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Construction Industry 4.0 and Sustainabllity: An
Enabling Framework

Sreegjith Balasubramanian, Vinaya Shukla, Nazrant*, and ShalinMangha

Abstract—Governments worldwide are taking actions to
address the construction sector's sustainability cwerns,
including high carbon emissions, health and safetyisks, low
productivity, and increasing costs. Applying Industy 4.0
technologies to construction (also referred to asdhstruction 4.0)
could address some of these concerns. However, oemt
understanding about this is quite limited, with previous work
being largely fragmented and limited both in termsof technologies
as well as their interrelationships with the triple bottom line of
sustainability perspectives. The focus of this stydis therefore on
addressing these gaps by i) proposing a comprehewsi multi-
dimensional Construction 4.0 sustainability framewdk that
identifies and categorizes the key Construction 4.€echnologies
and their positive and negative impacts on environental,
economic, and social sustainability, and then ii) stablishing its
applicability/usefulness through an empirical, mult-methodology
case study assessment of the UAE’s construction s&®c The
findings indicate Construction 4.0's positive impats on
environmental and economic sustainability far outwigh its
negative effects, though these impacts are comparab with
regards to social sustainability. On Construction 4 technologies
itself, their application was found to be non-unifem, with greater
application seen for building information modeling and
automation vis-a-vis others such as cyber-physicaystems and
smart materials, with significant growth expected the future for
blockchain- and 3D-printing-related technologies. hie proposed
novel framework could enable the development of piay
interventions and support mechanisms to increase @struction
4.0 deployment while addressing its negative susteibility-related
impacts. The framework also has the potential to badapted and
applied to other country and sectoral contexts.

Index Terms— Industry 4.0, Construction 4.0, sustainability
framework, environmental sustainability, social sutinability;
economic sustainability, UAE

I. INTRODUCTION

WITH more than two-thirds of the world’s population

expected to live in urban areas by 2050, the coctstm
industry is expected to play a critical role in taeonomic
development of most countries (BalasubramanianSindla,
2017a). However, it has traditionally been low-teglith

significant reliance on craft-based methods andsisociated

with poor performance and quality (Craveiro et 2019). Its
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productivity has remained nearly flat for the lastveral
decades, and part of the reason has been its watiser
approach to project design and delivery (Reinhetrét., 2020).
This slow pace of innovation matters because ofritlestry’s
significant negative economic (e.g., low-profit mias,
significant project delays, and budget overrunsyjrenmental
(e.g., high resource, energy, and water consumptichwaste
generation; accounts for 30% of the world's greesbkogas
emissions as per Craveiro et al., 2019) and sdeigl, high
worker deaths/injuries, poor working conditions) pawsts
(Balasubramanian and Shukla, 2017a; Calvetti, 202Qmer
et al., 2020; You and Feng, 2020).

Industry 4.0 technologies (referred to as Consiact.O for
the construction sector) that are enabled by ddigital
technologies, and automation have gained momentom i
academic, managerial, and policy circles in recgmtes
(Beltrami et al., 2021). While they are seen a®lat®n to
address the sector’'s sustainability-related chgéen (e.g.,
reducing material usage and waste with 3D printiofg
buildings), there are also significant concerns uabiheir
adverse effects, such as increased energy requiteraed job
losses (Chan, 2020). However, unfortunately, thevipus
literature is unable to provide much clarity on tekationship
between Construction 4.0 and sustainability. Fatance, a
recent literature-review-based study on Industr9 4nd
sustainability by Beltrami et al. (2021) did natdiany studies
on construction. Similarly, other studies that halscussed
sustainability in relation to Construction 4.0 (e.8herratt et
al., 2020; Calvetti et al., 2020) have largely feed on social
sustainability rather than taking a triple bottomel (TBL)
perspective, in which economic, environmental, aodial
elements are considered together. A TBL perspective
important as the different sustainability impactsonf
Construction 4.0 technologies could conflict withck other.
For example, blockchain could improve operatiorifitiency
and reduce costs (greater economic sustainabbity) also
increase the energy requirement that is neededweipthe
associated algorithms (lower environmental sushgiityg (du
Plessis and Sherratt, 2020).

Another weakness of these studies is that modteshtare
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also desk discourse analysis based (Chan, 202@ledsis and
Sherratt, 2020) or secondary review based (Ibrahiah, 2019;
Akyazi et al., 2020); first-hand empirical insighdse sadly
missing. Finally, even without the sustainabilitgpact,
knowledge of Construction 4.0 technologies itsalf duite
limited; most studies have narrowly focused on ona few
technologies (e.g., lbrahim et al. (2019) on Buidi
Information Modeling (BIM) and Reinhardt et al. @9 and
Moon et al. (2020) on robotic technology), thougbkre have
been some recent attempts at a more compreherngiveaah
(e.g., Newman et al., 2020; Zabidin et al., 202@] Rorceal et
al.,, 2020). Overall, this means that there are ifsogmt

knowledge gaps that could hamper Construction 4dge-

scale acceptability and implementation both teabappiwise as
well as vis-a-vis its sustainability impacts.

These gaps suggest the need for a comprehensibéngna
framework that, in turn, can facilitate an assadagmpirical
investigation. The specific research objectivethisf study are,
therefore:

< To identify and integrate various isolated Condtion 4.0
technologies into meaningful and managerially rafdv
categories

« To develop a ‘Construction 4.0 SustainabilityrReavork’
that conceptualizes the interconnectedness bettheerarious
Construction 4.0 technologies and the
environmental, and social sustainability dimensions

« To test the applicability and usefulness of tterfework
in a real-world setting

While meeting the above objectives, the study seeks
answer the following research questions:

* What is the current and future state of Consioact.0
technologies, and how are they disrupting the s@cto

« What are the positive and negative implicatiohshese
Construction 4.0 technologies for the sector's remvental,
economic, and social sustainability?

This required, first, a systematic review of theaftered)
Construction 4.0 studies to develop the framewtigwed by
testing the framework’s applicability and usefukmésough an
empirical, multi-methodology case study. The Unit&chb
Emirates (UAE)’s construction sector was used ag¢kearch
setting, because the construction intensity thehégh, and the
country is also associated with some of the masbvative
buildings and projects globally (Balasubramaniad 8hukla,
2017a). The UAE is also strongly committed to @afj high
economic, social, and environmental sustainabdiiycomes
(Vision 2021, 2019). It is also at the forefront ofing
innovative technologies in the construction sed¢@ulaimi,
2021). UAE’s construction sector, therefore, pregidan
appropriate setting to assess opportunities andleclgas
associated with Construction 4.0 and sustainability

The study makes a significant contribution. It e tfirst
comprehensive empirical investigation to link Coustion 4.0
with economic, environmental, and social sustaliitgbi
dimensions. The study framework and the case dtndings,
therefore, are both novel and significant. ThougAEL$
construction sector is used as the case contextaththat other
advanced countries’ construction sectors are simikans that

economic,

insights from this study can be applied elsewh@&fés also
includes the framework, the conceptual comprehengss of
which enables it to be suitably adapted and appledther
country and sectoral contexts.

The rest of the paper is structured as followshénext section,
we outline the research framework used. In SecBpthe
literature review leading to the Construction 4u8tainability
framework development is discussed. The reseatthgand
the case study method used to evaluate the frark&swor
applicability are detailed in Section 4. The caselg findings
are discussed in Section 5. We conclude in Seétiaiith the
study implications, limitations, and suggestionsfédure work.

Il. RESEARCHFRAMEWORK

The research framework adopted in this study ismgia Fig.
1 below, which can be seen to have two main stajeshe
literature review stage of developing the ‘Conginrc 4.0
Sustainability Framework’, and 2) The case studyJafE’s
construction sector stage to test the frameworgfdieability
and usefulness. These are discussed in detaikifiottowing
sections.

Research Gaps Identified

&

Research Objectives and Questions Established

&

Literature Review
Systematic Review of Construction 4.0 Studies

Generic review of Industry 4.0 and
Sustainability Studies

4

Proposed Construction 4.0 Sustainability Framework
(Objective 1,2 Met)

U

Case Study of UAE’s construction sector

Stage 1

Semi-structured interviews (Qualitative)

Stage 2

Survey (Quantitative)

U

Research Questions 1, 2 Answered & Objective 3 Met

Fig. 1. Research Framework

The literature review involved a systematic revief
Industry 4.0 studies in the construction secto€onstruction

LITERATURE REVIEW AND FRAMEWORK DEVELOPMENT
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4.0 followed by a generic review of studies thaplered the
link between Industry 4.0 and sustainability.

A. Systematic Literature Review of Construction 4.0

The objective of the systematic review was twofdlde first
objective was to identify and integrate the varidgsslated
Construction 4.0 technologies disrupting the sedtbe second
objective was to synthesize the positive and negatipacts of
Construction 4.0 technologies on the environmeptzinomic,
and social sustainability dimensions. The systemnediview
was undertaken using the Scopus database becaitsémad
coverage of journals. The keywords used to idenkigyinitial
list included “industry 4.0” AND “construction” OR
"Construction 4.0" OR “industry 4.0” AND “buildingln order
to ensure rigor and quality, conference proceedingsking
papers, and book chapters were excluded.

The initial search identified over 1000 studies.teAf
removing duplicates and limiting the studies toyoatticles
from peer-reviewed academic journals, the list mersowed to
387 articles. The articles were then screened®hdkis of their
title and abstract, and only those with a primapgus on
construction and Industry 4.0 were shortlisted.rigfocontent
(full-text) review of these articles was carried ¢ exclude
studies that are too technical, such as those odeling,
simulation, Industry 4.0 architecture, and algamh (e.g.,
Tahmasebinia et al., 2020). Also, articles publistreleading
construction journals such as the Journal of Canstn
Engineering and Management, and International dbuoh
Construction Management were checked to ensure #rerno
important omissions. Finally, references citedhia shortlisted
studies were also reviewed to identify additionaiickes,
leaving 29 studies on Construction 4.0 for detadealysis.
Fig. 2 summarizes the systematic review processwed.

Articles identified through keyword search
from Scopus database [All Years]
(n=1007)

Inclusion/Exclusion Criteria Applied

«  Remove duplicate studies

o Include only studies published in English
in peer-reviewed academic journals

Articles identified for screening
(n=387)

Title/Abstract Screening
o Include only studies with primary focus
on construction and Industry 4.0

Shortlisted articles for content review
(n=40)

Full text articles assessed for eligibility
®  Exclude studies that are too technical or

too generic

Initial studies considered for qualitative
synthesis (n=21)

Additional Studies

«  Include key studies published in leading
journals in construction

«  Include key studies identified from the
reference list of shortlisted studies

Final list of studies considered for qualitative
synthesis (n=29)

Fig. 2. Systematic Review of Construction 4.0

Our syntheses of the shortlisted studies (TableeVealed
several gaps. First and foremost, most of thesdiestuare

narrow in scope, focusing on one or just a few Bigec
technologies; for example, Sacks et al. 2020) liagesed on
Digital Twins, while Ahmed (2018) has focused omgyrented
and virtual reality technologies. Next, studies édavade little
effort to explicitly link Construction 4.0 with thearious
dimensions of sustainability. Most studies havelenga or
discussed Construction 4.0 and sustainability dspas an
auxiliary concern rather than the main topic. Atbese studies
have mostly covered only some aspects of Industyafhd
sustainability (as well as failing to cover alltb&ir interrelated
dynamics). As evident from Table I, very few stidieave
simultaneously discussed the Construction 4.0 impacall
three dimensions of sustainability. In many cagies primary
focus is on the social sustainability dimension,asbalanced
perspective based on the triple bottom line contseptissing.
Further, most studies are either descriptive orceptual and
are based on secondary data or literature reviempircal
investigation to gain first-hand insights into difént aspects of
Construction 4.0 via interviews and/or case studiasg/or
surveys appears to be limited. Overall though, idedpese
gaps, the synthesis of the studies in Table | plexvithe
conceptual base for the development of the Cort#truel.0
sustainability framework; it enabled us to underdtthe key
Construction 4.0 technologies disrupting the seetud their
implications for the TBL sustainability dimensions.

B. Review of Generic Studies on Industry 4.0 and
Sustainability

Despite their differences, the construction sectard still
benefit from “borrowing” innovative ideas and teologies
from other sectors, provided they are carefullyeased and
contextualized (Balasubramanian and Shukla, 20THhe
objective of this generic review was threefold skithe review
sought to ensure that there are no important oamssof
technologies relevant to construction within theyéa body of
Industry 4.0 literature, especially those from hagplication
sectors such as manufacturing. Second, the revieghs to
critically examine the studies that have explicikamined the
link between Industry 4.0 and the TBL of sustaitigb{e.qg.,
Beltrami et al., 2021), including from both the piems and the
opportunities perspectives. Finally, the review wadertaken
to gain insights into the thematic classificatidrConstruction
4.0 technologies into meaningful and manageriadlevant
categories. Table Il summarizes the key studiesidnstry 4.0
and Sustainability identified from the genericiiitiire.

The following insights were gained from the litenat
review. With the exception of a few new but related
technologies such as hologram and cloud manufaguthe
key technologies identified in Table | (Construntié.0) and
Table Il (Industry 4.0) are similar. This assurbdttwe have
not missed out on any key Industry 4.0 technologgés/ant to
construction. However, unlike Construction 4.0rbtere, the
generic literature is more mature in examining thieect
relationship between Industry 4.0 and TBL of susthility.
Studies have examined the direct impact of Induét®yon on
different stages of the product/ project life-cydearting from
sustainable design, procurement, manufacturing/
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TABLE |
SUMMARY OF STUDIES ONCONSTRUCTION4.0
Study Country Methodology Primary Focus Constarcd.0 Key findings
technologies considered (Implications on sustainability)
Ahmed Generic Literature Opportunities for AR Virtual Reality (VR), Economic Implication: Reduction in overall
(2018) review and VR in Augmented Reality (AR)  project costs; Improvement in tracking and
construction scheduling; timely access to project information;
reduction in labor hours; reduction in data
acquisition costs; reduction in employee training
costs; reduction in maintenance and facilities
management costs; improvement in quality;
reduction in project completion time
Social Implication: Provide virtual and augmented
training to enhance workers safety; detect defects,
risks, and accidents before they even occur;
reduces the need for manpower by automating a
number of site inspection processes and defect
management processes
Dallasega Italy Multiple case  Industry 4.0 for Building Information Environmental implications: Increase in carbon
(2018) studies improving Modeling (BIM); Cloud emissions due to increase in transportation from
construction supply Computing; Internet of Just-in-Time (JIT) deliveries
chain Things (loT); Cyber- Economic implications: Improvement in the
Physical Systems (CPS); process; reductions in lead time, late and early
Big Data; AR; VR; deliveries, wasteful intermediate storage,
Geographical Information  inventory levels; increases in transportation costs
Systems (GIS) and costs associated with reorganizing existing
processe
Cai et al. Generic Scientometric Identify the key Robotics Economic implications: Improve efficiency,
(2019) literature research areas and productivity, and quality
review, practical applications Social Implication: Provide automated solutions
critical of automation and to compensate for the labor shortage, reduce the
literature robotics in high-rise number of safety risks associated with
review and building construction construction and maintenance of high-rise
market buildings such as fagade cleaning, steel beam
review assembly, fagade installation, etc.; reduction in
manual jobs
Craveiroa et Generic Literature Explores the potential Additive manufacturing Economic Implication: Redugiin production
al. (2019) review of additive time; shorter lead times; lower inventory costs;
manufacturing in the lower supply chain costs; improvement in
construction sector resource efficiency
Environmental Implications: Reduces cement
consumption, thereby reducing @€missions;
supports sustainable construction approach
through the use of recycled and natural materials.
Social Implication: Reduces the number of
fatalities and injuries in construction s
de Soto et Switzerland  Case study Implications of 3D Printing; Robotic Social implications: Reduction in number of
al. (2019) Construction 4.0 on Assembly workers, change in nature of jobs and
workforce and organizational structures, creation of new job
organizational roles
structures Economic implications: Reduction in project
completion times; improvement in processes
Ibrahim et Malaysia Literature Employee skills BIM Social implications: Shortage of skilled worker
al. (2019) review required for the in the construction sector; the need for
implementation of government and private sector to come together to
BIM develop education and training programs for
upskilling students, graduates and practitioners in
BIM; need for updating existing outdated
curricula in Universities and polytechnics.
Maskuriy et Generic Systematic Examine the state of  BIM, loT, AR, CPS Environmental implications: Optire energy
al. (2019) literature Industry 4.0 in the efficiency; waste reduction
review and construction sector Economic Implications: Reduce delays and
bibliometric unforeseen costs; improve work quality;
mapping improvement in efficiency and productivity
Social Implications: Improve security and safety
Adepoju Nigeria Survey Threats and BIM; Robotics; Drones Social Implications: Threatsack of employee
and opportunities to awareness, interest, and skills; loss of jobs;
Aigbavboa construction sector privacy issues; Opportunities — improvement in
(2020a) workforce due to stakeholder collaboration, relationships, and

implementation of
Construction 4.0
technologies

employee efficiency; reduction in employee
fatigue

Economic implications: High cost of
implementation; lack of access to loans/finance,
government support
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Study Country Methodology Primary Focus Constarcd.0 Key findings
technologies considered (Implications on sustainability)
Adepoju Nigeria Survey Knowledge and skill  10T; BIM; 3D printing; Big  Social Implications: Good knowledge of
and gaps in Construction  Data; Prefabrication/ automation, 10T, BIM, 3D Printing, and Big Data.
Aigbavboa 4.0 Modularization; Cloud Limited knowledge of CPS, robotics, VR, and
(2020b) Computing; Robotics; VR; AR. Highest skill gap found in human-machine
AR; CPS communication, followed by data analytics, cyber
security, and computer programming.
Akyazietal. Europe Secondary Current and future BIM; 10T; 3D Laser Social implications: Need for basic ICT literacy
(2020) desk research skill requirements of  Scanning; 3D Printing; Big for all future jobs; need to possess digital skills
civil engineering for Data Analytics; AR; VR; technical skills to operate the new construction
construction 4.0 Robotic Construction; 4.0 technologies; data analytics skills, advance
Machine Learning (ML); ICT and problem-solving skills, ability to adapt
Artificial Intelligence (Al); and change; continuous learning; ethics; critical
Smart Materials; Drones; thinking, creativity, cultural sensitivity and
Autonomous Vehicles empathy.
Barrett UK Discourse Opportunities of - Social Implications: Reduction in gender divide
(2020) perspective analysis Construction 4.0 to through increased participation of females;
resolve issues of elimination/reduction in pay disparity between
gender equity in the male and female workers.
sector
Bashirand  Global Survey Behavioral intention  ML; VR; Al; Cloud Social Implications: Construction 4.0 technology
Kivrak survey and actual usage of computing; BIM; loT acceptance will depend on its perceived ease of
(2020) construction 4.0 use and usefulness
technologie
Calvetti et Generic Systematic Ethical concerns of BIM; Smart Contracts; Al; Social Implications: Legal, ethical, privacy, and
al. (2020a) scoping using technology for  Blockchain; ML cultural issues around technology-enabled
review workforce monitoring workforce monitoring/surveillance such as
worker's awareness and consent
Calvetti et Generic Literature Real-time monitoring  10T; Drones; BIM; ML; Al Social implications: Privy and legal issues
al. (2020b) Review of productivity and around capturing worker parameters such as
performance of craft motion, body orientation, and vital (biological)
workers in ones
construction sites Economic implications: Increases in worker
productivity and performance
Chan (2020) Generic Discourse  Social and ethical - Social implications: Job losses, changing natdire
analysis issues in the the job, how technologies can be used for the
implementation of common good
industry 4.0
du Plessis Generic Discourse Ethical, social, and - Environmental implications: High energy
and Sherratt analysis environmental consumption of Construction 4.0 technologies
(2020) challenges in the Social implications: Ethical and social issues
adoption of around surveillance and privacy; social exclusion
construction 4.0 of those who cannot afford Construction 4.0
technologies; cyberattacks; data breaches
Forcael et Generic Literature Examine the state of  BIM; 3D printing; Environmental implications: Reduction in
al. (2020) Review and Industry 4.0 in the Additive Manufacturing; pollution (e.g., use of bio-degradable materials)
Bibliometric construction sector Big Data; VR; AR; loT, Economic implications: Improvement in
Analysis Al; Robotics; Smart productivity, efficiency, quality of work;
Materials; Cyber-Security; reduction in project completion time
Blockchain; Drones; Social implication: Cybersickness (negative
Autonomous Vehicles; effects of using technology at work); jobs losses;
Laser Scanning ethical issues related to privacy and security
Mansouri et  United Literature Integration of Data Data Analytics, BIM, AR,  Environmental implications: Improved
al. (2020) States review and analytics with other VR, Simulation Modelling, sustainability; lean construction
survey Construction 4.0 Laser Scanning Economic implications: Improvement in
technologies productivity, process efficiency, and building fife
cycle management leading to lower costs;
Social implication: Result in job losses, increase
in safety
Moon etal. Korea Case study Autonomous Autonomous Robots Social implications: Replacenoéiinior
(2020) technology and its draftsmen and designers’ roles (from autonomous
benefits on the project drawing systems) Economic implications:
efficiency of offsite Reductions in completion time and manual errors;
construction improvements in quality and overall project
efficiency.
Newman et UK Literature Barriers and BIM; Al; Big Data; l0T; Social implications: Lack of employee knowledge
al. (2020) review and opportunities for the 3D Printing; Cloud and willingness and motivation to learn new
case study adoption of Industry ~ Computing processes; lack of support; poor organizational

4.0 in the construction

culture
Economic implications: High implementation
costs, costs associated with employee training and
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Study Country Methodology Primary Focus Constarcd.0 Key findings
technologies considered (Implications on sustainability)
upskilling, coordination costs across the various
partnering firms in the value chain
Osunsanmi  South Survey Adoption of Big Data; Cloud Social implications: Lack of standards, policies;
etal. (2020) Africa Construction 4.0 Computing; AR; BIM; and employee willingness to embrace new
technologies Robotics; CPS; Drones; technology;
loT Economic implications: High implementation cost
[High levels of adoption of drones, BIM,
prefabrication/modularization, Internet of things
and automation; least levels of adoption for
robotics and cyber physical systems]
Reinhardt et Australia Survey, focus Potential of using Collaborative Robots Social implications: CoBots could be used to
al. (2020) group human-robot (CoBots) work collaboratively with humans in construction
interactions in tasks
performing tasks in the
construction industry.
Sacks etal. Generic Literature Establish the Digital twins; Agent-based Environmental Implications: Improved production
(2020) Review application of digital Simulation planning significantly reduces waste in
(Conceptual  twins across the full construction. Reliable production planning leads
Paper) life-cycle of a to increased capacity utilization of equipment,
construction project thereby reducing the carbon footprint
Economic Implications: Reduces manual work
(thereby saving time and eliminating errors)
required in construction progress monitoring and
consequently bringing down the overall costs.
Real-time monitoring of construction materials
improves inventory management and reduces
waiting time for resources. Less production waste
leads to lower overhead costs and reduces direct
construction costs
Social Implications: Eliminates a number of
manual processes such as monitoring construction
progress using observation and measurement.
Real-time monitoring of construction sites can
enable the delivery of safety alerts when workers
are exposed to hazards
Sherrattet  UK-centric  Literature Ethical and social - Social implications: Loss of certain jobs, creati
al. (2020) perspective review and consequences of the of new jobs; improved worker competencies and
discourse implementation of skills through the requirement for reskilling and
analysis construction 4.0 upskilling; effect on professional autonomy of
practitioners; shift of power to technology
providers
You and China Systematic Integration of Industry BIM; IoT; Cloud Environmental implications: Improvement in
Feng (2020) literature 4.0 technologies in Computing; Big Data; ML; environmental performance
review and construction sector VR; AR; 3D Modeling; Social Implications: Improvement in safety
case study using Cyber-Physical CPS; Discrete-event Economic implications: Improvement in
systems (CPS) Simulation (DES) construction process, quality, and cost reduction.
Zabidin et Generic Literature Examining the BIM; VR; AR; Mixed Environmental implications: Sustainable
al. (2020) review, Industry 4.0 Reality (MR); Simulation; development
bibliometric technologies in the Additive Manufacturing; Social Implications: Improvement in safety
and construction sector 3D Printing; Robotics; IoT; Economic implications: Improvement in
scientometric Cloud Computing; Mobile efficiency and productivity
mapping Computing; Big Data;
Modularization; Al; CPS
Mantha et Generic Conceptual A cyber-security threat Cyber-security Social implications: Cybersecuritseats;
al. (2021) modeling modeling framework identify potential vulnerabilities and develop
for the construction counter measures
secto
Mufioz'La  Generic Literature A methodologicall 3D printing; ML, Al; AR; Social Implications: Barriers to Construction 4.0 -
Rivera et al. review Technological VR; Big Data Analytics; Excessive regulation limiting innovation; lack of
(2021) (Conceptual  Framework for Blockchain; BIM, Cloud skilled workers
Paper) Construction 4.0 Computing; CPS; loT;
Prefabrication/
Modularization; 3D
Scanning;
Photogrammetry;
Robotics; Drones; GIS
Turner etal. Generic Literature Opportunities and Big Data Analytics; Al; Social implications: Enhanced safety and quality
(2021) review challenges of Industry Robotics; BIM of construction; data privacy issues

4.0 in construction

Economic implications: Increase in productivity;
reduction in overall cos
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TABLE Il
GENERICREVIEW OF STUDIES EXAMINING INDUSTRY 4.0 AND SUSTAINABILITY
Study Country Methodology Primary Focus Constarcd.0 Key findings
technologies considered (Implications on sustainability)
Morrar et Generic Discourse Proposed an Industry Industry 4.0 technologies  Social Implications: Job losses due to substitution
al. (2017) analysis 4.0 framework to in general of human roles by automation and digitization; the
achieve TBL need for employee upskiling and reskilling;
sustainability through privacy concerns
technological and
social innovation
Kamble et  Generic Systematic Proposed a SustainableloT; Big Data; Cloud Environmental Implications: Reduction in waste;
al. (2018) literature Industry 4.0 Computing; Cloud water; energy; raw materials
review and framework to examine Manufacturing; 3D Economic Implications: Cost-optimized global
bibliometric current trends and Printing; AR; Robotics; production systems; reduced total cost of
analysis future perspectives Cyber-Security ownership using improved predictive
maintenance, reduced product development
costs, improved purchasing decisions, and
customized on-demand manufacturing.
Social Implications: Improved and safe working
conditions for employees
Oztemel Generic Literature Examining the state of Location Detection Economic Implications: Improvement in
and Gursev review Industry 4.0 Technologies; 10T; Cloud- efficiency, quality, resource utilization;
(2018) technologies and their based Systems; Big Data adaptability; flexibility; reduction in delays
potential benefits Analytics; AR, Advanced  Social Implications: Create new high-level jobs;
Algorithms (ML and Al); enhanced safety at work
3D Printing;
Authentication and Fraud
Detection; Cyber-Physical
Systems; Simulation;
Robotics; Virtual
Manufacturing
Bag et al. South Survey Examined the link 10T, CPS, Cloud Industry 4.0 adoption was found to have a positive
(2020) Africa between Industry 4.0 Computing, Sensor-based impact on green manufacturing and re-
and logistics networks; GIS manufacturing capabilities and business logistics
operations, green sustainability —(mediated through logistics
manufacturing, re- operations).
manufacturing, and
business process Environmental Implications: Improved green
optimization image; green design; reduction in solid waste
management and waste water treatment
Economic Implications: Cost savings; improved
visibility resilience, process optimization;
resource utilization; improved capabilities and
traceability
Social Implications: Facilitate training and skills
developmer
Ejsmontet  Generic Systematic Conceptualization of ~ Big Data Analytics; CPS; Industry 4.0 technologies lead to sustainable
al. (2020) literature the link between cloud computing; IoT; manufacturing; sustainable energy consumption;
review and Industry 4.0 and TBL  Industrial 10T; Cyber- sustainable and green supply chain management;
bibliometric sustainability Physical Production smart factory; circular economy
analysis Systems (CPPS), Digital Environmental Implications: Positive
Twin implications include an increase in energy
efficiency and decrease in manufacturing scrap
waste, while negative implications include an
increase in electro-waste, energy consumption,
etc.
Economic Implications: Positive implications
include improved resource efficiency; savings
through more accurate planning, shorter lead
times, and waste management costs; while
negative implications include the high upfront
cost of implementation, uncertain return on
investments, etc.
Social Implications: Positive implications include
an increase in safety, more comfortable working
environment, while negative implications include
unemployment threats, privacy issues,
Furstenau et Generic Systematic Conceptualization of  CPS, Big Data Analytics; Industry 4.0 technologies lead to sustainable
al. (2020) literature the link between Advanced Manufacturing; manufacturing; sustainable operations, recycling,
review and Industry 4.0 and TBL  Additive Manufacturing; life-cycle assessment; circular economy
bibliometric sustainability 3D Printing; Al, VR, AR, Environmental Implications: Positive and
analysis 10T; Industrial 10T; negative implications on the environment such as

resource and energy consumption
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Study Country Methodology Primary Focus Constarcd.0 Key findings
technologies considered (Implications on sustainability)
Robotics; Digital Twins; Economic Implications: Positive and negative
Smart Grid; implication on  productivity  (Productivity
Paradox)
Social Implications: Positive implications include
training and upskilling of workers, creation of new
jobs; while negative implications include loss of
low-skill jobs leading to unemployment and
shortage of skilled employees
Ghobakhloo Iran Focus groups Examined the Industry 4.0 technologies Environmental Implications: Carbon emission
(2020) opportunities of in general reduction; reduction in energy and resource
Industry 4.0 for consumption
sustainability Economic Implications: Improved corporate
profitability; reduction in manufacturing costs;
agility and flexibility; production efficiency and
productivity
Social Implications: Human resource
development, enhanced risk and safety
management; job creation
Margherita  Generic Systematic Conceptualization of 3D Printing; l10T; Robotics; Environmental Implications: Reduction in use of
and literature the link between CPS; Big Data; VR; natural resources, carbon emissions, and energy
Braccini review Industry 4.0 and TBL  Hologram usage
(2020) sustainability Economic  Implications:  Improvement in
productivity production efficiency, quality, supply
chain management, inventory management, new
value-added services
Social Implications: Improved employee morale,
safer work environment, less intense workload,
job-enrichment
Bag et al. South Literature Examined the link Additive and Advanced Environmental Implications: Industry 4.0
(2021) Africa review and between Industry 4.0 Manufacturing; AR; VR; adoption was found to have a positive impact on
survey and sustainable Robotics; Big Data sustainable manufacturing and an indirect impact
production and Analytics; Blockchain; on circular economy mediated through sustainable
circular economy Cloud Computing; Cyber- manufacturing.
Security; CPS; Industrial
10T; Digital Twins;
Simulation and Modeling
Beltrami et  Generic Systematic Conceptualization of  10T; Robotics; CPS; The direct impact of Industry 4.0 on sustainable
al. (2021) literature the link between Additive Manufacturing; design; sustainable production; sustainable
review Industry 4.0 and TBL  Al; Big Data Analytics; purchasing; sustainable production; green

sustainability

Cloud Computing

performance measurement; closed-loop supply
chain; and sustainable governance
Environmental Implications: Positive or negative
impact of Industry 4.0 on material, energy and
water consumption, material waste, and GHG
emissions

Economic Implications: Positive or negative
impacts of Industry 4.0 on costs; productivity;
profitability; revenue, and quality

Social Implications: Positive or negative impact of
Industry 4.0 on working conditions; new
employment opportunities; health and safety;
ethics and privacy.

remanufacturing, operations and maintenance, addélife
management (Bag et al., 2020; Ejsmont et al., 2BA6stenau
et al., 2020; Beltrami et al., 2021). Some studiase even
explored the relevance of Industry 4.0 for broadmtainability
goals, such as green/sustainable supply chain reared,
closed-loop supply chain, and circular economy (Bagl.,
2021; Ejsmont et al., 2020; Furstenau et al., 2@&)rami et
al., 2021). Also, several studies in the geneterdture have
started examining the positive and negative imptcs of
Industry 4.0 on TBL of sustainability (e.g., Ejsmehal., 2020;
Furstenau et al., 2020; Beltrami et al., 2021)then; studies in
the generic literature provided the conceptual bfasethe
thematic classification of Industry 4.0 technolagiénto
managerially relevant categories such as digitadina

(Beltrami et al., 2020; Ejsmont et al., 2020), awdtion

(Beltrami et al., 2021; Ejsmont et al., 2020; Bagle 2020),
advanced manufacturing (Ghobakhloo, 2020), intégratnd
collaboration (Kamble et al., 2018; Ghobakhloo let 2020;

Beltrami et al., 2021), and intelligent environmé@damble et
al., 2018; Beltrami et al., 2021; Bag et al., 20Fally, a few
studies have proposed generic frameworks to conakpe the
various relationships between Industry 4.0 and suability.

For instance, Beltrami et al. (2021) proposed méwaork for
researchers and practitioners to examine the dingaact of
Industry 4.0 on TBL of sustainability and mediatiegpact
through practices such as sustainable design, po@nt, and
manufacturing. Similarly, Ejsmont et al. (2020) posed a
Sustainable Industry 4.0 reference framework taeptualize
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the impact of Industry 4.0 on sustainability prees such as
sustainable manufacturing, TBL of sustainabilityrcalar
economy, and sustainable supply chains. Bag e{28R0)
proposed a research framework linking Industry 4rtd
remanufacturing and green manufacturing
mediated through instrumented, interconnected,raetigent
logistics. Kamble et al.
interconnecting Industry 4.0 and TBL of sustain&pil

intelligence, machine learning (Lekan et al., 202&phd
holography.

Automation and Advanced Manufacturing - It was evident
from the literature review that construction pracastomation

capatsilities mainly driven by or facilitated by advancemeantabotics,

3D printing, autonomous vehicles and machinery,

(2018) proposed a framéworprefabrication and modularization, and blockchaichhology

(de Soto et al., 2019; Akyazi et al., 2020). Fatamce, drones

outcomes mediated through process integration (humacan be deployed for remote inspection and for talderial

machine collaboration and equipment integratiomwelver,
except for Bag et al. (2020), none of these framrksvare
empirically tested and validated. Although thesenegie
frameworks are by no means comprehensive, theyigedva
good theoretical background on the meaningful iatahips
that need to be assessed for our proposed Construtid
sustainability framework. According to Carter andsin
(2011), combining existing frameworks into a confyanesive
framework allows investigation of multiple theoceti
perspectives simultaneously and helps to define figtld's
boundaries more rigorously.

C. Development of the Construction 4.0 Sustainability
Framework

The systematic review of Construction 4.0 combiwét the
generic review provided the insights necessarydéeloping
the Construction 4.0 sustainability framework.

1) Components of the framework

The central task of developing any technology Brauork is
carefully identifying the key technologies for inslon (You
and Feng, 2020; Munoz-La Rivera et al., 2021). &ensin
Table I, the systematic review enabled us to utdedsthe key
Construction 4.0 technologies disrupting the sedtothe next
stage, through careful syntheses of studies ineTadhd Table
II, we have grouped these Construction 4.0 teclgietointo
four dimensions: digitalization, automation and ausement
manufacturing, integration and collaboration, antklligent
environment. This simplified conceptualization afrStruction
4.0 is critical for the progress of the field, givehat the
scientific contours of Construction 4.0 are notadhg defined.
These dimensions are discussed below.

Digitalization - Digitalization, or converting the physical
ecosystem to a digital ecosystem and then manégimmgually,
is the foundation of Construction 4.0 (Akazi et, &020;
Mantha et al., 2021). The aim is to digitize andtcaly store
the information captured through the Internet ofngk (loT)
and other devices across the different life cydages of
construction, starting from the project inceptiontihe end of
life, including the commissioning, operation, andintenance
phases to facilitate real-time monitoring and todemiake
advance analytics to identify patterns for improeeitn Smart
digital technologies such as the 10T, big data wita, cloud
computing, virtual and augmented reality, blockahaind 3D
laser scanning and photogrammetry enable a newepbfs
digitalization of the sector. Also, constructiomjitization was
adjudged as a catalyst that would facilitate thdistio
application of other technologies such as BIM, fiaitil

photographs to obtain information from the siteusth
monitoring construction progress (Mufioza Rivera et al.,
2021). Similarly, advanced manufacturing such atitae and
3D printing enables the manufacturing of buildingger-by-
layer by an automated machine, based on digitair@idels
(Akyazi et al., 2020). Further, construction has plotential to
benefit from cloud manufacturing, a networked mawtiring
mode that utilizes online manufacturing resouroegrovide a
spectrum of on-demand manufacturing services acupr
users’ needs (Singh et al., 2021).

Integration and Collaboration - Identification of
Construction 4.0 technologies that integrate déffier
technologies and facilitate collaboration amongedtalders is
essential. Lack of early engagement and collabmwratf
various stakeholders is identified as a key chghefacing the
construction sector (Balasubramanian and Shukld,720
2017b), and integration of different technologies @rovide
unique benefits that are not available with theafdadividual
technologies on a standalone basis (You and F&2g)2

BIM is a collaborative working methodology involgrkey
stakeholders  (developers, designers, contractdrs/su
contractors, and suppliers) to design, constructl aperate
construction projects (Mufiod.a Rivera et al., 2021). BIM
provides all stakeholders with a digital represgotaof a
building’s characteristics throughout its life ogclSimilarly,
BIM-Cloud is an integrated technology that allowsoject
teams to work together in different locations toniar and
control the project progress in real-time (Ibratétal., 2019).
Cyber-Physical Systems are mechanisms that egtablis
directional integration between physical and virtua
components. Similarly, blockchain is an “immutadbigtributed
ledger” that records all validated discrete andgted digital
data events and transactions that are executdthoedsamong
participants in a network, thereby increasing great
accountability, transparency, trust, and collaboratamong
stakeholders. The integration of blockchain and Bdivbures
change tracking and data ownership (Calvetti et 2020).
Similarly, digital twins provide a realistic diglteepresentation
of assets, processes, or systems that integragshtisical and
virtual worlds. It has three main elements: a ptglsartifact, a
digital counterpart, and the connection that biikde two
together. The connection is the exchange of datagmation,
and knowledge between the physical and virtual taparts
(Sacks et al., 2020). Finally, advanced Geographica
Information Systems (GIS) provide real-time infotioa to
automatically track and localize material throughdhe
construction supply chain, thereby improving mateind
information flow (Dallasega, 2018).
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Intelligent Environment - Construction 4.0 technologies havelV. APPLICATION OF THE FRAMEWORK IN THE CONSTRUCTION

the potential to take the sector to an intelligaortstruction era.
Advances in machine learning and artificial inggince enable
the sector to track, monitor and respond to sibmatilike
humans do and learn from each other’s experiefkecether, an
intelligent environment can be created by combiniagous
Construction 4.0 technologies. A smart constructisite
combines various technologies such as drones, &ilsmated
machines that are able to function with little a@ human
intervention and act according to the environmeat.instance,
a robot on a construction site should be abledp sbnstruction
activities itself after recognizing that the weatle about to
change (Osunsanmi et al., 2020). Machine learnimaples
systems to evolve as if they were learning (You &edg,
2020). Advanced simulation techniques utilize téak data to
simulate the execution of the remaining tasks basedhe
current working status (You and Feng, 2020). Sirtyilathe
discrete event simulation (DES) method could bel tseerify
project feasibility, progress, potential conflicgsoductivity
dynamics, and resource utilization, while altewethanges to
construction planning can be evaluated with agestd
simulations (You and Feng, 2020). Finally, cybertsdy is
critical for countering cyberattacks and system@alshes, such
as data thefts in construction projects that usgitadli
infrastructure and intelligent environments (Mantég al.,
2021).
2) Relationship between Construction 4.0 and environmental,
social, and economic sustainability

The final component of the framework is to examihe
impact of Construction 4.0 on TBL of sustainabiliyhile the
common expectation is that Construction 4.0 sugptine
broader sustainable development goals, the techpatould
potentially exacerbate some of the issues faciagéttor. Our
generic review (Table II) shows that Industry 4.8shboth
positive and negative impacts on all three dimersiof
sustainability. The limited evidence from Tablddaasupports
that Construction 4.0 has both positive and negaihpacts on
sustainability. For example, 3D printing could sfigantly
reduce material usage and onsite waste. On the btrel,
machine learning and artificial intelligence algloms consume
significant energy, negatively impacting the enmireent (du
Plessis and Sherratt, 2020).
3) The proposed sustainability framework for Construction
4.0

Fig. 3 shows the proposed Construction 4.0 sudiditya

SECTOR

A. Research setting

Having developed the Construction 4.0 sustaingbilit
framework, the next stage was to test its appliitglin a real-
world setting. While it could be tested anywheregasing a
setting where the construction intensity is high dtuthe same
time making significant efforts towards TBL of saistability
and implementation of Industry 4.0 technologiesidde more
practically relevant. The UAE was carefully choserthe case
country for the investigation due to the followireasons.

The UAE construction sector has experienced an
unprecedented construction boom, growing at moaa ©$Pb6
per annum in the last few decades (Balasubramaaiah
Shukla, 2017a). Some of the largest constructiofepts in the
world, including the tallest structure (Burj Khal)f the tallest
hotel (JW Marriott Marquis), and the largest mBlupai Mall),
have taken place there recently (BalasubramanidrSankla,
2017b). Unfortunately, this unprecedented growthiaced a
substantial environmental burden on the countrgyad 75%
of all the solid waste generated in UAE is from stonction,
including carbon emissions), and is the main cbuotdr to
UAE's status as one of the most polluting countinese world
in terms of carbon emissions. From a social staimipthe
UAE construction sector accounted for the higheshimer of
employed persons, especially blue-collar workerhenUAE,
at around 1.64 million (Statista, 2020) and contil 33.9% of
the total private-sector workforce (UAE MOE, 201Bjom the
economic standpoint, construction is a criticalteedor the
country’s diversification from an oil-based econon®f the
non-oil-based sectors, construction is one of thp t
contributors, with a contribution of 8.5% to UAEterall
GDP. Therefore, the construction sector needs &p kmace
with the UAE’s ambition to foster an ecosystem afdern,
productive, and technology-driven construction. TH&E is
among the few countries globally to have adoptettional
strategy for the Fourth Industrial Revolution (UAECAF,
2017). The UAE aims to become a global hub andwvibwd’s
first open lab for experimenting and adopting theurh
Industrial Revolution’s technologies. The UAE’s as&gic
vision defines a path to establish the country fes most
competitive nation in the world by its 100th birtyd(UAE
Centennial 2071, 2021). Also, UAE has taken several
sustainability initiatives to become one of the traasstainable

framework. Central to the framework are the variou§ountries. Sustainable developmentis at the loédine UAE's

interconnected Construction 4.0 technologies.

Thedésion and the country is fully committed to its3P0national

technologies are categorized into four meaningfuld a @genda towards achieving the United Nations sueiéen

managerially relevant dimensions. Finally, the feavork

captures the multifaceted impact of Constructio® 4n

environmental, social, and environmental sustalitgbi
dimensions. We expect practitioners and policymakerfind

this framework a valuable tool for assessing teairent and
future readiness of the sector in Construction 4.0.

development goals (NCSDG, 2018). Thus, the UAE iples/
an ideal setting to assess opportunities and cigEke
associated with Industry 4.0 in the constructiorctae in
achieving environmental, economic, and social sushility.

B. Case study methodology

The case study methodology was deemed to be thé mos
appropriate for examining a contemporary topic rea-world
situation (Yin, 2009). Although the study adoptealsva single
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case design (UAE construction sector), it feataeémbedded questions that were posed. Also, purposive sampmimsured

case design with multiple units of analysis (Yi@02). In terms

of methods, a pragmatic, sequential multi-methagiplo construction

approach combining both quantitative and qualieativethods
and utilizing both primary and secondary data wdspsed for

that interview participants represented cross-sestiof the
sector  stakeholders (i.e., developers,
architects/consultants, contractors/sub-contractorsand
material suppliers), as well as academics and govent

the case study. This enabled the authors to developofficials. In terms of the strategy used to recpatticipants,
comprehensive understanding of various strands haf tMore than 50 potential participants who met thelifyirg

framework and, in the process, answer the resaprektions.
The use of a pragmatic approach was justified, rgitleat
practical, realistic solutions are needed to infopnactice,
especially considering the newness of the topie ptimary
research was conducted using both interviews anebgs.

1) Interviews

The interviews (in line with our research quest)aimed to
understand the respondents' experience and pencepfi
Industry 4.0 technologies, their opportunities a@hallenges,
and their positive and negative impact on the UAREstruction
sector's social, environmental, and economic uebdity
aspects. A semi-structured interview approach wa$eped
because the scope of the interviews revolved ardhede
themes. The detailed interview protocol used is #tudy is
given in Appendix 1. Purposive sampling, a non-pimlity
sampling technique, was used to recruit the padidis
(Lavrakas, 2008). This is because, to get quality ia-depth
information on the research questions, it was masible to
recruit any construction industry professional ahdom for
interviewing; instead, it was necessary to enwgelesignation
and experience of the interviewees were relevantthe

criteria were contacted by email with a brief dggen of the
intended study. A total of 12 semi-structured ivigws were
conducted with senior professionals (who exprestesr
willingness to be interviewed), most of whom hadrenthan
10-15 years of experience in the construction sectbe
sample size falls within the recommended minimur255-
sample size for semi-structured interviews (Saunadgral.,
2016). Previous studies have shown that semi-sirentt
interviews with a minimum of 8-12 participants carovide
meaningful insights and sufficient generalizability
(DeJonckheere and Vaughn, 2019). The depth of leuyd
and experience of interviewees ensured quality erswere
received to the questions posed, safeguardingettabiiity of
the data (Bryman, 2016). The purposive cross-sestionpling
ensured the participants are representative otdmstructive
sector (Saunders et al., 2016).

The demographic profile of the interviewees is jded in
Table lll. Due to COVID-19 constraints, most of theerviews
were conducted virtually. Each interview lastedrappnately
45-60 min, with a focus on “how,” “what,” and “whilost
were digitally recorded, and where this was notsjis,
detailed notes were taken and cross-checked with th
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respondents for accuracy. Thematic analysis (guluedhe
framework) was used to analyze the interview dafarmation
related to the Industry 4.0 technologies was caiegd under
the four categories: Digitalization; Automation
Advancement Manufacturing; Integration and Collalion;

and Intelligent Environment. Codes were assignedato
individual Industry 4.0 technology within these stdtegories.
For example, big data was assigned a specific euti@n

category 1 (Digitalization).  Similarly, the
environmental, and economic sustainability implmas of
Industry 4.0 were coded and categorized under atiegories:
positive environmental, negative environmental; ifes
social; negative social; positive economic; and atieg
economic implications. Further, to improve the abliity of
data analysis, the coding was conducted indepelydantwo
authors.

TABLE Il
KEY INFORMANTS FOR INTERVIEWS
S.No Interviewee :Ei);p:::r:)c € Stakeholder
1 Environmental Manager 12 Developer
2 Manager - Corporate Social 25+ Developer
Responsibility

3 Senior Manager — Head of Projects 9 Main Contractor
4 Chief Architect 18 Architect/Consultant
5 Project Manager 12 Sub-Contractor
6 Senior Consultant 20 Architect/Consultant
7 Health and Safety Officer 6 Main Contractor
8  Production Head 15 Supplier of Steel (Manufacturer)
9 Procurement Manager 25 Supplier of Aluminum (Manufacturer)
10 Senior Manager 10 Dubai Municipality
11 Trainer/Researcher 12 Government Entity

12 Professor (Build Environment) 30+ University

2) Survey

12

(Zawya database, which we paid to access, and brieeo
authors’ personal LinkedIn contacts of constructmector
professionals). Overall, a total of 121 useablpoases were

andobtained, an effective response rate of 12.1%.

3) Secondary Data
In the next phase, secondary data from reliablercesu
relevant to Industry 4.0 adoption in the UAE coustion sector

and elsewhere were assembled, coded, and analyzed t
social, complement the primary research findings. To ensali&bility

and rigor in the secondary data, we considered cepprts
from leading consulting firms, governments, and bglo
organizations.

V. FINDINGS AND DISCUSSIONS

The findings are organized and discussed in lind wie
research questions (RQ) stated initially.

RQ 1 - What is the current and future state of @oton
4.0 technologies, and how are they disrupting gotos?

RQ 2 - What are the positive and negative implarati of
these Construction 4.0 technologies for
environmental, economic, and social sustainability?

A. Current and Future Prospects of Construction 4.0 in the
UAE

In this section, the survey and interview findingse
discussed in relation to the current and futurespects of
Industry 4.0 in the UAE construction sector. Tall
summarizes the survey findings. A paired t-test wsead to
check for statistical differences in the currerd &rure state of
Construction 4.0 technologies. As seen in the tahkeresults
show that there is a significant difference (p<Q@)0&cross all
technologies, with survey respondents perceivirag these

In the next stage, a short survey was conductessess the (gchnologies will be widely adopted in the futuie the next

current and future state (in the next five yeafshe adoption
of Construction 4.0 in the UAE construction sectonly key

Construction 4.0 technologies identified during thierviews

were included in the survey. Emergent Constructbf

technologies in which the interviewees showed kuahit
knowledge and awareness (e.g., holography,
manufacturing, digital twins) were excluded frore urvey. A
sample question to capture the present state gftiatioof
Construction 4.0 technologies is “Please rate tkene of
adoption of ‘blockchain’ in the UAE construction cter.

Regarding the survey scale to capture the pretaet & Likert
scale (1-5) ranging from “not considered at all’ {b) “highly

considered (5)” were used. Similarly, a sample tjoesto
capture the future state of adoption of Constructib0
technologies is “Please rate the extent to whidbckchain’
will be adopted over the next five years.” The esponding
Likert scale (1-5) ranged from “not at all (1)” teery high
extent (5)”. The survey instrument used is provided
Appendix 2.

The survey was administrated via Qualtrics, a leqdinline
survey platform, for a period of two months (Jayudfebruary
2021). In terms of sampling, a random sampling eagn was
used in which the survey was sent to a random saofgl 000
respondents from a database of 3000+ industry gsimfeals

cloud-

five years).
TABLE IV
CURRENT AND FUTURE STATE OF INDUSTRY 4.0IN CONSTRUCTION
Current State
(1-5) (1-5)
3.24 4.21
3.64 4.59
339 4.23
2.96 3.71
3.50 4.52
3.12 432
2.80 3.86

Future State Difference
Industry 4.0 Technologies

Digitalization

0.97%%*
0.95%**
0.84%**
0.75%**
1.02%**
1.20%%*
1.06%**

Internet of Things (IoTs)

Big Data Analytics

Cloud Computing

Virtual and Augmented Reality
Blockchain

3D Laser Scanning and Photogrammetry

A ion and Adh Manufe

Automation using Robotics (Onsite)

ing 3.33
3.74
3.92
311
3.56
2.68
2.99

4.33
4.62
4.66
4.40
4.65
3.54
4.12

1.00%**
0.88%**
0.74%**
1.20%**
1.09%**
0.86***
1.13%**

Automation using Robotics (Off-site)
3D Printing (Additive Manufacturing)
Drones

Autonomous onsite vehicles

Smart Contracts

Integration and Collaboration 3.18
3.99
244
312

4.14
4.75
3.35
4.32

0.96***
0.76***
0.91%**
1.20%**

Building Information Modeling
Cyber-Physical Systems (CPS)
Blockchain®

Intelligent Environment 2.92
2.87
2.85
247
3.50

3.81
379
3.68
3.27
4.51

0.89***
0.92%**
0.83***
0.80%**
1.01%**

Machine Learning
Artificial Intelligence
Smart Materials (e.g., Self-healing, Self-Cleaning materials)
Smart Construction Sites
*Blockchain is repeated and its comes under botjtalization and
integration and collaboration categories; ***Sigoént at p<0.001

the sexctor'



TEM-21-0482.R1

1) Digitalization

As seen in Table 1V, the current state of digitatian in the
UAE construction sector is 3.24 out of 5.00. Howewe the
next five years, respondents believe this will gigantly
increase to 4.21. Most interviewees said they ex@et
acceleration in the digitalization drive, largelyedto the
COVID-19 pandemic. The COVID-19 pandemic has forted
sector to find safer and smarter ways to buildthinwords of
one interviewee: “Construction 4.0 technologiesehallowed
us to continue working in a virtual and digital @owment
despite being unable to meet in person”. At théviddal level,
IoT emerged as the most implemented technology, avihean
score of 3.64, and is also the technology thatrisdasted to be
the most implemented in the future (4.59). Thimiine with
the findings of Forcael et al. (2020), who found ko be the
most discussed Construction 4.0 technology. Thenjziag
outlook was reflected during the interviews. Acdoglto the
interviewees, most contracting firms are using REDs to
have real-time visibility of their materials anduggment. A
few of the respondents (from the main contractogntioned
that they continuously track their materials andigopent from
warehouse to construction site. This allows therefficiently
plan their deliveries to the site, as well as tarshequipment
and machinery across multiple project sites andeiduce
mishandling and theft. This echoes the findinghaliterature
that highlighted the application of RFID tags tdcmatically
identify, geolocate and track materials and mackifer their
control at construction sites (Mufioz-La Riveralet2021). In
addition, a respondent from the main contractonliggted the
onsite use of smart sensors to continuously moditet, noise,
vibration level (such as during piling), motion eetion to
capture unauthorized access to project sites, tlazarfumes,
among other technologies. The system will send raated
notifications (as email and SMS) if the values gireater than
the threshold levels. Previous studies have repdhe use of
sensors in construction to monitor the structurablth of
buildings and infrastructures, to check the corogaration of
machinery, workers, equipment, systems, thermalfadm
among other applications (Akyazi et al., 2020; Mziia
Rivera et al., 2021). In addition, intervieweesHfighted the
growing importance of smart wearables for constonct
workers to enhance worker safety, with uses indgdi
monitoring their vital signs and detecting if workere tired or
overworked. In the words of the respondent: “Sorhehe
technologies such as smartwatches are already #mefenot
very expensive, and we can roll them out fast.”dRestudies
in construction have also reported the use of viesadevices
with sensors, cameras, and mobile locators to atdllee real-
time status of workers on site (You and Feng, 2020joz-La
Rivera et al., 2021).

Virtual and augmented reality emerged as the seourst
implemented technology (3.50) at present and irfthé&e as
well (4.52). Providing an immersive virtual expere of the
construction project for stakeholders and cliergs fast
becoming the norm in the construction sector. Sirtyi
respondents  (from  contracting/sub-contracting
highlighted that the COVID-19 social distancing straints

13

mean fewer employees at construction sites. Thésfoeced
them to use augmented reality to solve onsite sssemmotely
by experts without being physically present. Tkigacilitated
by the smart camera attached to the helmet of thsdteo
workers. Most respondents also highlighted theeiase in the
use of virtual and augmented reality solutions fi@ining

programs, project reviews, and planning meetingsviBus

studies have reported the use of virtual and autgdereality
in architectural design, maintenance and repair kwat

construction sites, quality and defect managemamployee
training, and safety management (Ahmed, 2018; lebetaal.,
2020).

Big data analytics emerged as the third most implesd
technology in this category (3.39). The future pexgs of big
data analytics also look promising, with a meanreaj 4.23.
One of the interviewees (a project manager) meatothat
they are looking to hire a data scientist (forfitet time) to join
their project team, echoing the growing importamnéedata
analytics in the construction sector. However, & f&f the
interviewees admitted that they are not fully atilg the data,
especially those captured by their IoT networksl, aould like
to see more advanced predictive and prescriptiatyges in
the future. This lack of data utilization is a cent, given that
big data analytics can identify valuable pattermends, or
correlations for the optimization of the procességlesign,
construction, and building maintenance (Mufioz-LaelRa et
al., 2021).

Blockchain emerged as the fourth most implemented
technology in the category (3.12). However, amottigeio
technologies in this category, blockchain is expédb get the
biggest push in the future (4.32). This is echomndthe
interviews. According to respondents, this is bseaof the
UAE government's support of blockchain technology,
particularly its Blockchain Strategy 2021 (UAE, 2)2Many
public sector entities in the UAE are already auhmpt
blockchain solutions (World Economic Forum, 20Z8)me of
the interviewees from the government entity hightégl the use
of blockchain by the land department to recordsales and
lease transactions in the secure blockchain ledbereby
enhancing transparency, as these transactionsranetable.
This is important given the delay, ambiguity, aegdl concerns
related to the construction contacts. It also supiie Dubai
government's “Paperless Strategy,” which aims tddban
integrated, paper-free government framework byytdeas 2021
and, in the process, eliminate more than a billie@ces of paper
used for government transactions (Balasubramantaal.e
2021). Previous studies have also advocated usigidhain
in construction to improve safety and efficiency fopviding
automatic verification of design codes and regafetj security
and greater ease in tracking change control andniper
management, and developing smart contracts (Mui@oz-L
Rivera et al., 2021). The integration of blockchaimd BIM
ensures change tracking and data ownership. ltdcoake
construction industry contracts more trustful agsklprone to
claims or change orders (Calvetti et al., 2020a).

firms  Surprisingly, cloud computing emerged as the sedeast

implemented technology (2.96) in this category &mel least



TEM-21-0482.R1

likely technology to be implemented in the futuBer(l). It was
evident from the interviews that construction firmgshe UAE
have started using the cloud for data storage bhadrgy across
different stakeholders. This is because of theabditly of the
cloud to store heavy file sizes of high-resolutiorages, 3D
simulation models, animations, etc. The centralagament of
files in the cloud environment allows better marsdajéity and
real-time anywhere access. Further, the use ofdcgystems
reduces infrastructure complexity and also reducest.
However, respondents were either not aware or hadited
understanding of distributed computing, sharinghfdrmation
technology capabilities, or delivering applicati@ssa service.
The fact that cloud computing means different thirtg
different people may explain the relatively loweore in the
survey. Low adoption of cloud computing is a con¢aiven
that it can reduce the total cost of ownership aristruction
projects via services modes such as Infrastrucsra-Service
(laaS), which provides users with virtual computensd
servers; Platform-as-a-Service (PaaS), which pesvidsers
with services such as operating systems, databames,
programming languages; and Software-as-a-ServieaS5
which allows users to access their applicationsuthn the
internet (You and Feng, 2020).

Although 3D laser scanning and photogrammetry eattag
the least implemented technology in this categdy8(Q),
respondents indicated that it is likely to getgngficant push in
the future (3.86). This is echoed in the interviewsost
respondents agreed on the potential of this tecigyolA few
interviewees highlighted that they have alreadytethusing
laser scanning in their projects to develop 3D n®de
determine project progress and compare againsriti@al 3D
design. According to them, the use of laser scanrénd
photogrammetry, techniques to obtain geometric gnogs of
objects and their spatial locations, is likely tzrease due to
COVID-19, as it will reduce the number of onsiteriwers and
project managers. This is because
photogrammetry enable remote inspection and mangor
(Mufioz-La Rivera et al.,
applications evident from the literature includealséme
feedback for quality control (Sacks et al., 20Z)r instance,
laser scanning can be used to precisely positioistoaction
materials as they are placed using a crane, wHigtinates
costly re-work and variations.

2) Automation and Advancement Manufacturing

The present state of automation and advanced mauatifey
in the UAE construction sector is 3.33 out of 5201@ has the
highest score across the four categories. Moreaves, is
expected to increase to 4.33 in the next five yeAtsthe
individual technology level, automation using rdbst(offsite)
emerged as the most implemented technology witheanm
score of 3.92 and is also the technology that redgats predict
will be the most implemented in the future as W4l66). This
is not surprising, given the significant advancehiemobotics
in the manufacturing sector. This is echoed initherviews
with respondents from steel and aluminum manufaajur
firms. According to them, 80-90% of the manufactgmprocess
is automated. The other respondents underlinedigmificant
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(recent) increase in the modular design in the dAEstruction
sector as the reason for the rise in the offsiedgturication of
components using robotic technology, as it offeastdr
production, lower cost, and more efficient assensbglements
compared to in-situ construction. Previous studiase also
advocated using off-site construction as it onlyuiees
assembly and installation on-site and hence opéisniEme,
logistics, and quality of finishes. Moreover, itcildates
manufacturing in a controlled environment usingoraus
quality-control principles, eliminating exposure tmcertain
weather conditions at the building constructioe $Nlufioz-La
Rivera et al., 2021).

According to one of the interviewees (a developér)s
cheaper to use prefabrication in housing developmpejects
involving identical houses or villas. Most compotgn
including ceilings, walls, and balcony and bathrgooas, can
be prefabricated offsite using automation. For eplagrDuBox,
a Dubai-based modular construction company, desats
delivers single- or multi-story concrete buildinggng modular
methodologies. It shifts 85 percent of the consioncactivities
offsite and is the first company in the Middle Eaatl North
Africa to apply offsite modular manufacturing maetisoto
concrete construction projects (DuBox, 2020). Hosvewwo
respondents (one architect and one consultantjooeat that
the growing need for construction projects to bedque
(different from others) would become a roadblockrfmdular
construction and offsite prefabrication. Also, r@sgents were
relatively unaware of the cloud manufacturing ploitiies for
the construction sector.

Onsite use of automation emerged as the second-most

implemented technology (3.74) and in the futurevelt (4.66).
According to respondents, most construction sit@s using
some degree of automation. According to some ifdemes
(main contractors), they use onsite robotic tecbgwl for
plastering and panel installation. The use of aatéon has

laser scannind) asignificantly reduced manual waste and re-worksnfrerrors

along with effecting a reduction in project comjmat time.

2021). Other laser scagninOne respondent (a developer) mentioned their uaatofmated

robots for cleaning windows of high-rise buildinrggsnpared to
manual window washers using ropes. This signifigant
increases construction worker safety. This echieegtowing
calls in the literature to use robotics and autdonato reduce
the number of lives lost due to fatal accidentsaistruction
sites (Turner et al.,, 2021). However, respondenid d
acknowledge that it may not be feasible for smediies
developers and individual building owners, as raisotare
pricey to procure and require costly maintenance.

Drones emerged as the third most implemented téatyo
in the category (3.56) and are also expected ta gegnificant
push in the future (4.65). It is also the third miosplemented
technology across all categories. The intervievedssrevealed
the growing significance of drones in the UAE coustion
sector. According to them, drones significantlyueel the time
and effort required in the onsite monitoring andyspbal
supervision of construction projects and reporfingcedures.
Drones fitted with cameras provide significant es&tings,
eliminate safety risks associated with climbingairigh-rise
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building for inspections and reduce the time regplito assess
the site conditions. Some respondents highlighteduse of

drones for aerial transport of lightweight matesiaind tools
during the construction of high-rise buildings. c8edary

evidence also supports the growing usage of drasédse drone
market in the UAE is currently among the most adeahand

developed in the Middle East (Gulfnews, 2017). Enick in

the literature supports the growing use of dronesthe

construction sector, since they can capture largeuats of

data through multiple sensors, such as cameras,daanners,
and radio-frequency identification (RFID) readetsgveiro et

al., 2019).

3D printing or additive manufacturing emerged asfturth-
most implemented technology in this category (3.bi}
emerged as the one to grow the most significantlthe next
five years (4.40). The interviews supported thiglifing. Most
respondents were confident that 3D printing woldddme the
new norm in the post-COVID-19 era as the sectaryiag to
reduce its dependence on blue-collar workers. Tdimssed
that the UAE is one of the first countries to praen@D
printing, and most construction firms will use 3bnping, as
this is an integral part of the UAE’s Industry 4t@ategy (UAE
MCAF, 2017). Dubai Electricity and Water Author{fyEWA)
lab is the first 3D-printed laboratory building the world
(DEWA, 2017) and is also collaborating with prefstigs
research centers and universities worldwide. Uniik@dular
prefabrication, 3D printing facilitates building roplex or
unique concrete structures and shapes, and therpforide
significant value-add to contractors. The resultgran the
increasing popularity of 3D printing in the litena¢ due to its
benefits such as greater quality control, unlimisbépes and
geometry configurations, and cost-effectivenessabse parts
can be created at a fraction of the price compaitdstandard
means of construction due to less waste, use ofclext
materials and decrease in transport costs (Newiran 020;
Akyazi et al., 2020).

Smart contracts emerged as the second least implechim
this category (2.99). However, similar to dronédss tis also
expected to grow significantly in the coming ye@42). Most
interviewees were optimistic about the potential sohart
contracts, as these will save time (avoid follow-up
contracting, and their obligations will be fulfileautomatically
when the predefined conditions are met. Moreover growth
of blockchain will increase the adoption of smanhiracts, as
most of them are powered by blockchain technol@pjvetti
et al. (2020) reported the significant applicatidrblockchain-
powered smart contracts in the construction sector.
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relatively less interest than other technologies.
3) Integration and Collaboration

The current state of integration and collaboratigsing
Industry 4.0 technologies scored 3.18 out of SHX@wever, it
is poised to improve significantly in the next fiyears (4.14).
Of these, building information modeling (BIM) emerhas the
most implemented technology, not only in this catggbut
across all categories (3.99). It is set to growneuether in the
coming years (4.75). Evidence from the literaturpports the
growing use of BIM in the construction sector visia other
Construction 4.0 technologies (Maskuriy et al., 201
Osunsanmi et al., 2020; Zabidin et al., 2020). fRgtance,
Mansouri et al. (2020) found BIM as the most impiened
technology in the construction sector. Almost aterviewees
agreed on the benefit of BIM as a 3D-modeling tbldwever,
some participants acknowledged that BIM technol@gyot
fully utilized in most cases. According to themMBls used
mostly at the design stage by architects, and Ehen8dels are
not further utilized by the consultants (for prdjecheduling),
contractors (during the construction phase), andeldpers
(during the operation and maintenance phase).Heratords,
the additional benefits of BIM, such as schedul{dB), cost
(5D), sustainability (6D), and operations and metiaince (7D),
are not utilized. However, interviewees were opsiioi that
BIM would further enhance collaboration across shaitders.

Cyber-Physical systems emerged as the least impteche
Industry 4.0 technology (2.44). Although it is segrow in the
next five years, it will remain the least popul&:35). This
echoes the bibliometric review findings of Zabidiral. (2020),
who reported cyber-physical systems as the leasugsed in
the literature. One of the interviewees acknowdetghe
potential of CPS to integrate different IndustryO 4.
technologies. For instance, the data from the lefivork can
be integrated with CPS, and blockchain can be tsesiore
these data in a secure cloud environment for achthniata
analytics. However, in general, respondents atleofiew that
the integration of various technologies will taked, especially
when it comes to creating an eco-system in whicthimas will

communicate with other machines and make autonomous

decisions without human interventions. Accordinghtem, the
likely benefit of CPS in the near future will beetenhanced
human-machine interface.
interviewees: “The role of humans in constructioojgcts will
become even more critical in the future, and wetriesan to
work with these machines just like we are workinighvour
colleagues.”

From an integration and collaboration perspectiveyas

Autonomous construction vehicles emerged as thet le@vident from the interviews that contractual codlediion,

implemented technology in this category (2.68), despite its
growth potential, it is likely to remain as thedeanplemented

which is supported and automatized with smart emtsr can
decrease the number of claims and disputes signifig

in the future (3.54). According to a few respondentthereby improving stakeholder relationships.

autonomous construction vehicles are better suibedoad
projects and pavements and do not have much patenti
building projects. A few respondents had contrgstilrws as
they highlighted the significant progress made iivetless
dozers and cranes (which can be operated remotéfypur
literature review also, autonomous vehicles havmesised

4) Intelligent Environment

The present state of the intelligent environmerthin UAE
construction sector is 2.92 out of 5.00 and isldiveest across
the four categories. From the current levels, iéxpected to
improve in the coming years (3.81). Of the varitmehnologies
under this category, smart construction sites eatergth the

In the words of one of the
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highest mean score of 3.50 out of 5.00 at the ntitexel and
4.51 in the future. According to the interviewecdhtractors,
loTs, sensors, and cameras are critical for deusjopmart
construction sites. The real-time data generateun fithe
sensors can then be used for monitoring and preditikely
events. Application of geofencing emerged a fewetirduring
the interviews. According to respondents, the uEéGBS-
enabled geofencing in large development projecables site
managers to set up triggers or alerts for unauthdrentry or
exit of equipment, machinery, and workers. One lo¢ t
interviewees (a subcontractor) mentioned the usesnoért
mobile applications to track the movement of woskeand
vehicles within the construction site, including ttime spent
by employees in a particular location. Similarlyther
respondents (main contractors) highlighted the& afsspeed-
detecting radar on the construction site to trauk speed of
vehicles. The result echoes the growing trend anlitierature
for smart construction sites (Osunsanmi et al.0202

Machine learning (2.87) and atrtificial intelligen¢2.85)
emerged as the second and third most
technologies in this category, though their scaresrelatively
much lower compared to other technologies. Thectsed in
the interviews. According to interviewees,
construction sector is in the transitioning phasevards
Industry 4.0, and machine learning and artificigklligence
require a certain level of maturity. The curremtigologies are
not able to fully substitute human capabilities abdities such
as self-monitoring and self-correction. Howevergeythdid
acknowledge the fact that even at the current Jewelchine
learning capabilities will enable better predictamd modeling
using data from various sources. According to @spondent,
advancement in machine learning and Al algorithms
image/photo recognition will add value, as the wnghages
captured from drones and other means can be adalyze
machines, leading to a reduction in human biasearat. The
algorithms could also determine project progressetaon
photos. Evidence from the literature suggests grestoption
of machine learning and artificial intelligencelire near future,
as they are already advanced in other sectors ssch
manufacturing. For instance, industrial robotsadready being
trained to learn how to perform a task (Reinhatdtle 2020).
Artificial intelligence could automate many aspecatf the
design in the construction sector, based on data firevious
works and the study of their behavior over time,AdzrLa
Rivera et al., 2021).

Smart materials emerged as the least implement
technology in this category and second least imptasd
overall (2.47). This was reflected in the interviews well.
According to respondents, developers and contrsictoe
reluctant to use innovative materials. They hightiégl
concerns related to the longevity of smart materiah the
words of one interviewee: “some of these materdatsonly a
few years old, and only time will tell how this Wwderform for
the next 20-30 years”. They also highlighted thelleinge of
getting regulatory approval for using these smaatemals for
projects. However, some of the respondents frontraocting
firms expressed optimism in adopting smart matergion.

implementB

the UAE
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They highlighted how green materials such a reclctencrete
are now widely used in the sector after the initelictance.
Conmix, a leading ready-mix concrete supplier mtiAE, has
signed an agreement with Basilisk, a bacteria-basalt
healing concrete manufacturer based in the Netm#slato
bring this technology to the UAE (Conmix, 2020).e0u0f the
respondents (a consultant) highlighted the potentia
nanotechnology-based smart materials, such a<lselfing
glass facades for tall buildings, which could siigaintly
reduce the window-cleaning costs of high-rise bogd.

B. Impact of Construction 4.0 on Environmental, Social and
Economic Sustainability

The findings from the interviews and secondary aese
were used to map the Construction 4.0 impact ontripée
bottom lines of sustainability, though some of there
discussed in the above sections. The results redelabth
positive and negative impacts on TBL of sustainghiThis is
in line with previous studies in the literature tthaported
gsitive and negative implications of Industry 41® TBL of
sustainability (e.g., Ejsmont et al., 2020; Furatest al., 2020;
Beltrami et al., 2021). Table 5 summarizes the @anson 4.0
impact on environmental, social, and economic $ueitlity.
The key implications are discussed in the followsegtions.

1) Environmental sustainability implications

As seen in Table V, Construction 4.0 technologegehboth
positive and negative environmental implicatiorgugh the
overall results show that the positive impacts @igiv the
negative ones.

Positive Environmental Implications — According to
interviewees, one of the advantages of Industry 4.0
technologies on the environmental front is itsigbtlo gather
precise, real-time data and then use analyticsatoey deep
insights on material usage and waste statistiesgby cutting
back on water and energy consumption. This inclsgesor-
based I0oT networks that could facilitate early dete and
real-time leakage alerts. Previous studies haverregp the
application of 10T in the construction sector tohgat and share
big data streamed from materials, machines, ancaharver
a network system without human intervention to bta
actionable insights for resource optimization, ¢ger
conservation, and emission reductions (Newman.g2@aPo;
You and Feng, 2020).

Some of the interviewed architects highlighted the
significant reduction in 2D paper-based drawings ¢l the
ggvancement in 3D modeling and wider acceptancBligf
software, thereby supporting the environment. Sirhyi
another interviewee (a procurement manager) higtdiytheir
use of Al-based e-tenders for shortlisting and ciglg
suppliers, significantly reducing the paperwork. Was also
optimistic about blockchain-powered smart contfgmential
in further reducing paper works, related traveld aourier
services. This echoes the growing relevance of dtmgu4.0
technologies in supporting sustainable purchadiaitiami et
al., 2021). Few other respondents (along similaed) also
mentioned that they are exploring the potentiaVBf and AR
technology to showcase their work to prospectivents,
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TABLE V
MAPPING THECONSTRUCTION4.0IMPACT ONENVIRONMENTAL , SOCIAL AND ECONOMIC SUSTAINABILITY
[ Environmental | Social [ Economic
Digitalization
Positive impact Positive impact Positive impact
Reduced: Improved: Reduced:

. Resource consumption an
wastages due to enhanced

| Health and safety of workers
. Quality of life of residents

Operational costs at project sit
Project completion time

)

- Smart Contracts

- Pre-fabrication/
modularization

- Cloud
manufacturing

Negative impact
. Increased fuel consumptio
by onsite machinery

n e

contractors (depending on project progress
facilitated (via smart contracts)

Negative impact

Increased job losses, especially blue collar

workers and site inspectors

. Smaller firms disadvantaged (due to high
cost of technology implementation); may
go out of business due to inability to kee
pace with (new) technology.

. Local firms may lose out to foreign firms
in project tenders (given that the latter
would have superior technical know-how

. Disparity in salaries may increase (with
employees with ICT knowledge tending tp

get paid more

] m?é?g;?%?y (real-time) visibility of * Transparency and trust *  Theftand misplacement of
Things (IoTs) projects ) «  Stakeholder relationships materials
) . Environmental accidents
- BigData due to early detection and |« Greater convenience * Improves employee productivity
) A?al)(;tlcs ) predictive analytics % New jobs (e.g., data scientists, o
Cloud Computing| ', ysage of paper programmers) Negative impact
) X:;urﬁlei?g d . Em_plqyee transport-relateq < Gre_a}er accountability of fall_ stakeholders Incurrence of cost related to:
it emissions % Facilitates large-scale training (via VR ard ¢ Data breaches
i SI?)?:II(ghain o AR) _ . Cyber security
Negative impact Negative impact *  Subscription for cloud services
’ glgal;]isiﬁ ' and Greater: Increased: *  Recruiting and retaining
Photogrgmmetry * e-waste +  Data breaches technology professionals.
. Energy usage (from serverg * Digital surveillance of employees (that
and datacenters) may reduce their morale)
« Data privacy issues
Automation and Advancement Manufacturing
Positive impact Positive impact Positive impact
Reduced: Reduced: . Increase in productivity and
. Material usage/wastages | Manual errors and reworks efficiency
(e.g. additive »  Hazardous jobs (e.g., climbing tall »  Lower overall cost of projects
manufacturing) structures)
*  Overall GHG emission of | «  Worker fatigue (heavy manual liting can| Negative impact
projects (from be carried out by robots) »  High upfront cost of
modularization and pre- «  Gender gap in construction as automatiof implementation
fabrications) creates new jobs for women.
i Robotics . Energ_y use (from s_hifting _ ‘ _
i 3D Printing of onsite construction to « Creation of new jobs (e.g., drone pilots,
i Drones offsite in a controlled remote operators) .
i AULONOMOUS envwonment) < Imprqv_ement in product quality
vehicles and . Alr_pollutlon 030 Upsl_<|II|ng of workers '
machineries . Noise levels « On time and part payment of suppliers and

ntegration and Collaboration

- Building
Information
Modelling (BIM)

- Cyber-Physical
Systems (CPS)

- Blockchain

- Digital Twins

- Geographical
Information
Systems (GIS)

Positive impact

. Improved overall
performance due to
advanced modeling and
simulation at the design
stage itself (e.g, Integration
of life cycle analysis in
BIM modeling)

. Significantly lower input
material requirements; alsd
reduced material wastageg
(from real-time visibility
and information exchange
between the physical and

Positive impact

. Increased stakeholder communication arjd
collaboration

. Increased employee productivity with
virtual and robotic co-worker assistance.

Negative impact

. Increased vulnerability to cyber attacks

. Heightened exposure to radiation (from
sensors and electronic equipment)

. Reduced creativity of employees (as they
will be heavily influenced and shaped by
the technologies themselves; e.g. designgl

=

cyber space).

Positive impact

S

Lower cost for making physical
prototypes and model (e.g.,
Digital twins)

Buildings could be designed in
a way that they are value
engineered and optimized for
every stage of construction,
operation, and end of life
demolition (via advanced
modeling and simulation)
Costly design variations at
advanced stages of project
could be avoided (via features
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Environmental Social Economic
. Greater end-of-life will be forced to design in a way that the such as automatic clash
recovery of materials/ system permits) detection)

components (from BIM .
modeling)

Negative impact
. High energy intensity (from
large storage and
computing power

requirement)
. Greater requirement for
cooling in datacenters

Technology owners such as Autodesk .
becoming more powerful who would be
driving the sector in a direction they

envision, which will be more economic
and less socio-environmental oriented.

Fake and counterfeit products
could be reduced (via
Blockchain technology)

Negative impact

. Some technologies are
relatively new, and may be
prone to failure.

. Longevity of the new
technologies is relatively
unknown (and especially in
relation to the long life-cycle of
buildings)

Intelligent Environment

Positive impact
. Waste reduced/eliminated | «
(via ML and Al) .
. Lower energy consumptior]
via intelligent heating,
ventilation and cooling
through Al) .

Machine .

Learning . Lower elef:tncny ' _
Artificial consumption (by intelligent|
Intelligence demand and supply ‘ .
Intelligent managemt_ent energy grids
Buildings, Smart . Lower_ environmental
Construction footpr!nt through smart '
Sites, Smart m_atenals; e.g. self-cleaning
Materials windows v_wth lower water
Simulation consumption and photo-

voltaic glass facades that

(Discrete-event
generate clean solar energy

and agent-based),

Cyber-security Negative impact

. Bigger datacenters needed
(given complex ML and Al
algorithms require
significant computational
power)

. Greater e-waste

Positive impact
Lower onsite accidents and loss of life .
Creation of new jobs for machine learning
and artificial intelligence professionals.

Negative impact .
Professional autonomy and creativity of
employees reduced (because of too much
technology guidance)
Lower self-actualization and self-worth off *
employees (from the new role of ‘robotic
coordinators’) .

Positive impact

Significant efficiency gains

(from ML and Al driven

optimization of construction

processes)

Hidden (inefficient) resource

spending patterns, which may

otherwise go unnoticed, can beg

tracked and improved.

Long term savings (from smart

materials)

Significantly reduced manual

labor costs (from smart

construction sites)

. Lower human bias and
subjectivity in decision-making

Negative impact

. Over-reliance on technology
can lead to costly delays and
disruptions in the case of
technology failure

thereby significantly reducing the travel-relatedd aevent-
related environmental footprint, highlighting thppartunities
of augmented and virtual reality in the constructisector
(Ahmed, 2018).

Several respondents highlighted the advances inutaod
designs that facilitate offsite pre-fabrication oiilding
components that significantly lower onsite conginrcwaste,
one of the major environmental concerns of the wangon
sector. According to them, pre-fabricated materials a
controlled environment are likely to have lower edied
energy than onsite construction. This echoes towigg trend
in applying off-site construction practices (Modra&, 2020).
Further, developers and architects/consultantsusirey BIM
for building design that allows easy disassemblyrdythe end
of life, maximizing recovery and recyclability ofaterials and
components. One respondent (a main contractoreghlais
experience using photo-voltaic glass facades #watigte clean
energy in one of their high-rise building projectSther
respondents highlighted the advances in solar gaokhology

for harnessing clean energy in project sites ainldibgs. Other
respondents highlighted the potential of Al in ka&iing
intelligent, heating, ventilation, and cooling ddas, thereby
lowering the environmental footprint.

Negative Environmental Implications — Industry 4.0
technologies have some adverse impacts on theosmvent.
Interviewees highlighted the power-hungry naturetlodése
technologies. For instance, machine learning analgdrithms
require a significant amount of computational pgwbkereby
increasing the need for powerful servers. Large adenters
with extensive cooling requirements are required storing
and computing the significant amount of data geeera
However, most respondents mentioned that they keither
migrated or are in the process of migrating to dldata centers
instead of on-premises data centers. Some respndes
particular in selecting cloud service providers tsuas
Microsoft, which is committed to 100% renewablergyen all
of its data centers by 2025, thereby reducing
organizational footprint. Previous studies haveortgal similar

their



TEM-21-0482.R1

concerns about the high computational energy denfamAl
and big data analytics (Beltrami et al., 2021). dtier problem
highlighted by respondents is the significant ettt waste
(e-waste) generated at construction sites. Irogicalost 10T
devices (some of them deployed to manage consiruataste)
end up in landfills after their useful life. Alsmost of them are
battery-powered, leading to a significant increasetoxic
battery waste. Other sectors have also repomeithsinegative
impacts on the environment, such as increased-ehéctwaste
and increased energy consumption (Ejsmont etG2OR

2) Social sustainability implications

Comparable positive and negative impacts of Coottm
4.0 technologies are identified for social susthitita.

Positive Social Implications — In terms of positive
implications, the consensus among interviewees tias
Construction 4.0 does improve the health and safetorkers.
This is promising, because the construction semostituted
the largest percentage (47%) of the total numbewardker
deaths by accidents in the UAE (SCAD, 2014). Thenary
reasons for these deaths are fall from height, doiih by
moving objects, being caught, crushed, squeezedpassed,
or pinched between two or more objects (caughtrinanight-
between accidents).

According to interviewees, accidents and injuriedl w
significantly reduce with the use of technologye®aspondent
pointed out their use of drones for distant insppastand lifting
of objects in high-rise towers. Similarly, anothrespondent
highlighted the use of ‘climbing robots’ for cleagiwindows
of high-rise buildings, thereby replacing humanghis high-
risk occupation. Automation of onsite constructamtivities by
intelligent machines can facilitate sensing thesenee of
workers in dangerous proximity and can warn theratpe or
the machine involved can stop itself, significantgducing
caught-in or caught-between accidents. Previoudieguhave
advocated using Construction 4.0 technologies imimhte
human error as much as possible and prevent adsifi&kyazi
et al., 2020; Turner et al., 2021).

Similarly, sensor-based smart construction sitest ttan
detect noise levels and pollution levels can impransite
workers' mental and physical well-being. One resigonh
highlighted the use of smart wearables such agatligirist
bands and smartwatches that can detect if workertsrad or
overworked. On similar lines, another responderedhdheir
use of smart cameras attached to workers' helmdtish is
used for remote supervision and
Interviewees also expressed their optimism in istgfall the
manual repetitive, and heavy lifting jobs from hume&o robots
at construction sites, thereby minimizing the sestdigh
dependence on blue-collar workers, which has beeibjact of
heavy criticism in the past. One interviewee (amtaintractor)
mentioned that they had initiated a comprehensiggram for
upskilling blue-collar workers to knowledge workerBhis
echoes the evidence from other sectors relatethastry 4.0’s
positive impact on employee morale, safer workiogditions,
less intense workload, and job enrichment (Furstegtaal.,
2020; Margherita and Braccini, 2020)

Another positive theme that emerged during theuntevs is
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the overwhelming potential of Construction 4.0 imhancing
gender diversity in construction. At present, mihr@n 90% of
the UAE workforce in the UAE construction sectoe anale
(Construction Week, 2020). Most of the female jabs back-
office jobs in administrative or secretarial pogtscording to
interviewees, this gap is largely due to the stgps and
social perceptions that the construction sectotoiggh and
dangerous for women. However, with Construction, 4.0
respondents believe that the nature of new jobsthi
construction sector will be more attractive andduaive for
women. This will support the UAE’s vision of becargione of
the top countries for gender equality (OECD, 2045 well as
keeping to the country's overall UN sustainableettgpment
goals. This is also in line with previous findinghat
Construction 4.0 could help reduce the gender dié the
sector through increased participation of femalBartett,
2020).

Counterfeit building materials continue to represethreat
to the construction industry in the UAE and elsewhe
(Construction Week, 2017). The stiff competitiondalow-
profit margins are reasons for the increasing ufihtrading
of cheap and counterfeit products. The interviewegislighted
that the advancement in 10Ts, 4G/5G mobile techmgland
blockchain could significantly improve the end-todesupply
chain traceability of illegal and counterfeit gopdhereby
improving construction quality. The intervieweessal
expressed optimism in the advancements in BIM and
blockchain in enhancing early collaboration betwd#ferent
supply chain stakeholders. Previously, lack of atakder
collaboration was identified as one of the key [gmajes of the
UAE construction sector (Balasubramanian and Shakla7a;
2017b). Examining the broad application of Condtainc4.0 at
the supply chain level (which was missing in thestouction
literature) is encouraging for the sector. Previsugdies in
other sectors have highlighted the potential ofubtd/ 4.0 in
achieving sustainable supply chains (Ejsmont et 2020;
Beltrami et al., 2021).

Further, blockchain-enabled smart contracts canurens
construction contractors and suppliers are paidire after
receiving the confirmation of completion. This sfgrantly
increases the transparency and trust across sugmin
stakeholders in a sector that is plagued with paymelays and
disputes. In the words of one of the interviewees (
subcontractor): “Cash flow is the essence of ouwsirmss;

training programalready the payment terms are 90 to 180 days, fatitese

payments are further delayed or caught up in lgngth
arbitration, we go out of business”. Finally, a Bocietal level,
Construction 4.0 technologies will significantly pnove the
quality of buildings, and advances in design andarsm
technology will improve occupants' quality of lifeuch as
improved indoor air quality, natural lighting, andntilation.
Also, Construction 4.0 will create several new stssof jobs
for the economy, such as industrial data scientistse pilots,
remote operators, machine learning, and artifiicieglligence
professionals. This is in line with previous stigdileat reported
the potential of Industry 4.0 in creating new jolus the
economy (de Soto et al., 2019; Sherratt et al.pR02
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Negative Social Implications — There are several adverseunderdeveloped countries (Ghobakhloo, 2020).

social implications of Construction 4.0 at the eoygle level,
supply chain level, and societal level. AImost eniaterviewee
expressed their concerns related to the loss af jegpecially
those of blue-collar workers. In the words of onfe tioe
respondents: “We hear buzz words such as upskiliind
reskilling workforce and that only the nature obgowill
change... the reality is millions of unskilled blueHar workers
will lose not only their jobs but also their liviebiods as they
become unemployable... it is difficult to train theaspecially
if they are old”. One respondent highlighted thaismblue-
collar workers are not even aware that they wilcdmee
redundant soon, and no one has even warned theothén
respondent added that in addition to blue-collarrkers,
several site inspectors, supervisors will also litegr jobs as
these roles can be easily replaced with technodsgyell. At
the broader societal level, the main concern ig thase
expatriate blue-collar workers are the sole breadeiis of their
families back in countries such as India, PakisBamgladesh,
and Nepal, and the roll-out of Industry 4.0 teclgads will
lead to mass repatriation of these workers. Prelypa number
of authors have identified the loss of jobs asyatkeeat to the
implementation of construction 4.0 (Adepoju and lfégboa,
2020a; Chan, 2020; Forcael et al., 2020; Mansawii. €2020).
For example, implementing digital twin technologiyl weduce
the number of employees needed by automating onentjng
several functions in construction currently perfednby
people, such as planning, coordinating, commumigati
measuring, checking, and inspecting (Sacks €2@20).

At the firm level, one of the main concerns of Istiy 4.0
technologies is cybersecurity. According to intewges,
cyber-attacks, as well as intentional and uningerati internal
and external data breaches, pose a significanteciga on data
privacy and loss of technological knowledge intehtle stay
within the firm. Previous studies have highlightegiber-
security threats as one of the main concerns ostaction 4.0
(Newman et al.,, 2020; Mantha et al., 2021). Oneths
respondents noted that the collaborative natureafnology
such as BIM, in which numerous stakeholders areected,
increases the data security breach risks. In thelsvof one
interviewee: “...the security is only as strong asneakest link
in collaborative projects”. Previous studies hagported that
the Industry 4.0 technologies such as the blockchad [0T-
based ecosystem are immature, with multifaceted isgues at
all levels, from technology providers to users godernments
(ur Rehman et al., 2020; Lockl et al., 2020). Theeo unique
concern that emerged from the interviews is thethhology
owners’ such as Autodesk are becoming more powarfdlare
driving the sector in the direction they envisiajch is driven
more from an economic standpoint and less from @oso
environmental perspective.

A few respondents (from SME) highlighted the wideni
digital divide between large and smaller firmsrimplementing
Industry 4.0. Large firms are better positionedntisanaller
firms to benefit from Industry 4.0 technologies &ese of their
superior financial and human resources. The intaree
expressed his concern that smaller firms may nep ke with

The other emergent theme from the intervieweeshé& tthe latest technologies, which can require a siganit upfront

increase in employee surveillance. Most respondemts
concerned that these technologies can be usedctease
surveillance, such as tracking their movementoasituction
sites. This will be a significant deterrent to eoygle freedom
and morale. This also raises questions on emplpsieacy as
many of them are unaware that they are closely to@d. The
other theme that emerged from the interviews igdbethat the
creativity of employees is adversely affected bghtelogy.
The interviewed architects and consultants, in iQadr,
expressed their concerns about how their creativitye-
thinking, and skills are being influenced and sliapg these
technologies (e.g., designers are forced to desitre way the
system permits). Intentionally or unintentionallysuch
technologies are weakening the professional autgnand
creativity of employees, adversely impacting thsérceived
self-worth at the workplace. The results suppoet mbtion in
the literature that employees' privacy will be auer by
technology-based monitoring/surveillance and
employment relationships can be negatively affe{fatépoju
and Aigbavboa, 2020a; Calvetti et al., 2020). Tihepconcern
expressed by interviewees is that ConstructiorietBnologies
will further enhance the digital divide. Those witiiormation
and communication technology (ICT) skills and exigerare
likely to benefit more from these advancements thdrers.
This will lead to inequalities at the workplaceténms of wages
and career advancements. Employees from develapedries
will have an unfair advantage over those from depielg or

investment. Given that SMEs make up more than 96ftnas

in the UAE, the inclusion of SMEs in the Industt® dliscourse
is critical for sector-wide adoption (Dubai SME,12(). Along

similar lines, the digital divide between foreigmddocal firms
is a concern. When probed, several respondents focal

firms expressed their worries that foreign firmsroff

developed countries) are likely to benefit morenfrondustry
4.0 because of their superior capabilities, tediniand
managerial know-how.

3) Economic sustainability implications

Similar to environmental sustainability, the ovérasults
(see Table V) show that the positive economic irngp&om
Construction 4.0 outweigh the negative ones.

Positive Economic Implications — The positive economic
impact of Construction 4.0 is mainly because thsitpe
environmental benefits get translated as econosniefits. For
example, significant savings in energy, water, male and

thatuman resources from Industry 4.0 technology weitiuce the

cost of construction projects and the operationadts of
buildings. Similarly, social benefits also get Skted as
economic benefits. For instance, improvement inltheand
safety from Construction 4.0 will significantly neck the
downtime in construction sites due to injuries atafities.
According to respondents, one of the main benefitadustry
4.0 technology is the reduction in costs, includimgnual labor
costs, inspection and supervision costs, and savimogn the
automation of routine administrative tasks, whichl also
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bring down the overall construction costs.

Further, advanced modeling and simulation allowdog
design to be value-engineered and optimized foryestage of
construction, operation, and end-of-life demolitidh also
allows designers to simulate various scenarios cetk for
any conflicts in materials or processes during
implementation phases, significantly reducing thstly design
variations and reworks at advanced stages of thjegir During
construction, Al-based tools could detect possitiashes,
delays, and changes in the construction procesoimparing
the digital twin of the building against the phydicone.
Previous studies have reported that artificial lligeence, and
machine learning algorithms can accurately pregictject
costs (Elmousalami, 2021). Similarly, intervieweegorted
using drones to take images and conduct laser sufatise
project site, which were used to check project pssg, errors,
and variation from the digital twin stored in thiMBcloud. The
results support the growing use of drones at coctstm sites,
as it significantly reduces the efforts requirecconventional
construction monitoring and reporting proceduresigpoju
and Aigbavboa, 2020a).
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predictive measures afforded by Construction 4c@rielogies
(Mufioz-La Rivera et al., 2021; Forcael et al., 2020

Negative Economic Implications — There are a few adverse
economic implications of Construction 4.0. The intewees
noted that the cost of cyber-attacks and data besawould be

theuge, including reputational loss. One respondaninmded that

the integrated nature of technology means thafaihye could
have a cascading effect on others, leading to faignt
disruptions and delays. This was echoed by anattaviewee
who highlighted the over-reliance on BIM technoloBurther,
given the collaborative nature of BIM across thedleper,
designer, contractor, and sub-contractor, in thee e design
failures, who takes responsibility and liabilityrfalaims is
blurred. Also, conflicting interests among collaltire teams
could lead to a lack of consensus and project delaythe
design approval. These results support the notionthie
literature that uncertainty about the Constructi@gnO
technologies may affect its acceptance (Newmah,e2G20).
The other common concern that emerged from thevietes
is the high upfront cost of implementing the Constiion 4.0
technologies, echoing the concerns in the liteeatédepoju

Construction 4.0 technologies were found to improvand Aigbavboa, 2020a). As mentioned earlier, sméifens

employee productivity. One respondent (a main eamhbr)
highlighted their use of asset tagging using RFEnhology at
the construction site to reduce the time

may struggle both on a financial and human resofrm# to
implement Construction 4.0 technologies. One of the

spemespondents (in the small and medium firms catégory

searching/acquiring equipment for project teamsgreby expressed his concern about the return on investroén
improving employee productivity. It also enablesrthto share Construction 4.0 technologies, as smaller firmsndb have
resources across different projects efficiently.eThame adequate scale economies compared to large firmethAr
respondent also noted the potential of asset tgggid other respondent expressed concern over the hidden auodrirey
technologies such as geofencing in reducing theftl acosts of technologies, such as annual subscriptimarges,
misplacement of materials. The findings support themployee training costs, cyber-security costs,|@fdupgrade

overwhelming evidence in the literature that Camcton 4.0
can improve employee productivity and efficiencyi@t al.,
2019; Maskuriy et al., 2019; Calvetti et al., 20R0b
Similarly, the use of advanced materials such Hshealing
concrete can considerably reduce the life-cycletscas
buildings by eliminating costly retrofits duringetfoperational
phase. One respondent noted the significant cdstetion
potential of self-cleaning glass facades. Similaalgvances in
solar panel technology will also reduce the opereti energy
costs of buildings. Two respondents highlightedpgbeential of

VR and AR technology in creating immersive training

programs for employees, significantly reducingabst of face-
to-face classroom-based training. Advanced analyicable
real-time monitoring and detection of resource agss and
inefficiencies in the construction project. Reafdi monitoring
of project progress enables just-in-time procureémand

inventory optimization. Also, during the operatibrEhase,
machine learning and Al algorithms can detect patfs
buildings that are currently not being used andmatically

deactivate the heating, ventilation, and air caadinhg in these
parts, drastically reducing energy consumptionscc&milarly,

IoT sensors can facilitate predictive maintenantsteiad of
routine preventive maintenance, which significantiguces the
total cost of ownership by avoiding unnecessarynteaiance
of unused or less used parts of the building. Previstudies
have reported lifecycle cost savings due to prevenand

costs. Some interviewees highlighted the significacrease in
the human resource budget for hiring and traingahihology
professionals. The results resonate with the conaerthe
literature that adoption of Construction 4.0 magdedo high
costs in possessing and operating technology, ssuree
technology may require constant enhancement orugeol
(Newman et al., 2020; Osunsanmi et al., 2020). I&ityi
Karadayi-Usta (2020) reported a lack of financedaurces as
one of the key adoption challenges of Industry 4.0.

VI. CONCLUSIONS

It has only been a few years since the constructixstor
started taking Industry 4.0 technologies serioudgt, no
comprehensive evidence-based and structured approas
been made, first to identify the various isolatedhhologies,
and then to assess their current and future impieatien
potential as well as their contribution towards taiumable
development. In line with the research questiohs, study
identifies various Construction 4.0 technologiesngl with
their future prospects and examines their impact on
environmental, social, and economic sustainabilit.
comprehensive, Construction 4.0 sustainability reuork with
the potential to be applied to any country conteed developed
in this study. The usefulness and applicabilityhef framework
were demonstrated in a real-life setting througlase study of
the UAE construction sector. In the process, thbas have
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identified several trends, consensus, conflictspragches,
methods, and gaps, all of which help to understaetter and
improve the adoption of Construction 4.0 technaésgand
guide future research.

The implications of this study are manifold. Far iesearch
implications, the study is the first comprehensittempt to link
Construction 4.0 with all three dimensions of sumsthility
(environmental, economic, and social). Also, thalgtis the
first comprehensive empirical investigation of Cioastion 4.0
in the UAE construction sector. First, the authoese able to
identify and integrate various isolated Industy #chnologies
into meaningful and managerially relevant categonamely,
digitalization, automation and advancement manufaay,
integration and collaboration, and intelligent eowiment.
Moreover, unlike previous studies, a balanced agpgrovas
taken to assessing both the positive and negatipdidations
of Construction 4.0 technologies. The findings aherefore,
both novel and significant. The study also provisese degree
of consensus as to the scientific contours of Gaogon 4.0.

In terms of practical implications, this researeimbnstrates
that Construction 4.0 has enormous potential tosfam the
sector and address some of its pressing envirorainemnil
socio-economic problems. Given that most of theeulythg
issues in construction are similar in most coustrike insights
obtained from this study can be used as a goatirgtauoint for
practitioners and policymakers in other countriedeverage
Construction 4.0 technologies while addressingnitggative
environmental, social, and economic implicationewsdver,
not all the Industry 4.0 technologies and sustaiitab
implications mentioned in the study may be relevéont
developing or underdeveloped countries. For suamicies,
cost-effective technologies such as RFID may beersoitable.
Similarly, the focus of such countries may be prebt@ntly on
economic and social aspects. Therefore, the sindinfs and
framework may require adaptation to their respectisuntry
contexts. The
professional associations for defining
developing supportive regulations, policies, anitiglines for
the sector-wide adoption of Construction 4.0. Thuelgis also
timely, given that the global spread of the COVI®gandemic
has forced the construction sector worldwide td fiafer and
smarter ways to build using Construction 4.0 tetbgies (e.g.,
3D printing, use of drones for site surveillanceledo the
increasing cost of raw materials, forced reductioronsite
labor to implement social
constraints, project delays, and other factors.

From the environmental sustainability standpoittwas
found that the benefits of Construction 4.0 farwigh its
negative impact on the environment. Its ability gather
precise, real-time data and then use analyticsatoeg deep
insights on material, water, and energy consumppiatterns
and waste statistics could significantly improve thector's
environmental sustainability. However, the secteeds to
address the challenges of e-waste generated atsithe
including recycling and safe disposal, rather teanding it to
landfills. Similarly, the sector must take actisasninimize the
environmental impact arising from the power-hungayure of
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these technologies, such as by using renewablgetepower
the datacenters.

With regard to social sustainability, we found bs#veral
positive and negative implications. The positiveplications
include the improved health and safety of workdsis is
promising, because construction is one of the sectioat
constitute the largest percentages of worker deathccidents
and injuries in the UAE and elsewhere. Moreovensiaction
4.0 will generate several new types of jobs, egbigdgobs in
science and technology. Many of these will be nadteactive
to and conducive for women, thereby enhancing thehm
needed gender diversity in construction, a seatarich more
than 90% of the workforce in the UAE is male. Farthat the
supply chain level, advances in technology suchl@skchain
could significantly improve the end-to-end supplham
traceability of illegal and counterfeit goods, gy improving
the build quality of construction.

However, there are several adverse societal inmits of
Construction 4.0. More discourse from an ethicald an
humanitarian perspective is required on the paeéiiss of
jobs of unskilled blue-collar workers and theinié role in the
sector due to Construction 4.0. An increase instir@eillance
of employees raises questions on employee freedodh a
privacy. Also, more discourse is required on theagalated
privacy, cyber-security, and data breaches suriognd
Construction 4.0. Similarly, the sector needs tanexe the
potential weakening of employees' professional raatoy and
creativity, especially that of designers, and tlhbsequent
implications in terms of impact on such employges‘ceived
self-worth at the workplace.

Further, Construction 4.0 is widening the corpormditede
between large firms and small firms due to theedéhtial
ability of these firms to invest in innovative techogies.
Specifically, large firms exhibited significantlyanter levels of
Construction 4.0 adoption than smaller firms. Gitlest SMESs

results are helpful for governmented a make up more than 90% of firms globally, the inmuasof
roadmaps,d arBMEs in the Construction 4.0 discourse is critifcal sector-

wide adoption. Governments
mechanisms, such as financial support, incentivies
discounts, and training, to increase their adoptioh
Construction 4.0 technologies. A similar corporatieide
between foreign and local firms is witnessed. Tiuwgs to
promote sector-wide Construction 4.0 implementation
policymakers and industry groups must initiate ~asi

must provide support

distancing measures, budgprograms and collaborative partnerships to fatdithe transfer

of relevant knowledge, expertise, and skills frmrefgn firms
to local firms, such as through local-foreign jowreintures and
foreign firms mentoring local firms. From a foreigmolicy
perspective, this shows that countries looking tonmte
Construction 4.0 should encourage foreign firmpeewmlly
those from developed countries, to establish sidr#d there.
Finally, from an economic sustainability standppixain,
the benefits of Construction 4.0 far outweigh itsgative
impact. However, given the collaborative nature
Construction 4.0, such as BIM, mechanisms musiesdd to
share the profits or losses from the project basethe extent
of collaboration. This can significantly improveetlinherent

of
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concerns related to accountability and the lowiprofrgin of Appendix 2: Survey Instrument
the sector. Q1 How many years of experience do you have in the
The study has some limitations. Although the pregos construction sector?

framework was developed based on an extensiveweitimay 0 0-2 Years
not cover every facet of Construction 4.0. Als@ #dpplication 0 3-5 Years
of the framework was tested only in a single countr © 6-10 Years
Furthermore, the application was demonstrated titoa  © 10-15Years
predominantly  qualitative  approach, and therefore © 15-25 Years

0 Above 25 Years

statistical/quantitative precision in validatingetiramework is . .
missing o | do not work in the construction or related sect

For future research, given the framework's conedptu Skip to: End of Survey If How many years of experience do

. . o you have in the construction sector? = | do not work in the
comprehensiveness and generic nature, researchdiferent :
. . . . .~ construction or related sector
industrial settings could adapt and use the framlkewotheir
respective contexts. Also, given the complexity tbfe

: > J k Q2 Your Gender
construction sector, which includes architects/atinats

(service providers), contractors/sub-contractorge(rators), 8 gﬁfme
and (material and equipment) suppliers, the stuityons a

broad spectrum of different sectors and industréesl, Q3 Your Age
therefore, the potential applicability of the framuek to other o 18-24
sectors is high, provided applications are cargfolafted and 0 25-34
contextualized. Furthermore, future research capjady more o 35-44
rigor in the primary investigation and potentialigvolve 0 45-55
conducting a large-scale survey-based study to test 0 Above 55

statistical appropriateness and generalizability tife
framework in different settings and to examine ¢hasal link
between Construction 4.0 implementation and itsaichpon
environmental, social, and economic sustainabiltgreover,
given that Construction 4.0 is a relatively new gmdmising
domain, future studies could attempt to strengtlaerd
complement the proposed framework and study firgling
through refinement and validation across countiised test its
usefulness and applicability.

Despite these limitations, we believe the proposed
framework and its successful application will sfgrantly
enhance the understanding of Industry 4.0 in thesttoction
sector. We anticipate that this study will encoeragore
research on Construction 4.0 and Industry 4.0 imegsd, and
contribute to the theoretical advancement in thklfi

Q4 Please mention your level in the
organization

o Entry/ Junior Level

o Mid-Level

0 Senior Level

0 Top management / leadership team

o Others (Please specify)

role/position

Q5 Your educational level
o High School/Diploma
o Bachelor's Degree

0 Master’'s Degree or above
0 Others (Please specify)

Q6 Please rate the extent of adoption of Constrnci.0
technologies at present in the UAE constructioa enale of 1-
5 (1- Not considered at all; 5 — Highly considerad)well as
the likely adoption in the next 5 years (1- Noalit5 — To very

APPENDIXES
Appendix 1: Interview Protocol

« What are the various Construction 4.0 technogid!igh extent). Please enter the response as a ruvatuie.

implemented by your firm?

« To what extent do you implement these technok®jie

« Why did you implement these technologies oveersth

« Did you face any challenges while implementingsth
technologies? If so, what are they?

e Based on your experience with the implementatdn
various Construction 4.0 technologies, what arér thasitive
impacts on triple bottom line of sustainability y@onmental,
social, and economic aspects)? Please provide Xamges.

e Based on your experience with the implementatdn
various Construction 4.0 technologies, what aré thegative
impacts on triple bottom line of sustainability y@onmental,
social, and economic aspects)? Please provide fam@es.

« How do you foresee the application of Construcdd) in
the next 5 years?

Construction 4.0 T.

Present Adoption (1-5)

Future Adoption (1-5)

3D Laser Scanning and Photogrammetry

3D Printing (Additive M ing)

Artificial

Automation using Robotics (Off-site)

Automation using Robotics (Onsite)

Autonomous onsite vehicles

Big Data Analytics

Blockchain

Building Information Modeling

Cloud Computing

Cyber-Physical Systems (CPS)

Drones

Internet of Things (IoTs)

Machine Learning

Smart Construction Sites

Smart Contracts

Smart Materials (e.g., Self-healing, Self-Cleaning materials)

Virtual and Augmented Reality
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