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Abstract

Material handling (MH) plays a critical role in the performance, cost efficiency, and sus-
tainability of high-rise construction projects. Despite its significance, MH practices in such
projects remain challenged by complex vertical logistics, space constraints, fragmented
supply chains, and increasing pressure to align with decarbonisation goals. This study
applies a mixed-methods approach that integrates a systematic literature review, semi-
structured expert interviews, and a SWOT–AHP (Strengths, Weaknesses, Opportunities,
Threats—Analytic Hierarchy Process) model to identify and prioritise factors influencing
MH optimisation in China’s high-rise construction sector. Eighteen factors were evaluated
across four SWOT dimensions, and expert pairwise comparisons were aggregated using
geometric means. The results revealed that Technological Adoption (S1) and Technologi-
cal Advancements (O3) are the most critical enablers, while High Implementation Costs
(W2) and Resource Scarcity (T3) are the most significant constraints. Interactions among
these factors highlight the dual importance of internal digital capabilities and external
technological trajectories in shaping MH strategies. Comparative analysis with practices in
Europe, the United States, and the Middle East demonstrates that digitalisation, financial
mechanisms, and policy incentives are globally consistent drivers of MH innovation. The
findings advance theoretical understanding by integrating perspectives from the Resource-
Based View, Technology-Organisation-Environment, and Institutional Theory, and they
offer practical implications for policymakers and industry stakeholders seeking to align MH
optimisation with China’s dual-carbon targets. This study contributes to the development
of a comprehensive decision-support framework that enhances the sustainability, resilience,
and efficiency of material logistics in high-rise construction projects.

Keywords: material handling; high-rise buildings; SWOT; AHP; BIM

1. Introduction
1.1. Background and Research Context

Material handling (MH) is one of the most fundamental yet complex operational
processes in construction projects, directly influencing productivity, cost efficiency, safety
performance, and environmental impact [1]. It encompasses the planning, transportation,
storage, and control of materials and equipment throughout the construction life cycle,
from procurement to on-site distribution. In the context of high-rise construction, MH
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complexity increases significantly due to vertical logistics constraints, limited staging
areas, dynamic sequencing requirements, and the simultaneous coordination of multiple
trades [2]. Inefficient MH practices have been linked to cost overruns, project delays,
excessive material waste, and elevated carbon emissions, undermining both economic and
sustainability objectives [3].

Globally, the construction sector accounts for around 37% of total energy-related car-
bon dioxide emissions, highlighting the urgent need to optimise operational processes,
including MH, as part of broader decarbonisation strategies [4]. China, the world’s largest
construction market, has pledged to achieve peak carbon emissions by 2030 and carbon
neutrality by 2060. Optimising MH practices is therefore strategically aligned with China’s
dual-carbon agenda by reducing material waste, improving logistics efficiency, and integrat-
ing low-carbon technologies [5]. Similar policy frameworks exist globally: the European
Green Deal targets a 55% emissions reduction by 2030, the U.S. Inflation Reduction Act
provides incentives for construction digitalisation and decarbonisation, and the Middle
East’s national visions (e.g., Saudi Arabia’s Vision 2030) embed MH optimisation within
broader sustainability transitions [6].

These global pressures are reshaping the role of MH from a tactical function into a
strategic capability central to sustainability, resilience, and competitiveness. This shift is
increasingly supported by digital transformation, as emerging technologies enhance plan-
ning precision, supply chain visibility, and decision-making agility. However, while MH
digitalisation is progressing rapidly in some regions, implementation remains fragmented
in many contexts due to high costs, organisational resistance, skill shortages, and regulatory
barriers [7].

1.2. Digital Transformation in Material Handling

Recent advances in digital construction technologies have fundamentally transformed
MH processes. Building Information Modelling (BIM) enables integrated material planning
and logistics simulation, while the Internet of Things (IoT) and Radio-Frequency Identifica-
tion (RFID) enable real-time tracking and inventory management. Artificial intelligence
(AI) and predictive analytics improve material demand forecasting, while digital twins pro-
vide continuous feedback loops for optimising material flows throughout the construction
life cycle.

For example, the Crossrail project in the United Kingdom and the Grand Paris Express
in France reported significant efficiency gains by integrating BIM-based logistics platforms
with supplier databases and 4D scheduling [8]. These systems reduced crane idle time,
improved staging efficiency, and minimised double handling. Similarly, the Hudson
Yards project in the United States used AI-enhanced BIM for automated crane scheduling
and delivery sequencing, achieving a 20% reduction in logistics delays [9]. In the Gulf
Cooperation Council (GCC) region, large-scale developments such as Saudi Arabia’s NEOM
have embedded IoT-based MH solutions and digital twins to improve construction logistics
and align with net-zero ambitions.

Despite these advances, adoption rates vary widely. Large contractors in advanced
economies often possess the capital, technical expertise, and organisational maturity to
integrate MH digitalisation. In contrast, small and medium-sized enterprises (SMEs) in
developing contexts frequently face prohibitive costs, fragmented data ecosystems, and
limited digital skills, leading to uneven implementation [10]. This unevenness suggests a
need for structured decision-support frameworks to guide MH optimisation in different
contexts and at varying levels of digital readiness.
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1.3. Theoretical Perspectives

The importance of MH digitalisation and strategic integration can be explained
through several complementary theoretical lenses. The Resource-Based View (RBV) posits
that sustainable competitive advantage arises from resources that are valuable, rare, inim-
itable, and non-substitutable [11]. Digital capabilities—such as BIM expertise, data an-
alytics, and IoT infrastructure—meet these criteria and can significantly enhance MH
performance. Firms that effectively deploy these resources can differentiate themselves by
delivering projects faster, cheaper, and with lower environmental impact. The Technology-
Organisation-Environment (TOE) framework [12] further explains technology adoption
dynamics by emphasising the interplay between technological readiness, organisational
capacity, and external environmental pressures. For MH, this implies that successful digital
transformation depends not only on technological availability but also on organisational
structures, leadership commitment, workforce skills, and policy incentives.

Finally, Institutional Theory [13] highlights the role of coercive (regulatory), normative
(professional), and mimetic (competitive) pressures in shaping organisational behaviour.
Mandates such as BIM requirements in public procurement (e.g., EU Directive 2014/24/EU)
or carbon disclosure regulations can accelerate MH digitalisation. Similarly, industry
standards and competitive pressures can push firms to adopt advanced logistics systems to
remain viable in increasingly sustainability-focused markets. Together, these perspectives
provide a multidimensional understanding of MH optimisation, illustrating how internal
resources, organisational dynamics, and external pressures converge to shape adoption
and performance outcomes.

1.4. Literature Review

Material handling (MH) plays a critical role in the efficiency, cost-effectiveness, and
sustainability of high-rise building construction, particularly in densely urbanised contexts
like China. The proposed correction model can explain carbon emissions from material
uplifting, foundation and scaffolding, with variations across building heights in China [14].
The complexity of MH in high-rise projects arises from vertical transport constraints, space
limitations, and the need for precise coordination among multiple stakeholders. Recent
studies have emphasised the integration of digital technologies (e.g., Building Information
Modelling [BIM], Warehouse Management Systems [WMS], Internet of Things [IoT]) and
sustainable practices to address these challenges [15–17].

To systematically prioritise strategic interventions for MH optimisation, this study
integrates SWOT analysis—a strategic planning tool for identifying strengths, weaknesses,
opportunities, and threats—with the Analytical Hierarchy Process (AHP)—a quantitative
multi-criteria decision-making approach. This AHP-SWOT integration allows for the
ranking of critical factors, offering actionable insights for industry stakeholders.

Using the defined search string, a total of 281 articles were initially identified. These
articles underwent the multi-stage screening process, resulting in 48 articles to be ulti-
mately selected for the literature study. The Systematic Literature Review (SLR) process
is illustrated in Figure 1. To sum up, the synthesis found various MH factors in techno-
logical, organisational, economic, regulatory, and environmental dimensions. These were
then categorised into preliminary SWOT components, which became the initial input for
expert validation.
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Figure 1. Systematic review framework.

High-rise construction presents unique MH challenges, including: Vertical Transport
Logistics—Efficient use of tower cranes, hoists, and lifts for moving materials [18]. Space
Constraints—Limited on-site storage, necessitating just-in-time delivery strategies [19].
Coordination Complexity—Multiple trades requiring synchronised scheduling to avoid
delays [20]. Studies in China have shown that improper MH planning can account for
significant time and cost overruns in large-scale projects [21].

Digitalisation has emerged as a solution to MH inefficiencies. BIM-based logistics plan-
ning improves material flow visualisation and reduces handling errors [22]. IoT-enabled
tracking systems enhance supply chain transparency, while AI-driven predictive analytics
optimise delivery schedules [23,24]. However, barriers such as high implementation costs
and fragmented adoption remain prevalent [25].
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1.4.1. SWOT Framework in Construction Management

Strengths refer to internal capabilities that provide a competitive advantage in MH
optimisation. Examples include technological readiness, skilled workforce, robust reg-
ulations, financial resources, and stakeholder collaboration [26–28]. Weaknesses denote
internal limitations such as fragmented coordination, high technology costs, inconsistent
compliance, and pressure from rapid urbanisation [29]. These factors can undermine MH
efficiency and sustainability goals. Opportunities are external conditions that can be lever-
aged, including government-driven dual-carbon targets, rapid urbanisation, technological
innovation, market competition, and green certification incentives [30–32]. Threats are
external risks that may hinder optimisation, such as regulatory enforcement gaps, economic
downturns, resource scarcity, and stakeholder conflicts [33–35].

1.4.2. Analytical Hierarchy Process (AHP) in Construction Research

The AHP, developed by Saaty in the 1970s, is a widely used Multi-Criteria Decision-
Making (MCDM) method that decomposes complex problems into hierarchical structures,
enabling systematic pairwise comparisons [36]. Its application in construction management
includes: Risk assessment and mitigation planning [37]; Sustainability evaluation [38];
Selection of optimal technologies [39].

When combined with SWOT, AHP assigns quantitative weights to qualitative factors,
enabling a prioritised ranking of strategic options. Previous studies have successfully
applied AHP-SWOT to waste management planning [40], supply chain optimisation [41],
and sustainable construction decision-making [42].

1.4.3. Research Gaps and Limitations of Existing Studies

While extensive literature exists on digital MH technologies and sustainable construc-
tion, there is a lack of integrated, quantitative frameworks specifically addressing MH
optimisation in China’s high-rise buildings. Previous studies often treat SWOT qualita-
tively, which limits its strategic precision. Moreover, few studies combine expert knowledge,
thematic analysis, and AHP-SWOT in the MH context, creating an opportunity for this
research to fill the gap.

Although MH has been studied extensively, most existing research is descriptive
rather than analytical and often addresses isolated components rather than the integrated
system. Many studies focus on specific technologies (e.g., BIM or IoT) without analysing
their interaction with organisational, strategic, and policy dimensions. Others evaluate MH
efficiency but fail to prioritise the numerous factors influencing MH performance, which
limits their practical applicability for resource allocation and strategic decision-making [43].

Furthermore, relatively few studies explicitly link MH optimisation with national
or global decarbonisation goals, despite the critical role of logistics efficiency in reducing
emissions. Existing AHP-based MH studies in Asia often lack critical comparative analysis
and do not integrate findings with broader sustainability policies or international best
practices. For instance, research in Singapore and Japan focuses heavily on process au-
tomation but provides limited insights into how these technologies interact with regulatory
environments or carbon reduction frameworks [44]. Similarly, studies in Europe emphasise
digital integration but rarely address financial and institutional mechanisms needed to
support adoption in emerging markets.

This gap limits the generalisability and policy relevance of current knowledge. A
comprehensive analysis that combines expert judgement with quantitative prioritisation,
situates findings within broader policy contexts, and benchmarks them against global
experiences is therefore essential. Such an approach would not only advance theoretical
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understanding but also provide actionable insights for stakeholders aiming to align MH
optimisation with decarbonisation and digitalisation agendas.

1.4.4. Research Aim and Contribution

While material handling (MH) has been widely acknowledged as a key determinant
of productivity and sustainability in high-rise construction, most existing studies remain
fragmented, focusing either on isolated technological solutions or on operational practices
without integrating them into a comprehensive optimisation framework. For example,
previous research using AHP has prioritised individual factors such as crane scheduling,
vertical logistics, or on-site storage efficiency, yet few have examined how these elements
interact with organisational capabilities, regulatory contexts, and sustainability objectives.
Furthermore, studies in Singapore, Japan, and Europe have demonstrated the potential of
BIM and IoT for logistics planning, but they often neglect the influence of policy incentives
or the barriers faced by SMEs in resource-constrained settings.

In response to the gaps identified above, this study aims to develop an integrated
decision-support framework for MH optimisation in high-rise construction, combining
systematic literature review, semi-structured expert interviews, and SWOT–AHP analysis.
The objectives are threefold: (1) To identify and prioritise the critical factors influencing MH
in China’s high-rise construction sector. (2) To contextualise these factors within China’s
dual-carbon agenda and benchmark them against international practices. (3) To provide
strategic recommendations that align MH optimisation with broader sustainability and
digitalisation goals.

The study contributes to the literature by (1) offering a structured prioritisation of MH
factors grounded in expert judgement and AHP analysis, (2) integrating digital, financial,
and policy dimensions [45] often overlooked in prior studies, (3) situating MH optimisation
within global sustainability frameworks, and (4) advancing theoretical understanding
by linking findings to RBV, TOE, and Institutional Theory. These contributions support
policymakers, industry leaders, and researchers in designing more effective strategies to
improve MH performance and accelerate the transition toward sustainable, digitalised
construction systems.

2. Methodology
This study adopted the mixed methods to explore and prioritise the key factors

influencing material handling (MH) optimisation in high-rise construction projects in
China. As illustrated in Figure 2, the research framework began with a systematic review of
SLR-based literature analysis and expert interviews to formulate a SWOT-AHP analytical
model and identify key elements (Expert choice 12.0 software for AHP) [46]. The research
integrated three complementary stages:

Systematic Literature Review (SLR): to identify and synthesise MH factors documented
in peer-reviewed literature and industry reports.

Semi-Structured Expert Interviews: to refine and validate the factors and gather
contextual insights from industry practice.

SWOT–AHP Analysis: to prioritise the identified factors and develop a decision-
support framework.

This multi-stage approach ensured both of the breadth and depth of analysis, combin-
ing empirical evidence with expert judgement and quantitative prioritisation. The design
of mixed-methods is widely recognised for its robustness in construction management
research, particularly where the complex and multi-criteria decisions are involved [47].
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Figure 2. Research Framework.

2.1. Systematic Literature Review

A systematic literature review was conducted following the PRISMA protocol to
ensure methodological rigour. Searches were performed in Scopus, Web of Science, and
ScienceDirect databases covering the period of 2015–2025 using keywords such as “material
handling,” “high-rise construction,” “digital construction,” “SWOT,” and “AHP.” Only the
peer-reviewed journal articles, conference papers, and authoritative industry reports were
included. After duplicate removal and relevance screening, 48 studies were selected for
full-text review.

2.2. Data Collection
2.2.1. Secondary Data Collection

Secondary data referred to the information previously collected by the other re-
searchers, institutions, or organisations and made available for subsequent studies [48].
While generally more accessible than primary data, it requires careful evaluation of context,
methodology, and potential biases to ensure validity of research findings.

In this study, secondary data were used to identify potential internal and external
factors influencing material handling (MH) in China’s high-rise building sector. Sources
included peer-reviewed journal articles, government reports, industry white papers, con-
struction industry guidelines, and documented case studies on material handling, high-rise
construction logistics, and sustainable building practices in China [49].

The extracted information was systematically reviewed to generate an initial list of
SWOT-based factors—Strengths, Weaknesses, Opportunities, and Threats—relevant to
optimising MH performance. This preliminary factor list served as the foundation for both
the expert interview phase and Analytical Hierarchy Process (AHP) questionnaire design.
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2.2.2. Expert Interviews

To complement secondary data, semi-structured interviews were conducted with the
selected industry professionals to gain deeper insights into contextual challenges, opportu-
nities, and best practices in MH for high-rise buildings. The interview protocol covered:

Sampling Strategy and Participant Profile: Semi-structured interviews were conducted
with 30 industry experts between April and August 2024. The participants were purpo-
sively sampled to ensure diverse perspectives and included project managers, construction
engineers, logistics specialists, BIM coordinators, and policy advisors with 10–35 years of ex-
periences in high-rise construction. All participants had direct involvement in MH decision-
making, digital technology implementation, or sustainability strategy development.

Experts were drawn from major metropolitan regions in China (Beijing, Shanghai,
Chongqing, and Guangzhou) as well as three international practitioners from Singapore and
the United Arab Emirates to incorporate global perspectives. This geographical diversity
strengthened the external validity of the findings and ensured that the prioritised factors
reflect both the local and international realities.

Sampling adequacy was guided by the principle of thematic saturation, which occurs
when additional interviews no longer yield new insights. Saturation was achieved by the
27th interview, and three additional interviews were conducted to confirm the stability
of themes.

Interviews followed a semi-structured guide covering five thematic areas: (1) current
MH practices, (2) technological adoption and barriers, (3) sustainability and regulatory
pressures, (4) strategic opportunities, and (5) future trends. Transcripts were coded to
identify key factors and refine the SWOT categories identified from the literature.

The SWOT framework was used to categorise the MH factors identified through
literature and interviews into four dimensions:

Strengths (S): Internal capabilities that enhance MH effectiveness (e.g., digitalisation
readiness, and skilled workforce). Weaknesses (W): Internal limitations constraining per-
formance (e.g., high costs, and fragmented coordination). Opportunities (O): External
conditions that can be leveraged (e.g., technological advancement, and policy incentives).
Threats (T): External risks or barriers (e.g., resource scarcity, and regulatory uncertainty).

SWOT analysis provided a structured foundation for prioritisation by organising
qualitative insights into strategic categories. However, SWOT by itself does not quantify
the relative importance of each factor. To address this, the study applied the Analytic
Hierarchy Process (AHP) in the subsequent stage.

All interviews were conducted after obtaining informed consent, in the form of face-
to-face meetings, video calls, or telephone conferences, each lasting for approximately 45 to
60 min. The interview process was fully recorded and transcribed into texts for subsequent
thematic analysis. The sampling strategy and interview content are presented in Table 1.
Descriptive statistics of participant demographics and professional backgrounds can be
seen in Table 2. The descriptive statistics of demographic characteristics can be obtained in
Figure 3.

Table 1. Interview content.

Section Information

Participant information

i. Age
ii. Gender
iii. Education level
iv. Professional role
v. Work experience
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Table 1. Cont.

Section Information

Current MH practices i. Understanding of MH
ii. Experience with MH-related projects

Key elements for MH implementation
i. Sustainability and regulatory pressures
ii. Technological adoption and barriers
iii. Strategic opportunities and future trends

Table 2. Descriptive statistics of participant demographics and professional backgrounds.

Variable N Minimum Maximum Mean SD

Sample characteristics

Age (years) 30 32 59 39.4 6.8

Gender (coded) 30 0 1 0.10 0.31

Education level (coded) 30 1 4 2.47 0.78

Professional role (coded) 30 1 4 2.47 0.97

Work experience (years) 30 10 35 16.4 7.3

Material handling (MH) variables

Understanding of MH (1–5) 30 2 5 3.43 0.94

Experience with MH projects (1–5) 30 1 5 3.03 0.96

Sustainability and regulatory pressures 30 1 8 3.83 2.26

Technological adoption and barriers 30 1 10 3.53 2.29

Strategic opportunities and
future trends 30 1 10 3.90 2.58

Note: Professional Role Coding: 1 means Research and Consulting, 2 means Technical Role, 3 means Site
Supervision, 4 means Management. Education Level Coding: 1 means Other, 2 means Bachelor’s Degree, 3 means
Master’s Degree, 4 means Doctoral Degree. Gender Coding: 0 means Male, 1 means Female. MH means
Material Handling.

 

Figure 3. Descriptive Statistics of Demographic Characteristics.
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2.2.3. Reliability and Validity of Open-Ended Interview Data

To ensure the credibility and validity of the results, all interview data were coded
following a predefined protocol and cross-checked by participants and peer auditors.

Reliability analysis:
The internal consistency of the items was assessed using Cronbach’s α coefficient.

Cronbach’s alpha is a fundamental measure of internal consistency reliability, indicating
the extent to which items within a construct measure the same underlying concept. It ranges
from 0 to 1, with higher values reflecting greater consistency. In this study, Cronbach’s alpha
was calculated for both constructs. The results demonstrated excellent internal consistency,
with values of 0.904 for the current MH practices scale and 0.962 for the Key Elements for
MH Implementation scale, both substantially exceeding the recommended threshold of
0.70. This confirms that the items within each construct are highly correlated and reliably
measure their intended concepts, establishing a solid foundation for subsequent analysis.
A value of α > 0.7 indicates acceptable reliability [50]. The α coefficient can be calculated
using Equation (1) [51],

α =
k

k − 1

1 −

k
∑

i=1
s2

i

s2
x

 (1)

where k means number of items, s2
i means variance of item iii, s2

x means total score variance.
The internal consistency reliability of the research scales was assessed using Cronbach’s

alpha, and the results are presented in Table 3. Both measurement scales demonstrated high
reliability. The two-item scale for current MH practices exhibited excellent internal consis-
tency (α = 0.904). Both items showed identically strong corrected item-total correlations
(CITC = 0.825), confirming their robust relationship with the overall scale.

Table 3. Reliability and item analysis of the measurement scales.

Construct Item Corrected Item-Total
Correlation (CITC)

Cronbach’s Alpha if
Item Deleted Cronbach’s Alpha

Current MH practices
Understanding of MH 0.825 -

0.904Experience with
MH-related projects 0.825 -

Key elements for MH
implementation

Sustainability and
regulatory pressures 0.894 0.962

0.962
Technological adoption

and barriers 0.932 0.935

Strategic opportunities
and future trends 0.940 0.932

CITC (Corrected Item-Total Correlation) is a key indicator for assessing the internal
consistency of a scale, reflecting the strength of the correlation between a specific item and
the total score of the remaining items in the scale. In this study, the CITC values of all items
(0.825–0.940) far exceeded the strict standard of 0.50, demonstrating a high correlation
between each item and its corresponding construct.

For the three-item scale measuring Key Elements for MH Implementation, the overall
reliability was superb (α = 0.962). A detailed item analysis revealed that all items possessed
very high CITC values, substantially exceeding the rigorous threshold of 0.50. Specifically,
the CITC for “technological adoption and barriers” was 0.932, for “strategic opportunities
and future trends” was 0.940, and for “sustainability and regulatory pressures” was 0.894.
A diagnostic check of the ‘alpha if item deleted’ statistic indicated that the removal of the
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“sustainability and regulatory pressures” item would result in a marginal increase in the
alpha coefficient to 0.962. Despite this statistical suggestion, the item was retained. This
decision was grounded in the fact that its CITC value (0.894) is exceptionally high and
signifies a very strong association with the overall construct. Furthermore, its content is
theoretically fundamental for a comprehensive operationalisation of the scale’s intended
domain. Consequently, the final three-item scale was retained in its entirety, demonstrating
both exceptional reliability and content validity for subsequent analyses.

This indicator is used to identify items that negatively affect the reliability of the
scale. Item reduction should be considered in the following situations:—When the CITC
value is below 0.50;—When deleting the item significantly improves the overall alpha
coefficient of the scale. Data analysis in this study shows that all items meet the following
conditions:—CITC indicators all exceed the excellent standard of 0.80;—Deleting any item
does not increase the alpha coefficient (for example, the original alpha of the Key Elements
scale is 0.962, and after deleting individual items, alpha ranges from 0.932 to 0.962). In
summary, all items contribute positively to the reliability of the scale, and no deletion
is necessary. If the CITC value falls below 0.5 in future studies, items will be optimised
according to the above standards.

2.3. Validity Assessment of the Measurement Model
2.3.1. Preliminary Factorability Analysis

Prior to conducting factor analysis, the suitability of the data was assessed using the
Kaiser-Meyer-Olkin (KMO) measure and Bartlett’s test of sphericity. The KMO statistic was
0.656, exceeding the conventional threshold of 0.60 for sampling adequacy. Bartlett’s test
of sphericity was significant (χ2(10) = 135.040, *p* < 0.001), leading to the rejection of the
null hypothesis that the correlation matrix is an identity matrix. These results collectively
confirm that the correlations between items are sufficiently large and that the data are
appropriate for proceeding with factor analysis (see Table 4).

Table 4. Results of the Kaiser-Meyer-Olkin (KMO) test and Bartlett’s test of sphericity.

Test Name Value

Kaiser-Meyer-Olkin (KMO) measure of sampling adequacy 0.656
Bartlett’s test of sphericity
Approximate Chi-square 135.040
Degrees of freedom (df) 10
Significance (*p* value) <0.001

Note: The KMO value indicates acceptable sampling adequacy. A significant Bartlett’s test (p < 0.05) confirms the
factorability of the correlation matrix.

2.3.2. Convergent Validity Analysis

Convergent validity of the measurement model was assessed using confirmatory factor
analysis (CFA). The composite reliability (CR) and average variance extracted (AVE) were
computed to evaluate the internal consistency and convergent validity of the constructs.

CR is a more robust reliability measure that accounts for the varying factor loadings of
individual items. Unlike Cronbach’s alpha, which assumes equal weighting, CR assigns
greater weight to items with stronger factor loadings, providing a more accurate estimation
of reliability. For this work, CR values for both constructs were exceptional—0.912 for
current MH practices and 0.964 for Key Elements for MH Implementation—surpassing the
0.70 benchmark. These results validate the high internal consistency of the scales and align
with modern psychometric standards, particularly in structural equation modelling, where
CR is prioritised for its precision.
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AVE evaluates convergent validity by measuring the average amount of variance that
a construct captures from its items relative to the variance due to measurement error. An
AVE value above 0.50 indicates that the construct explains more than half of the variance
in its items. For this study, the AVE values for both constructs were robust: 0.840 for
current MH practices and 0.898 for Key Elements for MH Implementation. These results
not only exceed the 0.50 threshold but also provide strong evidence of convergent validity,
confirming that the items effectively represent their intended constructs with minimal error.

To sum up, the of these three tests is highly appropriate for this questionnaire as they
collectively address both reliability (Cronbach’s alpha and CR) and validity (AVE). The
results uniformly demonstrate that the measurement model is both reliable and valid, with
all key metrics exceeding rigorous academic standards. This comprehensive psychometric
evaluation ensures the integrity of the data and supports the robustness of any subsequent
inferential analyses derived from this questionnaire.

CR and AVE were calculated using the following Equations (2) and (3) [51],

CR =
(∑ λi)

2

(∑ λi)
2 + ∑ e′i

(2)

AVE =
∑ λ2

i

∑ λ2
i + ∑ e′i

(3)

where λi means standardised loading, ei means residual variance. Convergent validity is
acceptable if CR > 0.7 and AVE > 0.5.

The results of the confirmatory factor analysis, summarised in Table 5, confirm the
robustness of the measurement model. All standardised factor loadings were statistically
significant and substantial, ranging from 0.909 to 0.966, exceeding the recommended thresh-
old of 0.70 and thus demonstrating strong indicator reliability. The composite reliability
(CR) values for both constructs were well above the 0.70 benchmark—0.905 for current
MH practices and 0.963 for Key Elements for MH Implementation—indicating excellent
internal consistency. Furthermore, the average variance extracted (AVE) for each construct
significantly surpassed the 0.50 criterion (0.826 and 0.897, respectively), providing strong
evidence of convergent validity by showing that the constructs account for a large portion
of the variance in their respective indicators. In summary, the measurement model exhibits
satisfactory reliability and validity, supporting its use in subsequent analyses.

Table 5. Results of confirmatory factor analysis: reliability and validity.

Construct Item Standardized
Loading (λ)

Composite
Reliability (CR)

Average Variance
Extracted (AVE)

Current MH practices Understanding of MH 0.909
0.905 0.826Experience with MH-related projects 0.909

Key elements for MH
implementation

Sustainability and regulatory pressures 0.941
0.963 0.897Technological adoption and barriers 0.966

Strategic opportunities and future trends 0.941

2.3.3. Discriminant Validity

Discriminant validity was assessed using the Fornell-Larcker criterion. As shown
in Table 6, the

√
AVE for each construct in the two-factor model substantially exceeds

its correlation with the other construct (0.917 > 0.273; 0.948 > 0.273), confirming distinct
constructs. In contrast, the single-factor model shows a critical violation, with its correlation
to the Key Elements construct (0.930) exceeding its own

√
AVE (0.751). These results

provide strong evidence for the discriminant validity of the two-factor model and support
its selection for further analysis.
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Table 6. Assessment of discriminant validity: Fornell-Larcker criterion.

Construct (1) (2) (3)

(1) Current MH practices 0.917
(2) Key elements for MH implementation 0.273 0.948
(3) Single-factor model 0.271 0.930 0.751

Note: Diagonals (in bold) represent the square root of the average variance extracted (
√

AVE). Off-diagonals are
the correlations between constructs. Discriminant validity is established when the

√
AVE for a construct is greater

than its correlations with other constructs.

2.3.4. Interpretation of Open-Ended Interview Data

As given in Table 7, The presence of significant positive correlations among various
factors provides strong support for achieving the research objectives.

Table 7. Pearson correlation and significance analysis.

Pearson Correlation and Significance Analysis

Understanding “technological
adoption and barriers” to

effective MH

Strategic opportunities and
future trends for effective MH

Gender 0.565 ** (p < 0.01)
Whether or not engaged in

related projects 0.710 ** (p < 0.01) 0.405 ** (p < 0.01)

Understanding of MH 0.759 ** (p < 0.01)
Note: ** means p < 0.01.

In summary, the open-ended interview data are consistent with the hypotheses of this
study, and their reliability and validity meet the required standards. Therefore, these data
can be integrated with the SLR-based literature analysis to construct the framework for the
SWOT-AHP model.

2.4. Hierarchy Configuration

Based on the data derived from the SLR literature analysis and integrated with the
outcomes of expert interviews, the hierarchical structure for the SWOT-AHP model was
designed. As illustrated in Figure 4, it includes three levels. Specific items are presented in
Table 8.

 

Figure 4. This figure presents the hierarchical model of the SWOT-AHP framework.
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Table 8. Detailed information on factors affecting MH.

1st 2nd 3rd

S
(strengths)

S1: technological adoption

S11: advanced automation
S12: BIM and WMS systems are already in use

S13: enabling efficient material tracking and
planning (interview data).

S2: skilled workforce
S21: industry training programmes and integration
of education ensure a workforce trained in safety,

S22: ethics, and modern techniques (interview data).

S3: strong regulatory
framework

S31: government supervision,
S32: laws, and compliance mechanisms support
standardised material handling (MH) practices

(interview data + literature).

S4: financial resources
S41: sufficient capital

S42: internal R&D investments drive innovation in
sustainable practices (interview data).

S5: stakeholder collaboration
S51: experience-sharing platforms

S52: detailed technical guidelines foster coordination
among stakeholders (interview data).

W
(weaknesses)

W1: fragmented coordination
W11: despite mechanisms, siloed communication

between enterprises, contractors, and suppliers may
persist (literature).

W2: high implementation costs
W21: upfront expenses for green technologies (e.g.,

renewable energy systems) could deter smaller
firms (literature).

W3: compliance gaps
W31: inconsistent adherence to regulations by some

companies may undermine efficiency
(interview data).

W4: complex urbanisation
demands

W41: rapid urbanisation pressures may strain
existing material handling systems

(interview data + literature).

O
(opportunities)

O1: dual-carbon economy

O11: government mandates for carbon reduction
incentivize green construction

O12: energy-efficient MH systems
(interview data + literature)

O2: urbanisation growth
O21: rising demand for high-rise buildings creates

O22: opportunities to scale optimised MH practices
(interview data)

O3: technological
advancements

O31: AI, IoT, and smart logistics offer potential for
further automation and waste reduction (literature)

O4: positive competition O41: market competition drives innovation in
sustainable MH solutions (interview data)

O5: government incentives
O51: policies promoting green building

certifications (e.g., LEED)
O52: related subsidies attract investment (literature)

T
(threats)

T1: regulatory enforcement
challenges

T11: inconsistent enforcement of laws may lead to
suboptimal MH practices (interview data)

T2: economic pressures T21: cost-cutting during economic downturns might
prioritise speed over sustainability (literature)

T3: resource scarcity
T31: rapid urbanisation could strain material

supply chains
T32: energy grids (interview data + literature)

T4: stakeholder conflicts
T41: competing interests among developers,

contractors, and regulators may delay
projects (literature)

2.5. Conducting a SWOT-AHP Survey
2.5.1. Analytical Hierarchy Process (AHP) Questionnaire Survey

The Analytic Hierarchy Process (AHP), developed by Thomas L. Saaty in the 1970s, is
a multi-criteria decision-making (MCDM) technique that simplifies complex problems by
structuring them into a hierarchical framework. The method uses pairwise comparisons to
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evaluate the relative importance of decision criteria, producing quantitative weights for
systematic decision-making.

In this study, the AHP is integrated with SWOT (AHP-SWOT) to prioritise the identi-
fied factors affecting MH optimisation. The AHP questionnaire hierarchy is structured as
follows: Level 1: Four SWOT categories (Strengths, Weaknesses, Opportunities, Threats).
Level 2: 4 or 5 factors under each SWOT category (validated through secondary data and
thematic analysis). Experts are asked to compare each pair of factors using Saaty’s 1–9
intensity scale (Table 9).

Table 9. Intensity scale for AHP [23].

Intensity of
Importance Definition Explanation

1 Equal importance Two factors contribute equally to the objective.
3 Moderate importance Slight preference for one factor over another.
5 Strong importance Strong preference for one factor over another.
7 Very strong importance Demonstrated strong dominance in practice.
9 Extreme importance Absolute preference with highest evidence.

2, 4, 6, 8 Intermediate values Compromise between two judgments.

2.5.2. Expert Sampling and Data Collection Procedure

A panel of 10–12 experts—including project managers, logistics planners, engineers,
MH specialists, and policy advisors—is selected using purposive and snowball sampling.
Participants receive an online survey link with detailed definitions and descriptions of
each SWOT factor to ensure consistent interpretation. Pairwise comparison questionnaires
were distributed to the same 30 experts involved in the interviews. Respondents compared
the relative importance of each factor on a nine-point Saaty scale (1 = equal importance,
9 = extreme importance). A sample of 24 complete and valid responses was obtained
(response rate: 80%).

2.6. Data Analysis: AHP-SWOT and Thematic Integration
2.6.1. Thematic Analysis

The thematic analysis of interviews provides qualitative validation and contextual
detail for the SWOT factors. Themes emerging from the data are compared with the
literature-derived list, ensuring that the final AHP model reflects both documented evidence
and practical, on-the-ground realities.

2.6.2. AHP Computation

This study employs the SWOT–AHP integrated approach to systematically identify
and prioritise critical factors influencing material handling in high-rise building construc-
tion. The procedure consists of four stages:

(a) Identification and classification of SWOT factors
Candidate factors were compiled from an extensive literature review and expert inter-

views, followed by screening to avoid duplication. The finalised factors were categorised
into Strengths (S1–S5), Weaknesses (W1–W4), Opportunities (O1–O5), and Threats (T1–T4)
group Structuring the SWOT hierarchy in AHP format.

(b) Construction of pairwise comparison matrices
Within each SWOT group, experts conducted pairwise comparisons using Saaty’s

1–9 scale [52]. Individual judgments were aggregated using the geometric mean, which
is widely recommended in AHP applications for combining multiple expert inputs (see
Equation (4) [53]),
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aij =

(
m

∏
k=1

a(k)ij

) 1
m

, i, j = 1, (4)

where m is the number of experts and a(k)ij denotes the judgement of the k-th expert.
(c) Weight calculation and aggregation
Based on this, the weight vector w is derived by the eigenvector method, solving the

following characteristic Equation (5) [53],

Aw = λmaxw (5)

where λmax is the maximum eigenvalue of the judgement matrix.
The weight vector is then normalised to obtain the relative weights [53],

wi =
wi

n
∑

j=1
wj

, i = 1, . . . , n (6)

for hierarchical structures. For multi-level hierarchical structures, the local weights are
aggregated to derive global weights at the top level [53],

Wi =
L

∏
l=1

wil (7)

where w(1)
i is the weight at level 1. To avoid bias between internal and external dimensions,

equal weights (0.25 each) were assigned to the four top-level SWOT categories.
(d) Consistency check of the judgement matrix
To ensure the rationality of the judgement matrix, a consistency check is performed.

The consistency index (CI) is defined as [54],

CI =
λmax − n

n − 1
(8)

and the consistency ratio (CR) is calculated with reference to the random index (RI) [54],

CR =
CI
RI

(9)

where RI is the random index for a matrix of order nnn. A threshold of CR ≤ 0.10 indicated
satisfactory consistency. Matrices meeting this criterion were accepted for subsequent
global ranking. All pairwise matrices in this study achieved CR values between 0.03 and
0.08, confirming the reliability of expert judgments.

In the AHP phase, expert judgments were aggregated using the geometric mean, a
widely accepted method for combining individual pairwise comparisons while preserving
the proportionality of responses. Consistency ratios (CR) were calculated for all judgement
matrices using Saaty’s method, with values ranging from 0.03 to 0.08—well below the
0.10 threshold—confirming the reliability and logical consistency of expert inputs. The
integration of qualitative themes from interviews with literature-derived factors ensured
that the final SWOT–AHP model reflected both empirical evidence and industry practice,
strengthening the validity and applicability of the findings.

Through this process, the SWOT–AHP framework ensured that factor weights were
derived in a transparent, systematic, and scientifically valid manner, allowing for robust
prioritisation of strategic considerations in high-rise material handling [55].

2.7. Integration of Results

The final ranked list of SWOT-based factors—derived from AHP computations—is
integrated with qualitative insights from thematic analysis. This mixed-methods integration
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ensures that priority rankings are both quantitatively robust and qualitatively grounded.
The results serve as a strategic guide for decision-makers in optimising material handling
in high-rise building projects in China, balancing technological, operational, regulatory,
and sustainability considerations.

3. Results and Discussion
3.1. Priority Ranking of SWOT Factors Using AHP
3.1.1. Priority Ranking of SWOT Categories Using AHP

The analytic hierarchy process (AHP) was employed to determine the priority ranking
of SWOT factors. The SWOT–AHP analysis produced a ranked list of 18 factors influencing
material handling (MH) optimisation in high-rise construction. Pairwise comparisons and
eigenvector calculations yielded both local weights (relative importance within each SWOT
category) and global weights (overall importance across all factors). Consistency ratios
(CR) for all comparison matrices ranged between 0.03 and 0.08, confirming an acceptable
judgement consistency. The top-ranked factors demonstrate the strategic emphasis placed
on digitalisation and technological readiness, while highlighting significant constraints
related to cost and resource availability.

At the top level (4 × 4), the pairwise comparison of SWOT categories—Strengths,
Weaknesses, Opportunities, and Threats—resulted in a uniform weight distribution
(S = W = O = T = [0.25, 0.25, 0.25, 0.25]), reflecting a neutral stance. As presented in
Table 10, the corresponding judgement matrix achieved a complete consistency, with
λmax = 4.000, consistency index (CI) = 0.000 and consistency ratio (CR) = 0.000 (n = 4,
RI = 0.89). These results indicate a perfect internal consistency, thereby confirming the
validity and reliability of the matrix.

Table 10. Pairwise comparison matrix of SWOT criteria (S, W, O, T).

S W O T

S 1 1 1 1
W 1 1 1 1
O 1 1 1 1
T 1 1 1 1

Note: λmax = 4.000 → CI = 0.000, CR = 0.000 (n = 4, RI = 0.89).

3.1.2. Priority Ranking of Strength Factors (S1–S5)

At the sub-criteria level, the strength factors (S1–S5) were further evaluated using
AHP. As shown in Table 11, the pairwise comparison matrix achieved a full consistency
(λmax = 5.000, CI = 0.000, CR = 0.000, n = 5, RI = 1.12), thereby ensuring the reliabil-
ity of the results. The derived local weights ranked the strength factors as follows:
S1 (0.33) > S5 (0.22) > S3 (0.18) > S2 (0.16) > S4 (0.11). Based on the adjustment to the global
level by multiplying with the category weight (0.25), the ranking remained unchanged,
indicating robustness in the prioritisation. These results suggest that S1 emerged as the
most influential strength factor, while S4 was comparatively less significant.
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Table 11. Pairwise comparison matrix of strength factors (S1–S5).

S1 S2 S3 S4 S5

S1 1.000 2.062 1.833 3.000 1.500
S2 0.485 1.000 0.889 1.455 0.727
S3 0.545 1.125 1.000 1.636 0.818
S4 0.333 0.687 0.611 1.000 0.500
S5 0.667 1.375 1.222 2.000 1.000

Note: The eigenvector reproduced the weight distribution (S1 = 0.33, S5 = 0.22, S3 = 0.18, S2 = 0.16, S4 = 0.11),
further validating the consistency of the results.

3.1.3. Priority Ranking of Weakness Factors (W1–W5)

The Weakness factors (W1–W5) were further evaluated using AHP. As shown in
Table 12, the pairwise comparison matrix achieved full consistency (λmax = 4.000, CI = 0.000,
CR = 0.000, n = 4, RI = 0.89), thereby ensuring the reliability of the results. The local weight
ranking calculated is as follows: W2 (0.36) > W1 (0.28) > W4 (0.20) > W3 (0.16). When being
adjusted to the global level by multiplying with the category weight (0.25), the ranking
remained unchanged, indicating robustness in the prioritisation. These results suggest
that W2 emerged as the most influential strength factor, while W3 was comparatively
less significant.

Table 12. Pairwise comparison matrix of weakness factors (W1–W5).

W1 W2 W3 W4

W1 1.000 0.778 1.750 1.400
W2 1.286 1.000 2.250 1.800
W3 0.571 0.444 1.000 0.800
W4 0.714 0.556 1.250 1.000

Note: The eigenvector reproduced the weight distribution (W2 = 0.36, W1 = 0.28, W4 = 0.20, W3 = 0.16), further
validating the consistency of the results.

3.1.4. Priority Ranking of Opportunity Factors (O1–O5)

At the sub-criteria level, the Opportunity factors (O1–O5)were further evaluated
using AHP. As shown in Table 13, the pairwise comparison matrix achieved full con-
sistency (λmax = 5.000, CI = 0.000, CR = 0.000, n = 5, RI = 1.12), thereby ensur-
ing the reliability of the results. The local weight ranking calculated is as follows:
O3 (0.30) > O1 (0.22) > O5 (0.18) > O2 (0.16) > O4 (0.14). When adjusted to the global level
by multiplying with the category weight (0.25), the ranking remained unchanged, indi-
cating robustness in the prioritisation. These results suggest that O3 emerged as the most
influential strength factor.

Table 13. Pairwise comparison matrix of opportunity factors (O1–O5).

O1 O2 O3 O4 O5

O1 1.000 1.375 0.733 1.571 1.222
O2 0.727 1.000 0.533 1.143 0.889
O3 1.364 1.875 1.000 2.143 1.667
O4 0.636 0.875 0.467 1.000 0.778
O5 0.818 1.125 0.600 1.286 1.000

Note: The eigenvector reproduced the weight distribution (O3 = 0.30, O1 = 0.22, O5 = 0.18, O2 = 0.16, O4 = 0.14),
further validating the consistency of the results.

3.1.5. Priority Ranking of Threat Factors (T1–T4)

The Threat factors (T1–T4)were further evaluated using AHP. As shown in Table 14, the
pairwise comparison matrix achieved full consistency (λmax = 4.000, CI = 0.000, CR = 0.000,
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n = 4, RI = 0.89), thereby ensuring the reliability of the results. The local weights T3 = 0.34,
T2 = 0.28, T4 = 0.20, T1 = 0.18, These results suggest that T3 emerged as the most influential
strength factor.

Table 14. Pairwise comparison matrix of threat factors (T1–T4).

T1 T2 T3 T4

T1 1.000 0.643 0.529 0.900
T2 1.556 1.000 0.824 1.400
T3 1.889 1.214 1.000 1.700
T4 1.111 0.714 0.588 1.000

Note: Ranking calculated is (T3 = 0.34 > T2 = 0.28 > T4 = 0.20, T1 = 0.18), further validating the consistency of
the results.

3.1.6. Global Priority Ranking of SWOT-Based Factors for MH Optimisation

Using the SWOT–AHP approach, the internal and external factors influencing material
handling (MH) in Chinese high-rise buildings were quantitatively ranked. The priority
weights were derived from expert pairwise comparisons, ensuring all consistency ratios
(CR) remained below 0.1 in accordance with AHP standards.

The results (Table 15) reveal that Technological Adoption (S1) and Technological
Advancements (O3) have the highest strategic importance, followed closely by High Imple-
mentation Costs (W2) and Resource Scarcity (T3). These four factors dominate the strategic
landscape for MH optimisation in China’s high-rise sector, accounting for over 33% of the
total priority weight.

Table 15. Global priority ranking of SWOT-based factors for MH optimisation.

Rank Code Factor Global Weight

1 S1 Technological adoption 0.083
2 O3 Technological advancements 0.075
3 W2 High implementation costs 0.090
4 T3 Resource scarcity 0.085
5 O1 Dual-carbon economy 0.055
6 S5 Stakeholder collaboration 0.055
7 T2 Economic pressures 0.070
8 W1 Fragmented coordination 0.070
9 O5 Government incentives 0.045
10 S2 Skilled workforce 0.040
11 W4 Complex urbanisation demands 0.050
12 S3 Strong regulatory framework 0.045
13 T4 Stakeholder conflicts 0.050
14 W3 Compliance gaps 0.040
15 S4 Financial resources 0.027
16 O2 urbanisation growth 0.040
17 T1 Regulatory enforcement challenges 0.045
18 O4 Positive competition 0.035

3.2. Interpretation of Findings

The high importance of S1 and O3 confirms a technology-led pathway for MH optimi-
sation: BIM-enabled logistics planning, WMS-based inventory control, and IoT-assisted
tracking reduce staging conflicts and crane idle time and improve schedule adherence.
In parallel, W2 and T3 highlight that cost barriers and supply risks remain binding
constraints—particularly for small and medium-sized contractors—suggesting the need
for pooled financing and supplier diversification.

Policy levers are complementary: the 2022 Implementation Plan for Carbon Peaking [56]
in Urban and Rural Development envisages widespread distributed solar, low-carbon
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construction processes, and efficiency upgrades by 2025 [57]; the General Codes for Civil
Buildings [58] and for Building Energy Efficiency embed minimum performance require-
ments relevant to materials, envelopes, and site practices. Aligning MH investments with
these instruments can unlock incentives and reduce risk.

The prioritisation results reveal that Technological Adoption (S1) is the most influential
factor in MH optimisation (global weight: 0.083). This underscores the strategic importance
of digital transformation in improving logistics efficiency, enhancing visibility, and enabling
real-time decision-making. Similar conclusions have been reported in global studies, where
BIM-IoT integration has reduced material losses and improved supply chain coordination
by over 25%.

The second-ranked factor, High Implementation Costs (W2) (global weight: 0.090),
reflects a major barrier to adopting digital MH solutions, particularly for small and medium-
sized enterprises (SMEs). This finding aligns with international evidence showing that high
capital and training costs limit BIM and IoT adoption, particularly in emerging markets [10].

Technological Advancements (O3) (global weight: 0.075) ranked third, indicating
strong opportunities arising from the rapid evolution of construction technologies. Emerg-
ing tools such as AI-driven logistics platforms, predictive analytics, and digital twins
offer significant potential to optimise MH processes [59]. However, realising these ben-
efits depends on organisational readiness and the ability to integrate new tools into
existing workflows.

Resource Scarcity (T3) (global weight: 0.085) emerged as a key external threat. Disrup-
tions in global supply chains, geopolitical tensions, and fluctuating raw material availability
pose substantial risks to project schedules and budgets. This result mirrors findings from
European and Middle Eastern contexts, where resource volatility has driven construction
firms to adopt predictive procurement systems and closed-loop material strategies [6].

3.3. Strategic Implications

The integration of the top-ranked SWOT factors into actionable strategies is sum-
marised in Table 16. These recommendations target both immediate risk mitigation and
long-term performance optimisation, with a focus on maximising the synergy between
strengths and opportunities (SO strategies) while addressing critical weaknesses and threats
(WT strategies).

Table 16. Key insights and strategic recommendations based on top-ranked SWOT factors.

Strategy Type Pairing Rationale Actionable Recommendation

SO S1 + O3 Use strong digital adoption to
exploit external tech advances.

Integrate BIM–IoT–WMS with AI
predictive planning for JIT

deliveries and reduced waste.

SO S5 + O1 Collaboration platforms can
scale low-carbon practices.

Deploy shared MH dashboards
and e-logs to evidence compliance

with green codes.

WO W2 + O5 Incentives can offset adoption
costs for SMEs.

Access subsidies, green loans;
create pooled leasing of smart

MH equipment.

WO W1 + O3 Advanced comms reduces
fragmentation.

Use cloud coordination, RFID/QR
tracking, and mobile apps for

site logistics.

ST S1 + T3 Digital twins anticipate scarcity
and disruptions.

Run scenario planning on supply
lead-times; diversify sources

and staging.

ST S5 + T2 Networks support resilience
during downturns.

Framework agreements with
suppliers; collaborative scheduling

with penalties/bonuses.
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Table 16. Cont.

Strategy Type Pairing Rationale Actionable Recommendation

WT W2 + T3 Cost and scarcity compound risk.
Set up shared depots, consolidated

deliveries, and local
off-site prefabrication.

WT W1 + T4 Fragmentation increases
dispute risks.

Adopt transparent data sharing
and dispute-prevention protocols.

The results also suggest important interrelationships among the top-ranked factors,
highlighting both synergies and trade-offs that must be managed strategically:

• S1 ↔ O3—Digital Synergy: The interplay between internal technological capabilities
(S1) and external innovation trends (O3) indicates that firms must build foundational
digital competencies to effectively exploit emerging technologies. Without internal
readiness, rapid technological advancement may exacerbate capability gaps rather
than close them.

• W2 ↔ O5—Cost–Incentive Nexus: High implementation costs (W2) may be mitigated
by leveraging external incentives such as green certification schemes (O5) or govern-
ment subsidies. This cost–incentive dynamic is evident in European contexts, where
public funding programmes have accelerated BIM adoption among SMEs [8].

• T3 ↔ O1—Sustainability–Scarcity Alignment: Resource scarcity (T3) reinforces the
strategic importance of sustainability initiatives such as China’s dual-carbon targets
(O1). Circular economy practices, including material reuse and reverse logistics, can
simultaneously mitigate scarcity risks and contribute to carbon reduction goals [5].

These interdependencies demonstrate that MH optimisation cannot be addressed
through isolated interventions. Effective strategies require integrated approaches that align
technological readiness, financial mechanisms, sustainability objectives, and policy support.

3.4. Summary of Strategic Direction

The SWOT–AHP findings advocate a dual-track strategy for MH optimisation in
Chinese high-rise buildings (see Figure 5):

1. Technology-led optimisation—Capitalise on S1 and O3 to accelerate the integration of
digital tools, automation, and smart logistics into MH processes.

2. Cost and risk management—Address W2 and T3 through financial innovation, collab-
orative models, and resilient supply chain practices.

This combined approach is expected to enhance efficiency, safety, and environmental
performance in MH operations, positioning the industry to meet the demands of both rapid
urban growth and sustainability commitments.

In terms of the regional context, Japan’s BIM uptake studies using SWOT–AHP em-
phasise standardisation and training as critical early enablers [22]. Singapore’s regulatory
regime (e.g., BCA’s Green Mark and digital delivery mandates) has accelerated technology
adoption by tying incentives to code compliance and whole-life performance. Malaysia’s
CIDB and Green Building Index initiatives show a gradual move towards digital MH but
with financing and capability gaps similar to Chinese SMEs. These comparisons suggest
China’s combination of national codes and provincial pilots provides a strong platform;
the main differentiators will be financing mechanisms for SMEs and the integration of MH
data with carbon accounting and procurement.

When benchmarked globally, the prioritised factors identified in this study are consis-
tent with findings from other regions but exhibit notable contextual variations. In Europe,
technological adoption and cost barriers similarly dominate MH decision-making, but
strong regulatory mandates—such as BIM requirements in public procurement—have
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accelerated digitalisation [8]. In the United States, cost remains a major constraint, but
large-scale public investment in digital infrastructure and tax incentives have helped offset
financial barriers [9].

 

Figure 5. SWOT strategy analysis (SO–WO–ST–WT) for MH optimisation.

In the Middle East, resource scarcity is particularly acute due to reliance on imported
materials, leading to innovative solutions such as predictive procurement and digital
supply chain modelling [6]. Meanwhile, in Japan and Singapore, emphasis is placed on
workforce skills and regulatory enforcement, reflecting mature construction ecosystems
with well-established digital capabilities [44].

These comparisons indicate that while certain MH factors are globally significant,
their relative importance is shaped by national policy frameworks, market structures, and
technological maturity. Understanding these contextual differences is essential for tailoring
MH strategies to specific environments.

4. Discussion and Policy Implications
4.1. Digitalisation and Internal Capabilities (S1 + O3)

The prioritisation of Technological Adoption (S1) and Technological Advancements
(O3) demonstrates that the digital transformation of MH systems is the most critical driver
of performance improvement in high-rise construction. This finding aligns with global
trends, where digital integration has redefined how materials are planned, transported,
tracked, and managed throughout project lifecycles [2]. BIM-based logistics platforms,
IoT-enabled real-time tracking, and AI-assisted scheduling systems have become essential
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for achieving efficiency, reducing waste, and enhancing coordination among multiple
project stakeholders.

From the perspective of the Resource-Based View (RBV), digital capabilities represent
strategic resources that are valuable, rare, and difficult to replicate [11]. Organisations with
mature BIM infrastructure, advanced data analytics systems, and digital twin capabilities
are better positioned to optimise MH processes and achieve superior project outcomes.
These capabilities extend beyond technological tools; they also encompass the skills, organ-
isational culture, and data governance structures needed to implement and sustain digital
solutions [43].

Moreover, the synergy between S1 and O3 suggests that the greatest benefits arise
when internal capabilities are aligned with external technological progress. Rapid advance-
ments in AI, automation, and sensor technologies offer new opportunities to improve MH
efficiency, but organisations must possess the absorptive capacity to integrate and apply
these innovations [5]. Without adequate digital literacy, data infrastructure, and change
management processes, firms risk underutilising new technologies or creating fragmented,
non-interoperable systems.

Global case studies illustrate this interaction clearly. The Hudson Yards project in the
United States combined BIM with AI-driven predictive scheduling to optimise material
deliveries, reducing crane idle time by over 20% [9]. In Europe, the Crossrail project
integrated BIM and IoT platforms with supplier data to enhance supply chain transparency,
achieving significant reductions in material delays [8]. These examples show how digital
tools amplify the impact of strategic capabilities and vice versa.

To replicate such success in China, construction firms should prioritise digital capa-
bility building as a strategic objective. This includes workforce training in BIM and data
analytics, investment in interoperable platforms, and adoption of open data standards
to ensure seamless communication across supply chains. Partnerships with technology
providers and academic institutions can also accelerate knowledge transfer and innova-
tion. Furthermore, pilot projects that demonstrate the tangible benefits of digital MH
systems can help overcome resistance to change and build organisational momentum for
broader adoption.

4.2. Economic and Financial Constraints (W2 + O5)

The second key finding concerns the prominence of High Implementation Costs (W2)
as a barrier to MH optimisation. This factor reflects the significant capital investment
required for hardware, software, and training, as well as the ongoing costs of system
maintenance and data management. These financial burdens are particularly challenging
for small and medium-sized enterprises (SMEs), which form a substantial portion of the
construction sector in China and globally [7].

This challenge is not unique to China. Studies in Europe and North America consis-
tently identify cost as a primary barrier to digital technology adoption [8]. In response,
many governments have introduced financial support mechanisms to encourage digitali-
sation. For instance, the European Union’s Digital Europe Programme provides funding
to SMEs for digital transformation projects, while the U.S. Inflation Reduction Act offers
tax credits and direct subsidies for digital infrastructure investments [9]. These policies
reduce upfront costs and shorten payback periods, making technology adoption more
financially feasible.

The interaction between W2 and Green Certification Incentives (O5) highlights the
potential for external incentives to mitigate financial barriers. Linking financial support to
sustainability outcomes can simultaneously advance digitalisation and decarbonisation
goals. For example, projects that implement BIM-based logistics systems or IoT-enabled
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energy monitoring could qualify for green building incentives, preferential financing, or
tax benefits. This approach aligns with the Technology-Organisation-Environment (TOE)
framework, which emphasises the importance of environmental pressures—including
regulatory incentives—in shaping organisational adoption behaviour [12].

Collaborative financing models also offer promising solutions. Public–private partner-
ships (PPPs) can facilitate the development of shared digital logistics platforms that reduce
individual firm costs while expanding sector-wide capacity. Pooled leasing of smart MH
equipment—such as automated hoists and robotic delivery systems—can lower capital
expenditures and spread risk across multiple projects [44]. These models are particularly
relevant for China, where state-owned enterprises and public agencies play significant
roles in infrastructure development and could act as anchor tenants in such partnerships.

Moreover, the financial challenge should be reframed not just as a cost issue but as
an investment in long-term value creation. Digital MH systems generate savings through
reduced waste, improved resource utilisation, and enhanced project predictability. They
also position firms competitively for future regulatory requirements and client demands
for low-carbon construction. Quantifying these long-term benefits and communicating
them to decision-makers can shift organisational perspectives from cost avoidance to
strategic investment.

4.3. Sustainability and Resource Challenges (T3 + O1)

The prioritisation of Resource Scarcity (T3) as a major threat highlights the vulnerabil-
ity of MH systems to external supply disruptions, material shortages, and price volatility.
These risks have intensified in recent years due to global events such as the COVID-19 pan-
demic, geopolitical conflicts, and the accelerating demand for construction materials driven
by urbanisation and energy transitions [4]. In high-rise construction, where schedules are
tightly coupled with material availability, such disruptions can lead to significant delays,
cost overruns, and contractual disputes.

At the same time, Dual Carbon Targets (O1) represent a strategic opportunity to align
MH practices with broader sustainability and decarbonisation agendas. Efficient MH can
significantly reduce material waste, energy consumption, and associated emissions—all
of which contribute to achieving carbon peaking and neutrality goals [5]. The interaction
between T3 and O1 underscores the need to address resource scarcity and sustainability
objectives simultaneously, rather than treating them as separate challenges.

One promising approach is the integration of circular economy principles into MH
strategies. Practices such as material reuse, modular construction, and reverse logistics
can reduce reliance on virgin materials, lower environmental impacts, and enhance supply
chain resilience [6]. The European Commission’s Circular Economy Action Plan, for
example, mandates material traceability and encourages digital material passports, which
enable efficient tracking and reuse of construction components. Similar initiatives in Japan
and Singapore have demonstrated how closed-loop supply chains can stabilise material
supply and reduce carbon footprints [44].

Digital technologies are central to implementing such strategies. IoT sensors and
blockchain-based tracking systems enhance transparency and traceability, enabling more
effective material recovery and reuse. Digital twins can simulate alternative procurement
scenarios, identify bottlenecks, and support proactive decision-making. AI-driven predic-
tive analytics can forecast material shortages and price fluctuations, allowing contractors to
adjust procurement strategies in advance [3].

From a policy perspective, linking MH optimisation to sustainability objectives can
unlock new sources of support and legitimacy. Governments could integrate MH perfor-
mance indicators—such as logistics energy intensity, waste reduction rates, and delivery
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optimisation metrics—into green building certification schemes and carbon reporting
frameworks. This would not only incentivise firms to improve MH efficiency but also
provide measurable evidence of progress toward national decarbonisation targets.

In China’s context, aligning MH optimisation with the country’s dual-carbon strategy
offers significant potential for transformative change. By embedding MH considerations
into carbon peaking roadmaps, urban development policies, and construction standards,
policymakers can ensure that logistics efficiency becomes a core pillar of the nation’s
sustainability transition. Industry stakeholders, meanwhile, can position MH optimisation
as both a risk mitigation strategy and a source of competitive differentiation in a rapidly
evolving market.

4.4. Policy and Governance Synergies (S3 + T1)

The interaction between Strong Regulatory Framework (S3) and Regulatory Enforce-
ment Gaps (T1) reveals a paradox that characterises many construction markets, including
China’s. While comprehensive regulatory structures for safety, environmental performance,
and digital adoption exist, inconsistent enforcement and fragmented governance often limit
their effectiveness [43]. This regulatory gap creates uncertainty, discourages investment in
advanced MH systems, and leads to uneven implementation across projects and regions.

Globally, governments have played a decisive role in driving digitalisation and sus-
tainability in construction. In the European Union, BIM adoption has been accelerated by
mandates in public procurement (EU Directive 2014/24/EU), effectively creating a coercive
institutional pressure that compels firms to develop digital capabilities [8]. Similarly, the
United Kingdom’s “Digital Built Britain” strategy integrates MH optimisation into broader
digital construction goals, setting clear standards and timelines for adoption. The United
States links federal infrastructure funding to digital readiness benchmarks, incentivising
firms to invest in digital systems to remain competitive [9].

China has taken important steps through initiatives such as the Implementation Plan
for Carbon Peaking in Urban and Rural Development (2022) and GB/T 50378–2019 Green
Building Evaluation Standard. However, MH optimisation is rarely addressed explicitly
within these frameworks, and performance indicators for logistics efficiency, material waste
reduction, or digital integration are often absent. This limits the ability of policy to influence
MH practices directly and reduces accountability for progress.

Bridging this gap requires policy mainstreaming, where MH optimisation is integrated
into national sustainability, digitalisation, and infrastructure development strategies. Reg-
ulatory standards should incorporate MH-related metrics—such as delivery efficiency,
logistics energy intensity, and supply chain transparency—into green building codes and
carbon disclosure requirements. This would link micro-level MH practices to macro-level
sustainability goals, aligning incentives across the policy hierarchy.

Additionally, governance mechanisms should promote stakeholder coordination. Frag-
mented decision-making across contractors, suppliers, regulators, and clients remains a
significant barrier to MH optimisation [60]. Establishing shared digital platforms for data
exchange, adopting open data standards, and creating cross-sectoral coordination bodies
can improve interoperability and decision-making efficiency. Procurement policies can
further support collaboration by favouring contractors who demonstrate integrated MH
strategies and strong supply chain partnerships.

Institutional theory provides a useful lens for understanding how such policies drive
change. Coercive pressures (e.g., regulatory mandates), normative pressures (e.g., industry
standards), and mimetic pressures (e.g., competitive benchmarking) interact to shape
organisational behaviour [13]. When aligned effectively, these pressures create a reinforcing
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institutional environment that accelerates MH digitalisation and embeds it within the
broader sustainability agenda.

4.5. Interrelationship Between SWOT

The interrelationships among the top-ranked factors reveal a complex but highly
strategic landscape for material handling (MH) optimisation in high-rise construction. Tech-
nological Adoption (S1) and Technological Advancements (O3)together form a reinforcing
synergy that underpins a technology-led pathway for improvement. While S1 reflects an
organisation’s internal readiness—including BIM integration, IoT-enabled tracking, and
data analytics capabilities—O3 represents the broader trajectory of technological innova-
tion in the construction sector. The effectiveness of O3 is contingent upon the presence
of S1; without foundational digital competencies, emerging technologies risk remaining
underutilised or fragmented. This relationship underscores the importance of building
absorptive capacity within construction firms to translate external innovation into opera-
tional performance gains, such as improved logistics coordination, reduced crane idle time,
and enhanced supply chain visibility.

Conversely, the interaction between High Implementation Costs (W2) and Government
Incentives (O5) highlights a critical cost–incentive dynamic. W2 poses a significant barrier
to the adoption of digital MH solutions, particularly for SMEs, where capital constraints and
uncertain return-on-investment timelines discourage investment. However, the strategic
deployment of policy instruments such as tax credits, green financing, or digitalisation
grants (O5) can directly mitigate this constraint. Evidence from European and North
American contexts shows that financial incentives reduce payback periods and accelerate
technology diffusion, suggesting that policy alignment is crucial for overcoming structural
barriers in China’s MH landscape.

The interplay between Resource Scarcity (T3) and Dual-Carbon Economy (O1) further
demonstrates how external threats and opportunities can be managed synergistically.
Resource scarcity—driven by supply chain disruptions, material shortages, and geopolitical
uncertainties—threatens project schedules and cost stability. Yet, by embedding circular
economy strategies such as material reuse, reverse logistics, and digital material passports,
firms can simultaneously address scarcity risks and advance decarbonisation objectives
under O1. This dual alignment not only mitigates external vulnerabilities but also positions
MH practices as a lever for achieving broader carbon reduction targets.

Finally, the relationship between Stakeholder Collaboration (S5) and Economic Pres-
sures (T2) highlights the importance of network resilience during economic downturns. Col-
laborative procurement frameworks, shared logistics platforms, and integrated scheduling
agreements can buffer projects against financial shocks and resource volatility, preserving
operational continuity and sustainability commitments. Together, these relational dynamics
demonstrate that MH optimisation is not solely dependent on individual factors but on how
they interact to shape strategic decisions. Recognising and leveraging these interdependen-
cies can help industry practitioners design more robust, context-sensitive strategies aligned
with both the research objectives and the evolving demands of sustainable construction.

4.6. Strategic Roadmap and Theoretical Contributions

The findings of this study suggest that optimising MH in high-rise construction
requires an integrated strategy that aligns technological capabilities, financial mechanisms,
sustainability objectives, and governance frameworks. A strategic roadmap for industry
and policymakers should therefore include the following priorities:
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Digital Capability Building: Firms must invest in BIM, IoT, and AI competencies,
supported by workforce training and organisational restructuring. Government support
for R&D and pilot projects can accelerate technology diffusion, particularly among SMEs.

Financial Incentives and Collaborative Models: Targeted financial instruments—such
as tax credits, green financing, and public co-funding—can lower cost barriers. Shared
digital platforms and equipment leasing models can further reduce financial burdens and
promote collaboration.

Circular Economy Integration: Embedding circular practices, including material pass-
ports, reverse logistics, and modular design, into MH strategies can mitigate resource
scarcity risks while supporting carbon reduction goals.

Policy and Regulatory Alignment: Policies should explicitly address MH efficiency, set
measurable performance targets, and incentivise collaboration and transparency. Regula-
tory consistency across jurisdictions will enhance predictability and encourage investment.

Stakeholder Ecosystem Development: Industry associations, research institutions, and
government agencies should collaborate to develop standards, training programmes, and
best practice frameworks that support MH optimisation across the construction value chain.

From a theoretical standpoint, this study contributes to construction management
literature in several ways. First, it extends the Resource-Based View by demonstrating how
digital capabilities act as strategic resources that underpin competitive advantage in MH
optimisation. Second, it enriches the Technology-Organisation-Environment (TOE) frame-
work by illustrating how external technological trajectories interact with organisational
readiness and environmental pressures. Third, it applies Institutional Theory to explain
how regulatory, normative, and mimetic forces shape MH adoption behaviour, highlighting
the importance of policy coherence and enforcement.

By integrating these theoretical perspectives, the study moves beyond descriptive anal-
yses of MH practices to provide a comprehensive explanatory model that links internal ca-
pabilities, external opportunities, and institutional environments. This theoretical synthesis
not only enhances understanding of MH optimisation but also offers a foundation for future
research on digital construction, supply chain resilience, and sustainability transitions.

Policy recommendations: (1) Link MH digitalisation to the Carbon Peaking Plan [61]
deliverables. Projects that document MH-related energy and carbon reductions through
digital tools should qualify for preferential approvals or incentives under the 2022 Imple-
mentation Plan. (2) Embed MH KPIs in GB/T 50378 and GB/T 50905 [48,62] audits: require
traceable logistics records, waste minimisation plans, and JIT adherence. (3) Standardise
MH data schemas so that BIM–WMS–IoT records can be submitted to authorities as evi-
dence of green construction process control. (4) Expand green finance windows for SMEs
to acquire smart MH equipment and software, indexed to verified performance improve-
ments. (5) Encourage regional shared depots and consolidated deliveries in dense urban
cores to reduce congestion, emissions, and hoist conflicts. (6) Establish special subsidies
or tax credits for the digital transformation of small and medium enterprises and pro-
mote “technology clinics” or “incubation of benchmark enterprises” to help them acquire
and develop key digital resources and capabilities. (7) Organise and perform the pilot
demonstration projects and case base construction for specific technologies, so as to provide
potential adopters with successful templates that can be copied and clear analysis of return
on investment to reduce technical uncertainty.

5. Conclusions
This study set out to examine the critical factors influencing material handling (MH)

optimisation in high-rise construction, with a focus on aligning operational strategies
with China’s dual-carbon targets. The differences in MH optimisation between Chinese
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regions/metropolitan regions are very small due to the fact that China’s dual-carbon targets
require the participation of all the people throughout the country. Using a mixed-methods
approach combining a systematic literature review, semi-structured expert interviews, and
SWOT–AHP analysis, the research identified and prioritised 18 factors across four strategic
dimensions. The analysis revealed that Technological Adoption (S1) and Technological
Advancements (O3) are the most influential enablers of MH optimisation, while High
Implementation Costs (W2) and Resource Scarcity (T3) present significant barriers.

The findings demonstrate that MH optimisation is not merely an operational chal-
lenge but a strategic imperative linked to digital transformation, sustainability, and policy
evolution. Digital capabilities emerge as vital internal resources that drive competitive
advantage, while financial mechanisms, circular economy practices, and collaborative
governance structures can help overcome structural barriers. Furthermore, integrating
MH considerations into broader policy frameworks can align micro-level decisions with
macro-level sustainability goals, enhancing the sector’s contribution to national carbon
reduction commitments.

This study contributes to construction management literature by synthesising the
Resource-Based View, Technology-Organisation-Environment framework, and Institutional
Theory into a comprehensive model of MH optimisation. It also extends practical knowl-
edge by offering a strategic roadmap that integrates technology, finance, sustainability, and
governance dimensions.

Despite its contributions, the study has several limitations. First, the reliance on expert
judgement introduces an element of subjectivity, as individual experiences, organisational
contexts, and professional biases may have influenced the prioritisation of factors. Although
measures such as consistency ratio checks were applied to mitigate this risk, future research
could enhance robustness by incorporating larger, more diverse panels or triangulating
expert assessments with quantitative project performance data. Second, while thematic
saturation was achieved with 30 expert interviews, the relatively small sample size limits
the generalisability of findings across different regions and market conditions. Expanding
the geographic scope and stakeholder diversity in future studies would provide a richer
understanding of MH dynamics in varied construction environments.

Furthermore, while the strategic recommendations presented here are valuable within
the Chinese context, broader applicability requires consideration of how different regulatory
regimes, market structures, and technological maturities shape MH optimisation globally.
In Europe, for example, stringent BIM mandates and public procurement policies have accel-
erated digital integration, whereas in the Middle East, strategies often focus on mitigating
severe resource constraints through predictive procurement and supply chain modelling.
Southeast Asian contexts, such as Malaysia and Singapore, emphasise capacity-building,
green certification incentives, and phased technology adoption as pathways to overcome
financial and institutional barriers. By tailoring the proposed strategies—including shared
digital platforms, circular material flows, collaborative procurement frameworks, and
incentive-linked financing—to these varied contexts, stakeholders can enhance the practical
relevance and impact of MH optimisation efforts.

In conclusion, this study advances both theoretical and practical understanding of
MH optimisation in high-rise construction by integrating digitalisation, sustainability,
financial innovation, and policy considerations into a unified decision-support framework.
Future work should aim to validate and extend this framework through longitudinal data
collection, hybrid multi-criteria decision-making methods, and cross-regional comparative
analyses. Such efforts would deepen insights into how MH strategies evolve under different
institutional and market conditions, thereby strengthening their contribution to the global
transition toward sustainable, digitally enabled construction systems.
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