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Preface to “Sustainable Construction of Future:
Opportunities and Challenges for Green and
Buildings”

The focus of this reprint is to draw attention to the construction industry stakeholders oriented
towards green and sustainable construction innovations for the future. Green and sustainable
construction has become a necessity in today’s society, as well as for the future, wherein there are
many possibilities to investigate and encourage reform. However, its implementation and adoption
still suffer from various challenges, such as a lack of knowledge, low self-esteem, and lack of
resources. Such challenges open gateways for new opportunities to resolve these issues, for which

there is huge potential and possibility for development.

Wesam Salah Alaloul, Bassam A. Tayeh, and Muhammad Ali Musarat
Editors

vii






<@ sustainability

Review

A Bibliometric Analysis and Review of Building Information
Modelling for Post-Disaster Reconstruction

Abdullah O. Baarimah (7, Wesam Salah Alaloul *©%, M. S. Liew !, Widya Kartika >, Mohammed A. Al-Sharafi 39,
Muhammad Ali Musarat 17, Aawag Mohsen Alawag ! and Abdul Hannan Qureshi !

Citation: Baarimah, A.O.; Alaloul,
W.S.; Liew, M.S.; Kartika, W.;
Al-Sharafi, M.A.; Musarat, M.A.;
Alawag, A.M.; Qureshi, AH. A
Bibliometric Analysis and Review of
Building Information Modelling for
Post-Disaster Reconstruction.
Sustainability 2022, 14, 393. https://
doi.org/10.3390/5u14010393

Academic Editor: Antonio

Caggiano

Received: 6 December 2021
Accepted: 27 December 2021
Published: 30 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Civil and Environmental Engineering, Universiti Teknologi PETRONAS,
Bandar Seri Iskandar 32610, Perak, Malaysia; abdullah_20000260@utp.edu.my (A.O.B.);
shahir_liew@utp.edu.my (M.S.L.); muhammad_19000316@utp.edu.my (M.A.M.);
aawag_17006581@utp.edu.my (A.M.A.); abdul_19000967@utp.edu.my (A.H.Q.)

Civil Engineering Department, Universitas Janabadra, Yogyakarta 55231, Indonesia;
widya.kartika@janabadra.ac.id

Department of Information Systems, Azman Hashim International Business School,
Universiti Teknologi Malaysia, Skudai 81310, Johor, Malaysia; alsharafi@ieee.org

*  Correspondence: wesam.alaloul@utp.edu.my

Abstract: Post-disaster reconstruction (PDR) is a dynamic, complex system that is chaotic in nature,
and represents many challenges and issues. Recently, building information modelling (BIM) has been
commonly utilized in the construction industry to solve complex and dynamic challenges. However,
BIM has not been thoroughly considered for managing PDR, and there is a lack of comprehensive
scientometric analyses that objectively examine the trends in BIM applications in PDR. A literature
search was performed considering studies published from 2010 to March 2021 using the Scopus
database. A total of 75 relevant studies were found to meet the inclusion criteria. The collected
literature was analyzed using VOSviewer through scientific journals, authors, keywords, citations,
and countries. This is the first study in its vital significance and originality that aims to investigate the
current states of research on BIM applications in PDR and provide suggestions for potential research
directions. The findings showed that “Reconstruction” and “Safety Management” have emerged
as mainstream research themes in this field and recently attracted scholars’ interest, which could
represent the directions of future research. Five major research domains associated with BIM were
identified based on the most frequently used keywords, namely “Disasters”, “Earthquakes”, “HBIM”,
“Damage Detection”, and “Life Cycle”. Moreover, a proposed conceptual framework of BIM adoption
for PDR is provided. Accordingly, the outcomes of this study will help scholars and practitioners
gain clear ideas of the present status and identify the directions of future research.

Keywords: BIM; post-disaster reconstruction; construction industry; scientometric analysis; visual-
ization; PRISMA; review

1. Introduction

Disasters can be defined as “an action that causes a threat to life, well-being, material
goods, and the environment from the extremes of natural processes or technology” [1].
Natural and human-made disasters affect the built environment. The large-scale damages
caused by infrastructures and houses are accompanied by injuries and fatalities, reversal
or stagnation of the local economy, and mislaying of livelihood sources [2]. Post-disaster
reconstruction (PDR) has been gaining more attention in the world because of frequent
natural environment disasters, such as earthquakes tsunamis, and other activities, caused
by human-made factors, such as conflicts and wars, which have raised the importance
of PDR [3,4]. Following the increasing occurrence of major disasters, stakeholders are
increasingly initiating reconstruction to reduce the effects of those disasters on the built
environment; however, reconstruction projects are considered challenging to implement in
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terms of capacity and resources [5,6]. Nevertheless, PDR is categorized as unpredictable,
chaotic, complex, and dynamic; this indicates several difficulties due to its differences
when compared to traditional construction [7]. Conventional construction has been used
in reconstruction projects, whereas some features, such as a single lifecycle of project and
inflexibility in aspects of creating a specified project duration, have proven unsatisfactory
for the complications encountered in the aftermath of the disaster [8,9]. Reconstruction
projects face immense challenges, such as time and cost overrun, and low quality, due to
several factors during the implementation [10,11].

The main target of any PDR project is to attain high levels of beneficiary satisfaction.
Nonetheless, PDR projects frequently fail in their pre-planned objectives; for example,
only 20% of building requirements are fulfilled, with most buildings being constructed
on a temporary instead of permanent basis [12]. Moreover, the efforts of reconstruction
projects have lacked any suitable coordination mechanism and monitoring framework [13].
If not properly handled, those challenges can result in ineffective PDR project delivery
and often a failure of the project [3,14]. Successful delivery of PDR projects is important to
restore essential services and return to normalcy after disasters [15,16]. Controlling the cost,
time, and delivery of the projects are the most significant factors in evaluating successful
PDR projects, which will be heightened by utilizing one of the emerging technologies or
processes that aim to enhance productivity and sustainability in PDR projects.

Building information modelling (BIM) is considered one of these technologies, and
has altered the ways of the practices of architecture, engineering, and construction indus-
tries during recent years. It brings stakeholders in construction to a single productive
platform [17]. Additionally, BIM is not only a technical facility but also an activity concept
for efficient project delivery linked to advanced technology [18]. It utilizes information and
communication technologies to enhance growth monitoring, increase performance, and
boost productivity [19]. Consequently, numerous studies have been conducted on BIM
within the construction industry from the perspective of the industry, organizations, and
users [20,21]. Other studies have focused on BIM in terms of adoption, implementation,
challenges, and benefits, as well as strategies and application [22,23].

In this regard, BIM is an intelligence tool that has a wide range of benefits, such as
collaboration among parties, visualization of project execution, enhanced productivity and
efficiency, enhanced communications, improved design quality, cost estimation, positive
return on investment, enhanced sustainability, faster development while reducing the cost
and rework, on-time delivery capabilities, clash detection, better contract documentation,
life-cycle cost data management, and competitive edge [24-26]. These and other advantages
have prompted governments, institutions, and organizations to implement BIM in their
construction industries [27-29].

With the increasing significant challenges in PDR, it is necessary to apply BIM in
reconstruction projects after disasters to overcome these challenges [30-33]. Despite some
reported evidence on the benefits of BIM within the construction industry, the adoption
of BIM for the PDR field has not received adequate attention. Moreover, there is a lack of
adoption of modern methods for managing PDR that is a cause of low boost. However, a
few studies have focused on utilizing BIM for PDR. For example, Dakhil and Alshawi [31]
explored the BIM applications that supported building disaster management, including
disaster planning, site planning, and existing condition modelling, and its advantages;
they suggested that future research should empirically study all applications of BIM dur-
ing the project life cycle and identify the advantages of those applications. Nawari and
Ravindran [32] listed the potential advantages of BIM in conjunction with blockchain for
post-disaster rebuilding. The authors presented a framework for an automated recon-
struction permitting process by using Hyperledger Fabric; however, no evidence of actual
implementation has been found. Messaoudi and Nawari [33] proposed a virtual framework
based on BIM and a generalized adaptive framework for speeding up the permitting pro-
cess of reconstruction in the aftermath of the disaster in Florida; however, this framework
was limited to the time of the permitting process for rebuilding.
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On the other hand, scientometric analysis is being used by a growing number of
scholars to address subjective problems in literature reviews [34-37]. In contrast, there
is a paucity of scientometric analysis in the current studies that explore trends of BIM
applications in the PDR projects field. It is worth noting that the PDR in question is still
in its early stages for BIM adoption. One of the challenges is determining the need to
start setting the foundations for best frameworks and guidelines for promoting the BIM
applications in PDR projects. Experience has shown that it is never too early to start
preparing for reconstruction in the aftermath of the disaster. Accordingly, it is crucial
to map the related literature in order to address this research gap. This study is unique
because it explores trends of BIM applications in PDR from an objective standpoint.

Based on the researchers’ knowledge, this is the first study that aims to investigate the
current state of research on BIM applications in PDR and provide suggestions for potential
research directions. To achieve the study aim, the present study analyzed the collected
papers through scientific journals, authors, keywords, citations, and countries. In addition,
a proposed conceptual framework was developed that underlines the relationship between
PDR and BIM adoption, which impacts BIM adoption for PDR. Therefore, the outcomes
of this study will assist scholars and practitioners in gaining clear ideas of the present
status and identifying the directions of future research. It may promote BIM awareness and
offer more opportunities for a positive perception of BIM implementation in reconstruction
projects in the aftermath of future disasters.

2. Methodology

The present study used the PRISMA guidelines in order to review the current lit-
erature [38]. We followed the PRISMA guidelines without considering meta-analysis
approaches. The scoping procedure was employed to extract the most related papers on
BIM and PDR. The collected literature was retrieved from the Scopus database. Scopus in-
cludes more journals and scientific publications than any other available literature database
(such as “Web of Science”) [39,40]. A list of keywords relevant to disaster and reconstruc-
tion was created. These keywords, along with the keyword “BIM”, were utilized for the
literature search, with the following query string: TITLE-ABS-KEY ((“BIM” OR “Building
Information Model*”) AND (“Disaster” OR “post-conflict” OR “post-war” OR “war” OR
“earthquake” OR “flood” OR “landslides” OR “Tsunami” OR “storm” OR “cyclone” OR
“tornado” OR “hurricane”) AND (“construction” OR “reconstruction” OR “recovery” OR
“rehabilitation” OR “repair” OR “rebuild*” OR “retrofitting” OR “restoration”)). In addi-
tion, the time range was set from 2010 to March 2021. Initially, a total of 185 documents
were displayed; these included research papers, reviews, book chapters, and other types of
documents. The documents were limited to research articles, review papers, conference
papers, and book chapters. As result, 150 papers were chosen in this stage as illustrated in
Figure 1. Additionally, in the second stage, the data were transferred to an Excel sheet, and
after assessing the documents and excluding irrelevant publications as well as non-English
publications, a total of 75 papers were finally considered eligible to be included for further
analysis. In the end, returned to the Scopus database to select those papers manually in
order to export an Excel sheet file that was used for the scientometric analysis. Figure 1
illustrates the framework implementation of the current review.

Moreover, a scientometric analysis was conducted after the literature sample was
obtained. With the rapid progress in technology, scientometric analysis can now be per-
formed using a range of existing software. VOSviewer was selected in this study to draw
science mappings, since it has remarkable text mining capabilities and is ideal for dealing
with larger networks [41]. Currently, VOSviewer is increasingly being used in construction
industry research to create science mappings, for example, BIM [42], system dynamics [36],
and artificial intelligence [43]. The collected papers were examined through five aspects:
scientific journals, authors, keywords, citations, and countries. In the literature review
study, according to Ren et al. [44], those five aspects are considered as the main compo-
nents of the scientometric analysis that can help researchers to grasp the current state of
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research quickly. The most critical measurements include the citations, documents, average
publication year, average citations, and average normalized citations [45], where the last
three metrics are inextricably linked to each other. The average publication year mainly
refers to the documents that are published in a certain year [42]. The average citations
were determined by dividing the total number of citations by documents. Furthermore,
average normalized citations indicate the normalized number of citations of a journal,
author, keyword, document, and country. This was calculated by dividing the total number
of citations by the average number of citations received during the given year; the higher
the score, the greater the impact [45].

Screening

Included

Eligibility

Identified through Scopus database
N=185

Records excluded

(N=35):
Records Screened and filtration in database *  Conference review
N=185 (N=34)
=  Book (N=1)

Full-text papers excluded

Full-text papers assessed for eligibility with reasons (N=75):

N=150 s Irrelevant articles
(N=6T)
= Non-English
language (N=E8)

Studies included in Bibliometric analvsis
N=75

Figure 1. Study flowchart.

3. Results and Interpretation of Articles

This section analyzes the scientific journals, authors, keywords, citations, and countries
active in the targeted research. It will provide a clear and succinct explanation of the
experimental findings, their analysis, and the experimental conclusions that were reached.

3.1. Analysis of Published Journals

It is common for researchers to share and communicate their research findings through
various published journals. In the current study, VOSviewer was utilized to find the source
journals of the papers obtained, as shown in Figure 2. The minimum number of published
documents and citations of a source was set at two and one, respectively. According
to Jin et al. [45], there is no limit to setting the threshold value. Several attempts were
made with various threshold values until the most appropriate values for determining
the optimal range of sources were discovered. Accordingly, a total of 14 journals out of
58 met the thresholds. There was a total of 11 leading journals linked to each other, as
shown in Figure 2. It was found that the nodes of “ISPRS Archives” and “Automation
in Construction” were the largest in regard to the category of conferences and journals,
respectively, and were linked to most other journals. This indicates that these two journals
are leading journals in this research field.
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Figure 2. Mapping of published journals.

In Figure 2, the source journals are divided into different clusters in terms of colors.
Therefore, these journals were grouped: “Applied Sciences”, ‘Buildings”, and “Construction
Research Congress 2018”. The journals that appear in the same cluster have a greater level
of interconnectedness, which means that articles from these journals cite each other more

frequently. A quantitative summary of the journals can be obtained from Table 1.

Table 1. Details of published journals.

Total Link Total Avg. Avg. Norm.
No. Source Journal Strength Documents Citations  Citations Citations
1 “Advanced Engineering Informatics” 29 2 79 39.5 7.2
2 “Applied Sciences (Switzerland)” 16 4 12 3.0 2.2
3 “Automation in Construction” 36 6 111 18.5 2.3
4 “Buildings” 7 2 25 12.5 24
5 “Compdyn Proceedings” 15 2 1 0.5 0.1
6 Computing in Civil and liulldmg Engineering 2 5 9 45 0.6
(2014)
- Construction Research Congress 2(,),18: Safety 16 6 19 32 0.6
and Disaster Management
“International Archives of the Photogrammetry,
8 Remote Sensing and Spatial Information 29 9 63 7.0 1.1
Sciences (ISPRS Archives)”
9 10P Con.ference Ser1es; Ear‘f’h and 5 10 3 03 03
Environmental Science
“ISARC 2018—35th International Symposium
10 on Automation and Robotics in Construction” 12 3 4 13 03
1 ISPRS Annals of the Photogrammetry, Remote 1 5 9 45 0.9

Sensing and Spatial Information Sciences”

The total link strength, number of documents, and total citations, which are all strongly
connected can be used to assess the productivity of a given journal’s research outputs. More-
over, the importance of a journal’s contribution to the research community can be also
evaluated through the average citation. The average normalized citation per document is
not always linked to the number of documents. As shown in Table 2, it was found that
“Advanced Engineering Informatics” is a top-ranked journal, with the greatest average cita-
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franehi a.

tions and average normalized citations. Moreover, in terms of total citations, “Automation
in Construction” showed incredible performance and recorded the maximum number of
total citations. Other more significant journals in terms of average normalized citations
included “Buildings”, “Automation in Construction”, and “Applied Sciences”, which also
have a strong potential influence on BIM applications for the PDR field.

3.2. Analysis of Co-Authorship

Scholars usually collaborate in academic research, which can improve productivity
and access to expertise as well as prevent scholars from being isolated [46]. The minimum
number of published articles and an author’s citations in this study were set at one and
ten, respectively. Thus, of the 219 authors, 27 met the thresholds. There was a total of
10 influential authors linked to each other, as visualized in Figure 3.

dellagorre s.

cangimif.

previgali m.

orw (s 8

baragzetti |. brumgana r.

torre s.d.

ba&fi f.

6% VOSviewer sjaterre s.

Figure 3. Mapping of co-authorship.

As shown in Figure 3, the authors were explicitly divided into three groups based on
colors. Here, Previtali M., Cantini L., Della Torre S., and Barazzetti L. appeared in the same
research group. Brumana R. was in the middle of this network and was connected with
the other two groups of authors, suggesting that Brumana R. maintains strong academic
cooperation with leading researchers in the field. Banfi F. has the largest node compared
to other authors, and he collaborates closely with all authors, meaning that Banfi F. is
considered one of the top scholars in this domain. The details of these productive authors
are presented in Table 2.

Table 2 demonstrates that the most productive author is Banfi F., who published the
largest number of documents. Regarding overall research significance, Banfi F., Brumana
R., and Oreni D. ranked at the top by achieving 84 citations. In the aspects of collaboration
links, again Banfi F, Brumana R., and Oreni D. had the best network of all researchers in
this field, with a total link strength of 22. When it comes to average citations, Dellatorre S.
and Franchi A. ranked first with 26 average citations, and the authors Barazzetti L., Cantini
L., and Previtali M. ranked second with a recorded 24.7 average citations, suggesting
their active influence in this field. According to average year publications, the emerging
researchers listed in Table 2 have contributed to the research field and have recently linked
BIM application to PDR, where the average year publications started from 2017.
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Table 2. Details of co-authorship.

Author Total Link Documents  Total Citations  Avg. Pub. Year  Avg. Citations Avg. Norm.
Strength Citations

Banfi E. 22 5 84 2018 16.8 2.5
Barazzetti L. 19 3 74 2018 24.7 3.4
Brumana R. 22 4 84 2018 21.0 2.9
Cantini L. 19 3 74 2018 24.7 3.4
Della Torre S. 12 2 48 2018 24.0 3.3
Dellatorre S. 7 1 26 2017 26.0 3.5
Franchi A. 7 1 26 2017 26.0 3.5
Oreni D. 22 4 84 2018 21.0 29
Previtali M. 19 3 74 2018 24.7 3.4
Torre S.D. 3 1 10 2017 10.0 14

3.3. Analysis of Co-Occurring Keywords

Keywords help scholars understand mainstream topics and emphasize possible re-
search directions [47,48]. The connection of keywords demonstrates the knowledge of the
research domain in the aspects of intellectual organization, relationships, and development
trends [49]. By setting the minimum frequency of keywords to three in this study, only
73 out of 746 keywords met the thresholds. Those keywords were filtered, and a few
keywords that were not relevant to the study were removed. In consequence, a total of
38 keywords were selected and are represented in Figure 4.

emergency services

remote sensing
3d madeling
damage agsessments
damagedetection

risk management cost estimating

laser applications
" y 4 PR building information modeling (bim)
industry foundagion classes - ifc 1

w safety mapagement
eartWakes
disasterprevention { N i » ’
& building mforrWn model.- bim
bt .
W constructiongihanagement

building information modeling
building information modelling

safety engineering

project management
geographic info_rg\ation systems
historicalgbuildings

disasters :
w constructi@n projects "fwde

v restofation
8is retrofitting ’
constructi@n industry

disaster cons@ction

ﬁ; VOSviewer e presefiyation

Figure 4. Mapping of co-occurring keywords.

Figure 4 depicts the research directions for the applications of BIM, and it is not
surprising to see that “Building Information Model—BIM” was the most commonly listed
research keyword. The other keywords associated with BIM, such as “Disasters” and
“Earthquakes”, indicate that BIM applications were primarily utilized in this field. A
quantitative summary of keywords can be obtained from Table 1, and the frequency of
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keywords conformed to those in Figure 4. It should be noted that “Damage Assessments”,
“Disaster Prevention”, “Historical Buildings”, “Reconstruction”, “Repair”, “Restoration”,
“Retrofitting”, “Risk Management”, “Safety Management”, “Life Cycle”, and “Virtual
Reality” were included in the common research areas based on the frequency of keywords.
Hence, it can be inferred that the characteristics of BIM applications can evaluate the
impacts of different policies.

As shown in Table 3, the average citation and average normalized citation demon-
strate the impact of the keyword in the academic community. Following the keywords
“Preservation”, “Restoration”, “Historical Buildings”, “Construction Management”, and
“Repair” attracted more interest according to average citations. Interestingly, the keyword
“Preservation” was ranked at the top with 3.4 average normalized citations, suggesting its
influence in this field. Besides, the average year publication indicates the novelty of those
keywords. For instance, some articles relative to “Reconstruction” and “Safety Manage-
ment” were published recently in 2020, meaning that they emerged as mainstream research
themes in this field and spurred the interest of scholars recently, which could represent
future research directions as well.

Table 3. Details of co-occurring keywords.

Keywords ];):in[;:;lk Occurrence  Avg. Pub. Year Avg. Citations Agﬁag(?:;
3D Modeling 8 3 2019 2.7 1.3
BIM 39 14 2018 3.6 1.3
Building Information Model—BIM 80 26 2017 3.7 0.9
Building Information Modeling 16 4 2018 8.5 1.2
Building Information Modeling (BIM) 7 5 2019 34 2.3
Building Information Modelling 22 6 2018 32 0.4
Construction 27 7 2018 1.6 0.4
Construction Industry 16 4 2019 6.5 0.9
Construction Management 15 4 2017 16.8 1.5
Construction Projects 14 4 2018 0.3 0.3
Cost Estimating 13 3 2015 43 0.8
Damage Assessments 20 4 2014 9.3 1.4
Damage Detection 34 8 2016 6.3 0.8
Disaster 15 3 2018 1.3 0.9
Disaster Prevention 32 8 2019 1.6 0.3
Disasters 42 11 2018 2.3 0.6
Earthquake 11 3 2018 53 0.6
Earthquake Engineering 11 3 2018 1.3 0.6
Earthquakes 55 15 2018 6.3 1.2
Emergency Services 8 3 2019 0.0 0.0
Geographic Information Systems 27 7 2018 2.6 0.5
GIS 14 4 2017 2.8 0.6
HBIM 23 9 2018 10.4 1.7
Historical Buildings 8 4 2017 17.0 1.2
Industry Foundation Classes—IFC 13 3 2017 11.3 2.0
Laser Applications 16 4 2017 7.0 0.9
Life Cycle 24 7 2018 4.6 0.9
Preservation 10 3 2018 24.7 3.4
Reconstruction 7 4 2020 1.5 0.6
Remote Sensing 9 3 2017 2.3 0.2
Repair 12 3 2018 10.7 2.3
Restoration 21 6 2017 17.8 1.7
Retrofitting 12 5 2017 2.6 0.5
Risk Management 12 4 2019 2.3 0.5
Robotics 10 3 2015 1.0 0.2
Safety Engineering 9 3 2019 6.3 1.4
Safety Management 3 3 2020 2.0 2.7
Virtual Reality 15 5 2019 2.0 0.6
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3.4. Analysis of Article Citations

Researchers need to find publications that have significant contributions to the aca-
demic community. By setting the minimum number of document citations to four, only
26 out of 75 documents met the thresholds. There was a total of 14 crucial articles linked to
each other, as presented in Figure 5.

As shown in Figure 5, the node of Biagini C. (2016) [50] was the largest, indicating the
most cited papers. However, the node of Newari N.O. (2019b) [32] was small and in the
middle of the network, which has strong connections with other most cited papers. The
influence of each document was evaluated through the number of links, total citations, and
normalized citations as detailed in Table 4.

It is interesting to find that the insightful research results were primarily published
in the domain of applications of BIM, especially in the phases of disasters, from pre- to
post-disaster. Hence, it can be inferred that the properties of BIM applications are capable
of solving challenges related to PDR. It is expected that applications of BIM will be used
more frequently in future studies within PDR.
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Figure 5. Mapping of article citations.
Table 4. Details of article citations.
. . Number o Norm.
No. Article Title of Links Citations Citations

. “BIM-Based Virtual Permitting Framework (VPF) For

1 Messaouég}\/l. (2020) Post-Disaster Recovery and Rebuilding in the State of 1 4 5.4
Florida”
“Modeling and Representation of Built Cultural
2 Noor S. (2019) [51] Heritage Data Using Semantic Web Technologies and 1 7 14
Building Information Model”
3 Nawari N.O. (2019a) [52] BIM Data Exchange Standard for Hydro-Supported 3 4 0.8
Structures
“A Prediction Method of Building Seismic Loss Based
4 Xu Z. (2019) [53] on BIM and Fema P-58” 1 9 1.9
“Blockchain and Building Information Modeling
5 Nawari N.O. [32] (BIM): Review and Applications in Post-Disaster 3 16 3.3
Recovery”
“Generative HBIM Modelling to Embody Complexity

6 Brumana R. (2018a) [54] (Lod, Log, Loa, Loi): Surveying, Preservation, Site 5 42 5.8

Intervention—the Basilica Di Collemaggio (L’aquila)”
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Table 4. Cont.

. . Number o Norm.
No. Article Title of Links Citations Citations
7 Sani M.]. (2018) [55] “GIS And BIM Integration At Data Level: A Review” 5 7 1.0
“Scan to HBIM-Post Earthquake Preservation:
8 Brumana R. (2018b) [56] Informative Model as Sentinel at the Crossroads of 5 6 0.8
Present, Past, And Future”
“HBIM Challenge Among the Paradigm of
9 Brumana R. (2017) [57] Complexity, Tools and Preservation: the Basilica Di 5 26 35
Collemaggio 8 Years After The Earthquake (L’aquila)”
. “Survey, HBIM and Conservation Plan of a
10 Oreni D. (2017) 58] Monumental Building Damaged by Earthquake” 3 10 14
L “Towards the BIM Implementation for Historical
1 Biagini C. (2016) [50] Building Restoration Sites” 5 63 4.2
“Preparation of Synthetic As-Damaged Models for
12 Ma L. (2016) [59] Post-Earthquake BIM Reconstruction Research” ! 1 07
“Information Modeling of Earthquake-Damaged
13 Ma L. (2015) [60] Reinforced Concrete Structures” 3 23 41
14 Dossick C.S. (2015) [61] Learning in Global Teams: BIM Planning and 1 6 11

Coordination”

Besides research topics, the number of links mentioned in Table 4 demonstrates an
article’s influence within the academic community. The articles by Brumana R. (2018a) [54],
Sani M.]J. (2018) [55], Brumana R. (2018b) [56], Brumana R. (2017) [57], and Biagini C.
(2016) [50] had the strongest number of links. Moreover, two articles from Biagini C.
(2016) [50] and Brumana R. (2018a) [54] earned the highest citations and had the greatest
normalized citations, respectively, in highly cited articles. Brumana R. had three out of the
fourteen most cited papers regarding the number of citations; hence, this indicates that
the author Brumana R. has led an important series of studies on BIM applications for PDR
compared to other authors. Additionally, other researchers, including but not limited to
Messaoudi M., XuZ., Ma L., and Dossick C.S., have conducted the most influential research.

3.5. Analysis of Countries

The availability of information on outstanding countries in a research field can help
scholars collaborate between them on projects, get grants, and share their findings [46].
In this study, diligent countries were also recognized according to their research contri-
butions. VOSviewer was used to identify, evaluate, and visualize the source countries of
researchers [41]. The minimum number of published articles and citations of a country was
set at two and ten, respectively. Accordingly, out of 32 countries, 11 met the thresholds.
There was a total of nine important countries linked to each other, as presented in Figure 6.

It can be observed in Figure 6 that the countries were classified explicitly into three
groups based on colors, where the first group included Canada, South Korea, and the
United States. It is interesting to note that Italy had the largest node, implying that Italian
academics were the primary contributors to research on the applications of BIM to solve
PDR problems. The details of these productive countries are provided in Table 5.

As can be seen in Table 5, Italy, China, and the United States were ranked higher in
terms of total documents. Academics from Italy earned the highest total citations compared
to the countries active in BIM applications for PDR research, showing that the utilization
of BIM applications by Italy’s academics was extremely enlightening and aided in the
research area of PDR. Based on the average citation, which shows the importance of the
study conducted in the country, Canada ranked first with 19.5 average citations, and Israel
ranked second with 11.7 average citations recorded. Interestingly, academics from Canada,
South Korea, Greece, and Cyprus recorded higher average normalized citations, indicating
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that they are strongly competitive and provide important contributions to BIM applications
for PDR research.

canada
united states
-
cyprus
dsfael W southikorea
g}b VOSviewer
Figure 6. Mapping of countries.
Table 5. Details of countries.
Total Link e .. e o Avg. Norm.
Country Strength Documents Total Citations  Avg. Pub. Year = Avg. Citations Citations
Canada 196 4 78 2018 19.5 2.9
China 23 14 24 2019 1.7 0.7
Cyprus 40 3 21 2013 7.0 1.6
Germany 5 2 11 2016 5.5 1.1
Greece 37 2 11 2015 5.5 1.9
Israel 11 3 35 2015 11.7 1.7
Italy 114 17 168 2018 9.9 1.3
South Korea 30 4 12 2019 3.0 2.3
United States 126 10 30 2018 3.0 1.3

4. Discussion

Following the bibliometric analysis, this section summarizes the present status of the
research and offers directions for future research.

4.1. Post-Disaster Reconstruction

The present study found various expectations for research regarding PDR, with the
majority focusing mainly on short-term recovery and ignoring long-term reconstruction.
Lyons [62] reported that PDR is primarily unsuccessful in achieving its pre-planned goals,
where the failure rate of the reconstruction project is beyond 50% [63]. Delays in the process
of reconstruction projects might reduce the effectiveness of the reconstruction and make
achieving the goals more challenging [64,65]. Based on the work that needs to be carried
out post-disaster, several other challenges can influence the timeframe of the work [8].
PDR mainly relies on economic, cultural, social, environmental, and political elements [66].
Various problems emanate because of inadequate supports from poor governance, local
government, poor infrastructure, and insufficient knowledge and preparedness. Moreover,
other elements that positively influence the reconstruction processes include addressing
technical problems, integrated information, short and long-term approaches, and public
participation in dealing with technical problems [67]. PDR is influenced by the locations of
the destroyed areas because this influences the assigned funds, technical resources, and
labors [5]. Despite the value of community contribution in PDR, it is important to ascertain
timely information during the reconstruction period [68]. Moreover, although PDR offers
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chances to lower vulnerability and enhance sustainability in disaster-affected communities,
most reconstruction projects have failed to meet these objectives [69]. Hence, PDR is highly
demanding and complex, and needs several well-coordinated and diverse actions.

Moreover, during the past few years, several studies have been conducted in this
area to investigate various variables exerting either negative or positive impacts on a
PDR project [3-5,9,10,68,70-72]. The unsuccessful outcomes of PDR projects are due to
the following: inadequate availability of resources, delays in project implementations,
inadequate coordination amidst participation organizations, corruptions, substandard qual-
ity of the reconstructed building, inadequate community participation, inadequate road
access, inadequate government support, problems with land availability and acquisition,
ineffective design, conventional 2D documentation, manual schedule and cost estimation,
and inadequate extensive resource database. Meanwhile, available evidence shows that
PDR has a discouraging record of performance in recent decades due to ineffective recon-
struction strategies that do not consider the concept of collaboration among parties, have
coordination procedures, and adopt modern communication technology.

Some examples of good reconstruction practices include the establishment of con-
struction guidelines and permitting processes, as well as the certification of reconstructed
housing to ensure safe building construction [33]. However, these practices have taken a
long time to obtain approval. Since acting quickly is the priority in a post-disaster situation,
the traditional manual cost estimation methods are not feasible. Based on previous studies,
there is a need for a tool to calculate the construction cost of the proposed alternatives
quickly and automatically [73]. Reconstruction requires avoiding disintegration between
stakeholders, such as governments, emergency agencies, builders, relief organizations,
designers, and disaster victims [7], and also demands the enhancement of delivery prac-
tices in order to provide higher value to stakeholders [6,16]. Moreover, non-participatory
reconstruction practices by donors have caused conflicts and resentment among the local
people [13]. This study found that the existing practices of reconstruction projects must
be compiled and evaluated to determine whether the proposed conceptual designs satisfy
construction codes. Accordingly, it is susceptible to personal mistakes, and any updates
need to be performed manually, which causes budget overruns and schedule delays in
reconstruction projects.

The current status of managing PDR mostly seeks to avert factors causing failures in the
PDR projects. However, information about post-disaster management is ongoing, and most
desire to learn from past failures. To overcome these challenges, PDR must integrate short
and long-term reconstruction to guarantee that housing and infrastructure requirements
are fulfilled throughout the short-term recovery phase, while lowering vulnerability and
enhancing sustainability and resilience in the long-term reconstruction phase. As a result,
the goal of efficient PDR may be attained by integrating the requirements of stakeholders
with modern management practices and information technology. Therefore, to accomplish
the PDR project on schedule, within the allocated cost and with a high standard of quality,
there is a need for more objective studies to boost productivity and sustainability in PDR
projects. Besides, it is necessary to adopt new developments in modern management
practices and information technologies, such as building information modelling, that can
enhance the competitive environment of PDR projects based on the improvement of product
quality, on-time project delivery, and cost reduction.

4.2. Building Information Modelling (BIM)

BIM is a powerful tool adopted in construction projects to control project information
and building design in digital form throughout the life cycle of buildings. This approach
allows for information interchange and interoperability between parties [74]. BIM has
been widely promoted as an nD modelling platform to improve collaboration and commu-
nication, and its scope has expanded from “geometric models (3D) to include time (4D),
costs (5D), sustainability of the environment (6D), and facility management (7D)” [75]. Its
significant advantages in terms of cost and time savings, as well as increased performance
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and boosting of productivity, have compelled construction players to adopt and rapidly
implement it within several fields [76]. A 3D building model that identifies the clash
detection, improves the schedules of construction, and prepares construction site activities
was shown to be useful in everyday operations [77]. Additionally, the utilization of BIM has
provided significant benefits to the construction industry over the project’s life cycle, from
conceptualization to demolition [78]. Significant advantages found in the design phase of
the project include improved visualization, efficiency, and productivity, whereas, during
the construction phase, BIM can consist of cost analysis and auto-scheduling, allowing for
improved project coordination and on-time delivery capabilities [79]. Accordingly, BIM
encourages all professionals and stakeholders to contribute and collaborate to produce a
high-quality output throughout the project.

Diffusion and implementation are two steps in the BIM adoption process. With effec-
tive BIM adoption and implementation, complexities and challenges in project management
will be greatly minimized as and partnerships between stakeholders will be enhanced over
the project life cycle [28,48,80,81]. The implementation of BIM is expanding rapidly in the
international context [80]. The implementation of BIM has reached a significant level in
several developed world countries, such as the UK, USA, Australia, and Canada [23,82].
However, there is a low rate of BIM adoption not only in developing nations but also in
certain developed world nations. While BIM implementation in developing nations has
fulfilled the criteria during the design stage, it is substandard during the construction
stage, as highlighted by Memon et al. [83]. Due to the fragmentation in implementation,
BIM applications are delayed, and the construction industry remains at a low level of BIM
adoption. Numerous factors contribute to this fragmented activity, including a lack of
understanding about BIM implementation activity, a lack of coordination and collaboration
between different disciplines, a lack of practice standards and guidelines, resistance to
changing current working practices, and a lack of skill in preparing BIM plans and the abil-
ity to use them with stakeholders effectively [84]. It can be noted that the studies centering
on BIM in developing world nations have highlighted the dynamics of BIM adoption and
are working to improve BIM maturity in these countries. The barriers to BIM adoption must
be addressed, and the benefits must be explained adequately to achieve comprehensive
adoption of BIM and avail its benefits. Thus, future studies concentrating on this research
field should perform case studies in which real-life adoption of BIM is validated.

Moreover, the utilization of BIM applications has progressively appeared as an essen-
tial topic in the PDR field [31,33]. Despite some reported evidence on its benefits within the
construction industry, the adoption of BIM for PDR has been limited, and stakeholders and
decision-makers in the aftermath of the disasters are not excited to adopt and implement
BIM into its reconstruction practices. Therefore, there is a need to transfer from traditional
reconstruction practices to BIM-based practices. Using BIM applications in reconstruction
projects for planning, design, and construction will create and manage support key data and
reports. The application of BIM in reconstruction projects will result in more cost-effective
design and enhance communications and collaboration among parties.

It can be concluded that several studies address BIM adoption in general; however,
few researchers concentrate on BIM adoption challenges and factors that influence adoption
without providing a comprehensive perspective and an in-depth understanding of issues
for the adoption of BIM. Nevertheless, there is a lack of studies on factors influencing BIM
adoption in various dimensions of BIM research.

4.3. Disaster Management and Building Information Modelling

The role of BIM applications in disaster management is evident through all phases,
from pre- to post-disaster. For instance, Drogemuller [85] conducted a study on the benefits
of BIM in disaster response. This study looked at a variety of scenarios in which BIM
was used during several disaster stages, including prevention, preparation, reaction, and
recovery. By employing augmented reality to simulate multiple disaster scenarios and the
best method to cope with them, the BIM can aid disaster preparation. Facility managers can
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utilize BIM to track key building data to undertake maintenance and prevent the failure of
the building in the event of a disaster. Additionally, BIM can create 3D visualizations to
assist stakeholders and decision-makers in comprehending the larger picture of a disaster’s
effect and speed up assessments of building damage. This could result in more effective
planning and cooperation between stakeholders [85]. Dakhil and Alshawi [31] explored the
BIM applications that support building disaster management, including disaster planning,
site planning, and existing condition modelling, and their advantages; they suggested
that future research should empirically study all applications of BIM during the project
life cycle and identify the advantages of those applications. Based on the study by Kim
and Hong [86], BIM information is a helpful tool for the response of disaster management.
They presented a “BIM-based disaster integration information system” that allowed first
responders to locate the event occurrence rapidly. In addition, Wang et al., [87] debated
using a BIM-based virtual environment to assist the residents’ building management during
disasters. This suggested system employed BIM data and the game engine to design a
real-time evacuation path for building occupants via a mobile device [87]. Moreover,
Boguslawski et al., [88] proposed an algorithm for calculating evacuation routes during
disasters. This method used a combination of BIM and geographic information system (GIS)
to display the fastest egress route. According to Lyu et al. [89], BIM and GIS integration
might be a valuable tool for city managers to identify flooding disasters.

Additionally, Sertyesilisik [90] emphasized the contribution of BIM to the resiliency of
disaster from the pre- to the post-disaster stage, particularly by impacting the performance
of the rescue operations, rebuild activity, and supply chain. Academic researchers and
decision-makers play a vital role in encouraging and educating the public regarding the
significance of BIM as a tool for improving the robustness of built environments throughout
the disaster management process [90]. Moreover, Kermanshachi and Rouhanizadeh [73]
developed a BIM-based automatic cost estimation methodology to aid in reconstruction
by providing a precise estimate of the required budget. This tool is limited in that it can
only estimate the cost of repairing a damaged structure. The tool has had one upgrade
that allows it to reflect changes in estimated costs, although it still has limitations [73].
Furthermore, it was shown that very few studies on BIM integration with blockchain have
been undertaken for PDR permits [32]. Nawari and Ravindran [32] listed the potential
advantages of BIM in conjunction with blockchain for post-disaster rebuilding. The authors
presented a framework for automated reconstruction permitting in any transaction by
using Hyperledger Fabric. As a result, paperwork, additional processing fees, and the
time it takes to obtain building permits, can all be reduced; however, no evidence of actual
implementation has been found. Hence, more time is required to investigate blockchain in
PDR. Thus, greater research into BIM and PDR combined with blockchain will provide a
major boost in the PDR field.

Furthermore, Biagini et al. [50] recommended using BIM for historic building rehabili-
tation. The fundamental concern for historical building repair is on-site management. A
detailed information plan for executing the restoration plan should be provided in order to
provide effective on-site management. While conventional restoration techniques produce
2D maps with inadequate data, BIM allows users to create a 3D model of historic buildings
and link it to a range of data. In the case of “Basilica di Collemaggio”, which was harshly
damaged because of a seismic event, BIM was used for a variety of purposes, including
various scenario simulations for making decisions regarding the collapsed dome, structural
analyses, and construction site management through various stages of the rebuild [57].
Xu et al. [53] established a BIM-based seismic damage evaluation based on FEMA P-58.
Stakeholders can proceed through a virtual walkthrough to see how damage and loss are
distributed, given that FEMA P-58 necessitates thorough information in order to forecast
building damage. Furthermore, the BIM model for building components may be at various
levels of development. Messaoudi and Nawari [33] proposed a virtual framework accord-
ing to BIM and a generalized adaptive framework for speeding up the permitting process
of reconstruction in the aftermath of the disaster in Florida. The fundamental procedure
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of the framework was to determine the type of construction permission, apply the newly
established permitting framework, and decide on the permit result. The framework was
able to save around 18 h for each permit, though this framework only considered the time
of the permitting process of reconstruction. Finally, Rad et al. [91] provided an integration
of BIM and life cycle cost (LCC) to assess building resiliency following an earthquake all
through the building service life. The proposed BIM-LCC approach mainly was employed
during the conceptual stage. The suggested BIM-LCC approach has limitations in that
it only addresses earthquakes as one of the potential events that can occur through a
building’s life cycle. Nevertheless, in order to completely assess the building resiliency,
numerous events of a disaster may need to be examined, and the consequences of each on
the structure explored, which might be a topic for future research.

According to the literature, the available evidence shows that utilizing BIM for PDR is
still nascent. Even though BIM has a great deal of potential within the construction industry,
the challenges of adopting BIM in PDR have not been extensively studied. Moreover, BIM
applications in PDR, such as scheduling, communication and collaboration, project delivery,
demolition process, and deconstruction have been neglected in past studies. The majority
of previous studies on BIM for PDR have been conducted using a qualitative approach. As a
result, further primary investigations should be undertaken to adopt BIM for PDR projects
fully. We recommend setting the foundations for a better framework and guidelines for BIM
adoption through the planning, design, and construction phases of PDR projects. We also
suggest that the barriers to adopting BIM for PDR projects within the construction industry
be identified. In addition, studies concentrating on this research field in the future should
perform quantitative research approaches in which real-life adoption of BIM is validated,
which will be helpful for decision-makers. Finally, we recommend the integration of BIM
for PDR with blockchain and/or other technology, such as the Internet of Things (IoT),
which will provide a significant boost in the PDR field.

5. Conceptual Framework

Based on the above discussions, this study developed the proposed conceptual frame-
work of BIM adoption for PDR, as illustrated in Figure 7. The proposed conceptual frame-
work comprises a variety of key elements, such as the current practices of PDR projects,
benefits of BIM adoption, and barriers to BIM adoption. While the previous frameworks
focused only on the adoption of BIM for conventional construction [20,21,92-94], and others
focused on the management of PDR projects separately [3,12,14,68], our proposed frame-
work is the first attempt to integrate BIM adoption for PDR projects. This framework also
incorporates main stakeholders, such as governments, NGOs and donors, disaster victims,
and construction players. Those components serve as the foundation for developing the
conceptual framework of BIM adoption for PDR.

In contrast, the proposed conceptual framework is not static or complete; instead, it
reflects the current knowledge on BIM for PDR. Therefore, it serves as a leading strategy
from which future researchers can conduct more comprehensive studies to identify the
advantages and disadvantages of the current practices of the PDR, as well as the role and
responsibilities of each stakeholder participating in the reconstruction projects. Moreover,
we suggest that the most important benefits of BIM adoption and its barriers within
the construction industry be identified. Accordingly, the benefits of BIM will mainly be
determined to overcome the disadvantages of the current practices of PDR. There is a
relationship between PDR and BIM adoption, which impacts BIM adoption for PDR.

Furthermore, the proposed conceptual framework shows how the current practices of
PDR and the benefits and barriers of BIM adoption, considering the relationships among
the stakeholders, will affect the adoption of BIM for PDR, and how it can be led to success.
It also demonstrates that the adoption of BIM in PDR projects occurs through the interactive
relationships between stakeholders. As a result, the success of the PDR project is heavily
reliant on stakeholder relationships, leadership, decision-makers, and decisions made
individually by each stakeholder, who is influenced by the decisions of other stakeholders,
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in conjunction with the mandatory adoption of BIM. Therefore, for a better understanding
of this scenario, the proposed conceptual framework summarizes that the full adoption of
BIM through the planning, design, and construction phases of PDR will lead to the success
of reconstruction projects based on the success of their components, which is a part of the
process of PDR. The proposed conceptual framework can assist to improve collaboration
among reconstruction project stakeholders and offer more opportunities for a positive
perception of BIM adoption in PDR in the future.

Current Practices

Damage assessment

Repair, rehabilitation, and rebuild

Permitting process

Conventional 2D documentation
Manual schedule and cost estimation

Delivery process of project

NGOs
and Donors

Post-Disaster |
Reconstruction
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Reducing the cost and rework
Visualization of project execution
Collaboration among parties
On-time delivery capabilities
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for Post-Disaster
Reconstruction

Barriers

Lack of knowledge and training

Cost of software

Lack of collaboration among disciplines
Lack of practice standards

Lack of government support

BIM Adoption |

Construction
Players

Figure 7. Conceptual framework.

6. Conclusions

Post-disaster reconstruction has been considered as a dynamic, complex system,
and represents many challenges and issues. Recently, building information modelling
has been extensively utilized in the construction industry due to its efficiency in solving
complex and dynamic challenges. To provide a holistic overview of the present status,
the current study used VOSviewer to visualize related papers published from 2010 to
March 2021. The findings showed that “Automation in Construction” had an outstanding
performance in BIM applications for the PDR field, and recorded the highest number of total
citations. The analysis of keyword frequency showed that “Reconstruction” and “Safety
Management” emerged as mainstream research themes in this field and recently attracted
scholars” interest, which could represent the directions of future research. Five major
research domains associated with BIM were identified, namely “Disasters”, “Earthquakes”,
“HBIM”, “Damage Detection”, and “Life Cycle”. Finally, a proposed conceptual framework
was provided, highlighting the relationship between post-disaster reconstruction and BIM
adoption, which impacts BIM adoption for PDR.

The outcomes of this study will assist scholars and practitioners in gaining clear
ideas of the present status and identifying the directions of future research in this area. It
will develop and open a new research area of BIM in the life cycle phases of PDR projects.
Furthermore, while using BIM for reconstruction projects in the aftermath of disasters is still
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nascent, further primary investigations should be conducted to adopt BIM for post-disaster
reconstruction projects fully. We recommend setting foundations for a better framework
and guidelines for BIM adoption through the planning, design, and construction phases
of PDR projects. We also suggest that the barriers to adopting BIM for PDR within the
construction industry be identified. In addition, we recommend the integration of BIM for
PDR with blockchain and/or other technology, such as the IoT, which will significantly
boost the PDR field. However, there are a few limitations to this research. For instance, this
study followed the PRISMA guidelines, without paying attention to meta-analyses. Thus,
future studies should be undertaken considering meta-analyses to support the analysis of
this study. Moreover, the collected papers were only sourced from the Scopus database,
meaning that other related papers may be missing. Thus, prospective studies could include
articles from another database. In addition, only English papers were included; however,
there could be related papers in other languages that should be considered in future studies
to overwhelm these limitations.
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Abstract: Green building is a way to reduce the impact of the building stock on the environment,
society, and economy. Despite the significance of a systematic review for the upcoming project, few
studies have been conducted. Studies within the eco-friendly construction scope have been boosted
in the past few decades. The present review study intends to critically analyse the available literature
on green buildings by identifying the prevalent research approaches and themes. Among these
recurring issues are the definition and scope of green buildings, the quantification of green buildings’
advantages over conventional ones, and several green building production strategies. The study
concludes that the available research focuses mainly on the environmental side of green buildings.
In contrast, other crucial points of green building sustainability, such as social impacts, are often
neglected. Future research objectives include the effects of climate on the effectiveness of green
building assessment methods; verification of the actual performance of green buildings; specific
demographic requirements; and future-proofing.

Keywords: economy; eco-materials; energy; environmental impact; lean construction; pollution;
sustainability

1. Introduction

In this modern era, it is necessary to protect the environment. The demand for
housing and its development plan has increased daily since the population growth rate
is higher than ever. It becomes a challenge for engineers and architects to find a way to
preserve resources while also incorporating environmentally friendly technologies into
the building [1]. The Earth’s resources are classified into renewable and non-renewable
materials. With the advancement of modern technology, the construction industry has
surpassed all other sectors in exploiting non-renewable natural resources, consuming
approximately 3000 metric tonnes per year [2]. Continuing to extract raw materials for
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construction activities ultimately deprives them in the long run, resulting in a significant
environmental burden. Among the several environmental impact agents, the construction
sector was identified as one with the greatest failures and shortcomings related to the
sustainability issue.

The extraction of raw materials for construction depletes the environment and has
emerged as a significant source of pollution. It was long believed that construction activity
harmed our environment through adverse impacts such as biodiversity loss. Such a result
is mainly due to raw material extraction, landfill problems, worker inefficiency, resource
depletion, acid rain, global warming, poor air quality, and smog production during the
manufacture and transportation of building products [3]. Due to rapid availability and low
cost, concrete and mortar are modern construction’s most employed building resources. As
the daily demand for cement increased, it led to a corresponding boost in production [4].
Each year, it is estimated that cement manufacturing alone causes 7% of global CO,
emissions and other harmful greenhouse gases (GHG) to the atmosphere.

The current quantity of CO; in the atmosphere is 550 ppm (Parts Per million), with
an annual increase of 2.5 ppm. As a result, the mean air temperature is rising alarmingly.
Construction impacts are categorised by their effects on the ecology, natural resources, and
human health. Activities like quarrying and river sand mining can harm the ecosystem and
human health. Fine contaminants are created in a dust form during large-scale development
and exploration. Workers and tenants still confront health hazards despite building bylaws
and environmental controls. Toxic compounds and particles in the materials may alter
indoor air quality, increasing the risk of early death and long-term respiratory disorders
such as asthma and silicosis. Inhaling “respirable crystalline silica” in limestone and
aggregates might cause health problems. To address this issue, sustainable and green
construction display a set of practices that focus on raising environmental awareness and
promoting eco-friendly labelling to battle pollution [5].

To fulfil sustainable guidelines, the Architecture, Engineering, and Construction sector
(AEC) must operate within the planet’s capacity to absorb the waste and pollutants gen-
erated by its activities and continuously develop stricter requirements for raw materials
extraction and transformation. The created environment presents us with a tremendous
obstacle [6]. The construction, operation, and eventual demolition of buildings have signifi-
cant environmental impacts through material and energy consumption. These processes
result in pollution and waste, which often strain inadequate infrastructure. Additionally;,
the built environment substantially impacts individuals, communities, and organisations’
both physically and financially. A high standard and an aesthetic structure enhance the
surroundings and teach designers how to manufacture more sustainable facilities. On the
contrary, a substandard building will have the opposite effect. Buildings and physical
environments are undesirable and unsustainable when they degrade the community, con-
tributing to poor health and social isolation and generating excessive financial obligation.

Numerous corporations, industries, and local, national, and international governmen-
tal entities have chosen sustainable development as their official policy. After more than
three decades since the establishment of World Environment Day by the United Nations
General Assembly in 1972, the environmental movement appears to be progressing in
reversing unsustainable development tendencies. To meet the challenge, designers must
enhance the quality of life for everybody by developing wholesome structures and en-
vironments that fit individuals and communities of the present and future. To fulfil the
responsibility to protect other species and ecosystems, we must minimise resource use,
waste, and pollution. Consequently, buildings and the built environment will be subject
to increasing criteria, such as energy efficiency. The need for multi-criteria analysis for
buildings and housing is necessary to assess the quality of housing, which requires consid-
eration of several factors. Identifying and categorising quality factors is one of the most
challenging tasks [7].

A wealth of materials is available to all professions to create sustainable structures.
Still, the current practice barely applies to the basic sustainability concepts in most existing
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buildings. This results in less efficient, more expensive, and less environmentally friendly
structures. Improving the sectors that supply building designers with materials, services,
and knowledge might significantly influence the environment and quality of life [8]. The
present review study intends to present the most accessible and accurate source of infor-
mation on how to design and develop sustainable buildings and built environments. It
provides a comprehensive review concerning the recent changes in sustainable and green
construction, particularly in reducing the use of non-renewable materials and mitigating
the environmental impact of construction and building operations. Additionally, it aims to
answer how to make well-informed, universal judgments on a building design that benefits
people’s health and the environment in a sustainable way.

The goal of the green building movement is to lessen the destruction of natural
habitats during the building process. Waste decreases, and eco-friendly materials and
methods are utilized [9]. A more sustainable future can be achieved by implementing
resources and sustainability principles in green construction. One of the most crucial parts
of an eco-friendly building is using appropriate materials. Since bamboo and recycled
plastic are used in construction, they require less power and display less carbon impact
than conventional alternatives like cement and steel. The success of green construction
approaches in mitigating environmental damage depends on careful monitoring of resource
consumption at every stage of the project. The time it takes for materials to disintegrate
after being removed from a site, the amount of energy needed during manufacture, and the
volume of trash created during installation and maintenance are all factors to be considered.

Building priorities show a clear diversity of goals, which comes from putting emphasis
on different environmental issues. One looks at things from an environmental point of view,
and the other from a humanistic point of view. The evolving ecological goals in architecture
bring with them potential dangers if there is a limited understanding of associated issues.
Defining ecological goals consciously and correctly lays the groundwork for designing
sustainable architecture. Modern examples of ecologically sound architecture should be
based on a balance between human and environmental concerns [10].

The implementation of sustainable practices in buildings can contribute to a variety
of goals and causes. Firstly, it seeks to lessen the negative effect that buildings have on
the surrounding environment by reducing the number of non-renewable resources and
materials that are utilized. Secondly, it has the potential to reduce energy consumption both
during the construction and operation phases throughout the structure’s lifetime. Thirdly,
it can improve the health and well-being of building inhabitants by producing a healthier
interior atmosphere. This, in turn, has the potential to increase productivity and decrease
absenteeism. Last but not least, it can help to create a constructed environment that is more
sustainable and resilient, capable to endure the effects of climate change. In general, the use
of sustainable building practices can help to lessen the negative effects that buildings have
on the surrounding environment, improve the health and well-being of building occupants,
and contribute to a more sustainable and resilient built environment.

The paper is divided as follows:

Section 1 describes and provides an overview of the current state of research in the
field. It can be useful for both researchers and students who are looking to gain a better
understanding of the latest developments in a specific area.

Section 2 describes different methods for writing review articles, such as literature
search, selection criteria, data extraction and analysis. We will also discuss how these
methods can be used effectively to produce meaningful results.

Section 3 describes the idea of green building, which emphasizes the use of energy-
efficient materials and technologies to reduce energy consumption and waste production.
Additionally, modern construction projects often consider factors such as water conserva-
tion, air quality, and noise pollution when designing buildings.

Section 4 describes the components used in sustainable construction that play an
important role in reducing the environmental footprint of a building. These components
include green building materials such as recycled steel, bamboo, and timber; energy efficient
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insulation; renewable energy sources; water management systems; and air quality systems.
Each component contributes to the overall sustainability of a structure by reducing its
environmental impact.

Section 5 discusses the various phases of sustainability practice in modern construction,
including resource management, energy efficiency strategies, green building materials, and
waste management. It will also explore how these practices can create a more sustainable
built environment.

Section 6 discusses how conventional construction techniques can significantly impact
the environment. The effects of traditional construction can be far-reaching, from the use of
energy-intensive materials to the release of pollutants.

Section 7 examines the current economic growth status in sustainable construction
and potential scenarios where it can be applied. It also provides insights into how this type
of construction can benefit both businesses and consumers alike.

Section 8 explores the life cycle analysis (LCA) of sustainable construction, looking at
how it can be used to assess the sustainability of different materials and processes used in
construction projects. It will also discuss potential scenarios for LCA and how it can help
enhance sustainable practices in the industry.

2. Methodology

The construction of environmentally friendly buildings is gaining significance as
people become more conscious of their impact on the surrounding environment. As a
result, it is of the utmost importance to devise a stringent and comprehensive technique for
evaluating green building construction projects. During this review process, consideration
should be given to several issues, including energy efficiency, water conservation, choice of
materials, indoor air quality, and noise control. Plus, the review procedure should consider
the use of sustainable design techniques in addition to renewable energy sources. If a
targeted and thorough evaluation plan is developed, we can assume that green building
construction projects are designed and built with environmental stewardship in mind,
addressing all requirements for health and safety.

The present study aims to cover peer-reviewed articles published primarily within the
last ten years. 42.1% of the papers were published within the previous five years, 38.6%
within the last ten years, and 19.3% more than ten years ago. The latter were thoroughly ex-
amined and discussed among all authors concerning their relevance to the topic and content
quality. We resorted to the Web of Science, SCOPUS, MDPI and ProQuest search engines,
complimented with unformatted searches to fill specific issues. Following this approach,
we conducted searches using isolated keywords or keyword combinations related to each
chapter. The keyword terms were: Brick, Building Energy Efficiency, Cement and Concrete,
Demolition and Construction Waste, Eco-friendly Materials, Environmental Impact, Green
Construction, Hempcrete, Lean Construction, Life Cycle Analysis, Natural Materials, Reuse,
Recycle, Reduce, Sustainable Construction, Water Efficiency Strategies. Any uncertainties
regarding the content and publications’ relevancy were discussed between the authors
until reaching a consensus.

3. Concept of Sustainability in Modern Construction

All living beings are connected and reliant on one another following the law of nature.
According to the ecological principle, supervision of a healthy environment is based on
effectively and efficiently handling its resources [11]. The term “sustainability” denotes
the ability of an ecosystem, a society, or any framed community to function while limiting
the use of available resources without harming the environment. The concept of green
sustainable development is realized by honing the ability to live in harmony with the
environment; thus, the green-sustainable idea in the AEC field has aided in achieving a
stable, economically viable environment. While an engineer must design a building with
the concept of green sustainable construction in mind, it is critical to understand the goal
of sustainability, its history, and its economic implication [12,13]. The theory of “Ecological
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Development” was followed by many countries from 1987 onwards due to the growth of in-
dustrialization, economics, and environmental sustainability. It is a concept that emphasizes
the conservation of biodiversity and ecosystems, the responsible use of natural resources,
and the advancement of environmental sustainability. All activities must be carried out in
a way that protects the environment and provides enough resources to meet human needs.
Given this, it demands meticulous planning and execution to accomplish this. Developing
beneficial strategies requires incorporating stakeholders from various sectors, including
governmental and non-governmental organizations, corporations, and communities. To
ensure the long-term sustainability of our environment also entails monitoring efforts for
any alterations or advancements made towards achieving ecological balance.

Green buildings are typically defined as structures that protect the environment and
resources efficiently throughout a building’s life cycle by carefully considering aspects such
as design, construction, maintenance, operation, repair, and rehabilitation. The concept of
“green building” has gained popularity and spread worldwide in recent decades, focusing
on issues such as global warming, unpredictably changing monsoons, and controlling
emissions from the construction industry [14]. The traditional construction method as-
sumed that GHG were only emitted when fossil fuels were used directly for heating and
electricity. However, construction materials emit GHG in most cases during manufacturing,
transportation, construction, operation, and demolition [15]. In sustainable buildings,
indoor air quality was naturally better, and occupants showed higher levels of comfort and
satisfaction, positively affecting their happiness and health.

Generally, a green and sustainable building positively impacts human well-being
over its lifetime. This building provides increased durability, reduced maintenance, and
a pleasant indoor environment for the owner and users. Green sustainable construction
is not the same in all countries because of regional features that differentiate based on
their culture, climate, tradition, building types, economic status, social condition, and
environmental priorities [16]. Green sustainable construction has several design, operation,
assembly, and maintenance strategies. Choosing and utilizing appropriate materials is
crucial during the design of such buildings. According to a recent report, implementing the
Green Sustainable Concept in developing countries like India can save up to 8500 MW of
power annually. Additionally, new green sustainable buildings enhance the local ecosystem
by using locally sourced materials [17].

When creating green buildings, it is necessary to remember that we are generating
a new ecosystem, the basis of which is plants. Green roofs are a typical anthropogenic
ecosystem where human civilization determines the composition of the soil profile (sub-
strate) and vegetation as well as the water regime. These factors interact and are confronted
with the surrounding ecosystems. The results of the interactions and confrontations shape
the further development of the green roof ecosystem [18]. In particular, the composi-
tion of the substrate layers and the water regime must comply with the requirements
of the planned vegetation. The environmental requirements of individual plant species
and the possible effects of the urban environment on vegetation have been studied by
numerous authors [19,20].

Most engineers prioritize aesthetic, social, economic, and ecological features over
designing green sustainable construction to achieve the best possible building standard.
It was believed that through this construction method, chance would displace human
dominance over nature and establish a fulfilled connection with the natural world. To
ensure the successful implementation of green sustainable construction, several guidelines
must be followed to eliminate the issues connected to impeding performance [21]. A sepa-
rate chapter for green futures and green infrastructure is urban agriculture which aims to
promote ecological sustainability, social justice, and local food security [22]. Implementing
urban agriculture has architectural and urban planning potential for using green zones and
vacant parts of the land, revitalizing post-industrial areas, and developing aesthetic and
social possibilities. Nonetheless, it requires access to specific needs (soil, water, nutrients,
human energy) and avoiding contact with environmentally hazardous substances [23,24].

25



Sustainability 2023, 15, 6751

While implementing this concept, it is crucial to incorporate renewable energy sources
into buildings to maximize energy conservation and promote environmental protection.
Throughout implementation, it is necessary to deliberate on green sustainable technologies,
products, systems, and equipment utilization that preserve natural resources and the
environment. The cost of a green sustainable building may appear higher during the design
stage. However, during the construction phase, the output demonstrated the possibilities
of savings through energy conservation, reduced maintenance, and effective utilization of
waste materials [25]. It has been shown that incorporating green sustainable technologies
into construction results in high building performance and productivity.

In 2022, the global market for green construction materials was valued at an estimated
USD 200 billion, and this figure is projected to rise at a CAGR of 11.2% over the next
few years. Increasing construction activity and government efforts to enact green and
energy-efficient building rules are expected to drive market growth over the forecast
period. As a stimulus against the recent global crisis, governments have emphasized
energy efficiency and green construction, which may impact the demand for sustainable
construction products. The availability of high-performance green building products and
the rising energy cost are the primary factors propelling the market. Yet, expansion could
be stunted by consumers who are too focused on price and erratic energy Policymaking.

The following statistics reveal the global green building materials market revenue
until 2022. Due to their low carbon footprint and long service life at a reasonable price,
structural products are predicted to expand at 11.9% throughout the projection period.
Developing the construction market, especially in emerging economies, is anticipated to
boost the market overall. The second largest market is expected to be interior materials,
thanks to increasing consumer awareness of the environmental benefits of these products,
such as increased aesthetics, lighting, and air quality. The ability to regulate humidity and
improve air quality using these materials is also anticipated to contribute to the industry’s
expansion during the next few years. Due to its ability to conserve energy, insulation is
predicted to be the largest application segment, with a value of USD 92 billion by 2025. This
market is expected to expand throughout the projected period thanks to rising demand
from the residential and commercial construction industries. Roofing finishing was the
subsequent most common use. Rubber, slag, sludge, stone granules, and corrugated mixed
paper are some of the recyclables that go into making these items. Non-toxic recycled
rubber roofing is predicted to see rising demand from the roofing industry because of its
resistance to weather and long lifespan.

North America is anticipated to represent more than 40% of the global market. Build-
ing rules and supportive laws governing the use of green building materials in the construc-
tion industry and rising rehabilitation efforts are projected to keep this pattern going for
the foreseeable future. As a result of the expanding residential construction industry in the
region, Asia Pacific is projected to grow at the quickest rate during the forecast period, with
a CAGR of 15.0%. Product demand in the area is anticipated to be stimulated by the Paris
climate accord signed by India and China to combat climate change and the expanding
infrastructure development in both nations. The business increase in the application of
green building is expected to rise by various governments across the area. Green building
materials are expected to see increased demand in Europe over the projected period as
efforts to cut maintenance and operational costs of structures gain prominence.

Raw material suppliers increasingly integrate forward in response to the market’s
rising demand and limitless expansion potential. The rising demand for imports will
likely lead to a decline in the regional dominance of industry participants. During the
following years, this pattern should persist, which will drive market expansion. Raw
material suppliers increasingly integrate forward to address the rising demand and limitless
expansion potential. The increasing demand for imports leads to a decline in the regional
dominance of industry participants. During the next few years, this pattern should persist,
which should help drive market expansion. The following Figure 1 shows the global green
building material application area’s annual revenue for 2022.
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Figure 1. Different phases of sustainable construction (authors compilation).

4. Major Components in a Sustainable Construction

The planet Earth serves as a shelter for human beings, continuously protecting us
from natural disasters while providing life-sustaining resources. However, life on earth is
on the verge of extinction, and our actions as a species have been identified as the primary
cause. Daily activities and common objects we use in our daily lives are among the primary
contributors to the rate of carbon footprint and are considered a substantial contributor
to climate change [26]. Our buildings” unmetered consumption of resources, energy, and
water contributes significantly to environmental problems.

The green building concept can be a solution since it has the fewest negative conse-
quences at every level, from the built and natural ecosystems of its immediate surroundings
to broader regional and global contexts [27]. Using natural resources judiciously and effec-
tively managing the building stock will save scarce resources, reduce energy consumption,
and improve the overall environmental quality. Although this definition is straightforward,
it is still too widely used in this context [28]. Therefore, it is essential to have quantifiable
criteria for determining whether or not a building is “green”. Understanding how a sus-
tainable building is classified will allow us to recognize its qualities and the requirements
that designate it as “green construction”. Sustainable construction is a method of reducing
the environmental impact of construction projects. It entails the use of environmentally
friendly, energy-efficient, and cost-effective materials [29]. As illustrated in Figure 2, specific
components must be considered to ensure sustainable construction. These include using
renewable energy, water conservation techniques, and waste management strategies. It is
also necessary to understand how to design buildings in such a way that they reduce their
carbon footprint and use natural resources wisely. By incorporating these essential compo-
nents into construction projects, we can create more sustainable buildings that benefit both
people and the environment. Throughout the building’s life cycle, including the predesign,
design, construction, and operation phases, this should be executed with diligence, rigor,
and thorough evaluation and judgement [30].

The performance indicators for buildings under design and operation/retrofit must
be employed in green buildings. These relate the efficient use of energy and water, waste
reduction, sustainable materials, structure durability, and indoor air quality improvement
under the green construction design as a path to decrease the building’s CO, emissions
and environmental footprint shown in Figure 2.

27



Sustainability 2023, 15, 6751

SUSTAINABLE
BUILDING
MATERIAL

WASTE STRUCUTURAL
REDUCTION DURABILITY

o o
IMPROVED AIR
WATER QUALITY
CONSERVATION
A &
A
°
ENERGY SUSTAINABLE
EFFICIENCY DESIGN

Figure 2. Essential components of sustainable construction (authors compilation).

5. Varied Phases of Sustainability Practice in Modern Construction

There are several approaches to modify and regulate the current nature of construction
to make it less damaging to the environment without diminishing the positive outcomes
of building activities. Potocnik’s study suggests adopting a multidisciplinary strategy
spanning a variety of components to construct a sustainable future in the building sec-
tor [31]. Other authors refer that to acquire an advantage from environmentally friendly
construction techniques, they should be conducted in the context of the whole life cycle of
a building [32]. Sustainable construction is becoming increasingly important as we strive to
reduce our environmental impact. It entails using more environmentally friendly materials,
processes, and methods than traditional building techniques. A construction project must
go through several stages to attain sustainability, as shown in Figure 3. Planning, design,
construction, and maintenance are examples of these. Each phase presents challenges that
must be carefully considered to ensure the project meets all goals. The natural environment
must be considered in planning, and energy efficiency and resource conservation must be
considered in the design. During construction, materials should be chosen with an eye
towards durability and recyclability while maintenance should focus on reducing waste
and pollution. Understanding the stages of sustainable construction is the first step to
designing eco-friendly projects.

Wise material and construction process decisions might help lower a building’s energy
consumption through reduced solar heat gain or loss, which reduces air-conditioning loads.
The energy needed for extraction, processing, manufacturing, and transportation can be
reduced by selecting materials with low embodied energy [33]. Due to the fragmentation
of natural areas and ecosystems brought on by construction activities, the extraction and
consumption of natural resources such as building materials, raw materials for producing
building materials, and building materials themselves directly impact natural biodiversity.
The built environment consumes a significant quantity of mineral resources, primarily
non-renewable. Therefore, it is crucial to use fewer non-renewable resources. This approach
should be considered during the design phase when selecting and prescribing materials
and should account for and assess their environmental footprint, mainly their embodied
carbon and energy.
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Figure 3. Phases of sustainable construction (authors compilation).

On the other hand, recycling positively impacts the environment by reducing waste
output and resource usage. Reusing and recycling construction materials and components
as alternatives to reintroducing them into the production chain has previously been estab-
lished in the literature [34]. In this way, reusing materials such as bricks, glass, and tiles
while repairing and dismantling buildings is an alternative for reducing Construction and
Demolition Waste (CDW).

5.1. Sustainable Practice during Procurement of Construction Materials

Material procurement has caused problems for domestic economies and the envi-
ronment affecting the construction sector. Hence it is necessary to highlight material
procurement following sustainability requirements, and as a result, the construction indus-
try’s performance in material management, which right now is far from ideal [35]. When
implementing a sustainable management strategy, the environmental, economic, and social
impacts during the supply and flow of materials at various stages of a structure’s life cycle
should be considered [36]. Sustainable materials request a paradigm shift beginning with
procuring raw materials and continuing throughout the journey of a constructed facility
to reduce their environmental impact [37]. By affecting the amount of embodied energy
and carbon released into the environment and diminishing natural resources upstream,
the facility’s positive effects can last well beyond its life cycle if the process starts with
suitable materials [38].

In general, purchasing goods and services in a way that considers the economic, en-
vironmental and social impact of the purchase on people and communities is known as
sustainable procurement [39]. It is also necessary for these purchases to increase the effi-
ciency and value of the resources that are under use. Traditionally, procurement decisions
were made exclusively based on price, quality, and time [40]. These factors still matter;
however, in today’s construction markets, emerging and established sustainable initiatives
are combined with these well-established elements [41]. Environmentally friendly procure-
ment should reduce material waste, CO;, emissions and energy and water consumption,
promoting biodiversity and equitable and sustainable economic development. Lastly, the
sustainable way of acquiring construction materials must result in social benefits.

The issue of sustainability raises the question of energy and CO, consumption as
well as landfill waste disposal. In the European Union, 38 million tonnes of glass waste
are produced annually, and new goals for more sustainable waste handling were set for
2020. In particular, soda-lime, borosilicate, and lead-crystal glass are the glass families that
may be combined in this experimental effort to be recycled as cast glass components. The
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kiln-cast technique prepared several mixes for melting at 970 °C, 1120 °C, and 1200 °C.
An experimental splitting test was used for each sample to determine the force trend and
fracture behaviour. Soda-lime-silica glass was discovered to be the most compliant glass
recipe with the necessary physical and mechanical qualities [42].

5.2. Sustainable Water Conservation in Construction

Groundwater is one of the most common water sources for construction, as it is
pumped from aquifers and used for various purposes. In remote areas, due to some natural
and artificial obstacles, such as mountainous terrain, and groundwater for mining and
construction activities, water supply is not always accessible and available [43]. Pumping
groundwater is required for its use, requiring energy that contributes to GHG emissions [44].
It is essential to continuously supply water to ensure the community’s needs for drinking,
washing, waste disposal and sewages, swimming, and acclimatization in buildings. Also,
stormwater that runoff from a driveway that connects roadways and roofs pollutes the
waterways and causes flooding [45]. Direct and indirect water consumption is linked
to water usage in a typical building. Generally, its immediate use can be calculated by
the water consumed by construction workers during several activities, such as washing
aggregates, preparing and curing concrete, suppressing dust, washing equipment, and
cleaning hard surfaces [46].

The “indirect use” refers to using embodied water to make construction materials. The
water conservation index assesses the average consumption of a building and compares
it to overall water use, resulting in a “water savings rate”. This rate indicates how much
water is being conserved [47]. It is essential to evaluate the water-saving efficiency of
kitchens and bathroom taps, including and considering the recycling of rain and second-
hand intermediate water. At the design stage, it is essential to implement control systems
for water resources and select more sustainable planning options [48]. As a result, it is
necessary to align the building design and construction method to optimize water usage.
During the project planning stage, we should consider water preservation measures such
as using water-saving plumbing fixtures, rainwater harvesting systems, and a greywater
system instalment [43]. Also, reducing water consumption during material production
should be prioritized. Water reuse and recycling can help reduce embodied water usage in
building materials manufacturing. Water pollution control on construction sites is another
feature that should be evaluated.

Environmental assessment tools for construction must consider water pollution to
minimize ecological impacts. The water consumed in buildings is determined mainly
by the usage method and the sector type. Introducing environmentally friendly devices
can improve water efficiency and decrease consumption through recycling or harvesting
systems, one of the most important features to consider in new construction [49] under the
“green” label. In the AEC sector, water sustainability differs from water conservation in that
it reduces “waste” water while not interfering with daily needs or customer satisfaction.
Rainwater and greywater harvesting, water-wise landscaping, and high-efficiency flow and
flush fittings enhance building water sustainability [50]. Installing water-efficient fittings is
now recommended to ensure that potable water is conserved in buildings rather than the
traditional high-flow ones. These are measures that need some additional up-front capital
investment. Nonetheless, studies have shown that this investment paid off in most cases,
mainly in building with frequently used fixtures [51].

Water is required for both direct construction and embodied water production. Due to
this, recycling water usage in construction is critical. To save water in the long run, it is
imperative to calculate water usage throughout the infrastructure’s life during the planning
phase [52]. In many cases, such as collecting rainwater and heating it for domestic use,
water usage is linked with GHG emissions. As a result, zero-energy and green buildings
have gained popularity among the population [53,54]. It is also advisable to optimize the
system by preventing water loss due to leaking pipes and faucets [55]. With increased
awareness from an environmental view, favourable government policies, and ongoing
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lectures on the subject, efficiency related to water consumption in construction is expected

to improve in the future.

5.3. Sustainability during the Usage of Alternative Construction Materials

The concrete industry has begun incorporating alternative industrial waste materials
and CDW into structural concrete applications (Table 1). Its application has been more
frequent in recent years due to the availability of waste from demolitions and the reduction
in aggregate acquisition costs [56]. Those new applications will help the concrete industry
reduce its carbon footprint and pursue sustainability.

Table 1. List of Environmental reutilized waste in construction.

Countries Acquire A Large

Category of Waste Type of Waste Quantity of Waste Citation
Fly Ash produced from the coal power plant as a by-product Chir;ig%?:ii}i ndia [11]
Salvage steel fibre as a by-product of steel manufacturing USA and Cameron [25]
By-productofion and steek making india and Great Britain (28]
Polyethylene terephthalate. derived from Shredded waste Nigeria and USA [35]
plastic bottles
Calcium carbide residues from industrial gas Burkina Faso [36]
ndustrialvesste By-prol\é[lallcgtn gfs E?:ﬁ:gifiiglll:?;ilaﬁecﬁnpany USA & Spain 371
Crumb rubber from r.ecycled industry of India, China, Australia, [38]
transportation waste and Spain
Glass fibre reinforced polymer waste from water boxes India and Brazil [40]
manufacturing company
Waterworks sludge waste from water treatment plants India and China [41]
Alumina filler anfd coal ash from an Aluminium USA and Spain [45]
oundry plant
Eucalyptus pulp microfibre from paper manufacturing China, India, and Brazil [46]
China, India, Egypt, Italy,
Straw bales from wheat, rice and barley Germany, Japan, France, Peru, [49]
Spain, Turkey, and Morocco

Oil palm fruit bunch fibre after the extraction of palm oil Indonesia and Malaysia [50]
Sugarcane bagasse left exjcracted after the juice in the India, Brazil, ghana, Portugal, [51]

sugar industry and Sri Lanka
Cassava peels Kenya and Colombia [52]
Henequen fibre (leaf) Great Britain [53]
Agricultural waste Sisal fibre Brazil and Kenya [46]
Spent coffee ground and processed tea waste China, India, and Turkey [57]
Bio briquettes India and China [58]
Tobacco residue from tobacco industry by-product Cuba and Turkey [59]
Olive waste fibre Italy and Morocco [60]
Seaweeds fibre extraction from alginate Italy and Great Britain [61]
Corn husk ash USA & Nigeria [62]
Saw dust from wood-based industries India, Brazil, and Mexico [63]
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The construction industry is ranked as the most environmentally impactful as it
consumes vast energy and natural resources and generates massive waste [64]. In addition,
conventional construction also incorporates a set of materials and substances that are
harmful to living beings in the short and long term, leading to a series of health and
environmental consequences (Table 2).

Table 2. Summary of non-eco-friendly conventional construction materials and their effects.

Conventional Constructional Material Environmental and Health Impacts Reference
- Irritates mucous membranes of the lung walls

Acrylonitrile Affect habitants of aquatic organisms [65]
Ammonia Make.water more acidic [66]

Increasing corrosive nature
Arsenic and its compounds May damage the growth of the foetus [67]

Lead to cancer
. Lung cancer
Bitumen Block percolation of groundwater [68]
Borax and its substances Poison to all kinds of living organisms [69]
Cadmium Damage to the function of the kidney, liver, and lungs [70]
. Affect habitants of aquatic organisms
Copper and its substances A Bio accumulative material [71]
Epoxy May trigger a strong allergy reaction [72]
. Decay the growth of the plant and aquatic organisms
Fluorides May reduce the strength of bones (73]
Lead and its compounds Related to kidney and brain damages [74]
React as environment oestrogen
Nonyl phenol Increase the water acidity declining the growth of aquatic organisms (73]
Affect the lungs’ function

Styrene Cause damage to the reproductive system [76]

. Increasing corrosive nature
Vinyl acetate Affect habitants of aquatic organisms 771

Lung cancer

Wood dust May trigger robust allergy (78]
Demolition Dust Create eye irritation and breathing problem [79]

Reduce plant photosynthesis ability

Concrete is a commonly consumed product in the entire construction industry mainly
due to its versatility and ability to be easily altered. Decreasing the concrete environmental
burden can pave the way towards a more sustainable construction industry [80]. Most of
this resource consumption occurs in developing countries such as China, India, and Brazil.
From an environmental perspective, China and India appear to be struggling regarding
this matter as the requirement for concrete rises, and natural resource depletion becomes
an alarming problem. As a result, in the early twenty-first century, the work on green and
sustainable technologies has taken center stage.

Due to the rapid urbanization of industrial areas, old buildings are being demolished
and replaced with new ones with higher standards. In traditional construction, the CDW
would have been disposed of in landfills or repurposed for the construction of pavements.
The mining, processing, and transportation operations required to acquire and haul large
amounts of aggregate consume significant amounts of energy, emit substantial amounts
of carbon dioxide and harm the ecology of forested areas and riverbeds. Thus, finding a
substitute for virgin aggregate has been a long-standing concern [81]. Recently, extensive
research has been done on recycling demolition waste to determine whether it can be
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used instead of natural aggregates. In general, the recycled aggregates are extracted from
discarded waste, generated by the demolition of concrete buildings, the use of unfinished
concrete, the failure of precast concrete members, the expiration of concrete pavements,
and the testing of samples in several laboratories [82]. Recycled aggregates include tiles,
brick aggregates, concrete, marbles, bitumen, and asphalt. The term “recycled concrete
aggregate” (RCA) replacement stands for typically processed aggregates made by crushing
old or parent concrete like demolished concrete wastes [83]. Still, there has only been
limited research on the partial usage of concrete wastes as a replacement for cement in
concrete, which requires further investigation. Repurposing and reincorporating this kind
of debris in construction will be a step forward to improve environmental safety [84].

Natural fibers have a major role in developing environmentally friendly composites.
Their main advantages are low density, renewability, cost-effectiveness, flexibility, and
recyclability. Several kinds of natural fibers are used to construct building materials; these
include bamboo, palmyra, crushed coconut shell, peel of banana skin, sisal and jute fibers,
bagasse, and fabric [85]. Using natural fibers as construction materials added the benefits
of being eco-friendly and improving their properties. The rice husk is a highly efficient
and widely used fuel in many countries in energy generation units [46]. Rice husk ash
is a pozzolanic material formed due to this burning process. It has over 75% silica and
retains rice husk at about 20%. Typically, this process dumps ash into nearby waterways,
contaminating the water and causing environmental pollution [57]. Due to incomplete
ignition and unburned carbon, ash made from rice husk has a lower pozzolanic effect
at temperatures below 500 °C. Due to the transformation of silica to a non-crystalline or
amorphous form, the temperature of 550-700 °C results in ash having improved pozzolanic
characters. Numerous studies have been conducted on using rice husk ash in partially
replacing cement with or without replacing fine aggregates in cementitious composites.

Another example is in Sakhare and Ralegaonkar’s study, which investigated the possi-
bility of combining cotton waste and lime powder to create an innovative lightweight and
low-cost composite material for construction. The mechanical and physical characteristics
of concrete composites containing a large concentration of cotton waste and Lime powder
were analyzed. Results indicate that replacing the lime with the cotton waste does not
result in immediate brittle fracture, even moving beyond the failure loads. Moreover, it
demonstrates an energy absorption capacity of excellent levels, significantly reducing unit
weights and introducing a smoother surface compared to currently available bricks of
concrete [58]. Demir, aiming to promote environmental stewardship and sustainability in
the long-term use of ferrocement, discussed the implications of previous research on using
industrial waste materials in ferrocement works. The authors examined how different
industrial waste materials affected mortar and mesh reinforcement behaviour [59]. Lam-
rani et al. have studied the viability of a novel method for making lightweight composite
elements in a sandwich arrangement by encasing an aerated lightweight concrete core in a
high-performance ferrocement box. The results are analyzed using control mixtures made
entirely of aerated-type concrete. Results marked a significant increase in flexural and
compressive strength and reduced water absorption to fractions of the specimens used as
controls for the control specimens [60]. Salleh et al. study present agricultural, industrial
and food wastes as agents forming pores in producing porous ceramics. Identifying waste
material and clay confirms that processing conditions like sintering temperature, com-
paction pressure and material composition affect pore formation [86]. Zero waste in food,
agriculture, and industry can alleviate environmental concerns and ease production in a
closed loop. Porous ceramics of waste origin can help create more sustainable environments
while expanding the economy, particularly in alternative building materials.

5.4. Sustainability in Masonry Materials

Brick masonry is a construction and building material widely used not only in the past
in Egyptian, Mesopotamian, and Roman constructions but still today at a worldwide scale.
Bricks are traditionally made by combining earth-based raw materials, then moulded, dried
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and fired until they reach a specified strength parameter or by using ordinary Portland
cement (OPC) for concrete bricks [87]. Dove developed a variety of bricks from several
waste and by-product materials to reduce pollution, waste generation, and raw materials
depletion, thus contributing to a more sustainable and environmental practice. As a result
of the limitations of the traditional brick-making method, over the last two decades, the
brick-making process has shifted toward the use of waste materials [61]. To exemplify,
Goel and Kalamdhad showed the feasibility of using municipal solid wastes in degraded
form as input material in manufacturing bricks burnt at a concentration of 5 to 20 weight
% and then burning the product at temperatures between 850 and 900 °C [88]. Another
study by SP Raut et al. examined that different waste materials of varying compositions
were combined with the raw material at several levels to create waste-origin bricks. Other
waste materials have been used in brick production, including paper processing residues,
cigarette butts, textile effluent sludges from the treatment plant, polystyrene foam, plastic
fiber, fly ash, polystyrene and straw fabric [89]. Batagarawa et al. modified lightweight
and porous bricks with adequate compressive strength and low thermal conductivity by
adding paper processing residues to an earthen brick. Chemical analysis was done for raw
material and paper waste. The mixtures of paper waste and brick raw materials were made
in several proportions, up to 30% by weight [62]. Ayodele et al. probed the possibility of
reusing sludge from textile effluent treatment plants in building materials. The engineering
and physicochemical properties of this composite sludge specimen from South India were
investigated to determine the sludge’s suitability for both non-structural and structural
applications with cement replacement [63]. Juel et al. investigated the possibility of using
tannery sludge for manufacturing clay bricks. Various quantities of tannery sludge in
10%, 20%, 30%, and 40% were used to replace the clay. It was determined that 10% of
tannery sludge by weight is the optimal constituent for it -amended tannery sludge. Raising
the tannery sludge proportions and firing temperature caused a decrease in shrinkage,
weight, and bulk density during the firing process. Additionally, it was demonstrated
that incorporating a 10-40% tannery sludge content can save up to 15-47% of the firing
energy. The findings show that combining tannery sludge allows to the production of
bricks that meet the quality standards of the American Society for Testing and Materials
(ASTM) [90]. Adazabra et al. inspected the use of spent shea waste replaced at a rate of
5-20% of weight while manufacturing clay bricks that are moulded, compacted, and ablaze
for more than an hour at 900-1200 °C. Increasing the amount of used shea waste in clay
material increased water absorption values in every tested scenario. As the produced brick
showed lower strength by incorporating shea waste it was classified as a non-load-bearing
part of structural construction [91]. Sutcu et al. analyzed the physiomechanical and thermal
performance of porous clay bricks tested after adding an olive mill waste concentration
of 0-10% of the weight to the mixture. With a 10% waste from olive mills, the samples’
bulk density was reduced by up to 1450 kg/m>. The porosity of the modified samples
raised from 30.8 to 47.0% as the olive mill waste was taken from 0% to 10%. At 950 °C, the
compressive strength fell from 36.9 MPa to just 10.26 MPa. The study demonstrated that
olive mill waste effectively creates pores in bricks [92]. Ornam et al. studied the impact
of waste sago husk on manufacturing bricks made of fly ash. Samples were moulded and
dried in the sun before being burned at 550 °C for two hours with a zinc stove plate and
aluminium foil. As the amount of sago husk in the bricks was higher, the bricks’ strength
gradually decreased. On the other hand, the specimen’s density may decrease as the sago
husk content increases, down to 1810 kg/m?3. The developed fly ash brick had the lowest
initial absorption rate while adhering to ASTM C67 specifications and requirements. While
waste-derived bricks have a few commercial applications and fabrication, a literature review
reveals their potential and versatility as a partial or complete substitute for traditional raw
materials as produced bricks meet a wide range of quality standards. Researchers can scale
up promising findings by including all necessary data and methodologies and planning
and designing experiments according to industrial manufacturing procedures [93].
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6. Strategies for Reducing the Impact of Conventional Construction

Based on the previous scenario, building materials and construction processes should
be targeted to reduce environmental impact. Several strategies were developed to assist
sustainable forms of construction, aiming at building material manufacture and construc-
tion methods [65] (Figure 4). The advanced material manufacturing process has resulted
in waste reduction. Resource conservation efforts are visible through reduced primary
level production and increased recycling, development and use of partial and complete
substitutes in case of using novel construction methods, materials of high impact, high-
performance materials development coupled with eco-friendly materials [94]. Conventional
construction has contributed significantly to global carbon emissions and climate change.
To conserve the environment, we must limit the impact of the traditional construction
industry. As depicted in Figure 4, many tactics can be applied to accomplish this objective.
They include using environmentally friendly building materials, enhanced energy effi-
ciency, and waste management strategies [95]. In addition, breakthrough technologies, such
as Al-assisted design tools, can lessen the environmental effect of construction projects by
increasing their efficiency and precision. By implementing these strategies, we are ensuring
that the conventional construction industry will decrease its environmental footprint and
no longer be a global warming and climate change protagonist.
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Figure 4. Strategies to control the environmental impact of conventional construction (authors compilation).

6.1. Impact Control through Improved Materials Production Processes

Implementing improved manufacturing processes reduces the amount of carbon
emitted and energy consumed during the production of the materials. According to
LCA studies, ferrous, cement and nonferrous metals are the materials with the highest
environmental impact. Energy and carbon emission savings can be achieved by updating
or optimizing existing manufacturing technology, including reutilized residual or waste
heat in the furnace to generate electricity. The cement industry is an excellent example of
this, as it uses waste heat recovery in manufacturing [66,96].

Only six of the eleven emerging economies with a significant cement production
capacity have heat recovery systems, with India leading in total installed capacity and
designed systems. An alternative to mitigate the harms of cement manufacturing on
the environment is to reduce the clinker quantity in the final product [97]. This can be
accomplished by replacing a certain amount of the clinker with materials that display a
low impact and significant pozzolanic characteristics, as described above when the LCA of
Portland cement production was conducted. To exemplify, cement made from pulverized
fly ash and clinker has less environmental impact than traditional cement [98]. Furthermore,
according to Garcia-Segura et al. blended cement not only produces fewer GHG emissions
than conventional cement manufacturing, but it [97] is proven to have higher durability.
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Edmundson and Horsfall and Rajdev et al. have described how blended combinations can
significantly decrease the impact of cement production on the environment by substituting
low-impact supplementary cementitious materials for a portion of the clinker [67,99].
Upgrading and improving cement manufacturing machinery continuously is a way to
mitigate environmental damage progressively.

6.2. Impact Control by the Materials Recycling

The process by which used materials are transformed into new products that would
otherwise be discarded is known as recycling. It's a powerful tool for increasing the effi-
ciency of energy usage and lowering CO, emissions caused by the material industry [68,99].
The demand for raw materials is reduced by recycling, which saves energy and reduces
carbon emissions. According to the World Steel Association recycling is crucial to pro-
duce metals like steel and iron and nonferrous ones like copper and aluminium because it
reduces the reliance on natural resources [100].

Additionally, energy costs in steel production are almost 20% to 40% of the total
price, according to the source of energy [100]. On the other hand, steel is 100% recyclable,
and recycling this material can save up to 25% of energy. Steel, as one of the carbon-
intensive building materials, emits 1.9 tonnes of CO, as a by-product of one tonne of raw
steel manufactured [101].

Given this, recycling contributes to reducing the carbon footprint of steel production.
Recycled steel has a carbon intensity of approximately 16% of virgin steel, according
to the Inventory of Carbon and Energy (ICE), a database for building materials” carbon
coefficients and embodied energy [102]. Another industry that employs recycling for
reducing carbon footprint and energy is the aluminium industry. In their LCA study,
Grimaud et al. discovered significant environmental advantages in recycling aluminium
shredder cables [103]. Furthermore, Rajadesingu and Arunachalam described that the
recycling of aluminium has benefited both the environment and the economy. Energy
savings and a reduction in bauxite mining are two of the advantages. It also helps countries
where secondary aluminium production is the primary metal source [69].

6.3. Impact Control through Material Substitution

Cement production is an energy-demanding and carbon-emitting process. Carbon
emissions are also produced by the chemical processes involved. Most construction indus-
try stakeholders may not have control over minimizing the impact of cement production on
the environment through the option of renewable energy coupled with waste heat recovery
processes. The construction industry’s contribution to reducing the environmental impact
of cement production by selecting suitable substitutes minimises the need for OPC. To
reach low-impact alternative materials, the following additions can be used: rice husk ash,
calcinated shale, volcanic ash, and calcinated clay. Incorporating supplementary cementi-
tious material (SCM) into OPC has improved the material’s durability, long-term strength,
and workability [70]. Additionally, SCM improves cement-based structures’ corrosion
resistance and decreases their permeability and absorption [71]. As a result, incorporating
SCMs as an OPC blend in structures reduces the use of OPC, thereby avoiding carbon
emissions and saving energy associated with its production.

6.4. Innovative Construction Techniques for Impact Mitigation

The construction industry now has a predominance of materials harming the envi-
ronment using energy consumption and emissions. Additionally, inefficient construction
processes generate significant waste, accounting for 10% and 30% of total landfill waste [72]
urging innovation in this field. Along with the search in finding durable and low-impact
materials, novel building techniques that promote sustainability by resource efficiency
are being evaluated. Both carbon- and energy-intensive construction materials, like steel
reinforcement bars and cement, will always play a significant role in the AEC sector. The
strategy is to discover new ways to use these materials to mitigate their total impact on
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the environment. Sustainable construction methods like offsite manufacturing, prefabrica-
tion and lean construction are recommended to minimize the waste produced due to in
situ construction.

The concept of lean or lean thinking was created and implemented in the automotive
industry to help maximize value by reducing waste [104]. Lean manufacturing and assem-
bly processes have been dubbed revolutionary due to their application of lean thinking.
The use of these lean manufacturing principles in the construction industry is termed
lean construction, aiming to increase productivity while decreasing waste. Ismail and
AbdelKareem have demonstrated that construction was the first industry to adopt the
lean philosophy, which perceives construction as a process of transformation, flow, and
value creation. Lean construction’s primary goal is to boost productivity while lowering
waste. Integrated project delivery is frequently related to lean construction. It is a process
for delivering projects that jointly leverage all stakeholders” knowledge, insights, and
abilities to increase product value, maximize efficiency and reduce waste. As a result, the
term “Lean” has come to mean “Sustainability” and “any innovative way to improve the
efficiency of building design and construction” [73].

6.5. Impact Reduction Using Eco-Friendly Renewable Materials

Sustainable materials may not necessarily satisfy the demand of a less technologi-
cally advanced society. When available, renewable products present a great opportunity.
Studies show that using locally sourced materials efficiently reduces carbon emissions and
energy during the embodied phase of construction [105]. Myers et al. conducted a study
which discovered that by substituting renewable components for some traditional building
components and materials, embodied energy could be reduced by almost 28%, i.e., 7.5 to
5.4 GJ/m? [106].

Hemp is being accepted as a renewable building component, particularly in the
United States and Europe, as hemp cultivation is now legally encouraged [29]. For non-
load-bearing walls, hemp concrete is more environmentally friendly than conventional
concrete panels [107]. Pretot et al. conducted an LCA of a wall made of hemp concrete.
They concluded that natural fibers of plant origin, like kenaf, showed promising results to
be considered an eco-friendly construction product. According to this author, hemp house
buildings in South Africa appear to be Africa’s most sustainable structure [107].

Batouli and Zhu found that insulation materials made from kenaf fibers have less
environmental impact than synthetic insulation components [108]. Bahranifard et al. study
compared earthen and conventional plaster and discovered that earthen plaster made of
clay has a significantly lower environmental impact than conventional plaster made of
hydraulic lime or Portland cement [76]. Melia et al. concluded that although the production
phase was found to have the most significant environmental impact, hemp concrete has a
lesser effect on the environment than conventional construction materials. Additionally,
the hemp plant’s capacity for carbon sequestration via photosynthesis aids in mitigating
climate change [109].

7. Status of Economy Growth in Sustainable Construction

Numerous studies indicate that green construction leads to significant economic
savings through high employee productivity, enhancing health and safety benefits, and
cutting down maintenance, operational and energy costs [77]. Mounting proofs show
sustainable buildings economically benefit occupants, operators and building owners.
Such buildings mark lower yearly operating costs due to insufficient water, energy, and
repair/maintenance churn with operating expenses. Cost savings in this form do not have
to be offset by higher initial costs. The initial cost for such a building would be similar to
or lower than a typical traditional building through integrated design and innovative use
of sustainable materials and equipment [78]. The economy of most nations relies heavily
on sustainable building practices (Figure 5) as they have the potential to create jobs, lower
energy prices, and enhance the environment. Nations adopt sustainable building methods,
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knowing how this affects their economies. This chapter will examine the economic impact
of sustainable construction in several countries worldwide. Future economic growth
could be aided by adopting sustainable building materials and techniques, which we will
also consider.

Annual
Energy Cost

Savings Annual

Lower Water
First Costs Cost
Savings

Lower
Absenteeism
and Improved

Productivity Lower

Churn
Costs

Figure 5. Economy status of sustainable construction (authors compilation).

Along with direct cost savings, sustainable buildings can provide dwelling owners
with indirect economic perks just as features of a sustainable building can improve occu-
pants’ comfort, health and well-being, lower absenteeism, and increase productivity [79].
Building owners can benefit financially from various advantages, such as lower risks and
longer-lasting structures. New chances to attract new employees, decreased costs related to
complaint handling, reduced project permitting time and expenses, and community accep-
tance and support, will generate a consistent valuation of assets. Sustainable buildings also
benefit society economically through smaller fees associated with damages related to air
pollution and reduced infrastructure costs. Generally, investment is minimal, and the cost
of life-cycle time is typically less than traditional buildings [110].

8. Life Cycle Assessment of Sustainable Construction

Life Cycle Assessment (LCA) is a technique for assessing the environmental impli-
cations of a product or service over its entire life cycle. It is used to detect and quantify
the environmental implications of sustainable construction projects, such as energy usage,
water consumption, and waste production. With LCA, we can evaluate the viability of
construction projects before their construction. This ensures materials are responsibly
obtained, and buildings are constructed to be as energy efficient as feasible. In addition,
it enables us to discover areas with the potential to reduce the environmental impact of
construction projects. There is a wide range of tools to assess the built environment, energy
labelling, material selection, and indoor air quality [111]. In this section, we will examine
how LCA may be used to evaluate the sustainability of building projects, as seen in Fig-
ure 6, and highlight some of the most important factors to consider when conducting an
LCA analysis.
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Figure 6. Life Cycle Assessment of Sustainable Construction.

LCA was first used for product comparison in the United States and Europe, but it is
now widely used in product design, strategic planning, and government policy. Apart from
the environmental assessment provided by LCA, it also delivers a method for reducing
environmental impacts using trade-off analysis [112]. LCA is a complex concept focusing
on energy, pollutants, and material flow at the inner and outer levels from a life cycle
perspective to support better decision-making [113]. The effects in the construction industry
occur at various life cycle stages, including manufacturing, processing, functional, and
disposal of building materials. Recently, LCA was introduced to assess GHG emissions
and embodied energy consumption during the initial stage of construction when using
steel, concrete, and wood structural members in any form of building [114,115].

9. Future Study of Sustainable Practice in Construction

Sustainable and environmentally friendly building practices are becoming increasingly
important as the global population rises. The challenge is meeting user needs while
minimizing construction’s negative environmental effects. The present study discusses
how future buildings could be made more environmentally friendly, mainly through green
construction practices. We also examined some real-world applications of green buildings
and discussed how they might be implemented to improve the planet’s long-term viability.
“Green construction” refers to any technique used to construct a building that minimizes
its negative effects on the natural environment. Despite the definition, there is no single
approach to a green building; instead, it combines sustainable practices that consider
local cultural norms to create a more sustainable future for our planet. These kinds of
practices are rising in today’s world. Green buildings can be made even more productive
and economical with the help of digital transformation techniques like 3D printing and
optimization strategies for design. This method of building has the potential to alter
the construction industry pushing for higher qualitative and environmental standards.
Architects can save time, energy and cut costs using 3D printing technology to create
buildings bioclimatic suited to each location. These digital transformation methods pave
the way toward environmentally responsible building practices as they become widely
available worldwide.

10. Conclusions

After examining several studies, the following findings were developed. Nowadays,
there is a massive disparity in sustainable design and construction research. A more
comprehensive strategy must be devised to appreciate the interaction between urban
design, buildings, building systems, and materials. Along with being spread throughout
the building delivery process, from planning and design, to construction, operation and
maintenance, this understanding is critical. The main objectives of this study were to
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comprehend sustainable building and its benefits. According to the study’s findings,
utilizing environmentally friendly materials and technologies can reduce the environmental
impact that traditional buildings have on the environment, the economy, and people. New
buildings should use resources like energy, water, and locally sourced materials more
efficiently than in the past. Sustainable structures can acquire larger amounts of natural
light and improve ventilation resulting in healthier indoor spaces. Plus, they incorporate
high-performance systems, efficient rainwater collection equipment and harness renewable
energy sources. The holistic approach creates a building with a reduced carbon footprint
and lower energy consumption. Tools and rating systems like life cycle assessment, must be
used during the process as they are key to understanding and implementing a sustainable
approach to the construction industry.
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Abstract: The construction sector plays a significant role in contributing to uplifts in economic
stability by generating employment and providing standardized social development. Economic
sustainability in the construction sector has been less addressed despite its wide applicability in the
economy. This study aimed to perform a comparative analysis to determine the application of a
circular economy in the construction sector toward economic sustainability, along with its long-term
forecasting. A time series analysis was used on the construction sector of the United States of America
(USA), China, and the United Kingdom (UK) from 1970 to 2020, by taking into account individual
effects to propose a framework with global validity. Statistical analysis was performed to analyze
the dependence of the construction sector and determine its short- and long-term contributions. The
results revealed that the construction sectors in these countries tend to bounce back to equilibrium
in the case of short-term effects; however, the construction sector behaves differently with respect
to each sector after experiencing long-term effects. The results show that the explanatory power of
the forecasting model (R%) was found to be 0.997, 0.992, and 0.996 for the USA, China, and the UK.
Based on the concept of the circular economy;, it was concluded that the USA will become a leader
in attaining sustainability in construction owing to its ability to recover quickly from shocks, and
that the USA will become the largest construction sector in terms of GDP, with a USD 0.3 trillion
higher GDP than that of the Chinese sector. Meanwhile, there will be no significant change in the
construction GDP of the UK up to the end of 2050. Moreover, the speeds of the construction sector
toward equilibrium in the long run in the USA, China, and the UK, and regaining of their original
positions, is 0.267%, 1.04%, and 0.41% of their original positions, respectively. This study has a
significance in acting as a guideline for introducing economic and environmental sustainability in
construction policies, because of the potential of the construction sectors to recover from possible

recessions in their respective countries.

Keywords: econometric analysis; construction sector; sustainable construction; circular economy;
forecasting

1. Introduction

The activities of each economic sector in a country contribute in many ways to the
national gross domestic product (GDP). One of these sectors is construction, which has
a deciding role in socioeconomic development by providing infrastructures, transport,
employment opportunities, energy demand, telecommunications, and investments [1].
The construction sector is one of the most complex and dynamic sectors of the economy.
It contributes to the sustainable objectives of the country, including revenue generation,
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employment opportunities, and social needs; therefore, an analysis of the construction
sector’s effect on the GPD is necessary [2]. The role of the construction sector in cumulative
GDP was analyzed, and it was found that the sector is greatly affected by a lack of privati-
zation, skilled labor, inaccessible immigration rules, and the influences of bureaucrats [3].
In the early support of the economy, construction has an influential role in its capability to
uplift the GDP of the country and is responsible for its modernization because of its role in
improving infrastructure [4]. This sector is regarded as the backbone of the country because
it influences every level of the economy [5]. It also has the potential to uplift the economy
because it does not only include construction projects but also technological and social
change, client demands, and the increasing use of every sector in its execution [6]. With
the construction sector making use of resources from all other sectors of the economy, it is
therefore considered a driving factor toward prosperity in every country [7]. Owing to the
importance of the construction sector, its influences have forward and backward linkages
with other sectors. Any negative change in its performance will produce a recession in
the economy [8].

For example, in 2018, construction activities in Turkey decreased by 4.8% due to
high-interest rates on construction activities and, as a result, the country suffered major
losses in the construction sector [9]. Table 1 presents the values of construction and
percentage change in various developed countries in 2018-2019 and the corresponding
employment levels.

Table 1. Construction output of developed countries for 2018-2019.

Value Added in Percent Change in

i . People
S A T T

! ’ Construction

2018 2019 2018 2019 (Millions)
Japan 0.281 0.284 1.33% 1.31% 2.93 [10]
Canada 0.126 0.126 3.78% 0.34% 1.20 [11]
Germany 0.175 0.186 12.27% 6.59% 2.13 [12]
France 0.138 0.139 8.55% 0.46% 1.51 [13]
Italy 0.079 0.076 6.15% —3.38% 1.33 [14]
Australia 0.144 0.142 1.62% —-1.41% 1.10 [15]
Finland 0.017 0.017 11.87% —1.75% 1.83 [16]
UK 0.123 0.129 3.05% 5.28% 2.30 [17]
USA 0.848 0.892 6.32% 5.25% 9.08 [18]

1.1. Construction Sector in the USA, China, and the UK

The construction sector of the United States of America (USA) is regarded as one of
the largest marketplaces all over the world [19]. Through its linkages, the US construction
sector supports investments, transportation, manufacturing, growth, output, and other
related building material industries; moreover, it provides jobs to plenty of workers, which
generate income opportunities and reduce poverty [20]. The job losses in workers of all
classes in the sector increased toward the end of the first quarter of 2020, and then decreased
toward the end of all the remaining quarters of 2020 [21].

In the United Kingdom (UK), the construction sector likewise contributes considerably
to the national economy. The UK construction sector has a diverse range of sectors, such
as manufacturing, mining, and services. Considered one of the largest sectors of the UK,
construction employed over 9% of the workforce in 2019 [22]. The construction sector
contributes an estimated 15.3% to the national GDP of the UK and has an economic
generation of 6% [23]. Furthermore, it employs 2.3 million people, which is 7.1% of
the entire UK workforce, because the average wages of construction sector workers are
5% higher than those of workers in other sectors [24]. With the UK construction sector
immensely affected by the COVID-19 crisis, its construction output contracted 19.5% in the
first half of 2020 [25].
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Figure 1 illustrates the effects of the unseen event on construction sector output in the
UK. The growth of construction output was highest in pre-COVID-19 times. However, after
COVID-19, the level of construction output decreased up to the end of March 2020 [26].

Pre COVID-19 Post COVID-19
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Figure 1. Construction output of the UK.

China is regarded as one of the largest construction output sectors globally with
a construction growth of USD 1.04 trillion in 2020 [27]. The sector accounts for a 6.9%
contribution to the national GDP of China [28]. In China, the construction industry is fully
dependent on materials and services from other sectors that make up the construction
workflow in its 30 provinces [29]. Construction activities stopped due to the COVID-19
crisis, which greatly affected the output in the first quarter of 2020 [30]. According to
the National Bureau of Statistics, in the Chinese construction industry, there was also
a 3.5% growth in the sector in Q4 of 2020, with a growth of 6.6% year on year in the
same quarter [31].

Based on construction development trends, it is evident that the construction industry
causes the country’s economy to thrive but, on the other hand, it is also the main source
of adverse effects to the environment and human existence because of carbon emissions.
For example, the current use of resources in the construction sector is problematic, as
energy-related CO, emissions soared by 9.95 gigatons in 2019, a figure that comprises
approximately 38% of global greenhouse gas (GHG) emissions [32]. Therefore, there is
a need for a concept that could incorporate the fundamentals of sustainability by mini-
mizing waste products and increasing the efficiency of materials. One such concept is the
circular economy.

1.2. Circular Economy

The concept of the circular economy is not new. It was first introduced by Kenneth. E.
Boulding in the book The Economics of Natural Resources [33]. The concept is a type of
economic development that takes into account the scarcity of materials and its effects on
the environment and social aspects [34]. The circular economy addresses three main points,
namely, reducing the use of raw materials, recycling demolished materials, and generating
less waste debris, thereby reducing environmental pollution and achieving cleaner produc-
tion [35]. It has been shown that sustainability and the circular economy are related to at
least eight relationships [36]. Hence, the innovative aspects of sustainable development
need to be introduced into the circular economy in every sector [37]. Circular construction
framework techniques will lead to the minimal use of locally available resources, water
and energy, less waste generation, and guarantee the reuse and recycling of demolished
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materials. By reducing the negative impacts on the environment, such a circular framework
will pave the way for cleaner construction practices [38]. This study introduces the cleaner
circular model for construction practices that can drive countries toward a sustainable
construction sector.

This study shows how circularity could be embedded in the construction sector across
the globe. The construction sector is the most daunting as it the most unresolved sector
with regard to circularity, with a potential for sustainability in terms of the economy and the
environment. Meanwhile, investing in the construction sector will ensure its adoption and
the invention of sustainable techniques that will ensure sustainability in the economy and
construction practices [39]. First, the sector has many kinds of problematic effects on health,
the resilience of our communities, and equality. Second, the current rate of change—or
even the direction of change—in the construction sector is inadequate, owing to several
issues, which have increasingly negative effects on social barriers and social resistance [40].
As an example, carbon emissions were tracked using time series data and carbon indicators
were identified to set targets to reach the carbon reduction targets [41], which shows the
potential of using time series in achieving sustainability. Hence, the increasing popularity
of the circular economy concept means it is starting to be accepted as a coherent strategy to
respond to the resource-related and environmental challenges in front of us.

Based on the importance of the influence of the construction (CONST) sector on the
national GDP and its role in the road to sustainability, the following research questions,
shown in Table 2, were established.

Table 2. Research questions and their hypothesis.

Research

Objective Research Question Research Hypothesis
How would the cgmulatlve economy of . A shock to the CONST sector
1 developed countries, such as the USA, China, does not affect the
and the UK, react when an external shock is cumulative econom
experienced in the CONST sector? Y
In which direction must the CONST sector Sustalr}al?lhty n the CONST
2 . . - sector is impossible after
move to ensure economic sustainability? .
recovering from the shock.
What steps should investors and policy It is the responsibility of the
makers take to impose sustainability in the government rather than the
3 shock-absorbed sector and ensure the investors and policy makers to
sustainable progress of the sector after drive the sector toward a
recovering from the shock? sustainable economy.
What concrete actions should be followed for . .
. L. . L. Time series cannot be used for
4 the application of statistical circularity in the

CONST sector?

data analysis in sustainability.

The objective of this study is to assess the direction of the construction sector after a
shock (e.g., recession or pandemic) has been received in three different countries, namely,
the USA, the UK, and China, and how much time the sector will require to move toward
economic sustainability. The criteria to determine economic sustainability include environ-
mentally friendly processes, profitability, and social inclusion [42]. The significance of this
study is that it will enable policy makers to comprehend the underlying concepts behind the
short- and long-term effects of the construction sector and the need for collaboration among
investors, to work in closer partnership with innovators to create sustainable economies
and generate employment opportunities.

2. Literature Review

The Turkish construction industry has a positive influence on GDP growth. The net
GDP of the country increased to 7.3% in 1987 and 11.1% from 2002-2012; this increase
was twice the national GDP of the country, which also increased due to the exponential
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growth in the construction sector [43]. A very important question was analyzed: “Does
construction output contribute to economic growth?” It was found that bidirectional link-
ages exist between the construction sector and the economy of the country, and a positive
relationship exists between the short- and long-run effects [44]. The Malaysian construc-
tion industry experienced a considerable rise in the construction sector due to the use of
highly mechanized modern equipment, which increased construction growth. Residential
and non-residential growth increased by 30% and 17.8%, respectively. The productivity
indicators showed a rise in the GDP of the economy [45]. Time-series data from 1990
to 2009 were collected in Nigeria. The results revealed that GDP and the construction
sector have bidirectional Granger causality, meaning that any change in one sector will
affect the performance of other sectors. Hence, the construction sector plays a vital role in
contributing to the national economy [46]. Based on the time series of Hong Kong data
from 1983 to 2013, a bidirectional correlation in the long-run effect was found between GDP
and the construction sector. The long-term linkages suggest that policies, industrial devel-
opment, and innovation must be introduced in the construction sector to ensure consistent
growth [47]. A similar study was conducted in Ghana using data collected from 1968 to
2004. The results revealed that construction growth was linked to overall GDP performance
with a three-year lag. Moreover, Ghana’s GDP showed high performance after two years
of growth in the construction sector, confirming the causality between construction and
GDP [48]. In another study, 50-year period data from 1968 to 2017 were selected to examine
an economic shock and its effects on the construction industry. The construction industry
was found to have thrived when there was political stability, optimum weather conditions,
and less energy shortage. During the military dictatorship, there was a decline of 21.6%
in the construction industry [49]. According to a survey conducted in Afghanistan, 25%
of construction projects employed 0.5% of the labor workforce and contributed 0.5% to
the national economy [50]. Turkey’s construction industry was analyzed based on a data
sample from 1998 to 2014. The industry was found to have short-term effects that lasted for
just five years on real GDP [51].

2.1. Use of Granger and VECM

In another study, the results showed that construction is a Granger cause of GDP
growth and mortgages. It was concluded that these two factors can be used as early in-
dicators for construction performance [52]. A similar study was conducted on statistical
data from Malaysia from 1970 to 2019 to study construction sector effects. An impulse
response function (IRF) and a vector error correction model (VECM) were used to study
shock behavior for short- and long-term effects on the Malaysian economy. A sustainability
framework with a global application was also proposed [53]. The need for a post-epidemic
prevention system must be integrated to make the construction sector resilient. A standard
procedure must be developed that can balance the cost of halted activities in the sector
and the probability of a disaster occurring. For this purpose, digital innovation must be
employed in the sector to satisfy the need for sustainability [54]. To define the circular econ-
omy, a mathematical approach was used that takes into account the recycling of demolition
waste for the construction sector in the UK. It was found that government policies could be
the only solution to achieving circularity in the construction built environment [55]. An
investigative study was performed in Hong Kong to answer the question of which factors
are hurdles in adopting cleaner and sustainable processes in the construction sector. From
over 140 construction site interviews, the adoption of sustainable processes was found to be
greatly related to financial profitability, managerial decisions, and regulatory bodies [56].

2.2. Sustainable Process

The factors contributing to the application of sustainable processes in construction
management were reviewed. Based on the interviews, a total of 82 indicators were selected
that could relate to the application of cleaner practices in the construction sector. These
indicators belong to the areas of social interaction, economic strategies, and environmental
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processes [57]. To reduce CO, emissions, two approaches, namely, production-based and
consumption-based, were used to assess global construction carbon emissions. Based on
the data from 1995 to 2009, the forward linkage of global construction with CO, emis-
sions was found to be between 16% and 20% while the backward linkage was between
37% and 46%. Based on the findings, structural optimization, low-carbon emission pro-
cesses, and mechanism for transportation were proposed to reduce CO, production in
the high-pollution sector [58]. In evaluating the number of carbon emissions from the
conventional method of construction used in Pakistan, modular CO, emissions were found
to be 3449.73 kg CO,-equivalent GHG while conventional building practices generated
6501.91 kg CO, GHG emissions. It was concluded that modular construction practices
result in 46.9% of CO, emissions and must be adopted to achieve sustainability in the
system [59]. The waste reduction behavior of construction workers was assessed using
a system dynamics approach. Reactive actions and prioritization at the construction site
were found to be effective in reducing waste generation. A model based on the policies
and measures on the construction site was also proposed to reduce construction waste [60].
An input-output method was adopted to assess the reuse of construction materials. Data
from Ontario indicated that reusing construction materials will pose fewer environmental
effects and prove beneficial to the economy. It will also increase the GDP and employment
opportunities in Canada [61]. To assess the relationship between carbon emissions and the
economic prosperity of China’s construction sector, the standard deviational ellipse method
was used on data from 2005 to 2015. The carbon emissions of 30 provinces of China were
studied, and it was found that the economic development in most provinces has a forward
linkage direction with carbon emissions, meaning that low carbon emissions indicate slow
economic development in these particular provinces. Therefore, the need for policy making
for sustainable development was proposed [62]. Statistical analysis was performed based
on a questionnaire survey in the Indian construction sector. It was found that resource
policies, eco-friendly practices, industry green technologies, and an institutional framework
for the application of sustainability in the construction sector are the driving factors toward
attaining sustainability and could prove helpful for policy makers and project managers in
the construction sector [63]. The construction sector of China and its neighboring countries
were investigated for the linkages between the economy, environment, and resources. Com-
pared to other countries, the construction sector of China generates more carbon emissions.
It uses more resources and generates more emissions compared to economic profit for
the countries in which Chinese firms utilize energy. Based on such findings, protective
measures such as energy structure, practices for sustainable development, and efficient
allocation of resources were proposed [64]. A low-carbon emission construction sector can
only be achieved by incorporating sustainable technologies, input from social sciences on
sustainable construction processes, and data exchange, as well as evaluating techniques
and decisions based on leadership, project managers, and researchers [65].

2.3. Use of Impulse Response Function (IRF)

An empirical analysis using multivariate models was conducted between the GDP
of the USA and unemployment rate. It was revealed that the IRF captures shock behavior
and the skewness of plot shows the density of the shock received [66]. The IRF analysis
suggests that structural observation is essential for revealing the results, along with proper
selection of lags. The IRF was performed to study the effect of interest rate with respect to
price hike. By selecting lag = 1, it was found that after a shock, liquidity increases but as
the money stabilizes, the interest rate touches the highest level, signifying the application
of IRF in macro-econometric dynamics [67].

This study investigates the behavior and influence of the construction sector on other
sectors using two theories. As evident from the previous work, the effects of other econo-
metric relationships can be used in research by measuring their strength of linkages using
the Granger methodology proposed by Granger and Engle. This method is used to model
relationships involving economic issues. Since this study also deals with the output of the
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construction sector, the Granger concept fully satisfies the methodology to be followed.
Another concept this study uses is the Impulse Response Function, which works on the prin-
ciple of input-output behavior of a system by keeping constraints on input and studying
the future output as a result of impulse response.

3. Methodology

This study utilizes a quantitative research approach because it estimates linkage
direction and short- and long-run relationships to estimate the vector error correction
model (VECM) between the construction sector and other key economic sectors of the USA,
China, and the UK. This study also uses a quantitative statistical method to determine
the contribution and effects of the construction sector on the aggregate economy. Finally,
forecasting from 2020 to 2050 is performed to estimate the output growth of the construction
sector of the USA, China, and the UK. The research steps that are followed for this study
are shown in Figure 2.

| Research problem |

l

I Objectives |

!

| Literature review |

|

Development in construction sector

Problems faced by USA, China, and
UK construction sector

| USA, China, and UK construction sector

!

Social development Economic prosperity

!

| GDP from construction |

l

Research methodology
(Quantitative) |

Knoema.com |

v | Government-released statistics |

| Data collection |—>

MMU, TSC, AHFF, CONST,
GDP, SERV

!

Descriptive analysis

Econometric analysis

Data analysis

1. Pearson correlation
Criteria: time series must be 80% correlated with each other
2. Optimal Lag Length
Criteria: Select lag based onthe lowest value of the selected
parameter
3.JJ Cointegration test

: Number of equations should be less than the
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4. Granger Causality
Criteria: if X can be predicted based on the past values of ¥, then X
Granger causes Y
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Criteria: One standard deviation shock to the time series
7. F ing (2020-2050)

_,| Economic sustainable construction

v

| Analysis and Discussion

Conclusion

Figure 2. A research framework.
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The theoretical framework of this study can be explained as: the use of the cointe-
gration technique to assess how the multivariate data is dependent on each other. The
Granger technique is used to assess whether the effect of one sector affects another sector
or just the primary sector. To measure the behavior of a sector towards a shock, the impulse
response is measured to assess the behavior of construction and other sectors. Based on
these, the results from these former techniques are used in the error correction model to
create an equation for long-term forecasting of the univariate series. In the light of previous
studies, it is evident that there exists a link between CONST and other sectors, which must
be analyzed to study the behavior of the CONST sector.

3.1. Collection of Econometric Data

The data for this study were collected from the government statistical department and
Knoema from the years 1970 to 2020 [68]. The cut-off for data selection was 2020 instead of
2021 because of the unavailability of officially released statistics and the constant change
in numbers due to COVID-19. The descriptive data collected were used to understand
the general dynamics of the data. The collected data consisted of: construction (CONST);
agriculture, hunting, forestry, and fishing (AHFF); mining, manufacturing, and utilities
(MMU); services (SERV); transport, storage, and communication (TSC); and GDP. The data
collected for the USA, China, and the UK are shown in Appendices A and B, respectively.

3.2. Data Analysis

After the data collection, the Granger causality test, VECM, and IRF were performed.
The structural integrity of the time series was tested using cumulative sum control (CUSUM)
tests. The explanatory power was checked using R?. Validation of the time series was
performed using residual correlograms and heteroskedasticity and serial correlation tests.

3.2.1. Johansen Juselius (JJ) Cointegration Technique

Cointegration involves the stationary time series being tested for linear relations
among the variables. The null hypothesis for the Johansen Juselius (J]) cointegration test is
that there exists no cointegrating equation. If the value of significance is greater than 0.05,
then we fail to reject the null hypothesis [69]. The advantage of using the J] cointegration
test instead of other tests is that it does not need a dependent variable and it diminishes
the effects of errors that could be carried over to other steps. If there are no cointegrating
equations, then the series does not exhibit long-run relations and VECM cannot be applied.

The mathematical expression can be given in Equation (1) by [70]:

n
Jrrace = =T Z In(1 — Ay), 1)
i=r+1
where T is the time series size, and A; is the largest eigenvalue.

3.2.2. Granger Causality Using the Pairwise Function

This test was developed by Granger [71] to test for causation between two variables.
The underlying principle behind the test is that if any X can be predicted based on the past
values of Y, then X Granger causes Y. In other words, the past values of X have the power
to predict growth in the Y variable [72]. The Granger test can be expressed mathematically
by Equations (2) and (3):

K
Yi= po + Zjlzl BiYe—i+ Y o meXi—k + 1 2)

K
Xi=po + Zjlzl BiXi—i+ Y oy MYk + B 3)

where ,; is uncorrelated white noise, and -y is a measure of the influence of X;_j on Y;. If
Yk is statistically significant for both equations, then causality is bidirectional. If X does not
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cause Y while causes X, then it is regarded as unidirectional causality. However, if both
X and Y are non-significant, then they have no causal relationships. The null hypothesis
is that no causality exists among the time series. However, rejecting the null hypothesis
indicates the presence of causality.

3.2.3. Error Correction Model

The error correction model (ECM) is used when the variables have unit roots and are
cointegrated. When there is no equilibrium, ECM is used to introduce adjustments for short-
and long-term equilibriums. The ECM along with the direction of adjustments is called
VECM, which is also called a restricted vector autoregressive (VAR) system. Its mathematical
expression was given by Gujarati [73] and Granger [74] as follows in Equation (4):

-1
AYe=T]Yi1+ Y, @AY, D; + 4)

where AY; is the independent variable, ] is the matrix of cointegrating vectors, and @
represents a matrix of independent variables. The procedure for conducting VECM is the
selection of appropriate lags using selected parameters, selection of many equations, and
finally, estimation of VECM using (p-1) lags.
VECM was used in this study for two reasons: first, if the equations are cointegrated
in the system, then there will be an accurate representation of short- and long-term interde-
pendencies of the variables; second, its wide applicability in multivariate time series [75].

3.2.4. Structural Stability Analysis

This test, which was first used by Brown et al. [76], was conducted to test for structural
stability in the developed VECM model. This analysis is an important step of this study as
it shows the presence of structural breaks in the system due to the unit root, which will
produce misleading results [77]. The mathematical form is given in Equation (5):

1t
W = 5Zt:k+1wt, m=k+1,..,1 ®)

where w; is the recursive residual, and m is the sample number. The analysis is rejected if
the plot deviates from the suggested boundary by the test confidence level of 95%.

3.2.5. Shock Responses of the Construction Sector

IRF was used to introduce a shock to the sector (variable), and the behavior of the
sector was evaluated after receiving a shock of one standard deviation, as well as the
behaviour of other sectors after receiving the shock [78]. This function also stated the
amount of time required for the variables to return to their original position.

This study used the Cholesky dof (degree of freedom) as an IRF function, which is
used for intersectoral linkages [79]. As the study focused on the construction sectors of
the USA, China, and the UK, the CONST variable was thus used as an exogenous and
endogenous variable.

3.2.6. Forecasting Using the VECM Equation

Forecasting was performed using a VECM equation that took into account the short-
and long-term effects. This forecasting was preferred due to its structural integrity, ab-
sence of autoregressive conditional heteroskedasticity (ARCH), autocorrelation, and serial
correlation in the series. It was performed from the years 2020 to 2050.

The forecast predictive power can be checked using Theil statistics, which was first
developed by Theil [80]. If the forecasted values and actual values are 0, then the model
has reliable predictive power. The value of 1 suggests that both entities will move in
the opposite direction and, hence, that the model is unreliable. The model is shown in
Equations (6)—(8):

(6)

U = "} (FPEy;y — APEi)”
T (APE)®
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@)

®)

where FPE;_ is the forecast percentage and APE;. is the actual percentage error.

3.2.7. Validation of the Estimated Model
Serial Correlation Analysis

This test is considered an alternative to Q-statistics in serial correlation and is used
for large multiplier (LM) tests. Therefore, it is regarded as the Breusch-Godfrey serial
correlation LM Test. This test is preferred when there is a possibility of autocorrelation
in errors. Hence, it is effective in determining the autocorrelation for lagged dependent
variables [81]. It is given in Equations (9) and (10):

yr=Xef + € )
4

e =Xev 4+ | Yases | + u, (10)
s=1

where X; is the lagged residuals, p is the order of lags, &, 8, and vy are the coefficients, v
is the white noise, and ¢; is the error term [82].

Heteroskedasticity Test: Breusch-Pagan-Godfrey

Among many heteroskedasticity tests, this study used the Breusch-Pagan-Godfrey
(BPG) test. The term “heteroskedasticity” means differently scattered. It is commonly used
for checking errors in regressors. The null hypothesis for this test is that error variances
are equal. Based on the value of probability chi-square value, if the value is more than
0.05, then the data have homoskedasticity and are fit for regression [83]. The BPG test is
expressed in Equation (11):

BPG = nR%p, (11)

where 1 is the number of observations, and R2ﬂzi is the coefficient of determination of
the regressors [84].

4. Results
4.1. Correlation among the Sectors

The dependence and relationship of the construction sector with other sectors can be
judged from the Pearson correlation test. The reason this test was performed was to check
how much influence one sector will have on the other sectors.

The comparison of correlation values, as shown in Table 3, shows that all the sectors of
the USA, China, and the UK are highly correlated with the other sectors within each respective
country, i.e., above 80%. Hence, the behavior of other sectors (AHFF, MMU, SERV, TSC, and
GDP) can adequately be modeled based on the behavior of one sector (CONST).

Table 3. Pearson correlation test.

USA
CONST AHFF MMU SERV TSC GDP

CONST 1 - - - - -
AHFF 0.824162 1 - - - -
MMU 0.984415 0.833575 1 - - -
SERV 0.992240 0.832636 0.993558 1 - -
TSC 0.992444 0.839118 0.992722 0.998396 1 -
GDP 0.992894 0.835452 0.995092 0.999686 0.999136 1
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Table 3. Cont.

China

CONST AHFF GDP MMU SERV TSC
CONST 1 - - - - -
AHFF 0.9787043 1 - - - -
GDP 0.9983059 0.9873097 1 - - -
MMU 0.9901612 0.9939498 0.99531938 1 - -
SERV 0.9960696 0.9641160 0.99294770 0.9773136 1 -
TSC 0.9915226 0.9923408 0.99721276 0.9957675 0.985313 1

UK

CONST MMU SERV TSC AHFF GDP
CONST 1 - - - - -
MENU 0.947675196 1 - - - -
SERV 0.992610869 0.950618572 1 - - -
TSC 0.994261823 0.952857278  0.998081 1 - -
AHFF 0.857882606 0.923748829 0.864765904  0.865759 1 -
GDP 0.992974491 0.96256965  0.998552932 0.998712557 0.874481454 1

4.2. Granger Causality Using the Pairwise Function

The Granger causality test checks the data for the presence of the null hypothesis: that
CONST does not Granger cause AHFFE. A probability level of less than 0.05 shows that the
null hypothesis is rejected, which means that CONST does cause Granger AHFFE.

Table 4 indicates that the null hypothesis was rejected for CONST-AHFF, SERV-CONST,
TSC-CONST, and GDP-CONST, meaning that any change in these sectors will show a
change in the corresponding sectors because the value of probability is less than 0.05.
Meanwhile, the other sector values are greater than the significance level of 0.05, indicating
that any change in the sector will not affect the behavior of other sectors.

Table 4. Empirical results of Granger causality.

USA
. Alternate Null Hypo
Null Hypothesis Lag Hypothesis F-Stat Prob. Result
AHFF does not Granger cause CONST 2 - 0.9347  0.400 Accept
CONST does not Granger cause AHFF CONSTGranger (5159 0003 Reject
causes AHFF
MMU does not Granger cause CONST 2 - 1.8112  0.175 Accept
CONST does not Granger cause MMU 2 - 0.4914 0.615 Accept
SERV Granger .
SERV does not Granger cause CONS 2 causes CONST 7.7330  0.001 Reject
CONST does not Granger cause SERV 2 - 2.0743 0.138 Accept
TSC Granger .
TSC does not Granger cause CONS 2 causes CONST 7.1754  0.002 Reject
CONST does not Granger cause TSC 2 - 3.0496 0.057 Accept
GDP Granger .
GDP does not Granger cause CONS 2 causes CONST 6.5634  0.003 Reject
CONST does not Granger cause GDP 2 - 2.0258 0.144 Accept
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Table 4. Cont.

China
. Alternate Null Hypo
Null Hypothesis Lag Hypothesis F-Stat  Prob. Result
AHFF does not Granger cause CONST 2 - 1.535 0.227 Accept
CONST does not Granger cause AHFF CONST Granger 8.990  0.000 Reject
causes AHFF
MMU Granger .
MMU does not Granger cause CONST causes CONST 6.386  0.003 Reject
CONST does not Granger cause MMU 2 - 0.548  0.581 Accept
SERV Granger .
SERV does not Granger cause CONS causes CONST 9.548  0.000 Reject
CONST does not Granger cause SERV CONST Granger 6.766  0.002 Reject
causes SERV
TSC Granger .
TSC does not Granger cause CONS causes CONST 4511 0.016 Reject
CONST does not Granger cause TSC 2 - 1.230  0.302 Accept
GDP Granger .
GDP does not Granger cause CONS causes CONST 6.628  0.003 Reject
CONST does not Granger cause GDP 2 - 1.038  0.362 Accept
UK
. Alternate Null Hypo
Null Hypothesis Lag Hypothesis F-Stat  Prob. Result
AHFF Granger .
AHFF does not Granger cause CONST 2 causes CONST 3.0429 0.028 Reject
CONST does not Granger cause AHFF 2 - 0.8779  0.486 Accept
MMU Granger .
MMU does not Granger cause CONST 2 causes CONST 4.0740 0.007 Reject
CONST does not Granger cause MMU 2 - 0.9368 0.453 Accept
SERV does not Granger cause CONS 2 - 23194 0.075 Accept
CONST does not Granger cause SERV 2 - 1.1108 0.366 Accept
TSC Granger .
TSC does not Granger cause CONS 2 causes CONST 7.396  0.000 Reject
CONST does not Granger cause TSC 2 CONST Granger 5.1160  0.002 Reject
causes TSC

GDP does not Granger cause CONS
CONST does not Granger cause GDP

N

- 22285 0.084 Accept
- 0.6251 0.647 Accept

N

The comparison of results indicates that the CONST sector has considerable influence
on other sectors in China compared to that in the USA and the UK. The CONST sector
of the UK is not considerably affected by the performance of other sectors. Meanwhile,
the USA sectors have more influence on other sectors, which means that China and USA
CONST sectors are more volatile than the UK CONST sector.

4.3. ]J] Cointegration Examination

The ]J test was performed to test for the null hypothesis that there exist no cointegrating
equations if the significance level is less than 0.05. The null hypothesis was rejected for four
cointegrating equations based on probability values of less than 0.05.
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The trace test and rank test results were generated. In Table 5, the trace test results
illustrate the number of selected integrating equations for the USA, China, and the UK. The
number of cointegrating equations for VECM using USA, China, and UK construction data
was selected as four, based on p-values of less than 0.05 using the rank trace test.

Table 5. Unrestricted Cointegration Rank Test (Trace).

USA
Hypothesized . - 0.05 Critical
No. of CE(s) Eigenvalue Trace Statistics Value Prob (p-Value)
None * 0.619333 138.9555 95.75366 0.0000
Atmost 1* 0.558057 92.59568 69.81889 0.0003
At most 2 * 0.37982 53.40008 47.85613 0.0138
At most 3 * 0.308523 30.46832 29.79707 0.0418
Atmost 4 0.225141 12.75991 15.49471 0.1239
China
Hypothesized . . 0.05 Critical
No. of CE(s) Eigenvalue Trace Statistics Value Prob (p-Value)
None * 0.759897 197.5713 95.75366 0.0000
Atmost 1* 0.686021 130.5171 69.81889 0.0000
At most 2 * 0.568508 76.07092 47.85613 0.0000
At most 3 * 0.369329 36.56708 29.79707 0.0071
At most 4 0.265984 14.90145 15.49471 0.0613
UK
Hypothesized . . 0.05 Critical
No. of CE(s) Eigenvalue Trace Statistics Value Prob (p-Value)
None * 0.902859 247.6914 95.75366 0.0000
Atmost 1% 0.724218 142.7696 69.81889 0.0000
At most 2 * 0.635345 84.80308 47.85613 0.0000
Atmost 3 * 0.415794 39.40696 29.79707 0.0029
At most 4 0.214404 15.21936 15.49471 0.0550

* Is the rejection of the hypothesis at the 0.05 level.

The absence of cointegration was performed using unrestricted VAR. However, the
presence of cointegrated equations can only be modeled using VECM (restricted VAR).
This study used VECM for analysis based on the presence of four cointegrating equations
for the USA, China, and the UK.

4.4. Identification and Analysis of Short- and Long-Run Coefficients

Validation of the VECM model equation is necessary to check for the presence of errors
in the model. This can be performed by making a system of coefficients of the produced
model. The C(1) coefficient value should always be negative and the probability level
should be less than 0.05. The negative value shows the ability to bounce back to its initial
position and the absence of any error within the VECM system.

The coefficient system and its estimation for the USA are presented in Table 6. Based
on the VECM equation, the coefficients for China were generated, as shown in Table 7.
Similarly, the system of coefficients for the UK is shown in Table 8.

Table 6. Coefficient Values and Probabilities of CONST-USA.

Coefficient Std. Error t-Statistic Prob.
C(1) —0.266972 0.083635 —3.192121 0.0017
C(2) —0.009694 0.032714 —0.296308 0.7673
C(3) —0.811232 0.248583 —3.26343 0.0013
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Table 6. Cont.

Coefficient Std. Error t-Statistic Prob.
C@4) 1.316046 0.215376 6.110451 0.000
C(5) —0.032232 0.191056 —0.168702 0.8662
C(6) 0.007221 0.026844 0.268985 0.7882
C(?) 0.024828 0.01807 1.374041 0.1711
C(8) 0.745002 0.397053 1.87633 0.0622
Cc©) 0.790626 0.324114 2.439347 0.0157
C(10) 3.022295 0.833919 3.624206 0.0004
C(11) 1.837517 0.984832 1.865817 0.0636
C(12) 0.178122 0.351363 0.506945 0.6128
C(13) 0.498085 0.32868 1.515412 0.1314
C(14) —4.494491 1.635197 —2.748592 0.0066
C(15) —4.444107 1.343703 —3.307359 0.0011
C(16) 0.078439 0.042387 1.850532 0.0658

Table 7. Coefficient Values and Probabilities of CONST-China.

Coefficient Std. Error t-Statistic Prob.
C(1) —1.014322 0.289812 —3.499928 0.0006
C(2) —0.092923 0.183677 —0.505903 0.6138
C(3) 0.188934 0.126361 1.495191 0.1373
C4) —0.218396 0.170481 —1.281056 0.2024
C(5) 0.219318 0.397163 0.552211 0.5817
C(6) 0.349016 0.368886 0.946135 0.3458
C(7) 0.532093 0.278034 1.913773 0.0578
C(8) —0.120549 0.156527 —0.770144 0.4426
C9) —0.148638 0.110337 —1.347126 0.1802
C(10) —0.383467 0.104807 —3.658794 0.0004
C(11) —0.041635 0.107735 —0.386455 0.6998
C(12) 0.006208 0.082337 0.075394 0.9400
C(13) 0.084532 0.067312 1.255824 0.2114
C(14) 0.210847 0.160852 1.310807 0.1922
C(15) 0.079435 0.123087 0.645357 0.5198
C(16) —0.032542 0.097744 —0.332933 0.7397

Table 8. Coefficient Values and Probabilities of CONST-UK.

Coefficient Std. Error t-Statistic Prob.
C(1) —0.412881 0.208946 —1.976014 0.0501
C((2) 0.039678 0.127414 0.311412 0.7560
C(3) —0.020529 0.080231 —0.255872 0.7984
C4) —0.47974 0.490898 —0.97727 0.3301
C(5) —0.227722 0.400833 —0.568122 0.5709
C(6) —0.099155 0.316624 —0.313163 0.7546
C(?) —0.466073 0.406674 —1.146059 0.2538
C(8) —0.122356 0.20325 —0.602 0.5482
C9) 0.108997 0.191311 0.569736 0.5698
C(10) 0.027216 0.176419 0.154268 0.8776
C(11) 0.138414 0.14796 0.93548 0.3512
C(12) 0.217524 0.168988 1.287215 0.2002
C(13) —0.121834 0.107699 —1.131244 0.2599
C(14) 0.673255 0.550924 1.222047 0.2238
C(15) 0.663833 0.388275 1.709696 0.0896
C(16) 0.505628 0.436445 1.158514 0.2487

The comparison of these tables shows that the CONST sector of China will bounce back
1.01% quicker than those of the USA and the UK because it has less volatility and is capable of
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supporting itself when it is hit by a recession. The CONST sectors of the USA and the UK are
more volatile and will not recover as quickly, at 0.26% and 0.41%, respectively.

4.5. Tests for Assessing the Explanatory Power and Efficiency of the VECM Equation

The explanatory power and efficiency of the VECM equation were tested using the
coefficient of R? and the F-statistic. In the case of the USA, the value of R? indicated ex-
planatory power with the value of 0.997, which was sufficient to extract useful information
from the statistical data. The F-statistic value was less than 0.05, so the efficiency of the
model was also acceptable. The rule of thumb for autocorrelation suggests an absence of
autocorrelation in the model based on the value of the Durbin-Watson (DW) test of 1.606.

Similarly, the value of R? for China was also satisfactory, at 0.992. The significance
was tested using the p-value of the F-statistic, which was recorded as lower than 0.05. The
presence of autocorrelation was tested using the DW test and the value was 1.88, which
signified the absence of autocorrelation in the system.

Similarly, the value of R2 for the UK model was obtained as 0.996, with an F-statistic value
less than 0.05, hence confirming its significance. The DW test with a value of 1.87 indicated
that the model does not suffer from autocorrelation. The results are shown in Table 9.

Table 9. Result of CONST equation: USA, China, and the UK.

Parameters USA China UK
Coefficient of determination (R?) 0.997 0.992 0.996
Adjusted R? 0.996 0.984 0.995
Probability of F-statistic 0.000 0.009 0.000
Durbin-Watson statistics 1.606 1.88 1.872

4.6. Validation of the Estimated Equation for the CONST Model

The VECM equation should be non-spurious and non-biased. Various checks can be
performed to validate the VECM equation. This study selected the following three tests to
check for consistency in the VECM system by performing residual diagnosis checks: Breusch-
Godfrey serial correlation LM Test; and heteroskedasticity test (Breusch-Pagan-Godfrey).

4.6.1. Serial Correlation Test

The presence of serial correlation in residuals was tested using the Breusch-Godfrey
test. The results indicated that the series was free from serial correlation based on the
chi-square value of probability being greater than 0.05. Table 10 depicts the statistical
evidence for the USA.

Table 10. Breusch-Godfrey Serial Correlation LM Test—USA.

F-Statistic 0.423895 Prob. F(2,27) 0.6588
Obs*R-squared 1.400412 Prob. Chi-Square(2) 0.4965

The same test was applied to the China series, which was found free from serial correlation
based on its chi-square probability value being greater than 0.05, as shown in Table 11.

Table 11. Breusch-Godfrey Serial Correlation LM Test—China.

F-Statistic 1.740809 Prob. F(2,41) 0.1881
Obs*R-squared 3.835276 Prob. Chi-Square(2) 0.1470

Table 12 shows the chi-square value of probability is greater than 0.5, hence showing
no sign of serial correlation. The data were also fit for forecasting.
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Table 12. Breusch-Godfrey Serial Correlation LM Test—UK.

F-Statistic 0.050215 Prob. F(1,16) 0.8255
Obs*R-squared 0.143918 Prob. Chi-Square(1) 0.7044

4.6.2. Heteroskedasticity Test

The presence of heteroskedasticity was tested using ARCH. The null hypothesis, that
the series was homoscedastic, was tested. The chi-square probability test value is greater
than 0.05, meaning that the series is not heteroskedastic. The results for the USA, China,
and the UK are shown in Tables 13-15, respectively.

Table 13. Heteroskedasticity Test: Breusch-Pagan-Godfrey—USA.

F-statistic 1.364560 Prob. F(16,29) 0.2268
Obs*R-squared 19.75718 Prob. Chi-Square(16) 0.2314
Scaled explained SS 5.167185 Prob. Chi-Square(16) 0.9949

Table 14. Heteroskedasticity Test: Breusch-Pagan-Godfrey—China.

F-statistic 0.109815 Prob. F(19,25) 1.0000
Obs*R-squared 3.466360 Prob. Chi-Square(19) 1.0000
Scaled explained SS 12.97102 Prob. Chi-Square(19) 0.8401

Table 15. Heteroskedasticity Test: Breusch-Pagan-Godfrey—UK.

F-statistic 0.543013 Prob. F(28,17) 0.9263
Obs*R-squared 21.71758 Prob. Chi-Square(28) 0.7942
Scaled explained SS 3.437171 Prob. Chi-Square(28) 1.0000

4.7. Structural Stability Analysis

The structural stability of the VECM model was tested using CUSUM tests, which
were performed with a 5% significance level. The null hypothesis is that “there are no
structural breaks in the system”, with a significance level of 5%. The results show that there
are no structural breaks and the presence of stability is fit for IRE. Figure 3a depicts the
results of the CUSUM test.
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Figure 3. Structural stability test—USA. (a): CUSUM test; (b): CUSUM square test.

The CUSUM square test indicates the lower and upper bounds of the 5% level of
significance for residuals. The results show there is no structural break in the system as
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residuals are inside the percentage level of significance, making it fit for IRF and forecasting,
as shown in Figure 3b.

Figure 4a,b The structural integrity of the China series. No structural break exists in the
system based on the CUSUM and CUSUM square lines that lie within the 5% significance level.
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Figure 4. Structural stability test—China. (a): CUSUM test; (b): CUSUM square test.

The structural integrity for the UK series was also tested. The results revealed that the
CUSUM and CUSUM square lines lie inside the 5% significance level and the series is fit
for forecasting, as shown in Figure 5a,b, respectively.
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Figure 5. Structural stability test—UK. (a): CUSUM test; (b): CUSUM square test.

4.8. Shock Responses of the Construction Sector

The IRF produces a shock of one time period. In this case, CONST is the endogenous
variable. A one-time period shock is given to CONST, and the behavior of other sectors
is recorded. The IRF also shows how much time is required for any sector to absorb this
shock. In this study, one positive standard deviation shock is produced in CONST, and its
behavior is measured in AHFF, MMU, SERV, CONST, and GDP.

In Figure 6a, the response of CONST is shown after a shock in AHFF in the USA. After
the second period (second year), there is a positive trend in the response of CONST. The
outcome shows that expansion in AHFF will negatively affect the output of CONST owing
to the presence of backward linkages. It will take almost 10 years for the CONST industry
to regain its original position from before the shock. Figure 6b reveals that it will take
10 years for the AHFF sector in the USA to recover from a shock produced by the CONST
sector. As the linkage is unidirectional, there is no forward linkage between AHFF and
CONST; therefore, CONST will not affect the activity of AHFF. Additionally, this sector is
not sensitive to activity in the CONST sector.
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Figure 6. Impact on CONST-AHFF and AHFF-CONST from a shock. (a) Response of CONST to
AHFF—USA; (b) Response of AHFF to CONST—USA; (c) Response of CONST to AHFF—China;
(d) Response of AHFF to CONST—China; (e) Response of CONST to AHFF—UK; (f) Response of
AHFF to CONST—UK.

However, the Chinese construction sector will react differently to the USA construction
sector. There will be a positive behavioral shock in AHFF when CONST experiences a
shock and vice versa. This result shows that the construction industry of China is more
flexible than that of the USA and can drive the construction sector to sustainability. This is
shown in Figure 6c,d.

In the case of the UK construction sector, any shock in AHFF will first produce negative
effects in the CONST sector and will underperform until the fifth period, and will become
stable after the sixth period, as shown in Figure 6e. Meanwhile, the AHFF response will first
start with negative effects when the CONST sector experiences any change in its output.
After that, there will be a positive effect in the AHFF sector for at least 10 years, which can
be seen in Figure 6f.

Figure 7a shows the behavior of CONST when a shock is experienced by MMU in the
USA. There is no significant positive trend in the behavior of CONST, and it does not deviate
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from zero lines, indicating that CONST is less likely to be affected by any change in the MMU
sector. The CONST will have less effect on MMU and will not deviate much from the zero
lines. Figure 7b indicates the response of MMU when a shock is produced in CONST in the
USA. There will be a positive effect on MMU and it will return to its original state without
much difference. There will be a significant shoot-up in the MMU sector, which will decrease
with time and return to its original position due to the shock in CONST.
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Figure 7. Impact on CONST-MMU and MMU-CONST from a shock. (a) Response of CONST to
MMU—USA; (b) Response of MMU to CONST—USA;; (¢) Response of CONST to MMU—China;
(d) Response of MMU to CONST—China; (e) Response of CONST to MMU—UK; (f) Response of
MMU to CONST—UK.

Figure 7c indicates the behavior of CONST after any shock is experienced by the MMU
sector in China. As evidence, the response of the CONST sector will be stable for the
next five years, and then the subsequent five years will show a positive output in CONST.
Figure 7d shows the behavior of MMU toward the shock in the CONST sector, where there
will be a positive change in the production and activities of MMU, which will stabilize as
the period approaches its 10th year.
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Figure 7e shows that the first two periods will negatively impact the CONST sector
when the MMU sector receives a shock. However, this change will dissipate with time
and there will be no major effects on the CONST sector in the UK. Figure 7f illustrates
the positive response in MMU when the CONST sector receives a shock; there will be an
increase in production for at least 10 years in the UK.

Figure 8a shows the behavior of CONST after a shock is produced in the SERV sector
in the USA. There will be a positive trend in CONST when SERV experiences a shock of
one time period. As SERV-CONST has a forward linkage, any positive shock will result in
a positive output. The shock will stabilize after the eighth period. Figure 8b reveals that the
shock produced in SERV will positively affect CONST, which will decrease with time due
to the stored services used in the construction industry, such as petrol, transportation, and
material supply.

Response to Cholesky One S.D. (d.f. adjusted) Innovations £ 2 S.E .|

Response of LCONST to LSERV

Response to Cholesky One S.D. (d.f. adjusted) Innovations + 2 S.E.

Response of LSERV to LCONST

02 4

014

00

.01

Response to Cholesky One S.D. (d.f. adjusted) Innovations + 2 S.E

.08

Response of LCONST to LSERV

() (b)
Response to Cholesky One S.D. (d.f. adjusted) Innovations + 2 S.E.

Response of LSERV to LCONST

.04

.00

-04 -|

5 6 7 8 s 10
(© (d)

Response of CONST to SERV

004 -

002 4

002 4

001 4

000

1001

© ' 0

Figure 8. Impact on CONST-SERV and SERV-CONST from a shock. (a) Response of CONST to
SERV—USA; (b) Response of SERV to CONST—USA; (c) Response of CONST to SERV—China;
(d) Response of SERV to CONST—China; (e) Response of CONST to SERV—UK; (f) Response of
SERV to CONST—UK.

Figure 8c signifies the positive behavior in the CONST sector in China when there is a
unit shock in the SERV sector during the first five years. After that, the CONST sector will lose
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its productivity because it is greatly dependent on services for the timely execution of projects.
Figure 8d shows the positive behavior in the SERV sector when there is a lack of funding or
recession in the CONST sector, positively affecting the performance of the SERV sector.

Figure 8e shows that the UK SERV sector will produce marginal positive effects in the
CONST sector until the fifth period, after which it will decrease as it approaches the tenth
period, and will stabilize after this period. Figure 8f indicates the positive behavior in the
SERYV sector of the UK after the CONST sector experiences a shock. The positive effect will
continue beyond the tenth period.

Figure 9a illustrates that no significant changes will occur in the CONST sector when
a shock is received in the TSC sector of the USA. There will be a slight positive trend, but
this trend will not affect productivity and production in the CONST sector. This behavior
validates the findings of the Granger causality, in which there is no linkage of CONST-TSC.
Figure 9b shows the behavior of the TSC sector to a shock in the CONST sector, which will
positively affect the performance of the TSC sector until the first half of the fifth period
(year). After that, there will be a negative effect on the TSC sector due to the shortage of
transportation of materials and vehicles, expensive storage, and expensive communication.
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Figure 9. Impact on CONST-TSC and TSC-CONST from a shock. (a) Response of CONST to TSC—USA;
(b) Response of TSC to CONST—USA; (c) Response of CONST to TSC—China; (d) Response of TSC
to CONST—China; (e) Response of CONST to TSC—UK; (f) Response of TSC to CONST—UK.
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Figure 9c shows the negative behavior of the CONST sector toward the end of the fifth
period after a shock is received in the TSC of the Chinese economy. However, a recovery
will be made in the sixth period and positive effects will start to manifest themselves.
Figure 9d shows a positive response for 10 consecutive time periods in the TSC sector when
a shock is received in the CONST sector of China.

Figure 9e indicates the negative and positive behavior of the CONST sector after the
TSC sector of the UK receives a shock. The negative effects in the CONST sector will
continue for five time periods and, after that, there will be a positive output in the CONST
sector owing to any change in the TSC sector. Figure 9f reveals that a shock in the CONST
industry will positively impact the growth of the TSC and the sector will grow efficiently.

Figure 10a shows the non-significance of CONST-GDP in the USA. As there were no
Granger cause linkages, there is only a minimum effect on the performance of CONST by
any changes in the GDP. The shock in the GDP of the country will move to negative, which
returns to its original position in the eighth year. A positive trend will also be shown toward
the end of the tenth year. Figure 10b indicates the Granger causes’ forward linkage direction
effects. Any shock to the CONST industry will greatly affect the performance of GDP.
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Figure 10. Impact on CONST-GDP and CONST-GDP from a shock. (a) Response of CONST to
GDP—USA; (b) Response of GDP to CONST—USA; (c) Response of CONST to GDP—China;
(d) Response of GDP to CONST—China; (e) Response of CONST to GDP—USA—UK; (f) Response
of GDP to CONST—USA—UK.
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Similarly, the Chinese CONST sector will grow considerably after the overall GDP is
affected due to any shock. This effect will be longer because the CONST sector of China is
the largest in the country, and China will invest all the capital in CONST to boost its overall
economy, as shown in Figure 10c. Figure 10d shows the positive change in GDP after a
shock is experienced by the CONST sector, although it will be short-lived, and will stabilize
as it approaches the end of the tenth period.

Figure 10e shows the positive impact of the CONST sector after the overall GDP of the
UK is affected by any shock. There will be a slight increase in the output of the CONST
sector, which will continue beyond 10 time periods. Figure 10f illustrates that any shock in
the CONST sector will positively affect the performance of the GDP of the UK. Like China,
the UK will also support the CONST sector in the case of any shock, which will increase
the overall performance of the UK’s GDP.

4.9. VECM Forecasting

The forecasting was performed for the USA, China, and UK construction sectors from
2021 to 2050. Based on the findings, the construction sector of the USA is predicted to grow
more than twice as much in 2050 as it did in 2020.

Similarly, with China and the USA being at the same point in construction output
in 2019, this gap will grow significantly over three decades. The contribution of China’s
construction sector to the national GDP will increase a little over USD 2 trillion in 2050.
However, there will be no significant change in construction output in the UK in 2050. This
forecast was made by considering no effects to the laws, policies, and unseen events such
as COVID-19. The forecasted values will change significantly if there are pandemics in
the future, which will seriously affect the national and global trade-off. The forecasting
estimation is shown in Figure 11.
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Figure 11. Forecast of the construction sectors of the USA, China, and the UK from 2020 to 2050.

5. Conceptual Framework

By studying the effects on these countries, a sustainable framework was suggested, as
shown in Figure 12 that could combine the effects on these countries and be applied on
a large scale following the practices of sustainability and economic development in the
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CONST sector. First, the directions of linkages among the various sectors are identified [85].
As this study focuses on the CONST sector, this sector is taken as a reference. After the
linkages are identified using the Granger test, a pressure point is selected in the CONST
sector (e.g., plastic). The short- and long-term effects of the pressure point (such as plastic)
are evaluated using VECM. The effects of pressure points are taken into account and
their behavior is assessed using IRF when a shock is experienced due to the change in
pressure point in the sector. This step constitutes the statistical approach of the framework.
The statistical approach and sustainability approach of the construction sector are linked
through the enablers of a new ecosystem. The novel economical ecosystem can be created
by the conglomeration of circular construction techniques that are financially viable for the
pressure points. This includes determining the short- and long-term effects of the pressure
points through industrial ecology, eco-economical techniques, outreach and collaboration
of new business models, and the eco-designs of the pressure points. Hence, the combined
support of government officials and construction bodies can make the necessary shift
required for the implementation of sustainability in the economy and the processes of the
pressure points. This shift can be regarded as a pocket of change, which can be seen in
recyclable materials, optimization of energy efficiency, and circular use of waste materials
from construction activities [86]. This will result in the economic resilience of the pressure
points, which will directly produce resilience in the design, cost, business models, processes
leadership, and government policies of the sector.

The statistical results obtained from this study could be merged with the sustainable
procedures. One similar study showing the sustainability outcomes using time series
analysis by calculating the carbon footprints was performed. It was found that the time
series analysis could provide solutions for sustainable product designs, and sustainable
procurement of raw materials [87]. The novelty of this study is that it shows how statistical
results could be used to pave a way for sustainability. The use of Granger causality to
assess the direction, and the usage of VECM to determine the long- and short-term effects
of the behavior of the sector make this framework applicable. The results obtained from the
statistical portion would show the fluctuation in the sector after receiving a shock, which
could be studied; thus, sustainability concepts could be applied to counter the shocks in
the sector. Moreover, the sustainability part of the framework is mostly theoretical, which
could be applied to drive the sector towards sustainability.

Comparison of the construction sectors of three developed countries was performed
to assess the behavior of the construction sector towards a shock. By setting a standard
of behavior for these countries, other countries could benefit by observing how much
their respective countries could sustain a shock and how the aftershocks would affect the
national GDP; in this way, a great deal of economic recession could be prevented. The
comparison was also performed to study the effects of the construction sector of each
country on the IRF with subsequent proposal of a global circular framework with suitable
application globally.

The value changes over time also entail environmental development. For example,
the use of asbestos in construction was once lauded for its fireproofing properties but is
now considered dangerous to environmental and social sustainability, as is the case with
conventional construction procedures. Hence, the concept of cleaner production, such as
social sustainability, environmental impact, and the built environment, is a continuous
process. The application of circular strategy implications intensifies the use of “a balance
of minimizing the carbon production with economic energy methods” and enables the
intensification of redesigning, reusing, and recycling resources. Selective strategies for
repairing and maintaining should likewise be applied to ensure efficient upgrading in the
construction sector. Finally, the combination of recycling and reusing renewable materials
must be made a part of circular strategies to achieve cleaner construction practices.
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6. Discussion

The quantitative analysis of this statistical analysis revealed the contribution, output
per period, and average growth of all sectors in relation to the overall GDP of the USA.
The average contribution of the CONST sector to the AHFF sector is the smallest with
regard to the overall GDP, compared to other sectors of the USA. Similarly, the CONST
and AHFF sectors of the UK had a correlation of 85.7%, which were the least correlated,
similar to the USA. All the sectors of the USA and UK had first-order integration while
China’s order of integration was two, suggesting the long-term effects on the variables in
these countries. The VECM was selected for modeling long-term relationships. A VECM
system indicated the presence of an error correction system in the variables. The long-run
coefficient C(1) shows an ability to bounce back to equilibrium. The first coefficient C(1) in
the system of variables indicates the speed of adjustment toward the long-run equilibrium
of the CONST industry as 0.267%. The negative value of coefficient C(1) implies a negative
long-run association with the CONST industry while SERV has a positive association with
the CONST sector. This finding means a positive growth or expansion in AHFF, MMU,
and TSC will have negative impacts on the growth of the CONST sector. The coefficient
C(2) is the short-term speed of adjustment, which means that a percent increase in AHFF
will result in a decline of 0.09%. Similarly, a percent increase in C(3) (MMU) will resultin a
decrease of 0.8% in the CONST sector.

The analysis period selected in this study was from 1970 to 2021. After COVID-19 was
declared a pandemic by the World Health Organization (WHO) in 2020, most countries
adopted lockdowns nationwide as a preventive measure, which negatively impacted the
performance of all sectors. The inclusion of COVID-19-impacted data in this analysis
would have produced different results, but it was not made a part of this study due to
the unavailability of the officially released data for 2022. It was likewise impossible to
analyze the hidden factors that are constantly changing, which would lead to uncertainty
in the results. This study performed statistical analysis on the construction sector and other
sectors associated with it, and identified the obstacles that should be addressed to make
the sectors self-sufficient. It also identified the challenges that are hurdles in achieving
sustainability in the construction sector. Any percent change in the construction sector will
affect the overall output of the country, depending on how each country takes effective
measures to prevent the sector from slipping into recession. The analysis of the construction
sector of three countries shows that a sector without any sustainable vision will produce
satisfying growth in the short term. However, in the long term, if the rapid implementation
of legislation for reducing hydrocarbon emissions is needed, it will prove detrimental to
the sector.

6.1. USA Economy

It is expected that the construction industry environment in the USA will become
favorable in terms of decreased tariffs under Joe Biden’s presidency, given that Trump had
increased the cost of construction during his administration, though he did announce a USD
2 trillion relief package for infrastructure development [88]. Accordingly, the USA pledges
to cut the use of hydrocarbon fuel and its emissions up to 52% by 2030 [89]. The residential
construction sector plays an influential role in the development of construction. Owing
to the shock in the economy from the COVID-19 outbreak, millions of people were laid
off from construction, which forced first-time buyers to look for low-cost, large spaces for
living [90]. However, a question remains about the uncertainty of expansion of residential
construction because of COVID-19 lockdowns, which have paralyzed business in this field.
It is estimated that the global construction output will increase to USD 8 trillion by 2030,
and the top three contributors to construction will include the USA and China, which
have a combined construction output of 57% of global growth [91]. Construction in the
southern states of the USA is expected to increase, reflecting the higher population growth
and catch-up potential of the region. In the next 15 years (up to 2035) [92], the construction
industry of the USA will grow faster than in China and will become more dynamic, which
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will influence the evolution of the prosperity of the society as it will create a vast number of
jobs and will ensure wealth and a healthy living standard of the people [93]. Hence, output
growth in the construction sector will increase the overall GDP and bring socio-economic
prosperity to the country.

6.2. Chinese Economy

Similarly, it is anticipated that the Chinese construction sector will rise to become
the largest construction market in the world and will generate USD 13 trillion in revenue
by 2030. On the flip side of this marvel development in the construction sector, there
will be a draconian production of 28% of the global energy emissions in the absence of
sustainable processes [94]. The five-year plan for the sustainability of China limits the
use of fossil fuels to 20% with each subsequent passing year [95]. China plans to rely on
renewable sources for its energy demands, on-site renewable zero carbon emission energy
practices and making public and private real estate sustainable, all of which will drive the
country toward a 70% reduction in carbon emission by 2060 [96]. China plans to achieve
cleaner production in the construction sector through sustainable urbanization and human
settlement, reducing the use of fossil fuels, managing household wastes for rural and urban
areas, formulating urban air quality standards, constructing ecological corridors, restoring
wetlands, and improving energy savings for existing buildings [97]. To embark on the
cleaner environment strategy, as the primary carbon polluters of the world, China and the
USA have agreed to cooperate to tackle the climate crisis based on its urgency and reduce
fossil fuel emissions by half [98].

6.3. United Kingdom Economy

It is expected that the UK construction sector will surpass the German sector and
become the sixth-largest construction sector and the largest one in Europe by 2030 [99].
The UK has introduced the vision Construction 2025, which includes benefits such as
reducing GHG emissions by 50%, reducing construction costs by 33%, building cheaper
homes and ensuring their fast delivery by 50%, designing smart and safer buildings,
sustainable practices, and cleaner production [22]. The World Economic Forum introduced
the Infrastructure and Urban Development Industry Vision 2050, which envisions minimum
carbon and resilient construction solutions. The application of low-carbon emissions
and innovation of cleaner practices can be implemented through the collaboration of the
stakeholders, performance-based delivery of construction practices, a skilled workforce,
use of digital systems to optimize social, economic, and social benefits, reducing risks by
responding quickly to the losses, and application of a long-term lifecycle of optimized
solutions [100].

The VECM analysis of Australian construction markets shows that other sectors’ price
hikes increase construction prices, which is also evident in this study, with other sectors
such as SERV, TSC, MMU, and AHFF increasing in price [101]. In another study to forecast
construction demand in Australia, it was found that the VECM model of forecasting
construction demand was affected by GDP, population, and exports [102]. The results
of this study also indicate that the construction sector has forward linkages to GDP and
other sectors. An empirical investigation of the construction sector and economic growth
was performed in Saudi Arabia. It was found that there is a unidirectional causality and
long-run effects in the construction sector [103]. This study also revealed that there would
be short-run effects of a shock in the construction sector and long-run effects on other
sectors’ behavior along with economic growth.

Although many studies were conducted to study the behavior of the construction
sector and its contribution to the cumulative economy, there is an absence of studies that use
statistical processes such as IRF to study the behavior of the construction sector toward the
road to sustainability and cleaner production. Therefore, this study closes the literature gap
by proposing the use of statistical inferences that can be employed in a circular economy to
bring the construction sector one step closer to sustainability.
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The methodology followed by the current study suggests that IRF can adequately
be used to forecast shock behavior by creating an impulse in the multivariate vector
autoregressive function. This statement validates the methodology followed by previous
studies, indicating that a single variable can have instantaneous effects on the second to
last variables; therefore, the concept of the shock is the correct representation within the
economic system.

How, then, can the construction sector be made a sustainable sector? First, we have to
invest in work density, which is the only way to be energy-productive, resource-productive,
flow optimally, and use the stock of resources optimally. Second, we have to make sure it is
diverse in a way that can be used within the work density. Third, work density must be
reintegrated back into the city. Finally, the novel availability of renewable resources and
the accessibility of micro-mobility must be returned to construction sites.

7. Conclusions

This study used a dynamic statistical approach to determine the role of each sector in
the cumulative economy. Three countries (the USA, China, and the UK) were selected as
the scope of analysis to study the behavior of the CONST sector. Based on the results, it
was concluded that the CONST sector is volatile, can trigger a recession in the economy,
and behaves differently to other sectors due to its nature. The CONST sector has short-
and long-term effects on itself and other sectors. To achieve sustainability, the CONST
sector would have to make use of carbon processes to return to its original position after
experiencing a shock. After regaining its former position, only then could the CONST
sector move towards sustainability; hence, for this purpose, a combination of statistical
processes and the pillars of sustainability must be followed. Adopting new pressure points
and analyzing their effects in the sector, along with their quantitative role in the CONST
sector, could lead to sustainability in the sector. However, the absence of a sustainable
framework to support these sectors will lead to environmental degradation, which can be
prevented by implementing the proposed framework.

The USA is facing challenges in the CONST sector due to the hike in prices of major
materials for construction and lack of employment. Aside from other reasons, the COVID-19
pandemic has also disrupted the overall sector. Currently, the hurdle in the UK construction
sector is to enable the local skilled workforce to adopt digital mechanistic approaches while
retaining the current labor force and its traditional knowledge of construction techniques.
This scenario leads to poor productivity and insufficient innovation, which draw attention
to and emphasize sustainable novel procedures in designing and planning. The challenges
faced by the Chinese construction sector include environmental problems, such as excessive
pollution, the difference in income between Eastern and Western construction workforces,
insufficient capital funding, and strict banking loans for supporting the construction sector.

The theoretical framework selected for this study best suited and was proved adequate
to answer the research problems. The use of Granger and impulse response concepts
established that the construction sector is linked to other sectors, with dynamic output
effects on future series; hence, the variable satisfies the hypothesis of linkages and the
effects of the study of economic sectors.

In light of the above conclusion, the following research hypotheses were concluded.
Firstly, the CONST sector is greatly dependent on other sectors for its material supply;
any major change in this sector would also affect the performance of other sectors; hence,
the related hypothesis is rejected. Also, recovering from a major shock would require an
increased demand in energy, which would increase the threshold to attain sustainability
in the CONST sector. Secondly, the construction sector must move beyond sustainable
processes to achieve its former position and construction should move in the same direction
as the national economy to regain its former GDP growth. Thirdly, investors and policy
makers should pay attention to emphasizing a cleaner construction sector in terms of
policies, stakeholder trust, human resources, and capacity-building programs; hence, the
related hypothesis is rejected. Finally, the results of the IRF and VECM could be incorpo-
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rated to assess the behavior of the construction sector if sustainability is introduced in this
sector; hence, the related hypothesis is rejected. Hence, the short- and long-term effects of
the construction sector on employment, output, and circularity indicate that to regain its
original position, the construction sector would have to make excessive use of CO; to run
its engine; therefore, in the long term, the construction sector would become unsustainable.

8. Recommendation and Future Prospects

This study recommends an in-depth examination into the identification of problems
facing the construction sector, which has the potential to generate a considerable output
and prove fruitful in helping the country recover from times of economic recession. Joint
venture programs between multinational firms and local authorities must be increased
to grow human capital, increase skilled labor for cleaner production, execute required
work in decreased time, achieve resource efficiency, and develop machine-operating skilled
workers. Knowledge sharing should be encouraged to increase the trust of local and
overseas investors, which will raise foreign direct investments in the construction sector
that could pave the way for a circular strategy. Finally, the process of tendering, sustainable
construction methods, integrated solutions for the development of methods, loans and
funding for research, contract agreement, and transparent payment procedures must
be applied to the construction sector, which will attract many stakeholders to invest in
innovative procedures in the sector.

Future research should focus on construction multipliers. This study used the GDP
of the CONST sector but data were limited. In the future, other contributing factors, such
as health, revenues, employment rates, biodiversity loss, and material consumption, must
be analyzed to reflect the accomplishment of suitable practices in the CONST sector. This
will help determine the factors for lagging in sustainable development, hence enabling the
government and private firms to make informed policies for sustainable development in
the CONST sector. Future work should focus on replicating the statistical procedure in in-
dividual geological regions (states or neighboring countries). This individual focus will not
only help identify differences at the small scale in the drivers of change and their enablers,
but also develop deeper insight into understanding corporate and stakeholder roles.
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Appendix A. USA Data

Table Al. Data description of the USA & China sectors (in USD trillion).

YEAR CONST MMU AHFF SERV TSC GDP CONST MMU AHFF SERV TSC GDP
1970 0.051 0.288 0.025 0.416 0.104 1.07 0.0084 0.010 0.08 0.083 0.026 0.22
1971 0.056 0.305 0.026 0.457 0.113 1.16 0.009 0.0108 0.083 0.093 0.039 0.245
1972 0.063 0.335 0.031 0.5004 0.127 1.27 0.009 0.012 0.083 0.100 0.0292 0.255
1973 0.07 0.374 0.045 0.552 0.141 1.42 0.01 0.013 0.091 0.108 0.0301 0.275
1974 0.074 0.401 0.044 0.604 0.155 1.54 0.01 0.0132 0.095 0.109 0.031 0.282
1975 0.076 0.432 0.0458 0.666 0.162 1.68 0.012 0.0128 0.097 0.125 0.033 0.303
1976 0.085 0.491 0.044 0.736 0.184 1.87 0.103 0.0147  0.0975 0.121 0.0351 0.298
1977 0.094 0.558 0.045 0.824 0.205 2.08 0.013 0.0165 0.095 0.138 0.37 0.325
1978 0.11 0.625 0.052 0.936 0.233 2.35 0.013 0.018 0.102 0.162 0.0421 0.367
1979 0.126 0.69 0.062 1.04 0.257 2.63 0.014 0.019 0.127 0.178 0.046 0.41
1980 0.13 0.746 0.056 1.18 0.279 2.85 0.019 0.021 0.137 0.201 0.0553 0.458
1981 0.131 0.861 0.068 1.32 0.31 3.2 0.02 0.022 0.155 0.206 0.059 0.493
1982 0.132 0.866 0.065 1.44 0.322 3.34 0.022 0.024 0.177 0.218 0.071 0.537
1983 0.14 0.903 0.052 1.58 0.353 3.63 0.027 0.027 0.197 0.239 0.082 0.602
1984 0.167 1.09 0.07 1.75 0.386 4.03 0.031 0.033 0.231 0.281 0.102 0.727
1985 0.188 1.03 0.07 1.92 0.409 4.33 0.041 0.0421 0.256 0.347 0.127 0.909
1986 0.21 1.03 0.068 2.09 0.428 4.57 0.052 0.049 0.278 0.4 0.154 1.037
1987 0.22 1.09 0.074 2.28 0.461 4.855 0.066 0.056 0.323 0.462 0.183 1.21
1988 0.238 1.19 0.074 249 0.491 523 0.081 0.068 0.386 0.581 0.227 1.51
1989 0.246 1.24 0.085 2.69 0.505 5.64 0.079 0.081 0.426 0.652 0.296 1.71
1990 0.249 1.28 0.09 2.89 0.529 5.96 0.086 0.116 0.506 0.69 0.33 1.88
1991 0.233 1.28 0.085 3.06 0.562 6.15 0.100 0.142 0.534 0.813 0.381 22
1992 0.235 1.32 0.093 3.27 0.591 6.52 0.14 0.168 0.586 1.03 0.489 2.71
1993 0.249 1.38 0.09 3.43 0.627 6.85 0.22 0.217 0.696 1.42 0.648 3.56
1994 0.276 1.48 0.098 3.59 0.674 7.28 0.29 0.278 0.957 1.95 0.897 4.86
1995 0.291 1.56 0.091 3.81 0.711 7.63 0.37 0.324 1.21 25 1.12 6.13
1996 0.317 1.6 0.108 4.03 0.742 8.07 0.43 0.378 14 2.95 1.31 7.18
1997 0.339 1.67 0.108 4.34 0.784 8.57 0.46 0.414 1.44 3.3 1.55 7.97
1998 0.379 1.69 0.998 4.59 0.863 9.06 0.49 0.466 1.48 341 1.788 8.51
1999 0.417 1.77 0.092 49 0.939 9.63 0.51 0.517 1.47 3.6 1.99 9.05
2000 0.461 1.86 0.098 527 0.956 10.25 0.55 0.616 1.49 4.02 2.307 10.02
2001 0.486 1.8 0.099 5.58 0.988 10.58 0.59 0.687 1.57 4.38 2.689 11.086
2002 0.493 1.78 0.095 5.87 1.03 10.93 0.64 0.749 1.65 4.77 3.07 12.171
2003 0.525 1.87 0.114 6.14 1.06 11.45 0.75 0.791 1.73 5.53 3.495 13.742
2004 0.594 2.005 0.142 6.48 1.16 12.21 0.87 0.93 2.14 6.57 4.05 16.184
2005 0.651 2.15 0.128 6.93 1.21 13.03 1.04 1.066 2.241 7.79 4.05 18.731
2006 0.697 2.32 0.125 7.32 1.27 13.81 1.24 1.21 24 9.22 5.72 21.94
2007 0.715 242 0.144 7.68 1.35 14.45 1.53 1.46 2.84 11.16 7.34 27.009
2008 0.648 247 0.147 7.89 1.41 14.71 1.88 1.63 3.34 12.172 8.611 31.92
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Table A1. Cont.

YEAR CONST MMU AHFF  SERV TSC GDP CONST MMU AHFF SERV TSC GDP
2009 0.565 2.27 0.13 8.05 1.37 14.44 2.26 1.65 3.46 13.8 10.06 34.85
2010 0.525 242 0.146 8.3 1.44 14.99 2.72 1.87 3.96 16.51 11.771 41.21
2011 0.524 2.55 0.18 8.56 1.48 15.54 3.29 2.18 4.61 19.51 13.96 48.79
2012 0.553 2.608 0.179 8.96 1.53 16.19 3.68 2.37 5.05 20.89 15.9 53.85
2013 0.587 2.707 0.215 9.19 1.62 16.78 4.08 2.6 5.46 2223 18.24 59.29
2014 0.636 2.81 0.201 9.63 1.67 17.52 454 2.85 5.47 23.31 20.45 64.35
2015 0.694 2.738 0.182 10.09 1.81 18.22 477 3.05 5.98 23.49 23.57 68.88
2016 0.746 2.66 0.166 10.48 1.91 18.71 5.14 3.3 6.24 24.54 26.66 74.63
2017 0.79 2.82 0.176 10.89 1.99 19.51 5.79 3.71 6.46 27.51 30.101 83.2
2018 0.84 3.02 0.718 11.47 2.12 20.58 6.54 4.03 6.75 30.108 33.93 91.92
2019 0.892 3.05 0.175 11.95 2.26 2143 7.09 4.28 7.35 31.71 37.00 99.08
2020 0.895 2.85 0.174 11.84 217 20.89 6.10 453 711 30.02 40.22 101.59

Appendix B. UK Data
Table A2. Data description of the UK sectors (in USD trillion).

YEAR CONST MMU AHFF SERV TSC GDP
1970 0.0036 0.0173 0.0012 0.019 0.0053 0.054
1971 0.0042 0.019 0.0013 0.022 0.00609 0.06
1972 0.0049 0.021 0.0015 0.025 0.0069 0.068
1973 0.0059 0.0239 0.0017 0.03 0.00813 0.078
1974 0.007 0.026 0.0019 0.035 0.00939 0.088
1975 0.0089 0.0328 0.0024 0.044 0.0118 0.109
1976 0.01 0.039 0.0027 0.053 0.0134 0.129
1977 0.0115 0.0462 0.003 0.062 0.0149 0.15
1978 0.012 0.054 0.0033 0.072 0.016 0.175
1979 0.014 0.064 0.0037 0.085 0.018 0.207
1980 0.016 0.075 0.004 0.1003 0.0205 0.243
1981 0.017 0.082 0.0043 0.112 0.022 0.269
1982 0.019 0.088 0.0045 0.124 0.024 0.294
1983 0.0204 0.095 0.0047 0.138 0.026 0.323
1984 0.021 0.1002 0.0048 0.149 0.027 0.346
1985 0.023 0.107 0.005 0.165 0.029 0.381
1986 0.026 0.111 0.0055 0.177 0.033 0.41
1987 0.03 0.117 0.0062 0.194 0.038 0.455
1988 0.035 0.126 0.007 0.216 0.045 0.511
1989 0.041 0.134 0.008 0.24 0.052 0.566
1990 0.042 0.14 0.0083 0.269 0.056 0.615
1991 0.039 0.141 0.0083 0.289 0.059 0.647
1992 0.036 0.144 0.0087 0.313 0.061 0.672
1993 0.035 0.151 0.0092 0.334 0.0632 0.707
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Table A2. Cont.

YEAR CONST MMU AHFF SERV TSC GDP
2015 0.109 0.2437 0.012 0.943 0.175 1.91
2016 0.113 0.243 0.0114 0.987 0.187 1.99
2017 0.119 0.256 0.0118 1.01 0.194 2.06
2018 0.123 0.264 0.012 1.05 0.202 2.14
2019 0.129 0.265 0.013 1.08 0.213 2.21
1994 0.038 0.161 0.0093 0.355 0.067 0.745
1995 0.0407 0.169 0.0107 0.374 0.069 0.85
1996 0.043 0.182 0.0099 0.398 0.074 0.907
1994 0.038 0.161 0.0093 0.355 0.067 0.745
1995 0.0407 0.169 0.0107 0.374 0.069 0.85
1996 0.043 0.182 0.0099 0.398 0.074 0.907
1997 0.0434 0.1849 0.0092 0.415 0.081 0.951
1998 0.0491 0.184 0.0096 0.433 0.089 0.997
1999 0.055 0.1846 0.0091 0.45 0.095 1.03
2000 0.059 0.193 0.0093 0.474 0.103 1.09
2001 0.062 0.188 0.0089 0.504 0.107 1.13
2002 0.068 0.189 0.0109 0.532 0.111 1.18
2003 0.071 0.193 0.011 0.571 0.119 1.25
2004 0.072 0.194 0.0101 0.612 0.124 1.31
2005 0.0803 0.202 0.0076 0.659 0.128 1.39
2006 0.085 0.2135 0.0088 0.699 0.132 1.47
2007 0.0921 0.2133 0.0087 0.743 0.142 1.54
2008 0.094 0.223 0.018 0.766 0.147 1.58
2009 0.081 0.211 0.016 0.772 0.144 1.54
2010 0.082 0.222 0.0097 0.785 0.148 1.6
2011 0.085 0.224 0.0115 0.807 0.154 1.66
2012 0.088 0.231 0.011 0.837 0.158 1.71
2013 0.095 0.241 0.0114 0.868 0.163 1.78
2014 0.101 0.2437 0.014 091 0.17 1.86
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Abstract: Building information modeling (BIM) application in construction projects is considered ben-
eficial for effective decision making throughout the project lifecycle, as it maximizes benefits without
compromising practicality. The Malaysian construction industry is also keen on the adoption of BIM
culture. However, various identified and unidentified barriers are hindering its practical implementa-
tion. In light of this, this study identified and analyzed critical obstacles to using BIM in Malaysian
small construction projects. Through the use of semi-structured interviews and a pilot study using
the exploratory factor analysis (EFA) method, the critical BIM barriers (CBBs) have been identified.
Based on the findings of the EFA, CBBs were classified into five categories, i.e., technical adoption
barrier, behavioral barrier, implementation barrier, management barrier, and digital education barrier.
Following the questionnaire survey, feedback of 235 professionals was collected with vested interests
in the Malaysian construction business, and the CBBs model was created using analysis of moment
structures (AMOS). The findings revealed that although Malaysian experts with little experience in
practice were fairly educated about BIM, technical adoption barriers, behavioral barriers, manage-
ment barriers, and implementation hurdles were critical for adopting BIM. The study’s findings will
help policymakers eliminate CBBs and use BIM in Malaysia’s modest construction projects to save
costs, save time, boost productivity, and improve quality and sustainability.

Keywords: construction sector; barriers; BIM; small contractors; SEM; Malaysia

1. Introduction

Building information modeling (BIM) allows construction and design teams to max-
imize their existing technological infrastructure. By consolidating all relevant multi-
disciplinary construction and design documents into a single repository, the BIM pro-
cess facilitates the development and administration of data across the entire architecture
engineering and construction (AEC) project lifecycle [1]. Oyuga et al. [2] described the
application of BIM as reviewing and checking the daily on-site performance of work activi-
ties in comparison to the created plans and confirming the expected performance before
or throughout the project. Moreover, Durdyev et al. [3] emphasized the BIM applica-
tion in small construction projects to be essential, as it allows construction managers to
make choices quickly and accurately based on critical inputs. Successful building projects
correlate to how well BIM metrics are used. BIM has the capability to integrate with
imaging (videogrammetry, laser scanning, and photogrammetry), geospatial (geographic
information system (GIS) and global positioning system (GPS), ultra-wideband (UWB),
radio frequency identification (RFID), and barcode), and virtual and augmented reality
(VR/AR) technologies [4,5]. Hyarat et al. [6] identified that four-dimensional BIM models
are necessary to monitor and analyze the building processes. In addition, BIM has been
regarded as the first step toward digital construction and has been integrated with a wide
range of construction operations, including facility elevations, prefabricated construction

81



Sustainability 2023, 15, 2477

projects, and project management activities [7]. According to Olanrewaju et al. [8], one of
BIM'’s core tasks is effective progress management of construction operations, which was
not possible due to the many challenges encountered throughout its adoption. Accord-
ing to Berges-Alvarez et al. [9], there is less room for error and less time to think things
through when making sustainability-related decisions. A connection is made between the
environment and the economy using BIM. A solid proof of concept may be used to push
BIM software into the conceptual design phase. The method is only partially automated
but nevertheless allows for well-considered choices to be made during the preliminary
stages of a building’s design. In Olanrewaju et al. [10], the areas of uncertainty, omission
and misuse in BIM-based projects have been identified.

In light of the above discussion, it is clear that further research into the dimensions and
technical qualities determining the effective deployment of BIM is necessary to improve
the knowledge and trust of stakeholders in the construction sector. According to Abu-
Hamdeh et al. [11], the contemporary building business recognizes the need to enhance
building energy efficiency and use cutting-edge technology. Lin et al. [12] clarified that the
use of three-dimensional modeling has also been proven to be helpful in lowering buildings’
harmful effects on the environment. According to Chen et al. [13], the construction sector
stakeholders’ resistance to embracing technology stems mainly from a need for knowledge
of management system standards, requirements, and reference frameworks. The fourth
industrial revolution (IR4.0) has accelerated the building industry’s transition to digital
methods [14]. To realize the vision of a fully digitalized construction environment and to
advance the IR4.0 environment, it is necessary to encourage the construction industry and
other relevant stakeholders to adopt BIM systems for construction processes by addressing
the uncertainties they may have about doing so [15].

Charef et al. [16], Shirowzhan et al. [17], Ahmed and Hosque [18] and Hamid and
Embi [19] have identified the barriers to BIM implementation in construction projects with-
out categorization on the basis of the scale of the project. It is indicated by the implications
of Hamid and Embi [19] and Alwee et al. [20] that the challenges of BIM implementa-
tion are not always the same for small-scale and large-scale construction projects, even
in the international context. The aforementioned facts provide a rationale for this study;
and the scope has been narrowed down to small construction projects. No specific study,
such as Taat et al. [21], Manzoor et al. [22], Belayutham et al. [23] and Chen et al. [13],
has targeted the small construction projects from Malaysia indicating BIM barriers. For
effective identification of barriers relative to any subject variable, there is always a need
for non-parametric statistical evaluation and structural equation modeling (SEM), as indi-
cated by Ringle et al. [24] and Wang and Rhemtulla [25]. According to Arif et al. [26] and
Yaakob et al. [27], the Malaysian construction industry contributes majorly to the economy
by which small construction projects must adopt modern technologies in which BIM is on
top. Small construction projects cannot contribute generously to the Malaysian economy
without considering the restructuring of small construction projects with modern construc-
tion technologies, including BIM. Following the gap indicated by the abovementioned
studies, this research involves exploratory factor analysis (EFA) and SEM, which make it
unique in specific Malaysian small construction projects.

To effectively deploy BIM technologies, this research inte