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Abstract

Material waste in construction projects remains a significant issue, leading to increased
costs, environmental impacts, and inefficiencies. This study addressed this challenge

by developing a structured decision-support approach to prioritize actions to mitigate
material waste aligned with the unique conditions of each construction site. Causes and
mitigation actions were initially identified through a literature review, expert interviews,
and a survey analysis. Next, principal component analysis simplified the dataset’s
complexity by grouping related causes and mitigation actions into distinct categories.
These categories served as the structured inputs for the quality function deployment
(QFD) model. Mitigation actions were then prioritized using this model, with the results
validated by experts to assess the method’s appropriateness for material wastage.

The study effectively introduced a process to prioritize the mitigation actions, aligning

with identified causes and other actions. Additionally, a set of causes and actions was
identified in this study. Major causes included fire and explosion incidents, defective
materials, and material theft. Key actions were efficient project planning, accurate
material management, and the implementation of comprehensive storage and handling
procedures. Construction process supervision emerged as the highest priority, while reuse
and recycling promotion, although ranked the lowest, remained significant. This study
introduced a systematic approach to prioritize actions that address root causes and assess
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the impact of each action on others, providing practical, cascading solutions to site-specific challenges.
In addition, by conducting the research within the context of Vietnam, this study further demonstrated
the applicability of this methodological framework in developing economies with similar construction
environments.

Keywords

Construction Material Waste; Quality Function Deployment; Waste Mitigation Strategies;
Construction Efficiency

Introduction

The construction industry, integral to global economic growth, is paradoxically a major producer of waste,
which poses severe environmental and economic challenges. Reports have alarmingly indicated that a large
proportion of municipal waste stems from construction activities. For example, construction waste in the
United States accounted for 40% of municipal solid waste in 2011, according to Osmani (2011). Similar
trends are observed globally. In the European Union, construction activities generate 31% of all waste
annually (Al-Hajj & Hamani, 2011), while in Hong Kong, construction waste represents 23% of the total
solid waste (EPD, 2008). These figures not only illustrate the vast scale of the problem but also spotlight

the economic repercussions, with construction waste inflating project costs substantially. Material waste
increases construction project costs by 15% in the UK, 20%-30% in the Netherlands, and 11% in Hong

Kong (John & Itodo, 2013).

Despite numerous interventions aimed at curbing this waste, the industry continues to struggle
with inefficiencies due to persistent issues. The potential financial benefits of reducing waste are often

underestimated by contractors (WRAP, 2007b; Al-Hajj & Hamani, 2011). Additionally, poor planning,

inefficient procurement, mishandling of materials, and frequent design changes are primary contributors to

high waste levels (Karunasena et al., 2025). Also, the lack of stringent enforcement of waste management

practices and the traditional linear approach to material use exacerbate the problem (Tam & Tam, 2006).

'The growing urbanization and infrastructure demands further strain the capacity to manage construction
waste effectively (Wang et al., 2019).

In response, researchers have explored various strategies to address construction waste, including the
adoption of lean construction principles, improved material management practices, and the implementation
of building information modeling (BIM) (Won et al., 2016; Alwan et al., 2017; Singh & Kumar, 2020).

Studies have also emphasized the importance of recycling and reusing construction materials to reduce
waste (Yuan, 2013; Ulubeyli et al., 2017; Byers et al., 2024). These strategies have been identified using
various research methodologies, such as system dynamics modeling (Wang et al., 2015), mixed-methods
approaches (Ajayi et al., 2017¢; Ajayi & Oyedele, 2018a) ENREF 1, statistical modeling (Kern et al.
2015), and comprehensive literature reviews combined with surveys (Yates, 2013). While many studies have

identified the causes of construction waste and suggested mitigation strategies using these methodologies,
none have developed a process to prioritize these actions according to the unique conditions of each

construction site.

'This study aimed to bridge this critical gap by introducing a systematic approach to prioritize these
actions using quality function deployment (QFD) that not only considers the root causes of material waste
but also assesses the expected impact of each action on other actions within the system. Unlike other
commonly used multi-criteria decision making (MCDM) tools such as the Analytic Hierarchy Process
(AHP), Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), and Decision-
Making Trial and Evaluation Laboratory (DEMATEL), which typically focus on hierarchical weighting of

criteria, distance-based ranking of alternatives, and mapping causal influences among factors, respectively,
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QFD simultaneously (i) links “customer requirements” (causes of waste) to “technical responses” (mitigation
actions), (ii) quantifies the strength of these relationships, and (iii) incorporates the interrelationships among
mitigation actions in a single House of Quality matrix. This integrated structure makes QFD particularly
suitable for construction waste management, where practitioners must transparently see how specific waste
causes translate into actionable responses and how these responses reinforce or conflict with one another

under site-specific constraints.

To bridge this gap, the study aimed to (1) identify and rank causes and mitigation actions of
construction material waste, (2) group these causes and actions using principal component analysis (PCA),
(3) systematically prioritize actions for mitigating material wastage in construction sites using the QFD
model, and (4) validate the QFD results to assess the appropriateness and reliability of this method when

applied to construction waste management.

The insights gained from this study are expected to provide valuable guidance for industry stakeholders,
enabling the implementation of effective strategies to reduce material wastage, thus contributing to the
development of more sustainable and cost-effective construction practices. By grounding this research in
Vietnam, the study contributes empirical data that are highly relevant to Vietnam as well as to countries

with analogous socio-economic and construction industry conditions.

Literature review

CAUSES OF MATERIAL WASTE

Material waste in construction is a critical issue that has been extensively studied across difterent regions
and contexts. Various researchers have identified the causes of material waste covering several key areas,
reflecting a complex interplay of factors. Design-related issues are frequently highlighted as a significant
contributor to material waste. Mahamid (2022) concluded that frequent design changes and design errors
are among the top factors affecting material waste in building projects in Saudi Arabia. Ekanayake and
Ofori (2000) identified design as one of the four main categories causing waste, alongside procurement,
material handling, and operation. They emphasized that most waste originates from design flaws. This
conclusion is also supported by the study of Ekanayake and Ofori (2004). Improper design leading to
excessive cut-offs was specifically noted as a major waste factor (Saunders & Wynn, 2004). This perspective
aligns with findings from the UAE, where poor design and late design changes were found to be major
waste causes (Al-Hajj & Hamani, 2011).

Material handling and storage have been repeatedly cited as major contributors to waste. Improper
handling and usage of materials, such as ceramics, tiles, and plastering, have been shown to generate
substantial waste (Poon, 2007; Povetkin & Isaac, 2020) ENREF_52. In addition, inadequate storage
practices frequently lead to material loss (Ikau et al., 2016; Luangcharoenrat et al., 2019) ENREF 23.
Transportation damage (Povetkin & Isaac, 2020), rework (John & Itodo, 2013; Ikau et al., 2016; Mahamid
2022)_ENREF_42_ENREF 36, and lack of supervision or careless management (Arshad et al., 2017)

further exacerbate waste generation.

Behavioral and cultural factors also influence material waste in construction. The labor-intensive nature
of construction work implies that the attitudes and behaviors of workers remarkably affect waste levels
(Teo, 2000). Lingard et al. (2000) pointed out that effective waste minimization depends on changing the

behavior of participants in the construction process. Omeje et al. (2020) highlighted the poor awareness
among site workers about waste reduction measures, necessitating awareness campaigns. The causes of

material waste can vary significantly based on regional and contextual factors. For instance, a study in
Malaysia by Ikau et al. (2016) pointed to the impact of rapid urbanization and the prevalence of disposal
problems. Therefore, it is imperative to explore effective strategies for mitigating construction waste.
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CONSTRUCTION WASTE MITIGATION

Several key practices have been identified for minimizing waste on construction sites. Reuse and recycling
are pivotal in waste management, requiring efficient segregation of waste streams such as timber,
plasterboard, and metals (Guthrie et al., 1995). Poon et al. (2001) found on-site sorting to be more efficient

and effective than off-site sorting. However, participants found on-site sorting time-consuming and
labor-intensive. A follow-up study by Yuan et al. (2013) revealed that waste management regulations had
improved on-site waste management. The “3 Rs” principle, which is reduction, reuse, and recycling, forms

the foundation of waste management strategies (Wang et al., 2015). Of these strategies, reduction is the

most effective (Peng et al., 1997; Esin & Cosgun, 2007) and cost-efficient (Lu & Yuan, 2011), addressing

waste at the source.

Incentive policies play a crucial role in promoting waste minimization. Training and incentivizing staff
through performance incentives can also contribute to effective waste reduction (Lingard et al., 2001). Tam_
and Tam (2008) showed that implementing a gradual incentive policy increases employees’ awareness of the
importance of waste reduction, thereby encouraging more active participation in waste reduction efforts. Jia
et al. (2017) concluded that a combination of penalties, waste disposal charges, and subsidies can effectively
address the challenges of construction and demolition waste management. According to Liu et al. (2020),
rigorous supervision combined with suitable economic incentives for all stakeholders can significantly
enhance waste management effectiveness.

Design-stage interventions, such as standardization of material dimensions and modern construction
methods, can effectively reduce waste (Ajayi & Ovedele, 2018a). Lean construction (LC) is one of the

currently adopted approaches, as this method focuses on continuous improvement and waste reduction
(Marhani et al., 2013). Incorporating BIM within LC practices can minimize rework in design stages and

enhance waste management (Won et al., 2016; Alwan et al., 2017). Additionally, modern construction

methods, such as off-site prefabrication, reduce waste compared to traditional methods (Dainty & Brooke,
2004).

Effective on-site management strategies are essential for waste reduction. On-site management plays

a crucial role, with strategies including controlling the amount of materials on-site, maintaining detailed
records, and providing accurate estimates to avoid over-ordering and waste (Liu et al., 2020). Efficient

management of material logistics, waste segregation, and maximization of material reuse can reduce landfill

waste (Ajayi, et al., 2017a). Formoso et al. (2002) found that most waste can be prevented by implementing

inexpensive methods, primarily through managerial improvements. Efficient transportation methods,
such as ensuring smooth routes, protecting materials during transit, and employing effective unloading
techniques, are critical in minimizing material damage and waste during transportation (Gélvez-Martos
etal.,2018; Liu et al., 2020).

Proper storage of building materials is another key strategy. Selecting suitable storage sites and methods
based on the properties of materials enhances waste mitigation (McGrath, 2001; Esa et al., 2017).

Additionally, employing skilled workers and applying appropriate construction methods are essential to

ensuring proper construction practices and minimizing waste (Nikmehr et al., 2017). Effective logistics

management, such as implementing a material logistics plan (MLP), is also essential for reducing waste
by preventing double handling and ensuring proper material handling (WRAP, 2007a; Al-Hajj &
Hamani, 2011). Supply chain management (SCM), based on long-term commitments with suppliers and

subcontractors, and just-in-time delivery, mitigates waste due to over-ordering or prolonged storage of

materials (McDonald & Smithers, 1998; DEFRA, 2008).
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INVESTIGATION METHODOLOGY FOR CONSTRUCTION WASTE MITIGATION

Researchers have employed various methodologies to investigate construction waste mitigation strategies.

Table 1 provides a comparative summary of these approaches in terms of their research aims, analytical

techniques, treatment of causal relationships, and capacity to prioritize mitigation strategies. Wang et al.

(2015) utilized system dynamics modeling to develop a quantitative model for assessing the impact of
different waste management strategies at the design stage. Ajayi et al. (2017b) conducted semi-structured
focus group discussions (FGDs) with experts from leading UK design and construction companies to

explore design and document qualities for waste-efficient construction projects. Ajayi et al. (2017¢) adopted

a mixed-methods approach, incorporating field studies and surveys to identify key site management

practices essential for reducing construction waste. The study analyzed the data using descriptive statistics,

the Kruskal-Wallis test, and exploratory factor analysis.

Table 1.

Previous
study

Objective

Wang Quantify the
et al. impact of design-
(2015) stage waste
management
strategies
Ajayi Explore design
etal. and document

(2017b qualities for
waste-efficient
construction
projects
Ajayi. Identify key site
et al. management
(2017¢) practices
for reducing
construction
waste
Kern Quantify waste
et al. generation and its
(2015]) drivers in high-

rise buildings

Comparative summary of prior approaches.

Analytical
techniques

System dynamics

modeling and
simulation

Semi-structured
focus group
discussions;

thematic/
qualitative
analysis

Field studies;
questionnaires;
descriptive
statistics;
Kruskal-Wallis
test; factor
analysis

Multiple
regression
modeling

Treatment
of causal

relationships

Explicit
representation of
feedback loops
and dynamic
interactions
among variables

Generates
qualitative insights
into drivers
and barriers;
causal logic
remains largely
interpretive

Reveals
associations
and latent
factor groupings
influencing waste

Statistically
estimates the
influence of design
and production
variables on waste

Capacity to
prioritize
mitigation
strategies

Explores scenario
impacts but does
not provide a
ranked portfolio of
specific mitigation
actions

Identifies key
themes and good
practices but
lacks a formal,
quantitative
prioritization of
actions

Highlights
important practice
clusters but does

not integrate
them into a single
prioritized action
set

Allows inference
of relative
importance of
predictors but
does not translate
findings into a
prioritized list of
mitigation actions
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Previous

continued

Objective

[dentify
sustainable
strategies for
minimizing
construction
waste

Develop and
test a model of
factors affecting

construction
waste reduction

Identify emerging
techniques and
research gaps
in construction

waste
management

Analytical
techniques

Comprehensive
literature review;
surveys of industry
executives

Focus group
discussions;
thematic analysis;
questionnaires;
structural
equation modeling
(SEM)

Cross-referencing
and comparative
examination of

published studies

Treatment
of causal

relationships

Maps out
strategies
and perceived
effectiveness;
causal links are
largely descriptive

SEM statistically
tests hypothesized
relationships
between
constructs related
to waste reduction

Synthesizes
existing
techniques;
causal reasoning
is implicit and
conceptual

Capacity to
prioritize
mitigation
strategies

Provides a
catalogue of
strategies without
a formal decision
rule for ranking or
selecting among
them

Quantifies
strength of causal
paths but does
not produce
an operational
prioritization of
specific mitigation
actions

Reveals gaps
and research
directions but
does not rank or
prioritize concrete
waste mitigation
strategies

In a quantitative analysis, Kern et al. (2015) developed a statistical model using multiple regression to
quantify waste generation in high-rise buildings. The model assessed the influence of design processes and

production systems on waste generation, highlighting the importance of these variables in waste mitigation.
Yates (2013) combined literature reviews with surveys of industry executives to identify sustainable
strategies for minimizing construction waste.

Ajayi and Oyedele (2018a) conducted a study employing an exploratory sequential mixed-methods
design, which included FGDs and thematic analysis in the exploratory phase, followed by questionnaires

and structural equation modeling in the explanatory phase. Umar et al. (2017) performed a cross-referencing

examination of different publications to identify novel techniques in construction waste management. This

systematic evaluation revealed gaps in the literature and suggested areas for further investigation.

The existing studies, despite their comprehensive approaches, did not employ techniques that

systematically rank the importance of different waste mitigation strategies. This gap highlights the need

for a framework that can prioritize waste mitigation actions to provide clearer guidance for practitioners

and policymakers. Therefore, this study aimed to fill the research gap by being the first to use QFD to

systematically prioritize construction waste mitigation actions, providing a structured and prioritized

approach to waste management in construction pI'OjCCtS.
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Research methodology

'This study employed a detailed and systematic approach to identify the causes of construction material

wastage in Vietnam and to propose and prioritize actions to mitigate these identified causes. The research

methodology framework is presented in Figure 1. Initially, the research began with an extensive review of

existing studies and expert opinions. This step aimed to identify a preliminary list of potential causes and

mitigation actions that formed the basis of the study. This involved accessing renowned databases such as

the ASCE Library, Emerald, Elsevier, and ScienceDirect, using keywords such as “construction material
» «

wastage”, “causes and actions”, and “impact of materials wastage”. The search focused on studies published
between 2011 and 2024 to ensure the relevance and timeliness of the data for current industry practices.

CAUSE AND ACTION IDENTIFICATION SURVEY AND RANKING

« Literature reviews « Likert 5-level scale
» Expert opinions

PRIORITIZATION OF ACTIONS GROUPS OF CAUSES AND ACTIONS
+ Quality function deployment (QFD) * Principal component analysis (PCA)
Figure 1.  Research methodology framework.

'The list of factors identified from previous studies served as an initial reference point. To further refine
the list, insights were gathered through direct interviews with eight experienced professionals. These experts
brought diverse and extensive experience to the study. They held positions ranging from deputy department
heads to directors and vice presidents, both in general contracting firms and on the investor side. Their
roles encompassed areas such as commercial management, project direction, bid and tender management,
estimation, and project consultancy. The experience of the experts in the field varied, with the least having
8 years of experience and the most experienced boasting 26 years. These experts possessed in-depth
knowledge of construction processes, material management, and waste minimization strategies. They had
been directly involved in managing or overseeing construction projects concerning material efficiency and

waste reduction. The detailed information of these experts is presented in Table 2.

Subsequently, the study proceeded to design questionnaires and conduct online surveys. This phase
aimed to gather primary data to gain an understanding of the causes and mitigation actions for material
wastage on construction sites. The survey employed in this study was based on methodologies from previous
research (Dodanwala et al., 2021; Lindhard, 2024) and had been refined through expert feedback to ensure
that it was both relevant and comprehensive. To determine the adequacy of the sample size, this study

benchmarked its sample against those used in previous research. Specifically, the study utilized the average
sample-to-variable ratio, calculated as 3.77, derived from an analysis of eight other studies reported by

Huynh et al. (2020). The survey included several sections: an introduction, participant information, detailed

questions, and a section for open-ended responses. The introduction provided an overview, clarifying
for participants to understand the purpose and importance of the survey. The participant information

section collected basic data about the respondents. The main part of the survey assessed the causes and

mitigation actions for material wastage on construction sites using a 5-point Likert scale (Likert, 1932).

Participants were asked to rate the impact level of each cause and mitigation action. This scale was chosen

Construction Economics and Building, Vol. 26, No. 2 2026
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Table 2. Detailed information on experts.
Expert 1 Deputy head of commercial Main contractor
department
Expert 2 Project director Investor 16
Expert 3 Head of technical and bidding Main contractor 8
department
Expert 4 Head of estimation and bidding Main contractor 8
department
Expert 5 Deputy director of division Investor 15
Expert 6 Deputy director Main contractor 18
Expert 7 Deputy general director Main contractor 11
Expert 8 Project management consultant Investor 26

for its simplicity and widespread acceptance, thereby ensuring ease of use for respondents. Additionally,
the survey included a section for open-ended responses to gather qualitative insights, allowing participants
to share their experiences and suggestions in their own words. Data collection was conducted through
direct engagement and email, with a preference for personal contact. Subsequently, an empirical survey was
conducted to validate the findings and gauge industry perceptions. To limit survey bias, responses that were
incomplete or showed signs of rushed completion (e.g., identical or patterned scores for all items) were

removed before analysis.

Next, the research methodology involved statistical and analytical techniques, which included average
scoring and PCA. Each of these methods served a specific purpose in the research process. Average scoring
was employed to remove any unsatisfactory causes and mitigation actions and to rank them, while PCA
was utilized to reduce the dimensionality of the data, identifying the most significant factors contributing
to material waste and simplifying the complexity of the dataset. Since the survey data were collected
using a Likert scale, an additional step was required before applying PCA, which assumes continuous and
approximately interval-level data. In this study, the Likert responses were treated as quasi-interval data. This
practice is supported in the literature when scales contain five or more categories and show approximately
linear relationships among items. This treatment enables the use of PCA, provided that sampling adequacy
and correlation strength are verified through measures such as the Kaiser—-Meyer—Olkin (KMO) test and
Bartlett’s test of sphericity. This method allowed for a more comprehensive understanding of the underlying
causes/mitigation actions and the relationships between them.

The PCA groups resulting from the analysis subsequently provided structured input for the QFD model,
enabling a systematic and concise prioritization of mitigation actions. An innovative aspect of the study
was the application of the QFD model incorporating diverse methodologies, drawn from studies of Akao
(1988), Lyman (1990), and Wasserman (1993). This approach enables a comprehensive evaluation of each
proposed action. It examines how each proposed action addresses the identified causes of material wastage,
the potential synergies between different actions, and the prioritization of actions based on their expected
impact on reducing wastage. Critical to this analysis were insights gathered from direct interviews with the
eight experts mentioned. Subjectivity was reduced by involving experts from diverse roles and organizations.

These interviews were conducted after the PCA results were finalized. A detailed description of this

Construction Economics and Building, Vol. 26, No. 2 2026
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procedure will be provided in a later section that presents the quality function deployment model. The
results of this QFD model were then validated by the mentioned experts to assess the appropriateness of the
findings and the reliability of the QFD method when applied to material wastage.

Causes of and mitigation actions for construction material wastage

OVERVIEW OF STUDY FINDINGS

Upon a thorough review of scientific literature and engaging consultations with experts, this study
successfully compiled a comprehensive list of 29 causes of material wastage at construction sites and

18 actions to minimize their impacts.

Regarding the survey, of the 146 questionnaires distributed, 121 were returned with complete responses,
resulting in a notable response rate of 82.8%. This provided sample-per-variable ratios of 4.17 for the
29 identified causes and 6.72 for the 18 actions. These ratios surpassed the average of 3.77, demonstrating
that the study had a sufficiently large sample size. The survey participants were predominantly from main
(64.10%) and subcontracting roles (31.62%) within the construction industry and were familiar with
material supply methods such as self-purchase (62.71%) and company-supplied (33.90%).

CAUSES OF CONSTRUCTION MATERIAL WASTAGE

After analyzing the survey results using mean testing, the results showed that all variables had a significance
level of less than 0.05. This indicates that their average values are significantly different from the hypothesized
mean (Khalil et al., 2021). The ranking of the causes of construction waste is presented in Table 3. The

highest-ranked cause is fire and explosion incidents, with a mean of 4.22, emphasizing the need for stringent
safety protocols and fire-resistant materials to mitigate these risks. Defective materials, ranked second with a
mean of 4.17, indicate that quality control during procurement and stringent material inspection are essential
to prevent wastage. Material theft, project delays, and ineflicient material use are also prominent issues,
highlighting the need for robust security measures, efficient project management, and optimized material
utilization strategies. Factors such as unreasonable procurement planning, poor construction quality, and

lack of coordination between architectural and structural design, all tied with a mean of 4.08, emphasize

the necessity for better planning and improved communication among stakeholders. Other notable causes
include improper material storage, design errors, and suboptimal site layout, each requiring targeted actions to
enhance overall construction efficiency and reduce material wastage.

'The analysis also identified 28 satisfactory causes out of an initial set of 29 after applying PCA with
varimax rotation. The suitability of the data for factor analysis was confirmed via the KMO measure
and Bartlett’s test of sphericity. The KMO coefficient achieved was 0.832, surpassing the acceptable
threshold of 0.5, indicating the appropriateness of the research data for factor analysis. This assertion finds
support in previous studies (Rasheed et al., 2024; Upadhyaya & Malek, 2024). Additionally, Bartlett’s

test demonstrated a significance level below 0.05, suggesting significant correlations among the observed
variables, thus validating the suitability of the data for factor analysis (Paul et al., 2021; Oke et al., 2022).
The PCA results showed that all loading factors exceeded the minimum acceptable value of 0.4, aligning

with the criteria employed in previous studies (Omari et al., 2023). The analysis extracted a total variance

of 62.156%, with eigenvalues greater than 1, indicating compliance with requirements (Pickson & He

2021) and suggesting that the identified groups of factors account for 62.156% of the data variation
(Sobieraj & Metelski, 2023). Consequently, a hierarchical structure model was developed from the PCA
results, illustrated in Figure 2. The results showed that 28 satisfactory causes of material wastage were

organized into seven categories: material handling inefliciencies, site continuity risks, material and inventory

Construction Economics and Building, Vol. 26, No. 2 2026
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Ranking of causes of material wastage in construction.

Causes of waste in construction References Mean | Rank

Fire and explosion incidents

Defective materials

Material theft

Project delays
Inefficient material use
Unreasonable procurement planning

Poor construction quality that fails
acceptance criteria

Lack of coordination between
architectural and structural design

Inefficient excess material
management

Lack of input material control

Improper material storage

Failing to manage the transfer of
materials and equipment to various
areas or other projects

Unpredictable weather

Design errors in the design phase

Mismatched material estimation
Suboptimal site layout
Poor material inspection

Errors in the dimensions of structural
elements during construction

Poorly designed structural elements
in terms of standards and detailing

Inappropriate use of tools and
equipment

Errors in construction drawings

(Kodur et al., 2020; Ma et al., 2021;
Pierorazio et al., 2022)

(Formoso et al., 2002: Zighan &
Abualgumboz, 2021: Lee et al., 2024)

(Aravindh et al., 2022: Haas et al.,
2022)

(Bajjou & Chafi, 2022)

(Abdolazimi et al., 2024)

(Ajayi et al., 2017a: Ge et al., 2017)

(Kabirifar et al., 2020: Shooshtarian

et al., 2022)

(Liu et al., 2015: Alaloul et al., 2016:
Olanrewaju & Ogunmakinde, 2020)

(Ajayi et al., 2017a; Min et al., 2024)

(Thongkamsuk et al., 2017;: Zighan &

Abualgumboz, 2021: Yu et al., 2022)

(de Magalhaes et al., 2017: Liu et al.,

2020)
(Liu et al., 2020: Nawaz et al., 2023)

(Faniran & Caban, 1998)

(Won et al., 2016: Meshref & Ibrahim,

2024)
(Ajayi et al., 2017a)

(Huo et al., 2017)

(Ajayi et al., 2017c)

(Ajayi et al., 2017c)

(Ajayi & Oyedele, 2018a; Surahyo,
2019)

(Liu et al., 2020)

(Muzaffar et al., 2022)

4.22

417

414

4.09
4.08
4.08
4.08

4.08

4.06

4.02

4.01

4.01

4.01

4.00

4.00
3.98
3.98
3.96

3.95

3.93

3.91

1

o o1 o1 &~

10

1

11

1

14

14
16
16
18

19

20
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Causes of waste in construction References Mean -

Employing unskilled labor (de Magalh3es et al., 2017; Akhtar & 3.85
Sarmah, 2018)

Inadequate worker training on (Li et al., 2022; Bhavsar et al., 2023) 3.84 23
standard operating procedures

Poor supplier selection (Othman & El-Saeidy, 2024) 3.82 24

Design changes during construction (Alotaibi et al., 2024) 3.70 25

Construction inaccuracies due to (Love et al., 2022) 3.66 26
faulty measuring devices and errors
in execution

Lack of equipment usage guidelines (Hao et al., 2022; Bhavsar et al., 2023]  3.55 27
for construction workers

Additional material requests by site (Ajayi et al., 2017a; Ajayi & Oyedele, .53 28
management to avoid construction 2018b)
delays

Inadequate transportation (Fini & Forsythe, 2020; Rosado et al., 3.48 29
2022]

Defective materials

=
c .
=9 Inadequate transportation
R quate por Developing a reasonable schedule for manpower, equipment, and
5 e Poor supplier selection N . N :
< o By . materials before and during the project execution
=i} Inappropriate use of tools and equipment = i i ' .
E % Lack of equipment usage guidelines for construction workers E > Calculatm.g acFurater and purchasing deliberately to avoid waste at the
e Inadequate worker training on standard operating procedures 1% 28 construction site
Material theft © é Conducting early cross-checks among various departments on-site to
z “04 o prevent oversights during construction
z Fire and explosion incidents o Monitoring and coordinating material procurement
%) 22 2 Project delays O Quantifying and carrying out the work scope appropriately
0 £ < | Suboptimal site layout
S .
o Unpredictable weather -
[ 2 Encouraging the use of pre-cut and pre-assembled parts instead of on-
w ° Improper material storage E - site production of mortar and concrete
Ly : ,
562 Inefficient excess material management @] 4 % Instructing workers to maximize the reuse of surplus materials at the
_T:u ; S Poor material inspection 2 g construction site
L . : 50
%] % g % Ine.f.ﬂclent material use ) ) < @ o | Establishing regulations for sorting surplus materials and planning for
S 9o Fall.lng to manage the trar.lsfer of materials and equipment to 2 their reuse
S various areas or other projects 3 - . . . .
2 Predicting any demolition or reconstruction activities on-site
c
o] Sco Construction inaccuracies due to faulty measuring devices and
B w8 [ errorsin execution (@)
252 R Constructing temporary houses and storage facilities within buildings
§ g @ Errorsin the dimensions of structural elements during o 9 porary 9 9
< w @ § construction - 25 Ensuring materials are transported promptly to avoid prolonged storage
° - s® at the site
c " N N @
50 2w Deslgn. changes d”_”"g con‘structxon ® g Sorting and storing materials appropriately at the construction site
a8 E 0 Errorsin construction drawings < T B " : 5
S D5 & . : . 28 Creating and regularly controlling a material storage plan on the
Jless® Design errors in the design phase © o o
& 0] = construction site
S
- w Additional material requests by site management to avoid Transporting materials carefully during construction to avoid damage
5 o construction delays
£ g X .
Zg < Poor.IY designed structural elements in terms of standards and = ﬁ Closely supervising the construction process to ensure materials are used
Ve detailing ] P
5% . . - S judiciously
E 2 Employing unskilled labor a o i X X X . .
Poor construction quality that fails acceptance criteria 2 § £ | lssuing regulations and implementing proper allocation of equipment
TCen ke tg_ and materials to workers for the tasks assigned
© 9 € [ Lackof input material control 2
o% é‘ Mismat hpd terial estimati 7 a Preparing a surplus material management plan from the start and
cES ismatched material estimation . 5 periodically reviewing it by top management
& g3 Unreasonable procurement planning v
o

Figure 2.  Hierarchical structure models.
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control deficiencies, execution errors in construction, design changes and drawing errors, site management

inefficiencies, and planning and estimation oversights.

MITIGATION ACTIONS FOR CONSTRUCTION MATERIAL WASTAGE

Similar to the causes, the mitigation actions met the criteria for the mean test. The average values with
ranking are shown in Table 4. The highest-ranked action is constructing temporary houses and storage
facilities within buildings (mean of 4.29), which protects materials from environmental damage and theft.
Sorting and storing materials appropriately and developing a reasonable schedule for manpower and
materials (mean of 4.22) are also crucial, ensuring efficient resource use. Creating and controlling a material
storage plan (mean of 4.21) emphasizes proactive management to prevent material loss. Accurate calculation
and deliberate purchasing (mean of 4.19) prevent excess materials. Early cross-checks among departments
(mean of 4.18) and handling unused materials (mean of 4.17) ensure efficient use and transfer of resources.
Other notable actions include careful transportation (mean of 4.16) to prevent damage, prompt delivery

to reduce storage time (mean of 4.15), and encouraging the reuse of surplus materials (mean of 4.06).
Predicting demolition activities (mean of 3.99) and implementing regulations for material allocation (mean
of 3.97) further support effective material management. Lastly, preparing a surplus material management
plan and using pre-cut parts (means of 3.91 and 3.78, respectively) underscore the importance of strategic

planning and prefabrication in reducing waste.

Table 4. Ranking of mitigation actions to reduce material waste.
Constructing temporary houses and (Wu et al., 2024) 4.29
storage facilities within buildings
Sorting and storing materials (Al-Hamadani et al., 2021; Wu et al., 4.22 2
appropriately at the construction site 2024
Developing a reasonable schedule for (Kar et al., 2021) 4.22 2

manpower, equipment, and materials
before and during the project
execution

Creating and regularly controlling (Ajayi & Oyedele, 2018b) 4.21 4
a material storage plan on the
construction site

Calculating accurately and (Ajayi & Oyedele, 2018b) 4.19 5
purchasing deliberately to avoid
waste at the construction site

Conducting early cross-checks (Wu et al., 2024) 4.18 6
among various departments on-
site to prevent oversights during

construction

Handling and returning unused (Li et al., 2005) 4.17 7
materials left over from a
construction project, or transferring
them to another project

Construction Economics and Building, Vol. 26, No. 2 2026
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Closely supervising the construction (Al-Hamadani et al., 2021; Yu et al., 4.17
process to ensure materials are used 2023)
judiciously
Monitoring and coordinating material (Ajayi et al., 2017a; Ershadi et al., 4.17 7
procurement 2021; Daoud et al., 2023)
Transporting materials carefully (Liu et al., 2020) 416 10
during construction to avoid damage
Ensuring materials are transported (Ajayi et al., 2017a) 4.15 11
promptly to avoid prolonged storage
at the site
Instructing workers to maximize the (Ajayi et al., 2017c; Al-Hamadani 4.06 12
reuse of surplus materials at the et al., 2021: Chen et al., 2002)

construction site

Quantifying and carrying out the work (Ajayi et al., 2017c) 4.02 13
scope appropriately

Predicting any demolition or (Al-Hamadani et al., 2021) 3.99 14
reconstruction activities on-site

Issuing regulations and implementing (Chau et al., 2004) 3.99 14
proper allocation of equipment and
materials to workers for the tasks
assigned

Establishing regulations for sorting (Poon et al., 2013; Al-Hamadani etal.,  3.97 16

surplus materials and planning for 2021)
their reuse
Preparing a surplus material (Ann et al., 2013) 3.91 17

management plan from the start
and periodically reviewing it by top
management

Encouraging the use of pre-cut and (Al-Hamadani et al., 2021; Lu et, al., 3.78 18
pre-assembled parts instead of 2021)
on-site production of mortar and
concrete

After conducting PCA, 17 effective actions were categorized into four groups: project planning efficiency,
reuse and recycling promotion, material storage optimization, and construction process supervision. The
diagram illustrating these groups is presented in Figure 2.

Process of building a quality function deployment model

'The objective of developing a QFD model that connects the causes of material waste in construction
projects (WHAT) with mitigation actions (HOW) is to identify priority mitigation actions that

13 Construction Economics and Building, Vol. 26, No. 2 2026
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specific HOWs and WHATS but also ranks the HOWs based on their relative importance and evaluates
their interrelations. This approach indicates which mitigation actions should be prioritized to address the

root causes of the problem. The steps for implementing the QFD model are outlined in Figure 3.

Step 5:

Constructing a

correlation matrix
among the

( N
Step 3: Determining mitigation actions
(HOWs)
\ J
4 N ( ) / \
Step 1: Step 2:
Identifying Assessin
causes of g the Step 4: Establishing a relationship
material impact matrix between the WHATs and
waste in level of HOWs
constructio each
n (WHATs) WHAT
\_ / \\ J \ /
4 N
Step 6: Assessing the relative
importance of each HOW
\
(
Step 7: Selecting priority HOW for
implementation
\ J

Figure 3.  Process of building a QFD model.

Step 1 involves identifying the causes of material waste at construction sites (WHAT). As mentioned in
the research methodology section, the outputs of PCA served as the inputs for the QFD model. Therefore,
WHATS are the seven main groups of factors derived from PCA results, as presented in the section in terms

of causes of construction material wastage.

In Step 2, the importance of each WHAT was evaluated, with four levels of importance. Level
1 indicates extremely low importance, Level 2 signifies low importance, Level 3 represents quite important,
and Level 4 denotes extremely important. This importance was assessed by eight experts from various
professional backgrounds and experience levels in the construction and project management sectors,
ensuring a comprehensive evaluation of each WHATs significance. The survey template and all assessment

results from eight experts are presented in Table 5.
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relationships between WHATs and HOWs.

Mitigation Importance H1. Project H2. Reuse H3. Material H4.
action level planning and recycling storage Construction

(HOW) efficiency promotion optimization process
supervision

W1.Material 4 4 4 4 6 6 6 6 9 3 9 9 9 6 6 0 9 3 6 3
handling
inefficiencies

W2. Site dlalalale|3lelP10]3lele|ld]|3|ele]l9]3]6]7
continuity
risks

W3.Material 4 4 4 4 9 3 9 9 3 6 6 6 9 3 9 3 9 3 9 0
and inventory

control
deficiencies
Wi, il e lalolalolalolalalololalolalaolalsle
Execution =/ 4 3 6 6 0 9 0 3 0 90 6.0 6 9 6 9
errors in

construction

W5.Design 4 4 4 4 0 0 O 6 0 3 3 6 0 0 0 6 3 3 3 6
changes
and drawing
errors

Wé. Site dlalalblelela| @103 ]3[P P03 0]
management
inefficiencies

W7, alelalalelalalalolalalaolalalaolalalals]e
LI alalelalolalalslolalolalulalulalalals
estimation

oversights

Step 3 is identifying the actions (HOW) for mitigating material waste, which are four main groups of

mitigation actions derived from PCA results.

Step 4 involves building the relationship matrix between WHAT and HOW, illustrating the extent to
which each action addresses a cause of waste. To establish the relationships between WHATSs and HOWs,
each matrix cell was filled with a ranking scale. The scale proposed by Saaty (1977) was utilized to express
the intensity of these relationships. Table 6 displays this ranking scale, demonstrating the degree to which
each HOW resolves a WHAT, or in other words, the strength of the connection between WHATSs and
HOWs. The survey template utilized for this assessment is shown in Table 5.

Step 5 constructs the correlation matrix among the HOWs, showing the interdependencies among
actions. Each HOW was compared with all others to identify positive or negative relationships. This analysis
clarifies how different actions may support or hinder one another. In this study, the scale for assessing the

15 Construction Economics and Building, Vol. 26, No. 2 2026
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Table 6. Interpretative scale of HOW’s effectiveness in solving WHAT.
0 HOW does not address WHAT at all
3 HOW addresses WHAT with limited effectiveness; HOW partially solves WHAT
b HOW effectively addresses WHAT; HOW more

completely solves WHAT but not thoroughly

9 HOW addresses WHAT with exceptional effectiveness;
HOW completely and thoroughly solves WHAT

correlation between HOW actions is detailed in Table 7, and the survey template used for this evaluation is
similar to Table 5. However, instead of a column for WHAT, it features a column for HOW.

Table 7. Correlation scale between HOWs.
0 Implementing this HOW action does not affect the implementation of other HOW
actions
0.3 Implementing this HOW action contributes to making

another HOW action more effective

0.9 Implementing this HOW action significantly enhances
the effectiveness of another HOW action

In Step 6, the relative importance of each HOW was assessed using three calculation methods: Akao,
Lyman, and Wasserman. This study employed all three methods to determine the strength of the connection
between each WHAT and HOW. The primary distinction among these methods lies in their calculations of
the relationship between a specific WHAT and HOW (Bolar et al., 2014).

The Akao, Lyman, and Wasserman methods represent an evolution in calculating the relationship
between WHATs and HOWs within the QFD framework. The Akao method, as a classic approach,
establishes the foundational process of creating a relationship matrix between WHATs and HOWs. The
strength of the connection between each WHAT and HOW is the value assigned in Step 4. However, it
lacks normalization, leading to significant drawbacks when a single WHAT is associated with multiple

HOWs, potentially skewing prioritization and focus.

In response to this limitation, the Lyman method, introduced in 1990, offers a normalization process
that aims to prevent the distortion of coefficients within the relationship matrix, addressing the key flaw
of the Akao method. This approach ensures a more balanced and accurate reflection of the importance and
impact of each HOW in meeting the WHATSs. The connection strength between each WHAT and HOW
(r; ) is shown in Equation (1), where 7 denotes the raw relationship score between the ith WHAT and the
7th HOW, and m represents the number of HOW. However, the Lyman method does not consider the
interdependencies between HOWs, which can be crucial for understanding the complexity and feasibility of
implementing certain solutions.

~ 7.

e 1

7;.4
Zj:l v
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Building upon Lyman’s normalization, the Wasserman method further enhances the model by
incorporating the dependencies among HOWs into the normalization process. This addition acknowledges
that the solutions (HOWs) are not isolated and that their interrelations can significantly impact the overall
effectiveness and efficiency of achieving customer needs (WHATS). By considering these dependencies,
the Wasserman method offers a more comprehensive and realistic approach to prioritizing and selecting
HOWs, thus addressing a critical gap left by its predecessors. The calculation of the connection strength
between a specific WHAT and HOW (ry””m"”) in this method is presented in Equation (2), in which Va
represents the correlation level between HOW, and HOW,.

m
— E (”i/e th)
norm __ k=1
q - m m
(1 x72)
Zj:le:l v 7

Finally, in Step 7, the process identifies which actions to prioritize for implementation. This is conducted

)

by calculating the average relative weights of the actions from eight experts and then ranking them
accordingly. The result of the QFD process is a prioritized list of actions. This list serves as a guide, enabling

users to focus on actions that are the most effective in reducing waste.

Results of the quality function deployment model

After collecting the opinions of eight experts on the significance of the causes of material waste at
construction sites, the results showed unanimous agreement among the experts. All experts assigned the
highest level of importance to all identified causes of material waste. This indicates that in this study, all
causes were treated equally. Furthermore, the highest level of importance in assessing these causes reflects
a broad recognition of the multifaceted wastage challenges within construction projects. Inefficiencies
and errors at various stages, from planning and design to execution and management, can lead to material
wastage. This also underscores the necessity for comprehensive measures to address material waste at

construction sites.

'The results of applying the QFD process through three methods—Akao, Lyman, and Wasserman—are
illustrated in Figure 4. The results reveal a consistent pattern across the three methods. H4 (construction
process supervision) consistently emerged as the top priority (average 30.32%), indicating a strong
consensus on its critical importance in minimizing material wastage. This underscores the necessity of
robust supervision during construction processes. This result suggests that inadequate supervision remains
a persistent challenge in Vietnam. Subcontracting layers, fast-tracked project schedules, and variable
workforce skill levels often lead to deviations from planned procedures. The prominence of H4 therefore
reflects not only technical necessity but also contextual constraints such as inconsistent enforcement of site

regulations and limited digital monitoring adoption.

H1 (project planning efficiency) also showed significant importance (average 26.64%), consistently
ranking second or third across the methods. This highlights the essential role of efficient project planning
in mitigating material wastage and ensuring project success. This result aligns with global literature
emphasizing that early-stage design and planning decisions disproportionately influence downstream waste
generation. In Vietnam’s context, fragmented coordination between designers, contractors, and suppliers,
combined with evolving regulatory requirements, heightens planning complexity, making improvements
in this area particularly impactful. Similarly, H3 (material storage optimization) demonstrated consistency
(average 23.25%), ranking second or third in all methods, emphasizing its crucial role in effective material

management. This action tends to rank highly in developing country environments where climatic
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Figure 4.  Ranking and relative importance of mitigation actions by QFD through these three
methods: Akao, Lyman, and Wasserman. QFD, quality function deployment.

conditions, space constraints, and informal on-site logistics create a serious risk of deterioration, loss, or
misuse of materials.

Although H2 (reuse and recycling promotion) consistently ranked the lowest (average 19.79%), its
percentage scores were not considerably lower than those of the other mitigation actions. This indicates
that it still plays a vital role in the overall strategy for reducing material wastage. Its lower ranking can
be contextualized: recycling markets for construction materials in Vietnam remain underdeveloped, and
contractors often perceive reuse processes as time-consuming and lacking regulatory incentives. Thus, while
theoretically important, its practical applicability is limited by current market and policy conditions. Overall,
while the rankings provide a hierarchy of priority, all four mitigation actions are significant and contribute
to a holistic approach to reducing material wastage on construction sites. These results emphasize the need

to address all these areas to achieve effective and sustainable waste management in construction projects.

All experts concurred that these prioritization results of mitigation actions are appropriate and
correspond effectively with the identified causes of material waste and other actions. This consensus
among experts underscores the robustness and practical relevance of the QFD model in construction
waste management. This alignment between expert judgment and QFD output is consistent with global
applications of QFD in construction, manufacturing, and service systems, where expert-informed relational
matrices are used to strengthen decision validity. Rather than serving merely as confirmation, this
convergence demonstrates how QFD functions as a structured dialogue tool that integrates practitioner
knowledge with analytical prioritization. Additionally, this affirms that the prioritized results are reliable,
which can serve as a valuable reference for construction sites facing similar challenges and implementing

similar actions. More broadly, the results contribute to the ongoing theoretical discourse on QFD as a
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decision-support mechanism. This illustrates its adaptability in emerging economies and its capacity to
incorporate contextual constraints, which is an evolution beyond its traditional manufacturing origins.

Conclusions

This study employed the QFD model to identify priority actions for mitigating material wastage on
construction sites. There were 29 significant causes of material wastage and 18 mitigation actions identified.

The PCA and the QFD model were critical in refining and prioritizing these causes and actions.

'The findings revealed that fire and explosion incidents, defective materials, and material theft are among
the most serious causes of material wastage, emphasizing the need for stringent safety protocols, quality
control, and robust security measures. Similarly, the study highlighted the importance of efficient project
planning, accurate material management, and the implementation of comprehensive storage and handling

procedures as key actions.

The PCA categorized 28 validated causes of material wastage into seven distinct groups, namely,
material handling inefliciencies, site continuity risks, material and inventory control deficiencies, execution
errors in construction, design changes and drawing errors, site management inefliciencies, and planning
and estimation oversights. Furthermore, 17 validated actions were classified into four groups: project
planning efficiency, reuse and recycling promotion, material storage optimization, and construction process

supervision.

'The novel application of the QFD model provided a structured approach to identify the most practical
and effective actions for each construction site with unique conditions. This innovative approach ensures
that each prioritized action not only addresses the identified causes but also integrates seamlessly with
other measures. Based on the identified causes and proposed actions in this study, the QFD process
revealed that construction process supervision (H4) consistently emerged as the top priority, indicating its
critical importance in minimizing material wastage. Project planning efficiency (H1) and material storage
optimization (H3) followed closely, underscoring their essential roles in mitigating wastage. Although reuse
and recycling promotion (H2) ranked the lowest, its relative importance was still significant, highlighting
its role in a holistic waste reduction strategy. This prioritization of mitigation actions was validated as
suitable and effectively aligned with the identified causes of material waste and other actions. This validation

emphasizes the effectiveness and practical applicability of the QFD model in managing construction waste.

'This study provides a detailed and actionable framework for addressing material wastage in construction,
thereby contributing to more efficient and sustainable construction practices. The prioritized actions,
grounded in empirical data and expert validation, offer valuable guidance for industry stakeholders aiming
to reduce material waste and improve overall project efficiency. The causes and mitigation actions examined
in this study were investigated within the context of Vietnam. Therefore, the ranked actions can be adopted
in Vietnam and in other countries with similar contexts. However, the methodological framework for
deriving these ranked actions, through the application of the QFD model, can be effectively adopted and
adapted across different country contexts or construction project types. This enables practitioners in diverse
contexts to apply the framework, thereby developing contextual solutions for minimizing material wastage.

Despite the robustness of the study, certain limitations remain. The identified causes and mitigation
actions are broad and may not cover all specific scenarios encountered at construction sites. Additionally, the
expert insights were limited to a particular set of professionals, potentially missing diverse perspectives from
various construction projects. Quantitative sensitivity analysis was not incorporated in the study to assess the
robustness of the prioritization results, and formal consensus or divergence metrics, such as Kendall's W or
inter-rater reliability, were also not employed to evaluate the level of expert agreement. Future research could
expand the scope by engaging a more diverse panel of experts and incorporating additional perspectives

from various regions and construction sectors. Moreover, future research should advance the methodological
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interdependencies, and expert judgment variability; (2) employing machine learning-based clustering or
dimensionality reduction techniques as complementary alternatives to PCA to test the robustness of factor
structures; and (3) embedding digital construction data into the QFD relational matrix to enable real-time
prioritization. Furthermore, it is recommended to apply and validate the QFD-based framework through
real-world case studies in various construction settings and conduct longitudinal validation to assess the

long-term effectiveness and adaptability of the framework and proposed actions.
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