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Abstract: To contend with the current economic conditions, construction managers are
recommended to identify sustainable construction supply chain management (CSCM) trends
over the forthcoming years and adopt suitable techniques to manage construction projects
strategically, tactically, and operationally. However, there is a shortage of studies exploring
Lean Construction (LC) practices’ contributions to sustainable CSCM trends in the
forthcoming years. Thus, this paper applies the integrated fuzzy AHP—Delphi approach to
identify key sustainable CSCM trends and uses them as strategic evaluation criteria to assess
and rank LC techniques. The evaluation was done by 28 experts having more than four years’
experience and expertise in lean construction and sustainable CSCM. This work also
provides managerial implications by proposing a framework for LC techniques to advance
sustainability throughout construction project phases. The framework leverages the roles of
Virtual Design Construction and Last Planner System as strategically important tools for
design and architectural engineering and project planning and control, respectively. In
addition, the framework aims at the sustainability of on-site construction execution by taking
account of LC tools for on-site safety warranty, problem-solving, and continuous
improvement.
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Introduction

The construction sector uses innumerable non-renewable fuels and materials for its processes
which produce a huge quantity of carbon emissions (Yu et al., 2020). Further, this industry has
been known for such inefficiencies as poor quality, defective design, and inferior conditions of
safety and working, which generate non-value-added activities, process uncertainty, and wastage

(Bos et al., 2014). There is a lack of effort to establish green and smooth flows for transformation



processes from raw materials to tangible construction (Le & Nguyen, 2022). For years, scholars
and practitioners have discussed the necessity to change construction practices to increase efficacy.
This entails a change in the critical way of construction execution and a deep concentration on
managing the entire set of construction processes.

When construction is practiced through maximizing value and minimizing waste, it is called
lean construction (LC) (Koskela et al., 2002). LC advances smooth flow and value creation (Sarhan
et al.,, 2019) by coordinating interdependent tasks during the whole project and then reducing
nonvalue-added activities. LC also focuses on value creation by boosting customer satisfaction and
project participant integration (Carvajal-Arango et al., 2019). Construction management can be
improved thanks to LC practices with regard to procurement, scheduling, and control (Al-Aomar,
2012). For over two decades, LC has emerged as one of the most efficient methods to enhance
construction performance. Today, LC is regarded as a critical approach to coping with the
construction industry’s inherent problems (Le & Nguyen, 2022).

Recently, the application of sustainable construction supply chain management (CSCM)
advances supply chain (SC) integration to minimize negative environmental impacts, reduce waste
and costs, and enhance social issues (e.g., creating a safe and healthy built environment) (Sarhan
et al., 2019; Le & Nguyen, 2022). Sustainable CSCM and its application during project activities
have attracted the interest of scholars and practitioners to serve the “triple bottom line” (people,
the planet, and profit) focusing on social, environmental, and economic dimensions (Solaimani &
Sedighi, 2020; Athapaththu & Karunasena, 2018). Sustainable CSCM satisfies social demand for
products and services while saving natural resources; hence, it enables productive systems to have

safe and efficient transformation of environmental resources into social welfare. This preserves an



equilibrium between built and natural environments and promotes social values and sustainable
building practices (Carvajal-Arango et al., 2019).

The last decades’ research has aroused an interest in two concepts, namely LC and sustainable
SCM, as well as suggested that sustainable CSCM can be efficiently promoted and supported
through LC practices (Khodeir & Othman, 2018; Sarhan et al., 2019; Solaimani & Sedighi, 2020;
Carvalho et al., 2017; Carvajal-Arango et al., 2019). LC practices can contribute to sustainable
CSCM in two main aspects. Firstly, by focusing on waste reduction, LC can eliminate material and
energy wastage and pollution from construction and maintenance. Secondly, by advancing value
creation, LC can simultaneously promote clients’ value in economic, environmental, and social
terms (Sarhan et al., 2019). Concurrent application of both LC and sustainable CSCM creates more
positive impacts than their separate implementation. Indeed, deploying the two philosophies
together helps improve client values, optimize resources, and reap greater benefits in construction
processes, e.g., lead-time reduction and SC relationship enhancement (CarvajalArango et al.,
2019). Also, companies adopting LC for continuous improvement tend to implement
environmental and social practices more effectively (Carvalho et al., 2017).

Despite the expected gains from combining LC and sustainable CSCM, their concurrent
application has not been fully explored in the industry (Solaimani & Sedighi, 2020; Carvalho et
al., 2017). Still, the construction segment lacks inclusive research on how to integrate LC and
sustainable CSCM to obtain social, environmental, and economic benefits (Carvalho et al., 2017).
Regarding LC application, it necessitates more practical studies on the classification and ranking
of lean tools used for construction projects (Le & Nguyen, 2022; Ansah & Sorooshian, 2017) to

offer project managers helpful advice on which LC tools to apply throughout the project. It is



equally worthwhile exploring the trends of sustainable CSCM to recommend to construction
practitioners how to ameliorate sustainable construction performance (Le & Nguyen, 2022).
However, there is a shortage of research examining LC practices’ contributions to sustainable
CSCM trends in the forthcoming years.

Based on the below-reviewed literature, we find that construction firms need to identify the
forthcoming sustainable CSCM trends and promote sound practices to run construction projects
strategically, tactically, and operationally. Nevertheless, state-of-the-art research in construction
management has mostly concentrated on the application of the concept of sustainable SCM while
there is a shortage of research, which recognizes and ranks the critical trends of sustainable CSCM.
Also, there is a need for research into assessing and prioritizing tools for LC practices to cope with
trends in sustainable CSCM. To fill the gaps and cope with practical matters of the construction
sector, our study aims to: (1) identify significant trends in sustainable SCM in construction in the
forthcoming years; (i) apply those sustainable CSCM trends as the main criteria for assessing and
ranking lean construction tools; and (iii) propose a framework to practice LC tools for construction
projects with respect to the trends of sustainable CSCM. The results provide a reference for
construction practitioners to rank and apply appropriate lean tools for project operations to advance
sustainability in CSCM.

The paper is arranged into six sections. The introduction is presented in Section 1, and the
relevant works are then synthesized in section 2. Next, the research method is described in section
3 which comprises the theoretical foundations of the fuzzy AHP—Delphi method. Subsequently,
the research results and sensitivity analysis are shown in section 4, whereas section 5 discusses in
depth the managerial implications for construction practitioners. Lastly, conclusive points are

summarized in section 6.



Literature review

Trends in sustainable management of construction supply chains

Sustainable SCM in construction encompasses the utilization of best practices and clean and
resource-efficient techniques for positive environmental and socio-economic performance
(Athapaththu & Karunasena, 2018). In sustainable CSCM, sustainable development principles
apply across construction project phases from planning and design through construction to final
deconstruction and waste management (Athapaththu & Karunasena, 2018; Le & Nguyen, 2022;
Kosanoglu & Kus, 2021). Indeed, to achieve sustainable CSCM, sustainability policies and
practices such as green purchasing, green logistics, and green and cleaner production should be
implemented (Kosanoglu & Kus, 2021). The following subsections present the trends of
sustainable SCM in the construction sector.

Trends of sustainable construction standards and measurements: Sustainability policies must be
considered from the very beginning of building configuration to ensure that its development meets
sustainability requirements. Specific policies, which cover sustainability standards and guidelines,
should be enacted to enable construction firms to foster sustainable development, address current
societal challenges, and increase their competitiveness (Athapaththu & Karunasena, 2018; Kylili
& Fokaides, 2017). Government policies should aim at both short-term and long-term actions to
provide investment and business opportunities as well as enhance human-capital resources (Kylili
& Fokaides, 2017). In the scope of construction enterprises, research, development, and innovation
activities should focus on best practices aligned with the legislation and regulations concerning
sustainability. Required to have their buildings certified with respect to environmental, economic,
and social sustainability, companies must take account of sustainability issues within their vision

and mission. The standards and guidelines for sustainable construction that firms need to consider



address quality, workplace, health, safety, and social issues as well as environmental, financial, and
open communication policies. These standards and guidelines have a strong impact on the
sustainable construction performance of enterprises (Athapaththu & Karunasena, 2018).

Along with standards and guidelines, sustainability measurement and reporting are critical to
sustainable construction development (Holton et al., 2010). Companies are advised to adopt a
system of measurement and reporting or apply current benchmarks to appraise and improve
environmental, social, and economic performance (Tan et al., 2011; Pitt et al., 2009). Athapaththu
and Karunasena (2018) stated that project benchmarking and sustainability assessment tools assist
contractors to work toward sustainable construction.

Trend of SC integration for sustainable construction: During the last decades, scholars have
suggested SC integration as a feasible way to deal with existing problems in the construction
industry (Abdirad & Krishnan, 2021; Ho et al., 2019; Le et al., 2021; Nguyen & Le, 2022). SC
integration enabled by commitment and communication among SC members provides necessary
information for decision-making (Nguyen et al., 2021, 2022). This improves the efficiency of
construction planning and development and lessens the risk of SC participants’ non-compliance
(Nguyen & Le, 2022). Kosanoglu and Kus (2021) pointed out that SC integration promotes SC
actors’ responsibilities in delivering a sustainable construction supply chain (CSC). Architects and
engineers participate in building designs while owners and main contractors perform central roles
in developing and financing sustainable construction projects (Le et al., 2021). Therefore, CSC
integration plays an integral role in diminishing the malign influences of construction activities on
local communities and the environment. In effect, CSC integration correlates positively with
sustainable construction, and it is worth advancing CSC integration for sustainability purposes

(Zeng et al., 2018).



Trends of sustainable construction functions (design, digital transformation, and procurement):
Construction designers have been continually seeking methods and tools to reduce energy
consumption and environmental effects to achieve more efficient and sustainable buildings (Liu et
al., 2017). Sustainable design has become an emerging trend in the construction industry with
recently high demand for sustainable construction design (Elbeltagi et al., 2017). To keep up with
this trend, such approaches as Building Sustainability Assessment and Building Information
Modeling (BIM) have been used to facilitate designers’ decision-making on environmental, social,
and economic issues (Maltese et al., 2017; Carvalho et al., 2021). Sustainability requirements and
measures should be examined and integrated in the preliminary design so that sustainability tools
can exert more influence on project activities and building sustainability (Carvalho et al., 2017).

Another trend of sustainability in construction is digital transformation which takes information
and communications technologies to change core processes in construction projects (Abioye et al.,
2021). Due to its transformational power, digital transformation is regarded as a critical enabler of
environmentally sustainable development. To achieve sustainability, construction projects must
deal with such concerns as wastage, safety hazards, and economic issues (Wernicke et al., 2021).
Digital transformation technologies can change the construction industry’s status quo through such
approaches as Construction 4.0 (Garcia de Soto et al., 2022). The sector has increasingly embraced
digital technologies, especially BIM to boost CSC collaboration and project performance (Whyte,

2019; Hall et al., 2020).
The other important function is construction procurement, which has significantly contributed

to building sustainability through the insertion of environmental protection, societal progress, and
economic development in procurement processes (Brammer & Walker, 2011). Governments and
organizations around the world have been recommended to promote policies and practices for

sustainable procurement (Yu et al., 2020). Sustainable procurement can lead to resource efficiency,
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high quality, and cost minimization across the product lifecycle (Ramkumar & Jenamani, 2015).
Green procurement practices, strategies, and measures to ensure the prevalent and rapid adoption
of sustainable procurement have been increasingly implemented for construction performance
improvement (Meehan & Bryde, 2015; Eriksen et al., 2017; Yu et al., 2020).

Trends of sustainable construction education and innovation: Aware of the role of education in
accomplishing sustainability in construction projects, construction companies tend to have more
commitment to sustainability through the improvement of staff education and training (Liang et
al., 2014; Tan et al., 2011). Not only the workforce but also relevant CSC actors such as suppliers
and subcontractors need to partake in training programs on sustainable construction (Athapaththu
& Karunasena, 2018). Further, enterprises can reach a higher sustainability level for construction
processes through the innovation of sustainable technologies employed for process improvement
(Tan et al., 2011; Liang et al., 2014; Booth et al., 2012). Construction firms are acutely conscious
of the importance of such technologies and have used them to reduce wastage, recycle materials,
preserve water and energy, conserve biodiversity, and sustain cost-effectiveness (Tan et al., 2011;
Athapaththu & Karunasena, 2018). It is noted that clients’ requirements also prompt contractors
to apply sustainable technologies, innovations, and processes.

Trends of sustainable construction execution (cleaner onsite and offsite construction, reverse
logistics): Onsite construction logistics has focused on material handling and site layout planning
which are closely interrelated (Hammad et al., 2016; Ning et al., 2010; Ning et al., 2016). Building
construction necessitates strenuous exertions to transport, store, assemble, and arrange building
materials in a limited site space using suitable construction technologies. A productive site layout
enables material handling with smooth material and equipment flows, thus promoting the safety

and efficacy of construction project execution. During the past decades, scholars have investigated



many tools and aspects of cleaner and sustainable onsite construction, such as noise reduction for
various surrounding receivers (Hammad et al., 2016), safety and environmental concerns for onsite
operations (Ning et al., 2010), and external transportation and safety as principles for layout
selection (Ning et al., 2016).

With the growing employment of offsite technologies for modularization and prefabrication, the
complexity of managing materials supply for construction projects has substantially increased.
Therefore, along with the utilized technologies, the management of supply configurations is also
critical for the improvement of offsite prefabrication performance. For years, multiple managerial
approaches have been pursued for cleaner offsite construction logistics and SCM such as precast
scheduling, lean methodology, supply decisions and configurations, and disturbance evaluation
(Arashpour et al., 2017; Im et al., 2009; Liu & Lu, 2018; Wang et al., 2018).

Researchers have demonstrated that reverse logistics applied in construction can bring many
advantages, from positive environmental effects to economic and social benefits (Chileshe et al.,
2015; Rameezdeen et al., 2016; Rahimi & Ghezavati, 2018). Although the environmental and
social advantages of reverse logistics are highlighted in government regulations, its economic
benefits, e.g., cost savings, act as the main incentive for construction practitioners to adopt reverse
logistics (Hosseini et al., 2015). Reverse logistics has become an emerging trend in construction
projects; thus, there are calls for further qualitative and quantitative research to explore its benefits

and leverage the roles of relevant CSC stakeholders.

Trends of safety and risk management for sustainable construction: Safety and social
sustainability is an important trend for sustainable construction, which addresses work settings,
employee rights, social missions, training and education, diversity and equality, and health and
safety (Dallasega & Rauch, 2017; Solaimani & Sedighi, 2020; Kosanoglu & Kus, 2021). Safety
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and social sustainability in CSCM focus on raising staff satisfaction and living standards through
creating safe working conditions and upholding employee rights (Kosanoglu & Kus, 2021; Tsai et
al., 2021). In addition, risk management serves an essential role in detecting and reducing CSC
risks to guarantee safety and social sustainability in construction projects. Risk management in
construction requires close collaboration among different stakeholders in construction design and
execution (Mofidi et al., 2020; Newaz et al., 2021). Risks exist across construction project phases,
e.g., design-related, supplier-related, delivery-related, and operational risks. Okudan et al. (2021)
suggested focusing on efficient exploitation of risk-based knowledge, such as risk mitigation
lessons learned from previous projects, and consequences and efficiency of response strategies for
risk management.
Exhibit 1. Review of trends in sustainable CSCM.

The summary of trends for sustainable CSCM is presented in Exhibit 1. Overall, there is a
shortage of research that utilizes industry experts’ inputs to assess and rank trends in sustainable
CSCM for the forthcoming years, whereas construction practitioners need to consider those trends
to prepare strategic plans for sustainable construction and competitive advantages.

Lean practices in construction

Lean construction (LC) practices are defined as the tools whereby the lean philosophy is adopted
for construction project activities: design, planning, and execution (Babalola et al., 2019; Le &
Nguyen, 2022). LC tools, which aim to improve project performance (Ansah & Sorooshian, 2017),
can be deployed separately or together (integrating many tools) (Aslam et al., 2022; Babalola et
al., 2019). LC tools can be classified based on their application to each project phase, e.g., design
& engineering, project planning & control, and construction execution operations (Le & Nguyen,

2022). Babalola et al. (2019) recommended that LC tools be classified into four main types based
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on their application: (i) lean techniques for design & engineering; (ii) lean techniques for project
planning & control; (iii) lean techniques for onsite construction; and (iv) lean techniques for safety
& health. LC practices are followed in various ways, from using tools for process standardization
of a specific stage to handling the whole construction project. Exhibit 2 illustrates the LC tools
most commonly recommended for the industry in recent scholarship.

Exhibit 2. Review of the utmost applied tools for practices of LC.

Lean architectural engineering and design techniques: Construction projects commence with
architectural design & engineering which calls for efficient tools to boost performance. The most
used tool for this phase is virtual design construction (VDC) which uses many computer-based
simulation and design tools to test errors and finalize designs for prefabrication and execution
(Babalola et al., 2019). Currently, BIM is a dominant VDC approach to providing n-D models and
performing simulations during the design phase (Le & Nguyen, 2022). Exhibit 2 also presents
different tools for the practices of this phase including design structure matrix (DSM), design
workshops (DW), prefabrication & modularization (P&M), integrated project delivery (IPD),
detailed briefing (DB), target value design (TVD), standardization, construction process analysis
(CPA), concurrent engineering (CE), smart goal (SG), team preparation (TP), and Jidoka (Aslam
et al., 2020; Babalola et al., 2019; Rybkowski et al., 2022). Among those tools, IPD is a tool for
project delivery that focuses on SC integration to improve project performance (Le & Nguyen,
2022). IPD enlists key SC members’ early involvement in decision-making and control such that
they can cooperatively set project goals and facilitate risk-sharing between SC actors (Babalola et
al., 2019). IPD helps resolve existing construction problems, e.g., truncated productivity, excessive
cost and duration, rework and wastefulness, as well as ineffective information sharing (Roy et al.,

2018). Another vital LC tool is CE, a systematic approach to information sharing between SC
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partners to produce integrated designs for products and their associated procedures (Shouke et al.,
2010). CE guarantees that critical decisions are supported by interdependent engineering crews
who consider product details for efficient process designs. Practical evidence shows that CE can
foster a collaborative working environment that leads to turnaround time reduction and error
elimination across the whole project delivery process (Babalola et al., 2019). Similarly, DW can
be organized onsite for architectural designers to evaluate the whole product and process designs
so that creative ideation for design solutions can be facilitated (Babalola et al., 2019). In these
workshops, related actors (e.g., end-users, funders, or authorities) can communicate with design
teams, and then integrate clients’ values into architectural designs (Thyssen et al., 2010). In regard
to standardization, this technique establishes the scope and standards for each building component
in conjunction with its related activities (Babalola et al., 2019). Meanwhile, P&M support the
subdivision of prefabricated components into equivalent repetitive modules, which results in the
simplification of product designs. According to Rocha and Kemmer (2018), those tools enhance
construction performance, facilitate design customization, and reduce wastage.

Lean project planning and control techniques: Also listed in Exhibit 2 are the common tools for
lean practices in project planning and control proposed by previous literature including last planner
system (LPS), location-based management system (LBMS), daily cluster/huddle meeting
(DC/HM), work structuring & scheduling (WS&S), Benchmarking, bottleneck analysis (BNA),
pull scheduling/planning (PS/P), value stream mapping (VSM), Poka-Yoke, line balancing (LB),
multi-process handling (MPH), continuous flow (CF), and FIFO line (Babalola et al., 2019; Le &
Nguyen, 2022). Among them, the LPS, which is an effective lean practice for project planning and
control, advances SC stakeholders’ partnering for construction project planning and delivery (Perez

& Ghosh, 2018). The LPS assimilates the following functions: (i) master planning for project
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delivery standard-setting; (ii) phase planning for task assignment in a definite timeframe with
cooperative reverse scheduling; (iii) look-ahead planning using restraint analysis and cooperative
job design for the creation of the next-four-to-eight-week schedule; (iv) planning for weekly
activities using look-ahead plans and reviewing weekly work (AlSehaimi et al., 2014). Meanwhile,
VSM defines the current state of processes and helps effect desired improvements to their future
state. VSM raises productivity by reducing redundant activities and enhancing needed processes
and activities (Le & Nguyen, 2022; Ramani and KSD, 2019). Another tool used for work
uncertainty reduction is WS&S, which divides construction processes into consecutive smaller and
discrete parts (Al-Aomar et al., 2012). With Benchmarking, criteria are set to motivate construction
teams by encouragement packages to complete construction works and then benchmark each other
to achieve better performance (Babalola et al., 2019). According to Aslam et al. (2020), DC/HM is
another tool to support team problem-solving by organizing meetings for all project managers and
construction workers to debate related issues, thus boosting interaction among SC stakeholders (Le
& Nguyen, 2022).

Lean onsite construction operations techniques: Exhibit 2 also presents twenty-one tools for
onsite construction management proposed by recent scholars, namely Gemba or Muda walk
(GW/MW), 58, total productive maintenance (TPM), Kanban system, teamwork & partnering

(T&P), Kaizen, first-run study (FRS), Just-in-Time (JIT), visual management (VM), conference
management (CM), check points & control points (CP&CP), failure mode & effects analysis

(FMEA), 5 whys, plan-do-check-act (PDCA), quality function deployment (QFD), setup reduction
(SR), 7 basic tools (7BT), statistical process control (SPC), suggestion scheme (SS), and time &
motion study (T&MS) (Ansah & Sorooshian, 2017; Le & Nguyen, 2022; Aslam et al., 2020). CM
and T&P are recommended to strengthen the relationship and interaction between construction

actors on site. CM can be implemented to organize training workshops for project execution and
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coordination while T&P can integrate related SC stakeholders, e.g., clients/owners, contractors,
designers, and suppliers, to boost operational performance in construction sites (Babalola et al.,
2019; Johansen & Walter, 2007). Meanwhile, GW is recommended for onsite problem-solving by
examining and ascertaining the root causes (Le & Nguyen, 2022). Moreover, FRS is undertaken to
model and improve critical building processes since it can detect errors and develop suitable
solutions for error prevention and mitigation. Finally, according to Aslam et al. (2020), 5S and
Kaizen can encourage the continuous improvement of building processes by attempting to create
good onsite working conditions.

Lean safety and health management techniques: As can be seen in Exhibit 2, safety and health
management in construction sites can apply three practices: fail-safe for quality & safety (FSQ&S),
health & safety improvement management (H&SIM), and plan of conditions and work
environment (PC&WE) (Babalola et al., 2019). Those practices improve safety in construction
sites, including employee safety, by predicting possible risks and taking preventive measures. As
such, they support process variability reduction, defect control, and safety assurance (Babalola et
al., 2019; Le & Nguyen, 2022).

Though previous research had noteworthy contributions to LC practices, they mostly focused
on the application of lean tools to enhance building processes and project performance. There
remains a shortage of research assessing and ranking tools for sustainable LC practices deployed
in construction projects.

Contributions of LC practices to sustainable CSCM
Sustainable CSCM attempts to obtain economic, environmental, and social benefits through SC
integration, efficient resource allocation, minimized energy consumption, and materials reuse

(Kibert, 2016). As a result, it yields an improvement in productivity, safety, and health situations
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in construction sites (Jamil & Fathi, 2016). Meanwhile, LC practices focus on the application of
lean approaches and tools to continuously improve building processes, taking into consideration
employees’ contributions to waste and time reduction, productivity and quality enhancement, cost
savings, and customer value maximization (Le & Nguyen, 2022). Many shreds of evidence show
the association between LC practices and sustainable CSCM, e.g., both approaches adopt waste
reduction as their main characteristic. LC practices can help construction firms eliminate material
and energy waste due to ineffective use of resources. Therefore, LC practices contribute to the
environmental and economic performance of sustainable construction through waste reduction
(Verrier et al., 2015; Carvajal-Arango et al., 2019). Also, the application of LC can create safe and
healthy working environment for onsite staff. The human factor is significant for LC
implementation. Indeed, lean tools, (e.g., 5S, VSM, or Kaizen) can support employees’ welfare,
provide better health and safety conditions, and clean construction workplaces (Le & Nguyen,
2022). Using LC practices (such as LPS, 58S, visual management, and error-proofing) can reduce
organizational pressure, excessive stress, human errors, and poor working conditions
(CarvajalArango et al., 2019).

As such, LC practices can contribute to all three dimensions of sustainable CSCM, namely
economic, environmental, and social aspects (Carvajal-Arango et al., 2019). From an economic
viewpoint, LC practices can boost organizational innovation capabilities (Solaimani & Sedighi,
2020) for long-term sustainable development. Also, the LC approach can leverage the application
of advanced 4.0 technologies, such as BIM, 10T, and Virtual/Augmented Reality, to enhance CSC
partners’ communication (Solaimani & Sedighi, 2020), which in turn leads to a broader mutual
understanding across the CSC (Ashenbaum et al., 2020). From a social perspective, lean human

resource management plays a crucial role in achieving social sustainability with more empowered
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and satisfied employees (Tsai et al., 2021; Kosanoglu & Kus, 2021). In respect of the environment,
LC practices facilitate the usage of available local construction materials, techniques, and human
resources, thereby reducing ecological wastes. Nevertheless, the state-of-the-art research has not
focused on identifying and ranking critical tools for lean practices in construction projects to
achieve CSC sustainability. Hence, it necessitates a study to recognize sustainable CSCM trends
and use them to suggest appropriate LC practices for the forthcoming years.

Research design

Given the dearth of studies on the contributions of lean practices to CSCM trends (Le & Nguyen,
2022), it is advisable to consult industry experts for initial theory-building in the field as well as
for interdisciplinary issues that solicit analyses of emerging trends (Akkermans et al., 2003). In
this paper, we adopted the Delphi method and fuzzy AHP approach given their advantages in
synthesizing inputs from multiple experts (Akkermans et al., 2003) and handling the subjectivity
and ambiguity of human judgments (Dobrosavljevi¢ & Urosevié, 2022; Singh et al., 2018),
respectively. Next, we performed sensitivity analysis to retain the most robust LC techniques that
remained consistently above the cutoff threshold despite changes in the weights of the evaluation
criteria. These LC practices were inputs for our conceptual framework which integrates lean tools
for sustainable CSCM. All the methodological steps of the work are summarized in Exhibit 3.

Exhibit 3. Summary of methodological steps
Delphi and Fuzzy AHP approach

Delphi technique

The Delphi method is implemented by deploying a structured communication where experts share
individual opinions anonymously and then reflect on the synthesized results to decide whether to
adjust their prior assessment (Linstone & Turoff, 1975). As such, this research method has several
advantages. First, anonymous communication encourages participants to develop and share more
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ideas with the group (Amirghodsi et al., 2020; Le & Nguyen, 2022). Also, this communication
structure avoids biases toward influential or well-known participants since viewpoints are shared
anonymously. This implies that no individual participant can manipulate the development of the
communication process. Finally, according to Akkermans et al. (2003), the Delphi technique
allows broadening our understanding of a specific domain where scant data hinder other analytical
methods from recognizing certain problems. Therefore, this method is deemed appropriate to our
research context.

Expert selection

Following Akkermans et al.’s (2003) admonition, we strived to have a minimum of 20 experts
partake in our study so that individual biases that would possibly influence the communication
results could be avoided. Many Delphi-based studies invited both scholars and practitioners to gain
a holistic view of the problem in question (e.g., Le & Nguyen, 2022). In keeping with previous
papers, we invited both experienced academics and practitioners in LC and CSCM to join the
Delphi-based communication process. The experts invited must: (i) have more than four years’
experience; (i1) have expertise in lean construction and sustainable CSCM, and (iii) be willing to
participate in our study. The academic group consisted of professors and researchers at different
universities and institutions in Canada. Based on the statistics on Canadian construction firms
released on www.statcan.gc.ca (a Canadian government website), we invited relevant construction
practitioners in Central Canada. In late 2019, we sent invitations to 150 enterprises in Québec and
Ontario to enlist their participation. In the invitation, we described the objectives of our research
and the relevant concepts and practices of LC and sustainable CSCM. Only 20 representatives
from the invited firms accepted our invitation, whereas the others declined our invitations for two

reasons: (1) their companies neither practiced LC nor had sustainable SCM expertise; (i1) they did
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not have time. Therefore, we had eight academics and 20 construction practitioners as participants
in our Delphi-based research. With approximate probabilities of 70% and 30% respectively, we
then applied random sampling to these groups of practitioner and academic participants. The
proportion of practitioners selected was larger as our exploratory work focused on the practical
benefits of LC and sustainable SCM in improving construction project performance. Participants’
backgrounds are summarized in Exhibit 4.

Exhibit 4. Participants’ backgrounds
Delphi procedure
We applied the Delphi technique in five rounds. First, we clarified the terminology of sustainable
CSCM and LC practices in question to avoid participants’ misunderstanding or misinterpretation
of the terms. Then, these participants identified prevailing trends of sustainable CSCM practices
for the upcoming years. Next, they assessed the weights of each trend. Afterward, based on the
weights of the key sustainable CSCM trends arising from the previous step as strategic criteria,
lean tools were evaluated. For each trend, participants were asked to assess the lean tools’ level of
contribution to each key trend in terms of improving business performance. The question was sent
to participants as follows: “For each trend, please use Saaty’s (1980) nine-point scale (which is
explained in the evaluation form) to compare each pair of the following lean tools with regard to
their contributions to the concerned trend in terms of improving business performance.” Finally,
we discussed the results with the experts and listened to their feedback. The participants partook
in a five-round conference rather than fill out questionnaires by return (e)mail. Each round entailed
evaluating the consistency level among the participants to attain a consensus prior to proceeding
to the round that ensued. The final round was carried out to discuss the results and consider if a

consensus was reached.
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The Delphi approach particularly requires that individuals’ opinions be received and processed
fast and steadily to stimulate further group communication (Akkermans et al., 2003). Held by the
research team, the conference which all participants must join was concluded in early 2020. All
experts’ feedback was anonymous, and their evaluation scores were analyzed by Expert Choice (a
decision support software package).

In this work, we combined the Delphi method with the fuzzy AHP (Analytic Hierarchy Process)
to assess the vitality of the new concepts (sustainable CSCM trends, LC practices, etc.) explored
via semi-structured interviews and assessment sheets. All the rounds aforesaid will be discussed in
detail in section “Integrated Delphi — fuzzy AHP process.”

Delphi integrated with fuzzy AHP

Our study employed the Delphi method to ascertain the key sustainable CSCM trends which were
then leveraged as strategic criteria to assess the lean tools utilized for construction projects. Hence,
in addition to the Delphi technique, our work entailed multi-criteria analysis to assess each LC
tool. Among the widely implemented techniques for multi-criteria decision-making is the AHP
(Dobrosavljevi¢ & Urosevi¢, 2022), which has been frequently used by scholars in construction
(see Le & Nguyen, 2022 for more examples). Yet, given the subjectivity and vagueness of human
judgments, it is advisable to adopt the fuzzy set theory, which is incorporated in the fuzzy AHP to
address the inability of the conventional AHP to handle ambiguity (Dobrosavljevi¢ & UroSevic,
2022; Singh et al., 2018). In effect, we opted for triangular fuzzy numbers, instead of precise
numbers, to indicate the relative importance of each pair of lean tools evaluated by the participants
(Dobrosavljevi¢ & UroSevi¢, 2022; Singh et al., 2018) to tackle the vagueness of human judgment

and enhance the robustness of our analysis.
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In the recent literature in the construction sector, several prior studies combined the fuzzy AHP
with the Delphi method. For instance, Khanzadi et al. (2020) used the Delphi method to determine
key performance indicators (KPIs) of Iran-based construction projects and the BIM capabilities
associated before adopting the fuzzy AHP to prioritize them. Likewise, Gunasekara et al. (2021)
developed a model where performance measures resulting from the integrated Delphi — fuzzy AHP
are used for contractor selection. Another example is the study of Tamosaitiené et al. (2021) which
implemented the integrated Delphi — fuzzy AHP to identify selection criteria and rank repair and
maintenance methods for commercial buildings. Searching the Web of Science, which has been
widely used for literature retrieval in review papers (Nguyen et al., 2022; Nguyen & Le, 2022), we
found an upward trend in the number of journal articles combining the Delphi technique and fuzzy
AHP for research in construction and civil engineering (Exhibit 5). In fact, the number of studies
integrating the Delphi method and fuzzy AHP after 2020 outstripped the figure for the preceding
decade (Exhibit 5).

Exhibit 5. Combined Delphi — fuzzy AHP in research on construction management

Given the advantages and increased use of the integrated Delphi — fuzzy AHP in the recent
construction management scholarship, we deployed this methodology for our work.

The conversion into fuzzy numbers in our work followed Khanzadi et al. (2020). For example,
the linguistic scale of importance “moderately preferred” was converted into a triangular fuzzy

number set (1, 2, 2) (see Khanzadi et al., 2020 for more details). Given two fuzzy numbers U =

(aw, by, cu) and Z = (az, bz, ¢z) with au< bu< cuand az< bz< cz, we have U + Z = (au+ az, bu+

bz, cu+ Cz), UXZ= (au X Az, bu X bz, cu X Cz), U_7= (aCZl, bbuz, anz) and z_1=
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cz bz az
Saaty (1980) developed the AHP as a decision support technique which leverages pairwise

comparisons among various criteria. These pairwise comparisons result in matrix Min|x|n|, where
N is the set of items under analysis (LC tools in our work) and M;; (i, j € N) indicates how important
item i is vis-a-vis item j, e.g., equally important. In the fuzzy AHP, each element of M is a fuzzy

number. In other words, Mj; is a fuzzy number and Miyj = m—1;i.

Then, based on experts’ judgments, we followed the fuzzy AHP of Singh et al. (2018) and Geng
et al. (2022) to weight and rank each item in order of importance as follows:

Step 1. For each k € N, we compute fuzzy number Sk:

Sk= (XjeN Mkj) X (Xien Yjen Mij) (1)

Step 2. For i, j € N, we have fuzzy numbers Si= (Si, Sim, Siv) and Sj = (Sji, Sjm, Sju) as

computed in the previous step. We determine the degree of possibility that Si > S; (V(Si= S))) as

follows:

V(Si=Sj)=1,if Sim=Sjm
{V(Si=S)=0,if Su<Sj (2)
V(Si=Sj) = hgt(Sin S))

hgt(Sin Sj) = ( Siu—S;iSiu) +—(SSjmjl —Sim) 3)

Step 3. We calculate the weight of each item
w(@)= min{V(5i=S5))} 4
JEN\{i}

Step 4. We normalize the weight vector Wn|x1 as follows
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w (D)
Wi=y  jenw() (5)
This four-step procedure was repeated to quantify the importance of each LC tool in each
sustainable CSCM trend t € T to obtain Wn|x|r|, where Wit indicated the importance of LC tool i

in sustainable CSCM trend t. With sustainable CSCM trends as strategic criteria and their weight

vector C|r|x1 attained in line with the approach of Le and Nguyen (2022), we calculated the overall

score of each tool by wi C..

Integrated Delphi — fuzzy AHP process

At first, the research team constructed the “research base” that clarified the framework and the
details that participant experts would be inquired about. The purposes of the conference day were
presented to all participants to avoid both misunderstanding and ineffective participation. To reach
these objectives, the research team organized the conference in five rounds as follows:

* The first round was called Clarifying terminology where the host briefly explained the
terms of sustainable CSCM and LC practices in question so that all participants properly
comprehended the terminology. These explications are provided in the summary of this
paper’s literature review.

* The second round was Identifying key sustainable SCM trends in construction over the
upcoming years: Evaluation sheets built on the research team’s literature review were sent
to the experts who were then inquired about the vitality of the 13 trends in the handouts in
influencing their company’s performance in the upcoming years. The evaluations built on
a Likert scale from “Not important” (1) to “Extremely important” (5). Still, participants
could also add and evaluate other trends that they deemed important in the construction

sector. Their feedback was collected individually and anonymously to avoid biases toward
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influential or renowned experts and thus promote feedback diversity (Le & Nguyen, 2022).
Statistics (e.g., frequencies, means, and deviations) on these assessments were produced
then. In compliance with Rayens and Hahn (2000), the interquartile deviation (IQD) or, in
other words, the discrepancy between the 25th and 75th percentiles was calculated to assess
the consensus on participants’ assessments in this round. The IQD correlates negatively
with the consensus level. Given the Likert scale adopted, if the IQD is no greater than
1.000, we can rest assured that a consensus has been reached (Gracht, 2012). As can be
seen in Exhibit 6, no IQDs were greater than 1.000, indicating consensus among the
participating experts. The trends whose means were below 2.5 out of 5.0 were excluded
from subsequent analyses because they were regarded as less important trends in the sector.
Thus, there were seven CSCM trends (printed in boldface in Exhibit 6) retained for Round
3.
Exhibit 6. Assessment of sustainable SCM trends in construction
The third round: Weighting key sustainable CSCM trends: Exhibit 7 depicts how the key
sustainable CSCM trends identified along with LC tools were stratified in this work. The
top dashed box illustrates the key sustainable CSCM trends identified as strategic criteria
to evaluate LC tools, which are demonstrated at the bottom in dashed boxes corresponding
to their categories. The experts were inquired about the relative importance of each pair of
the seven sustainable CSCM trends identified. These pairwise comparisons were drawn via
Saaty’s (1980) nine-point scale and analyzed by Expert Choice. Provided in Exhibit 8 are
the rank and weight of each key sustainable CSCM trend arising from the aforementioned

analyses. Exhibit 8 also indicates consistency among experts’ assessments given that the

consistency ratio (CR) was below the 0.700 thresholds.
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Exhibit 7. The AHP structure for analysis in this work
The fourth round: Evaluating lean construction practices on sustainable CSCM trends
identified as strategic assessment criteria: Evaluation sheets resulting from the research
team’s literature review on LC tools were handed out for the participants’ assessment.
Despite a great many possible lean tools in the literature, only 30 tools were chosen for
expert evaluation in this work because they had been proved effective in prior studies for
the construction segment (Babalola et al., 2019; Le & Nguyen, 2022). The selected tools
belong to four groups, namely design & engineering, project planning & control, (onsite)
construction execution management, and safety management (cf. Le & Nguyen, 2022). As
the construction industry differs from its manufacturing counterpart by its fragmented and
project-based nature, expert assessment is needed to exclude unsuitable lean techniques.
Via Saaty’s (1980) nine-point scale, the participants in this round were afresh asked to
compare the relative importance between each pair of the 30 LC techniques in each key
trend of sustainable CSCM identified in Round 2. As such, the seven trends of sustainable
CSCM identified were leveraged as strategic assessment criteria to compare LC tools: o
For each key sustainable CSCM trend, the importance of each LC tool which was
calculated using the fuzzy AHP is provided in Exhibit 9. The consistency ratios
(CRs) were all below the 0.100 threshold, indicating consistency among experts’
assessments.
o The research team used the “post-group consensus” method to measure the level of
agreement among the participant experts to the synthesized result (Gracht, 2012).
Indeed, these aggregate results were presented to all participants, who then justified

these results individually. The upshot was that all experts expressed their approval.
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Exhibit 8. Weighting and ranking sustainable SCM trends in construction
» The final round was Result Discussion: In this round, the research team listened to the

participants’ opinions on the results, notably on LC techniques that can ameliorate CSCM
performance efficiently for the forthcoming years. We leveraged their ideas as a basis for
managerial implications for LC practices.
Sensitivity analysis
In keeping with Scala and Pazour (2016), we conducted sensitivity analysis to study how changes
in the weights of the evaluation criteria would alter the ranking of the LC practices in question. In
other words, sensitivity analysis helps investigate the stability of the ranking results (Mangla et al.,
2015; Alamdari et al., 2022). Thanks to sensitivity analysis, we can determine the most robust
items that stably remain above the cutoff threshold notwithstanding changes in the weights of the
assessment criteria. Following Yazdani-Chamzini and Yakhchali (2012), Scala and Pazour (2016),

and Alamdari et al. (2022), we conducted the sensitivity analysis as follows:

Winew = Wiold X t, t = 1.5, 2.0, 3.0, ..., tMax (6)
Wjnew = Wj,old,j el \ {l} (7)

w
wi' = —imnmew Zj'EI wj' new

(8)

In particular, we increased the weight of a given key trend (i € I) by t times (Equation 6) while
keeping the figures for the remaining key trends (j # i, j € I) the same (Equation 7). Then, the
relative importance of each key trend is normalized (Equation 8). t = 1.5 means that the weight

of trend i increases by 50%, which can be considered a small change; t = 2.0 indicates that the

weight of trend i is doubled. Thereafter, we raised the value of t incrementally by 1.0 until tmax
with which the weight of the originally least important criterion, say, Wmin, became higher than
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that of the originally most vital criterion, say, Wmax: tmax=-min{t' € Z: wmin X t' > Wnmax}. This

value of t helped us determine which LC tools consistently remained above the cutoff threshold
even when the most crucial criterion changed, implying a marked shift in the evaluation focus.

Details will be provided in the next section.

Research results

Key sustainable SCM trends in construction

After the third conference round, the top seven key sustainable SCM trends in construction over
the forthcoming years were determined (see Exhibit 6), namely SC integration (trend #1, 4.300),
sustainable design (trend #2, 4.250), sustainable procurement (trend #3, 4.150), digital
transformation (trend #4, 4.000), cleaner offsite logistics (trend #5, 3.850), cleaner onsite
execution (trend #6, 3.500), and safety & social sustainability (trend #7, 2.900). Their resultant
weights are given in Exhibit 7.

There was a high consensus among the participant experts that SC integration (trend #1) is of
paramount importance in sustainable CSCM in the upcoming years, which is in accord with the
recognized importance of SC integration in CSCM (Nguyen & Le, 2022). SC integration consists
of both interorganizational and intrafirm integration, incorporating parties and processes, external
and internal to a focal firm (Kesidou & Sovacool, 2019). The participants stated that SC integration
has been considered a critical and central approach to facilitating collaboration among SC players
through mutual commitment and communication. These experts largely agreed that SC integration
promotes SC members’ responsibilities in sustainable construction project delivery with respect to
alleviating the adverse influences of construction projects or activities on local communities and

the environment.
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However, to obtain sustainability, the processes integrated need to be sustainable, for instance,
sustainable design (trend #2) and sustainable procurement (trend #3). Thence, with SC integration,
systemwide sustainability is achieved. The experts suggested that construction designers look for
sustainable materials and methods to diminish negative environmental effects and reduce energy
consumption. Hence, such advanced approaches as BIM and Building Sustainability Assessment
are recommended for construction design. With regard to sustainable procurement, the participants
recommended governments and construction firms formulate procurement policies and practices
for sustainable construction and performance improvement.

Construction sustainability also calls for cleaner offsite logistics (trend #5) and onsite execution
(trend #6). The experts reached the consensus that onsite construction logistics, e.g., site layout
planning and material handling, must be more productive and cleaner. A productive site layout
enables material handling with smooth material and equipment flows, thus enhancing the safety
and efficacy of construction project execution. Other vital tasks to make on-site execution cleaner
(e.g., lowering noise levels for various surrounding receivers and taking account of safety and
environmental concerns for onsite operations) need to be considered. Moreover, with the available
technologies for offsite construction, the participants suggested that construction firms search for
cleaner offsite construction approaches to achieving sustainability, e.g., lean methodology, supply
configurations, precast scheduling, and disturbance evaluation.

Further, SC integration necessitates information management, sharing, and processing enabled
by information technology utilization (Birasnav & Bienstock., 2019; Demir et al., 2022; Nguyen
etal., 2021, 2022), so digital transformation, which is changing the construction sector’s landscape
(Le et al., 2021), is noticeably another vital trend in sustainable CSCM (trend #4). Sustainable

transformation is required of the construction industry to deal with such issues as waste, safety
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risks, and economic challenges. Hence, the experts believe that digital transformation can improve
the construction segment’s current situation by pursuing such approaches as Construction 4.0. The
industry should increase the application of digital technologies, especially BIM throughout project
phases to improve CSC collaboration and project performance.

Unlike the other trends aforesaid, which cover certain processes in sustainable CSCM, safety
and social sustainability (trend #7) are considered key tenets of sustainable construction (Goel et
al., 2019). The experts emphasized that construction management must guarantee workers’ health
and safety while curtailing consumption and wastage of resources, materials, and energy to reduce
operating and maintenance expenses. Indeed, social sustainability in this sector requires providing
employees with safe working conditions and protecting their rights.

Contributions of lean techniques to sustainable SCM trends in construction

Each LC tool in sustainable CSCM trends was weighted in Round 4 of the Delphi conference.
These LC techniques can be divided into four groups, namely (i) design & engineering, (ii) project
planning & control, (ii1) (onsite) construction execution management, and (iv) safety management,
which are presented in Exhibit 9. As suggested by the participant experts, the practices with weight
scores above 0.0300 are deemed to play important roles in the corresponding sustainable SCM
trend in construction.

Exhibit 9. Weights of lean techniques that contribute to sustainable SCM trends in construction

The results show that there are 16 lean tools contributing to SC integration (trend #1). In the
category of design & engineering, virtual design construction (VDC), design workshop (big room
workshop), integrated project delivery (IPD), standardization, and concurrent engineering (CE)
play vital roles in SC integration. Obviously, standardization facilitates SC members’ participation

and compliance throughout SC processes as required in CE (Babalola et al., 2019) and IPD (Le &
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Nguyen, 2022). VDC consists of computer-based tools which support design error testing and
transfer the final design to subsequent activities (Babalola et al., 2019) while big room workshops
(design workshops) are to incorporate relevant stakeholders in the design phase (Le & Nguyen,
2022). These elements noticeably enable CSC integration, especially in the design phase. As to
planning and control tools, last planner system (LPS), pull scheduling/planning (PS/P), and daily
cluster/huddle meeting (DC/HM) are considered most crucial in attaining CSC integration. While
the LPS integrates multiple types of schedules and plans, i.e., master plans, phase plans, lookahead
plans, and weekly work plans (AlSehaimi et al., 2014), to augment coordination efficacy (Perez &
Ghosh, 2018), DC/HM engages relevant actors for joint problem-solving (Aslam et al., 2020), and
PS/P entails clients’ input to initiate demand-driven operations (Ansah & Sorooshian, 2017; Aslam
et al., 2020; Babalola et al., 2019). Other planning and control tools that facilitate the smooth flows
of work and resources among sites from design to project delivery include work structuring &
scheduling (WS&S) (Rocha et al., 2022) and location-based management system (LBMS) (Olivieri
et al., 2018). With value stream mapping and benchmarking, desired targets are clearly defined and
communicated (Babalola et al., 2019; Le & Nguyen, 2022; Ramani & KSD, 2019) so that CSC
partners can work toward common goals, which in turn supports SC integration. Among
construction and site management practices, total productive/preventive maintenance (TPM),
Justin-Time (JIT), teamwork & partnering, and conference management (CM) are crucial
contributors to SC integration. In effect, TPM and JIT entail integrating operational activities
(Kannan & Tan, 2005). Teamwork & partnering is obviously part of SC integration while CM,
which focuses on organizing workshops on operational coordination (Babalola et al., 2019), is also

regarded by the participant experts as an important tool in SC integration.
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Regarding trend #2 (Sustainable design), design and engineering practices are arguably deemed
vital in this sustainable CSCM trend in our results. Given the importance of sustainable design in
SC sustainability (Nyikos et al., 2012), the design process must engage relevant stakeholders and
processes via such tools as LPS, WS&S, LBMS, PS/P, DC/HM, teamwork & partnering, JIT, and

CM as discussed above. Other key tools that facilitate the smooth flows of work and resources
among sites from design to project delivery include error proofing (Poka-Yoke), Gemba walk
(site visits and field trips to obtain pertinent and direct insights) (Le & Nguyen, 2022), and
Kaizen (continuous process improvement). A majority of these tools also play major parts in
sustainable procurement (trend #3) and digital transformation (trend #4) in that construction
processes in sustainable CSCM trends are interconnected and integrated. As safety conditions
must be satisfied in sustainable designs (Oh et al., 2017), all health and safety management
practices are considered crucial in this trend by the participants.

Likewise, all lean tools in the health and safety management category are considered by the
participant experts to be vital contributors to trend #7 (Safety and social sustainability) as well as
the trends related to construction execution (Cleaner offsite logistics and onsite execution). The
tool contributing specifically to these trends but not to the others is 5S, which helps arrange work
layout and tools safely and efficiently (Aslam et al., 2020). The other practices that contribute
largely to these trends rather than to the others include first-run study, which models construction
operations to examine errors and generate alternative pathways for error prevention or mitigation,
and visual management, which makes information and workflows comprehensible and visible to
labor and management on the shopfloor (Aslam et al., 2020; Demirkesen & Bayhan, 2020; Le &

Nguyen, 2022).
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We can see that the roles of these lean tools vary across the seven sustainable CSCM trends
identified. To determine their overall importance in sustainable CSCM, we computed the weighted
average of their relative importance over these seven key trends. Indeed, where sij denotes the

relative importance score of tool i in trend j and wj stands for trend j’s weight, the weighted average

score of tool i in sustainable CSCM is ZJ’? =1gs;wj. Lean practices with weighted average scores
above 0.030 are highlighted in Exhibit 10.
Exhibit 10. Ranking of lean tools’ contributions to sustainable CSCM trends

Turning first to the design and engineering practices, VDC, CE, and standardization are the most
crucial. Indeed, they are vital contributors to all the key sustainable CSCM trends identified in the
previous rounds because they allow integrating all relevant SC processes and actors so that
sustainable designs are created with holistic inputs and then transferred and executed consistently
in subsequent activities. This result is in line with the extant literature in green CSCM since a firm’s
environmental effect is only as good as that of its suppliers (Ofori, 2000). As a result, IPD and
design workshops, followed by detailed briefing and TVD, also play important roles in attaining
systemwide sustainable CSCM. Modularization in construction means decomposing a built system
into modules that can be manufactured offsite (prefabricated) efficiently before being transported
onsite for final assembly (Rocha & Kemmer, 2018; Liu & Lu, 2018). The economic and
environmental benefits of this tool (Liu & Lu, 2018; Wang et al., 2018) certainly contribute to
sustainable CSCM. Design structure matrix (DSM) is only considered important in sustainable
design (trend #2), sustainable procurement (trend #3), and digital transformation (trend #4), but it
is still a key tool in sustainable CSCM because it facilitates complex system management via

modeling, visualization, and analysis of interdependent entities in the system (Wen et al., 2021).
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The utilization of the discussed lean tools arguably fuels the advancement of digital transformation

in the construction sector to support sustainability practices (Tahmasebinia et al., 2020).
In the planning and control category, the LPS is the leading tool, playing a vital part in all the
seven sustainable CSCM trends, followed by DC/HM and WS&S, respectively. As discussed
above, sustainable CSCM requires incorporating various processes and actors, so planning and
control tools that integrate multiple plans/schedules (LPS) and partners (DC/HM) and smooth the
flows of work and resources (WS&S) are of real importance. PS/P, Poka-Yoke, and LBMS are
deemed significant in fewer trends by the participant experts but remain indispensable overall
because they help reduce waste.

With regard to the construction and site management practices, teamwork & partnering is the
leading tool in all the seven sustainable CSCM trends in that it fulfills the need to integrate partners
and processes. Contributing significantly to six of the key trends is CM for integrated operations
coordination. JIT, Kaizen, and Gemba walk are important contributors to five sustainable CSCM
trends. Given the nature of these construction and site management practices, it is noticeable that
the key trends they support are cleaner offsite logistics and onsite execution. Moreover, all these
construction and site management tools commonly contribute to sustainable procurement and
design by integrating operations and enhancing efficiency.

Finally, all health and safety management practices contribute significantly to sustainable
CSCM in our results. Indeed, labor health and safety in construction belong to the key tenet of the
segment’s social sustainability (Goel et al., 2019). These tools are considered axiomatically crucial
in safety & social sustainability and sustainable design, which influence the safety of subsequent
activities (Karakhan & Gambatese, 2017), including sustainable procurement, and cleaner offsite

logistics and onsite execution.
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Sensitivity analysis

Since the evaluation of lean tools in sustainable CSCM depends on the relative importance of the
key trends identified as strategic criteria, we adopted the sensitivity analysis procedure of
YazdaniChamzini and Yakhchali (2012), Scala and Pazour (2016), and Alamdari et al. (2022) to
check the robustness of the assessment results. As previously discussed, we increased the weight
of a given

key trend (i € I) by t = 1.5, 2.0, 3.0, ..., tmax while keeping those of the remaining key trends (j #
i, j € I) unchanged. tmax is the integer with which the weight of the originally least important

criterion, say, wmin becomes higher than that of the originally most important criterion, say, Wmax:

tMax € Z: WMin X tMax > WmMax. The weight of the most vital criterion, SC integration, was 2.250
times as high as that of the least important criterion. This means that any given criterion in our
evaluation could become the most important when multiplied by 3.0. For further robustness, we
let tmax = 4.0.

Given four new scenarios for each of the seven key trends, we have a total of 28 (= 4 X 7)
scenarios in sensitivity analysis, which are described in Exhibit 11. The sensitivity analysis results
are depicted in Exhibit 12.

Exhibit 11. Notation for sensitivity analysis

Overall, small changes in the criterion weight up to 50% (t = 1.5) did not change the original
results. When t > 1.5, TVD and health & safety improvement management (H&SIM) dropped
below the cutoff threshold. Indeed, when the weight of SC integration (trend #1) increased at least
twofold, the overall score of TVD fell below 0.030, whereas that of H&SIM dropped below that
threshold when SC integration (trend #1) increased fourfold in its importance weight. When digital
transformation (trend #4) increased at least threefold in its importance weight, the overall score of
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H&SIM fell below the cutoff value, whereas TVD experienced a similar pattern when cleaner
onsite execution (trend #6) increased at least three times in its importance weight. When trend #7
became the most important, TVD also hit the 0.030 threshold. Nonetheless, the other 21 tools were
robustly retained despite the shifts in the weights assigned to the evaluation criteria. Therefore, we

retained these 21 tools, which will be leveraged for our conceptual modeling.

Exhibit 12. Sensitivity analysis results

Among the tools that remained the ten most important LC techniques above the cutoff threshold
in all scenarios, the largest proportion belonged to the category of design & engineering practices,
namely VDC, design workshops (big room workshops), IPD, standardization, and CE. This result
emphasizes the importance of the lean tools in this category in sustainable CSCM. In the planning
and control category, LPS and DC/HM are considered robustly important lean tools in sustainable
CSCM, whereas their counterpart in the construction & site management group is teamwork &
partnering. Of particular note is that these tools relate closely to SC integration as discussed in the

preceding subsection.

Result discussions and implications

Discussions of lean practices for sustainable CSCM

Practices for lean design & architectural engineering

Regarding the lean design & engineering practices, VDC, particularly BIM, is a top recommended
tool by the experts for sustainable CSCM. This result substantiates the argument of Le and Nguyen
(2022), confirming that VDC tools can boost information sharing and exchange, improve quick
responses to clients’ demands, and advance construction sustainability. Empirical evidence shows
the support of VDC for the trends of sustainable CSCM and the improvement of sustainable

performance:
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Economic dimension: VDC, a set of important digital tools, ameliorates the economic
performance of sustainable construction by shortening the process of design development,
diminishing rework, and improving constructability (Le & Nguyen, 2022). In terms of
sustainable design (trend #2) and sustainable procurement (trend #3), VDC and other lean
tools (CE, design standardization, IPD, and DW) can foster SC stakeholders’ participation
in the early stage of the project to increase process productivity, reduce potential risks, and
improve clients’ satisfaction throughout the project lifecycle (Babalola et al., 2019). For
instance, CE helps CSC members create a cohesive design to decrease the time for error
fixing and rework during the projects (Babalola et al., 2019). Meanwhile, IPD requires
integrating key CSC actors to prevent such problems as excessive duration, over-cost, and
inefficient information sharing (Roy et al., 2018). Likewise, design workshops help CSC
members eliminate complications and generate original concepts for solutions in design
(Babalola et al., 2019). VDC (especially BIM) facilitates digital transformation (trend #4)
and enhances construction standardization by creating a structure of building objects with
their recognized codes. These codes advance the standardization of data for building design
and construction operations (Siebelink et al., 2018). In an example of digital transformation
maturity, BIM-based applications can be expanded from 3D to n-D models to capture a
variety of issues and respond quickly to changing customer demand. The other lean tools
that the participants also recommended for architectural design & engineering practices are
DSM, DB, and P&M. These tools can be applied together with VDC to increase design
productivity and then facilitate efficient onsite and offsite construction operations. The

results are consistent with Aslam et al. (2020), Babalola et al. (2019), and Rocha and
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Kemmer (2018), who promoted these tools to boost the economic performance of building
projects.

Environmental dimension: Using lean practices (with VDC, CE, design standardization,
IPD, and DW) can support CSC sustainability by reducing the reliance on fossil fuels and
paperwork in construction projects (Le & Nguyen, 2022; Carvajal-Arango et al., 2019).
These lean tools, particularly BIM-based techniques, can facilitate the measurement and
assessment of carbon emissions at different design options. Cleaner offsite logistics (trend
#5) and cleaner onsite execution (trend #6) can be advanced since these lean tools enable
offsite fabrication of common modules to reduce over-ordering and waste and make offcut
materials reusable or recyclable. Offsite prefabrication to supply multiple construction sites
indeed helps avoid repeated setups, reduce offcut materials, and achieve scale economies.
Then, common modules can fit multiple designs, so fewer deliveries are needed on site. As
a result, there are lower levels of on-site transportation costs, fuel consumption, carbon
emissions, and noise pollution. These results accord with the studies of Carvajal-Arango et
al. (2019) and Carvalho et al. (2017), which used these tools to improve the environmental
performance of construction projects.

Social dimension: VDC, especially BIM, and other lean tools (CE, design standardization,
IPD, and DW) ameliorate the social performance of CSCM by assuring health and safety
in the workplace, addressing social issues of buildings, and improving collaboration among
SC actors (Carvalho et al., 2017; Carvajal-Arango et al., 2019). SC integration (trend #1)
and digital transformation (trend #4) are important in boosting social sustainability in the
construction sector and are strongly supported by the mentioned lean tools. Based on VDC

tools, visualized 3D models can be developed and assessed early by all relevant partners.
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Digital and concurrent designs also ease the comparison of alternative options and the
assessment of their social impacts on special interest groups and surrounding communities.
BIM-based clash detections have been applied to the early stage of design to diagnose
possible constructability problems before operating the building construction to guarantee
safety. Hence, these recommended lean tools can be implemented to ensure worker safety
and workmanship quality, which in turn translate into higher quality and greater durability
of the building. The experts’ recommendations are overall in accordance with Carvalho et
al. (2017) and Carvajal-Arango et al. (2019).

Practices for lean project planning and control

To advance the planning and control of projects, the critical lean tool that the participant experts

highly recommended is the last planner system (LPS). Together with other lean tools, the LPS
boosts the sustainable performance of construction projects as follows:

* Economic dimension: Today’s construction projects are complex, uncertain, and subject to

planning changes. The LPS is considered a critical tool for project planning and control in

LC as it improves planning dependability, increases construction productivity, and smooths

workflows (Perez & Ghosh, 2018) by assimilating the main schedules, i.e., master plan,

phase plan, look-ahead schedule, and weekly task schedule, to facilitate efficient project

planning, coordination, and delivery. The experts agreed that this tool supports sustainable

CSCM since it requires a commitment to reliable planning, variability reduction, and cost

savings. Long- and short-term planning are connected in the LPS by applying lookahead

scheduling. The LPS aims to detect possible issues and improve the applicability of project

plans for construction operations. The experts also suggested other lean tools (DC/HM,

WS&S, Poka-Yoke, and PS/P) to promote team problem-solving, error proofing, work
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variability reduction, and efficient scheduling. These results lend support to the studies of
Aslam et al. (2020) and Babalola et al. (2019).

Environmental dimension: The implementation of the LPS and other lean tools (DC/HM,
WS&S, Poka-Yoke, and PS/P) can make positive impacts on the surrounding environment:
decrease in energy consumption, carbon emission, waste, rework, defect, and overstock

(Perez & Ghosh, 2018; Carvalho et al., 2017). The findings are in accord with the study of
Le & Nguyen (2022), which suggested using these tools to plan and control projects to

achieve construction sustainability.

Social dimension: The LPS is practiced as a pull system that promotes cooperative planning
and analysis of inappropriate planning. As such, the LPS increases employees’ cooperation
and trust during construction processes. Lookahead scheduling is applied to conduct
firstrun studies, recognize constraints, allocate tasks, and manage resources and
information. Hence, the LPS can focus the planning on safe working conditions, cement
relationships among stakeholders, and increase employees’ commitment to continuous
improvement. To maximize those social benefits, the experts also recommended that the
LPS be applied together with other lean techniques such as DC/HM, WS&S, Poka-Yoke,
and PS/P. Similar results can be found in the studies of Carvalho et al. (2017) and Carvajal-
Arango et al.

(2019).

Practices for lean onsite execution and safety issues

Aiming to promote the sustainability of onsite construction operations, the experts recommended

effective lean tools for problem-solving (T&P, CM, and GW), continuous improvement (Kaizen

and JIT), and safety control (FSQ&S and PC&WE). These experts’ recommendations match the
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findings of Babalola et al. (2019) and Le and Nguyen (2022), which confirmed the importance of
these practices in onsite operations and safety control.

* Economic dimension: T&P, CM, and GW are lean practices which integrate SC members
for onsite problem-solving. These tools concentrate on recognizing and assessing onsite
problems and suggesting appropriate solutions to improve onsite efficiency. Meanwhile,
Kaizen and JIT are the practices that focus on continuous improvement to construction
processes. These techniques benefit onsite execution with productivity improvement, cost
reduction, and client satisfaction (Ansah & Sorooshian, 2017; Le & Nguyen, 2022). With
these tools, waste can be minimized, and unnecessary activities can be reduced. All those
benefits translate into reduced cost and increased profitability.

* Environmental dimension: Using lean practices (Kaizen, FSQ&S, and PC&WE) to manage
onsite execution has positive effects on the construction environment: decreased waste,
better working environment, reduced carbon emissions, and sustainable innovation
(Carvalho et al., 2017). These lean tools are useful for the assessment, identification, and
control of problems that cause waste and negatively impact the working environment.

* Social dimension: For onsite safety management, the experts recommended two techniques
(FSQ&S and PC&WE). This result is in line with research of Babalola et al. (2019) and Le
and Nguyen (2022), which suggested that health and safety practices advance the safety
and wellbeing for onsite workers by forecasting, assessing, and controlling possible risks
as well as offering solutions to mitigate them.

Managerial implications
As mentioned above, to cope with the sustainable CSCM trends, the experts suggested VDC and

LPS as strategic practices for lean architectural engineering & design as well as project scheduling
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& control, respectively. The suggestion accords with previous research findings, e.g., Carvalho et
al. (2017), Carvajal-Arango et al. (2019), Aslam et al. (2020), Babalola et al. (2019), and Le and
Nguyen (2022). We developed a conceptual framework (see Exhibit 13) to provide managerial
implications that show construction practitioners how to implement lean practices to achieve CSC

sustainability.

Exhibit 13. Framework for lean practices to achieve CSC sustainability
For this framework, we follow the SC perspective, which promotes the integration of relevant
SC actors to enhance project performance (Koskela et al., 2002; Le & Nguyen, 2022). Based on
the above research results, we recommend the roles of relevant SC actors for three functions in a
construction project (Design and architectural engineering; project planning and control; and
onsite construction and safety management) as the following:
For design and architectural engineering:

* CSC driver/coordinator: For CSC coordination, the client and/or main contractor should
become the CSC driver to integrate CSC members for design and architectural engineering
(Nguyen & Le, 2022). As presented in Exhibit 13, before starting a construction project,
the CSC driver should set the seven sustainable CSCM trends as the strategic targets to
follow throughout the project. V'DC can be applied as the main tool to integrate CSC players
to produce efficient designs with respect to the seven trends identified. To advance design
collaboration and stakeholders’ trust, together with VDC, the CSC driver can implement
these practices: /PD, CE, or DW. To promote other relevant CSC actors’ participation in
assessing potential problems, lean practices for detailed structure design (like DSM or DB)
are recommended for the CSC driver. In addition, standardization and modularization of

building components have significant influences on sustainable performance. The CSC
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driver is advised to incentivize designers and subcontractors to commit to the deployment
of these two lean practices (designers applying design standardization and subcontractors
applying P&M) to ameliorate building constructability and installation productivity of
modular components.

* Other relevant CSC actors (designers, key suppliers, subcontractors, etc.): In effect, the
architectural and engineering data need to be shared (by designers) with other stakeholders
through the VDC system during this phase. The application of lean practices for design
integration (e.g., IPD, CE, or DW) can provide the design team with additional yet pertinent
inputs from stakeholders to augment design efficiency. Taking into consideration the
development of detailed drawings, designers specify bills of materials (BOMs) as well as
evaluate probable problems of building constructability. Together with designers, the
involvement of important subcontractors and suppliers in the processes of design is also
necessary to improve building constructability as well as client satisfaction as possible
problems associated with materials supply and constructability may be overlooked without
their participation. Consequently, waste caused by delays and reworks can increase costs
and adversely impact the project schedule.

For project planning and control:

* CSC driver/coordinator: The CSC driver is responsible for mobilizing CSC stakeholders’
expertise in establishing a safe and reliable workflow and providing construction teams
with a master plan. The LPS is suggested as the principal practice for project scheduling
and control since it reduces the negative impacts of process inconsistencies by advancing
staff’s learning and collaboration. To ameliorate project planning and control, the CSC

driver is recommended to implement the LPS together with: (1) PS/P to reduce waste and
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leverage collaboration; (ii) PY to prevent or detect mistakes; (iii)) WS&S to promote task
standardization and decrease process inconsistency; or (iv) LBMS to analyze the workflow
of each activity based on designated locations. Moreover, the CSC driver ought to combine
DC/HM with the LPS to enhance joint problem-solving.
Other relevant CSC actors (designers, key suppliers, subcontractors, etc.): Applying the
LPS, project stakeholders collaboratively determine which work in each project stage must
be accomplished before entering the next stage. The planner deciding at what time the next
stage starts is known as the last planner. For a large project, each stage must be overseen
by a last planner. Indeed, the LPS necessitates each construction practitioner tracking and
allocating accountability during the whole workflow. The last planners must analyze: (i)
Percent plan complete (to analyze the accomplishment percentage of weekly tasks); (ii)
Tasks made ready (to explore the root causes for why fewer tasks get ready than planned);

(i11) Tasks anticipated (to determine how many tasks are planned for the upcoming week).

For onsite construction and safety management:

CSC driver/coordinator: To advance sustainable onsite construction, the CSC driver should
call for relevant CSC actors’ participation in continuous improvement, problem-solving,
and safety control. Construction execution relies on teamwork, where each team fulfills
particular tasks and then sends them to the next team(s) for subsequent steps. Henceforth,
the CSC driver ought to apply CM or T&P to foster associated workers’ teamwork on site.
Together with these tools, G can be deployed to resolve on-site problems about workers’
cooperation by reporting the problems and recognizing critical reasons for “what is going
wrong.” Also, construction activities and on-site working conditions should be improved

continuously to boost the economic, environmental, and social performance of the project.
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The CSC driver can implement Kaizen and JIT separately or integratively to reduce errors
and ameliorate construction site environments and processes. These practices promote
continuous improvement by conducting multiple minor changes, building teamwork, and
strengthening workers’ commitment to their assigned tasks. To improve the social aspects
of on-site operations, construction managers should apply lean practices for safety control
(e.g., FSQ&S and PC&WE). If applied appropriately, these tools can keep on-site workers
safe since they help predict probable risks and take mitigation measures. Safe and favorable
workplaces raise productivity which in turn translates into high quality and timely delivery
of the constructed building.

*  Other relevant CSC actors: For this stage of the project, such relevant CSC actors as key
suppliers and subcontractors follow the CSC driver’s instructions for applying the lean

tools concerned to prepare a safe and efficient construction site.

Conclusions
By integrating the Delphi — fuzzy AHP approaches, our paper identifies key sustainable SCM
trends in construction over the forthcoming years, namely, supply chain integration, sustainable
design, sustainable procurement, digital transformation, cleaner offsite logistics, cleaner onsite
execution, and safety & social sustainability. Leveraging the identified trends as strategic
sustainability criteria to assess and rank lean construction techniques, we recommend applying
lean practices to project activities: design & architectural engineering, project planning & control,
(onsite) construction execution management and onsite safety guarantee. The integrated technique
utilized for this study can handle uncertainties in experts’ assessments to yield robust results.
Based on the findings, this work provides managerial implications by proposing a framework

for lean construction techniques to attain sustainability throughout construction project phases. The
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framework leverages the role of virtual design construction as a strategically important tool for
design & architectural engineering practices. Also, the last planner system is promoted in the
framework as a centrally critical tool for planning & control of construction projects. In addition,
the framework aims at the sustainability of on-site construction execution by incorporating lean
construction techniques for on-site safety warranty, problem-solving, and continuous

improvement.
The ranking of lean construction tools in this work is mainly grounded on the recognized
sustainable construction supply chain management trends that may differ by expert. The
participants we selected were practitioners and scholars in Canada’s construction industry.
Despite having global experiences in project management, the experts evaluated the lean tools
and the sustainable supply chain management trends in construction mostly based on the
situation of Canada’s construction sector. Therefore, the research results reported are more likely
countryspecific and its generalizability is open to future research in other contexts, e.g., multi-
country or multi-segment. Lastly, the framework for lean construction practices proposed in this
paper is conceptually built on the research results, so further endeavors to validate its

applicability in practical contexts are needed.
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Exhibit 1. Review of trends in sustainable CSCM.
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construction
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construction

SC integration for sustainable construction
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Digital transformation for sustainable
construction

Sustainable construction procurement

Education and training for sustainable
construction

Process innovations for sustainable construction
Cleaner offsite construction logistics

Cleaner onsite construction execution

Reverse logistics for sustainable construction

Safety and social sustainability

Risk management for sustainable construction

Kylili and Fokaides (2017); Athapaththu and Karunasena
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Holton et al. (2010); Pitt et al. (2009); Athapaththu and
Karunasena (2018) ); Tan et al. (2011)

Carvalho et al. (2021); Le and Nguyen (2022); Zeng et al.
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Dallasega and Rauch (2017); Solaimani and Sedighi (2020);
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Exhibit 2. Review of the utmost applied tools for practices of LC

Lean construction tools AB

¢C D E F G H I J K L M N O P

0

R

Practices for design and engineering

1 VDC (Virtual design construction) X XX X X X X X 2 DSM (Design structure matrix) x X XXX 3 P&M (Prefabrication &
modularization) X X XX X4 DB (Detailed briefing) X X X X
5 DW (Design workshops) X X x x X 6 IPD (Integrated project delivery) X X x X X 7 TVD (Target value design)

X X x x 8 Standardization xX X X XXX

9 CE (Concurrent engineering) X X X X x X XX x 10 CPA (Construction process analysis)  x
X  xXxX 12 SG (Smart goal) X X
13 Jidoka X x X Practices for planning and control
1 LPS (Last planner system)  x

X X

X X X

X

X X

2 WS&S (Work structuring & scheduling) x

LBMS (Location-based management

system)

X X

X X
X X
X X X
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4 Benchmarking X

X X X
5 VSM (Value stream mapping) X x X XXX
x x X 6 DC/HM (Daily cluster or huddle meeting)
X X XX X XXX XxXXx7PS/P (Pull
scheduling/planning) XX X X XXX
8 PY (Poka-Yoke) X X
X X X
9  BNA (Bottleneck analysis) X x x 10 LB (Line balancing) x  xx x 11 CF (Continuous flow) X X
x X X 12 MPH (Multi-process handling) X X
13 FIFO line X X X
Practices for onsite management
1 GW (Gemba or Muda walk)  x x X  xxx2TPM (Total productive maintenance) X X x X x xxx3KS/PS (Kanban system or
pull system)  x X X X XXX
4 5S X X X X X X
X X X
5 FRS (Firstrun study) x x x x X xxx 6 Kaizen X X X X XXX
7 T&P (Teamwork & partnering) x x X xX  xxXx8JIT (Just-in-time) X XXX XXX X XXXXX
9 VM (Visual management) xxX X X X X XX XXX 10 CM (Conference management)  x x x X X 11 QFD (Quality function
deployment) X x X xx 12 PDCA (Plan-do-check-act) X x x 13 SPC (Statistical process control) X X
x 14 7BT (7 basic tools)  x X x X 155 whys x X X X X
16 FMEA (Failure mode & effects analysis) x  xx 17 T&MS (Time & motion study) x x 18 SS (Suggestion scheme)
x X 19 SR (Setup reduction) X X X
20  CP&CP (Check points & control points) X X X
Practices for health and safety management
1 FSQ&S (Fail safe for quality & safety) X X X
X X X x PC&WE (Plan of conditions & work
2 environment) X X X X
X X X
H&SIM (Health & safety improvement
3 management) X X

Note: A= Tsao et al. (2004); B = Salem et al. (2005); C = Johansen & Walter (2007); D = Rahman et al. (2012); E = Al-Aomar (2012); F = Andersen
etal. (2012); G = Muhammad et al. (2013); H = Aziz and Hafez (2013); 1 = Ogunbiyi (2014); J = Seppanem et al. (2015); K = Salvatirerra et al.
(2015); L = Erol et al. (2017); M = Ansah and Sorooshian (2017); N = Sarhan et al. (2017); O = Li et al. (2017); P = Babalola et al. (2019); Q =
Aslam et al. (2020,2022); R = Le & Nguyen (2022).
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Exhibit 3. Summary of methodological steps

Clarification of terminology

i

Identification of key
sustainable CSCM trends

i

Delphi procedure

Weighting of key sustainable
CSCM trends

l

Evaluation of LC practices

Fuzzy AHP

i

Discussion of results with
experts

Sensitivity analysis

Conceptual framework
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Exhibit 4. Participants’ backgrounds

Position Number of Average number of Specialization
participants years of experience

Professors 5 10 LC & sustainable SCM

Researchers 3 5 LC & sustainable SCM

(PhD candidates

& Postdocs)

Project managers 8 9 Project management using LC tools

Architectural 5 7 Design & architectural engineering

engineers & using LC tools

designers

Site engineers 7 12 Site engineering using LC tools
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Exhibit 5. Combined Delphi — fuzzy AHP in research on construction management

16

= = =
o N i

Number of journal articles
[0¢]

6
4
2 I
0
<2011 2011-2015 2016-2020 >2020
Year

Note: Data taken from the Web of Science on 27 September 2022. Using the keywords below, we
obtained 28 search results for journal articles, of which 23 papers combined the Delphi method
with fuzzy AHP.

Topic “construction” OR “civil engineering”
And Topic “Delphi”
) “fuzzy AHP” OR “fuzzy analytic hierarchy process” OR “FAHP”
And Topic
OR “F-AHP”
And Language English

Exhibit 6. Assessment of sustainable SCM trends in construction

Trends Descriptions Mean 10D Removed
1. SCintegration The integration of all relevant SC actors 4.300 1.000 No for sustainable
construction

2. Sustainable The use of green designs along with 4.250 0.500 No design sustainable resources
and materials and
minimized waste.
3. Sustainable The insertion of environmental protection, 4.150 0.500 No
procurement societal  progress, and  economic
development in procurement processes.
4. Digital The use of advances in digital technologies 4.000 1.000 No transformation to promote
sustainable construction.
5. Cleaner offsite Cleaner offsite prefabrication and modular 3.850 0.000 No logistics
construction approaches
6. Cleaner onsite Cleaner site layout planning and material 3.500 0.500 No execution handling for
onsite operations
7. Safety and social Focusing on working conditions, 2.900 0.500 No
sustainability employee rights, social missions, diversity and
equality, health, and safety
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8. Reverse logistics Effective approaches for successful 2.450 0.000 Yes reverse construction

logistics

9. Sustainable Sustainable policies to ensure that the 2.350 0.000 Yes standards construction

development meets the
sustainability requirements.
10. Process

construction  processes

applied for process improvement
11. Education and More commitment to
training through the
education and training for projects

through

12. Sustainable

Achieving a higher sustainable level of 2.350

sustainability 2.300
improvement of

staff

measurements applying current benchmarking to appraise
and improve economic, environmental, and
social performance
13. Risk Efficient response strategies for risk 2.300

management to achieve sustainability

0.500 Yes innovations
the innovation of sustainable technologies

0.000 Yes

Adopting measurement and reporting or 2.300 0.000 Yes

1.000 Yes management

Exhibit 7. The AHP structure for analysis in this work

Goal: Evaluate and rank the importance levels of
lean tools contributing fo sustainable CSCM trends
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design
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Exhibit 8. Weighting and ranking sustainable SCM trends in construction

Trend Weight Ranking
SC integration 0.2093 1
Sustainable design 0.1628 2
Sustainable procurement 0.1628 3
Digital transformation 0.1395 4
Cleaner offsite logistics 0.1163 5
Cleaner onsite execution 0.1163 6
Safety and social sustainability C/ 0.0930 7

=0.030, CR=0.015
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Exhibit 9. Weights of lean techniques that contribute to sustainable SCM trends in construction

Sustainable SCM trends in construction

Cleaner Cleaner Safety and
SC Sustainable Sustainable Digital offsite onsite social Overall
integration design Dprocurement  transformation  logistics  execution  sustainability weight
Category Lean tools (0.2093) (0.1628) (0.1628) (0.1395) (0.1163)  (0.1163) (0.0930) (1.0000)
Virtual Design 0.0422 0.0573 0.0395 0.0516 0.0355 0.0321 0.0378 0.0432
construction (VDC)
Design structure 0.0285 0.0522 0.0303 0.0421 0.0280 0.0241 0.0264 0.0338
matrix (DSM)
Prefabrication &
modularization (P&M)  0.0285 0.0332 0.0303 0.0298 0.0496 0.0321 0.0264 0.0324
, Detailed briefing (DB)  ; 4745 0.0488 0.0303 0.0460 0.0319 0.0241 0.0304 0.0338
Design &
engineering Design WOI'kShOpS
practices (DW)/big room 0.0422 0.0522 0.0477 0.0421 0.0319 0.0241 0.0304 0.0403
workshop
Integrated project 0.0470 0.0522 0.0517 0.0298 0.0355 0.0283 0.0264 0.0408
delivery (IPD)
(Tfifggvalue design 0.0245 0.0488 0.0303 0.0298 0.0280 0.0241 0.0264 0.0307
Standardization 0.0390 0.0488 0.0351 0.0421 0.0451 0.0418 0.0414 0.0416
(Ccog)currem CNgImeering 4 0422 0.0488 0.0517 0.0340 0.0420 0.0389 0.0378 0.0429
(Li‘litsg’lanner System 0.0422 0.0488 0.0575 0.0460 0.0451 0.0389 0.0378 0.0458
Work structuring & 0.0322 0.0375 0.0303 0.0421 0.0451 0.0321 0.0414 0.0365
. scheduling (WS&S)
Planning & -
control Location-based
¢ management system 0.0322 0.0332 0.0351 0.0298 0.0280 0.0283 0.0264 0.0310
practices (LBMS)
Benchmarking 0.0322 0.0086 0.0032 0.0251 0.0280 0.0241 0.0221 0.0203
Value stream mapping ) 13-, 0.0086 0.0303 0.0298 0.0280 0.0283 0.0264 0.0262

(VSM)




Daily cluster or

huddle meeting 0.0422 0.0375 0.0477 0.0421 0.0355 0.0283 0.0378 0.0395
(DC/HM)
Pull scheduling or 0.0422 0.0332 0.0351 0.0298 0.0319 0.0241 0.0221 0.0327
71
planning (PS/P)
Poka-yoke (PY, Error ) s 0.0332 0.0303 0.0421 0.0355 0.0283 0.0414 0.0334
proofing)
Gemba walk (GW) 0.0285 0.0332 0.0303 0.0251 0.0355 0.0418 0.0378 0.0323
Total productive 0.0390 0.0086 0.0303 0.0251 0.0280 0.0283 0.0304 0.0274
maintenance (TPM)
Kanban system 0.0285 0.0086 0.0032 0.0000 0.0055 0.0283 0.0221 0.0139
35 0.0245 0.0086 0.0032 0.0251 0.0319 0.0413 0.0414 0.0230
Construction First run study (FRS) 0.0245 0.0086 0.0303 0.0251 0.0319 0.0418 0.0378 0.0271
& site Kaizen 0.0285 0.0375 0.0303 0.0421 0.0355 0.0418 0.0264 0.0343
management Teamwork & partnering , ., 0.0375 0.0477 0.0421 0.0355  0.0418 0.0414 0.0414
practices (T&P)
Just-in-Time (JIT) 0.0322 0.0332 0.0517 0.0251 0.0319 0.0389 0.0221 0.0344
X}i‘g‘l management 0.0245 0.0086 0.0303 0.0298 0.0319 0.0418 0.0414 0.0280
fcolil/lt;erence management , 34, 0.0332 0.0351 0.0298 0.0319 0.0389 0.0378 0.0352
Fail safe for quality
& safuty (FSQ&S) 0.0285 0.0332 0.0303 0.0421 0.0319 0.0418 0.0467 0.0351
Health & Plan of conditions &
safety work environment 0.0285 0.0332 0.0303 0.0298 0.0319 0.0389 0.0378 0.0322
(PC&WE)
management
. Health & safety
practices . i
Improvemen 0.0285 0.0332 0.0303 0.0251 0.0319 0.0321 0.0378 0.0308
management (H&SIM)
Total 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
CR 0.002 0.006 0.002 0.001 0.003 0.002 0.000
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Exhibit 11 Notation for sensitivity analysis

Scenario Lean construction tool
(0)  Original scenario [0] Cutoff threshold
(1) SC integration x 1.5 [1] Virtual design construction (VDC)
(2) SC integration x 2.0 [2] Design structure matrix (DSM)
(3  SC integration x 3.0 [3] Prefabrication & modularization (P&M)
(4) SC integration x 4.0 [4] Detailed briefing (DB)
(5) Sustainable design x 1.5 [5] Design workshops (DW)/big room workshop
(6) Sustainable design x 2.0 [6] Integrated project delivery (IPD)
(7)  Sustainable design x 3.0 [7] Target value design (TVD)
(8) Sustainable design x 4.0 [8] Standardization
(9) Sustainable procurement x 1.5 [9] Concurrent engineering (CE)
(10) Sustainable procurement x 2.0 [10] Last planner system (LPS)
(11) Sustainable procurement x 3.0 [11] Work structuring & scheduling (WS&S)
(12) Sustainable procurement x 4.0 [12] Location-based management system (LBMS)
(13) Digital transformation x 1.5 [13] Daily cluster or huddle meeting (DC/HM)
(14) Digital transformation x 2.0 [14] Pull scheduling/planning (PS/P)
(15) Digital transformation x 3.0 [15] Poka-yoke (PY, Error proofing)
(16) Digital transformation x 4.0 [16] Gemba walk (GW)
(17) Cleaner offsite logistics x 1.5 [17] Kaizen
(18) Cleaner offsite logistics x 2.0 [18] Teamwork & partnering (T&P)
(19) Cleaner offsite logistics x 3.0 [19] Just-in-time (JIT)
(20) Cleaner offsite logistics x 4.0 [20] Conference Management (CM)
(21) Cleaner onsite execution x 1.5 [21] Fail safe for quality & safety (FSQ&S)
(22) Cleaner onsite execution x 2.0 [22] Plan of conditions & work environment (PC&WE)
(23) Cleaner onsite execution x 3.0 [23] Health & safety improvement management (H&SIM)
(24) Cleaner onsite execution x 4.0
(25) Safety and social sustainability x 1.5
(26) Safety and social sustainability x 2.0
(27) Safety and social sustainability x 3.0
(28) Safety and social sustainability x 4.0




Exhibit 12 Sensitivity analysis results
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Note: Refer to Exhibit 11 for explained notation.
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Exhibit 13 Framework for lean practices to achieve CSC sustainability
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