
Citation: Alotaibi, S.; Martinez-

Vazquez, P.; Baniotopoulos, C. A

Holistic Framework to Accelerate

Implementation of Circular Economy

in Mega-Scale Construction Projects.

Appl. Sci. 2024, 14, 10958. https://

doi.org/10.3390/app142310958

Academic Editor: Paulo Santos

Received: 29 October 2024

Revised: 22 November 2024

Accepted: 24 November 2024

Published: 26 November 2024

Copyright: © 2024 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/).

Article

A Holistic Framework to Accelerate Implementation of Circular
Economy in Mega-Scale Construction Projects
Saud Alotaibi 1,2,* , Pedro Martinez-Vazquez 1 and Charalampos Baniotopoulos 1,*

1 Department of Civil Engineering, School of Engineering, University of Birmingham, Edgbaston,
Birmingham B15 2TT, UK; p.vazquez@bham.ac.uk

2 Civil Engineering Department, College of Engineering, Imam Mohammad Ibn Saud Islamic
University (IMSIU), Riyadh 13318, Saudi Arabia

* Correspondence: sxa1708@student.bham.ac.uk or smaalotaiby@imamu.edu.sa (S.A.);
c.baniotopoulos@bham.ac.uk (C.B.)

Abstract: Circular economy continues to gain momentum in the field of construction. Notwithstand-
ing the rapid attention this concept is gathering within the construction industry, a clear framework
to facilitate its implementation in Saudi Arabia has yet to be developed. This paper aims to tackle
this knowledge gap by proposing a framework for CE implementation in construction mega-projects.
This study builds upon past research by the authors, where 12 key CE enablers for the construction
of mega-projects were identified. Interpretive Structural Modelling (ISM) has been brought into
the current research to collect and analyse the relevant data, including further validation of the
enablers conducted with two university professors and six participants actively involved in three
mega-projects. Following this, 17 professionals (stakeholders) drawn from separate case studies were
selected to examine the contextual relationships between the identified enablers. In a third and last
stage, the framework underwent additional validation by three professionals and three academics
to ensure its consistency and adaptability for the Saudi Arabian construction industry. The results
obtained showed that all CE enablers clustered into four categories: dependent, driving, linkage,
and autonomous, whereas the ISM analysis demonstrated that CE in construction mega-projects
fits a five-level framework, starting with the establishment of law and legislation. The integrated
framework not only fills the identified knowledge gaps but also serves as a tool for the strategic
implementation of CE in Saudi Arabia’s mega-projects.

Keywords: circular economy; CE framework; enablers; interpretive structural modelling; ISM;
construction; mega-projects

1. Introduction

The construction industry is able to enhance urban and socio-economic development
including through enforcement of sustainability development goals (SDGs). Therefore,
addressing the sector’s environmental and resource challenges through a more sustainable
approach is crucial for long-term development [1–4]. One key aspect of the transition
towards CE is the reduction of materials and energy consumption while closing the loop on
materials use [5–7]. This new paradigm, named circular economy, redefines the construction
industry as a “system where materials never become waste and nature is regenerated. . .” [8].
It is a global challenge to facilitate this transition, leveraging societal benefits and waste re-
duction through decreasing reliance on raw materials and the adoption of more sustainable
and efficient resource management.

Past research has identified a variety of schemes for integrating circular economy
into the construction sector. International efforts are being led by countries and institu-
tions around the world that have developed legislation and technologies to accelerate
the transition to circularity. Locally, we have the British Standards (BS8001) [9], and Re-
SOLVE (Regenerate, Share, Optimise, Loop, Virtualise, Exchange) introduced by the Ellen
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MacArthur Foundation [6] to mention a couple of examples. Separate studies have also
emphasised the need for clear, practical guidance, tailored to the context where the construc-
tion industry operates [10,11]. Yet, CE principles and models differ amongst sectors and
regions, highlighting the need for sector-specific frameworks that address the complexities
and demands of civil engineering construction [3,12,13].

The literature review undertaken for this study revealed that, to date, most studies
have focused on small-scale projects often involving buildings [14–17]. A few other studies
have specialised in strategies of design for deconstruction and design for flexibility [3,11,18],
although on some occasions these studies have merely identified barriers, drivers, and
strategies of CE without structuring broader pathways for specific context; for an example,
see [19]. In fact, several frameworks over-rely on theoretical solutions with limited consider-
ation of practical issues, making them unsuitable for generalisation—for example, ref. [20]
focuses on existing buildings but does not address those under construction. Furthermore,
previous studies that explore CE overlook the contextual relationship between the enablers
in large construction projects like mega-projects. This leaves room for frameworks that
facilitate the adoption of CE once the complex relationships between enablers have been
understood, particularly for large-scale and infrastructure projects. Examples of studies
that emphasise the importance of having a framework to support the adoption of CE in
construction projects can be found in [1,7,10,11,21].

This study aims to address gaps in CE frameworks within construction using In-
terpretive Structural Modelling (ISM), with a particular focus on mega-projects under
construction in Saudi Arabia. Mega-projects are characterised by their high risk, substantial
costs, significant impact, and the involvement of various stakeholders [22]; hence, under-
standing and resolving the challenges involved open opportunities for generalising the
implementation of CE principles.

Economic transactions derived from construction activities in Saudi Arabia represent
approximately 6% of the nation’s GDP and provide around 3 million jobs [23]. However,
the industry also generates a significant amount of construction waste, averaging 55 tons
per 1 km2 of construction [24], which is one of the various reasons for adopting CE if we
want to reduce CO2 emissions and preserve natural resources [1].

In this research, we used ISM to analyse the relationships between the main enablers
of CE in construction mega-projects, as previously identified by Alotaibi et al. [1]. This
framework builds on past research and introduces practical strategies for integrating CE
into the construction sector in Saudi Arabia, after scrutinising three case studies: Project
A (building), Project B (urban development), and Project C (infrastructure). This study
employed a case study format for its in-depth exploration; however, case studies have
limitations related to generalisability and potential bias [25]. To mitigate these issues, three
distinct mega-projects were selected. Furthermore, data were collected from three main
stakeholder groups within each project to ensure a diversity of perspectives.

The Main Research Question for this Study was:

How can circular economy be adopted in construction mega-projects in Saudi Arabia?

Addressing this question can provide comprehensive understanding and guidance
on integrating CE principles within the context of mega-projects. This insight will be
invaluable for stakeholders, including academics, professionals, and decision makers in
local authorities. Furthermore, it can advance the practical implementation of CE in Saudi
Arabian construction and offer guidance for similar efforts and contexts.

This paper is divided into five main sections. The first section provides an overview of
the construction sector and the concept of CE, highlighting the significance of its implemen-
tation in Saudi Arabian mega-projects. The second section reviews previous studies related
to CE frameworks in the construction industry. The third section explains the research
methods used to achieve the overall aim. The fourth section presents and discusses the
main findings from the Interpretive Structural Modelling (ISM). Finally, the fifth section
explores the study’s implications and limitations as well as directions for future research.
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2. Literature Review
2.1. Definition of Circular Economy in the Construction Industry

The construction industry is a major contributor to waste generation and energy
consumption [2,4,26]; therefore, transitioning towards a more sustainable industry through
the adoption of CE is critical. The implementation of CE in construction is viewed as
crucial for its socio-economic and environmental benefits, also bearing in mind the impact
of construction activities in various areas [5,27,28].

Amudjie et al. [29] define circular economy as “the creation of a closed-loop system that
promotes the sustainable use of materials and minimises waste”. The definition is similar to
the Ellen MacArthur Foundation’s [6], which defines CE as “a restorative and regenerative
industrial system, by intention and design. It replaces the ‘end-of-life’ concept with restoration,
shifts towards the use of renewable energy, eliminates the use of toxic chemicals, which impair reuse,
and aims for the elimination of waste through the superior design of materials, products, systems,
and, within this, business models”.

The rationale behind CE is to shift the sector from the current linear economy (take,
make, dispose) towards a more sustainable and circular system, despite the challenges that
the successful adoption of CE can face [5,21,30].

2.2. Circular Economy Implementation in the Construction Industry

The British Standard Framework (BS8001) in the UK [9] and ReSOLVE (Regener-
ate, Share, Optimise, Loop, Virtualise, Exchange), which was introduced by the Ellen
MacArthur Foundation [6], are amongst existing initiatives to support the economic shift.
However, there is the need for a CE framework tailored to the construction sector’s specific
context and characteristics. This can ensure practical, holistic, and sustainable system-
atic implementation [10,11]. Current CE frameworks vary between sectors and regions,
necessitating a tailored approach for construction activities [3,12,13].

A recent study by Charef [31] presented a digital framework for the adoption of CE
principles in construction, spanning from design to end-of-life. The study highlighted
the critical role of enabling technologies such as building information modelling (BIM),
material certification, and collaborative platforms that facilitate CE practices in the building
sector. It also reflected on other challenges such as resistance to change, technological
complexity, and social acceptance. The study emphasised the importance of contractual
agreements to ensure that CE principles are integrated into all stages of a project with
fair distribution of risk amongst project parties. This approach fosters collaboration and
strengthens the legal and operational structure.

Hossain et al. [18] conducted a review of CE studies across Europe, Asia, Oceania,
and North America. They proposed a framework that integrates CE practices into the
building sector, focusing on the reuse of materials, design for deconstruction, and lifecycle
assessments to measure environmental impact. The framework advocates the use of pre-
fabricated and modular components to support material recovery and reduce construction
waste. The study highlighted various challenges to achieving a successful transition to-
wards circularity, such as supply chain, gaps in knowledge and understanding, the absence
of appropriate CE policies, and the lack of standardised methods for evaluation of CE
practices. Despite identifying these obstacles, the study did not consider enablers in the
proposed framework.

López Ruiz et al. [11] proposed an integrative framework to implement CE in the
construction and demolition sectors, including 14 strategic steps organised into five phases,
starting with preconstruction and extending with material recovery after the end of a build-
ing’s life. The framework highlights key factors such as policy development, economic
incentives, technological advancement, market creation, quality standards, and stakehold-
ers’ awareness. Similarly, Jayakodi et al. [32] introduced a business model for CE that shed
light on socio-economic and environmental challenges. The presented model integrated
economic benefits with environmental sustainability.
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Superti et al. [33] studied the decision-making processes of architects in developed
countries when recommending recycled concrete. Based on a survey of 727 participants,
they found factors that significantly influence decisions, such as architects’ age, professional,
experience, awareness of recycled materials, and social norms. That study emphasised the
significance of project-specific contextual factors in promoting the use of recycled concrete.

Amarasinghe et al. [19] developed a framework for CE in the Australian building
sector, identifying key strategies, enablers, and barriers. That study highlighted cost
reduction as a major driver for CE adoption and stressed the role of a secondary materials
market and robust regulations in aligning strategies with regard to the identified barriers,
providing a clear roadmap for circularity in the Australian construction sector.

Rahel et al. [3] highlight the importance of CE as an innovative paradigm for resource
management, aiming to optimise material loops. Their study underscores the importance
of integrating CE strategies throughout the project lifecycle and proposes a framework that
supports effective resources management, circular design principles, and digitalisation.
This framework was adopted in two projects in London and the Netherlands with a focus
on construction materials’ reuse and recovery at the end of buildings’ life. The identified
challenges to CE adoption refer to limited government support, lack of data, and uncertainty
regarding material performance and quality.

Similarly, Ping Tserng et al. [14] proposed a CE framework for Taiwanese buildings
and identified 30 key practical strategies based on R principles, project items, and phases.
That study compared CE implementation in Taiwan and the Netherland, revealing that
Taiwanese projects focused on basic and short-term practices such as recycling, while
the Netherlands prioritised comprehensive long-term CE strategies. The importance of
legislation, incentives, and collaboration between stakeholders were cited as key factors for
advancing CE adoption in Taiwan’s buildings sector.

Aitana Sáez-de-Guinoa et al. [34] review several strategies to enhance CE practices in
building renovations within the EU. Their framework is based on six key actions (Regener-
ate, Share, Optimise, Loop, Virtualise, and Exchange) to facilitate CE transition, with an
emphasis on integrating circularity strategies into renovation projects to reduce waste and
energy consumption.

In the context of developing countries, Ghufran et al. [35] prepared a causal loop
diagram (CLD) to map out the interrelations among CE enablers, based on a survey
of 108 construction professionals. They identified incentives, technological innovation,
awareness, and education as crucial enablers for CE adoption in developing economies.
A separate study in Colombia highlighted the importance of waste management, the
establishment of technological and environmental parks, and innovative materials as key
drivers for CE transition. That study underscored the role of incentives, government
support, advanced technology, eco-friendly products, stakeholders’ collaboration, and case
studies as crucial aspects of CE adoption in construction [36].

In contrast to the frameworks presented in the literature, which are mostly limited to
buildings or small-scale projects or overlook the contextual relationship between enablers,
this study presents a framework for CE specifically in construction mega-projects. Inter-
pretive Structural Modelling (ISM) was used to assess, classify, and structure the enablers
identified in a previous study [1] and their relationships in the context of Saudi Arabia’s
construction mega-projects, providing a more context-specific understanding of how these
enablers interact.

3. Methodology
3.1. Research Design

This study used Interpretive Structural Modelling (ISM) to analyse survey results,
aiming at identifying the relationships between CE enablers in the context of construction
mega-projects. ISM has been identified as an effective means in construction engineering,
supply chain, and sustainability studies for establishing relationships between enablers,
success factors, and engineering barriers, as highlighted by Ahmad and Qahmash [37].
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This analysis tool was adopted as it can unfold otherwise complex interrelationships within
data, allowing decision-making frameworks to be structured [38].

Separate studies on construction management and sustainability, such as [39–42], have
adopted ISM as a tool to relate system elements. The current investigation followed the
ISM processes outlined by Sushil [43], using MS Excel (version 16.81), which enabled the
modelling process and double checking of results against the recommended online facil-
ity [37,44]. Examples of the accuracy of ISM were also been found in 29 out of 77 scrutinised
studies [37]. This research adhered to proper ISM procedures to develop a structured CE
framework for Saudi Arabia’s mega-projects.

3.2. Interpretive Structural Modelling (ISM)

In this study, ISM was employed to map the relationships between CE enablers in
mega-projects and illustrate how these enablers influence each other. Visualising such inter-
relations makes it easier to prioritise actions required for implementing CE in construction
mega-projects [37,43]. The outcomes of this study are discussed in Section 4, including
the methodology as suggested by Sushil [43] and Ahmad and Qahmash [37]. The study
followed the ISM steps as follows:

Step 1: Identification of the main enablers of CE in construction mega-projects, from
Alotaibi et al. [1];

Step 2: Use of a pairwise comparison survey to establish contextual relationships
between the enablers;

Step 3: Formulation of the structural self-interaction matrix (SSIM);
Step 4: Development of the reachability matrix and checking the transitivity;
Step 5: Level partitioning of the enablers.
Step 6: Development of the ISM framework.
Step 7: MICMAC analysis.

3.3. Identifying the Main Enablers of CE in Construction Mega-Projects

The main enablers of CE in construction mega-projects were primarily identified in
previous research with a similar scope and context [1]. To ensure comprehensiveness and
avoid overlooking key enablers, these were re-evaluated by two university professors
and six professionals involved in three mega-projects (building, urban development, and
infrastructure). A few minor modifications were suggested. After the 12 enablers shown in
Table 1 were validated, a pairwise survey was prepared to collect data to better contextualise
the relationships between them.

Table 1. The list of the main enablers of CE in construction mega-projects.

Code Enablers of Circular Economy in Construction Mega-Projects

E1 Establishing clear law and legislation
E2 Raising awareness of CE
E3 Education and training
E4 CE initiatives
E5 Advanced technology related to CE
E6 Developing a mature market and supply chain
E7 Existing examples of case studies that adopt CE principles
E8 Promoting a culture of acceptance of reclaimed materials
E9 Provision of incentives to adopt CE
E10 Certification of reclaimed materials
E11 Cost reductions for materials and construction
E12 Ensuring data availability

3.4. Case Studies

Yin [25] defined the case study as an empirical investigation of a specific phenomenon
within its real-life circumstance. While case studies provide significant benefits in in-
vestigating complex problems, Yin [25] emphasised the importance of addressing their
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limitations, such as difficulty in generalisation and potential bias in selection. To mitigate
these issues, multiple and distinct case studies should be employed to enhance robustness
and generalisability by incorporating different perspectives on the relationships between
enablers of CE in large-scale projects. Accordingly, three distinct mega-projects in Saudi
Arabia (buildings, urban development, and infrastructure) were selected based on the
criteria outlined by Ashkanani and Franzoi [45] and Flyvbjerg [22]. These projects are
characterised by different criteria including complexity, significant risks, and impact, as
well as budgets exceeding USD 3 billion.

3.5. Sample Strategy

A pairwise survey was developed based on the list of identified enablers. The invi-
tation to take part in the survey was sent to 32 experts, the only ones accessible, drawn
from three construction mega-projects (building, urban development, infrastructure), and
17 of these professionals engaged. The participants were selected purposively, i.e., six
professionals from each project A and B, and five from project C. These professionals had
at least 16 years of experience and worked in various areas including project management,
design, construction, and architecture, holding relevant roles such as client, consultant,
and contractor.

Although ISM usually targets experienced high-profile participants, as demonstrated
in different studies [40,41], in this research, we diversified the profiles to ensure a broad
range of opinions and to better contextualise the relationships amongst the enablers [42].
Saturation was reached by the 13th participant, and consensuses started to emerge. Figure 1
illustrates the method adopted in this study.
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4. Analysis: ISM Processes and Results
4.1. Use of a Pairwise Comparison Survey to Establish Contextual Relationships Between
the Enablers

During consultation meetings, the participants were asked to characterise the relation-
ships amongst enablers, using the following set of symbols:

V: Enabler i influences or leads Enabler j.
A: Enabler j influences or leads Enabler i.
X: Both Enabler i and Enabler j influence or lead each other.
O: Enabler i and Enabler j are unrelated and do not influence each other.
Where enablers i and j are labelled 1, 2, 3, . . ., 12.
This approach allowed the researcher to explain the process and provide clarifications

where needed.

4.2. Formulating Structural Self-Interaction Matrix (SSIM)

Based on the input from the one-to-one meetings, the structural self-interaction matrix
(SSIM) shown in Table 2 was completed. The SSIM added a symbol to each pair of enablers
that was referenced more often by the experts, as a type of consensus to reflect the expert
opinions. Following the SSIM’s formulation, an initial reachability matrix was targeted.

Table 2. Structural Self-Interaction Matrix of the enablers of CE.

Code Enablers E12 E11 E10 E9 E8 E7 E6 E5 E4 E3 E2 E1

E1 Establishing clear law and legislation V V V V V V V O V V V

E2 Raising awareness of CE O O O O V O O O A X

E3 Education and training O O O O V X O V A

E4 CE initiatives V V V V V V V V

E5 Advanced technology related to CE X V O A O A X

E6 Developing a mature market and supply chain X V A A O A

E7 Existing examples of case studies that adopt CE principles O V O X X

E8 Promoting a culture of acceptance of reclaimed materials O V O A

E9 Providing incentives to adopt CE V O O

E10 Certification of reclaimed materials O O

E11 Cost reductions for materials and construction A

E12 Ensuring data availability

4.3. Developing the Reachability Matrix and Check the Transitivity

A matrix was derived from the SSIM by replacing the symbols (V, A, X, O) with
binary digits (0, 1). This transformation helped to calculate and reflect the direct and
indirect impacts between the enablers [46]. The points below show the transition criteria
with examples:

• For V, (i, j) is substituted by 1 while (j, i) is substituted by 0. For example, in SSIM, the
cell of (1, 2) has V, so (1, 2) is assigned “1” while (2, 1) is assigned “0”.

• For A, (i, j) is substituted by 0 while (j, i) is substituted by 1. For example, in SSIM, the
cell of (2, 4) has A, so, (2, 4) is assigned “0” while (4, 2) is assigned “1”.

• For X, (i, j) and (j, i) are substituted by 1. For example, in SSIM, the cell of (2, 3) has X;
both (2, 3) and (3, 2) are assigned “1”.

• For O, both (i, j) and (j, i) are substituted by 0. For example, in SSIM, the cell of (2, 5)
has O; both (2, 5) and (5, 2) are assigned “0”.
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Once the initial reachability matrix shown in Table 3 was complete, a transitivity rule
was incorporated to define the final reachability matrix. Transitivity is an assumption
that attempts to capture the indirect relationships between variables [46]. For instance, if
element A influences or leads element B, and element B leads element C, then element
A also leads element C. Applying transitivity was essential to identifying the direct and
indirect influences. Table 4 shows the final reachability matrix that resulted from this
characterisation; note that the star symbol (*) indicates assumed transitivity.

Table 3. The initial reachability matrix.

Code E12 E11 E10 E9 E8 E7 E6 E5 E4 E3 E2 E1

E1 1 1 1 1 1 1 1 0 1 1 1 1
E2 0 0 0 0 1 0 0 0 0 1 1 0
E3 0 0 0 0 1 1 0 1 0 1 1 0
E4 1 1 1 1 1 1 1 1 1 1 1 0
E5 1 1 0 0 0 0 1 1 0 0 0 0
E6 1 1 0 0 0 0 1 1 0 0 0 0
E7 0 1 0 1 1 1 1 1 0 1 0 0
E8 0 1 0 0 1 1 0 0 0 0 0 0
E9 1 0 0 1 1 1 1 1 0 0 0 0
E10 0 0 1 0 0 0 1 0 0 0 0 0
E11 0 1 0 0 0 0 0 0 0 0 0 0
E12 1 1 0 0 0 0 1 1 0 0 0 0

Table 4. The final reachability matrix.

Code E12 E11 E10 E9 E8 E7 E6 E5 E4 E3 E2 E1 Driving
Power

E1 1 1 1 1 1 1 1 1 * 1 1 1 1 12
E2 1 * 1 * 0 1 * 1 1 * 1 * 1 * 0 1 1 0 9
E3 1 * 1 * 0 1 * 1 1 1 * 1 0 1 1 0 9
E4 1 1 1 1 1 1 1 1 1 1 1 0 11
E5 1 1 0 0 0 0 1 1 0 0 0 0 4
E6 1 1 0 0 0 0 1 1 0 0 0 0 4
E7 1 * 1 0 1 1 1 1 1 0 1 1 * 0 9
E8 1 * 1 0 1 * 1 1 1 * 1 * 0 1 * 1 * 0 9
E9 1 1 * 0 1 1 1 1 1 0 1 * 1 * 0 9
E10 1 * 1 * 1 0 0 0 1 1 * 0 0 0 0 5
E11 0 1 0 0 0 0 0 0 0 0 0 0 1
E12 1 1 0 0 0 0 1 1 0 0 0 0 4

Dependence
Power 11 12 3 7 7 7 11 11 2 7 7 1

4.4. Level Partitioning of the Enablers

Level partitioning of the CE enablers helped to further understand the established
relationships while adding some relative importance, simplifying the interpretation, as
discussed by Sushil [43] and Ahmad and Qahmash [37].

To achieve this partitioning, the final reachability matrix was edited to identify the
intersections between each enabler’s reachability and the antecedent sets. The reachability
set involves the primary enabler and the ones it influences, while the antecedent set includes
the primary enabler and the ones that influence it. The intersection set marks the overlap
between these two sets [37,43].

This research utilised the reachability matrix iteratively to partition the CE enablers
into five levels. For example, Table 5 shows the first iteration, where enabler 11 has been
assigned to level 1 because the reachability and intersection sets are identical. This process
was repeated until all enablers were levelled, as shown in Tables 6–9.
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Table 5. The first iteration of portioning.

Enabler Reachability Set Antecedent Set Intersection Set Level

E1 1,2,3,4,5,6,7,8,9,10,11,12 1 1
E2 2,3,5,6,7,8,9,11,12 1,2,3,4,7,8,9 2,3,7,8,9
E3 2,3,5,6,7,8,9,11,12 1,2,3,4,7,8,9 2,3,7,8,9
E4 2,3,4,5,6,7,8,9,10,11,12 1,4 4
E5 5,6,11,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12
E6 5,6,11,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12
E7 2,3,5,6,7,8,9,11,12 1,2,3,4,7,8,9 2,3,7,8,9
E8 2,3,5,6,7,8,9,11,12 1,2,3,4,7,8,9 2,3,7,8,9
E9 2,3,5,6,7,8,9,11,12 1,2,3,4,7,8,9 2,3,7,8,9

E10 5,6,10,11,12 1,4,10 10
E11 11 1,2,3,4,5,6,7,8,9,10,11,12 11 1
E12 5,6,11,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12

Table 6. The second iteration of portioning.

Enabler Reachability Set Antecedent Set Intersection Set Level

E1 1,2,3,4,5,6,7,8,9,10,12 1 1
E2 2,3,5,6,7,8,9,12 1,2,3,4,7,8,9 2,3,7,8,9
E3 2,3,5,6,7,8,9,12 1,2,3,4,7,8,9 2,3,7,8,9
E4 2,3,4,5,6,7,8,9,10,12 1,4 4
E5 5,6,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E6 5,6,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E7 2,3,5,6,7,8,9,12 1,2,3,4,7,8,9 2,3,7,8,9
E8 2,3,5,6,7,8,9,12 1,2,3,4,7,8,9 2,3,7,8,9
E9 2,3,5,6,7,8,9,12 1,2,3,4,7,8,9 2,3,7,8,9

E10 5,6,10,12 1,4,10 10
E11 1,2,3,4,5,6,7,8,9,10,12 11 1
E12 5,6,12 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2

Table 7. The third iteration of portioning.

Enabler Reachability Set Antecedent Set Intersection Set Level

E1 1,2,3,4,7,8,9,10 1 1
E2 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E3 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E4 2,3,4,7,8,9,10 1,4 4
E5 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E6 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E7 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E8 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E9 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3

E10 10 1,4,10 10 3
E11 1,2,3,4,5,6,7,8,9,10,12 11 1
E12 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2

The resulting structure represents the hierarchy and interdependencies of the enablers,
it clarifies the roles and prioritisation for decision-making within the CE framework in
construction mega-projects.

In the second iteration, {11} was removed from the reachability set, and the identical
enablers in both reachability and intersection sets were assigned level 2.

In the third iteration, {5,6,12} were excluded from the reachability set, and enablers
common to both the reachability and intersection set were categorised into level 3.
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Table 8. The fourth iteration of portioning.

Enabler Reachability Set Antecedent Set Intersection Set Level

E1 1,4 1 1
E2 1,2,3,4,7,8,9 2,3,7,8,9 3
E3 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E4 4 1,4 4 4
E5 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E6 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2
E7 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E8 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3
E9 2,3,7,8,9 1,2,3,4,7,8,9 2,3,7,8,9 3

E10 1,4,10 10 3
E11 1,2,3,4,5,6,7,8,9,10,12 11 1
E12 1,2,3,4,5,6,7,8,9,10,12 5,6,12 2

Table 9. Level portioning of CE enablers.

Enablers Level

Establishing clear law and legislation 5
Raise awareness of CE 3
Education and training 3

CE initiatives 4
Advanced technology related to CE 2

Developing a mature market and supply chain 2
Existing examples of case studies that adopt CE principles 3
Promoting a culture of acceptance of reclaimed materials. 3

Providing incentives to adopt CE 3
Certification of reclaimed materials 3

Cost reductions for materials and construction 1
Ensuringe data availability 2

In the fourth iteration, {2,3,7,8,9} were excluded from the reachability set, and identical
enablers in the reachability and intersection sets were assigned level 4.

In the final iteration, {4} was removed from the reachability set, and identical enablers
in both the reachability and intersection set were assigned level 5.

4.5. Final ISM Framework Development

The final ISM framework is illustrated in Figure 2. This framework is intended to
simplify the relationships between the enablers by removing indirect relationships, referred
to as ‘transitivity’. Transitivity occurs when enabler A influences enabler B, and enabler
B influences enabler C, thereby creating an indirect influence of enabler A on enabler C.
Although such relationships are crucial for a complete understanding of the framework,
they have been removed from Figure 2 to create a clearer and more straightforward visual
representation. This framework was validated by three academics in the field of sustain-
ability and three professional experts to ensure its consistency and applicability within
construction mega-projects in Saudi Arabia.

The framework highlights key driving factors such as E1 “Establishing clear law and
legislation” and E4 “CE initiatives”, which play pivotal roles in the successful adoption of
circular economy. These enablers act as foundational pillars to ensure an effective transition
towards circular practices.

The scheme presented is not only a visual representation but also a strategic tool for
decision makers, offering guidance on the key drivers for sustainable and long-term CE
implementation. Its five levels are discussed in the following sections.
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4.5.1. Level 5

Legislation and law are strategic enablers for CE. These set the foundation upon
which other enablers are built and implemented. Past research [3,11,14,18,19,31,33,36]
underscores the importance of regulatory frameworks in the adoption of CE principles in
construction projects.

Ping tserng et al. [14] conducted a comparative study between two developed coun-
tries, emphasising that clear legislation is crucial for encouraging and facilitating the
adoption of CE in the building sector. Although that study highlighted strategies such as
design of construction and modular design as key practices, the focus on legislation was
comparatively limited. As such, the current study states that establishing CE legislation is
fundamental for enhancing the effectiveness of other enablers.

Having appropriate legislation ensures compliance with circular practices, raises
awareness, encourages CE initiatives, and fosters the development of a mature market for
materials and advanced technology. It is evident that policy makers should prioritise the
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creation of CE legislation for stakeholders to adopt this concept and facilitate a successful
transition to circular economy in the construction sector.

4.5.2. Level 4

After establishing CE legislation, the existence of a CE initiative becomes vital for
facilitating its implementation. In the ISM for construction mega-projects, level 4 highlights
the critical role of CE initiatives in driving the sector towards circularity, particularly in
reducing construction waste. This was demonstrated in a study by Alotaibi et al. [1],
where professionals from mega-projects emphasised the importance of such initiatives in
supporting CE practices, pointing to the success of the local content initiative in Saudi
Arabia’s construction sector.

Both governmental and private initiatives can significantly drive the transition towards
CE. These initiatives are enablers and multipliers, as they support other crucial factors.
They foster a culture of acceptance of CE practices, ensure the availability of reclaimed
material data, and contribute to the development of a mature market and supply chain.
Additionally, CE initiatives play a role in raising awareness, as well as providing education
and training.

The framework in Figure 1 shows how CE initiatives influence several enabling factors
both directly and indirectly. Factors such as awareness, education and training, culture,
and incentives are directly impacted by CE initiatives, while other aspects are influenced
indirectly. Therefore, CE initiatives drive the adoption of CE principles and facilitate the
other enablers that are necessary for transitioning construction mega-projects towards a
sustainable, circular model.

4.5.3. Level 3

At the third level of the framework, other crucial enablers are identified for facilitating
the adoption of CE in construction mega-projects. These enablers are described below.

• Raising awareness of CE

One of the key steps to promoting CE adoption is raising awareness among the
main stakeholders about the potential benefits of CE for the environment, economy, and
society. This aligns with past research which has demonstrated that raising awareness
can drive the transition to CE across various contexts in both developed and developing
countries [11,18,33].

The framework developed in this study shows a direct link between awareness and
education, it highlights that the absence of proper understanding could hinder transition
towards CE. This has also been reflected in previous research pointing to lack of awareness
as a significant barrier to adopting circularity in mega-projects [21].

• Education and Training

Education and training are directly related to raising awareness; construction pro-
fessionals are required to possess the necessary skills and knowledge to implement CE
practices. These competencies are crucial throughout the construction lifecycle, mainly
in areas such as design for flexibility, selecting reclaimed materials, and modular design,
which can significantly reduce material waste and decrease reliance on raw materials [2,18].
This aligns with several studies that have identified lack of knowledge as a major challenge
to CE adoption. Educating stakeholders on the relevant practices is essential for a successful
transition [11,18,35].

• Examples of Case Studies that Adopt CE Principles

Examination of and reflection on case studies can help to clarify ways to implement
CE [33,36]. In fact, the lack of CE examples and case studies has been identified as one of
the top seven barriers to implementing CE in construction mega-projects [21]. Successful
projects that have adopted CE principles such as design for flexibility, the use of reclaimed
materials, and design for disassembly encourage broader adoption of these practices.
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Showcasing the potential environmental and socio-economic benefits reinforces the viability
of CE and serves as a practical guide for stakeholders and similar projects. The framework
demonstrates how successful examples influence other enablers both directly and indirectly,
via routes such as raising awareness, education, and incentives. These projects enhance
the credibility of CE and demonstrate its applicability, helping convince stakeholders to
embrace it.

• Incentives to Adopt CE

The availability of incentives plays a pivotal role in facilitating the adoption of CE
practices, encouraging construction projects to align their goals with CE principles. Incen-
tives such as performance-based rewards, recognition programs, and financial benefits
can drive participation in CE initiatives and contribute to attracting stakeholders. The
importance of incentives is supported by studies that describe the challenges posed by their
absence [11,14,35,36].

• Certification of Reclaimed Materials

Ensuring the quality of materials through certification is crucial, especially in the
context of CE practices. Certification directly impacts the establishment of a mature market
and a reliable supply chain by ensuring that materials meet the required specification and
adhere to CE principles. It ensures that reclaimed and reused materials meet the relevant
standards. This has been discussed by researchers who have highlighted that its absence
could hinder CE implementation [3,11,31]. Material certification is thus considered a key
enabler, providing credibility mainly when dealing with recycled content.

• Promoting a Culture of Acceptance of Reclaimed Materials

The acceptance of reclaimed materials in construction is an important enabler for
facilitating CE. Resistance to using recycled or reused materials has been identified as
one of the top barriers in mega-projects [21]. Charef [31] emphasised the importance of
promoting a culture that supports the use of reclaimed materials, as there is often concern
over quality, with a perception that reclaimed materials may not offer significant cost
savings compared with raw materials. As such, in this framework, promoting a culture of
acceptance is crucial for spreading the use of CE practices in construction.

The interconnection between enablers in level 3, namely, raising awareness, existing
examples of successful CE projects, education, incentives, material certification, and accep-
tance, shows how these factors are mutually supported. By adopting and managing these
enablers, the construction sector can accelerate its transition towards more sustainable and
circular practices.

4.5.4. Level 2

Level 2 of the ISM is underpinned by three enablers identified as critical for facilitating
the adoption of CE in construction mega-projects. These enablers are interdependent,
although the scope of one of them overlaps the others. Level 2 enablers are discussed below
in detail.

• Advanced Technology

Advanced technology can support the adoption of CE, particularly in relation to
themes like recycling, design for deconstruction, and the use of Building Information Tech-
nology (BIM). The complexity of mega-projects and construction activities requires a certain
level of sophistication, for example, with the aid of modern developments like BIM and 3D
printing. These not only optimise projects’ execution but contribute to the integration of
circular principles at the design stage, as asserted by previous studies [11,31,35].

Technology can help minimise construction waste through recycling and sourcing re-
claimed materials [36]. The advancement of CE-related technology is influenced by three en-
ablers at level 3: the existence of case studies, education and training, and offering incentives.
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• Mature Market and Supply Chain

A credible and mature market and supply chain for reclaimed materials and recycled
content is crucial for large-scale CE implementation. A mature market reduces risks and
uncertainties such as, for example, those linked to finding appropriate and approved
materials for construction. Previous studies support the idea of transitioning from a raw
materials-based market to a market that promotes circularity via reusable sources [11,19].
In our proposed framework, market development is advanced by technology and data
availability while directly influenced by the existence of case studies, incentives, and
materials certification.

• Data Availability

Reliable and accurate data on reclaimed materials is critical for CE adoption. High-
quality information can guide decision makers throughout the construction lifecycle, from
design to execution, while ensuring that decisions around CE are cost-effective and en-
vironmentally friendly. Charef [31] discussed the importance of collaborative platforms
for material and structural component data, which can significantly reduce material and
construction costs.

4.5.5. Level 1

Reduction of material and construction costs is fundamental for sustaining CE in
construction mega-projects. Without economic benefits such as cost reduction, CE might
face significant challenges [19]. Implementing CE practices such as modular construction,
selecting reclaimed materials, and designing out waste can substantially lower construction
costs [18]. Naturally, cost reduction is linked to other key enablers, including technological
advancement, a mature market and supply chain, and data availability. Thus, reduc-
ing material and construction costs enhances the economic viability and environmental
sustainability of CE practices in mega-projects.

4.6. MICMAC Analysis

To conclude our examination of CE enablers in construction mega-projects, MICMAC
analysis was run to cluster the identified enablers into categories: driving, dependent,
linkage, and autonomous. These categories were heuristically configured according to
driving and dependence powers. Here, the MICMAC analysis helped visual the developed
framework from a global perspective in terms of primary and pivotal enablers [40]. Figure 3
shows the results obtained through MICMAC.

Figure 2 confirms that E1 “Establishing clear law and legislation” and E4 “CE initia-
tives” drive the process. As such, they need to be prioritised due to their significant impact
on the entire CE framework. Addressing these driving enablers can positively impact
the whole process, as they have the potential to drive the entire system and sustain the
adoption of CE in construction mega-projects.

On the other hand, E5 “Advanced technology related to CE”, E6 “Developing a mature
market and supply chain”, E11 “Cost reductions for materials and construction”, and E12
“Ensuring data availability” are classified as dependent. These enablers should be moni-
tored and partially interpreted, since it may become apparent whether the implementation
of other enablers has been successful only towards the end of the project. In turn, E2
“Raising awareness of CE”, E3 “Education and training”, E7 “Existing examples of case
studies that adopt CE principles”, E8 “Promoting a culture of acceptance for reclaimed
materials”, and E9 “Providing incentives to adopt CE” are categorised as linkage enablers.
These are significantly influenced by E1 and E4 and require special attention because
of their dual role, i.e., influencing and being influenced by other enablers. Finally, E10
“Certification of reclaimed materials” is classified as autonomous. Notwithstanding, this
enabler still requires attention to operate at the required level and ensure the framework’s
overall success.
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5. Conclusions and Limitations

The study proposes a framework to facilitate the transition towards circular economy
in construction mega-projects, using case studies from the kingdom of Saudi Arabia. The
Interpretive Structural Modelling (ISM) based on data collected from three distinct mega-
projects (buildings, urban development, and infrastructure) demonstrates a structured
approach to understanding the relationships between CE enablers.

The ISM analysis provides various key findings that are vital for the transition to
CE in construction mega-projects. The progression of analyses revealed E1 “Establishing
clear law and legislation” and E4 “CE initiatives” as the driving enablers that significantly
impact entire schemes. Other dependent enablers, including E5 “Advanced technology
related to CE”, E6 “Developing a mature market and supply chain”, E11 “Cost reductions
for materials and construction”, and E12 “Ensuring data availability” are successfully
achieved by addressing the requirements established at separate levels. Furthermore,
linkage enablers such as E2 “Raising awareness of CE”, E3 “Education and training”, E7
“Examples and existence of case studies that adopt CE principles”, E8 “Promoting a culture
of acceptance of reclaimed materials”, and E9 “Providing incentives to adopt CE”, play
a crucial role in the framework’s success. E10 “Certification of reclaimed materials” is
considered an autonomous enabler that has less criticality within the framework.

This study aims to underpin circular economy in the construction sector, particularly
in the context of mega-projects. The data gathered incorporate views and perspectives
expressed by key stakeholders, providing a broader insight to the framework. Notably, the
study collected data from three case studies in the Kingdom of Saudi Arabia, where there is
no framework yet in the field of circular economy within this context or for mega-projects.

We believe that the use of Interpretive Structural Modelling (ISM) to examine CE
enablers is a novel approach that offers new insights on how CE transition can be achieved
utilising its advantages such as minimising construction waste. Its contribution lays a
foundation for future research across different regions and contexts.

Although the developed framework serves as a strategic tool for decision makers and
key stakeholders to adopt CE principles in construction mega-projects, it does not consider
potential changes in the regulations or advancement of technologies. Furthermore, this
study was limited to Saudi Arabia’s mega-projects and targeted experienced high-profile
participants. Future studies could consider validating the method and expanding it to other
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contexts and industries, as well as applying it to smaller projects to broaden its applicability
and impact. To accelerate the transition towards CE, collaboration among decision makers
and key stakeholders in the industry is essential. The developed framework can be utilised
as a roadmap to prioritise the necessary actions.

The adoption of CE in construction mega-projects can be advanced by considering EU
initiatives, as these are in the forefront in this field. The European Union has established
regulations, policies, case studies, and best practices such as those presented by Circu-
larB [47]. Incorporating these practices can facilitate the transition towards circularity in
the construction industry.
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