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Abstract
The construction industry has traditionally been characterised by the high diversity of its agents and processes, high resistance 
to change and low incorporation of technology compared to manufacturing industries. However, the construction sector is 
experiencing now a strong renovation process in methodology and tools due to the incorporation of the Building Information 
Modelling, Lean Construction and Integrated Project Delivery. Meanwhile, in production systems, “Industry 4.0” is a new 
paradigm that proposes automation, monitoring, sensorisation, robotisation, and digitalisation to improve production and 
distribution processes. In this context, some authors have proposed the concept of “Construction 4.0” as the counterpart of 
Industry 4.0 for the construction sector, although the methodological-technological implications are not clear. This research 
shows a methodological-technological framework adapted to the Architecture, Engineering, Construction, and Operations 
industry. This papers includes a detailed proposal for a reference frameworks and related technologies that could impact 
on this sector, responding to its complexities and specific challenges, such as the unique spaces for each work, which are 
difficult to standardise, arbitrary cost overruns and a productivity far below the average for other industries, increasing 
competitiveness and globalisation, as opposed to its traditionally local deployment, and an increasing demand to reduce the 
carbon footprint for all its activities.

1  Introduction

The Architecture, Engineering, Construction, and Opera-
tions (AECO) industry seems to be far behind the latest 
technological trends in other industries. Most of the produc-
tion processes in the construction industry are traditionally 
manual or handicraft in nature, organised with simple man-
agement tools and low incorporation of technology [1]. This 
lack of automation explains productivity results far below 
from other industries, which is worrying in a relevant sec-
tor for the development of countries in terms of GDP, for 
the quality of spaces such as homes and offices and thus 
the well-being of people, and because that production uses 
large amounts of raw materials, with strong impact to the 
environmental sustainability and the circular economy [2]. 

The traditional development of the construction industry can 
be attributed to the different characteristics that distinguish 
it, such as the fragmentation of its processes and actors, the 
low knowledge management, the routinely rigid activities, 
the sequential processes with strong dependencies, and an 
overlying culture of resistance to change [3]. Even so, in 
the last decade the construction industry has accelerated the 
implementation of important innovations for its management 
and design processes. The development of management phi-
losophies such as LC that proposes continuous improvement 
and waste reduction in processes, IPD for contractual inte-
gration between all project participants [4] and BIM for the 
generation and management of multidimensional parametric 
models, together with the integration of all agents in the 
design, construction and operation processes [5], are making 
evolve the industry and bringing it into line with its counter-
parts in the automotive or aeronautical sector.

Industry 4.0 is a new paradigm for production systems 
and manufacturing companies, which could be extended to 
all other sectors. It can be summarised as follows:

(a)	 It is a combination of advanced production techniques 
with highly connected technological and intelligent 
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management and operation systems at the level of 
organisation, assets, and personnel [6]

(b)	 It promotes the virtualisation of control and manage-
ment systems in real-time, focusing on the collection of 
data from physical processes, for decision-making and 
learning, allowing flexibility, high levels of innovation 
and participation of all stakeholders [7].

(c)	 It incorporates the changing requirements of customers, 
taking into account their specific needs [8].

(d)	 It proposes methodological changes in the traditional 
operation of companies:

•	 Vertical Networking to react efficiently to changes in 
production demand

•	 Horizontal Integration to maximise the efficiency of 
product design and production processes

•	 Innovation Through-Engineering for innovation 
throughout the product life cycle, together with the 
use of

•	 Exponential Technologies to maximise processes and 
product quality [9, 10].

This requires high levels of integration, connectivity and 
real-time collaboration, along with the adoption of smart 
technology innovations that meet the demand for customised 
and sustainable products [11].

(e)	 The most used tools to achieve this fourth industrial 
revolution are: Cyber-Physical Production Systems 
(CPPSs), Artificial Intelligence (AI), Massive data stor-
age and analysis technologies (Big Data), Data man-
agement and security (Blockchain), sensors (Internet of 
Things, IoT), Digital Twins (DT) and human–computer 
interaction (HCI) [12].

Many productive sectors have already begun to incor-
porate most of these elements of Industry 4.0. The manu-
facturing industry is the most advanced, with highly auto-
mated processes, which seeks higher levels of efficiency, 
optimises its processes and responds to the changing and 
specific requirements of modern consumers [13].

We can consider the term Construction 4.0 as the 
response of the construction sector for the adoption and 
deployment of Industry 4.0 at the building site. Indeed, 
Construction 4.0 proposes to automate and digitise the 
design and construction processes, with a strong compo-
nent of real-time data capture and the incorporation of 
sensors in the on-site construction processes, to optimise 
time and costs, quality control and worker safety [14]. 
Actually, some technologies of Industry 4.0 have already 
been tested and deployed in construction, obtaining some 
promising but partial results, so currently the implementa-
tion of Construction 4.0 is not yet a reality. BIM shows a 

great potential to provide a global framework and to act as 
catalyst to drive a two-way collaboration between digital 
data systems and real physical systems. Thus, since BIM 
models can be used throughout the whole life cycle of 
a project, this connection can be maintained over time, 
driving the implementation of Industry 4.0 in construc-
tion [15].

This work aims to generate a methodological-techno-
logical framework of Construction 4.0 as a counterpart to 
Industry 4.0, adapting its characteristics and principles to 
construction, in response to its specific problems and chal-
lenges. It develops a more specific context map to outline 
the roadmap and needed technologies towards reaching 
the benefits of Construction 4.0, warning about the com-
plexities and challenges to achieve them. This goal can 
be formulated through the following research questions:

1.	 What are the characteristics, problems and challenges of 
the construction industry today?

2.	 What are the benefits, principles, features, attributes and 
technologies of the Industry 4.0?

3.	 How can we adapt the methodological and technological 
framework of Industry 4.0 to the particularities of the 
construction industry?

4.	 What is the methodological-technological roadmap to 
achieve Construction 4.0, according to its specific chal-
lenges?

2 � Research Methodology

This research analyses the Industry 4.0 in order to explore 
its potential benefits for the construction sector and to 
propose a methodological-technological framework. The 
research follows a deductive research approach [16]. At 
the first stage, the differential characteristics and context 
of the construction industry is reviewed, focusing on its 
main problems and interactions. The principles, charac-
teristics, attributes, and technologies of Industry 4.0 are 
also compiled, in the context of the requirements, benefits, 
and challenges of this specific industry, and lastly mapped 
to the characteristics of Construction 4.0. The literature 
review is carried out using the following sources: Web of 
Science, Scopus, technical manuals and international con-
ferences. At the second stage, a methodological-technolog-
ical framework for the sector is proposed by considering 
the attributes of Industry 4.0, the characteristics of con-
struction industry and the applications of Construction 4.0. 
Finally, At the third stage, the challenges and complexities 
to implement Industry 4.0 in construction are identified. 
Figure 1 shows the workflow for the research methodology.



691Methodological‑Technological Framework for Construction 4.0﻿	

1 3

3 � Literature Review

3.1 � Context of the AECO Industry

The construction sector plays a key role in the countries’ 
economies, contributing an average of 6% world GDP and 
with significant growth projections. The development of 
construction industry is a relevant to improve quality of 
life of people [17], with direct influence on comfort and 
well-being at home or in workplaces, spaces where the 
majority of the population spends most of their daily life. 
Despite this important role, this industry has been char-
acterised by low productivity indicators associated with 
time, cost and quality of projects, with special attention 
to the problem of costs overruns [18]. These indicators 
are the result of a fragmented supply chain, with multiple 
participants with different visions of the common project, 
entering at different times and maintaining limited inter-
connection, in a linear and waterfall workflow, and often 
working in repetitive tasks, to name a few of the problems 
[19].

The construction industry has some well-known prob-
lems, many of them quite permanent for decades but even 
though have not been yet successfully solved. These prob-
lems get more complicated as the number of processes and 
participants increase, that is, with the complexity of the pro-
jects at their different stages and with different approaches. 
Differently to other industries such as automotive or aero-
nautics, it is not possible to have an exact control of the 
manufacturing site, due to internal and external variables, 
but mainly because their products are unique and are located 
in weakly controlled open spaces. Fragmentation and the tra-
ditional culture of construction make also difficult changing 

processes [20]. Table 1 describes the main problems of the 
construction industry, focusing on its interaction dynamics.

The construction industry has also been characterised 
by focus its innovation in their traditional disciplines, for 
example the study of materials, surface coatings, wood, con-
crete and its derivatives, claddings, plastering, lighter and 
more resistant structures, but with a low level of adoption 
of information and communication technologies, especially 
if it is compared to industries (manufacturing, communica-
tions, among others), preserving traditional machinery and 
equipment with a strong semi-craft component in the imple-
mentation of projects.

In terms of management, the AECO Industry has been 
incorporating project management methodologies to 
improve productivity and efficiency for some years now. 
Worth noting the Lean Construction methodology, to pro-
mote continuous improvement in construction companies, 
minimising waste and maximising the value of final projects, 
through clear guidelines and planning and control systems 
[1]. Furthermore, the Building Information Modelling (BIM) 
methodology is one of the most important changes for the 
construction industry in the entire building life cycle beyond 
what specifically implies in terms of modelling software. 
BIM proposes the integrated management of the project by 
using parametric digital models and incorporating time, cost, 
environmental variables, security and facilities management 
[27]. This whole management of the project from several 
variables (multidimensional nD models) allows the incor-
poration of all the aspects of interest for all the agents of the 
construction, offering a complete vision of the project [28]. 
On the other hand, to solve the integration problems among 
the project’s actors, Integrated Project Delivery (IPD) pro-
poses a multi-part contract that incorporates all the project’s 
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Fig. 1   Research methodology—workflow
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Table 1   Problems of the Construction Industry

Problem Description

Cost overruns and delays Delays and cost overruns are one of the most serious problems in the construction indus-
try, with causes ranging from inherent technical difficulties to administrative and legal 
difficulties in carrying out tendering procedures. These over costs and delays distort the 
natural mechanisms of competitiveness as they make it significantly more difficult for 
different construction agents to foresee the proper fulfilment of the contract on time and 
in form [1]

High dependency and low interaction with suppliers There is a high dependency of construction companies on their external suppliers (60–70% 
of total activities depending on them), a situation that can also be seen in other indus-
tries, such as manufacturing. However, in the AECO industry this dependence is not 
accompanied by systematic and methodological agreements of interaction or co-develop-
ment. As a result, construction companies are conditioning their growth on te acquisition 
or incorporation of external innovation and learning [2]

Ineffective knowledge management In construction companies, there are limited internal networks which does not allow for 
efficient access to information from previous projects and sometimes not even from the 
current project. Lessons learned from projects generally remain in individual teams and 
do not reach the entire organisation, especially technical information, actual budget and 
execution times, deviations, incident handling and on-site problem solving specific to the 
sector [2]

Focus on classic routine activities Focus on repetitive processes without or with little innovation and no use of the learning 
of the different teams in the company due to a lack of collection and limited dissemina-
tion of information [1, 2]. There is not systematic treatment of global information both 
for each work and among the company’s set of jobs over time

Extensive regulation limiting innovation Construction projects operate in public and private regulated contexts, related to consumer 
protection, safety, and technical and environmental standards. Some regulations may be 
an obstacle to innovation when their original intention is distorted, specifically in the 
case of certain bidding processes that slow down and make the execution of the work 
more expensive, or the rigor of technical regulations that often lack the agility to adapt to 
changes in the sector [2]

High diversity of agents leading to fragmentation Large and complex projects are carried out, built by temporary alliances of unequal 
companies, which in turn are involved in other similar projects. Each company involved 
has different equipment, profiles, training, culture and above all, interests while seeking 
to complete its activities in the shortest time possible, to be able to use its resources in 
other projects [21]. Fragmentation in the production process generates a hierarchy of 
processes with few long-term relationships between teams, generating conflicts between 
prime contractors and subcontractors and ultimately makes it difficult to integrate the 
supply chain [2]

Lack of skilled workers The industry has a low-skilled workforce, with high job rotation, rising average age of 
employees, with little turnover. This is mainly because the sector is unattractive to young 
and trained workers (safety, wages, working conditions) [22]

Poor financial management The industry has financial management problems. Problems in giving payments to the 
company, from public or private funds, which impact to the company’s payments to 
employees and sub-contractors. This generates problems in the schedule, lack of cred-
ibility and bad practices in the construction [1, 22]

Poor asset management The traditional value chain in the construction sector implies that its agents tend to concen-
trate their concern and responsibility in the current stage, either planning, construction, 
operations and maintenance, or demolition. The value progressively decreases working 
like this, compared to a process considering the complete construction cycle [2]

Design changes during construction Changes in design during construction are recurrent, for different reasons: inconsisten-
cies, owner modifications, regulatory changes, but above all, early tenders where the 
economic criteria prevails over the technical quality of the design and energy efficiency 
or environmental considerations, as second priorities, which cause alterations in the costs 
and schedule (due to timeouts, demolitions or reworks) [2, 22, 23]

Poor planning and programming Planning and programming problems in the construction processes, which generate delays 
and reworks due to the lack of availability of material, equipment, people and other fac-
tors [24, 25]

High accident rate The construction environment and its traditional interaction dynamics generate an 
accident-prone environment, with low trained and unmotivated personnel lacking a suit-
able safety culture. These problems are further increased by poor construction health and 
safety plans, along with well-established bad practices [26]
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agents, sharing costs and benefits, and achieving an effective 
collaboration and a greater potential for the integration of 
these management methodologies and all the most recent 
new technologies [29].

3.2 � Industry 4.0

Industry 4.0 refers to the fourth industrial revolution, a new 
level of organisation, control, and development of processes 
and products, throughout their entire life cycle. It applies 
technologies to successive generations of advanced tools and 
techniques for the optimisation of processes in a synchro-
nised and efficient way [6]. It is considered the next phase 
in the digitalisation of industry, especially in the manufac-
turing sector, focusing on computing and data power, ana-
lytical and artificial intelligence capabilities, new forms of 
human–machine interaction and improvements in the trans-
fer of digital operations to the physical world [30]. The new 
integrated manufacturing systems connect the physical ele-
ments with complex information technologies. The intel-
ligent manufacturing provides a computer controlled flex-
ible production process that can be adapted to individual 
customer needs, while maintaining high quality standards 
[31]. It also contributes to sustainable manufacturing and the 
circular economy by designing and developing new sustain-
able production systems, supply chains, sustainable products 
and policy in these areas [32].

They are six principles relevant to the implementation of 
Industry 4.0 [33–36]: (1) interoperability (successful con-
nection between team members and production systems via 
IoT), (2) virtualisation (use of digital twins of industrial 
facilities for control and efficiency of production systems), 
(3) decentralisation (independent decision-making in the 
plant, aligned with the organisation’s objectives), (4) real-
time capability (real-time data collection and monitoring 
for efficient process management), (5) service orientation 
(ability of companies to identify customer needs in advance, 
to offer a service that exceeds their expectations) and (6) 
modularity (product architecture should be decoupled into 
subsystems with few direct dependencies, increasing produc-
tion speed and the potential for rapid independent updating).

Industry 4.0 is categorised into four groups of character-
istics or attributes: (1) Vertical Networking, (2) Horizontal 
Integration, (3) Through-Engineering and (4) Exponen-
tial Technologies. These categories allow us to group the 
“philosophical pillars” necessary for the proper functioning 
of Industry 4.0, in order to have a conceptual framework 
to better understand its complete meaning. In this way, the 
requirements and areas of Industry 4.0 can be understood 
at a high and medium level, with each category assigned 
to existing or future technologies linked to different kind 
of solutions that allow the achievement of the objectives 
[10, 34].

Vertical Networking of an intelligent production system 
uses a Cyber-Physical Production System (CPPSs) to effi-
ciently react to changes in demand, failures and production 
specifications, due to the requirements moving from outside 
inside, while allowing specific productions according to dif-
ferences between customers [10]. The physical and digital 
components are interconnected, working in different times 
and spaces, from the craft to the automated, aware of envi-
ronmental changes [35]. A full automated management of 
production, maintenance, and integral management can be 
achieved by automatically connecting in real-time materials 
and resources with products [37]. Three types of solutions 
must be considered To achieve the objective of Vertical Net-
working: (1) IT Integration, (2) Data Analysis and Man-
agement, and (3) Cloud Computing [10, 34]. Achieving IT 
Integration requires to support good network connections 
and new IT solutions that are not fragmented, such as the 
integration of control systems, sensors, communication 
networks, and customer and business-oriented applications 
[33]. The industry 4.0 generates a large amount of data, 
implying information to be captured, processed, analysed 
and used efficiently, requiring a solid technological real-time 
data management and human support [38]. The systematic 
use of cloud computing will be essential to take advantage 
of all the existing digital services for the proper functioning 
of vertical networks and the other Industry 4.0 features. A 
large amount of data stored and processed requires a robust 
storage system, allowing access almost anywhere and by 
any of the interested parties, within or outside the network, 
allowing a global management, control, and analysis of the 
data [12].

The Horizontal Integration generates value-creating net-
works, integrated and optimised in time, easing transparency 
and flexibility to respond to failures and problems of systems 
and work teams, whether local or global, generating new 
business models and cooperation, optimising production in 
many different aspects [10]. The organisation in networks 
increases the capacities of the teams, achieving more innova-
tions in the products and in a continuous improvement pro-
cess, and making a much more dynamic industry dynamic, 
with a more wise investment in human capital [39]. The 
supply chain (or production flow) should be designed with 
the same flexibility of these collaborative networks to take 
full advantage [36]. Three types of solutions need to be 
considered to achieve the objective of Horizontal Integra-
tion: (1) Intelligent Supply Chain, (2) Optimised Business 
Model and (3) IT Management. Interconnected databases 
are key for the development of a more transparent, efficient 
and smart supply chain which takes into account the needs 
of the client and of all stages of the product development 
cycle [37]. The optimised business model is necessary for 
the changes involved in Industry 4.0. Employees and teams 
must develop new skills, incorporating innovation processes 
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into the traditional business model focused on the horizontal 
development of companies. IT Management is relevant for 
efficient and secure data handling. Note that all company 
information will be in digital format: economic, strategic, 
process, and intellectual property information, among oth-
ers, facilitating the work of decision-makers. Special care 
should be paid to processes and management systems for 
data protection and curation [40].

Through-Engineering enables the design, development 
and integrated manufacture of products and production 
systems, throughout their entire life cycle. It promotes the 
constant generation of synergies, establishing more flexible 
processes for the redesign and continuous improvement of 
products [10]. Two types of solutions must be considered to 
achieve the goal of integral engineering: Innovation Man-
agement and Life Cycle Management. Innovation manage-
ment is relevant to the company’s strategy, organisation, pro-
jects and product management, and allows the contribution 
of all stakeholders in open and flexible innovation processes, 
accelerating the development and improvement of products 
[41]. Lifecycle management uses real-time data, generat-
ing preventive and predictive measures through the means 
of artificial intelligence. This management is optimised by 
comparing and mixing the company’s local and global data-
bases for product development and decision making [42].

Exponential Technologies promote and accelerate the 
generation and development of individualised and flex-
ible industrial processes, with time and cost savings. These 
technologies allow the development of autonomous, flexible, 
reliable and safe processes, in constant improvement [10]. 
Two types of solutions are necessary to implement Exponen-
tial Technologies: Corporate Investment and Organisational 
Learning, that is, to keep the R&D capital in the form of 
know-how and training. Corporate investment in new ven-
tures facilitates the competitiveness in the long term, incor-
porating innovation and new technologies into their current 
processes and products, capturing ideas from external or 
internal entrepreneurs and developers. Organisational learn-
ing is key to the long-term development of the company. 
The integration of exponential technologies must include 
efficient knowledge management that generates a continuous 
improvement in processes and products [34].

3.3 � Construction 4.0

Despite the many existing definitions and lack of a clear 
standard, there seems to be consensus to consider the Con-
struction 4.0 as the application of Industry 4.0 to the con-
struction sector, in other words, the construction digitalisa-
tion in a wide sense. Therefore, this term has BIM at its core, 
but not as the only element, as is described below.

Automation in the construction sector is not yet represent-
ative enough to confirm the values of increased productivity, 

but these preliminary tests and successful experiences in 
other industries are promising evidences to support its 
development [43]. Particularly, the benefits of the manu-
facturing industry in terms of performance and productiv-
ity are a good example for the construction industry, where 
the deployment of IT technologies are key for its efficiency 
[14]. Through digitalisation and an automated continuous 
and accurate monitoring process of all activities, Industry 
4.0 eases a better diagnosis and prognosis of what has hap-
pened, is happening or may happen and why, for the entire 
manufacturing process, with a direct impact on improved 
production capabilities. Therefore, these new digitalisation 
technologies may make evolve the AECO industry towards 
higher levels of control and flexibility in construction, opti-
mising time and costs [44].

A systematic framework is needed for a successful tech-
nology adoption and digitisation in the construction industry. 
Companies must know their workflows for a better integra-
tion and transition of their people, data and project informa-
tion, measuring the success of implementations and achiev-
ing sustainable systems over time [45]. Project managers and 
project directors have to acquire new skills for the efficient 
use of technologies in the field, to achieve successful coordi-
nation between workers, processes, and technologies, includ-
ing the upcoming robotisation [15]. Roles in construction 
are also changing, evolving many of them and creating some 
others. The digitalisation of projects makes the responsibili-
ties and tasks of workers more sophisticated, leaving behind 
unsafe and repetitive tasks, to evolve towards the supervision 
and control of technology [44]. Human workers are going to 
be trained to work with robots and many more technological 
tools, as in other sectors, being responsible of the project 
control, technology management, and very specific and safe 
jobs [46].

The AECO industry has characteristics that can push it 
towards the required innovation for a better productivity. The 
incorporation of new project management methodologies 
provides guidelines for efficient organisation. Although all 
projects are unique, there are many possibilities for stand-
ardisation of some elements and construction processes, 
with the possibility of building a local and global network 
[2]. BIM can act as a catalyst towards deeper adoption of 
digitisation, thanks to the quick and good acceptance it 
has received. BIM promotes communication, collaborative 
working, team integration, parametric modelling and visu-
alisation, automatic document generation, different building 
simulations and management throughout its life cycle [47]. 
The bidirectional coordination between the physical and vir-
tual domains, which leads to the digital twin, improve the 
control and optimisation of the construction process, gener-
ating also valuable data for the company record. That is, the 
updates of the BIM models in the different phases of the pro-
jects provide relevant data for their operation/maintenance 
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phase, as well as for the design and planning phase of future 
constructions [15].

4 � Technological‑Methodological Framework

Construction 4.0 can be classified in technological terms 
attending to the following three scenarios [14, 15, 20]: (1) 
Physical Domain/Automation, (2) Simulations and Mod-
elling and (3) Digitalisation and Virtualisation. Scenario 
1 refers to the digital end to end engineering integration, 
considering technologies for the automation of the physi-
cal manufacturing environment, whereas the second one 
includes modelling and simulation tools for the design, 
construction, and operation of buildings and infrastructures. 
Finally, the third scenario refers to digitalisation and virtu-
alisation tools for industrial processes and products, to link 
domains 1 and 2.

Figure 2 shows a methodological framework for the Con-
struction 4.0, which synthesizes the life cycle stages of an 
AECO industry project, the implications of the new meth-
odologies for this industry, and the principles of Industry 
4.0. The methodological proposal is supported by the three 
main methodological trends in the construction industry: 
Lean Construction (LC), Building Information Modelling 
(BIM) and Integrated Project Delivery (IPD). The sequence 
of the different stages of the project is defined through the 
principles of lossless production and efficient management 
models, the integration and use of collaborative models, and 
the relations between the different agents of the project. The 
aim is to answer the “what”, “who” and “how” questions 
since the very beginning of the project, during the Concep-
tualisation stage, incorporating the key professionals with 
relevant information for these questions. The project is cre-
ated by means of a joint and integrated processes, roles and 
contracts, by following the Criteria Design, Detailed Design 
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and Implementation Documents stages. The Coordination 
stage ranges from the first stage to the construction phase 
(there is also coordination in the Operations and Mainte-
nance and Demolition or Renovation stage, but focused on 
the management of the facilities). Then the Construction 
stage contains the execution of the main building, but also 
affecting the Operations and Maintenance and Demolition 
or Renovation, given the modifications and finishing that 
could arise (the projects are dynamic in time). This cycle is 
repeated in the Demolition or Renovation stage.

Following the Horizontal Integration principle of Indus-
try 4.0, detailed processes are connected throughout the 
life cycle while maximising transparency, integration and 
knowledge gathering. Equally, On the other hand, a Verti-
cal Network is established to link and connect actors and 
instances, generating capacity of identification and reac-
tion to changes, failures or specifications of the client or 
the environment. The already mentioned three large groups 
are used: Physical Domain, Simulations and Modelling, 
and Digitalisation and Virtualisation. Within the Physical 
Domain are all the physical elements that make up an indus-
try project. It contains: (1) Physical Building, corresponding 
to the construction of the building and its complementary 
works (including the pre-fabricated parts), (2) Raw mate-
rial and supplies required for the construction and opera-
tion phase, (3) Machinery required for the whole process 
(which changes throughout the project, depending on each 
stage), (4) Humans and roles that are assumed in the life 
cycle and (5) Smart Things, physical electronic elements 
to capture of data from the environment. Within the Digi-
talisation and Virtualisation, there is the digital documen-
tation of the project planning (Plans) and the data of the 
project in execution and of other previous or open databases 
to which one has access (Data), including all the current 
paper documentation. Simulations and Modelling encom-
passes the different types of simulations needed for decision 
making in the calculation, architectural design, mechanical, 
electrical and plumbing installations (Mechanical, electri-
cal and plumbing, MEP), logistics, operation, among oth-
ers. The Digital Building is shared in the Simulations and 
Modelling and Digitalisation and Virtualisation scenarios, 
corresponding to the dynamic digital representation of the 
building throughout its life cycle.

Industry 4.0 proposes the use of a wide range of emerg-
ing technologies to optimise processes throughout their life 
cycle and allow the interconnection of all their processes, 
agents and products. Table 2 shows a description of 47 
technologies belonging to Industry 4.0. Each technology is 
described with some current or potential uses that could have 
in the AECO Industry, according to the literature review 
process.

Figure 3 shows graphically how the three proposed sce-
narios coexist: (a) Physical domain, (b) Simulations and 

Modelling, and (c) Digitalisation and Virtualisation, accord-
ing to the methodological framework in Fig. 2. The main 
building with all the complementary works within the real 
physical environment receives materials and inputs, which 
are transported, transformed and assembled using tools and 
machinery, handled by various professionals covering differ-
ent roles. The entire physical environment is interconnected 
using “Smart Things” to collect and send real information 
to the models and simulation environments for updating, and 
send that data to the Digitalisation and Virtualisation layer 
for storage, analysis, and efficient use. The process is bidi-
rectional, taking also information from the top, the digital 
repository, through the simulation environments and pro-
vides data, indications and answers (e.g., controlling actions) 
to the physical elements of the project. All the operation is 
given around the real building interconnected with the vir-
tual model (at the different stages, dynamic in time). The 47 
technologies identified have been distributed for each of the 
three scenarios. The technologies allow to take and receive 
the physical data to supervise and execute actions in the real 
environment in the Physical Domain; the technologies are 
used to process the data in the domain of Simulations and 
Modelling, making possible to have an in-depth knowledge 
of the expected behaviour of the work, such as, for example, 
when calculating structures, which also allows to predict 
different phenomena and build many digital scenarios of the 
project; and, finally, the technologies deal with the storage, 
maintenance and transfer of data, in safe and efficient envi-
ronments in the domain of Digitalisation and Virtualisation.

Figure 4 shows the 47 technologies grouped according to 
(1) Physical/automation Domain, (2) Simulations and Mod-
elling, and (3) Digitalisation and Virtualisation. The poten-
tial impact of each technology has been indicated for the 
different stages of the life cycle of an AECO industry project 
(CON, CDE, DDE, IMP, DCO, CON, OPE, D/R), using a 
scale of three values: Value 1—Low potential effect, Value 
2—Medium potential effect and Value 3—High potential 
effect.

5 � Complexities and Challenges

It is not simple to implement in an AECO project the elements 
and technologies described in the methodological framework. 
The Horizontal Integration and Vertical Integration, as con-
necting elements of people, products and processes along the 
whole life cycle of the project and for all the stakeholders is 
one of the main challenges proposed by Industry 4.0 and a 
key component in the proposed framework, what is especially 
complex in an industry characterised by fragmentation and 
waterfall planning for the processes and performance stages 
of its disciplines and professionals. These barriers must be 
overcome, both within and outside the organisation, by making 
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Table 2   Glossary of building technologies 4.0 (own elaboration)

Technologies Description

5G 5G is the fifth generation of wireless communication standards and technologies, scaling 
in bandwidth and average speed, with decreased latency for a greater number and density 
of connected devices [48]. 5G allows for efficient and real-time interconnection of the 
sensor, communication, monitoring and execution devices during construction execution 
as well as in operation throughout their life, easing the implementation of Digital Twins 
[49–51]

Additive manufacturing (AM) Additive manufacturing refers to the construction of 3D objects by adding and superimpos-
ing ultra-thin layers of material, achieving high levels of precision and reducing construc-
tion times. It can be used to automatically build at the same construction site as well as to 
make exact scale building models or components [52, 53]

Mobile applications (Apps) Apps are computer applications connected to the network, used in mobile devices such as 
smartphones or tablets, for the capture, processing, and synchronisation of data collected 
on-site with those available in the cloud, interconnecting them with progress management 
systems [54, 55]. Apps are also the gateway to access all the information available at the 
office with the detail of systems, elements and general information of the buildings, in the 
different stages of their life cycle and emergencies [56–58]

Artificial intelligence (AI) Artificial intelligence refers to the ability of machines to solve complex problems using 
algorithms that mimic and are inspired by human intelligence. AI optimises the processes 
of design, monitoring, and prediction of the behaviour of structures and their elements, 
in the areas of structural engineering, energy, safety, among others [59–61]. AI also 
enhances prediction models for water resources and natural phenomena which can affect 
structure of the building [62]

Augmented reality (AR) Augmented reality is a technology to overlaid virtual elements on the real environment, 
using display devices (commonly AR glasses or tablets) [63]. It is a powerful and neces-
sary complement to visualise and interact with BIM models at the building site [64]. AR 
eases the coordination of systems and their components, such as structures and installa-
tions, and the optimisation the projects in the design and planning stages [65]. Thanks to 
the AI, workers understand and better exploit the construction plans during the construc-
tion phase, by dynamically visualising 3D models, managing the actual placement of 
facilities in their exact location, reinforcing risk prevention measures for the safety and 
health of workers, identifying spaces through virtual labelling with multiple layers of 
information and facilitating the logistics of materials and equipment on-site, among other 
applications [66–68]. Finally, AR is especially interesting for Facility Management dur-
ing the operations stage, by simultaneously displaying the digital version of the facilities 
overlaid the actual construction, along with labels and procedure guides [69]

Automated regulation checking and audits (ARCA) The Automated regulation checking and Audits carries out a systematic and autonomous 
treatment of the processes of revision, audit, and control, by capturing and processing 
field data. It automates the review processes of engineering designs according to regula-
tions and design codes [70, 71], in addition to the processes of control and monitoring 
of construction projects and asset management. This is done thanks to the processing of 
digital model data (BIM), which avoids lengthy manual review processes [72]

Big data (BD) Big data involves techniques and technologies for handling data sets or combinations that 
are difficult to store, process and analyse by traditional technologies and in a concentrated 
manner, due to their huge size, complexity and great speed of growth. These techniques 
should be used the more important it is to interrelate the large volumes of information 
generated by the construction (now of digital character) [73, 74]

Big data analytics (BDA) Big Data Analytics process large amounts of data, identify patterns, trends or correlations 
of interest, and extract useful information. BDA serves in the AECO industry to process 
and obtain useful information for the optimisation of the processes of design, construc-
tion, and maintenance [73, 75]

Blockchain (B) A Blockchain is a “distributed public list” that records all validated discrete and encrypted 
digital data events and transactions that are executed or shared among participants in a 
network [76]. The Blockchain is relevant in safety and efficiency by providing automatic 
verification of design codes and regulations, security and greater ease in tracking change 
control and permit management, as well as by providing tools for the generation of intel-
ligent contracts [77–79]
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Table 2   (continued)

Technologies Description

Building information modelling (BIM) Building Information Modelling is a collaborative working methodology for the design, 
construction, and operation of construction projects. From a technological point of view, 
BIM can be seen as an evolution of traditional CAD tools towards a parametric digital 
modelling, based on 3D models, and incorporating variables of time, cost, sustainability, 
occupational safety and management, through the integration of the project stakeholders 
[80]. It is also contributing significantly to the digitalisation of construction data, provid-
ing multidisciplinary information to be processed and used throughout many project 
purposes, allowing interconnection with many other technologies in the industry [81–83]

Cloud computing (CC) Cloud Computing provides access to computing resources and applications through a 
network of “in the cloud” storage, without tough hardware or software requirements for 
local devices. Having all the information and applications in remote servers simplifies the 
multi-site use of sophisticated modelling and simulation tools, the exchange of data and 
files between design and planning offices with each of the building sites [73, 84]

Common data environment (CDE) The Common Data Environment refers to a common digital space for the storage, retrieval 
and transfer of information models, with well-defined areas, responsibilities, and access 
restrictions shared between parties based on interoperability between technology plat-
forms. This common environment is of especial importance in the AECO industry to 
reduce fragmentation in the flow of information and access throughout the project, by 
standardising the exchange of information in a CDE for the stakeholders [85–87]

Cyber-physical systems (CPS) Cyber-Physical Systems are mechanisms that establish bi-directional integration between 
physical and computational components, through integrated networks of monitoring and 
control of physical processes that perform physical actions and provide feedback to digital 
systems [88]. CPS is an key element for the coordination between the virtual models 
(BIM models, for example) with the physical assets, to verify that “what built” corre-
sponds to “what planned”, whereas the behaviour of the construction can be monitored 
throughout its life cycle, in the areas of engineering, energy, maintenance, and general 
management [89–92]

Cybersecurity (C) Cybersecurity is the area responsible for the protection of computer infrastructure, soft-
ware, hardware, networks and data in general, through the use and implementation of 
standards and tools [93]. Vulnerability risks for network data increase with high levels of 
information integration, with increased volume and variability of data type [94]. Paramet-
ric digital models of buildings and infrastructures generate a large amount of data, which 
requires special protection for not compromising their security and regular operations 
throughout their life cycle [95, 96]

Data mining (DM) Data Mining is a set of techniques and technologies to explore databases in a semi-auto-
matic or automatic way, identifying repetitive patterns that explain their behaviour [97]. 
DM is used to find trends and alterations in the patterns of registered data of energy con-
sumption, structural behaviour and productivity in general (times, costs, measurements, 
among others), being able to identify causes and corrective measures [98–100]

Data sharing (DS) Data Sharing refers to the sharing of data between stakeholders, mainly associated with 
research and development activities, for open cooperation and free use [101]. DS includes 
the dissemination and exchange of data, experiences, results and good practices of the 
design and construction processes among the different engineering companies, thus con-
tributing to the reduction of the fragmentation of the AECO industry [102]

Deep learning (DL) Deep Learning are hierarchical and structured algorithms designed to obtain knowledge 
and learning automatically, without prior programmed rules, inspired by human learning 
[103]. It can be used in AECO projects to identify the use and state of security elements, 
to control equipment and machinery, the presence or movement of people [104, 105]. 
More specifically, it can also identify and classify patterns and features of interest in 
structures, such as cracks in concrete [103, 106]

Digital signage (DS) Digital Signage is the system of smart and rugged displays used to show content to a given 
audience, usually in an open environment, with interactive features for delivering targeted 
content [107]. A DS device may be used to provide collective instructions to workers, 
warning about the personal safety equipment, personal access requirements, signage and 
multiple individualised information [108–110]
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Table 2   (continued)

Technologies Description

Digital twin (DT) Digital Twin consists of a virtual replica of a physical system able to be part of different 
simulation disciplines characterized by the synchronization between the virtual and actual 
system, by means of sensed data and connected smart devices, mathematical models 
and real time collected data. It is used for the optimisation, monitoring, diagnosis, and 
prognosis of the real system [111]. Digital Twins of buildings can be considered as the 
most complete digitalisation level for preventive and predictive maintenance, connected 
to actual construction [112–114]

Edge computing (EC) Edge Computing relies on data processing as close to where it is generated, bypassing and 
central server or cloud, to minimise the traffic and bandwidth required to manage the data, 
reducing latency times and real-time response requirements [96, 115]. EC is used in con-
trol, monitoring, supply management, security and other construction processes requiring 
rapid responses. EC also provides better reaction times to alerts and maintenance in the 
operation phase of buildings and infrastructure [116–118]

Embedded system (ES) An Embedded System is a combination of computer software and hardware (fixed or 
programmable) designed to perform specific dedicated functions within a more complex 
system [119, 120]. ES provide real-time processing tasks, using small memory and pro-
cessors. ES are used for automation of repetitive simple tasks

Geographic information system (GIS) A Geographic Information System is a digital framework to store, manage and analyse data 
of different types, considering their spatial location in maps [121]. A GIS connected to 
the digital models of the buildings (BIM models or Digital Twins) allows the manage-
ment and geolocation of the construction, suppliers and urban elements, as part of the 
Smart Cities network [122]. The GIS storages data facilitating the design and location of 
the constructions thanks to many information layers: hydrological, geographic, geologi-
cal, of old projects, among others [123, 124]

Human–computer interaction (HCI) Human–Computer Interaction is the discipline that designs, evaluates and implements 
the human use of computer systems in an ergonomic, intuitive and efficient way [125]. 
The interaction of workers and professionals with the new technological devices that are 
being incorporated in the construction industry should be carefully studied to adapt them 
adequately and facilitate their adoption. In particular, the good designs of the interface 
between people and machines are defining new ways of designing, modelling and inter-
acting with virtual buildings [126–128]

Improve asset utilisation (IAU) Improving Asset Utilisation refers to encouraging the use of methodologies and technolo-
gies to optimise asset management [129], that is, having control of buildings and infra-
structures during their useful life, facilitating their preventive and predictive maintenance, 
in addition to the delivery of inputs (data) for similar constructions in the future [130]

Industrial internet (II) The Industrial Internet refers to the convergence of data and machines in the global indus-
try, through the use of advanced computing and connectivity [131]. This development is 
strongly related to the Internet of Things, requiring a robust support for the real-time con-
nection of data and equipment, connected with analytics for decision making in industry 
environments [132–134]

Internet of things (IoT) The Internet of Things is the networking of objects and physical devices to capture data and 
interact with the environment [135]. IoT is applied in the construction industry to connect 
digital BIM models with physical devices for on-site control and monitoring (workers, 
materials, equipment, health and safety, work progress), optimising communication, and 
construction logistics in general. IoT is also used for energy and disaster monitoring and 
facilities management during the operations phase [136, 137]

Machine learning (ML) Machine Learning is an Artificial Intelligence discipline for making systems evolve as if 
they were learning, using algorithms based on existing data to predict future behaviour. 
ML automates many parts of the designs, based on data from previous works and the 
study of their behaviour over time, from structural and architectural aspects to instal-
lations, as examples [138–140]. It also supports the automation of decision making in 
safety, logistics, and processes during the construction phase [141]

Mass customisation (MCu) Mass Customisation is the creation of goods and services tailored to the specific require-
ments of each client. Paradoxically, for the construction industry, characterised by the fact 
that each building or infrastructure is a unique product, it is not easy to implement high 
levels of customisation due to current rigid workflows. However, the upcoming flexibility 
and automation of design processes, the 3D visualisation, modularisation and additive 
manufacturing, could help to promote MCu, which is being increasingly required by 
developers and users [119, 142–145]
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Technologies Description

Mixed reality (MR) Mixed Reality is the combination of Augmented Reality (AR) and Virtual Reality (VR), 
creating spaces for the interaction of objects, people and virtual scenarios with the real 
ones. The real space is not only the background or container of the virtual models, but 
it takes part and interacts with the digital world. MR eases the visualisation of digital 
models and systems in an immersive way, as well as field inspection tasks, visualisations 
in the design phase, day a day tasks checks such as the potential interaction between 
machines and workers prior to the actual construction [146–148]

Mobile computing (MC) Mobile Computing refers to devices and related services designed to be transported during 
usage, able to interact with network data from anywhere without being connected by 
cable. MC is used at the building site for real-time monitoring without needing a wired 
communication infrastructure, for the management of tasks and processes, the manage-
ment of security, increasing communication, the visualisation of projects and the connec-
tion with external agents [149–151]

Modularity (M) Modularity is the ability of a system to be handled (subdivided) into smaller, independent 
modules (subsystems), linked and assembled using standardised rules. Modularity it is 
applied for the treatment of digital information to better manage the building construc-
tion, by subdividing it into work packages optimised according to accessibility, loca-
tion limitations, dimensions and parts of the structure or systems, among other factors 
[152–154]

3D scanner (3DS) 3D scanners are devices to capture the geometry and colour of an object, to generate its 3D 
virtual reconstruction. 3D scanners are used in construction to generate 3D digital models 
of the terrain, the infrastructure already built, for monitoring, repair, reconstruction, struc-
tural health study (cracks, for example), among others [155]

Photogrammetry (Ph) Photogrammetry is a technique to obtain geometric properties of objects and their spatial 
location, by processing aerial photographs and reconstructing three-dimensional models 
of reality. This digital reconstruction, based on “point clouds”, is used for remote inspec-
tion, to obtaining information from the site, thus monitoring the progress of construction 
[55, 156, 157], to identify, measure and study cracks and geometric features of the site 
[158, 159], and for digital terrain survey and topography generation [160]

Predictive maintenance (PM) Predictive Maintenance is aimed to predict future failures in installations, systems or 
equipment, through simulations or early detection of key indicators. The PM links BIM 
models, simulation software and sensors for data collection, predicting and performing 
maintenance before failure, without altering the operation of the building (equipment, 
systems, and structural elements), as a natural evolution of the Computer-assisted Mainte-
nance Management Systems (CMMS) in the AECO industry. It is expected a reduction of 
between 10 and 15% in maintenance costs by using PM [149, 161, 162]

Off-site construction (OSC) Prefabrication, modular or Off-site Construction is a construction procedure based on 
components and subsystems built-in series outside the final location, and then placed 
and assembled there. OSC brings to the construction site structural 2D or 3D elements 
(complete spaces, such as bathrooms or kitchens, for example) manufactured in controlled 
industries, requiring only assembly and installation on-site, optimising time, logistics 
and quality of finishes. Therefore, the technical aspects of the prefabricated elements are 
controlled in a factory, applying rigorous management and quality control principles, 
systematising the construction processes and without exposure to uncertain weather 
conditions at the building construction site. A greater adoption of BIM facilitates OSC, 
providing the component breakdown from the digital models and all the details of the 
facilities [163–167]

Product-lifecycle-management (PLM) Product-Lifecycle-Management is the process that manages the different phases of con-
ception, design, manufacturing, use, and recycling of a product through integrated IT 
solutions and with all the actors involved, optimising the relationships with customers, 
suppliers, and resources. The application of PLM to the AECO industry enables a truly 
integrated vision of the lifecycle of buildings and infrastructures, contributing to mitigate 
the fragmentation of the sector. One of the most relevant aspects of BIM is precisely this 
holistic vision of construction for all phases, including the interconnectivity between 
models and processes [168–170]
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Technologies Description

Radio frequency identification (RFID) Radio Frequency Identification uses electromagnetic fields, radio frequency waves, to auto-
matically identify, geolocate and track tags attached to objects. RFID enables the tracing 
of materials and machinery for their control at construction sites [171, 172]. RFID also 
facilitates the study of the behaviour of structures through the movement of these tags 
(the measurement of deformation, expansion of materials, among others) [173–175], and 
the monitoring and management of the labelled equipment in facilities [176]

Robotics (R) Robotics is the science and technique that deals with the design, manufacture, and use of 
robots; that is, machines that can be programmed to interact autonomously with objects to 
perform tasks of different kinds. Robots are used in industry to collect real-time informa-
tion from the environment time by walking around the site (e.g., temperature, images) 
[177, 178] and perform repetitive manufacturing tasks. In the AECO sector, robots could 
work according to BIM models, for welding, structural reinforcement bending, element 
cutting, among others tasks [179, 180]

Self-sustainability and self-sufficiency (SS) Self-Supply is related to the possibility of a system requiring little or no resources from 
outside. A SS building in the construction industry is mainly related to the energy and 
water efficiency, by incorporating elements for self-generation and optimal use of energy, 
water recirculation, and recycling [181, 182]

Sensors (S) Sensors are electronic devices to determine the variation of a physical or chemical mag-
nitude, by transforming them into electrical variables. Sensors are used in construction 
to monitor the structural health of buildings and infrastructures, to check the correct 
operation of machinery, workers, equipment, systems, thermal comfort, and many others 
[183–185]

Simulations models and tools (SMT) Simulations Models and Tools aim to replicate and thus predict the behaviour of systems 
and processes. Simulations are widely used in the AEO industry to analyse structures 
during the design phase, to predict energy consumption and to simulate a fire evacua-
tion, for example. Simulations are also strongly linked to the optimisation of construction 
processes and the functioning of systems and buildings during their operation [186–189]

Social media (SM) Social Media are “online” communication applications based on “Web 2.0”, for the 
exchange of information directly generated by users. It is a very agile communication 
channel, with massive contents, immediate and multidirectional consumption. SM may 
intensify the communication between construction workers (either via messages or docu-
ments), especially in complex works and with large extensions of land [75, 190]

Supply chain management (SCM) Supply Chain Management is the process of planning, executing, and controlling an 
efficient supply network. It is applied to systems and procedures to link the knowledge, 
procedures, and learning of the supply logistics of the different projects [191], optimising 
the purchase and distribution of materials (quality and specific requirements) [192]. SCM 
brings together and improves relationships between all stakeholders in the construction 
sector, by clarifying processes and distribution of roles and risks [193]. BIM contributes 
to the SCM by connecting digital models of materials and inputs [194]

Unmanned aerial vehicle (UAV) UAVs are systems that perform aerial missions remotely. They have flight autonomy and 
can transport different elements, including sensors and devices to capture different types 
of signals, magnitudes, photographs, depending on the different accessories. UAVs used 
at the construction sites to monitor projects from the air, obtain global views, verify struc-
ture details, and reach hard-to-reach places, whether for security, monitoring, progress 
control, or maintenance. They also can transport materials and equipment, simplifying 
distribution logistics [195–197]

Virtual reality (VR) Virtual Reality is a technology designed to generate scenes with a real appearance from 
computer systems. Therefore, they can provide a full immersion in three-dimensional 
BIM models through the use of glasses or in a CAVE (Cave automatic virtual environ-
ment), either to perform design and usability reviews in the early stages of the project 
with a virtual tour through the building site, or to work interactively in real-time and 
at scale on the (architectural, structural, usability) optimisation of the design [198, 
199]. Another representative application is the creation of immersion environments for 
orientation of workers before the first day at work in subjects such as health and safety or 
construction logistics, outlining the different risks that could occur. [199, 200]

Wearable technology (WT) Wearable Technology refers to any smart electronic device attached to the user’s clothing, 
for the sensorization of the behaviour and movement, capturing and processing the data 
generated. WT are directly used in the construction industry to verify compliance with 
occupational risk prevention measures, through real-time monitoring of workers, their 
movements and actions at the construction site [75, 77, 78, 190]
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suppliers to actively participate into the logistics and innova-
tion processes.

Through-Engineering promotes the design, development 
and integrated construction of products and systems, focused 
on the generation of constant synergies by making processes 
more flexible and by deploying continuous improvement. 
There are many routines and semi-handicraft construction pro-
cesses that can be migrated to systematic and automated tasks, 
generating logistical and worker training challenges. Paradox-
ically, it is the availability of a digital version of the entire 
construction, with all tasks planned and monitored, that adds 
flexibility for providing a better response to design changes 
during the construction or operation stages due to geotechni-
cal, meteorological or other unforeseen events. The industry 
faces the need to improve and optimise the management and 
control processes, anticipating decision making and inclusion 
of stakeholders from early stages, with permanent monitoring 
of their observations. All the agents of the construction indus-
try have tools to make much more transparent the administra-
tive processes, with focus on a better financial, time, cost and 
safety control of the workers. Exponential technologies pro-
mote and accelerate the development of the industry, helping 
in the above mentioned three domains: physical/automation 
domain, simulation and modelling, and digitalisation and vir-
tualisation. These dimensions keep interconnected the different 
agents, stages, and elements of the project.

Despite these challenges, the AECO industry is now 
under a strong change processes, coming from the imple-
mentation of Lean Construction (LC), Integrated Project 
Delivery (IPD) and Building Information Modelling (BIM). 
These initiatives are making a more dynamic industry and 
generating an ideal scenario to advance in the complete digi-
talisation of the sector, and thus integrating also the princi-
ples of Industry 4.0. All kind of innovations: corporate, pro-
cess and technology innovation, are key to boost the industry 
to a new development era.

6 � Conclusions

A diagnosis of the AECO industry has been made by 
reviewing its characteristics, complexities, and problems. 
This review includes the roles, interactions, and the new 

methodological trends that are being used, as well as the 
list of the industry’s main problems, which are related to 
management systems, fragmentation, accident rate, train-
ing, and low technological implementation. On the other 
hand, the conceptual framework of Construction 4.0 has 
been identified, defined, and classified, detailing its princi-
ples and action scenarios, according to its parallelism with 
Industry 4.0.

The proposed methodological framework incorporates the 
principles of Industry 4.0 to the workflows of the AECO 
industry. It is framed in the current trends of Lean Construc-
tion (LC), Integrated Project Delivery (IPD) and Building 
Information Modelling (BIM), incorporating agents, pro-
cesses and products based on these methodological propos-
als, linked and adapted to incorporate the potential of Indus-
try 4.0. Thus, the aspects of Vertical Networks, Horizontal 
Integration, Engineering, and Exponential Technologies are 
included in the project life cycle, also classifying the project 
components in scenarios of the physical/automation domain, 
simulation and modelling, and digitalisation and virtualisa-
tion. In this way, we can achieve a methodological synergy 
between the components of the AECO industry and Industry 
4.0, and generate an easily understandable framework.

An extensive route through 47 emerging technologies 
has been presented, mainly from Industry 4.0, defining the 
Construction 4.0 and to be applied to the AECO industry. 
Their general uses have been identified, together with incipi-
ent or potential applications throughout the life cycle of a 
construction project. These technologies have been also cat-
egorised according to the proposed classification scenarios, 
physical/automation domain, simulation and modelling, and 
digitalisation and virtualisation, and assessed according to 
their potential impact on the different stages of an AECO 
industry project.

The incorporation of the principles of Industry 4.0 to the 
AECO industry, in the so-called “Construction 4.0”, poses 
multiple foreseeable challenges, such as reducing fragmen-
tation and promoting the transversal integration of people, 
processes, and products, achieving higher levels of flexibil-
ity, and improving the complete management of the project 
throughout its life cycle, in order to improve its productiv-
ity levels. There are still few experiences of incorporating 
these principles and emerging technologies into the AECO 

Table 2   (continued)

Technologies Description

Neural networks (NNs) Artificial Neural Networks are computational models that are basically inspired by biologi-
cal neural networks. They use interconnected nodes that process information at different 
input–output levels, generating automatic predictions and learning. These NN are used 
in the construction industry to make predictions and study the behaviour of structures 
based on previous behaviours [201–205]. Similarly, they can be used to make estimates of 
worker behaviour and construction logistics processes [206]



703Methodological‑Technological Framework for Construction 4.0﻿	

1 3

Horizontal Integration

Through-Engineering

Building Information Modeling  |  Lean Construction  |  Integrated Project Delivery

PH
YS

IC
AL

 D
O

M
AI

N
DI

GI
TA

LI
SA

TI
O

N 
&

 
VI

RT
U

AL
IS

AT
IO

N
SI

M
U

LA
TI

O
N

 &
 

M
O

DE
LL

IN
G

Ve
rt

ic
al

 N
et

w
or

ki
ng

Hu
m

an
s a

nd
 ro

le
s

M
ac

hi
ne

ry
Ra

w
 m

at
er

ia
ls 

an
d 

su
pp

lie
s

Sm
ar

t 
Th

in
gs

Ph
ys

ic
al

 
Bu

ild
in

g
Pl

an
 a

nd
 D

at
a

Di
gi

ta
l 

Bu
ild

in
g 

(M
od

el
s)

Si
m

ul
at

io
ns

Additive Manufacturing
Cyber-Physical systems
Digital Signage 
Embedded system

Human-Computer Interaction
Internet of Things

Mass Customization
Modularity

3D scanner
Off-site Construction
Robotics
Self-sustainability and Self-sufficiency 

Product-Lifecycle-Management
Radio Frequency Identification

Sensors
Supply Chain Management

Wearable Technology Unmanned Aerial Vehicle 

5G

Mobile Applications
Mobile Computing
Industrial Internet

Automated regulation checking and Audits

Big Data

Blockchain
Cloud ComputingSocial Media

Data Sharing
Deep Learning
Digital twin 

Common Data Environment

Cybersecurity
Edge computing 

Data mining
Predictive maintenance Neural Networks 

Geographic Information System

Photogrammetry

Building Information Modelling Mixed Reality
Virtual Reality

Machine Learning
Artificial Intelligence 
Simulations models 
and tools

Augmented Reality
Big Data analytics

Improve Asset 
Utilization

puting
ternet

Automated regulation checking and Au

Big D

Blockc
Cloud Compua

g
ng

Common Data Environm

Cybersecu
Edge compu

aintenance Neural Netw

nfoff rmation System

Photogramm

rmation Modelling Mixed Re
Virtrr ual Re

rning
elligence
models

Augmented Re
Big Data ana

Improve A
Utiliz

Fig. 3   Interrelationship between proposed scenarios and support technologies



704	 F. Muñoz‑La Rivera et al.

1 3

Co
nc

ep
tu

al
is

at
io

n

Cr
ite

ria
 D

es
ig

n

D
et

ai
le

d 
de

si
gn

Im
pl

em
en

ta
tio

n 
D

oc
um

en
ts

Co
or

di
na

tio
n

Co
ns

tr
uc

tio
n

O
pe

ra
tio

n 
an

d 
M

ai
nt

en
an

ce

D
em

ol
iti

on
 o

r 
Re

no
va

tio
n

CON CDE DDE IMP DCO CON OPE D/R
Additive Manufacturing AM 1 1 1 1 1 3 1 3
Cyber-Physical systems CPS 1 2 3 3 3 3 3 2
Digital Signage DSi 1 1 1 1 1 3 3 2
Embedded system ES 1 1 1 1 1 3 2 2
Human-Computer Interaction HCI 1 3 2 2 2 3 2 2
Internet of Things IoT 1 1 1 1 1 3 3 2
Mass Customization MCu 3 3 3 2 1 1 2 2
Modularity M 1 1 1 2 2 3 2 2
3D scanner 3DS 1 1 1 1 2 3 2 2
Off-site Construction OSC 1 2 1 1 2 3 1 2
Product-Lifecycle-Management PLM 3 3 3 3 3 3 3 3
Radio Frequency Identification RFI 1 1 1 1 1 3 2 2
Robotics R 1 1 1 1 2 3 2 2
Self-sustainability and Self-sufficiency SS 1 1 2 1 1 1 3 1
Sensors S 1 1 1 1 1 2 3 2
Supply Chain Management SCM 1 1 1 1 1 3 3 2
Unmanned Aerial Vehicle UAV 1 1 1 1 1 3 2 2
Wearable Technology WT 1 1 1 1 1 3 3 2
Simulations models and tools SMT 1 2 3 2 3 3 3 2
Artificial Intelligence AI 1 3 3 2 3 3 3 2
Machine Learning ML 2 3 3 2 3 3 3 2
Data mining DM 2 3 3 2 3 3 3 2
Neural Networks NNs 1 3 3 2 3 3 3 1
Predictive maintenance PM 2 3 1 1 2 1 3 3
Improve Asset Utilization IAU 1 2 1 1 1 1 3 2
Big Data analytics DBA 2 3 3 1 2 3 3 1
Augmented Reality AR 1 2 3 1 3 3 2 2
Virtual Reality VR 1 3 3 1 3 3 2 2
Mixed Reality MR 1 2 3 1 3 3 2 2
Building Information Modelling BIM 3 3 3 3 3 3 3 3
Photogrammetry Ph 1 2 3 1 2 3 2 1
Geographic Information System GIS 2 3 3 2 2 2 2 1
5G 5G 1 1 1 2 1 3 3 1
Mobile Applications APPs 1 2 1 3 2 3 3 2
Mobile Computing MCo 1 1 1 1 2 3 3 2
Industrial Internet II 1 1 3 2 1 3 3 1
Social Media SM 2 2 2 2 3 3 2 2
Automated regulation checking and Audits ARCA 1 2 3 3 3 2 2 1
Big Data BD 2 3 2 2 2 2 3 2
Blockchain B 1 2 3 3 3 2 3 1
Cloud Computing CC 1 2 1 3 2 2 3 1
Common Data Environment CDE 2 2 2 3 3 2 3 2
Cybersecurity C 1 2 2 3 3 3 3 2
Data Sharing DSh 2 3 3 1 1 1 3 2
Deep Learning DL 1 2 3 2 3 2 2 1
Digital twin DT 1 2 3 3 3 3 3 2
Edge computing EC 1 1 1 1 2 3 3 2

3 High potential effect
2 medium potential effect
1 Low potential effect

Ph
ys

ic
al

 D
om

ai
n 

/ 
Au

to
m

at
io

n
Si

m
ul

at
io

n 
an

d 
M

od
el

lin
g

D
ig

ita
lis

at
io

n 
an

d 
Vi

rt
ua

lis
at

io
n

Technology

Fig. 4   Expected impact of technologies in the life cycle of the project



705Methodological‑Technological Framework for Construction 4.0﻿	

1 3

industry. The real implications of these and the upcoming 
adoptions need to be studied in greater depth, focusing on 
certain indicators that accurately reflect the changes in tra-
ditional processes, the consequences on workers who should 
adopt new roles and profiles, the challenges in education and 
training, and the evolution to the new business and develop-
ment models.
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