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ARTICLE INFO ABSTRACT

Keywords: Construction megaprojects (CMPs) face persistent challenges, including cost overruns, delays, stakeholder
Lean construction misalignment, and growing demands for sustainability, all of which threaten their success and long-term value.
Megaprojects

Lean Construction (LC) offers a socio-technical pathway to reconcile scale, speed, and sustainability. Yet, while
prior research has identified barriers and success factors for LC adoption, there remains a critical gap in un-
derstanding how to prioritize and sequence enablers for systemic diffusion, especially under resource and
institutional constraints. Addressing this, the present study reconceptualizes LC implementation as a multi-level
diffusion process, wherein the salience of enablers shifts with context, method, and implementation phase. Using
a mixed-methods approach, this study begins with a literature review to identify potential LC enablers. Mean
score analysis is then used to prioritize significant enablers, while the Fuzzy Relative Importance Index (FRII)
assesses their relative significance. Fuzzy Synthetic Evaluation (FSE) ranks the grouped enablers. Data from 379
construction professionals in China informed the analysis, leading to the identification of 30 LCEs. Results reveal
six critical components driving LC diffusion, with “Resource and Knowledge Availability” emerging as the most
influential, followed by “Planning and Operational Efficiency”, “Process Improvement and Waste Elimination”,
and “Strategic and Leadership Initiatives”. The findings underscore the interplay of organizational, operational,
and strategic factors in LC implementation. By addressing multi-criteria complexity and expert judgment am-
biguity, this study offers actionable insights for practitioners and policymakers. It contributes a robust decision-
making framework that supports sustainable and efficient practices, paving the way toward transformative
outcomes in CMPs.

Stakeholder engagement
Fuzzy Synthetic Evaluation (FSE)
Sustainable development

1. Introduction

Megaprojects have become a crucial component of modern infra-
structure development, driven by aging global populations and rapid
economic growth that necessitate substantial investment in public ser-
vices and socio-economic advancement (Ibrahim et al., 2025b; Locatelli
et al., 2017b; Maddaloni et al., 2025). These large-scale initiatives
contribute significantly to political, technological, and social progress.
They are characterized by huge investment (often hundreds of millions
to tens of billions of USD), long durations (5-15+ years), and extreme
technical complexity (Locatelli et al., 2017a). Equally defining is their
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organizational density: megaprojects typically involve dozens, if not
hundreds, of entities, including public sponsors, private contractors,
design consultants, multiple tiers of subcontractors, equipment sup-
pliers, and regulatory agencies, all operating under dynamic, evolving
contractual and governance frameworks (Kumar et al., 2024). This
fragmentation often leads to weak inter-organizational trust, misaligned
incentives, and chronic coordination failures, particularly when
collaboration hinges on informal norms rather than systemic enablers
(Chen et al., 2024).

Globally, annual megaproject investments reach $6-9 trillion, nearly
8% of world GDP (D. Landis, 2022). Yet performance remains
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stubbornly poor: Flyvbjerg (2017) finds ~90% of megaprojects exceed
baseline cost estimates, while Ansar et al. (2017) report that in China's
rail sector alone, average cost escalation reaches 30.6% and delays
average 25%. These overruns are not merely financial; they reflect
deeper systemic dysfunctions: rigid planning, siloed decision-making,
reactive risk management, and waste embedded in design-build
handovers.

Given rising environmental and resource pressures, there is growing
academic interest in sustainable megaproject development that priori-
tizes ecological responsibility and efficient resource use (Thounaojam
and Laishram, 2022; Wang et al., 2020). Experts suggest that trans-
forming the construction industry requires embedding sustainability
into large-scale project frameworks, with Lean Construction (LC)
emerging as a promising strategy when integrated early in planning and
design stages (Babalola et al., 2019; Francis and Thomas, 2020). LC is a
process of continuous improvement aimed at reducing waste, enhancing
productivity, and improving safety while aligning with client expecta-
tions (Abu Aisheh et al., 2022; Meshref et al., 2022). It also contributes
to key Sustainable Development Goals (SDGs), particularly SDG 9 (In-
dustry Innovation), SDG 11 (Sustainable Cities), SDG 12 (Responsible
Consumption), and SDG 13 (Climate Action), by promoting efficiency,
innovation, and reduced environmental impact through optimized ma-
terial use and circular economy principles (Hasan et al., 2024; Opoku
et al., 2024).

In the context of Construction Megaprojects (CMPs), LC has proven
effective in addressing common failures such as poor coordination,
rework, and schedule delays, thereby improving overall project perfor-
mance (El-Sabek and McCabe, 2017). For instance, LC practices applied
in Qatar, Australia, Peru, and India have led to improved scheduling,
cost control, quality, and safety, along with increased stakeholder
collaboration and motivation (Flores and Ollero, 2013; Luai et al., 2017,
Moon et al., 2018; Ramasamy, 2016). Together, these cases underscore
the transformative role of LC in advancing CMPs success. Yet, adoption
remains highly uneven, especially in large, publicly funded, or devel-
oping economy megaprojects. As Ibrahim et al. (2025b) observe. At the
same time, LC has seen success in select flagship projects (e.g., in the US
or Northern Europe). Still, its diffusion in complex Chinese megaproject
environments remains fragmented, hindered by institutional inertia,
skill gaps, regulatory misalignment, and supply chain immaturity. Suc-
cessful implementation requires identifying and addressing critical en-
ablers, organizational, human, and external factors that influence
outcomes (Ballard and Tommelein, 2012). While much research focuses
on lean tools, fewer studies examine broader enabling conditions,
leading to inconsistent application (Ibrahim et al., 2025¢; Li et al., 2020,
2024; Pan and Pan, 2016). The LC implementation gap arises from
practical issues, unclear enabler prioritization, resource misallocation,
and premature tech adoption without a lean culture, as well as theo-
retical shortcomings, including tool-centric or static, single-method
studies that overlook the need for dynamic sequencing of enablers
across megaproject phases. Collectively, these practical ambiguities and
theoretical limitations underscore a pressing need, not merely to iden-
tify enablers, but to operationalize them through a phased,
evidence-based sequencing logic. Scholars emphasize the need to focus
on leadership, workforce capabilities, stakeholder engagement, and
technology integration, particularly in large-scale projects. While our
earlier work (Ibrahim et al., 2025d) established the causal efficacy of
CSFs in mitigating LC barriers using PLS-SEM, this study advances the
agenda by addressing the critical implementation gap: How can prac-
titioners and policymakers identify, prioritize, and sequence LC enablers
to enable systematic, context-sensitive diffusion in CMPs, particularly
where institutional, human, and technological readiness are uneven?

To achieve this objective, a mixed-methods approach is employed.
Initially, a rigorous systematic literature review is conducted to compile
a preliminary set of Lean Construction Enablers (LCEs). Subsequently,
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empirical data gathered from 379 construction professionals across
China are analyzed using three complementary techniques: Mean Score
Analysis, the Fuzzy Relative Importance Index (FRII), and Fuzzy Syn-
thetic Evaluation (FSE). These methods collectively enable the prioriti-
zation and robust assessment of the identified enablers based on
practitioner perceptions. The resulting insights form the foundation of a
structured, context-sensitive framework designed to accelerate and
sustain LC integration in CMPs, ultimately promoting more resilient,
efficient, and sustainable infrastructure delivery.

2. Research background
2.1. LC implementation in Construction Megaprojects

While the core principles of LC are broadly applicable, their imple-
mentation varies significantly between small-scale developments and
large, complex megaprojects. This variation stems from differences in
project scale, organizational structure, stakeholder diversity, resource
allocation, and risk profiles (Ibrahim et al., 2025b). In smaller un-
dertakings, typically defined by narrow scope and a limited number of
involved parties, LC initiatives tend to emphasize targeted operational
efficiencies. Common approaches include just-in-time material logistics,
visual management boards, and expedited decision pathways (Koskela,
2000). These environments benefit from direct communication channels
and rapid feedback loops, enabling the effective deployment of tools like
the Last Planner System (LPS).

In contrast, megaprojects, large-scale initiatives marked by high
capital investment, long timelines, and complex supply chains, require
lean strategies that go beyond localized tools to address systemic in-
efficiencies (Flyvbjerg, 2014). Unlike smaller settings, megaprojects
demand scalable and adaptive lean frameworks capable of managing
cross-organizational coordination, integrating diverse workflows, and
aligning strategic goals across multiple actors, including governments,
multinational contractors, financiers, and local communities (Toor and
Ogunlana, 2010). Therefore, successful LC adoption in these contexts
depends not only on technical tools but also on strategic alignment,
digital integration, and strong collaboration mechanisms.

Several lean tools have proven effective in addressing the complex-
ities of megaprojects. The Last Planner System® (LPS®), originally
designed to improve planning reliability and reduce disruptions, has
been successfully adapted for use in large-scale environments where
traditional methods struggle with variability and interdependencies
(Howell and Ballard, 1998). Similarly, Building Information Modelling
(BIM) supports lean practices by enabling real-time data sharing,
improving design coordination, and facilitating conflict resolution
across project phases (Azhar, 2011). Integrated Project Delivery (IPD)
and Target Value Design (TVD) further enhance collaborative
decision-making and cost control throughout the project lifecycle,
helping stakeholders maintain performance benchmarks through
continuous improvement (Geraldi et al., 2011). Together, these tools
demonstrate how lean methodologies can be scaled and tailored for
significant infrastructure developments. Empirical evidence from global
case studies confirms the value of LC in enhancing the outcomes of
megaprojects. In Turkey, Koseoglu et al. (2018) found that integrating
BIM and lean approaches improved design coordination and construc-
tion quality during the Istanbul Grand Airport (IGA) project. In Morocco,
Idrissi Gartoumi et al. (2024) reported a reduction in quality defects and
an increase in customer satisfaction following the application of lean
tools in the Mohamed VI Tower project. Similar benefits were observed
in Peru, where Flores and Ollero (2013) documented improved work-
flow continuity and productivity in public infrastructure work. In the U.
S., Lostuvali et al. (2014) noted enhanced collaboration and reduced
rework in the Cathedral Hill Hospital project following the adoption of
lean principles. In China, Li et al. (2021) developed a BIM-integrated
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lean framework tailored for owner-led megaprojects, which improved
stakeholder alignment and process transparency.

Moving beyond isolated case analyses, researchers have increasingly
adopted both qualitative and quantitative approaches to investigate
obstacles, integration pathways, and capability structures essential for
implementing LC. For example, Evans and Farrell (2021) applied a
Delphi consensus method in Qatar to pinpoint and rank key challenges
associated with merging BIM with lean methodologies. Building on this
work, Evans et al. (2023) conducted in-depth interviews and facilitated
focus groups across the Middle East and North Africa region to uncover
socio-technical and institutional hurdles that impede the alignment of
lean principles with Integrated Project Delivery (IPD). Further, Evans
and Farrell (2023) administered surveys to develop a competency
framework for integrating lean within Global Integrated Delivery (GID)
models, offering practical guidance aligned with sustainability and in-
ternational standards.

Collectively, these studies underscore the adaptability and trans-
formative potential of LC in managing megaproject complexity. They
emphasize the importance of digital tools, collaborative engagement,
and context-specific adaptations in overcoming implementation chal-
lenges and supporting the development of sustainable infrastructure.

2.2. Lean Construction Enablers (LCEs)

For construction firms to successfully adopt LC, it is essential first to
understand the key challenges and prerequisites associated with its
implementation. Identifying the factors that influence project outcomes,
both positively and negatively, enables organizations to anticipate po-
tential obstacles, address knowledge or resource gaps, and ultimately
reduce the risk of failure. However, much of the existing literature tends
to focus narrowly on the application of specific lean tools and tech-
niques, often overlooking the broader organizational and human di-
mensions that underpin their effective use (Pavez and Alarcon, 2006).
Furthermore, while prior research into Critical Success Factors (CSFs)
has concentrated mainly on internal organizational elements, such as
leadership, planning, and team structure (Ballard and Kim, 2007; Pavez
and Alarcon, 2006), it frequently neglects external influences that can
significantly affect project delivery.

In response to this need, a growing number of studies have sought to
systematically identify and classify the factors that drive the successful
diffusion of LC. For example, Watfa and Sawalha (2021) categorized 22
success factors into 15 groups, including management commitment,
leadership, and communication, based on empirical research conducted
in the UAE. Similarly, Demirkesen and Bayhan (2022) classified 27
enabling factors into six main categories, such as motivational, tech-
nical, and workforce-related aspects, through a survey-based study in
the United States. Other researchers have also contributed valuable in-
sights: Sadikoglu et al. (2024) highlighted the importance of leadership
by organizing 20 success factors into four major clusters, while Demi-
rkesen and Bayhan (2020) expanded this classification to include
financial, managerial, and cultural dimensions. In Malaysia, Marhani
et al. (2023) identified 12 key drivers grouped into management, eco-
nomic, technical, and communication domains, and provided actionable
recommendations such as on-the-job training and localized adaptation
of LC practices.

Building upon these contributions and synthesizing findings from
multiple regional and methodological contexts, Ibrahim et al. (2025d),
proposed a comprehensive categorization framework for enablers of LC
implementation. This classification organizes the enablers into six
distinct thematic groups, reflecting both internal organizational capa-
bilities and external strategic considerations. These six categories,
Strategic and Leadership (SL), Stakeholder Relationship Management
(SRM), Resource Knowledge and Availability (RKA), Process Optimiza-
tion and Efficiency (POE), Performance Improvement and Waste
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Table 1
Identified enablers for implementing LC in CMPs (Ibrahim et al., 2025d).
Construct Enabler Description
D code
SL SL1 Organizational financial capacity to support lean
initiatives
SL2 Promoting awareness aligned with LC processes
SL3 Support from both governmental bodies and top-level
management through policy and regulation
SL4 A well-defined early-stage strategic vision
SL5 Implementation of incentive systems such as tax
benefits or performance-based rewards
SL6 Commitment from upper and middle management to
integrate lean practices
SL7 Leadership skills among clients and contractors that
encourage knowledge sharing
SRM SRM1 Efficient stakeholder engagement and development of
trust-based relationships
SRM2 Defining value from the customer's perspective,
including needs and expectations
SRM3 Ensuring alignment with customer requirements
SRM4 Early participation of critical stakeholders in project
planning
SRM5 Establishing strong communication and collaboration
channels with stakeholders
RKA RKA1 Availability of experienced lean leaders and managers
RKA2 Provision of continuous employee education to ensure
successful lean implementation
RKA3 Presence of dedicated lean research teams to manage
change resistance
RKA4 Access to adequate resources and familiarity with lean
methodologies
RKA5 Use of adaptable resources and dynamic planning
strategies
POE POE1 Development of logistics, procurement, and material
handling systems focused on value creation
POE2 Application of LC tools such as Just-In-Time (JIT), Last
Planner System, Value Stream Mapping, 5S, and Pull
Planning
POE3 Use of visual control techniques to enhance
transparency and workflow efficiency
POE4 Effective coordination mechanisms to address complex
project environments
PIW PIW1 Reduction of waste types such as rework, material
shortages, and unnecessary handling
PIW2 Minimization of variability and improvement of
process cycle times
PIW3 Use of standardized performance indicators linked to
continuous improvement goals
PIW4 Benchmarking against industry-leading organizations
PIW5 Adoption of standardized improvement tools,
including root cause analysis, mistake-proofing (poka-
yoke) techniques, and structured defect response
protocols
TI TI1 Integration of digital technologies like Building
Information Modeling (BIM)
TI2 Promotion of modular and prefabricated construction
approaches
TI3 Adoption of circular economy (CE) principles to
minimize environmental impact and carbon emissions
T4 Exploration of emerging technologies such as Digital

Twin and Blockchain integration

Reduction (PIW), and Technological Innovation (TI), serve as a struc-
tured guide for identifying and prioritizing critical success factors in
large-scale construction projects. The detailed list of enablers, along
with their descriptions, is summarized in Table 1.

2.3. Synthesizing the literature: gaps in scope, method, and contextual
applicability

A growing body of research has identified lean enablers across
diverse project settings (Evans et al., 2021; Lam et al., 2024). To map
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Table 2
Comparative overview of lean enabler studies in construction: Methodologies, regional contexts, and analytical approaches.
Year Domain Country Data Collection Data Analysis Method Ref
2020  Construction projects Saudi Survey Interpretive Structural Modelling (ISM) Sarhan et al. (2020)
Arabia
2021  Construction Mega- 12 Country ~ Two-round Delphi Mean Score Ranking, Inter-Rater Agreement (IRA), Spearman's Rank Evans et al. (2021)
projects survey Correlation, Mann-Whitney U Test
2021 Construction projects USA Interviews Content Analysis Approach Bhawani et al. (2021)
2021 Construction projects UAE Survey Mean, Relative Importance Index (RII) Watfa and Sawalha (2021)
2021 Construction projects Sri Lanka Survey Mean, RII, SD Kariyawasam and
Siriwardana (2021a)
2022  Construction projects Egypt Interview Simos', WSM Meshref et al. (2022)
2022  Construction projects Morocco Survey Mean Score, Standard Deviation Arabi et al. (2022)
2022  Construction projects USA Survey Interpretive Structural Modelling (ISM) Aslam et al. (2022)
2022  Construction projects USA Survey Mean Score, Standard Deviation, Exploratory Factor Analysis (EFA), Demirkesen and Bayhan
Kruskal-Wallis Test (2022)
2023  Construction projects Iran Survey AHP, Sensitivity Analysis Noorzai (2023)
2023  Construction projects Indonesia Survey Certainty Index, Rii, Fuzzy Ahp, Fuzzy-Topsis Adhi and Muslim (2023)
2023  Residential projects Malaysia Survey Mean Score, Standard Deviation Marhani et al. (2023)
2024  High-Rise buildings Hong Kong Interview Mean Score, Standard Deviation, Principal Component Analysis, Lam et al. (2024)

Mann-Whitney U Test

this landscape, Table 1 consolidates the 30 LCEs derived from Ibrahim
et al. (2025d), organized into six thematic constructs. These constructs
reflect a holistic view of LC implementation, integrating organizational,
operational, and technological dimensions.

However, identifying what enablers matter is insufficient without
understanding how, when, and in what priority they should be applied,
especially in megaprojects, where scale, fragmentation, and institutional
complexity reshape implementation logic. To assess how prior studies
approach this challenge, Table 2 presents a comparative analysis of 13
representative empirical studies (2020-2024) that examine LC enablers,
categorized by domain, geography, data collection method, and analysis
approach. From this synthesis, three persistent gaps emerge:

1. Scenario Misalignment: Over 90% of studies (e.g., (Marhani et al.,
2023; Meshref et al., 2022; Watfa and Sawalha, 2021)) focus on
generic construction projects or SMEs, not megaprojects. Only two
studies ((Evans et al., 2021; Lam et al., 2024)) explicitly address
large-scale complexity, and none are grounded in the Chinese mega-
project context, where regulatory, cultural, and supply chain dy-
namics differ markedly from those in Western or Gulf models.

2. Methodological Limitations: The majority rely on single-method
approaches: mean scores (e.g.,(Arabi et al., 2022)), RIl (e.g.,
(Kariyawasam and Siriwardana, 2021a)), or ISM (e.g., (Sarhan et al.,
2020)). Even hybrid designs (e.g., (Evans et al., 2021) Delphi +
non-parametric tests) lack mechanisms to handle linguistic uncer-
tainty or construct-level interdependencies. In contrast, this study
employs a three-tiered fuzzy methodology (Mean — FRII — FSE),
uniquely capable of quantifying expert judgment fuzziness (via
TFNs), ranking individual enablers and grouped constructs simulta-
neously, and enabling defuzzified, actionable prioritization (Tol) for
phased implementation.

3. Implementation Opacity: Most studies conclude with static enabler
rankings, offering no sequencing logic for real-world rollout, espe-
cially under resource or cultural constraints. Our framework ad-
vances this by proposing a context-sensitive diffusion roadmap,
where foundational capabilities (e.g., RKA) precede higher-order
interventions (e.g., TI), aligning with maturity-based lean adoption
theory (Ballard and Tommelein, 2012).

Thus, while prior work establishes which factors enable LC, this
study answers the critical how: How can LCEs be prioritized, synthe-
sized, and sequenced, using a robust fuzzy methodology to support
sustainable LC diffusion in Chinese CMPs? By bridging these gaps in
scenario focus, method innovation, and operational applicability, the

proposed framework contributes both theoretical nuance and practical
utility.

3. Methodology

This study aims to identify, prioritize, and evaluate the key LCEs that
facilitate systemic diffusion in CMPs. Accordingly, a systematic, multi-
stage methodological approach is adopted, as illustrated in Fig. 1.

In detail, the research begins with a systematic literature review to
compile a comprehensive list of potential LC enablers based on existing
global and regional studies. Prior to full deployment, a pilot study en-
sures the clarity and quality of the research instrument, allowing for the
collection of data on LC diffusion enablers before the primary survey is
conducted. Following data collection, quantitative analysis techniques
are applied to assess the significance of these enablers. The gathered
data is subjected to thorough analytical procedures, beginning with tests
for normal distribution using the Shapiro-Wilk test and an evaluation of
internal consistency through Cronbach's Alpha. To determine the rela-
tive importance and impact of LCEs, statistical techniques such as mean
score analysis and the Fuzzy Relative Importance Index (FRII) are
applied. These methods help in prioritizing the key factors influencing
the successful adoption of life cycle practices in megaprojects.

Finally, Fuzzy Synthetic Evaluation (FSE) ranks the grouped en-
ablers, providing a structured basis for developing the proposed
framework. Through this integrated, multi-stage approach, the resulting
framework is both theoretically grounded and addresses both academic
and practical gaps in LC implementation for CMPs. Ultimately, the
framework is designed to outline the essential requirements for imple-
menting LC and achieving sustainability in megaprojects, offering
valuable contributions to both theory and practice.

3.1. Literature review

Scholars in construction management often rely on digital libraries,
such as Web of Science (WOS), Scopus, and Google Scholar, for litera-
ture reviews and data collection. Among these, Scopus was selected for
this study due to its extensive coverage, advanced citation tracking, and
superior performance in the social sciences (Norris and Oppenheim,
2007). Comprehensive exploration was conducted using targeted strings
and keywords within the parameters of ‘article title/abstract/keywords’
through the advanced document search functionality in Scopus. The
search query was carefully constructed. Following the methodology
outlined by Ibrahim et al. (2024a), inclusion and exclusion criteria were
applied to ensure relevance: peer-reviewed journal articles addressing
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Reliability Testing
(Cronbach's Alpha (a))

Data Distribution
(Shapiro-Wilk test)

Consistency of Responses
(Standard Deviation(SD))

Mean Score
Analysis & Fuzzy
Relative
Importance
Index (FRII)

Prioritize and Assess the relative
importance of LCEs in a survey

Calculation of Weightings for
all LCEs and their Components

Calculation of Membership
Function Levels for all LCEs

Calculating the total Index
for each component

Fig. 1. Overview of the research framework and methodological approach.

LC drivers were included, while studies published before 2000,
non-English texts, and inaccessible full texts were excluded. The snow-
balling technique was also used to identify additional relevant studies by
examining references and citations, enhancing the depth of the litera-
ture review (Ibrahim et al., 2024b). After rigorous screening, 66 papers
were included in the final analysis.

3.2. Questionnaire design and pilot study

To operationalize the research aims and empirically test the pro-
posed framework of LCEs, a structured questionnaire was administered
to professionals actively engaged in CMPs across Mainland China and
Hong Kong. These regions were selected due to their high concentration
of large-scale infrastructure projects, mature regulatory environments,
and global contributions to construction development (Cheung and
Shen, 2017; Liu et al., 2018). The study focused on projects exceeding
0.5 billion Chinese Yuan (CNY), as defined by Wang et al. (2021), as
megaprojects in the Chinese context.

China provides a valuable case for studying CMP delivery due to its
vast experience managing complex infrastructure developments. Its
practices offer insights relevant to both developed and developing
countries seeking to replicate rapid growth or address challenges such as
risk governance and inter-organizational coordination (He et al., 2015;
Xie et al., 2022). Additionally, China's growing emphasis on sustainable
development and environmental responsibility aligns well with the
goals of LC (Xie et al., 2020).

The primary respondents were senior and mid-level managers
directly involved in planning and executing large-scale projects. Par-
ticipants were asked to base their evaluations on their most recent
megaproject to minimize recall bias and ensure contextual relevance
(Eriksson et al., 2017), a method commonly used to enhance data

validity in similar studies (Ali et al., 2024; Alnaser et al., 2024).

A stratified random sampling technique was employed to ensure
broad representation across organizational roles, including contractors,
consultants, and developers. A total of 471 digital questionnaires were
distributed via Google Forms, with 379 completed responses (80.46%).

At the beginning of the questionnaire, LC was clearly defined as a
systematic project management methodology aimed at minimizing
waste, enhancing value delivery, and promoting continuous improve-
ment through collaborative tools like Value Stream Mapping (VSM), Last
Planner System® (LPS®), and Integrated Project Delivery (IPD) (Howell
and Ballard, 1998; Koskela, 2000). Prior to full distribution, a pilot study
involving ten industry experts was conducted to assess clarity and
consistency in understanding LC concepts. Based on feedback, minor
revisions were made to definitions and questions to improve compre-
hension. As noted by Tabatabaee et al. (2022), such pre-testing is
essential for validating research instruments. The final questionnaire
used a five-point Likert scale (1 = very low significance, 5 = very high
significance) to evaluate the perceived importance of each LCE.

3.3. Main survey

3.3.1. Descriptive statistical analysis

The mean value is a commonly used statistical measure for evalu-
ating the central tendency of data, especially in studies utilizing ordinal
rating scales (Hwang et al., 2018a). In this research, the data analysis
process commenced with tests for normality using the Shapiro-Wilk test,
alongside an assessment of internal consistency through Cronbach's
Alpha. These preliminary steps were conducted to validate the reliability
of the measurement instrument and ensure the robustness of the
collected responses. To evaluate the relative importance of each enabler,
mean scores were computed. A cutoff value of 3.50 on the 5-point Likert
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scale was adopted as a benchmark to distinguish significant factors from
less influential ones. Items scoring above this threshold were interpreted
as being closer to “very significant” rather than “moderately significant,
” following previously established criteria (Hwang et al., 2018b; Wuni
and Shen, 2020). In addition, standard deviation was calculated to
assess the variability of respondents' evaluations. This provided further
insight into the consistency of responses and supported the accurate
identification of key influencing factors (Wuni and Shen, 2022).

3.3.2. Fuzzy Relative Important Index (FRII)

In construction-related studies, the Relative Importance Index (RII)
is a commonly employed metric for evaluating the comparative influ-
ence or relevance of various drivers or enabling factors (Ayarkwa et al.,
2022; Genc, 2023). This method allows researchers to quantitatively
assess how respondents perceive the importance of different variables by
aggregating their ratings into a single index value. As proposed by
Akadiri (2011), RII scores can be categorized into five distinct levels of
importance: High (H) when the index ranges from 0.8 to 1.0,
Medium-High (M-H) for values between 0.6 and 0.8, Medium (M) for
scores from 0.4 to 0.6, Medium-Low (M-L) for values between 0.2 and
0.4, and Low (L) for scores below 0.2.

Nonetheless, conventional RII has limitations when dealing with the
inherent subjectivity and imprecision of human evaluations (Ibrahim
et al., 2025a). To better accommodate the vagueness inherent in qual-
itative judgments, fuzzy set theory has been incorporated into the RII
methodology, resulting in the Fuzzy Relative Importance Index (FRII).
As implemented by Ibrahim et al. (2025e), this refined approach le-
verages fuzzy membership functions to represent uncertain or ambig-
uous input data, thereby producing more robust and nuanced
prioritization outcomes.

The classical RII is computed using the following Equation (1):

> Wi
A*N

Relative Important Index (RII) = fori=1toN m
where “Wi” represents the importance rating given by the i-th respon-
dent for a specific factor, “A” is the highest possible rating on the scale
(e.g., 5 for a 5-point Likert scale), and “N” denotes the total number of
respondents.

In the FRII framework, each Likert-scale response is modelled as a
Triangular Fuzzy Number (TFN), denoted as (a, b, ¢), where a, b, and ¢
correspond to the lower, modal, and upper bounds of the fuzzy estimate.
The computation of FRII proceeds through four sequential phases:

1) Participant inputs are combined using fuzzy addition. For two TFNs,
TFN1 = (aj, by, ¢1) and TFN2 = (ay, by, c2) using Equation (2).

TFN] ( + )TFNz = (a1 “+as ,b] + bz ,C1 + Cz) (2)

This operation is applied iteratively across all respondents to yield an
aggregated fuzzy total for each factor.

2) Application of a-cut: To manage the complexity introduced by fuzzy
division, the a-cut technique is employed. An a-cut extracts a crisp
interval from a fuzzy set at a specified membership level (e.g., a =
0.6, 0.7, 0.8). This transforms the aggregated TFN and the maximum
score into interval representations suitable for arithmetic processing.

3) Fuzzy RII Calculation: Using interval arithmetic, the fuzzy RII is
derived at each a-level. Given two intervals Ay = [ Ayr, Aqul and By,
= [ Byw, Bqul, the division operator can be applied as follows using
Equation (3):

Aoy, Aoy

A Ba=|—,—

(X( / ) o |:B(XU7 B(XL:| (3)

Adapting this to Equation (1), the a-level bounds of the FRII are
computed using the following Equation (4):
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W(XL W(XU
N*Aoy’ N*Aoy,

RIlo = { ()]

where and are the lower and upper bounds of the aggregated importance
scores at the a-cut level.

4) Defuzzification: Finally, the resulting fuzzy RII is converted into a
single crisp value through defuzzification. The geometric centroid
method (Equation (5)) recommended by Zammori et al. (2009), is
used for this purpose. For a fuzzy number “Fi” with membership
function p, (x), the centroid GC(Fi) is calculated as:

[0 dx
T (x)dx

This step yields a definitive RII score that integrates uncertainty
while preserving interpretability for ranking and decision-making.

GC(Fi) (5)

3.3.3. Fuzzy Synthetic Evaluation (FSE)

FSE, grounded in fuzzy logic, transforms linguistic criteria into
quantifiable forms, enhancing decision-making accuracy by addressing
uncertainty and subjectivity (Chan et al., 2024). This makes FSE
particularly suitable when performance ratings or criteria weights are
not crisp or clearly defined, a common limitation in traditional MCDM
methods like AHP and TOPSIS that typically require precise numerical
inputs (Guo and Zhao, 2017; Torfi et al., 2010). It also overcomes the
limitations of binary logic, making it ideal for evaluating complex
events, such as LCEs, in CMPs. FSE has been widely applied in con-
struction research, including BIM adoption (Saka et al., 2022), modular
construction (Wuni and Shen, 2020), and circular economy (Wuni and
Shen, 2022). Its ability to objectively quantify subjective judgments
makes it suitable for this study (Sadiq and Rodriguez, 2004). The FSE
process is structured around four key steps, as outlined below:

First, mean scores (MS) for each LCE and its associated components
were computed using Equation (6):

MS:M7 (1<MS<5) (6)
In this equation, S represents the Likert-scale score (ranging from 1 to 5),
Fr denotes the frequency of each rating, and N is the total number of
valid responses.

Second, weights (W;) for each enabler and component was calculated
using a normalized mean method. For individual enablers, weights were
determined via Equation (7):

MSi n
:m,0<wi<landzuwi:1 )

w;
Where W; is the weight assigned to enabler i, and MS; is its corre-
sponding mean score. Component-level weights W¢; were derived using
Equation (8):

Yot MS;(for each component)
N Overall MS;

Wei (€)]

Finally, the full set of enabler weights was expressed in vector form
as shown in Equation (9).
W= (Wy, Wy, W3, -eeee ,Wh) 9

Third, membership functions (MFs) were established to reflect the
degree of belongingness of each element within the fuzzy set. These MFs
ranged from O to 1 and were calculated using Equation (10):

Py, Py, Ps, P4 Ps
MFp — Lin + 2in 3in 4in + Sin

= 1
" LS; LSy LS; LS4 LSs 10

Here, P,,, through Ps, represent the percentage of respondents assigning
ratings from 1 to 5, and LS; to LSs correspond to the respective Likert
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scale levels.

For higher-level components, Level 1 membership functions were
derived based on the results of Level 2. Specifically, the membership
function Di for component i was calculated using Equation (11).

D;=W,QR; (€8]

where W; is the weighting vector obtained from Equation (9), R; is the
fuzzy matrix of enablers under that component, utilizing the fuzzy

composition operator (®). The detailed structure of R; is presented in
Equation (12)

MFgi Ey, Ep, Es, Ei Es

MFg;; E 1 E2i2 E3i2 E4i2 Eszz

Ri= = 12)

MFg;, E, E, B, Ey, E,

The degree of membership, d;,, is derived from the calculation of D;
as shown in Equation (13).

E;
E

Ep, Es, Ey
E2i2 E3i2 E4i2

il

i2

Di=WiQR; = (Wi, Wy, W3, Wy, -e-eenee W)

Ey, E, Bk, E,

Finally, the Total Index (ToI) for each component was computed to

provide an overall evaluation score using Equation (14):
n

Toli= Y Dq; x LS; a4

i=1

In this formula, D¢ represents the fuzzy evaluation value of the
component, and LS; denotes the corresponding Likert scale level. This
final index enables a comprehensive ranking and prioritization of LCEs
based on their relative importance and effectiveness.

4. Results and discussion

This section provides a comprehensive analysis of the findings ob-
tained from survey data, aimed at identifying and evaluating the key
enablers of LC diffusion in CMPs. The analysis begins with an assessment
of data reliability and normality to ensure the validity of subsequent
statistical interpretations. This is followed by a detailed overview of the
demographic characteristics of the respondents, offering context for the
perspectives gathered. The significance of these enablers is then rigor-
ously examined through statistical analysis, including mean score
analysis, standard deviation, and FRII, which is used to assess the sig-
nificance and level of importance of LCEs. Finally, fuzzy synthetic
evaluation is applied to determine the relative importance of each
construct, providing actionable insights that can guide improvements in
lean implementation within large-scale construction projects.

4.1. Evaluation of data reliability and normality

Before conducting the primary statistical analysis, the dataset was
evaluated for reliability and normality to ensure its suitability for further
processing. Cronbach's Alpha was used to assess the internal consistency
of the Likert-scale responses across all enablers. The results showed

Cleaner Engineering and Technology 31 (2026) 101158

Cronbach's Alpha values exceeding 0.967 for each construct, indicating
excellent reliability and consistency in the respondents' evaluations. To
examine the distribution of the data, the Shapiro-Wilk test was
employed, using a significance threshold of 0.05. All computed p-values
were found to be less than 0.05, leading to the rejection of the null
hypothesis that the data follows a normal distribution. This finding
confirms that the dataset exhibits a non-normal distribution, which is
commonly observed in studies involving relatively small sample sizes, as
supported by previous research (Hwang et al., 2017; Shan et al., 2017).
Despite the non-normality, the high internal consistency and overall
quality of the data support its use in subsequent analyses, including
structural equation modeling and fuzzy synthetic evaluation. These
findings collectively affirm the validity and robustness of the collected
responses, enabling the drawing of meaningful conclusions in this study.

4.2. Methodological positioning: Why FRII-FSE outperforms single-
method alternatives in megaproject contexts

Given the non-normal distribution of responses (confirmed via the

E5|'2

=(dn,di2, -, din) 13)

in

Shapiro-Wilk test, p < 0.05), conventional parametric techniques (e.g.,
AHP, crisp RII, or TOPSIS) would be statistically inappropriate and
practically limiting for three key reasons.

First, AHP assumes precise, consistent pairwise judgments, yet
megaproject professionals often express enabler importance linguisti-
cally (e.g., “fairly important” or “very important”), a nuance captured by
TFNs in FRII but lost in AHP's 1-9 scale. Second, TOPSIS requires pre-
defined ideal/nadir solutions, which are ill-suited when all 30 LCEs are
inherently positive (i.e., no enabler is “undesirable™), making distance-
to-ideal rankings artificially constrained. Third, single-factor mean
analysis, or RII, ignores construct-level interdependencies, for instance,
how RKA (e.g., lean-trained staff) enables effective use of TI (e.g., BIM),
a synergy explicitly modelled via FSE's hierarchical aggregation.

As summarized in Table 3, our hybrid FRII-FSE workflow bridges
these gaps:

e FRII quantifies relative importance under linguistic uncertainty,

o FSE synthesizes enabler-to-construct relationships, and

e Defuzzified Tol yields actionable, phased rankings, not just static
lists.

FSE accounts for quality (distribution tightness, skew) and interde-
pendence, not just scale. Thus, the method itself advances LC imple-
mentation science, moving beyond identification toward contextual
operationalization.

While the FRII-FSE approach offers robust handling of linguistic
uncertainty and hierarchical aggregation, key advantages in mega-
project contexts, it is not without limitations. First, FSE relies on
aggregated expert perceptions, meaning that results reflect collective
subjective judgments rather than objective performance metrics. While
TFNs mitigate crisp rating bias, they do not eliminate underlying
cognitive or cultural biases in interpretation (e.g., what constitutes
‘high’ resource availability may vary across organizational cultures).
Second, the method's outputs are context-dependent: the Tol rankings
are calibrated to the specific sample (379 professionals in China) and
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Table 3
Comparative summary of evaluation methods in LC enabler studies.
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Method Key Strength Key Limitation Typical Use Case Suitability for CMP Enabler
Prioritization
Mean Score Simplicity, transparency Ignores weighting, fuzziness Initial screening (e.g., (Watfa and Sawalha, Low
2021))

AHP Hierarchical weighting, intuitive Crisp judgment, consistency burden CSF ranking (e.g., (Noorzai, 2023)) Medium
logic

TOPSIS Multi-criteria distance-based Requires ideal solutions; sensitive to ~ Technology selection (e.g., (Adhi and Muslim, ~ Medium
ranking normalization 2023))

FRII-FSE Fuzzy uncertainty modeling + Slightly higher computational load Phased enabler rollout in complex, multi- High

(Proposed) construct synthesis stakeholder environments
Table 4

Survey results and statistical analysis of LCEs.

(Reliability- Cronbach's Alpha = 0.967)

Enabler Code Percentage of Respondents Scoring Mean SD Rank FRII Level of Imp P-value
VL L M H VH
Strategic and Leadership (SL)
SL1 0.5% 10.6% 32.5% 32.5% 24.0% 3.689 0.969 5 0.7 M-H 0.000%
SL2 0.8% 9.8% 32.2% 37.2% 20.1% 3.660 0.933 7 0.7 M-H 0.000%
SL3 1.1% 9.2% 25.1% 38.8% 25.9% 3.792 0.966 2 0.8 H 0.000*
SL4 1.1% 9.2% 26.4% 36.4% 26.9% 3.789 0.977 3 0.8 H 0.000%
SL5 0.8% 10.3% 30.9% 36.7% 21.4% 3.676 0.950 6 0.7 M-H 0.000?
SL6 0.5% 7.7% 29.8% 36.1% 25.9% 3.792 0.932 1 0.8 H 0.000%
SL7 0.5% 9.8% 27.2% 36.1% 26.4% 3.781 0.963 4 0.8 H 0.000%
Stakeholder and Relationship Management (SRM)
SRM1 0.8% 9.2% 27.7% 38.3% 24.0% 3.755 0.949 2 0.8 H 0.000?
SRM2 0.8% 8.7% 28.8% 39.6% 22.2% 3.736 0.928 3 0.8 H 0.000%
SRM3 0.3% 8.4% 32.5% 38.8% 20.1% 3.699 0.893 5 0.8 H 0.000%
SRM4 0.8% 9.8% 28.5% 39.6% 21.4% 3.710 0.937 4 0.8 H 0.000*
SRM5 0.3% 8.7% 29.0% 38.5% 23.5% 3.763 0.918 1 0.8 H 0.000*
Resource and Knowledge Availability (RKA)
RKA1 0.8% 2.6% 36.4% 37.2% 23.0% 3.789 0.853 3 0.8 H 0.000%
RKA2 0.5% 2.6% 38.5% 35.4% 23.0% 3.776 0.848 5 0.8 H 0.000?
RKA3 0.8% 2.9% 35.9% 38.5% 21.9% 3.778 0.847 4 0.8 H 0.000*
RKA4 0.5% 2.9% 31.4% 42.0% 23.2% 3.844 0.829 1 0.8 H 0.000?
RKAS5 0.8% 3.4% 31.4% 39.1% 25.3% 3.847 0.869 2 0.8 H 0.000%
Planning and Operational Efficiency (POE)
POE1 0.8% 9.2% 27.2% 43.0% 19.8% 3.718 0.913 4 0.8 H 0.000%
POE2 0.3% 8.4% 31.4% 35.6% 24.3% 3.752 0.927 3 0.8 H 0.000?
POE3 0.5% 6.1% 32.2% 38.3% 23.0% 3.770 0.889 2 0.8 H 0.000%
POE4 0.8% 9.5% 25.9% 37.5% 26.4% 3.792 0.966 1 0.8 H 0.000*
Process Improvement and Waste Elimination (PIW)
PIW1 0.8% 9.0% 26.1% 39.3% 24.8% 3.784 0.946 2 0.8 H 0.000?
PIW2 0.5% 9.0% 27.7% 39.3% 23.5% 3.763 0.930 3 0.8 H 0.000%
PIW3 0.8% 7.7% 29.0% 37.2% 25.3% 3.786 0.937 1 0.8 H 0.000?
PIW4 0.8% 9.8% 31.1% 37.2% 21.1% 3.681 0.941 5 0.8 H 0.000?
PIW5 0.5% 8.7% 31.7% 36.9% 22.2% 3.715 0.925 4 0.8 H 0.000*
Technology and Innovation (TI)
TI1 0.5% 9.2% 30.9% 37.7% 21.6% 3.707 0.927 1 0.8 H 0.000%
TI2 0.3% 8.7% 32.5% 39.1% 19.5% 3.689 0.893 2 0.8 H 0.000*
TI3 0.5% 9.8% 33.2% 34.3% 22.2% 3.678 0.944 3 0.7 M-H 0.000%
TI4 0.8% 10.0% 34.3% 35.9% 19.0% 3.623 0.930 4 0.7 M-H 0.000?

Note: ? Significance was observed in the Shapiro-Wilk test at « = 0.05, where p < 0.05.

may not directly transfer to other institutional, regulatory, or supply-
chain environments, particularly where stakeholder power dynamics
or lean maturity differ significantly. Future applications of this frame-
work should therefore consider triangulation with qualitative validation
(e.g., case-based process tracing) or sensitivity analyses to test robust-
ness across subgroups (e.g., public vs. private sectors).

4.3. Respondent background information

The demographic characteristics of the 379 survey participants
reflect a diverse yet highly experienced pool of professionals, predomi-
nantly representing Mainland China (63.85%), with the remaining
portion (36.15%) originating from Hong Kong. This distribution ensures
a balanced representation of perspectives from both regions,

contributing to the relevance and applicability of the study's findings
within the broader Chinese construction context. Most respondents
work on residential (43.54%) and infrastructure/transportation
(29.02%) projects, reflecting a focus on urban development. A majority
are employed in the private sector (70.98%), with fewer in the public
sector (27.70%), suggesting findings are more relevant to private prac-
tices. Over half (55.15%) have 11-15 years of experience, indicating a
mature perspective, while only 8.71% have 1-5 years and 9.76% have
16+ years, emphasizing mid-career professionals as the key
demographic.

4.4. Assessment of significant Lean Construction Enablers

The findings are summarized in Table 4 illustrate the pivotal role that
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LCEs play in advancing the successful diffusion of LC within CMPs. All
identified enablers surpassed the threshold mean value of 3.50, with
standard deviations below 1.0, indicating a high level of agreement
among respondents regarding their significance. These results provide a
strong foundation for understanding the key enablers behind lean
implementation and offer actionable insights for practitioners aiming to
enhance project outcomes through systematic lean integration.

In the category of Resource and Knowledge Availability (RKA), two
enablers stood out: “Using Flexible Resources and Adaptive Planning”
(RKAS5; mean = 3.847) and “Adequate Resource Availability and Fa-
miliarity with Lean Techniques” (RKA4; mean = 3.844). These findings
highlight the importance of both technical proficiency and adaptive
capacity in resource management, aligning closely with previous studies
by Demirkesen and Bayhan (2022) who emphasized resource avail-
ability as a key motivator, and Bayhan et al. (2019) who underscored the
need for clear technical direction. Similarly, Kariyawasam and Sir-
iwardana (2021b) pointed to stakeholder awareness of lean principles as
a complementary requirement, reinforcing the idea that lean adoption
hinges not only on available resources but also on organizational read-
iness and stakeholder engagement.

Strategic and Leadership (SL) emerged as another vital domain
influencing lean diffusion, with “Commitment by Top and Middle
Management” (SL6; mean = 3.792) and “Government and Top Organi-
zational Management Support” (SL3; mean = 3.792) receiving the
highest rankings. The relatively low standard deviation for SL6 further
indicates a strong consensus among respondents regarding the indis-
pensable role of leadership in fostering a lean culture. These findings
corroborate those of Lam et al. (2024), who identified institutional
support, particularly from governmental and upper-level management,
as a crucial factor in enabling sustainable lean transformation across
complex project environments.

Within the Process Improvement and Waste Elimination (PIW)
category, “Standardized Metrics and Continuous Improvement Strate-
gies” (PIW3; mean = 3.786) and “Eliminating Waste” (PIW1; mean =
3.784) were recognized as core enablers. These results reflect the
foundational principles of lean methodology, where continuous
improvement and waste reduction are central to achieving operational
excellence. These findings align with Arabi et al. (2022), who empha-
sized the importance of fostering a continuous improvement mindset
among employees to enhance lean adoption outcomes.

Stakeholder and Relationship Management (SRM) was also identi-
fied as a crucial component of lean success, with “Building Relationships
with Stakeholders” (SRM5; mean = 3.763) and “Effective Stakeholder
Management and Trust-Building” (SRM1; mean = 3.755) emerging as
top contributors. These findings align with those of Yunus et al. (2017),
who highlighted the importance of transparent communication and
collaborative governance structures in facilitating lean implementation.
Strong stakeholder alignment appears to be a prerequisite for sustaining
lean initiatives, particularly in large-scale and multi-stakeholder envi-
ronments such as CMPs.

Planning and Operational Efficiency (POE) was another central
theme, with “Comprehensive Coordination and Adaptation to
Complexity” (POE4; mean = 3.792) and “Visual Management Tools and
Techniques” (POE3; mean = 3.770) ranked highly by respondents.
These results suggest that lean implementation benefits greatly from
proactive planning and visual control mechanisms that enhance coor-
dination and transparency across project phases. As noted by Arabi et al.
(2022), similarly emphasized proactive planning as a key driver of lean
success.

Finally, Technology and Innovation (TI) played a significant role,
with “Adopting New Construction Technologies (i.e., BIM)” (TI1; mean
= 3.707) and “Enhancing Modular Integrated Construction” (TI2; mean
= 3.689) identified as leading enablers. These findings underscore the
growing influence of digitalization and advanced construction methods
in supporting lean objectives. Kariyawasam and Siriwardana (2021b)
reinforced the importance of technological advancement as a critical
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Table 5
Mean values for (LCEs) and their relative weights across key constructs.
Construct  LCE LCE Mean Constructs LCE Constructs
(ID) Score Mean Weights Weights
SL SL3 3.792 26.177 0.145 0.233
SL6 3.792 0.145
SL4 3.789 0.145
SL7 3.781 0.144
SL1 3.689 0.141
SL5 3.675 0.140
SL2 3.660 0.140
SRM SRM5 3.763 18.662 0.202 0.166
SRM1 3.755 0.201
SRM2 3.736 0.200
SRM4 3.710 0.199
SRM3 3.699 0.198
RKA RKAS 3.847 19.034 0.202 0.169
RKA4 3.844 0.202
RKA1 3.789 0.199
RKA3 3.778 0.199
RKA2 3.776 0.198
POE POE4 3.792 19.034 0.252 0.134
POE3 3.770 0.251
POE2 3.752 0.250
POE1 3.718 0.247
PIW PIW3 3.786 18.728 0.202 0.167
PIW1 3.784 0.202
PIW2 3.763 0.201
PIW5 3.715 0.198
PIW4 3.681 0.197
TI TI1 3.707 14.697 0.252 0.131
TI2 3.689 0.251
TI3 3.678 0.250
TI4 3.623 0.246

enabler for lean implementation.

The FRII analysis classified most enablers as high importance (H),
with a few categorized as medium-high (M-H), reflecting their sub-
stantial influence on lean implementation. Collectively, these findings
reveal the multifaceted nature of lean diffusion in CMPs, highlighting
the interdependence of resource flexibility, strategic leadership, process
optimization, stakeholder collaboration, effective planning, and tech-
nological innovation. By aligning these enablers with targeted strate-
gies, construction professionals can better navigate the complexities of
lean integration and maximize the potential of lean methodologies in
large-scale projects.

4.5. FSE for determining the relative importance of the LCEs constructs

This section presents the application of FSE to assess the relative
importance of the identified LCE constructs. Building upon earlier sta-
tistical and structural analyses, FSE is employed to quantify the per-
formance and significance of each construct based on expert evaluations
and fuzzy logic principles. The results are used to calculate Membership
Functions (MFs), derive fuzzy synthetic values, and ultimately deter-
mine the Total Index (Tol) for each LCE component.

4.5.1. Calculation of mean Scores for LCE constructs

Table 5 presents the mean scores and total mean values computed for
each enabler and its associated components using Equation (6).

Among all categories, SL emerged as the most influential construct,
with a total mean value of 26.177, driven by proactive decision-making
and effective leadership practices. Closely following were RKA and POE,
both recording total mean values of 19.034, highlighting the importance
of adequate resources, knowledge transfer, and streamlined operations.
SRM scored 18.662, emphasizing the need for strong collaboration and
communication across project stakeholders. Meanwhile, PIW scored
18.728, underscoring the need to minimize inefficiencies. Technology
and Innovation (TI) recorded the lowest total mean of 14.697, although
this still indicates a notable role in advancing LC practices.
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4.5.2. Determination of weights for LCE constructs

The weights for each enabler were calculated using the normalized
mean method outlined in Equation (7), and the results are presented in
Table 5. Given that the mean score of SL3 is 3.792 and SL contains 7 SLs,
the weight of SL3 was computed as follows:

3792 =145

Wsls = 5705+ 3702 + 3.789 + 3.781 1 3.689 + 3.675 + 3.660

Using the same approach, the weights for each component are

0.008 0.095 0.259
0.005 0.061 0.322
0.008 0.092 0.272

calculated and are also displayed in Table 5. Considering that SRM has a
total mean score of 18.662, its weighting was computed as follows:

18.662 _ 166

Werm = 18.662 + 26.177 +19.034 + 19.034 + 18.728 + 14.697

Using the same approach, the weightings of the remaining LCEs/
Components were computed using Equation (8) and shown in Table 5.

Based on the weightings of the six components, the ordered impor-
tance of the components is as follows: SL (0.233), RKA (0.169), PIW
(0.167), SRM (0.166), POE (0.134), and TI (0.131). SL holds the highest
weighting, emphasizing its pivotal role in driving LC through proactive
leadership. RKA and SRM follow, with weightings of 0.169 and 0.166,
respectively, highlighting the importance of resource allocation,
collaboration, and effective communication. PIW, with a weighting of
0.167, underscores the need to minimize inefficiencies, while POE
(0.134) and TI (0.131) stress the importance of streamlined planning
and innovation. These findings highlight the importance of striking a
balance between leadership, stakeholder engagement, and process effi-
ciency to successfully implement LC in CMPs.

4.5.3. Membership function Evaluation for Lean Construction Enablers
To further assess the significance of each LCE, the Membership
Function Level 2 (MF2) values were calculated based on participants’
survey responses using Equation (10). The computed MF2 values for all
enablers are summarized in Table 6. These values reflect the degree to
which each enabler belongs to the fuzzy set of “significant LCEs.” For
example, RKA1 received response distributions of 0.8%, 2.6%, 36.4%,
37.2%, and 23% for significance levels 1 through 5, respectively.
Using Equation (10), the MF of RKA1 was computed as follows:

.008 .026 .364 .372
MFpga1 =—o— + e

LS, LS, LS; LS; LSs

Alternatively, the MF of RKA1l is expressed as (0.008, 0.026,
0.364,0.372,0.230), as shown in Table 6. Using the same approach, the
MFs of the remaining LCEs were computed.

The MF1 of the Components for LC enablers was computed from
their weighting functions and fuzzy matrices. For example, the
weighting function of POE - Planning and Operational Efficiency
(Table 5) and its fuzzy matrix (Table 6) can be expressed as:

.23

Whop = (.252,.251, .250, .247)
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MFeors | | 0.008 0.095 0.259 0.375 0.264
MFpopz | | 0.005 0.061 0.322 0.383 0.230
Reoe=| e |71 0.003 0084 0314 0356 0.243
MFeor, | | 0008 0.092 0.272 0.430 0.198

Using Equation (11), the resulting MF1 value for POE was computed
as:

0.375 0.264
0.383 0.230
0.356 0243 |~ (0.006,0.083,0.292,0.386,0.234)
0.430 0.198

This method was consistently applied across all components to
generate their respective MF1 profiles, which are summarized in Table 7
below.

4.5.4. Total Index (Tol) calculation and ranking of LCE components

The Total Index (Tol) for each component was calculated using FSE
to assess the significance of LCEs in CMPs. While SL initially held the
highest weighting, the Tol rankings revealed a different order, priori-
tizing components based on their overall impact rather than the number
of LCEs.

The Tol for all components is calculated using Equation (14), and the
results for the remaining components, as well as the total components,
are presented in Table 8. As an illustrative example, the Tol for Resource
and Knowledge Availability (RKA) was calculated as:

Table 6
Membership functions (level 2) for lean construction enablers.

Enabler Codes MF Level 2

SL1 0.005 0.106 0.325 0.325 0.240
SL2 0.008 0.098 0.322 0.372 0.201
SL3 0.011 0.092 0.251 0.388 0.259
SL4 0.011 0.092 0.264 0.364 0.269
SL5 0.008 0.103 0.309 0.367 0.214
SL6 0.005 0.077 0.298 0.361 0.259
SL7 0.005 0.098 0.272 0.361 0.264
SRM1 0.008 0.092 0.277 0.383 0.240
SRM2 0.008 0.087 0.288 0.396 0.222
SRM3 0.003 0.084 0.325 0.388 0.201
SRM4 0.008 0.098 0.285 0.396 0.214
SRM5 0.003 0.087 0.290 0.385 0.235
RKA1 0.008 0.026 0.364 0.372 0.230
RKA2 0.005 0.026 0.385 0.354 0.230
RKA3 0.008 0.029 0.359 0.385 0.219
RKA4 0.005 0.029 0.314 0.420 0.232
RKAS 0.008 0.034 0.314 0.391 0.253
POE1 0.008 0.092 0.272 0.430 0.198
POE2 0.003 0.084 0.314 0.356 0.243
POE3 0.005 0.061 0.322 0.383 0.230
POE4 0.008 0.095 0.259 0.375 0.264
PIW1 0.008 0.090 0.261 0.393 0.248
PIW2 0.005 0.090 0.277 0.393 0.235
PIW3 0.008 0.077 0.290 0.372 0.253
PIW4 0.008 0.098 0.311 0.372 0.211
PIW5 0.005 0.087 0.317 0.369 0.222
TI1 0.005 0.092 0.309 0.377 0.216
TI2 0.003 0.087 0.325 0.391 0.195
TI3 0.005 0.098 0.332 0.343 0.222
TI4 0.008 0.100 0.343 0.359 0.190
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Table 7
Level 1 membership functions (MF1) for LCE constructs.
Constructs Di
SL 0.008 0.095 0.291 0.363 0.244
SRM 0.006 0.090 0.293 0.389 0.222
RKA 0.007 0.029 0.347 0.384 0.233
POE 0.006 0.083 0.292 0.386 0.234
PIW 0.007 0.088 0.291 0.380 0.234
TI 0.005 0.094 0.327 0.367 0.206
Table 8
The total Index for the components enhancing LC Adoption in CMPs.
Code Component Index Ranking
RKA Resource and Knowledge Availability 3.807 1
POE Planning and Operational Efficiency 3.758 2
PIW Process Improvement and Waste Elimination 3.746 3
SL Strategic and Leadership 3.740 4
SRM Stakeholder and Relationship Management 3.733 5
TI Technology and Innovation 3.674 6
1
2
Tolrka = (0.007,0.029,0.347,0.384,0.233)Q | 3 | =3.807(1st)
4
5

Following this approach, the Tol values for all six components were
computed and ranked accordingly, as shown in Table 8.

This study identifies and organizes LCEs into a strategic roadmap,
offering a clear and actionable pathway to enhance project performance
while addressing the unique complexities inherent in CMPs, as illus-
trated in Fig. 2. Through the prioritization of these enablers using FSE, it
becomes evident that all six critical components play a significant role in
influencing the successful implementation of lean practices. Among
them, Resource and Knowledge Availability (RKA) emerge as the most
influential component, with the highest Total Index (Tol) of 3.807,
underscoring its foundational importance in driving sustainable lean
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diffusion.

The prominence of RKA highlights the necessity of ensuring
adequate access to both tangible resources and lean-related knowledge
across project teams. When teams are equipped with sufficient tools,
skilled personnel, and a solid understanding of lean principles, they
become better positioned to identify inefficiencies, streamline work-
flows, and achieve measurable improvements in cost, time, and quality
outcomes (Zarifa Zulkeflee et al., 2022). In this context, qualified lean
managers and internal champions play a pivotal role. These individuals
not only lead by example but also foster a culture of continuous
improvement by engaging team members, reinforcing lean values, and
sustaining momentum throughout the project lifecycle (Demirkesen and
Bayhan, 2020). Moreover, identifying additional champions within the
project team is essential to extend the reach of lean initiatives beyond
initial planning phases. These champions, often natural leaders with a
deep understanding of lean methodologies, can inspire their peers,
promote behavioural change, and ensure that lean practices are
consistently applied and adapted to evolving project needs (Bhawani
et al., 2021). Therefore, addressing knowledge gaps through targeted
training and capacity-building initiatives is crucial for empowering
employees to adapt lean tools effectively, drive innovation, and
contribute meaningfully to lean implementation efforts. Without a
strong foundation in Resource and Knowledge Availability, even
well-intentioned lean initiatives may struggle to gain traction or deliver
lasting impact, further emphasizing its central role in achieving sus-
tainable success in complex megaproject environments.

The second principal component, Planning and Operational Effi-
ciency (POE), ranks second in significance with a Total Index (ToI) of
3.758. As a core enabler of LC diffusion in megaprojects, POE plays a
foundational role in driving value creation, optimizing resource utili-
zation, and minimizing waste throughout the project lifecycle. At its
core, effective planning involves establishing structured methodologies
for implementation, detailed cost and schedule estimation, and logistics
systems that are strategically aligned with value-driven objectives
(Watfa and Sawalha, 2021). By designing procurement and material
movement plans that prioritize value creation, organizations can ensure
efficient resource allocation, reduce redundancies, and enhance the
seamless flow of both materials and information across complex supply
chains.

Roadmap for LC

Adoption

Fig. 2. Roadmap for implementing LC in CMPs.
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This strategic alignment of planning processes improves operational
clarity and enhances organizational agility. When systematically inte-
grated with lean principles, these practices support streamlined work-
flows, improved responsiveness to change, and more informed decision-
making under uncertainty (Alvim and Galizio, 2020). The application of
well-established LC tools, such as the Last Planner System, 5S, Value
Stream Mapping, Just-In-Time (JIT), and Pull Flow, further amplifies
efficiency by identifying and eliminating bottlenecks, reducing idle
time, and fostering continuous workflow improvements (Agrawal et al.,
2024; Gao and Low, 2014). These tools serve as practical mechanisms
that empower teams to maintain high levels of productivity and
adaptability, even in the dynamic and unpredictable environments
typical of large-scale construction projects. Equally important is the role
of visual management techniques, which significantly enhance
communication and transparency across all project phases. These tools
enable real-time progress tracking, early issue detection, and swift
corrective actions, capabilities that are especially critical in megaproj-
ects where delays can trigger cascading disruptions. Given the inherent
complexity of such projects, characterized by multiple stakeholders,
interdependent tasks, and evolving requirements, comprehensive coor-
dination and flexibility become essential success factors. Effective co-
ordination ensures the seamless integration of diverse processes,
minimizes conflicts, and maintains adaptability in response to shifting
conditions (Zegarra and Alarcon, 2019). By focusing on these factors,
POE significantly strengthens its lean adoption strategies, streamlines
operations, and successfully delivers complex, large-scale CMPs with
improved outcomes.

The third most influential component identified in this study is
Process Improvement and Waste Elimination (PIW), which ranks third
with a Total Index (ToI) of 3.746. PIW plays a central role in advancing
LC practices within megaprojects by focusing on enhancing efficiency
and reducing non-value-adding activities that hinder project perfor-
mance. After developing a lean plan, the next step involves identifying
strategies to track alignment and drive continuous improvement
(Sarhan, S., Pasquire, C., Elnokaly, A., and Pretlove, 2019). Tools such as
monthly scorecards, project dashboards, and self-reported surveys are
practical for monitoring progress and ensuring alignment (Bhawani
et al., 2021). Eliminating waste, such as double handling, material
constraints, scrap, and changeovers, streamline operations, reduces
costs, and enhances productivity (Sweis et al., 2016). Reducing vari-
ability and cycle time ensures greater predictability and consistency,
minimizing delays and improving task completion rates (Bajjou and
Chafi, 2018). Standardized metrics, such as Percent Plan Complete
(PPC), quality, and productivity metrics, help track performance and
foster a culture of continuous improvement. Benchmarking with in-
dustry leaders allows organizations to adopt best practices, stay
competitive, and achieve higher efficiency (Ying et al., 2022). These
monitoring and improvement tools facilitate early identification and
resolution of inefficiencies, ultimately enhancing project outcomes
regarding quality, cost, and schedule adherence.

The fourth principal component, Strategic and Leadership (SL), ranks
fourth with a Total Index (Tol) of 3.74. SL enablers are critical drivers for
LC diffusion in megaprojects, as they align organizational strategy with
lean principles and ensure strong leadership commitment (Yadav et al.,
2023). Financial capability is crucial, as it determines the ability to
invest in lean tools, training, and resources, without which lean adop-
tion may be hindered (Shurrab and Hussain, 2018). Enhancing aware-
ness of lean principles ensures stakeholders are informed and motivated
to embrace lean strategies, fostering a culture of continuous improve-
ment (Aslam et al., 2020). Support from government bodies and senior
management also plays a pivotal role, as policy frameworks and regu-
latory incentives can drive lean adoption across the industry (Idrissi
Gartoumi et al., 2024). A well-defined strategic vision from the early
stages ensures that lean practices are embedded into project planning
and execution, creating alignment and clarity in objectives (Moaveni
et al., 2019). Incentive structures, such as tax rebates, public subsidies,
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or performance-linked rewards, serve as powerful motivators for con-
tractors and developers to prioritize lean methodologies (Sadikoglu
et al., 2024). Crucially, active commitment from both top management
and middle-tier leaders is indispensable; their engagement signals
organizational priority and facilitates bottom-up implementation
(Sarhan et al., 2020). Moreover, clients and lead contractors who exhibit
strong lean-oriented leadership foster an environment of trust,
cross-organizational collaboration, and knowledge exchange, reinforc-
ing adherence to lean values throughout the project lifecycle (Saini
et al., 2018). Collectively, these strategic and leadership-oriented en-
ablers establish the vision, institutional support, and motivational
infrastructure necessary to embed lean practices meaningfully within
the intricate ecosystems of megaprojects.

The fifth principal component, Stakeholder and Relationship Man-
agement (SRM), ranks fifth with a Total Index (ToI) of 3.733. SRM is a
crucial enabler for LC diffusion in megaprojects, as it fosters collabora-
tion and maintains strong relationships among all project participants
(Li et al., 2021). Successful lean diffusion relies on stakeholder align-
ment to meet their needs while minimizing conflicts and inefficiencies.
Effective stakeholder management and trust-building create a collabo-
rative environment, enhancing communication and decision-making for
smooth lean implementation (Ying et al., 2022). By fostering open
communication and mutual understanding, SRM contributes to a more
cooperative environment, supporting efficient decision-making and
smoother execution of lean strategies. A key element of SRM is the
definition of value from the customer's perspective, which ensures that
project outcomes align with client requirements and deliver maximum
utility (Bajjou and Chafi, 2018). Addressing these expectations not only
enhances satisfaction but also minimizes unnecessary expenditures and
inefficiencies (Sarhan et al., 2020). Furthermore, involving key stake-
holders early in the project lifecycle enables the integration of lean
principles from the initial planning stages, facilitating proactive iden-
tification of potential challenges and shared goal setting (Alsehaimi
et al., 2014). Establishing strong interpersonal and institutional re-
lationships reinforces commitment to lean values and promotes a culture
of collaboration and accountability (Abusalem, 2020). These
SRM-related enablers significantly contribute to creating a unified,
transparent, and value-driven project environment, which is essential
for the effective adoption and sustainability of lean practices in CMPs.

The sixth principal component, Technology and Innovation (TI),
ranks last with a Total Index (Tol) of 3.674. Despite its lower ranking, TI
is a pivotal enabler for LC diffusion in megaprojects, enabling the use of
cutting-edge tools and processes that optimize efficiency and reduce
waste (Idrissi Gartoumi et al., 2024). Innovative technologies streamline
operations and support lean goals such as value creation, continuous
improvement, and waste elimination (Najafi et al., 2024; Yadav et al.,
2023). Adopting new construction technologies, such as BIM, improving
project coordination, visualization, and data management, enhancing
planning and execution, while reducing errors (Li et al., 2021). Modular
Integrated Construction promotes prefabrication and standardization,
reducing construction time, material waste, and improving quality
control (Goh and Goh, 2019). Integrating CE principles reduces waste,
lowers carbon emissions, and optimizes resource use, aligning with
Lean's sustainability goals (Benachio et al., 2021). Advanced technolo-
gies like Digital Twin and Blockchain enhance project monitoring,
real-time data tracking, and transparent information sharing, improving
decision-making and reducing risks (Altan and Isik, 2023; Kifokeris and
Tezel, 2023). Together, these TI enablers drive efficiency, sustainability,
and innovation, contributing to the successful diffusion of LC in
megaprojects.

5. Toward context-responsive lean sustainability: Theoretical
anchoring, empirical validation, and boundary conditions for

global transfer

While the identified LCEs demonstrate strong internal coherence
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with sustainability frameworks (e.g., 3P, TBL), their operational rele-
vance extends only as far as their contextual validity. Megaprojects are
inherently embedded in institutional ecosystems, shaped by regulation,
culture, and procurement norms, that mediate how, when, and whether
enablers like Resource and Knowledge Availability or Strategic Lead-
ership can be effectively deployed. This section therefore moves beyond
what matters to where and why it works, integrating theoretical align-
ment with critical reflection on boundary conditions. By anchoring the
framework in existing sustainability literature (5.1) and explicitly
examining its transferability beyond the Chinese context (5.2), we po-
sition lean not as a universal template, but as a context-responsive
strategy, one whose scalability depends on deliberate adaptation, not
replication.

5.1. Theoretical synergies: aligning LCEs with sustainability frameworks
(3P, TBL, and stakeholder governance)

The prioritized LCEs identified in this study align closely with the key
dimensions and frameworks proposed in the literature on sustainability
in megaprojects. The emphasis on Resource and Knowledge Availability
(RKA), Planning and Operational Efficiency (POE), and Process
Improvement and Waste Elimination (PIW) reflects the foundational
role of people, process, and performance measurement, elements central
to the 3P framework (Purpose, People, Process) introduced by Wang
et al. (2020). By investing in lean-capable human resources, embedding
standardized metrics, and reducing waste through continuous
improvement practices, this research supports the integration of lean
principles into broader sustainable development strategies for mega-
projects. Moreover, the findings resonate with conceptual models that
link sustainability with influencing factors such as stakeholder engage-
ment, governance, and risk management (Chen et al., 2021; Thounao-
jam and Laishram, 2022). The high ranking of Strategic and Leadership
(SL) and Stakeholder and Relationship Management (SRM) enablers
underscores the importance of proactive leadership commitment and
collaborative stakeholder involvement, both of which are essential for
embedding sustainability across all project phases. This aligns with
Romestant (2020) and Senaratne et al. (2024), who stress that mean-
ingful sustainability outcomes require early and active engagement of
diverse stakeholders to address socio-economic and environmental
concerns. Additionally, the prioritization of Measurement & Improve-
ment and Waste Elimination ties directly to the Triple Bottom Line (TBL)
concept, particularly the ecological and economic pillars. The use of lean
KPIs, such as material waste rates and defect tracking, complements
advanced risk assessment tools like RAMSCOM and ANP-BOCR (Coskun
et al., 2023; Subaie et al., 2023), contributing to more responsible
resource use and cost efficiency in large-scale projects.

Finally, while Technology and Innovation (TI) ranked lowest among
the constructs, its positioning as an enabler to be adopted after foun-
dational lean capabilities mirrors recent calls for technology integration
within a robust sustainability framework (Cottafava et al., 2024).
Emphasizing digital tools like BIM and CE principles in design and
procurement phases aligns with efforts to enhance transparency, reduce
environmental impact, and support long-term sustainable value
creation.

5.2. Boundary conditions and transfer protocol: From local calibration to
global relevance

While the FRII-FSE framework was empirically calibrated using data
from 379 professionals in Mainland China and Hong Kong, its broader
applicability must account for contextual contingencies across regula-
tory, cultural, and contractual landscapes. Three key implementation
challenges arise when transferring the framework internationally:
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First, regulatory misalignment may hinder enabler sequencing. For
instance, in jurisdictions where labor mobility is restricted (e.g., some
Gulf states), RKA, particularly “availability of experienced lean leaders”
(RKA1), may require supplementation with localized upskilling or
expatriate mentorship, rather than direct recruitment. Similarly, in en-
vironments where sustainability mandates are weak, TI enablers like
circular economy (TI3) may lack policy or market pull, necessitating
SRM-driven value co-creation (e.g., client-contractor green incentives)
to compensate. Second, cultural norms shape lean readiness. High
power-distance cultures (e.g., Egypt, Malaysia) may accelerate SL-
driven top-down lean mandates but resist POE/PIW bottom-up process
improvements (e.g., frontline waste walks), requiring middle-
management “lean champions” to bridge the gap. Conversely, in low-
uncertainty-avoidance contexts (e.g., Netherlands, Australia), adaptive
planning (RKA5, POE4) is more readily accepted, whereas in high-
uncertainty settings, rigid baseline plans may initially prevail,
demanding stronger change-management support (SL2, SL7). Third,
contractual fragmentation limits system-level diffusion. In adversarial
procurement models (e.g., traditional design-bid-build in the U.S.), the
foundation phase (RKA + SRM) may need to be contracted at the owner
level (e.g., integrated briefing + prequalification of lean-capable bid-
ders), rather than left to individual contractors. Hybrid models, such as
embedding lean KPIs (e.g., PPC >80%) into FIDIC Red Book perfor-
mance clauses, can create contractual “hooks” for lean without over-
hauling procurement.

To mitigate these challenges, we recommend a three-step transfer
protocol:

(1) Diagnostic assessment of institutional readiness (e.g., using a lean
maturity matrix).

(2) Contextual recalibration of construct weights (e.g., via localized
FSE using regional expert panels); and

(3) Phased piloting, starting with low-risk, high-visibility packages
(e.g., site logistics under POE) before scaling to design or supply-
chain integration.

A promising avenue to enrich this forward-looking agenda is the
integration of patent-based prospective Life Cycle Assessment (LCA), as
advanced by Spreafico (2025). By analyzing global patent filings (e.g., in
WIPO or USPTO databases), one can identify emerging lean-digital in-
novations (e.g., Al-powered Last Planner optimization,
blockchain-based waste tracking, or prefabrication robotics) and project
their potential environmental impacts prior to market diffusion. This
enables early assessment of trade-offs, such as the energy footprint of
digital twins versus their potential to reduce rework-related emissions,
thereby informing eco-design at the strategy level. When combined with
our FRII-FSE framework, patent-based LCA could transform TI from the
lowest-ranked current enabler (Tol = 3.674) into a prospectively
weighted pillar, guiding policymakers in aligning R&D investments,
procurement incentives (e.g., green patents in prequalification), and
upskilling pathways with high-impact, low-regret innovation
trajectories.

6. Implications

This study identifies six key constructs that enable the successful
diffusion of LC in megaprojects: RKA, POE, PIW, SL, SRM, and TI. Based
on their prioritization, the following strategic implications are derived:

(i) Build lean capacity: RKA was ranked highest, underscoring the
need for training programs, recruitment of lean leaders, and in-
ternal knowledge systems to support sustainable implementation.
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Technology Integration

Adopt BIM, digital twins, and smart
materials within lean framework.

Collaboration & Trust

Engage stakeholders early, build
partnerships, foster open
communication.

05

Leadership & Policy

Secure executive commitment,
advocate supportive regulations.
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People & Process
Train employees, recruit lean experts,
adopt standardized lean tools.

Planning & Coordination

Implement LPS, JIT, VSM; develop
adaptive logistics systems

Measurement & Improvement

Define lean KPIs, benchmark
performance, embed feedback loops.

Fig. 3. Radar diagram of LCEs prioritized for sustainable megaprojects.

(ii) Improve planning and coordination: POE emphasizes the
importance of lean tools like LPS, VSM, and JIT to reduce delays
and enhance real-time decision-making.

(iii) Standardize performance metrics: PIW highlights the need for
consistent KPIs (e.g., waste rates, PPC) and continuous
improvement practices such as root cause analysis.

(iv) Secure leadership commitment: SL shows that visible support
from top management and policy incentives from government are
essential for embedding lean at scale.

(v) Foster stakeholder collaboration: SRM reinforces the value of
early engagement, trust-building, and collaborative problem-
solving to align expectations and reduce conflict.

(vi) Integrate technology strategically: TI ranks lowest, suggesting it
should complement, not replace, lean fundamentals like process
discipline and waste reduction.

A visual roadmap (Fig. 3) illustrates how these enablers must work
together, with human and process capabilities forming the foundation,
followed by planning, measurement, and leadership support. Technol-
ogy integration is positioned as a secondary enabler, most effective
when built upon established lean maturity. These findings offer
actionable guidance for practitioners and policymakers seeking to
implement LC principles sustainably within complex megaproject
environments.

While the FSE-based ranking establishes what enablers matter most
(RKA > POE > PIW > SL > SRM > TI), successful LC diffusion requires
who does what, when, and how. To enhance practical relevance, this
section proposes a stakeholder-stratified roadmap, structured around
three implementation phases aligned with lean maturity:

(i) Foundation Phase (RKA + SRM): Build capability & trust
(ii) Execution Phase (POE + PIW): Optimize workflows & eliminate
waste
(iii) Transformation Phase (SL + TD):
innovation

Institutionalize & scale

Guided by the empirical Tol scores and enabler-level insights, the
following role-specific pathways ensure coordinated, context-aware
adoption, particularly critical in China's fragmented megaproject
ecosystem.
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6.1. Owners/construction units (e.g., Government Agencies, developers)

As agenda-setters, owners should drive LC diffusion in three phases:
(1) Foundation, mandate >2 lean-certified staff per team and fund lean
academies (RKA), while co-creating Integrated Partnering Charters with
shared KPIs (SRM); (2) Execution, tie payments to lean performance
metrics (e.g., PPC >85%, defect rate <2%) (POE/PIW); and (3) Trans-
formation, advocate policy incentives (e.g., tax rebates, lean-based
prequalification) (SL). Critically, technology mandates (e.g., BIM)
should be deferred until RKA and POE foundations are verified, ensuring
tools enable, rather than substitute for, lean maturity.

6.2. Contractors (general & trade subcontractors)

Contractors, as on-site executors, should advance LC in three phases:
(1) Foundation, deliver JIT lean upskilling (e.g., 5S/toolbox training
pre-task): and maintain a lean knowledge repository (RKA), while
assigning coordination liaisons for inter-trade alignment (SRM); (2)
Execution, implement LPS® with pull sequencing, digital 5S boards, and
cross-trade hubs (POE), alongside weekly waste walks and root-cause
defect logs (PIW); (3) Transformation, tie middle-management bo-
nuses to lean KPIs (e.g., PPC, rework %) (SL), and deploy BIM only after
POE workflows stabilize, ensuring tech augments, not disrupts, process
discipline.

6.3. Design Firms

Design Firms, as value shapers, should embed LC early in three
phases: (1) Foundation, co-locate BIM coordinators on-site and co-define
customer value profiles with end-users (SRM); (2) Execution, apply BIM-
integrated VSM and DfMA to eliminate rework and material waste
(POE/PIW); (3) Transformation, pioneer modular/circular design (e.g.,
reusable components) (TI), but only when RKA (designer competency)
and POE (planning reliability) are mature.

6.4. Supervision/consulting units

Supervision Units, as assurance providers, must evolve from auditors
to lean coaches: (1) Foundation, audit lean readiness (e.g., training logs,
adaptive planning): (RKA); (2) Execution, monitor lean performance via
scorecards tracking PPC, visual controls, and defect rates, not just
safety/compliance (POE/PIW) (3) Transformation, -certify lean
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milestones (e.g., “RKA Achieved™); to trigger milestone payments (SL),
institutionalizing LC as a contractual deliverable.

6.5. Material & equipment suppliers

Material Suppliers, as flow enablers, should support lean logistics in
three phases: (1) Foundation, co-develop adaptive JIT plans using
shared demand forecasts (RKA); (2) Execution, deliver kitted/sequenced
materials and real-time inventory dashboards to reduce buffer stock and
handling (POE/PIW) (3) Transformation, launch CE take-back schemes
(e.g., for reusable formwork); (TI), contingent on stable POE coordina-
tion and RKA planning capacity.

6.6. Government & regulatory bodies

Government Agencies, as system shapers, should enable lean diffu-
sion strategically: (1) Foundation & Execution, issue minimum lean
competency requirements and fund pilot projects (RKA/SRM); (2)
Transformation, embed lean criteria in national procurement (e.g.,
prequalification, tax rebates) and fund public—private lean-digital test-
beds (SL/TI), but prioritize capability-building (RKA/POE) over tech
mandates, recognizing that LC maturity must precede digital scaling.

7. Conclusion

This study develops a comprehensive framework to support the
diffusion of Lean Construction (LC) in CMPs, with a focus on the Chinese
context. Unlike prior LC enabler studies focused on small-scale or single-
method assessments, this work advances implementation science by
integrating fuzzy multi-criteria evaluation with megaproject-specific
contextualization, enabling practitioners to sequence interventions in
alignment with resource readiness. Using a mixed-methods approach,
including mean score analysis, FRII, and Fuzzy Synthetic Evaluation
(FSE), the research identifies and prioritizes 30 key LC Enablers (LCEs),
grouped into six constructs: Resource and Knowledge Availability
(RKA), Planning and Operational Efficiency (POE), Process Improve-
ment and Waste Elimination (PIW), Strategic Leadership (SL), Stake-
holder Relationship Management (SRM), and Technology Integration
(TT). Among these, RKA emerged as the most influential, emphasizing
the need for skilled personnel, training programs, and knowledge-
sharing systems. While TI ranked lowest, it is still seen as a strategic
complement to foundational lean practices rather than a driver. The
findings align with sustainability frameworks such as the Triple Bottom
Line (TBL) and 3P model (Purpose, People, Process), demonstrating how
lean principles can advance SDG 9 (industrial innovation), SDG 11
(sustainable cities), and SDG 12 (responsible consumption). By linking
lean practices with sustainability goals, this study offers actionable in-
sights for practitioners and policymakers aiming to improve perfor-
mance and reduce environmental impacts in megaprojects.

Despite its contributions, the study focuses on China, limiting
generalizability across different regulatory and cultural contexts. Addi-
tionally, while LCEs were validated through quantitative modeling, real-
world case studies are needed to test their practical applicability.
Moreover, while FSE provides a mathematically sound mechanism to
synthesize subjective inputs, its outputs remain contingent on the sam-
ple's professional background, regional norms, and lean exposure,
underscoring the need for contextual recalibration before applying the
framework in other megaproject ecosystems (e.g., Middle East, Sub-
Saharan Africa, or Latin America). This study's outcomes provide a
foundation for future research aimed at integrating advanced digital
technologies and sustainability strategies with LC frameworks to
enhance performance and reduce waste in megaprojects. Specifically,
the application of Digital Twin (DT) technology offers significant po-
tential for enabling real-time data integration, simulation-based deci-
sion-making, and lifecycle performance monitoring, thereby supporting
dynamic lean interventions across complex construction workflows.
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Similarly, Blockchain technology can be leveraged to enhance trans-
parency, traceability, and smart contract automation within lean supply
chains, addressing key challenges related to procurement inefficiencies,
supplier accountability, and information asymmetry. Additionally,
embedding CE principles into LC practices presents a strategic pathway
for minimizing material waste, extending resource lifecycles, and pro-
moting regenerative design approaches. Future studies should focus on
developing integrated models that systematically align DT, Blockchain,
and CE strategies with the prioritized LCEs identified in this research.
Also, future studies could apply this framework across megaproject
phases (e.g., planning vs. construction) via repeated surveys or case-
based longitudinal tracking, to quantify how enabler weights shift in
response to evolving complexity, risk, and stakeholder maturity. These
efforts will advance theoretical understanding and support the practical
implementation of digitally enabled, sustainable lean systems in mega-
project environments, contributing to operational efficiency and envi-
ronmental sustainability goals.
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