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Abstract: The construction industry is experiencing changes in its processes and work methods,
and the advancement of new technologies in recent decades has led to a new concept known as
Construction 4.0, coined in 2016 in Germany. Since its definition is still diffuse, it was deemed
necessary to conduct a review on the publications in this field to grasp how this concept is being
understood. For that purpose, a bibliometric analysis was conducted among 260 research articles
using seven keywords. The results reveal that the number of publications is growing exponentially,
with the USA, the UK, and China being leaders in this field; besides, four technologies are essential
to understand Construction 4.0 at present time: 3D printing, big data, virtual reality, and Internet of
Things. The results of this review suggest that further reviews should be conducted every 3 years to
grasp the rapid evolution of Construction 4.0.

Keywords: Construction 4.0; bibliometric analysis; new materials; 3D printing; artificial intelligence
and robotics; big data; virtual and augmented reality; Building Information Modeling (BIM); Internet
of things

1. Introduction

In the 21st century, great technological and scientific advances have been made thanks to Industry
4.0, which mainly focuses on the use of computer and cyber-physical systems [1]. The construction
industry has also benefited from this progress, resulting in the term Construction 4.0, which has gained
popularity during the last years. First mentioned in 2016 by Roland Berger [2], this concept was
primarily based on the awareness by construction firms of the digitization of the construction industry
and embraced four key concepts: digital data, automation, connectivity, and digital access. Being a
brand-new term, its definition has dynamically evolved during these 4 years, but it can still be defined as
a meta-concept that embraces major areas. In such a way, the very recent approach by Sawhney et al. [3]
defines Construction 4.0 as a “transformative framework” where 3 transformations take place: industrial
production and construction, cyber-physical systems, and digital technologies. Some examples of
digital technologies are Building Information Modelling (BIM), Common Data Environment (CDE),
unmanned aerial systems, cloud-based project management, Augmented Reality/Virtual Reality
(AR/VR), artificial intelligence, cybersecurity, big data and analytics, blockchain, and laser scanner.
On the other hand, within the category of cyber-physical systems are robotics and automation, sensors,
Internet of Things, workers with wearable sensors, actuators, additive manufacturing, offsite and
on-site construction, and equipment with sensors. All these technologies today offer new opportunities
for companies that want to increase their competitiveness, the quality of their work, project completion
on time, and the new services offered to their customers [4]. Besides, some of these technologies,
such as BIM, sensors, and the Internet of Things, have proven to be valuable in achieving the goals for
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a sustainable building environment in the last years [5], along with the great potential and prospects of
sustainable decision-making in building technology [6].

These new technologies have greatly impacted an industry that has traditionally been labeled as
inefficient, not very productive, and reluctant to technology [7]. On top of that, although automation
has been actively and successfully used in different industries since the 1970s, its application in the
construction industry is still rare or not fully exploited [8]. In such a way, despite the time span being
short—in the field of construction automation, rapid progress has been made in research but has not
yet been transferred to the industry—the changes seem remarkable, thus creating the need to conduct
a literature review to analyze, synthesize, and discuss the published information, as the significant
number of scientific publications in this field may be disperse and difficult to analyze as a whole.

In order to build a theoretical framework, it is deemed necessary to understand where and when
Construction 4.0 came from, how its definition has changed over the last years, and how it can be
characterized in light of such evolution. For that purpose, this introduction first discusses the origin
of the term, then investigates the evolution over time, and finally frames a definition that will be the
starting point of this literature review.

As stated before, the term Construction 4.0 did not originate alone but adopted the theoretical
framework of a broader concept: Industry 4.0. Known as the “Fourth Industrial Revolution”, it has gained
fame in recent years since it can influence large industries at the design and manufacturing levels,
defining the future of productivity and growth in manufacturing industries. This term originated
in Germany, which launched the concept of Industry 4.0 in 2011 as part of its high-tech strategy.
Since the concept is quite novel, there is still no agreement on a common definition for it; rather,
some authors have pointed out the necessity of a dynamic and comprehensive definition, describing
this fourth industrial revolution as a “shift in the manufacturing logic towards an increasingly decentralized,
self-regulating approach of value creation, enabled by concepts and technologies such as cyber-physical systems
(CPS), Internet of things (IoT), Internet of Services (IoS), cloud computing, or additive manufacturing and smart
factories” [9]. From the beginning of industrialization, technological advances have led to paradigm
changes that today are called “industrial revolutions”: the field of mechanization (the first industrial
revolution), the intensive use of electrical energy (the second industrial revolution), and widespread
digitalization (the third industrial revolution) [10]. Industry 4.0 facilitates the connection of information,
objects, and people, as it creates physical and virtual manufacturing scenarios which enables factories
to transform their environment into one of intelligent manufacturing. Industry 4.0 also seeks integrated
automation [11] characterized by its dependence on the use of computer systems [1], where the
information technologies’ trends and unmet needs of Industry 4.0 include manufacturing and industrial
big data, which, in turn, give manufacturing analytics an added value.

After this, it is deemed crucial to understand how and when the construction industry started
adopting the Industry 4.0 framework. For that purpose, a preliminary bibliographic research was
conducted in the Web of Science (WoS/ISI) and Scopus scientific databases to trace back when two
keywords were first mentioned in the scientific literature: Industry 4.0 and Construction 4.0. These are
considered important because, as mentioned before, the report by Roland Berger related these 2 concepts:
Construction 4.0 as a specific application of Industry 4.0.

Therefore, two searches were conducted: First, a search for scientific literature that mentions
the concepts “Industry 4.0” and “construction” together and, second, documents where the term
“Construction 4.0” appears. The first one is deemed important because it can be clarified when the term
Industry 4.0 was first related to the construction industry; the second one is important because it can be
clarified when the term Construction 4.0 itself was first used.

The first article that mentions “Industry 4.0” and “construction” together dates back to September
2014 [10], analyzing how automated 3D-printed prototypes could satisfy customer’s demand; for that
purpose, a pilot project was set. The article that first mentions Construction 4.0 was published in August
2015 by Li and Shi [12], one year before the report by Roland Berger [2]. However, strictly speaking,
this paper does not mention “Construction 4.0”, but “Dam construction 4.0”. Besides, it does not attempt
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to use the term “Construction 4.0” in a broader sense, but to describe a very specific automated process
that monitors the construction of dams. Therefore, it can be concluded that 2014 was the first year
when the Industry 4.0 was put in relation to the construction industry and 2016 was the first year when
Construction 4.0 was mentioned and characterized as a concept. Consequently, as a starting point for
this literature review about Construction 4.0, the time span 2014–2019 can be established as a reference.

At the present time, the existing information on Construction 4.0 is deficient since it fails to give
an appropriate perspective, which also results in limited analysis of the information. For this reason,
it is deemed important to analyze this relatively new concept from a wider and holistic perspective,
which foresees that Construction 4.0 is not just traditional construction with technological upgrades but
a new way of understanding construction in light of innovation and increased productivity [7].

Accordingly, the definition of Construction 4.0 derives from the foundation of Industry 4.0 but
focuses on and relates to the construction sector. Therefore, Construction 4.0 is all technological
changes related to the implementation of new work methods which are related to processes, materials,
and markets.

One of the possible classifications that would make it possible to characterize the concept of
Construction 4.0 is based predominantly on two pillars: digitization of the construction industry and
industrialization of construction processes (Figure 1) [13].
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Digitization encompasses the field of data management in digital form through the use of the
Internet and software [14]. This technology impacts the whole industry, the companies involved,
the environment, and the people. For example, the increase in mobility due to technologies such as
laptops, tablets, and smartphones provides and facilitates access to relevant and updated data on
digital buildings anytime and anywhere. In fact, virtual technologies are recognized as instruments
that are used ever increasingly in the construction industry to deliver successful results in different
tasks and processes [15]. In conclusion, investing in new technologies produces improvements in
productivity, which is what industries, such as construction, seek the most.

On the other hand, the industrialization of building processes focuses on automated construction,
which consists of a new set of technologies and processes that will change how the construction
industry is conceived [7], where digital fabrication plays an important role in the productivity of
construction processes [8]. Manufacturing processes are included here, since manufacturing companies
are also sources of innovation because they can be suppliers and developers of new solutions. In short,
construction has focused on advances in technology to seek innovative processes that can improve
efficiency through industrialization.

Even though the concept of Construction 4.0 has had a short life, it seems evident that it is attracting
remarkable attention, and therefore many attempts are being made to define it, though the definitions
are quite diffuse and usually adopt broader concepts from its predecessor: Industry 4.0.

Given this state of affairs, it is deemed necessary to conduct an exhaustive literature review of all
aspects related to Construction 4.0. First, a theoretical framework will be established to characterize
Construction 4.0 according to the definition by several authors. After this, a literature review will be
conducted according to the following objectives: (i) find appropriate keywords that can characterize
Construction 4.0 and define them according to the existing literature; (ii) gather bibliographical
information on Construction 4.0 using those keywords; (iii) analyze the trend in publications and find
relations between keywords, publications, countries, authors, and scientific journals; (iv) propose a
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methodology for an structured literature review; and (v) provide scholars with future directions and
guidance to conduct research on Construction 4.0.

2. Methodology

The methodology of this study comprises the following steps. First, as an introductory step,
the available definitions of Construction 4.0 will be analyzed to propose a general theoretical framework;
moreover, a tentative list of keywords to characterize this concept will be proposed based on a
preliminary literature review. Second, a more specific literature review will be conducted using those
keywords. Third, a bibliometric analysis will be conducted in the following basis: keyword occurrence,
citations by publications, article citations by country, and citations by journal. Fourth, each one of the
selected keywords will be analyzed to clarify their origin, evolution, and present definition in relation
to Construction 4.0. This approach combines two techniques, as defined by Seuring and Gold [16]:
literature review as the primary source of information for qualitative results and a meta-analysis of the
statistical findings.

2.1. Theoretical Framework and Preliminary Analysis

The term “Construction 4.0” has gained popularity over the last years, and it is present in a
myriad of undocumented sources, such as blogs or websites about the construction industry; on the
contrary, scientific sources are still scarce. Thus, the first challenge of this review was to find a balance
between comprehensiveness and scientific rigor. As part of a preliminary analysis, if the definitions
of Construction 4.0 proposed by Roland Berger [2], Sawhney et al. [3], and Craveiro et al. [13] are
analyzed together, a common pattern can be recognized. This term is then defined as an umbrella
covering several areas and is characterized by keywords that identify emerging trends that have been
transferred from Industry 4.0, as shown in Table 1.

Table 1. Emerging trends from Industry 4.0.

Umbrella Concept Areas Emerging Trends

Digitization of the
construction industry [2]

Digital data,
Automation,
Connectivity,
Digital access

Analytics/big data in operation and
production, additive manufacturing,
robotics in production, e-commerce,

4PL, multichannel retail, RFID
marketing, analytics/big data in

marketing, PLM, human-machine
collaboration, analytics/big data in
logistics, digital WMS, augmented
reality in production, M-commerce,

Smart MES, logistics software
management, predictive maintenance,

mobile logistics systems, CRM
systems, cloud-based logistics
solutions, automated digital
marketing, analysis/big data

procurement, buyer-side/seller-side
e-procurement, location-based
marketing, customer service

satisfaction, analytics in customer
service, social media, field service

management, digital content
marketing, m-marketing, digital

storytelling, e-supplier relationship
management, augmented reality in

marketing, e-marketplaces
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Table 1. Cont.

Umbrella Concept Areas Emerging Trends

Transformation of the
construction industry towards
the 4th industrial revolution

[13]

Digitization of the
construction industry,

Industrialization of the
construction process

Resources of the future, circular
economy, sensors, building survey,
drones, autonomous vehicles, BIM,

Nanotechnology, advanced materials,
additive manufacturing, robots,

advanced manufacturing systems, big
data, internet of things, cyber security

Transformative framework [3]

Industrial production
and construction,

Cyber-physical systems,
Digital technologies

Building Information Modelling
(BIM), CDE, unmanned aerial systems,

cloud-based project management,
Augmented Reality/Virtual reality

(AR/VR), artificial intelligence,
cybersecurity, big data and analytics,

blockchain, laser scanner, robotics and
automation, sensors, IoT, workers
with wearable sensors, actuators,
additive manufacturing, offsite

construction and equipment
with sensors

As the number of trends is too large, a first tentative classification was made to start the
bibliographical analysis based on three seminal authors (Roland Berger [2], Sawhney et al. [3],
and Craveiro et al. [13]) who have served as a basis to define the scope of the pillars shown in
Figure 1 (digitalization and industrialization) and their related concepts, which characterize the term
Construction 4.0 and its relationship with the seven keywords proposed which find specific application
in the construction industry (Table 2).

Table 2. Relationship between pillars of Construction 4.0 and the proposed keywords.

Craveiro et al.
[13]

Sawhney et al.
[3]

Roland Berger
[2]

Proposed
Keywords Emerging Trends

Digitization
of the

construction
industry

Cyber-physical
systems,
Digital

technologies

Digital data,
Automation,
Connectivity,
Digital access

New materials
related to

industrialization

Product life cycle management
(PLM), resources of the future,

circular economy,
nanotechnology,

advanced materials

3D printing

Additive manufacturing,
Smart Manufacturing

execution system (MES),
additive manufacturing,

advanced
manufacturing systems

Internet of Things
(IoT)

Field service management,
sensors, building survey,

drones, autonomous vehicles,
unmanned aerial systems,

laser scanner, actuators
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Table 2. Cont.

Craveiro et al.
[13]

Sawhney et al.
[3]

Roland Berger
[2]

Proposed
Keywords Emerging Trends

Industrialization
of the

construction
process

Industrial
production and

construction

Artificial
intelligence and

robotics

Robotics in production,
human-machine collaboration,

robots, robotics and
automation, workers with
wearable sensors, offsite

construction and equipment
with sensors

Computer-aided
design

technologies (BIM)

Predictive maintenance,
Building Information

Modelling (BIM),
Collaborative development

environment (CDE),
cloud-based

project management

Big data

Analytics/big data in operation
and production, e-commerce,

4PL, multichannel retail, RFID
marketing, analytics/big data

in marketing, analytics/big
data in logistics, digital

warehouse management
system (WMS), M-commerce,

logistics software
management, mobile logistics

systems, Customer
relationship management

(CRM) systems, cloud-based
logistics solutions, automated
digital marketing, analysis/big

data procurement,
buyer-side/seller-side

e-procurement, location-based
marketing, customer service

satisfaction, analytics in
customer service, social media,

digital content marketing,
m-marketing, digital

storytelling, e-supplier
relationship management,

e-marketplaces, cyber
security, blockchain

Virtual and
augmented reality

Augmented reality in
production, augmented reality

in marketing Augmented
Reality/Virtual reality (AR/VR)

In the case that some of the emerging trends matched exactly with one of the seven proposed
keywords, they were eliminated. These seven keywords were then hypothesized to be representative
of the definition of the term Construction 4.0 and, therefore, were used to conduct the corresponding
bibliographical review.

2.2. Literature Review

Based on the seven keywords proposed in Table 2, two types of literature searches were conducted.
In the first search, the seven keywords were used together with the term “Construction 4.0”, while in
the second search, they were combined with the Boolean operation “Industry 4.0” AND “Construction”.
Both literature searches were done among WoS/ISI scientific journals, considering the following
limitations:
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(i) Research articles, reports, and conference proceedings were included;
(ii) The search looked for words in the title, abstract and keywords of the articles;
(iii) The search was restricted to English language only. However, in the case that other languages

are used but at least the title, the abstract, and the keywords were in English, the document was
considered valid;

(iv) The temporal span was delimited to 2014–2019, in accordance with the considerations made
in the Section 1. Additionally, when a publication was found to comply with those criteria,
its keywords were also screened to check whether they bear relationship with those from other
selected articles. Once the data was available, the following analysis was conducted to clarify the
most relevant trends.

After this, a bibliometric analysis was conducted to clarify deeper relations between the selected
publications. This type of analysis is frequently applied to literature reviews, since it serves to visualize
large amounts of data through graphs. Mathematical and statistical methods are used to analyze
these relationships.

Through the Web of Science platform (WoS/ISI), a record of the most relevant data of the
publications in this review was obtained. These data were processed in VOSviewerTM, a program
that constructs and visualizes bibliometric maps developed by The University of Leiden. For this
study, 4 kinds of analysis were created: (i) keyword cooccurrence, to clarify which are the most shared
keywords by the selected publications; (ii) number of citations by publications, to clarify which are the
key publications that are most cited by authors in this field; (iii) number of citations of publications by
country, to clarify which are the leading countries regarding publications in this field; and (iv) number
of citations by journal, to clarify which journals cluster the highest number of citations regarding
Construction 4.0.

3. Results and Data Analysis

For preparation of this literature review, a total of 86 scientific journals were examined, all of
which are indexed in the 2019 WoS/ISI journal list and were published from 2014 onwards. Thus, a total
of 257 articles were collected that met all the aforementioned requirements to be part of this review.
Next, quantitative and bibliographic analyses were carried out on the information.

3.1. Quantitative Analysis

A search was carried out in the WoS/ISI database, using combinations of the seven proposed
keywords and the term Construction 4.0 and considering the limitations that were mentioned. From this
search, 257 articles were found, which were distributed amongst 86 scientific journals, giving as an
average around 3 articles per journal. Since this number was too high, the 10 journals with the largest
number of publications were then selected, accounting all together for 129 articles (representing 50.2%
of the total). This allowed for clarification of the most influential journals on these topics (as shown in
Table 3) and provides a useful source of information that optimizes the researcher’s time and works.
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Table 3. Articles selected by journal.

Journal Number of Articles

Automation in Construction 54
Future Generation Computer Systems 18
Construction and Building Materials 10

Journal of Cleaner Production 10
Computer Networks 9
Business Horizons 7

Technological Forecasting and Social Change 7
Computers in Industry 6

Journal of Network and Computer Applications 4
International Journal of Information Management 4

In the information obtained from the journals with the most selected publications, it can be seen
that 63% of the publications for the literature review are from the journal Automation in Construction,
for which the scope, as mentioned previously, is strongly related to topics under study. This is
an international research publication that focuses on engineering, design, technology, maintenance,
and management-oriented to buildings and information. Also, it has an impact factor of 4.313
(2019 journal citation reports) and a 5-year impact factor of 5276 (2019 journal citation reports).
Consequently, it is to be expected that most articles were selected from this journal as it covers topics
that are similar to those required for the literature review.

An additional analysis was conducted to clarify some aspects of Table 3. The objective was to
clarify which journals publish research on each topic, which will show which are influential for a
concrete area, in contrast with the global influence that was showed by Table 3 (see Table 4). It is
remarkable that, for all seven considered keywords, around 25–40% of the publications on a single
topic are present in the top ten, except for artificial intelligence and robotics, and new materials related
to industrialization (with 15% each). This suggests that research in each area is somewhat related to
the others, but in the case of artificial intelligence and robotics, that may not be the case, with the
knowledge more dispersed across several publications.

Table 4. Journals selected according to relevance and relationship with Construction 4.0.

Topics Journals

Internet of Things
(Number of journals: 19)

(Journals in the top ten: 6)

Business and Information Systems Engineering
Business Horizons

Computer Communications
Computer Networks

Computers and Electrical Engineering
Computers in Industry

Future Generation Computer Systems
IEEE Access

IEEE Communications Survey and Tutorials
IEEE Internet of Things Journal

IEEE Transactions on Industrial Informatics
International Journal of Digital Earth

International Journal of Research in Marketing
Journal of Cleaner Production

Journal of Network and Computer Applications
Sustainable Cities and Society

Technological Forecasting and Social Change
Telecommunication Systems

The International Journal of Advanced
Manufacturing Technology
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Table 4. Cont.

Topics Journals

Technologies in computer-aided design
(BIM)

(Number of journals: 11)
(Journals in the top ten: 3)

Advanced Engineering Informatics
Advanced in Engineering Software

Applied Energy
Automation in Construction

Energy
Energy and Buildings

International Journal of Project Management
Journal of Cleaner Production

Journal of Management in Engineering
Safety Science

Technological and Economic Development of Economy

3D printing
(Number of journals: 16)

(Journals in the top ten: 4)

Advanced Materials
Archives of Civil and Mechanical Engineering

Automation in Construction
Business Horizons

Cement and Concrete Composites
Cement and Concrete Research

Construction and Building Materials
Energy Policy

Engineering with Computers
International Journal of Production Economics

JOM
Journal of Engineering and Technology Management

Materials and Design
Materials and Structures
Microsystem Technologies

Technological Forecasting and Social Change

Big Data
(Number of journals: 16)

(Journals in the top ten: 6)

Academy of Management Journal
Advanced Engineering Informatics

Applied Energy
Business Horizons
Economic Inquiry

Future Generation Computer Systems
IEEE Access

Information Fusion
Information Systems

International Journal of Digital Earth
International Journal of Information Management

International Journal of Production Economics
Journal of Business Research
Journal of Cleaner Production

Journal of Parallel and Distributed Computing
Mobile Networks and Applications
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Table 4. Cont.

Topics Journals

Artificial intelligence and robotics
(Number of journals: 20)

(Journals in the top ten: 3)

Ad Hoc Networks
Automation in Construction

Business Horizons
Cement and Concrete Research

Cognitive Systems Research
Computer-Aided Civil and Infrastructure Engineering

Computers in Human Behavior
Energy and Buildings

Engineering Structures
Frontiers of Information Technology and Electronic Engineering

Future Generation Computer Systems
IEEE Transactions on Automation Science and Engineering

IEEE Wireless Communications
Journal of Computing in Civil Engineering

Journal of Infrastructure Systems
Journal of Service Research

Mechatronics
Mobile Networks and Applications

Progress in Aerospace Science
Robotics and Computer-Integrated Manufacturing

Virtual and augmented reality
(Number of journals: 11)

(Journals in the top ten: 4)

Advanced Engineering Informatics
Automation in Construction
British Journal of Psychology

Computers in Human Behavior
Computers in Industry

Future Generation Computer Systems
Interactive Learning Environments

Journal of Computing in Civil Engineering
Journal of Construction Engineering and Management

Surgical Endoscopy
Virtual Reality

New materials related to industrialization
(Number of journals: 13)

(Journals in the top ten: 2)

Bioresource Technology
Carbon

Ceramic International
Construction and Building Materials

Energy
International Journal of Hydrogen Energy

International Journal of Impact Engineering
Journal of Cleaner Production

Materials and Structures
Nano Energy

Renewable and Sustainable Energy Reviews
Renewable Energy

Safety Science

After this, the publications were sorted per year and keywords, as shown in Figure 2, where it
is clear that, since 2014, there is an increasing number of publications, which seems to be growing
exponentially, evidencing the increasing interest of researchers in those topics. It may be hypothesized
that this trend also shows that the topics greatly contribute to the development of the construction
industry worldwide as they find application in a variety of fields within it. Therefore, it seems that the
necessity for more efficient processes and forms of work motivates these types of studies.
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An increase of 51 publications was observed from 2014 to 2019, which translates into a 283%
growth in the number of documents. This is evidence of a strong trend of increasing research in the
areas that comprise Construction 4.0, thereby demonstrating a marked interest in investigating these
subjects on the part of authors. In addition, Internet of Things was identified as the Construction 4.0
area with the most publications selected for literature review, with 19.4% more documents than the
other areas. This can be interpreted as a greater interest in knowledge of and conducting further
research on this technology because of its impact and its projected future development and expansion.
Due to its versatility, which can range from work-related to everyday applications, this topic gives rise
to an extensive number of publications because its research possibilities are quite broad.

Finally, each keyword was related to the publications that mention them, which allows, together
with the list of references, to identify authors publishing on each topic. This will also help scholars in
finding authors for concrete areas of research related to Construction 4.0 (Table 5). The 20 most cited
authors out of around 1000 are depicted for each category, covering 227 publications out of 257; that is,
2% of the authors are covering 83.3% of the publications considered in this review.

3.2. Bibliometric Analysis

According to the previous analysis, there is a vast base of data with information related to the
topics that make up Construction 4.0: Internet of Things, computer-aided design technologies (BIM),
3D printing, big data, artificial intelligence and robotics, virtual and augmented reality, and new
materials related to industrialization. In fact, due to the large number of publications, it is difficult
to analyze all the available information, and if that is done, only partial conclusions can be obtained.
Furthermore, a limited number of publications specifically focus on Construction 4.0 and do not entirely
focus on the advancement of this concept in engineering.

There is limited evidence of the existence of an overview or general perspective focused on
Construction 4.0 or recent research and publications on the subject. Therefore, it is necessary to gather
all this available information to analyze and synthesize it for future scientific research and to deliver a
broader vision of Construction 4.0 based on an updated state of the research on the topic, including the
new findings and the key concepts that have characterized this industry in recent years.
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Table 5. Relationship between authors and areas of Construction 4.0.

Areas of Construction 4.0
Authors Cited

[17–27] [15,28–
30]

[7,11,
31–37]

[38–45] [46–51] [1,46,47,
52–58]

[59–66] [67–75] [76–82] [83–85] [86,87] [88–90] [91] [92]

Internet of Things • • • •

Computer-aided design technologies
(BIM) • • •

3D printing • • • • •

Big Data • • • • • •

Artificial intelligence and robotics • • • • •

Virtual and augmented reality • • • •

New materials related to
industrialization •
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For that reason, the second stage of this literature review aimed at unveiling unique and hidden
connections between different aspects of these concepts that could not be clarified with the previous
analysis. For that purpose, the application VOSviewerTM was used. This software reads bibliographical
information from data downloaded from scientific databases (WoS/ISI in this case) and performs
different kinds of analysis, revealing connections and presenting the information in a graphical way.
Amongst the variety of options that the interface offers, two visualizations were chosen for this analysis:
network visualization and density visualization. In the first one, concepts are represented by circles,
which are linked by straight lines. The circle size shows the relative weight of the element in the
analysis; some circles share the same color, which means that they form a cluster, that is, those concepts
are shared by a publication. The lines depict the relation between concepts in the form of co-citations:
the shorter the line, the more co-citations exist between those concepts. In the second one, concepts are
represented by labels; items cluster around those labels and, the more items, the hotter the color (yellow,
orange, or red); and related concepts are placed close to another, so that they can also form clusters.

Some parameters can be modified to obtain more accurate and meaningful maps, such as the
minimum number of co-citations, documents, or occurrence of keywords to clean the map and to
eliminate results that are not relevant.

3.2.1. Analysis of Keyword Cooccurrence

The first analysis was based on the cooccurrence of keywords. A minimum number of 2 cooccurring
keywords was established in order to filter and obtain more representative results. Based on the data
set containing 257 publications and using the keywords determined by the author of each publication,
a total of 880 keywords were identified. Of these, 103 meet the previously set minimum cooccurrence
number requirement and are connected by 298 links, which show the relationship between concepts
(Figure 3).

Internet of Things and big data seem to be the most used keywords (36 and 28 cooccurrences,
respectively), although they are not part of the most influential cluster, which are the red and the
green ones, with 14 and 12 elements, respectively. On top of that, Internet of Things and big data
were the terms with more cooccurrences. It was also observed that both are directly connected in
the same cluster and have a large number of links with other terms, 14 and 12, respectively. That is,
Internet of Things connects with 14% of a total of 103 keywords, and big data connects with 12%.
Three-dimensional printing and additive manufacturing are very close, and the former nearly equals
IoT or big data in weight, although this cluster seems so be far from the most influential one.

It can be highlighted that, despite some keywords being used in many occasions, they do not
share a cluster with other ones. Not only the most cited but also the most interconnected keywords
could be identified.

It can be seen that some areas of Construction 4.0 are related to each other. For example,
the Internet of Things has a strong relationship with big data, and augmented reality is related to BIM.
This suggests a connection between areas, which implies that they can work and be applied together
to achieve a common goal. In the same context, it is possible to observe the relationship between
the areas under study and their applications. Furthermore, it seems clear that a connection exists
between Industry 4.0 and the construction industry, which were previously shown to be the basis of
Construction 4.0. This reflects the perspective of this literature review and confirms the connection
between Construction 4.0′s areas based on the proximity of the elements and their links.
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3.2.2. Analysis of the Number of Publication Citations

The second analysis presents the number of times the publications were cited by other authors.
The minimum number of citations for the documents was set at 5 to ascertain which articles have the
greatest influence on the literature review. Accordingly, out of a total of 257 publications, 194 are cited
5 or more times by other authors, of which 109 are connected to each other (Figure 4).
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With approximately 1000 references, the publications in the red zones have been the most
influential and provide valuable information for the literature review. These publications are oriented
toward research related to the Internet of Things and primarily its applications both in everyday life
and in the industry. As such, it can be deduced that this topic is currently one of the most influential.
This is related to the previous analysis, since this area reappears as one of those that generate the
greatest scientific impact through the citations in subsequent publications. It is important to highlight
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that, although the number of times a publication is cited indicates its visibility or impact, this is not
a clear indicator of scientific quality, even though there might be a positive correlation between the
number of citations and scientific quality.

3.2.3. Analysis of Article Citations by Country

The third analysis focuses on the number of publication citations according to the country of
origin. This provides an overview of the countries where Construction 4.0’s areas are in development.
It was found that the 257 selected publications come from 52 countries. Therefore, a minimum number
of 2 document citations were established to determine the most influential countries in the progress of
Construction 4.0.

It was found that a total of 41 countries fulfilled the minimum number of publications requirement,
as described in Figure 5.Sustainability 2020, 12, x FOR PEER REVIEW 15 of 28 
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For analysis of the number of publication citations, of a total of 257 documents, 194 are cited 5 or
more times by other authors, which represents 75% of the literature review publications. About the
third bibliometric analysis, it was found that 23% of the publications are from the USA; in other words,
almost a quarter of the research comes from this country. The last analysis focused on the number of
journal citations that are part of the literature review. Out of a total of 86 journals, 34 are cited more
than 2 times. This is equivalent to 40% of the total, thus revealing that most of journals considered
have a high number of citations.

It is clear that the USA is one of the most influential countries in the sense that a greater number
of publication citations come from that country. A total of 60 documents selected for this review were
cited 9211 times in articles from the United States, which means that a large part of the development of
the areas that make up Construction 4.0 is concentrated here.

Additionally, it can be observed that most of the countries where these technologies have
progressed are developed countries in Europe plus South Korea and Australia. This is a very
important indicator because it demonstrates that these countries have the resources to produce a
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great deal of scientific research and publications. This coincides with Construction 4.0’s objectives,
since, through new technologies and processes, it seeks to increase the productivity and economic
efficiency of the construction industry. However, China should also be regarded as an economy in
rapid transformation that has found its place in this landscape. The triad of USA–China–England
dominates this field, with other countries orbiting around them.

3.2.4. Analysis of Citations by Journal

The fourth analysis shows the number of citations per journal, which allows to clarity two
aspects: first, which journals are gathering relevant information on these topics and, second, how these
journals cluster, that is, how they relate to each other. These aspects are relevant to our study because
publications are allocated to journals depending primarily on their scope. Similar to the previous
analyses (Figure 5), a minimum number of 2 citations of a scientific article as well as a minimum of
1 document from a single article was established to filter the information and to obtain relevant data.
Out of a total of 86 journals, 34 comply with the minimum number of documents. These results were
then refined to only 30 journals connected between themselves, as shown in Figure 6.Sustainability 2020, 12, x FOR PEER REVIEW 16 of 28 
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It is evident that the 3 journals with the most citations in descending order are IEEE Communications
Surveys and Tutorials, IEEE Internet of Things Journal, and Automation in Construction. These journals are
also prominent as heads of their respective clusters; the most cited focuses mainly on developments
related to the Internet of Things. Also, these journals are connected to others with similar topics, that is,
those focusing on technological advancements in computer networks.

After, 3 journals can be also highlighted as heads of secondary clusters: IEEE Transactions on
Industrial Informatics, Mobile Network and Applications, and Information Sciences; these three seem to
be related more with information than with construction itself and are quite close to each other,
suggesting proximity in their scope.

4. Discussion of Key Concepts in Relation to Construction 4.0: Definitions, Trends,
and Challenges

This study aimed to establish a theoretical framework for the concept Construction 4.0, for which
the definition, as pointed out by previous authors, is still in constant evolution and is influenced by
its parent concept Industry 4.0. For that purpose, a tentative list of keywords was proposed based
on previous studies and used to guide and conduct a literature review for publications over the
period 2014–2019.
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The results show that these seven key concepts can be considered relevant to describe the present
state of affairs of Construction 4.0. The relation between authors, publications, concepts, journals,
and countries has provided new information that will help in proposing a tailored and accurate
definition for this emerging area.

In this sense, it was deemed necessary to include an additional discussion about each one of these
seven concepts in order to clarify their origin, evolution, present definition, and how can they help in
building this theoretical framework for Construction 4.0. Each of them is analyzed in the following
subsections, together with the most relevant bibliometric trends.

4.1. Internet of Things

The concept “Internet of Things” (IoT) [38] was created in 1999 at the Massachusetts Institute
of Technology (MIT). It is recognized as one of the most important areas of future technology and
is receiving a great deal of attention from industries [93]. It can be defined as a global network of
machines capable of communication and making it possible for objects to share information and to
then make decisions, which converts them into smart objects through the use of technology to achieve
a common goal [38,93]. Additionally, they can process data in real-time, where network congestion
has decreased as wireless networks have increased their speed, providing optimal connectivity [49].
Larger amounts of shared information together with networks with improved capacity show that this
area is subject to continuous innovation [52,94].

In relation to Construction 4.0, five IoT technologies used for the implementation of products
and services based on successful IoT were identified [49,93]: radio-frequency identification (RFID),
wireless sensor networks (WSNs), middleware, cloud computing, and IoT application software.

IoT is also used in conjunction with the “cloud” for real-time data transmission for monitoring
systems [48,53]. In this sense, not only in the design and construction phase but also during the
operation of buildings, IoT is changing the way that users interact with their homes. An example of
this is the concept of a smart home, in which the user can control a large number of devices to simplify
daily life completely remotely through an intelligent network [54]. IoT can also be used in a broader
scale in urban planning: the so-called “smart city” aims to optimize distribution networks and public
services by managing large amounts of data in real-time, bringing positive impacts to the lives of their
citizens [40–42,55].

However, IoT must face challenges, which are mainly related to security and privacy [56,57,95];
this remains specially important during the operational phase of buildings, when private information
from users must be handled carefully. One of the main concerns is related to the privacy of
information coming from the so-called “smart homes”, which integrate IoT in a variety of home devices,
especially those related to disaster information, healthcare [43], or energy management [58], with the
challenge of handling large amounts of data transmitted over the Internet to avoid communication
problems between devices [50,51]. Some reviews have pointed out that privacy in smart homes is
one of the main concerns about IoT and has a great impact on intelligent buildings and intelligent
manufacturing. Despite the integration of IoT in the design, construction, and operation of smart
homes appears to be an added value and to attract investment and clients, the integration of such
technologies in construction and the concerns about privacy remains a crucial challenge.

4.2. Computer-Aided Design Technologies (BIM)

Computer-aided design technologies emerged around the 1980s [28], and since then,
Building Information Modeling (BIM) emerged as a collaborative building design methodology
that digitally simulates a project in real-time, integrating all processes and facilitating flow between
designers and manufacturers. In this context, BIM has been crucial in digitalization of the construction
industry [23–25] and its transition to a 4.0 model, where some examples are found in the integration
of an augmented reality model [17,29]: the simulation of energy consumption before the actual
operation of the building [17,18,20,22,29] or a more efficient flow of information during the construction
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process [20,96]. So far, BIM has been widely implemented in new construction projects, although some
authors point out the necessity of fostering the application of this methodology to existing buildings [97],
something called “BIMization”.

The main challenge that BIM faces is related to the full implementation of this technology in
all phases of the design, construction, and operation of buildings [26]. In this context, some studies
have pointed out that BIM has had only limited application, not encompassing the projects as a fully
integrated digital model, as a tool for cost management and cost estimation [27]. Another crucial
challenge is related to the technological limitations when implementing full real-time BIM models
during construction, simulating all processes before they actually take place in the real world [19].

4.3. 3D Printing (Additive Manufacturing)

Three-dimensional printing, also known as additive manufacturing, consists of the creation of
physical objects through the deposition of layers using a digital plan [92]. When this technology
appeared around 1980, it was initially only considered for use in prototyping [67]. Since then,
different processes have been developed with different techniques and materials [86,98]. A rapid
increase in the use of 3D printing has been identified since the end of 2000, thanks to a rise in sales of
relatively affordable 3D printers.

According to diverse authors, 3D printing will have a transformative and positive impact on
Construction 4.0, allowing for innovative technologies such as 3D online printing or construction with
innovative materials, such as ultra-reinforced concrete or plastic; other authors forecast a favorable
implementation of this technology for the year 2030 [69].

Recently, this technology has generated interest in the Construction 4.0 industry, especially with
concrete [68,70,99], mainly because it can replace human labor with automatized production,
thus allowing for significant reductions in time and for customized and flexible production of
buildings [71]. The quality of the printing, the behavior of the materials, the speed, and printing time
between layers greatly influence the final result [72].

Regarding its relationship with Construction 4.0, several challenges arise for 3D-printed buildings.
This technology still faces several technical limitations that restrict its application to prototypes and
scale models. Concrete is one of the materials that best fit 3D-printed construction, but it must be
adapted into high-quality and printable materials [73]; large-scale models are still unfeasible due to the
limitations of commercially available 3D printers [71]. To overcome these issues, some authors have
devised strategies to better implement this technology in their processes. A key study by Oropallo
and Piegl [74] sets forth ten challenges for 3D printing: shape optimization, design for 3D printing,
pre and postprocessing, printing methodologies, error control, multi-material printing, hardware and
maintenance issues, part orientation, slicing, and speed.

4.4. Big Data

The term big data is relatively recent, as it became widespread in the year 2011 [59]. It is
defined as a great volume of data that is difficult to store, process, and analyze in real-time with
traditional technologies [44]. These data, which include texts, geometrics, images, videos, sounds,
and combinations of these [60], are processed to obtain valuable information [75].

About data storage, analysis is performed according to three main indicators: volume, speed,
and variety. This is because traditional physical storage is questionable and inefficient, although the
veracity and the value or benefit of the data have also been added as indicators [45].

Big data is present in engineering in industrial and operational processes. Logically, as the amount
of information is considerably large, some authors have pointed out the necessity of developing
computational techniques to define patterns that optimize information flow [61].

In relation to Construction 4.0, big data is used mainly in urban planning and management,
where large quantities of data are utilized to measure, for example, the impact of social variables
in urban growth; meanwhile, it is also used for “smart cities” to improve the quality of life for
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inhabitants [100]. A key study on this matter points out that big data, together with the Internet
of Things, will bring an exponential increase of heterogeneous information in the construction
industry [101] and identifies the main challenges ahead: data security and privacy, data quality,
cost implications, and internet connectivity [62]. Due to the large amount of data present, analysis [63]
and therefore the application of big data in traditional methods [64] are still complicated. Security is
another essential challenge; information can be misused, and confidentiality can be breached [65]. It is
also important to develop good information management, where expanding the capabilities of big
data requires large investments to be able to carry out correct analyses, which can mean economic risk.
On the other hand, one of the biggest challenges is to differentiate which are the most valuable and
relevant data; however, although big data is a very innovative technology, research that focuses on its
value is still scarce [66].

4.5. Artificial Intelligence and Robotics

4.5.1. Artificial Intelligence

Artificial intelligence (AI) is primarily the ability to empower machines and systems with
intelligence similar to that of humans [89]. Therefore, it is considered a great source of innovation;
however, in seeking such similarity, there is the opportunity to counteract the major labor shortage [36].

In the field of Construction 4.0, AI can be applied in artificial vision systems, which allow
identification of certain elements in a construction site, and in speech and pattern recognition in
order to control in real-time the performance of construction workers [35]. Research is also underway
on whether it can predict several phenomena related to the design, construction, and operation of
buildings. Besides, one fairly promising application is intelligent manufacturing [37].

The interaction between humans and computers in the construction site brings other pressing
challenges for this technology: modeling of human language by computers and the intuition to solve
problems or to make decisions, which is still difficult for AI in some areas [91].

4.5.2. Robotics

Since 1980, robotics has been implemented for the development of construction projects, and from
that time on, these automated projects have been on the rise. Robots stand out for their great precision,
speed, and efficiency in a variety of tasks and, when implemented in automated systems, for their
increased productivity [31,32,88].

In the construction industry, robotics has adapted to provide solutions to problems, from planning
routes for transporting materials to automated systems that perform tasks at construction sites [102].
Robots are considered part of the work environment because they combine automation with cognitive
skills [11].

At present time, robotics is being used to inspect civil structures [33] and to assemble pieces in the
construction of wooden structures [34] and other tasks such as steel setup and brick or concrete block
assembly [103]. Besides, the combination of widespread common devices, such as smartphones [35],
together with aerial robotics, popularly known as drones, have made aerial coordination, monitoring,
and inspection in real-time of construction sites possible.

Nevertheless, there are challenges that robotics must overcome. One of these is related to logistics
for robots that work in a fixed location [87]. Other equally important challenges include safety in
automated processes, task planning, and communicational situations between robots and humans [104].

4.6. Virtual and Augmented Reality

Virtual reality (VR) consists of systems that use a computer-generated scenario to simulate
interactions between the user and a virtual environment in real-time. Since 1990, it has experienced
remarkable growth, undergone development, and been applied in areas such as education and
training [76].
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When using VR in training related to the construction industry, it reduces the risks people may be
exposed to [105], optimizes procedures, and makes it possible to identify danger zones [15].

Nonetheless, there are technical and practical challenges for virtual reality. One of these is when
users experience adverse effects when subjected to VR environments, which is due to the conflict
between what they see and what they perceive. Although the costs of installing VR systems have
decreased, it still implies large financial investments. Additionally, once installed, another challenge is
to find a proper way to implement it into productive processes [77].

Alternately, augmented reality (AR) can be defined as the mixture between the real and virtual
worlds [29,30]. This technique uses optical or video visualization via fixed or portable screens.

AR technology is often described based on two ways of tracking information from the physical
world: the first one comprises a real image linked to a marker that displays information; the second is
based on location as given by a device’s GPS in order to identify the positions where the information
should be superimposed to the former image [78]. AR can combine activities, thus enabling the
smooth transmission of information and modifying the analysis and use of the instructions received,
making this technology especially suitable for tasks such as assembly of pieces in the construction
site [106] or identification of areas and elements in need of maintenance, which is related to facility
management in buildings [79].

As AR is used in architecture [80], maintenance and repair work [78], and other fields, it can also
be combined with other technologies, such as BIM. Furthermore, it can improve preventive care when
the tasks required are completed in the industrial and construction context [82].

The challenges for AR are related to external factors that affect the development of virtual
environments, which are also related to so-called cybersickness (experienced in VR, not in AR) or the
negative effects that workers and users may experience after using this technology [81].

Despite VR and AR adopting different approaches, some authors have identified fields where
they can be used conjointly, such as safety in the construction site [82].

4.7. New Materials Related to Industrialization

There are a variety of new materials that have emerged in response to the interest in increasing
production in construction and in protecting the environment, since this industry generates a large
number of residues and waste products and depletes natural resources. Hence, the search began
for materials that are sustainable throughout their life cycle, where natural biomaterials are one of
the trends identified. They save on costs, are highly available, and meet the technical requirements
for construction.

In this same context, research has been conducted into the use of agricultural by-products, such as
biomass for the production of new biodegradable compounds, a clean source of energy in the benefit
of local communities or an alternative to fossil fuel, highly used in construction machinery.

Another crucial issue of buildings during their lifecycle is repair and maintenance, where an
innovative wager comes into play: self-repairing materials, which are capable of self-repair,
thereby increasing their lifespan [107]. These techniques have also improved the properties of
classical materials, such as concrete; thanks to the development of new techniques, it has been possible
to address the matter of dynamic loads to predict possible flaws in structures of this material utilizing
the numerical analysis of different parameters [83].

Every day, the construction industry is looking for new sources of energy that generate the least
possible impact on the environment. One of these is hydrogen, which is used to transport energy.
In this sense, new materials have emerged with hydrogen storage capacities superior to those in
existence that comply with the necessary conditions required by the industry [84].

Special attention must be paid to one material that has revolutionized the industry in recent
years: graphene, a monolayer of carbon atoms considered the thinnest material in the world and with
advanced mechanical properties such as good conductivity, high resistance, as well as optical and
electrical properties [85].
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The main challenge that those materials face is compliance with actual technological standards
and construction codes; their use is mainly restricted to the research domain or to the fabrication of
pilot prototypes, and the next step should be their introduction into the commercial market of the
construction industry.

In terms of how materials are assembled or built, from a 3D concrete printing perspective,
concrete being traditionally cast is now an extruded cement-based mortar deposited layer-by-layer,
where the material is required to flow and extrude through a nozzle, to bond with the previous
layer, and to maintain its shape under increasing hydrostatic pressure generated by subsequent layer
deposition [108]. Similarly, when talking about reinforcing steel, rebars being manually put together
into cages in a traditional way are now a mesh mold metal assembled by robots—an innovative
construction technique for bending, inserting, cutting, and welding the wires—based on innovation in
materials science, structural engineering, and mechatronics, where the mesh is built more densely than
traditional steel-reinforced concrete rebar cages, avoiding concrete flows through the mesh [87,109].
Another example may be found in the assembly of stay-in-place concrete blocks using a robot,
a construction process performed by an industrial robotic arm, programmed to assemble the blocks
according to the layout of a building, evidencing the speed and versatility of these types of robotic
systems [103].

5. Discussion

This review aimed to perform an intensive review on the concept of Construction 4.0, which has
been subject to intense debate during the last years. Around 260 publications from 130 different
scientific journals have been analyzed through software for bibliometric analysis. Seven key concepts
in relation to Construction 4.0 have been identified, along with a detailed analysis of the most relevant
bibliometric trends. The main conclusions of this study are presented as follows:

The origin of the term Construction 4.0 has been traced back to year 2016, and the first mention
of construction as a field of Industry 4.0 to 2014. However, the seven key concepts that aim at
defining Construction 4.0 were devised before: IoT (1999), computer-aided design technologies (1960s),
3D printing (1980), big data (2011), artificial intelligence and robotics (1980s), and virtual and augmented
reality (1990s); only in the case of new materials related to industrialization is the origin unclear. In such
a way, Construction 4.0 could be defined as a dynamic cluster of concepts that were developed from the
early 1980s, with big data being the most recent. The term was also first conceptualized as a particular
application of the Industry 4.0 (2011) and, at the moment, is still trying to find its own definition.

It was hypothesized that those seven keywords would be descriptive of the term Construction 4.0,
and this hypothesis has been proved to some extent. Four of the keywords were found to be centers of
their own influential clusters: 3D printing, virtual reality, big data, and IoT, whereas three of them
(new materials related to industrialization, artificial intelligence, and BIM) did not show that clear
pattern. Therefore, it is suggested that, in the future, those terms should be reformulated to find
stronger connections between them.

Besides, those publications are related not only to the classical domain of construction but also to
concepts that, at first sight, might not bear relation with the construction industry. The limits between
different scientific fields are becoming increasingly diffuse, and the present analysis points out that
topics such as robotic construction, artificial intelligence, or virtual reality are starting to pervade in the
construction industry.

That has also a wider implication for the concept of Construction 4.0 itself. Those concepts are not
only adding a new feature to the construction market but also transforming the concept of construction
itself. Although this industry has been traditionally labeled as unproductive, this review shows that
this trend might be changing and that change is expected to be stronger in the near future. Conclusions
from this review are in line with other similar studies [3,4,7,13] which point out that Construction 4.0 will
bring significant benefits in the management of engineering and construction projects. Furthermore,
this study adds understanding to the state of affairs of the Construction 4.0 industry by updating and
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expanding the findings from similar studies from 2016, focusing on three concrete aspects: The number
of publications from 2016 to present time has sharply increased, as this study compiles all that new
information; some concepts, such as BIM, cloud computing, and big data, seem to be crucial for the
understanding of Construction 4.0 in both reviews, whereas others seem to have gained momentum in
recent times. In addition, the trend of publications found in this review shows that the construction
industry will no longer be impervious to technological innovation behind the Construction 4.0 concept.
Last, both studies seem to show that the countries which could lead this digital revolution in the
construction industry are the USA, the UK, and China, with the highest number of publications, as well
as Malaysia, with a prominent position; however, these findings do not allow building categorical
conclusions, since not having a high number of publications does not necessarily imply not being a
leader in Construction 4.0, where it is well known that innovation in construction robotics and robotic
fabrication have been clearly driven by Europe, mainly by Switzerland and Germany, and by Japan.

That opens an interesting debate about the technological and scientific necessary background for
the successful implementation of this digital transformation in the construction industry. This study has
shown that Construction 4.0 needs a solid background, comprising advanced technological development,
skilled labor, and an innovative legal framework that can deal with the new issues pertaining to the
use of such technology; such an environment is expected to exist in developed economies, such as the
top-three countries identified in both studies. However, it is remarkable how countries such as China
and Malaysia are raising their voices in this digital transformation. It would be recommended to keep
a closer look at these countries in the near future and to track their advances in this field.

6. Conclusions

This study has identified 7 key topics through a systematized review of a considerable number
of recent publications, for which the number has remarkably increased from 2014 (20 publications
related to those 7 key topics) to 2019 (82 publications). It has been also clarified that growth in the
number of publications during the last 5 years can be approximated to an exponential function, a claim
that is supported by similar reviews for related topics [7,20,82,110]. Since this term was recently
coined, the time span of this review is quite short and, therefore, is it expected that the number of
publications will experience a dramatic increase in the next years. It has been clarified that, at the
present time, research on Construction 4.0 is dominated by two main poles of attraction: Asia, which is
clearly dominated by China, and English-speaking countries, with the USA, England, and Australia
dominating. Likewise, 5 key publications in terms of their number of citations have been identified as
prominent in this field.

This finding may entail additional implications: First, it is suggested that reviews on this topic
should be conducted every 3 years, at least, to capture the rapid and intense evolution of this industry.
Second, this study appears to have also methodological implications because using bibliometric
software and data-mining technologies allows for a deeper understanding of the trends and directions
of this industry beyond the hard numbers of publications by journal, topic, or country, but their use
requires a profound comprehension of the topic beforehand in order to conduct analyses properly.
In this fashion, bibliometric maps greatly help in identifying those directions, allowing for a “soft”
approach to this complex phenomenon. A classification based on 3 categories is proposed to support
this approach: node, a concept that encompasses a great number of publications; hub, a concept that
gathers a great number of connections; and bridge, a concept that is crucial for linking hubs and
nodes. Following this approach and according to the results of this review, Internet of things and
big data could be labeled as nodes and as hubs, because they are highly interconnected. Big data
analytics and Industry 4.0 could be classified as hubs because, despite not gathering a great number of
publications, they are highly interconnected. Finally, 2 concepts are clearly labeled as bridges in this
study: construction industry and BIM; for example, if someone wants to understand how 3D printing
and Internet of Things might be related, it would be necessary to resort to BIM to find a relation
between them. From the point of view of the authors, this soft approach is much more productive
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when trying to grasp the complex relations between the different fields of knowledge involved in
this industry.

Consequently, a question about the future challenges for this new industry arises in relation to
these 7 key topics. Generally speaking, the main challenges that have been identified are related to
3 concrete aspects: automatization of the construction industry, dematerialization of buildings, and the
interdisciplinary nature of new construction. Automatization to the construction industry will bring
many benefits for sure, but as some of the reviewed publications point out, issues arise about the social
costs associated with potential job losses or the ethical issues of letting AI decide on safety protocols on
the construction site.

The review has also identified a concept that the authors would like to define as dematerialization
of buildings, commonly related to “smart” homes but considered here in a wider sense, as the reduction
in the amount of material resources required from a sustainable perspective. Construction and buildings,
in general, have always been traditionally based on the concept of materiality, which separates the
interior from the exterior; homes are spaces where privacy, security, and wellbeing are considered
crucial. The implementation of these new technologies, especially the Internet of Things, brings new
possibilities and functionalities for these homes but also serious issues pertaining to privacy and
security; despite being an enclosed and private material space, the materiality of the building vanishes
when it is equipped with a variety of devices that collects and send private data to external third
parties. Dematerialization will also take place during the construction phase because, at some point,
some technologies will not be present in the construction site. For example, a 3D printer occupies
physical space in the construction site. However, we can imagine a system of inspecting drones
connected to a wireless network for inspecting the plumbing system and sending data remotely to the
design office where a group of engineers will check the installation using a VR system; this will not
have a physical impact on the construction site but will lead to a radical change in the way construction
is approached.

These concerns connect with the third identified challenge: the interdisciplinary nature of the
new construction industry. This review relies on many journals for which scope might not be, at first
sight, remotely related to the construction industry, but a wider look is needed to understand the
changes in this area. The trend of publications shows that the construction industry will no longer
be impervious to this technological innovation. Therefore, interdisciplinary studies, integrating at
least these 7 key topics, are considered a must in the near future to understand the forthcoming
changes. Journals related Not only to the construction industry but also to computer engineering,
artificial intelligence, automatization, or even philosophy and anthropology should be included in
future reviews. It is expected that a large amount of information arises, and future research should also
focus on how to select different criteria to process, analyze, and categorize bibliographical information
on a vast variety of topics. Despite the techniques and criteria presented in this review giving insightful
information, the authors recognize that there is still much room for improvement in this regard.

This study has also faced some limitations. First, being a review on a very recent topic, concepts,
technology, and knowledge are constantly evolving; it has been mentioned that studies on this topic
should be conducted at least every 3 years, and it is expected that the applicability of the present review
will be limited to that timespan. The definitions used as a starting point for this study and compiled in
Table 2 are from 2016 to 2019, but many more may arise in the near future. Second, this review has
a comprehensive approach from the point of view of civil engineers and architects, which is, in the
view of the authors, beneficial for a study of its kind. It presented the conceptualization of seven
keywords, their application to the construction industry, and the relation between them to build a
map of knowledge for Construction 4.0; however, each of these keywords have a deep theoretical
background that this study could not grasp in its entirety, and this calls for specific studies on each
area conducted by specialists in the field (i.e., big data, robotics, artificial intelligence, etc.) in close
cooperation with construction engineers and architects. Also, in the near future, after Construction 4.0
is properly conceptualized, reviews will be able to focus on other more specific topics to civil and
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construction engineering such as construction methods, tools, and materials. Finally, due to the limited
scope of the study, the most prominent countries promoting advancement in Construction 4.0 were
identified, but considerations about the local contexts were not included in the study. More research is
deemed necessary to clarify how Construction 4.0 is being implemented in each country considering
also the local regulatory framework and the practices of the construction industry.

The innovations, trends, and challenges identified in this study aim at being as comprehensive as
possible in order to grasp the situation of Construction 4.0 at the present time. However, it seems that
this industry is experiencing explosive growth due to the integration of new technologies, concepts,
and approaches that will bring new conceptualization of the word “construction” in the next years.
That is why a closer look should be kept on it to understand as soon as possible the changes that will
take place in the near future.
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