 in construction engineering from year 2014 till June
2019. Exponential growth in publications on the subject matter is observed from year 2016 to 2018, from which
22 to 148 papers were published. This trend shows the greater interest from researches towards Industry 4.0 as a
subject matter in construction engineering.
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FIG.6: Year-wise trend in publications
3.1.2  Country-wise distribution of publications

In reference to Fig. 7, most of the publications were dominated by Germany, followed by Italy, the United
Kingdom, China and the United States. The possible reason for German to top the publication is due to the
country’s public policy of Industrie 4.0, as it was deemed to be one of the earliest, if not the earliest policy
established for navigating through Industrial Revolution 4.0. In addition, the Industrie 4.0 policy was also found
to be the most popular/highest cited policy, as mentioned in Liao et al. (2018). The other early influential public
policies of IR 4.0 for the top five countries were Fabbrica Intelligente (Italy), Future of Manufacturing (UK), Made
in China 2025 (China), and Advanced Manufacturing Partnership (US) (Liao et al. 2018).

Publication-Countries
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FIG.7: The trend of publication across different countries

*Note: Only the top 15 countries with the highest numbers of publication on Industry 4.0 in construction
engineering are highlighted in Fig.7.

3.1.3  Types of documents
Fig. 8 shows that from the 299 documents, 172 documents are journal articles, while the other 127 are conference
papers.

Types of Publications

Conference Paper
42%

Acrticle
58%

FIG. 8: The types of publications
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3.1.4 Publication Details

Fig. 9 shows the number and details of the publications. Procedia manufacturing is the highest contributor to the
publications, followed by Procedia CIRP, International Journal of Advanced Manufacturing and the least
publication comes from Applied Energy.

Publication Details

Procedia Manufacturing  e— ) ()
EEEEEEE—— |
Procedia CIRP  s—— ] ()
eesss———— O
International Journal Of Advanced Manufacturing..

(o]

~~

IFAC Papersonline

EE——— ()
Lecture Notes In Business Information Processing e
ees——— 5
Computers And Industrial Engineering —me—5
/]
Journal Of Manufacturing Technology Management e 4
——— 3
Robotics And Computer Integrated Manufacturing s 3
3
Automation In Construction s 3
- )
CIRP Annals Manufacturing Technology w2
- )
Applied Energy a2
0 5 10 15 20 25

m No. of Documents

FIG.9: Details of the publications
*Note: Only the top 20 publications on Industry 4.0 in construction engineering are highlighted in Fig.9.

Procedia manufacturing has published conference proceedings in the field of manufacturing engineering and a
recent search (retrieved on 2 June 2019) on the source shows that the most downloaded papers were closely related
to Industry 4.0, which are Industry 4.0-A Glimpse (Vaidya et al., 2018) and What does Industry 4.0 mean to Supply
Chain? (Tjahjono et al., 2017). Similar trend was observed in Procedia CIRP, a production engineering publication
and Computers in industry (an ICT related publication) that have featured all Industry 4.0 related papers in the
most downloaded section.

3.2 Content Analysis Results

Findings based on the four main keywords used in the SLR (“Industrial Revolution 4.0”, “IR 4.0”, “Industry 4.0”
and “Industrie 4.0”) for construction engineering, are highlighted in Table 3. From the 299 publications, only 12
publications were selected after the exclusion and inclusion process.

TABLE 3: Findings in relation to Industry 4.0 in construction engineering

Keywords “Keywords” + Engineering + Construction Relevant Papers
Industrial Revolution 4.0 3 0
IR4.0 2 1
Industry 4.0 277 11
Industrie 4.0 17 0
Total 299 12
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Findings in Table 4 indicate that the most popular Industry 4.0 pillar used in construction engineering is simulation.
Five out of twelve applications in construction have adopted simulation, with Internet of Things (IoT), System
Integration and Autonomous System identified in the other publications.

TABLE 4: The applications of Industry 4.0 in construction engineering

No. Title Authors/ Year Application

1. | Industry Revolution IR 4.0: Future Opportunities and = (Alaloul et al., 2018) Literature Review
Challenges in Construction Industry

2. | Automated design and modelling for mass-customized = (Bianconi et al., 2019) Simulation

housing. A web-based design space catalogue for
timber structures

3. | Implications of Construction 4.0 to the workforce and | (Soto et al., 2019) Autonomous
organizational structures System

4. | Digital construction: From point solutions to loT | (Woodhead et al., 2018) Internet of Things
ecosystem

5. | Internet of Things for Structural Health Monitoring (Sciammarella & Olivito, | Internet of Things

2018)
6. | Cyber-physical systems for construction industry (Correa, 2018) Simulation
7. | Dynamic model of implementation efficiency of | (Hotovy, 2018) Simulation

Building Information Modelling (BIM) in relation to
the complexity of buildings and the level of their

safety

8. Industry 4.0 fostering construction supply chain @ (Dallasega et al.,2018) System Integration
management: Lessons learned from engineer-to-order
suppliers

9. | Can constructal law and exergy analysis produce a | (Trancossi et al., 2018) Simulation

robust design method that couples with industry 4.0
paradigms? The case of a container house

10. | Towards the generation of digital twins for facility = (Stojanovic et al., 2018) Simulation
management based on 3D point clouds

11. | Industry 4.0 Concept Introduction into Construction | (Nowotarski & | Literature Review
SMEs Paslawski, 2017)

12. | A decentralized and pull-based control loop for on- = (Dallasega et al., 2016) System Integration

demand delivery in ETO construction supply chains

The existence of review papers also indicate that the subject matter is still at its infancy and researches are still
keen to explore on what has been done in areas related to Industry 4.0 in construction engineering. It is worth
highlighting that the shortlisted papers are mostly published in the recent years of 2018 and 2019, which signifies
that the interest on Industry 4.0 has only been picked-up recently in construction.

3.2.1  Simulation

Construction industry is one of the many sectors that have adopted/adapted Industry 4.0 through simulation, in
order to navigate towards the future direction of construction industrialization. Automated design and modelling
enables mass-customisation of buildings through collaborative strategies, web-based catalogue and Building
Information Modelling (BIM) that influences modern construction companies in embracing Industry 4.0
technologies (Bianconi et al., 2019). Besides that, a set of new processes for planning, design, and construction of
buildings, which are based on virtual models has been implemented via Petri Nets and have been connected with
BIM models and hardware (sensor and actuator) to provide real-time progression monitoring and information
(Correa, 2018). Furthermore, the establishment of BIM enables efficiency by the implementation of the dynamical
model as a tool in complex building industry towards Industry 4.0 (Hotovy, 2018). Meanwhile, for the operation
& maintenance stage of building lifecycle, BIM has been used for intensive process of labour data representation
and 3D point cloud to represent the indoor environment as the basis data for a Digital Twin (DT) (Stojanovic et
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al., 2018). Digital Twin integrated with Constructal Law model in engineering and design process allows effective
optimisation, through knowledge-based, holistic and evolutional perspectives in increasing the performance of
low-cost container house (Trancossi et al., 2018). In general, the notion of Industry 4.0 in construction is heavily
influenced by BIM.

3.2.2  Internet of Things

The construction industry is in a transformational stage of a larger evolutionary process, where the Internet of
Things (1oT) and digital construction should disengage from focusing solely on “point solutions”, and should move
towards transcending digital layers (Woodhead et al., 2018). The adoption of loT enables new digital services such
as Structural Health Monitoring in order to identify, detect and characterize degradation and damages of all types
of engineering structures by providing information about the quality and function of the raw material
(Sciammarella & Olivito, 2018).

3.2.3 Systems Integration

A systems integration of several Industry 4.0 concepts for the construction industry supply chain could address the
common issues of highly customised, with significant numbers of Engineer-To-Order (ETO) components, for a
synchronized construction progress (Dallasega, 2018). Besides that, Dallasega et al., 2016 had earlier introduced
the “Pitching” concepts and “Cyclical Planning” as an approach to break down job orders to synchronize ETO
supply chains of construction progress and to handle unpredictable on-site demands in an efficient way. Hence,
systems integration could potentially address the challenges and complexity inherent in ETO businesses.

3.2.4  Autonomous System

Soto et al., 2019 found that conventional construction with robotics technologies applied in different phases of
project lifecycle have the potential to improve productivity and safety of a project, through the conduct of digital
fabrication (DFAB), namely DFAB HOUSE process that consist of four sub-projects, such as the Mesh Mould
Wall, Smart Slab, Smart Dynamic Casting and Spatial Timber Assemblies for the built of concrete wall.

3.25 Literature Review

The literature review papers represent the introduction, description and general idea of Industry 4.0 in construction.
The evolution of construction industry in support of Industry 4.0 and digitisation, particularly over the last three
years, has started to mature with various companies pointing out the actual and important concepts to achieve
sustainable development (Alaloul et al., 2018). A general idea between Industry 4.0 and construction industry’s
Small Medium Enterprises is steadily increasing, particularly in European countries. Nonetheless, still limited
amount of publications were found in this research field, even though numerous ranges of SMEs are affected by
Industry 4.0 (Nowotarski & Paslawski, 2017).

3.2.6  Summary

In reference to Table 4, only 12 papers have the elements of Industry 4.0 in engineering and construction sector.
Within that, the term Building Information Modelling (BIM) has consistently emerged and thus, suggest that the
construction industry would have adapted technologies, which goes by other names, but with similar functions to
the pillars of Industry 4.0. In order to truly understand the adaption of Industry 4.0 in construction, the keywords
search in the Scopus database has been expanded to “Industry 4.0” and “construction”. The extended search of the
keywords is aimed to identify review papers that could have encapsulated Industry 4.0 applications adapted in the
construction industry.

Findings from the search is shown in Table 5. Table 5 includes the two review papers identified in Table 4. From
the findings, the top two applications mentioned in the reviews are BIM and 3D-printing. Oesterreich & Teuteberg,
2016, have identified the most applications of Industry 4.0 in construction. Thus, the scientometric analysis has
been conducted based on the findings by Oesterreich & Teuteberg, 2016 (In reference to Section 2.4).
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TABLE 5:Review papers of Industry 4.0 in construction engineering

Authors/ Elements
Year
[=)) (@]
=
£ £ o > £z S
) a & 2= g g 5 & ©
s 2 =2 £ §E g 8 2 8 £ § g £ 9
= - 2 8 6 5 § & 5 & £ £ £ 6
= - 2z 04 m o) @ °
s § < ° 5 s
o =
No.
1.  (Alaloul et al., /
2018)
2.  (Nowotarski &
Paslawski, / /
2017)
3. (Boke, Knaack,
& Hemmerling, /
2018)
4. (Oesterreich &
Teuteberg, / / / / / / / / / / / / / /
2016)
5. (Dallasega et / / /
al., 2018)
NOTE:

BIM -Building Information Modelling

10T/10S -Internet of Things/ Internet of Services

PLM - Product-Lifecycle-Management

AR/VR/MR -Augmented Reality/Virtual Reality/Mixed Reality
RFID - Radio-Frequency Identification

HCI - Human-Computer-Interaction

CPS - Cyber-Physical Systems

3.3 Scientometric Analysis Results

As mentioned in Section 2.4, a scientometric analysis has been further established to expand the search on Industry
4.0 in construction. From the bibliometric results, it was found that the construction industry has different elements,
or at least terms, associated with Industry 4.0, as compared to the nine common pillars of Industry 4.0, such as
Building Information Modelling (BIM), modularisation, as well as product lifecycle management. The
disaggregation has prompted the utilisation of scientometric analysis to extend the study on Industry 4.0 stemming
from construction’s perspective. The methodology adopted for this analysis could be referred in Section 2.4.

The scientometric analysis includes the analysis on co-authorship of countries, co-authorship of authors and co-
occurrence of author keywords and visualisation of the networks. A total of 2417 publications were included in
the science mapping analysis based on the fourteen (14) keywords identified in Table 2. The visualization mapping
generated can provide valuable information from the network measures such as conceptual, intellectual, social
evolution, patterns and trends of research fields (Hosseini et al., 2018). This technique also attempts to distinguish
the intellectual connection within the structural and dynamically different systems of scientific knowledge by
using pattern and data from online database (Cobo et al., 2011).
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3.3.1 Co-authorship of Countries

A full-counting of the co-authorship’s countries was conducted to investigate the most influential countries along
with the degree of communication among the countries. There were 79 countries found in this study and 48
countries have met the threshold. The co-authorship of countries network is shown in Fig. 10. Multiple colours in
the map shows the variation of research directions between the countries. The larger the nodes, the higher the
country’s influential factor. The top three influential countries adopting/adapting Industry 4.0 in the construction
industry are the United States, China and United Kingdom. This might relate to the relevant governments’
commitment, along with public policies that have been set in-place towards Industry 4.0, such as Advanced
Manufacturing Partnership (US); Made in China 2025 (China) and Future of Manufacturing (UK). It is also
observed that the links between these countries are very strong, which portrays strong cooperative relationships
between the countries. A yield of 136 links between the United States and other network countries were found in
this analysis, as presented in Table 6. Table 6 also indicates the total number of publications and the number of
citations for the top 20 countries.

*Both Figure 10 and Table 6 contains various countries, except for Hong Kong, which is known as a special
administrative region of China.
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FIG. 10: Co-authorship of countries mapping
TABLE 6: Top 20 co-authorship countries with the most publication

Country Documents Citations Link Strength
United States 432 4245 136
China 318 1443 112
United Kingdom 218 2391 107
Australia 152 1790 96
Hong Kong 93 1192 80
Germany 115 750 59
South Korea 139 1910 47
Italy 50 303 28
Canada 117 733 25
Netherlands 38 727 20
Singapore 28 298 17
Finland 38 374 16
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Country Documents Citations Link Strength
Switzerland 17 170 16
France 20 83 15
New Zealand 17 66 15
Egypt 22 115 14
Iran 25 145 14
Malaysia 60 182 14
Spain 26 105 12
Belgium 9 158 11

*Note: Not all of the 79 countries are listed in this table. This table only portrays the top 20 countries with most
influential publications on the applications of Industry 4.0 in construction.

3.3.2  Co-authorship of Authors

From the 4179 authors and co-authors found in the VOSviewer, 150 authors who have met the threshold of five
(5) minimum numbers of document per author were shortlisted. Fig. 11 illustrates the authors’ networks on the
application of Industry 4.0 in the construction industry. Bigger circle and larger font size of an author indicates the
larger numbers of papers published by the author. Meanwhile, the largest citations network in Fig. 12 is located at
the centre of the network and other authors are indicated at a minimum distance. The findings indicate that the
most influential author is Li H., who has the highest numbers of publications as well as citations. Table 7 shows
the most influential publications and citations by the authors. In reference to Table 7, productive authors that have
published the most are Li H., Lu W., and Teizer J., while the authors with the most citations are Teizer J., Zhang

S. and Wang X.
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TABLE 7: Top 10 authors list of Industry 4.0 in construction industry publications and citations

Authors Total Publications Authors Total Citations
Li H. 26 Teizer J. 922
LuW. 24 Zhang S. 640
Teizer J. 24 Wang X. 583
Kim H. 23 Li H. 569
Issa R.R.A 21 Becerik-Gerber B. 498
Wang X. 21 Eastman C.M. 468
Lee S. 19 Issa R.R. A 425
Al — Hussein M. 17 Li N. 325
Liu H. 17 LuW. 317
Wang Y. 16 Calis G. 305

*Note: Not all of the 150 authors are listed in this table, but only the top 10 authors with the most influential
publications on the applications of IR 4.0 in construction.

3.3.3  Co-occurrence of author keywords

An analysis has been conducted to discover the co-occurrence of author keywords for the applications of Industry
4.0 in construction. From the total of 2417 related publications for this study, 4451 keywords have resulted, where
all keywords met the threshold of one (1) number of keyword occurrences. Figure 13 shows the link between
author keywords and the closest keywords that have connected the authors are BIM, Augmented Reality, Virtual
Reality, Simulation and Cloud Computing.

Based on Fig. 14 and Fig. 15, the lightest (yellow) colour indicates the most periodically mentioned keywords,
while the darker colour (green-blue) is the least mentioned keywords for this study. The other co-occurrence of
author keywords is shown in Table 8 and Table 9, which presents the top 20 subject areas of the author keywords
occurrence. Based on the science mapping in Table 8, it can be observed that the most popular keywords for
Industry 4.0 are BIM (459 occurrences) and the least applied is Cyber-Physical Systems (3 occurrences).
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Meanwhile, the highest occurrence of subject area is as illustrated in Fig. 15, which is the study on construction
(415 occurrences). This finding is expected as the study has been focused on the area of construction throughout
the literature search. Nonetheless, it is worth highlighting that the following most mentioned subject area is
information and communication technology (ICT) that suggest the influence of ICT successful Industry 4.0
adoption/adaption. In addition, other subject areas that have been influenced by Industry 4.0 are safety,
sustainability and also education.
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FIG.13: Co-occurrences for author keywords

FIG.14: Co-occurrences for author keywords
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TABLE 8: List of co-occurrences for author keywords

Keywords Occurrence Keywords Occurrence
BIM 459 Big Data 16
g;gﬁg'/ (EI:‘;;'%X%RRZMi@“?ﬂg’;ted 78 Radio-Frequency Identification (RFID) 15
Simulation 43 Mobile Computing 7
Additive Manufacturing 42 Product Lifecycle Management (PLM) 5
3d-Printing 39 Human-Computer-Interface (HCI) 5
Robotics 28 Modularisation 5
Internet of Things (10T) 24 Artificial Intelligence 4
Cloud Computing 23 Cyber-Physical Systems 3

Dject management
construction

FIG. 15: Co-occurrences for author keywords for Industry 4.0 subject area

TABLE 9: List of co-occurrences for author keywords for IR 4.0 subject area

Keywords Occurrence
Construction 415
Information and Communication Technology 80
Construction Safety 71
Sustainable Construction 61
Construction Education 60
Automation in Construction 54
Project Management 52
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Keywords Occurrence

Building Construction 51
Lean Construction 51
Collaboration 47

*Note: Not all 200 subject areas are listed in this table. Only the top 10 most influential publications of Industry
4.0 in construction are given here.

4. DISCUSSIONS

The dynamic and complex nature of the construction industry would benefit from the adoption and adaption of
Industry 4.0, as it provides opportunities to improve construction processes and productivity, which is currently
lacking behind other sectors such as manufacturing and services (Holt & Kearney, 2015). In order to bridge the
gap between construction and the other sectors, this study has been conducted to identify the current state of
Industry 4.0 applications in construction, through a combination of systematic literature review, bibliometric,
content and scientometric analysis techniques.

Findings from the bibliometric analysis that have focused on the adoption of Industry 4.0 in construction has
resulted in a total of 3004 papers from the keywords of Industry 4.0 and engineering, and when narrowed down to
construction, only 299 papers were found. The top five contributors were from Germany, Italy, UK, China and the
US. From those publications, most focus was given on the Industry 4.0 pillar of simulation. Several other
applications from the Industry 4.0 pillars have been captured in construction, but frequent occurrences mentioned
in the applications was Building Information Modelling (BIM). The scientometric analysis that has been applied
to complement findings from bibliometric and content analysis has provided another spectrum of Industry 4.0 in
construction, by exhibiting the construction version of Industry 4.0. The analysis that has been conducted to
evaluate specific elements/ terms related to Industry 4.0 from the construction perspective (the adaptation of
Industry 4.0 in construction) has resulted in 2417 findings using keywords such as Building Information
Modelling, cloud computing, robotic, etc (Refer to Table 2). The top five contributing countries were from the US,
China, UK, Australia and Hong Kong. As expected, and aligned with findings from the earlier analysis, the
keyword most mentioned was BIM, while the subject matter most mentioned was construction, as well as other
areas such as information and communication technology, safety, sustainability and education that made it to the
top 20 most influential areas that have adapted Industry 4.0 in construction. Based on the top five countries
identified from the bibliometric and scientometric, most countries ranked in the top positions are similar, such as
the US, UK and China. Meanwhile, Germany that ranked top in Industry 4.0 has resulted lower, at the 6™ position
in the scientometric findings. The reason for German to be at the top for Industry 4.0 might be influenced by the
German government’s public policy of Industrie 4.0, which can be considered as the pioneer policy established in
riding the wave of Industrial Revolution 4.0 (Liao et al., 2018). Meanwhile, since the keywords used for the
scientometric analysis was based on the specific elements of 4.0, associated to construction, the results might be
lower as terms such as BIM has been more popular in countries such as the US. Therefore, the three competing
countries (US, UK and China) have shown consistent progress in the adoption as well as the adaption of Industry
4.0 in construction.

The collation of findings between the bibliometric and scientometric analysis resulted in several similarities and
differences between the adoption/adaption of Industry 4.0 in construction. It was found that the construction
industry has adopted Industry 4.0 pillars such as the Internet of Things (IoT), Simulation, Augmented Reality,
Autonomous System, Systems Integration, Augmented Reality, Big Data and Additive Manufacturing. The pillar
that have not been adopted by construction is cyber-security. On the other hand, the industry’s own version of
Industry 4.0 consists of Building Information Modelling (BIM), Product Lifecycle Management (PLM), mobile
computing, RFID, 3D-Printing, robotics, human-computer interaction and modularisation. These applications are
specific to construction and are not listed within the pillars of Industry 4.0. Nonetheless, elements such as BIM
does fit well into the functionalities within the pillars of Industry 4.0, such as simulation. Therefore, it is observed
that the construction sector has also adapted, rather than only adopted the notion of Industry 4.0 within the sector.
Even so, there is also elements of Industry 4.0 in construction, which does not fit into the pillars of Industry 4.0,
such as modularisation, particularly due to the nature (peculiar and complex) of the industry itself. However, in
order to progress towards Industry 4.0, the industry should both adopt, adapt as well as integrate the different
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elements of Industry 4.0 (pillars and construction version), as the reliance on a single element would only limit the
opportunities for expansion.

This would give way to systems beyond BIM, such as Digital Twins for buildings. In general, the construction
industry has acknowledged BIM as construction’s version of Industry 4.0, without realising that there would be
loss of potential when these elements are applied in isolation from the pillars of Industry 4.0. Nonetheless, in order
for construction to move towards Industry 4.0, BIM could be a key input data for a more conclusive system such
as the built of a Digital Twin for building (Savian, 2019). Digital Twin provides a near-real-time comprehensive
linkage between the physical and digital world that enables the inclusion of behaviour patterns of people and space
design, which could not be done by BIM alone, but only possible through the integration with the other pillars in
Industry 4.0, such as the 10T. An integration between BIM and 10T could present cyber-physical system that allows
bi-directional information that can be used to monitor the performance of assets in real-time and alert system for
any problems before they arise in the physical environment. The immersion of construction into Industry 4.0 would
enable the industry to move towards construction industrialisation (component-prefabricated; construction-
packaging) so that construction industry and manufacturing industry could develop together, while promoting the
reform of the industry (Li & Yang, 2016). Even though construction industry and manufacturing industry belong
to two different categories, with the construction industry being slow to adopt manufacturing processes and
principles, the highly dependent relationship between each other has even regarded construction as a special kind
of manufacturing. Therefore, the integration between elements, such as modularisation (construction version of
Industry 4.0) with 10T (pillar of Industry 4.0) allows optimised supply chain, whereas the integration with cyber-
physical systems enables the monitoring of physical processes, creating virtual models of physical processes and
decentralizing decision-making. Cyber-physical systems can also intercommunicate in real time over 10T, allowing
participants to offer and share internal and cross-organizational services across the whole value chain. Therefore,
in order to truly advance construction towards construction industrialisation and Industry 4.0, a thorough
understanding on the functions, pillars and potential integration between the elements (both within and beyond
construction) of Industry 4.0 is inevitable.

5. CONCLUSIONS

The purpose of this study was to explore the current state and nature of Industry 4.0 in construction. The findings
suggest that the construction engineering field has adopted the nine pillars of Industry 4.0, except for cyber-
security, while the adaption lies upon the industry’s own version of Industry 4.0, namely Building Information
Modelling (BIM), Product Lifecycle Management (PLM), mobile computing, RFID, 3D-Printing, robotics,
human-computer interaction and modularisation. It is envisioned that such efforts of incorporating digitisation into
this field would push the industry towards positioning itself at the same level as other sectors such as manufacturing
(Nolling, 2016).

This study has been conducted meticulously and has been presented through several complementing analyses, such
as bibliometric, content and scientometric analysis. Even so, the limitation lies within the constraints set in the
inclusion/exclusion criteria in the conduct of the SLR. Future studies could widen the research area by expanding
the boundaries, as well as the range of keywords used. In contrast, future researchers could also narrow down the
study by focusing to research on each pillar and the elements of IR 4.0 in construction. This would provide a more
specific perspective on how each pillar/element has been applied in construction.

This study has served as the basis for researchers to carry out future studies in the field of Industry 4.0 in
construction. The findings from this study has highlighted current gaps to be filled, such as the applications as well
as the integrations between the elements of Industry 4.0 in construction. Along with that, subject areas such as
collaboration and lean construction are recognised as crucial areas of improvement in construction.
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