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Abstract

This research explores the crucial elements influencing the impact of hydraulic structures constructed using waste-based
composites, emphasizing sustainable material integration in infrastructure. A conceptual model comprising five
constructs—Design and Structural Performance, Durability, Environmental Impact, Material Characteristics, and Waste
Composites—was established and analyzed utilizing Partial Least Squares Structural Equation Modeling (PLS-SEM). Data
was combined from 260 construction professionals across the key construction industry. G*Power analysis confirmed the
lowest required sample size of 150; the larger sample enhanced statistical robustness. All constructs demonstrated strong
reliability, convergent validity, and discriminant validity, with significant path relationships supporting the proposed
hypotheses. Material Characteristics (B = 0.568) and Environmental Impact (f = 0.353) emerged as the most influential
predictors of hydraulic structure performance. Empirical correlation, cross-loadings, HTMT, and VIF analyses confirmed
model stability and construct independence. The results provide precious information for engineers, construction managers,
and policymakers aiming to optimize structural integrity and environmental sustainability through the adoption of recycled
composite materials. This research contributes to theoretical advancements in sustainable construction and provides
practical implications for material selection, policy formulation, and infrastructure design. The study recommends future
research on real-time performance monitoring, expanded geographic validation, and inclusion of cost-efficiency and
technological integration variables.
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1. Introduction

In recent years, the global construction industry has come under increasing pressure to adopt more sustainable,
durable, and resilient infrastructure solutions. The urgent need to address climate change, resource depletion, and aging
infrastructure has pushed researchers, practitioners, and policymakers to explore innovative material alternatives and
advanced design strategies [1, 2]. Among the critical infrastructure systems, hydraulic structures such as dams,
spillways, canals, culverts, levees, and flood control systems play a central role in water resource management,
hydropower generation, irrigation, and disaster mitigation [3]. These structures are exposed to unique environmental
challenges, including fluctuating hydraulic loads, chemical erosion, freeze-thaw cycles, and sediment abrasion, which
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demand both mechanical strength and long-term resilience [4]. Historically, such hydraulic structures have been
constructed using conventional materials like reinforced concrete, steel, and stone masonry. While these materials
provide excellent load-bearing capacity and have a long history of use, they often pose limitations in terms of
environmental sustainability, lifecycle durability, and maintenance requirements [5, 6]. Their production processes are
energy-intensive, emit significant carbon dioxide, and rely heavily on natural resource extraction. Furthermore, the
performance of traditional materials in aggressive or evolving environmental conditions can deteriorate over time,
leading to increased costs, safety concerns, and a reduced service life of the structure [7].

In response to these challenges, the construction industry has started exploring alternative materials that are both
environmentally friendly and structurally effective [8]. Among the most promising options are waste-based composite
materials, which incorporate recycled plastics, fly ash, slag, rubber particles, and other industrial by-products [9]. These
composites are engineered to offer enhanced durability, chemical resistance, and mechanical properties while
significantly reducing environmental impact [10]. By repurposing waste materials that would otherwise contribute to
landfill or pollution, such composites also align with broader goals related to the circular economy and sustainable
development [11].

Despite the growing interest in these materials, their widespread application in hydraulic infrastructure remains
limited. Much of the existing research has focused on generic building applications or isolated structural elements, with
limited attention to the specific requirements of hydraulic environments [7, 12-14]. The studies that do exist often
concentrate on individual performance aspects such as compressive strength, water absorption, or thermal conductivity.
However, real-world infrastructure performance depends on a combination of factors, including material properties,
long-term durability, environmental interaction, and overall system behavior [7]. The lack of integrated models that
assess these interrelated factors holistically presents a major gap in the literature.

Moreover, construction professionals and decision-makers are often reluctant to adopt waste-based composites due
to uncertainties surrounding their long-term reliability, scalability, and cost-efficiency [14]. Concerns persist about how
these materials perform over time under varying environmental stresses, particularly in structures that are critical to
public safety and resource management [15]. The absence of empirical, multidimensional evaluation frameworks makes
it difficult to confidently recommend these materials for widespread use in hydraulic infrastructure projects [16]. To
address these gaps, the present study proposes a comprehensive empirical framework for evaluating the performance,
durability, and environmental impact of hydraulic structures constructed using waste-based composites. The core
objective is to understand how the inherent characteristics of these composite materials influence key dimensions of
hydraulic infrastructure functionality and sustainability. The study aims to: (1) assess the relationship between material
properties and structural design performance; (2) examine the mediating role of durability in shaping infrastructure
outcomes; and (3) evaluate the contribution of environmental considerations to the overall performance of the structure
over its lifecycle.

The central research question guiding this work is: How do waste composite material properties influence the design,
durability, and environmental performance of hydraulic structures, and what is their combined impact on infrastructure
outcomes?

To answer this question, the study utilizes Partial Least Squares Structural Equation Modeling (PLS-SEM), a
powerful multivariate technique capable of capturing complex relationships among multiple latent constructs [17]. This
method is particularly well-suited for exploratory and predictive research, allowing the simultaneous testing of
hypothesized relationships between observed variables and unobservable (latent) factors [18]. The use of PLS-SEM
enables a rigorous analysis of how various material-related and environmental variables influence infrastructure
outcomes in a real-world context.

Data were collected from experienced professionals across the construction industry who have direct involvement
in material selection, structural design, and infrastructure development. By integrating empirical data with advanced
statistical modeling, the study provides a validated, evidence-based framework that bridges the gap between theory and
practice. This research contributes to both academic literature and industry practice by offering a holistic, data-driven
approach to assessing the viability of waste-based composites in hydraulic infrastructure.

In summary, this study introduces a novel and multidimensional model that captures the interdependencies among
material characteristics, structural performance, durability, and environmental impact in the context of hydraulic
structures. It not only addresses a significant gap in the literature but also offers practical insights for engineers,
policymakers, and project managers seeking to optimize infrastructure outcomes using innovative, sustainable materials.
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2. Literature Review

The growing demand for sustainable construction practices has driven significant interest in alternative materials
that can reduce environmental impact while maintaining structural integrity [19]. In the context of hydraulic structures
such as dams, canals, and flood control systems, this interest is particularly relevant, given the harsh environmental
conditions and performance demands these systems face [20]. Traditional materials, while proven in strength, often fall
short in terms of sustainability, lifecycle cost, and environmental resilience. This has led researchers to explore waste-
based composites as a promising alternative, offering benefits such as reduced carbon footprint, enhanced durability,
and the potential for resource circularity [21]. The following review synthesizes the current academic discourse on waste
composite applications in construction, evaluates their limitations, and identifies critical gaps that the present study aims
to address through a systems-based modeling approach.

2.1. Sustainable Materials in Hydraulic Infrastructure

The traditional approach to hydraulic structure development has relied heavily on conventional building materials
like reinforced concrete and steel, that, while effective in strength and rigidity, often contribute significantly to
environmental degradation due to high embodied energy and carbon emissions [22]. Recent environmental mandates as
well as the emerging ecological awareness have incited the curiosity for sustainable alternative materials [23]. It stands
out that waste-based composites, including recycled plastics, fly ash among other industrial by products, are viable
alternatives with lower environmental foot prints [24, 25]. These materials are associated with multiple sustainability
benefits related to lesser landfill waste, lesser energy consumption in manufacturing, and better corrosion resistance — a
common problem in the hydraulic environment [26, 27].

2.2. Performance Factors of Hydraulic Structures

The performance of hydraulic structures is typically measured by their load-bearing capacity, serviceability, and
resistance to hydraulic pressures and scouring [28]. It has been shown through studies that the choice of materials has
significant influence in these parameters, where the innovative composite shows better tensile strength and crack
resistance under dynamic loading [28-30]. Some waste composites that are subjected to the alternate fluctuation of
moisture and pressure can have better the mechanical response than the generic concrete [31]. Nevertheless, one finds
lack of literature addressing the integrated performance of such materials for use specifically in hydraulic context, which
implies that the problems require further exploration.

2.3. Durability and Lifecycle Considerations

Durability is a critical parameter in hydraulic structures, which are routinely exposed to aggressive environmental
agents such as water flow, silt, and chemical contaminants [32]. Waste incorporated composite materials are showing
good promise in increasing the service life of such infrastructure by improving the wear, chemical and freeze-thaw cycle
resistance [33, 34]. Nevertheless, the long-term aging effects and structural fatigue behavior of these materials remain
insufficiently studied, especially under site-specific hydraulic loading conditions. As highlighted by Acikel et al. [35],
It is also necessary to empirically evaluate the lab-based durability claims across real time operational conditions.

2.4. Environmental Impact of Construction Materials

Construction materials account for a significant portion of production of greenhouse gases, particularly in large-scale
infrastructure projects [36, 37]. Life Cycle Assessment (LCA) frameworks have been increasingly adopted to evaluate
the environmental impacts of novel materials [38]. Several studies have shown that waste composites contribute
significantly to carbon footprint reduction due to lower raw material demand and the reutilization of industrial waste
streams [39]. However, the environmental evaluation often lacks standardization and fails to account for downstream
impacts such as microplastic leaching or long-term biodegradability concerns in aquatic ecosystems [40].

The compiled literature demonstrates a growing emphasis on the use of waste-based composites as sustainable
alternatives in hydraulic and civil infrastructure projects. The table 1 summarizes a range of materials including recycled
plastics, fly ash, polymer-modified blends, and graphene-enhanced composites highlighting their varying levels of
structural performance, durability, and environmental impact. In general, materials such as plastic-concrete composites
and fiber-reinforced waste blends exhibit high crack resistance and stable long-term behavior, making them suitable for
challenging environments like wet zones and seismic areas. Durability remains a consistent strength across most
materials, with several showing resilience against erosion, chemical exposure, and cyclic loading. From an
environmental standpoint, many compaosites contribute to notable reductions in carbon emissions and material waste,
though concerns around microplastic leaching and degradation still persist for certain blends. Methodologically, these
studies utilize diverse techniques—from LCA and SEM to mechanical testing and simulation modeling emphasizing the
importance of comprehensive evaluation to ensure material suitability across different structural contexts.
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Table 1. Comparative Summary of Key Studies on Waste-Based Composites in Hydraulic and Sustainable Construction

Focus Material Type Structural Durability Environmental Methodology Kev Findinas Studies
Area P Performance Aspects Impact Used Y Y References
Waste-based composites Recycled plastics & Moderate Good chemical 35% CO2 Experimental + Feasible for non- [41, 42]
in infrastructure fly ash improvement resistance reduction LCA load-bearing !
Hydraulic performance in Plastic-concrete Improved tensile Withstood Low toxicit Field testing + Enhanced water [43, 44]
wet conditions composites strength wetting-drying y SEM durability !
Industrial waste utilization Industrial by- Enhanced stiffness Needs admixture Positive impact ther_ature Field validation [45, 46]
products review needed
Durabll_lty in extreme Recycled aggregates Slight decrease in Excellent_freeze- Neutral Accel_erated ) Needs [47, 48]
environments load thaw resistance aging reinforcement
Comp0_5|_te behavior in Flber-remforc_ed High crack resistance Stable over time Red_uced Lab mechanical Selsn_m: zone [49, 50]
civil works waste composites material use tests suitable
Lifecycle assgssment of Polymer mgdlfled Good impact strength Long service life ) 40% Slmulatl_on + Green_ infra 51, 52]
materials composites improvement modeling candidate
. Multi-material . Degradation over Microplastic Impact Requires
Environmental trade-offs composites Mixed results time concern modeling safeguards [53, 54]
Corrosion and erosion Cementitious waste Stable under saline High erosion . ] Saline exposure Effective in
] . : Positive profile X [55, 56]
resistance composite water resistance test marine use
Green concrete Fly ash & slag mix Imp.roved Moderate aging 25% reduction Lab a_nd site Support§ green [57, 58]
development compressive strength trials policy
Carbon footprint analysis Waste glass Enhanced ductility Stable under UV Low emissions LC.A * Valid for urban [59, 60]
aggregates mechanical tests roads
Structural reliability Composite binders Reliable in load- Excellent Iopg— M°de”f“e Re“ab'.“ty Structurally stable [61, 62]
bearing term behavior benefit modeling
Smart composites for Graphene—enhanced High tensile strength Dura_lble un_der nghly Smart material Ideal for coastal 63, 64]
flood control waste mix cyclic loading sustainable tests flood defences

The reviewed research highlights significant variability in the performance, durability, and environmental benefits
of waste materials used in construction. Plastics and polymer-based composites consistently demonstrate medium to
high performance and excellent durability, with high applicability in real-world scenarios as shown in Table 2. Materials
such as graphene waste and advanced polymers rank very high in innovation and sustainability, showing strong promise
for high-performance and environmentally resilient applications. While fly ash and mixed waste offer moderate
structural performance, they often lag in field applicability unless blended with reinforcing agents. Cementitious and
binder-based materials generally provide balanced outcomes across all assessment criteria, including high durability and
innovation. On the other hand, recycled aggregates and certain mixed composites display limitations in either durability
or field relevance, underlining the importance of material-specific design considerations. Overall, the table underscores
the strategic value of matching waste material types with their appropriate structural contexts, and it reveals that
innovation and analysis integration—especially through advanced methods are critical drivers of practical
implementation success.

Table 2. Qualitative Evaluation of Waste Material Applications Based on Performance, Durability, Sustainability, and

Innovation
Study Waste Material Performance Durapility Environm_ental F_ield_ ) Analysis  Innovation Citation
Focus Level Rating Benefit Applicability Usage Level Relevance

[65] Plastics Medium High High Good No Moderate High
[66] Plastics High High Medium Excellent Yes High High
[67] Fly Ash Medium Medium High Low No Low Medium
[68] Recycled Aggregates Low High Low Moderate No Moderate Medium
[69] Mixed Waste High High High Good No High High
[70] Polymers High Very High Very High Excellent Yes Very High High
[71] Mixed Composites Medium Low Medium Limited No Moderate Medium
[72] Cementitious High High High High No High High
[73] Fly Ash & Slag Medium Medium Medium Good No Moderate Medium
[74] Glass High High High High Yes High High
[75] Binders High Very High Medium Good Yes High High
[76] Graphene Waste Very High High High Excellent Yes Very High High

2539



Civil Engineering Journal Vol. 11, No. 06, June, 2025

Structural Equation Modeling (SEM) is a strong multifunctional strategy gratly utilized in construction and materials
science to assess complex relationships among latent variables. It enables researchers to simultaneously test multiple
hypotheses, evaluate mediation effects, and validate theoretical frameworks grounded in empirical data [77, 78] SEM
has been used to examine how users perceive, adopt, and perform with construction materials. Nevertheless, this
methodological and thematic research gap is particularly strong for the application of it in waste composite evaluation
for hydraulic structures.

While the sustainability potential of waste-based composites is gaining recognition, few studies have adopted an
integrated approach to assess their impact on hydraulic structure performance, durability, and environmental metrics
simultaneously. Furthermore, the majoreity of the current research do not model the nature of these constructs'
interrelationships and also fails to utilize SEM to validate causal relationships. This highlights a clear research gap in
both the thematic coverage and analytical methodology used in prior research.

Although previous studies have explored the mechanical, environmental, and durability-related benefits of using
waste-based composites in construction, much of the literature remains fragmented, focusing on isolated performance
indicators or material properties. There is a lack of integrated frameworks that examine how these variables interact to
influence the overall outcomes of hydraulic structures. To address this theoretical and methodological gap, the present
study adopts a systems-based theoretical approach, grounded in systems theory, which views infrastructure performance
as the product of multiple interdependent factors. This perspective enables a shift from evaluating individual material
metrics to understanding the broader systemic impact of sustainable material integration. By conceptualizing constructs
such as material characteristics, environmental impact, durability, and design performance as interrelated components
within a larger system, the study contributes a holistic framework for assessing the impact of waste composites on
hydraulic infrastructure.

3. Research Methodology

A gquantitative survey using PLS-SEM in SmartPLS 4.0 was adapted in this research in order to analyse the influence
of composites made out of waste on hydraulic structures. G*Power calculates a minimum sample size of 150, while in
practice 260 valid responses were collected from Chinese construction workers. Included in the methodology is the
development of instruments, structured data collection, and the rigorous analysis of the measurement and structural
models. Figure 1 is showing that research process is divided into two key stages: Data Development and Data Analysis.
This framework outlines the sequential steps from research design and survey construction to statistical data analysis
using PLS-SEM.

Data

Analysis
Stage

~

Research Design Selection |[--------r-m-rmmrommmnamarannnee :

\ J :
) |
Sample | :
Size Determination x
) ,
s Data Analysis
s ™ x
Instrument and Construet | :
Development

J

s R
Data Collection Survey — f-------x------=essemomoomoaaananoos :

J

Figure 1. Flow Chart of the Study
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3.1. Research Design

The present study is grounded in a systems-based theoretical approach that views the performance of hydraulic
structures as the outcome of interconnected latent constructs namely, material characteristics, durability, environmental
impact, structural performance, and the role of waste-based composites. This multidimensional framework is built upon
the premise that the integration of sustainable materials in construction impacts not just one but several performance
dimensions simultaneously. To operationalize this approach, the study employs Partial Least Squares Structural
Equation Modeling (PLS-SEM), a variance-based method suitable for complex predictive modeling involving latent
variables. The approach assumes a constructivist stance, where knowledge is generated through the evaluation of
observed indicators and their relationships within a conceptual model. This theoretical framing allows for a holistic and
data-driven exploration of how innovations in material science can influence long-term infrastructure outcomes, thereby
bridging the gap between fragmented material-level studies and the broader needs of sustainable hydraulic infrastructure
design.

In this research, quantitative research approach is adopted, in cross sectional survey design to determine the
relationship between the factors of material characteristic, structural performance, durability, and environmental impact
on the construction of hydraulic structures using waste-based composites to the sets of theories and already done
researches assembled [79]. The goal was to empirically test a hypothesized model through Structural Equation Modeling
(SEM), enabling the assessment of complex corelation among observed and latent variables [80].

The construct “Impact on Hydraulic Structures” was modelled as a distinct endogenous latent variable comprising
its own set of reflective indicators. It was designed to capture respondents’ perceptions of the overall effect of waste
composite materials on the structural integrity, operational performance, environmental contribution, and long-term
functionality of hydraulic infrastructure. While its variance is explained by the five predictor constructs (e.g., Material
Characteristics, Durability), it is not an aggregated score or composite index but a conceptually independent construct
validated through the measurement model.

3.2. Sample Size Determination

Power analysis for sample size was calculated using G*Power 3.1.9.7, an extensively used statistical tool for
determining the required sample size. With five predictors in the model, a minimum of 150 respondents had to be
according on a medium effect size (f2 = 0.15), substantial level of 0.05 and statistical power of 0.95 [81]. To increase
the statistical robustness of the study and the risk of sampling error, non-responses and data inconsistency the 600
questionnaires were filled. Of these, I received 260 valid responses, which is greater than the minimum threshold, and
thus | had high confidence in the generalizability and reliability of the model [82].

3.3. Study Area and Population

The target population included civil engineers, material specialists, site supervisors, project managers, and academic
researchers involved in sustainable and hydraulic construction practices [83]. Aiming and snowball sampling practices
were utilized to select the respondents in order to guarantee wholly only professionals with relevant expertise participate
[84].

3.4. Instrument and Construct Development

In designing the survey instrument, the study considered several widely used and emerging classes of waste
composites relevant to hydraulic and sustainable construction. These included plastic-based composites, fly ash, rubber
additives, recycled aggregates, and polymer-modified blends, as identified in the existing literature (e.g., [39, 67, 69,
70]). To ensure consistency in interpretation among respondents, each composite type was briefly described in the
introduction section of the questionnaire using real-world examples, allowing participants to associate the terms with
their professional experience. The respondents’ civil engineers, site supervisors, material specialists, and academics
were selected based on a minimum of three years of industry experience, ensuring adequate familiarity with construction
materials and techniques, including waste-based alternatives [85]. This approach ensured the reliability of responses by
bridging academic terminology with practical field understanding, thereby enhancing the construct validity of the data
collected on waste composites.

The constructs and indicators were initially derived through an extensive review of existing literature to ensure strong
theoretical grounding. Foundational studies guided the definition of the five core constructs: Waste Material
Characteristics, Design and Structural Performance, Durability, Environmental Impact, and Impact on Hydraulic
Structures. This approach is aligned with previous studies include [79, 86-89]. Each item was aligned with previous
empirical instruments used in similar contexts of sustainable construction and materials research [90]. To enhance
content validity and contextual relevance, the initial questionnaire draft was reviewed by 10 domain experts including
engineers, material scientists, and construction managers who provided input regarding clarity, relevance, and practical
applicability. Their feedback led to minor refinements in phrasing, ensuring that all indicators were both understandable
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and technically valid for this study’s application. In short research instrument was a structured questionnaire created
using a comprehensive analysis of literature that was in line with previous research [87]. The items appearing in the
questionnaire related to five constructs: (1) Waste Material Characteristics, (2) Design and Structural Performance, (3)
Durability, (4) Environmental Impact, and (5) Impact on Hydraulic Structures. The respondents agreed to each item
using a 5-point Likert scale (1 = Strongly Disagree to 5 = Strongly Agree). The instrument was pre-tested with 10
professionals to ensure clarity and reliability, and minor revisions were made accordingly [89].

3.5. Data Collection Procedure

Data were collected over a three-month period through both online emails and in-person methods [91]. Copies were
distributed in hard copy to construction firms and academic institution, a digital copy of the same was circulated using
emails and professional networks like LinkedIn and WhatsApp engineering groups plus primally emails [92]. Aim of
the research was briefed to participants and confidentiality of responses was assured. Respondents having minimum
three years’ experience in the development, building or other material-oriented fields in order to meet inclusion criteria.

3.6. Data Analysis

To verify the basic model and analyse the proposed hypotheses, data collected from 260 respondents were assessed
utilizing Partial Least Squares Structural Equation Modeling (PLS-SEM) via SmartPLS 4.0 [93]. This was accomplished
through two stages, namely measurement model evaluation and structural model evaluation. The advantage of this
approach provided the opportunity to thoroughly examine the latent constructs, their associations, as well as the
capability of the model to forecast [94].

It was first analysed to assess the accuracy and verification of the variables of the measurement model. In addition,
factor loadings, Cronbach’s alpha, composite reliability (CR) and average variance extracted (AVE), were all used to
assess convergent validity. It was confirmed that all item loadings lowest limit of 0.70, and hence indicators are adequate
[95]. Values of Cronbach’s alpha for all scales were above 0.70, which denotes that all of the scales possessed acceptable
internal consistency. Item composite reliability values fell among 0.866 and 0.920, exceeding the accepted criterion of
0.70. In addition, AVE values were more than 0.50 for all the constructs to indicate that substantial portion of variance
was explained by the construct’s vis-and-vis measurement error. The convergent validity of the model was collectively
ensured by these results [88].

Discriminant validity was analysed using three methods: Fornell-Larcker criterion, Heterotrait-Monotrait ratio
(HTMT), and cross-loading analysis. According to the Fornell-Larcker criterion, the square root of AVE for each
construct was more than its maximum corelation with any other construct, demonstrating adequate discriminant validity
[96]. The HTMT values for all the construct pairs confirmed that they were empirically distinct, since the values were
below the conservative threshold of 0.85. This was further supported by cross-loadings analysis where each indicator
loaded higher on the respective construct than other construct indicating the construct specific nature of the indicators.
The accuracy and effectiveness of the measurement model was validated through these assessments in order to assess
subsequent structural modeling.

Importance of the hypothesized corelation in the structural model assessment was tested using the bootstrapping
technique with 5,000 subsamples. The strength and the significance of each relationship were gauged through the
generation of path coefficients, t-statistics, and p-values. The path coefficients had statistically significant at p < 0.05
[97] thus, supporting all proposed hypotheses. For example, a t-statistic value of 12.800, a highly significant and strong
effect on material characteristics and impact on hydraulic structures, was achieved. Further, variance Inflation Factor
(VIF) values for all predictor constructs indicated that there were no concerns of multicollinearity in the model as all
VIF values were below a 3.3 [86].

The interrelationships among the latent variables are investigated using empirical correlation analysis. There was the
strongest positive correlation between material characteristics vs. environmental impact and environmental impact vs.
structural performance. Finally, these correlations gave preliminary evidence that linked up with the structural model's
hypothesized paths. Additionally, the R? values of the model were evidence of good explanatory power, with the
endogenous construct of ‘Impact on Hydraulic Structures’ having an R? value indicating that the five predictor constructs
explained a significant amount of variance. The robust statistical results stemming from combine measurement and the
structural models have verified the theoretical framework, and we empirically validate the hypotheses of the study.

4. Findings

The results of this research provide comprehensive observations in to the key elements affecting the impact of
hydraulic structures constructed using waste composites. All proposed hypotheses were supported, indicating
statistically significant relationships among the constructs.
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4.1. Demographic Details of Respondents

The demographic distribution in Table 3 reflects a well-rounded respondent pool with multidisciplinary expertise
relevant to hydraulic infrastructure. The predominance of participants from structural engineering, material science, and
sustainability backgrounds provides a strong basis for assessing technical insights on waste composite applications. The
high percentage of experienced professionals (over 78% with more than 5 years) ensures that responses are informed by
practical exposure and real-world challenges. Furthermore, the balanced representation across public, private, and
academic sectors introduces diverse perspectives on implementation feasibility, policy alignment, and innovation
readiness within the construction ecosystem.

Table 3 illustrates the respective details of the 260 surveyors who participated in the research. The sample was
predominantly male (81.5%), with the majority holding a Master’s degree (47.7%), after a Bachelor’s (42.3%) and PhD
qualifications (10%). Most respondents were aged between 30—39 years (45%), with 28.5% aged 20-29, 18.5% aged
40-49, and 8.1% above 50. Regarding professional roles, project managers (30%) and site engineers (26.2%) comprised
the largest groups, followed by material specialists (18.1%), academics (13.8%), and others (11.9%). Experience levels
were fairly balanced, with 40% having more than 10 years of experience, 38.1% with 610 years, and 21.9% with less
than 5 years. Respondents were mostly employed in private companies (51.2%), with the remainder from the public
sector (34.2%) and academia (14.6%). In terms of specialization, construction management (35%) and structural
engineering (26.9%) were the dominant fields, while material science (21.9%) and sustainability (16.2%) were also well
represented. These demographics indicate a well-distributed and professionally relevant sample, enhancing the
reliability and applicability of the study’s findings.

Table 3. Demographic details of respondents

Demographic

Aspect Category Number of Respondents  Frequency (%)
Male 212 815
Gender
Female 48 185
Bachelors 110 423
Education Level Masters 124 47.7
PhD 26 10
20-29 74 285
30-39 117 45
Age Group
40-49 48 185
50+ 21 8.1
Project Managers 78 30
Site Engineers 68 26.2
Job Role Material Specialists 47 18.1
Academics 36 13.8
Others 31 119
Less than 5 years 57 21.9
EI;:rrfeﬁie 6-10 years 99 381
More than 10 years 104 40
Public Sector 89 34.2
Organization Type Private Companies 133 51.2
Academia 38 14.6
Construction Management 91 35
Field of Structural Engineering 70 26.9
Specialization Material Science 57 219
Sustainability 42 16.2

4.2. Data Analysis

The data analysis involved a rigorous two-step process using PLS-SEM to assess the measurement and structural
models together. Reliability, convergent validity, and discriminant validity were confirmed through standard thresholds.
Bootstrapping and VIF analyses ensured the robustness of hypothesis testing and multicollinearity checks. The results
support the statistical soundness and predictive capability of the proposed framework.
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4.3. Measurement Valuation of Model

The convergent authenticity of the measurement model was confirmed through the evaluation of key pointers:
Cronbach’s alpha, complex reliability (both rho-A and rho-C), and Average Variance Extracted (AVE) shown in Table
4. With Cronbach's alpha values spanning from 0.791 to 0.883, all constructions showed excellent inner coherence.
(Material Characteristics), exceeding the acceptable minimum limit value of 0.70. Composite reliability values (rho-C)
for all variables were more than suggested minimum of 0.70, ranging from 0.830 to 0.920, indicating a high degree of
construct reliability. Moreover, all AVE values were well above the minimum acceptable level of 0.50, with the
exception of the construct “Impact on Hydraulic Structures” which recorded an AVE of 0.534, still within an acceptable
range for exploratory studies. These results collectively affirm that the items used in the measurement model converge
well to represent their respective constructs, thus establishing strong convergent validity.

Table 4 presents strong empirical support for convergent validity, demonstrating that the observed indicators reliably
measure their intended constructs. All constructs exhibit Cronbach’s alpha and composite reliability values well above
the threshold of 0.70, highlighting consistent internal cohesion and reliability in item responses. The AVE values, which
reflect the proportion of variance captured by the construct versus measurement error, are also satisfactory across all
constructs, confirming that the latent variables adequately explain their respective indicators. Even the lowest AVE
value (0.534 for “Impact on Hydraulic Structures”) remains acceptable in exploratory contexts, suggesting no immediate
concerns regarding indicator relevance or construct formulation. Collectively, these findings validate the robustness of
the measurement model and justify the inclusion of all constructs in the subsequent structural model assessment.

Table 4. Convergent validity analysis

Constructs Cronbach's alpha Compo(s:;z_r;;iability Compo(si:]eol_'giability 'zl(lf:aa(gzga(;i\?/rg;
Design and Structural Performance (DSP) 0.836 0.845 0.902 0.755
Durability (DUR) 0.845 0.877 0.909 0.772
Environmental Impact (ENV) 0.798 0.801 0.830 0.710
Impact on Hydraulic Structures 0.870 0.900 0.888 0.534
Material Characteristics (MC) 0.883 0.888 0.920 0.742
Waste Composites 0.791 0.811 0.866 0.764

Table 5 presents the Heterotrait-Monotrait (HTMT) ratios used to assess discriminant validity among the latent
constructs. All HTMT values fall well below the conservative threshold of 0.85, which indicates that the constructs are
empirically distinct and not conceptually redundant. The highest HTMT value observed is 0.479 between Waste
Composites and Material Characteristics, followed by 0.389 between Material Characteristics and Environmental
Impact, both of which remain within acceptable limits. Lower HTMT ratios such as 0.106 between Durability and
Design and Structural Performance, and 0.153 between Durability and Material Characteristics, further reinforce the
discriminant validity of the model. These findings confirm that constructs measure separate conceptual domains,
satisfying the HTMT criterion and aiding the overall reliability of the measurement model.

Table 5. HTMT based discriminant validity

Constructs (DSP) (DUR) ENV  (MC) Waste Composites
Design and Structural Performance (DSP)
Durability (DUR) 0.106
Environmental Impact (ENV) 0.219 0.228
Material Characteristics (MC) 0.263 0.153 0.389
Waste Composites 0.261 0.324 0.306  0.479

Table 5 validates the discriminant integrity of the constructs using the HTMT ratio, a stringent criterion for ensuring
that conceptually related constructs are statistically independent. The analysis reveals that all HTMT values remain well
below the critical threshold of 0.85, signifying low multicollinearity and adequate conceptual separation among
constructs. Particularly notable are the relatively low HTMT values across the board, which reinforce the uniqueness of
each construct within the model. The modest association between Waste Composites and Material Characteristics
(HTMT =0.479) likely reflects a natural alignment due to their contextual relationship but still falls within safe limits.
These results affirm that the constructs do not overlap in meaning and are suitable for further structural equation
modeling without risk of redundancy or construct contamination.

Figure 2 illustrates the structural model generated through PLS-SEM, showcasing the corelations between five key
linear constructs and their influence on the impact of hydraulic structures. Each construct is measured by multiple
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observed indicators with strong outer loadings (ranging from 0.716 to 0.940), all statistically relevant at p < 0.001,
indicating high indicator reliability. Material Characteristics (MC) emerged as the strongest predictor of impact ( =
0.574, p <0.001), followed by Environmental Impact (ENV) (B = 0.338, p <0.001), Waste Composites (f =0.204, p <
0.001), Durability (B = 0.179, p < 0.001), and Design and Structural Performance (DSP) (f = 0.163, p = 0.004). The
model clearly demonstrates statistically significant direct effects of all constructs on the relying variable, supporting
proposed hypotheses. The visual diagram also includes inner model relationships, with dashed lines indicating
insignificant paths, and presents the robustness of the measurement model with high path coefficients and validated
construct indicators.
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Figure 2. Measurement model indications

Table 6 shows the Fornell-Larcker criterion matrix, which analyses discriminant validity by by analysing the under
root of each construct's Average Variance Extracted (AVE) with its relationship with other constructs. The diagonal
values in the table show the under root of AVEs, and these are all more than the off-diagonal inter-construct correlations,
indicating strong discriminant validity. For example, the square root of AVE for Waste Composites is 0.874, which is
greater than its relationship with all related constructs, like Material Characteristics (0.373), Durability (0.251), and
Environmental Impact (0.195). just like this, the Design and Structural Performance (0.869), Durability (0.879),
Environmental Impact (0.842), and Material Characteristics (0.862) all show higher diagonal values than their
relationship with relate constructs. These results confirm that every construct is empirically direct and shares more
variance with its own pointers than with other latent variables in the model, thus meeting the Fornell-Larcker criterion
for discriminant validity.

Table 6. Fornell lacker criterion for discriminant validation

Constructs (DSP) (DUR) ENV  (MC) Waste Composites
Design and Structural Performance (DSP)  0.869
Durability (DUR) -0.086  0.879
Environmental Impact (ENV) 0.116 0.149 0.842
Material Characteristics (MC) 0.191 0.113 0.281 0.862
Waste Composites 0.198 0.251 0.195 0.373 0.874

Table 6 demonstrates that the Fornell-Larcker criterion has been successfully met, reinforcing the discriminant
validity of the model constructs. Each diagonal element, representing the square root of the AVE for a given construct,
exceeds its correlations with all other constructs in the matrix. This indicates that each latent variable is more strongly
associated with its own indicators than with those of any other construct. For instance, the Waste Composites construct
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displays a square root AVE of 0.874, which comfortably surpasses its inter-construct correlations, such as 0.373 with
Material Characteristics and 0.251 with Durability. This pattern holds consistently across the other constructs, including
Environmental Impact and Design and Structural Performance, confirming that the latent variables maintain sufficient
unigueness to be treated as distinct theoretical entities within the structural model.

Table 7 displays the cross-loading values of each indicator across all constructs, which serves as a critical test of
discriminant validity in the measurement model. According to accepted criteria, each indicator should load highest on
its assigned construct compared to any other construct. The results confirm this condition for all items. For instance,
DSP-4, DSP-3, and DSP-1 exhibit strong loadings on Design and Structural Performance (0.940, 0.861, and 0.801,
respectively), which are clearly higher than their loadings on other constructs. Similarly, DUR-3 and DUR-5 load highly
on Durability (0.958 and 0.942), ENV-1 and ENV-4 on Environmental Impact (both 0.842), and MC-1 through MC-4
show dominant loadings on Material Characteristics (ranging from 0.802 to 0.924). Waste Composite-1 and Waste
Composite-2 both show strong, equal loadings of 0.874 on their designated construct. In all cases, cross-loadings with
non-associated constructs remain significantly lower, providing strong evidence that each indicator distinctly measures
its intended latent variable. Thus, the cross-loading analysis supports the discriminant validity of the constructs in the
model.

Table 7. Cross loading analysis for validation

Variables (DSP) (DUR) (ENV) (MC)  Waste Composites
DSP-1 0.801 -0.101 0.033 0.359 0.221
DSP-3 0.861 -0.069 0.098 -0.020 0.068
DSP-4 0.940 -0.059 0.161 0.172 0.226
DUR-2 -0.071 0.716 0.216 0.191 0.153
DUR-3 -0.077 0.958 0.131 0.085 0.279
DUR-5 -0.080 0.942 0.070 0.047 0.218
ENV-1 0.043 0.179 0.842 0.205 0.178
ENV-4 0.152 0.072 0.842 0.269 0.151
MC-1 0.248 0.149 0.266 0.924 0.329
MC-2 0.140 0.112 0.251 0.823 0.354
MC-3 0.155 0.113 0.257 0.892 0.309
MC-4 0.104 0.006 0.193 0.802 0.294

Waste Composite-1 0.161 0.245 0.091 0.265 0.874
Waste Composite-2 0.186 0.195 0.251 0.387 0.874

Figure 3 illustrates the distribution pattern of the construct Design and Structural Performance (DSP) using a density
histogram overlaid with a normal distribution curve. The visual indicates a roughly bell-shaped and symmetric form
centered around the mean, suggesting that the data for DSP is approximately normally distributed. This supports the
suitability of the construct for further parametric analysis within the structural equation modeling framework.

Frequency

Density histrogram [] Normal distribution

Figure 3. Distribution pattern of the construct Design and Structural Performance
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Figure 4 displays the distribution pattern for the construct Durability (DUR), using a density histogram overlaid with
a normal distribution curve. The visual suggests a near-normal distribution, with a symmetrical shape and a peak around
the central values. This indicates that the data for Durability is suitably distributed for parametric statistical analysis,
reinforcing the reliability of this construct within the model.

14455

135

1ns

Frequency

M Density histrogram [7] Normal distribution

Figure 4. Distribution pattern for the construct Durability

Figure 5 illustrates the distribution of the construct Environmental Impact (ENV) through a density histogram
accompanied by a normal distribution curve. The shape of the histogram closely follows a bell curve, indicating a
relatively symmetric distribution around the mean. This suggests that the data for Environmental Impact meets the
assumption of approximate normality, allowing for valid interpretation in parametric structural modeling procedures.

Frequency

M Density histrogram [ Normal distribution

Figure 5. Distribution of the construct Environmental Impact

Figure 6 depicts the distribution of the construct Material Characteristics (MC) using a density histogram overlaid
with a normal distribution curve. The data appears to follow a symmetric, bell-shaped pattern concentrated around the
centre, indicating a near-normal distribution. This distributional structure confirms that the construct aligns well with
parametric assumptions, reinforcing the reliability and consistency of the measurement indicators used for Material
Characteristics.
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Figure 6. Distribution of the construct Material Characteristics

Figure 7 presents the distribution of the construct Waste Composites using a density histogram alongside a normal
distribution curve. The histogram reveals a symmetrical and well-centered bell shape, suggesting that the data
distribution approximates normality. This confirms the statistical suitability of the construct for use in further parametric

modeling and supports the validity of the measurement indicators used to capture perceptions related to waste composite
materials.
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Figure 7. Distribution of the construct Waste Composites

4.4. Structural Valuation of Model

Figure 8 presents the empirical correlation analysis using two visualizations: a heatmap matrix and a clustered
correlation plot. The heatmap on the left illustrates the power and orientation of correlations among all observed
variables across constructs, with values ranging from strong positive (yellow) to strong negative (dark purple). Indicators
within the same construct show high internal correlations, such as MC-1 to MC-4 and DUR-3 to DUR-5, confirming
internal consistency. The dendrogram-based clustered plot on the right group’s variables with similar correlation
patterns, visually emphasizing how items cluster naturally within their respective constructs. Notably, strong positive
correlations are observed among Material Characteristics and Waste Composites indicators, suggesting coherent patterns
in measurement. Overall, the correlation structures validate the theoretical grouping of indicators and support the
reliability of the construct measurements.
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Figure 8. Empirical correlation matrix analysis

Table 8 presents the collinearity statistics for the predictor constructs affecting Impact on Hydraulic Structures,
analysed utilizing Variance Inflation Factor (VIF) values. All VIF scores fall well below the conservative threshold of
3.3, indicating no multicollinearity concerns within the structural model. The VIF values range from 1.087 for Design
and Structural Performance (DSP) to 1.266 for Waste Composites, confirming that each construct contributes unique
explanatory power without inflating the standard errors of the regression coefficients. These results aids the stability and
reliability of the model’s estimations.

Table 8. Collinearity constructs (VIF)

Collinearity Constructs (VIF) Impact on Hydraulic

Structures
Design and Structural Performance (DSP) 1.087
Durability (DUR) 1.106
Environmental Impact (ENV) 1.114
Material Characteristics (MC) 1.242
Waste Composites 1.266

Table 8 confirms the absence of multicollinearity among predictor constructs influencing the Impact on Hydraulic
Structures, as evidenced by all Variance Inflation Factor (VIF) values remaining well below the acceptable ceiling of
3.3. This suggests that the independent variables are not overly correlated and contribute independently to the structural
equation model. The relatively tight VIF range from 1.087 to 1.266 indicates that the predictors introduce minimal
redundancy and allow for stable coefficient estimation. Importantly, the low VIF associated with Material
Characteristics and Waste Composites supports their conceptual distinction, even though they are thematically linked.
These findings enhance confidence in the model's robustness and signal that multicollinearity will not distort causal path
estimations.

Figure 9 illustrates the structural model highlighting the path corelation among the five predictor constructs and the
dependent variable Impact on Hydraulic Structures. All path coefficients are statistically significant at p < 0.01,
confirming the validity of the proposed hypotheses. Material Characteristics exerted the strongest influence ( = 0.568,
p = 0.000), followed by Environmental Impact (B = 0.353, p = 0.000), Design and Structural Performance ( =0.197, p
=0.000), Waste Composites (B = 0.196, p=0.000), and Durability (§ = 0.160, p = 0.005). The model visually reinforces
the direct contributions of each construct through standardized path coefficients and indicator loadings, providing clear
empirical support for the conceptual framework and its underlying relationships.
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Figure 9. Structural model analysis

Table 9 summarizes the results of hypothesis testing using bootstrapping with 5,000 resamples, revealing the strength
and importance of each path in the structural model. All hypothesized relationships were statistically significant, with
p-values below 0.01. Material Characteristics demonstrated the most substantial effect on Impact on Hydraulic
Structures (B = 0.568, t = 12.800), followed by Environmental Impact (p = 0.353, t = 8.390), Design and Structural
Performance (B =0.197, t=4.031), Waste Composites (= 0.196, t = 5.471), and Durability (fp = 0.160, t = 2.825). The
relatively high t-statistics and low standard deviations across all paths indicate robust estimates and strong empirical

support for the model's hypothesized relationships.

Table 9. Hypothetical evaluation of the study

Relationship Original Sample Standard deviation T statistics P
sample (O)  mean (M) (STDEV) (|O/STDEV]) values
Design and Structural Performance (DSP) — Impact on Hydraulic Structures 0.197 0.194 0.049 4.031 0.000
Durability (DUR) — Impact on Hydraulic Structures 0.160 0.158 0.057 2.825 0.005
Environmental Impact (ENV) — Impact on Hydraulic Structures 0.353 0.349 0.042 8.390 0.000
Material Characteristics (MC) — Impact on Hydraulic Structures 0.568 0.566 0.044 12.800 0.000
Waste Composites — Impact on Hydraulic Structures 0.196 0.194 0.036 5.471 0.000

4.5. Comparison of Results with Prior Research

Table 10 offers a structured comparison between the core findings of this research and relevant previous studies to
validate and contextualize the results. One of the principal findings of the current study is the significant influence of
material characteristics on both performance and environmental metrics of hydraulic structures. This aligns with recent
literature that highlights the growing use of plastic and rubber-based composites for improving structural resilience
while reducing carbon emissions. Similar conclusions were drawn by Soo et al. [98] and Saleeb et al. [99], reinforcing

the credibility of this study’s outcomes regarding material selection and sustainability impact.
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Table 10. Comparison of our research results with previous studies for validations

Key Finding Present Study Result Aligned/Contrasted Findings from Literature Reference

Significantly influence performance and  Similar positive influence reported for plastic and rubber [98, 99]

Material Characteristics Impact ] - - L L .
P environmental metrics of hydraulic structures composites in structural resilience and carbon reduction

Durability mediates the link between material ~ Confirmed in prior studies assessing recycled aggregates and

Durability as Mediator properties and impact outcomes fiber-reinforced composites (100, 101]
Crvonmena Congertors - SOUTITEE pronce i o gt fenfocse Mere engnesiing caton G 1 10
Wasto Compost iy Juele | GOV e sl Supord by st gy s ke, ey 10
SEM Framework Use SEM applied to assess causal relations among  Limited previous use in hydraulic structure studies; novelty lies [105]

constructs in multi-construct integration

Another key insight involves the mediating role of durability, where it was found to bridge material properties and
the overall impact on hydraulic systems. This mirrors earlier research by Lesovik et al. [100] and Roy et al. [101], which
noted that enhanced durability through recycled materials contributes to better lifecycle performance. The study also
emphasizes environmental considerations as a decisive factor in material evaluation. These findings are consistent with
sustainability-focused studies that underscore the relevance of lifecycle assessment and carbon footprint in infrastructure
design decisions, including those by Rahman & Maniruzzaman [102] and VVoronkova et al. [103].

Furthermore, the present study's results support the effectiveness of waste composites, including fly ash, rubber, and
plastic-based materials, in enhancing the structural integrity and ecological efficiency of hydraulic infrastructure. This
is corroborated by Kenkel & Uitermarkt [4] and Ekka et al. [104]. A unique aspect of this research lies in its application
of Structural Equation Modeling (SEM) to analyze causal relationships among key constructs—an approach rarely
employed in previous studies focusing on hydraulic structures. The integration of SEM not only strengthens the
analytical depth but also adds a novel methodological contribution to the field, as indicated by recent advanced modeling
applications in construction materials research [102, 103].

5. Discussion

This research focuses on analysing the impacts of various elements—including design and structural performance,
durability, environmental impact, material characteristics, and waste composites on the overall impact of hydraulic
structures. Using PLS-SEM analysis on data collected from 260 professionals, all proposed hypotheses were supported,
confirming the theoretical framework's robustness. The constructs demonstrated strong internal reliability and predictive
validity, reinforcing their relevance in the context of sustainable infrastructure. The empirical evidence provided by this
research adds to in depth knowledge of how waste-based construction materials can improve the long-term effectiveness
of hydraulic structures.

The hypothesis that DSP significantly influences hydraulic structures was supported (f = 0.197, p < 0.001). This
results corelates with prior studies indicating that superior structural design enhances load distribution, integrity, and
operational lifespan in water-based infrastructures. Studies by Lee et al. (2002) [106] and Taranu et al. (2013) [44]
similarly emphasized that well-engineered composite designs directly affect system resilience, especially in
environments subjected to hydraulic pressure variations.

Durability also showed a positive and visible impact (B = 0.160, p = 0.005), confirming that long-lasting materials
contribute to structural reliability and reduced maintenance. These findings are concurrent with results by Chou et al.
(2012) [48] and Hagen et al. (2009) [47], who highlighted that materials resistant to chemical degradation and freeze-
thaw cycles have a crucial part in the life-cycle performance of hydraulic installations.

Environmental Impact emerged as a strong predictor (f = 0.353, p < 0.001), suggesting that eco-friendly material
choices not only benefit the environment but also improve overall project outcomes. This supports prior studies {e-g=
Mehraein et al. (2020) [58]; Pereira et al. (2020) [107]) which indicated that the integration of low-carbon, recyclable
materials enhances sustainability performance while maintaining structural efficiency.

Material Characteristics was the influential factor of all (B = 0.568, p < 0.001), demonstrating that the physical and
mechanical characteristics of waste composites—Iike ductility, resistance to water, along bonding ability—are crucial
determinants of structural success. This result aligns with Walker & Thies (2022) [72], who emphasized the role of
advanced composite behavior in shaping infrastructure outcomes.

The latent impact of Waste Composites was also major ( = 0.196, p < 0.001), validating their practical utility as a
sustainable construction material. This finding echoes earlier works by Sulaiman et al. (2023) [69], which showed that
recycled waste materials can provide both environmental and engineering advantages when properly integrated into
infrastructure projects.
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The study offers strong empirical support for the use of waste-based compaosites in hydraulic construction. Among
all factors, Material Characteristics and Environmental Impact had the most pronounced effects, indicating the need for
careful material selection and environmental evaluation in the design phase. These insights advance the theoretical and
practical understanding of sustainable construction and offers action taking guidance for engineers and policymakers
searching to optimize the performance of hydraulic structures using eco-innovative materials.

6. Implications of the Study

This study offers multiple implications across theoretical, practical, managerial, and policy dimensions, contributing
meaningfully to both academic literature and real-world practice in the domain of sustainable hydraulic infrastructure.

6.1. Theoretical Implications

The findings provide empirical validation of a comprehensive model that integrates material characteristics,
structural performance, durability, environmental impact, and the role of waste composites. By applying Structural
Equation Modeling (PLS-SEM), the research adds to the idea and knowledge of how these variables interact to influence
the ability of hydraulic structures. This contributes in filling the voids among sustainability-focused material knowledge
and infrastructure performance Modeling, offering a replicable framework for future researchers.

6.2. Practical Implications

From an engineering and construction standpoint, the results highlight the practical viability of using waste-based
composite materials in hydraulic applications. The significant impact of material characteristics and environmental
factors suggests that project stakeholders must give priority when choosing the materials not only according to strength
and durability but also environmental performance. These insights can support engineers and project designers in
adopting more sustainable construction practices without compromising on quality or structural integrity.

While this study emphasized structural, environmental, and material performance, the importance of economic
feasibility in material adoption decisions cannot be overstated. In practical construction settings, the selection of waste-
based composites often hinges on their cost-effectiveness, availability, and long-term financial benefits. Although
economic variables were not modelled in this study, future research should explore cost-performance trade-offs by
integrating constructs such as life cycle cost (LCC), procurement challenges, and return on investment (ROI). This
would enable a more financially grounded assessment framework, enhancing the practical utility of waste composite
applications in hydraulic infrastructure development.

The authors also recognize the value of real-time performance monitoring to validate and enhance the use of waste
composites in hydraulic structures. Future studies are envisioned to incorporate sensor-based systems that measure
strain, durability factors, and environmental conditions over time. These sensors can be integrated into the structural
elements to capture live data streams, which can then be processed within a digital twin environment. Digital twins—
virtual replicas of physical infrastructure would allow for predictive performance modeling, early fault detection, and
lifecycle optimization. This technological integration would complement the survey-based insights by offering
continuous empirical validation of material behavior under real-world operational stresses.

6.3. Managerial Implications

For construction managers and decision-makers, the study underscores the importance of investing in materials that
exhibit strong performance across multiple dimensions. The demonstrated influence of environmental impact and
durability on infrastructure outcomes suggests that lifecycle assessments should be embedded into material procurement
and planning decisions. Managers should also ensure continuous training and awareness among technical teams
regarding the benefits and performance metrics of sustainable materials.

6.4. Policy Implications

At the policy level, the strong empirical evidence supporting the benefits of waste composites provides justification
for integrating these materials into public infrastructure guidelines and building codes. Policymakers may consider
creating incentive programs or regulations that promote the adoption of eco-efficient construction materials, especially
in water infrastructure projects. Additionally, standards for the evaluation of material characteristics—such as
recyclability, environmental safety, and mechanical resilience—should be updated to align with emerging sustainable
technologies.

In summary, the study supports a multidimensional shift in how materials are selected, assessed, and implemented
in hydraulic infrastructure encouraging a transition from conventional practices to sustainability-driven decision-making
grounded in data and proven performance.
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7. Conclusion

This study provides a holistic analysis of the critical factors influencing the impact of hydraulic structures when
constructed using waste-based composite materials. Drawing insights from 260 professionals across construction,
material science, and sustainability domains, and applying Partial Least Squares Structural Equation Modeling (PLS-
SEM), the research confirms the strong influence of five key constructs: design performance, durability, environmental
impact, material characteristics, and composite waste utilization. Notably, material characteristics and environmental
considerations emerged as the most dominant predictors, reinforcing the necessity for engineers and decision-makers to
prioritize both structural integrity and sustainability in infrastructure planning. These findings reflect a growing trend
toward integrated material evaluation that supports both functional performance and environmental responsibility.

The validated model contributes valuable empirical evidence supporting the adoption of waste composites in
sustainable construction. By uncovering statistically significant interrelations among core sustainability indicators, the
study offers actionable insights for industry stakeholders. In doing so, it highlights the transformative potential of
recycled materials such as fly ash, rubber, and plastics to enhance the performance and lifecycle quality of water
infrastructure systems. Ultimately, the research calls for a paradigm shift in materials selection from narrow, traditional
metrics to a comprehensive framework that includes structural, environmental, and long-term viability assessments.
These insights pave the way for innovation in green construction technologies and set a foundation for future research
focused on real-time performance monitoring and cost-effectiveness of sustainable composites in hydraulic applications.

7.1. Limitations and Future Directions

Despite the robustness of the methodology and statistical analysis, this study is subject to many shortcomings
Initially, the research was geographically limited to key cities within china, that doesn’t completely illustrate the
divergent nature of construction practices, environmental regulations, or material availability in other regions or
countries. As such, the findings should be interpreted with caution when applied to broader or global contexts.
Secondary, the research is based on self-reported sets of data, gathered through structured questionnaires, that may lead
to social wishes bias or perceptual inaccuracies, especially when respondents estimate the long-term impact or
environmental performance of materials. Third, the constructs were assessed cross-sectionally, limiting the ability to
observe changes or causal effects over time. Fourth, while the model included five critical constructs, other potentially
influential factors such as cost-efficiency, regulatory barriers, or organizational readiness were not addressed. Lastly,
the study focused solely on hydraulic structures; hence, generalization to other types of infrastructure (e.g., roads,
bridges, or buildings) should be made cautiously.

Building on the insights from this study, future research can be expanded in several meaningful directions. First,
comparative studies across different countries or regions especially those with contrasting climates, construction
standards, or regulatory environments can increase the outer validation of model. Second, incorporating a longitudinal
research design would allow for the assessment of changes in material performance and stakeholder perceptions over
the life cycle of hydraulic structures, providing a deeper understanding of long-term sustainability. Third, future studies
could integrate actual field performance data, such as sensor-based monitoring or degradation testing, to complement
perception-based responses and reduce potential bias. Fourth, researchers may expand the current model by including
additional constructs such as economic feasibility, government incentives, stakeholder resistance, or digital technologies
(e.g., BIM or 10T integration) to offer a more holistic framework. Lastly, the methodology can be extended to other
types of infrastructure projects, such as flood control systems, wastewater treatment plants, or green stormwater
management, to evaluate the broader applicability and benefits of waste composites in sustainable construction.

Furthermore, while the study sample encompassed professionals involved in a wide range of hydraulic infrastructure
projects such as dams, irrigation channels, and flood management systems, sectoral distinctions (e.g., hydropower vs.
irrigation) and regional differences were not explicitly coded or analyzed in the structural model. As such, potential
variations in perception or applicability of waste composites across infrastructure types were not statistically tested.
Future research should consider incorporating sectoral and geographic variables into the research design to enable
multigroup analysis or moderation testing, which could reveal critical differences in material performance expectations
and adoption barriers across various hydraulic domains.

8. Declarations
8.1. Author Contributions

Conceptualization, M.U.G. and Z.Y.; methodology, M.U.G.; software, M.U.G.; validation, M.U.G., Z.Y., and K. A ;
formal analysis, M.U.G.; investigation, M.U.G.; resources, Z.Y.; data curation, M.U.G.; writing—original draft
preparation, M.U.G.; writing—review and editing, B.N.K.R. and Z.Y.; visualization, M.U.G.; supervision, Z.Y.; project
administration, Z.Y.; funding acquisition, K.A. All authors have read and agreed to the published version of the
manuscript.

2553



Civil Engineering Journal Vol. 11, No. 06, June, 2025

8.2. Data Availability Statement

The data presented in this study are available on request from the corresponding author.

8.3. Funding

The authors received no financial support for the research, authorship, and/or publication of this article.

8.4. Conflicts of Interest

The authors declare no conflict of interest.

9. References

[1] Cui, L., Weng, S., Nadeem, A. M., Rafique, M. Z., & Shahzad, U. (2022). Exploring the role of renewable energy, urbanization
and structural change for environmental sustainability: Comparative analysis for practical implications. Renewable Energy, 184,
215-224. d0i:10.1016/j.renene.2021.11.075.

[2] Kapucu, N., Ge, Y., Rott, E., & Isgandar, H. (2024). Urban resilience: Multidimensional perspectives, challenges and prospects
for future research. Urban Governance, 1-18. doi:10.1016/j.ugj.2024.09.003.

[3] Akhnoukh, A. K. (2020). Advantages of Contour Crafting in Construction Applications. Recent Patents on Engineering, 15(3),
294-300. d0i:10.2174/1872212114666200218111631.

[4] Kenkel, B., & Uitermarkt, D. (2017). E80/H20-Rated structural culvert point repair for railroads and highways. NASTT’s No-
Dig Show and ISTT’s 35th International No-Dig, 9-13 April, Washington, United States.

[5] Fahad, M., Mohamad, H. M., Sulaiman, M. F., & Suro, S. M. (2024). The Ramifications of Poor Communication in Construction
Projects: Unraveling Complex Litigation and Arbitration. Journal of Human, Earth, and Future, 5(4), 704-719. doi:10.28991/HEF-
2024-05-04-012.

[6] Liu, D., Chen, J., Hu, D., & Zhang, Z. (2019). Dynamic BIM-augmented UAV safety inspection for water diversion project.
Computers in Industry, 108, 163—-177. doi:10.1016/j.compind.2019.03.004.

[7] Legge, K. R. (2016). Composite Filters of Geotextiles and Natural Materials for Critical Applications in Dam Engineering.
Geosynthetics, Forging a Path to Bona Fide Engineering Materials, 326-331. d0i:10.1061/9780784480182.029.

[8] Zakka, W. P., Abdul Shukor Lim, N. H., & Chau Khun, M. (2021). A scientometric review of geopolymer concrete. Journal of
Cleaner Production, 280, 124353. doi:10.1016/j.jclepro.2020.124353.

[9] Szolomicki, J., & Golasz-Szolomicka, H. (2019). Technological Advances and Trends in Modern High-Rise Buildings. Buildings,
9(9), 193. doi:10.3390/buildings9090193.

[10] Shahrubudin, N., Koshy, P., Alipal, J., Kadir, M. H. A., & Lee, T. C. (2020). Challenges of 3D printing technology for
manufacturing biomedical products: A case study of Malaysian manufacturing firms. Heliyon, 6(4), e03734.
doi:10.1016/j.heliyon.2020.e03734.

[11] Su, J. feng, Gao, J., Huang, T. lin, & Zhang, Y. ming. (2020). Simultaneous nitrate, nickel ions and phosphorus removal in a
bioreactor containing a novel composite material. Bioresource Technology, 305. doi:10.1016/j.biortech.2020.123081.

[12] Ortega, A. D., Rodriguez, J. P., & Bharati, L. (2023). Building flood-resilient cities by promoting SUDS adoption: A multi-
sector analysis of barriers and benefits in Bogotd, Colombia. International Journal of Disaster Risk Reduction, 88.
doi:10.1016/j.ijdrr.2023.103621.

[13] Davies, T., Pierce, W., & Conner, N. (2024). Affecting the Grand Trifecta—Integration of Condition Assessment Program to
Launch Multi-Billion Dollar Capital Improvement Program Updates. Pipelines 2024, 57—64. doi:10.1061/9780784485583.007.

[14] Marathe, S., Nieswiec, M., & Gronostajska, B. (2024). Alkali-Activated Permeable Concretes with Agro-Industrial Wastes for
a Sustainable Built Environment. Materials, 18(1), 87. doi:10.3390/ma18010087.

[15] ljaz, N., Dai, F., Meng, L., Rehman, Z. ur, & Zhang, H. (2020). Integrating lignosulphonate and hydrated lime for the
amelioration of expansive soil: A sustainable waste solution. Journal of Cleaner Production, 254.
doi:10.1016/j.jclepro.2020.119985.

[16] Niu, J., Li, Z., Yang, H., Ye, C., Chen, C., Li, D., Xu, J., & Fan, L. (2016). A water resistant solid-phase microextraction fiber
with high selectivity prepared by a metal organic framework with perfluorinated pores. Journal of Chromatography A, 1441,
16-23. d0i:10.1016/j.chroma.2016.02.076.

[17] Hair, J. F., Risher, J. J., Sarstedt, M., & Ringle, C. M. (2019). When to use and how to report the results of PLS-SEM. European
Business Review, 31(1), 2—-24. doi:10.1108/EBR-11-2018-0203.

2554



Civil Engineering Journal Vol. 11, No. 06, June, 2025

[18] Sarstedt, M., Ringle, C. M., & Hair, J. F. (2022). Partial Least Squares Structural Equation Modeling. Handbook of Market
Research. Springer, Cham, Switzerland. doi:10.1007/978-3-319-57413-4_15.

[19] Weber-Lewerenz, B. (2021). Corporate digital responsibility (CDR) in construction engineering—ethical guidelines for the
application of digital transformation and artificial intelligence (Al) in user practice. SN Applied Sciences, 3, 1-25.
doi:10.1007/s42452-021-04776-1.

[20] Aiman, M. S., Othman, I., Wagar, A., Sor, N. H., Isleem, H. F., Najm, H. M., Benjeddou, O., & Sabri, M. M. S. (2024).
Geopolymers: Enhancing Environmental Safety and Sustainability in Construction. Civil Engineering Journal (Iran), 10(10),
3350-3369. doi:10.28991/CEJ-2024-010-10-015.

[21] Ghani, M. U., Sun, B., Houda, M., Zeng, S., khan, M. B., EI-Din, H. M. S., Wagqar, A., & Benjeddou, O. (2024). Mechanical
and environmental evaluation of PET plastic-graphene nano platelets concrete mixes for sustainable construction. Results in
Engineering, 21. doi:10.1016/j.rineng.2024.101825.

[22] Kong, Y., Zhang, X., Zhang, L., Xu, J., Ji, W., Pan, L., Lu, R, Zuo, J., Ma, X., & Ma, S. (2024). Investigation on utilization and
microstructure of fine iron tailing slag in road subbase construction. Construction and Building Materials, 447.
doi:10.1016/j.conbuildmat.2024.138019.

[23] H., Zou, S., Liu, T., Wang, S., Zou, J., Zhang, X., Liu, L., Bai, C., & Zhang, G. (2022). Research on a Composite Biomass
Insulation Material with Geopolymers as Binders and Forestry Waste as Fillers. Journal of Thermal Science, 31(2), 590-605.
doi:10.1007/s11630-020-1387-y.

[24] Jones, J., Chang, N. Bin, & Wanielista, M. P. (2015). Reliability analysis of nutrient removal from stormwater runoff with green
sorption media under varying influent conditions. Science of the Total Environment, 502, 434-447.
doi:10.1016/j.scitotenv.2014.09.016.

[25] Kadja, G. T. M., Fabiani, V. A., Aziz, M. H., Fajar, A. T. N., Prasetyo, A., Suendo, V., Ng, E. P., & Mukti, R. R. (2017). The
effect of structural properties of natural silica precursors in the mesoporogen-free synthesis of hierarchical ZSM-5 below 100
°C. Advanced Powder Technology, 28(2), 443-452. d0i:10.1016/j.apt.2016.10.017.

[26] Wang, S., Zhang, J., Ma, K., Zhang, W., Gao, Y., Yu, P., ... & Guo, K. (2024). Design and optimization of novel vortex
microreactors for ultrasound-assisted synthesis of high-performance Fe304 nanoparticles. Chemical Engineering Journal, 501,
157672. doi:10.1016/j.cej.2024.157672.

[27] Zoqi, M. J., Doosti, M. R., & lzadi, S. (2024). Degradation of direct red 23 dye in a plug flow reactor with adjustable angle
baffles using nano-Fe304: modelling and optimisation. Environmental Technology (United Kingdom), 45(27), 5878-5898.
doi:10.1080/09593330.2024.2310525.

[28] Pytharouli, S. I., Lunn, R. J., Shipton, Z. K., Kirkpatrick, J. D., & Do Nascimento, A. F. (2011). Microseismicity illuminates
open fractures in the shallow crust. Geophysical Research Letters, 38(2), 1-5. doi:10.1029/2010GL045875.

[29] Zvironaité, J., Pundiené, 1., Gaiduéis, S., & Kizinievi¢, V. (2012). Effect of different pozzolana on hardening process and
properties of hydraulic binder based on natural anhydrite. Journal of Civil Engineering and Management, 18(4), 530-536.
doi:10.3846/13923730.2012.702126.

[30] Hui-ming, T. A. N., & Han-long, L. I. U. (2008). Theoretical analysis of combined action of cushion and embankment fills in
pile-supported embankment. Rock and Soil Mechanics, 29(8), 2271-2276.

[31] Trautvain, A. I., & Yadykina, V. V. (2024). Reducing the environmental burden during the reconstruction of highways by
extending their life cycle. BIO Web of Conferences, 103, 00040. doi:10.1051/bioconf/202410300040.

[32] Devkota, P., & Park, J. (2019). Analytical model for air flow into cracked concrete structures for super-speed tube transport
systems. Infrastructures, 4(4), 76. doi:10.3390/infrastructures4040076.

[33] Moroni, M., La Marca, F., Cherubini, L., & Cenedese, A. (2013). Recovering plastics via the hydraulic separator multidune:
Flow analysis and efficiency tests. International Journal of Environmental Research, 7(1), 113-130.

[34] Melchior, S., Sokollek, V., Berger, K., Vielhaber, B., & Steinert, B. (2010). Results from 18 Years of In Situ Performance
Testing of Landfill Cover Systems in Germany. Journal of Environmental Engineering, 136(8), 815-823.
doi:10.1061/(asce)ee.1943-7870.0000200.

[35] Acikel, A. S., Singh, R. M., Bouazza, A., Gates, W. P., & Rowe, R. K. (2011). Water retention behaviour of unsaturated
geosynthetic clay liners. Proceedings of 13th international conference of the International Association for Computer Methods
and Advances in Geomechanics, 9-11 May, 2011, Melbourne, Australia.

[36] Matamoros, V., Garcia, J., & Bayona, J. M. (2005). Behavior of selected pharmaceuticals in subsurface flow constructed
wetlands: A pilot-scale study. Environmental Science and Technology, 39(14), 5449-5454. doi:10.1021/es050022r.

2555



Civil Engineering Journal Vol. 11, No. 06, June, 2025

[37] Beyer, C., Konrad, W., Rugner, H., Bauer, S., Liedl, R., & Grathwohl, P. (2009). Model-based prediction of long-term leaching
of contaminants from secondary materials in road constructions and noise protection dams. Waste Management, 29(2), 839—
850. doi:10.1016/j.wasman.2008.06.025.

[38] Garbarczyk, J., Paukszta, D., & Borysiak, S. (2004). Composites of polypropylene with waste flax and hemp fibres. REWAS’04
- Global Symposium on Recycling, Waste Treatment and Clean Technology, 26-29 September, 2004, Madrid, Spain.

[39] Benazzouk, A., Douzane, O., Langlet, T., Mezreb, K., Roucoult, J. M., & Quéneudec, M. (2007). Physico-mechanical properties
and water absorption of cement composite containing shredded rubber wastes. Cement and Concrete Composites, 29(10), 732—
740. doi:10.1016/j.cemconcomp.2007.07.001.

[40] Balzannikov, M. 1., & Mikhasek, A. A. (2014). The Use of Modified Composite Materials in Building Hydraulic Engineering
Structures. Procedia Engineering, 91, 183-187. doi:10.1016/j.proeng.2014.12.043.

[41] Scalia, J., & Benson, C. H. (2011). Hydraulic Conductivity of Geosynthetic Clay Liners Exhumed from Landfill Final Covers
with Composite Barriers. Journal of Geotechnical and Geoenvironmental Engineering, 137(1), 1-13. doi:10.1061/(asce)gt.1943-
5606.0000407.

[42] Mitchell, J. K. (2009). Geotechnical Surprises—Or Are They? Journal of Geotechnical and Geoenvironmental Engineering,
135(8), 998-1010. doi:10.1061/(asce)gt.1943-5606.0000040.

[43] Jeon, H. Y., Kim, S. H., Chung, Y. I, Park, Y. M., & Chung, C. G. (2004). Analysis of the drainage performance of geotextile
composites under confined loads. Polymer Testing, 23(2), 239-244. doi:10.1016/S0142-9418(03)00100-4.

[44] Taranu, G., Lungu, I., Taranu, N., & Budescu, M. (2013). Mechanical Characteristics of Glass Fibre Reinforced Composites
with Cement and Recycled Anhydrite Matrix. Revista Romana de Materiale, 43(2), 139. (In Romanian).

[45] Spadaro, P. A., Templeton, D. W., Hartman, G. L., & Wang, T. S. (1993). Predicting Water Quality during Dredging and
Disposal of Contaminated Sediments from the Sitcum Waterway in Commencement Bay, Washington, USA. Water Science and
Technology, 28(8-9), 237-254. doi:10.2166/wst.1993.0623.

[46] Phillips, A. L., & Wert, K. L. (2000). Loop Heat pipe Anti Icing System Development Program Summary. SAE Technical Paper
Series, 1-9. doi:10.4271/2000-01-2493.

[47] Hagen, L. J., Schroeder, P. R., & Thai, L. (2009). Estimated particulate emissions by wind erosion from the Indiana Harbor
confined disposal facility. Practice Periodical of Hazardous, Toxic, and Radioactive Waste Management, 13(1), 20-28.
doi:10.1061/(ASCE)1090-025X(2009)13:1(20).

[48] Chou, S., Wang, R., Shi, L., She, Q., Tang, C., & Fane, A. G. (2012). Thin-film composite hollow fiber membranes for pressure
retarded osmosis (PRO) process with high power density. Journal of Membrane Science, 389, 25-33.
d0i:10.1016/j.memsci.2011.10.002.

[49] Allan, M. L., & Kukacka, L. E. (1995). Permeability of microcracked fibre-reinforced containment barriers. Waste Management,
15(2), 171-177. doi:10.1016/0956-053X(95)00011-N.

[50] Chatterjee, S., Chattopadhyay, B., & Mukhopadhyay, S. K. (2010). Monitoring waste metal pollution at Ganga Estuary via the
East Calcutta Wetland areas. Environmental Monitoring and Assessment, 170(1-4), 23-31. doi:10.1007/s10661-009-1211-3.

[51] Wallenberger, F.T. (2010). Commercial and Experimental Glass Fibers. Fiberglass and Glass Technology, Springer, Boston,
United States. doi:10.1007/978-1-4419-0736-3_1.

[52] Aydinli, B., & Caglar, A. (2010). The comparison of hazelnut shell co-pyrolysis with polyethylene oxide and previous ultra-
high molecular weight polyethylene. Journal of Analytical and Applied Pyrolysis, 87(2), 263-268.
doi:10.1016/j.jaap.2010.01.006.

[53] Souza, A. C., Pereira, M. F., & Mossin, L. C. (2021). Thermal and mechanical characterization of blindex glass powder residue®
for the production of ecological coating. Journal of Materials Research and Technology, 12, 1794-1803.
d0i:10.1016/j.jmrt.2021.03.099.

[54] Rodier, L., & Savastano Jr, H. (2018). Use of glass powder residue for the elaboration of eco-efficient cementitious materials.
Journal of Cleaner Production, 184, 333-341. doi:10.1016/j.jclepro.2018.02.269.

[55] Rehman, Z. ur, ljaz, N., Ye, W., & ljaz, Z. (2023). Design optimization and statistical modeling of recycled waste-based additive
for a variety of construction scenarios on heaving ground. Environmental Science and Pollution Research, 30(14), 39783-39802.
doi:10.1007/s11356-022-24853-1.

[56] Yang, L., Jin, X., Hu, Y., Zhang, M., Wang, H., Jia, Q., & Yang, Y. (2024). Technical structure and influencing factors of
nitrogen and phosphorus removal in constructed wetlands. Water Science and Technology, 89(2), 271-289.
doi:10.2166/wst.2023.414.

2556



Civil Engineering Journal Vol. 11, No. 06, June, 2025

[57] Cui, H., Feng, Y., Lu, W., Wang, L., Li, H., Teng, Y., Bai, Y., Qu, K., Song, Y., & Cui, Z. (2024). Effect of hydraulic retention
time on denitrification performance and microbial communities of solid-phase denitrifying reactors using
polycaprolactone/corncob composite. Marine Pollution Bulletin, 205. doi:10.1016/j.marpolbul.2024.116559.

[58] Mehraein, M., Torabi, M., Sangsefidi, Y., & MacVicar, B. (2020). Numerical simulation of free flow through side orifice in a
circular  open-channel using response surface method. Flow Measurement and Instrumentation, 76.
doi:10.1016/j.flowmeasinst.2020.101825.

[59] Powezka, A., Ogrodnik, P., Szulej, J., & Pecio, M. (2021). Glass cullet as additive to new sustainable composites based on
alumina binder. Energies, 14(12), 3423. doi:10.3390/en14123423.

[60] Yao, J., Li, W., Ou, D., Lei, L., Asif, M., & Liu, Y. (2021). Performance and granular characteristics of salt-tolerant aerobic
granular reactors response to multiple hypersaline wastewaters. Chemosphere, 265. doi:10.1016/j.chemosphere.2020.129170.

[61] ljaz, N., Rehman, Z. ur, & ljaz, Z. (2022). Recycling of paper/wood industry waste for hydromechanical stability of expansive
soils: A novel approach. Journal of Cleaner Production, 348. doi:10.1016/j.jclepro.2022.131345.

[62] Zoveidavianpoor, M., & Gharibi, A. (2016). Characterization of agro-waste resources for potential use as proppant in hydraulic
fracturing. Journal of Natural Gas Science and Engineering, 36, 679-691. doi:10.1016/j.jngse.2016.10.045.

[63] Li, X., Sun, R., Wang, D., Fang, K., Wang, J., Duan, K., & Yang, B. (2024). Insights into the acid-modification on magnesium
slag and its effects on cement-magnesium slag composite cementitious material. Construction and Building Materials, 449.
doi:10.1016/j.conbuildmat.2024.138445.

[64] Slavcheva, G. S., Baidzhanov, D. O., Khan, M. A., Shvedova, M. A., & Imanov, Y. K. (2019). Clinkerless slag-silica binder:
Hydration process and hardening kinetics. Magazine of Civil Engineering, 92(8), 96—-105. doi:10.18720/MCE.92.8.

[65] Mubarak, M. F., Zayed, M. A., Nafady, A., & Shahawy, A. E. L. (2021). Fabrication of Hybrid Materials Based on Waste
Polyethylene/Porous Activated Metakaolinite Nanocomposite as an Efficient Membrane for Heavy Metal Desalination
Processes. Adsorption Science and Technology, 2021. doi:10.1155/2021/6695398.

[66] Abdulhassan, N. A., Hilo, A. N., Abid, S. R., Al-Ghasham, T. S., & Cheyad, S. M. (2023). Underwater surface abrasion of
conventional and geopolymer concrete using the ASTM C1138 approach. Journal of Materials Research and Technology, 25,
2556-2569. doi:10.1016/j.jmrt.2023.06.127.

[67] Hanif, A., Lu, Z., Sun, M., Parthasarathy, P., & Li, Z. (2017). Green lightweight ferrocement incorporating fly ash cenosphere
based fibrous mortar matrix. Journal of Cleaner Production, 159, 326—335. doi:10.1016/j.jclepro.2017.05.079.

[68] Estokova, A., Figmig, R., & Galanova, N. (2022). Cement Composites with Waste Incorporation Under Acid Rain Attack.
Detritus, 18, 24-34. d0i:10.31025/2611-4135/2022.15167.

[69] Sulaiman, M., Rabbani, F. A., Igbal, T., Riaz, F., Raashid, M., Ullah, N., Yasin, S., Fouad, Y., Abbas, M. M., & Kalam, M. A.
(2023). Development and Characterization of Polymeric Composites Reinforced with Lignocellulosic Wastes for Packaging
Applications. Sustainability (Switzerland), 15(13). doi:10.3390/su151310161.

[70] Chen, Y., Glaus, M. A., Van Loon, L. R., & Mdder, U. (2018). Transport behaviour of low molecular weight organic compounds
in multi-mineral clay systems. A comparison between measured and predicted values. Applied Clay Science, 165, 247-256.
doi:10.1016/j.clay.2018.08.004.

[71] Kowalik, T., & Ubysz, A. (2021). Effect of the addition of waste basalt fibers on concrete shrinkage. E3S Web of Conferences,
263, 01024. doi:10.1051/e3sconf/202126301024.

[72] Walker, S. R. J., & Thies, P. R. (2022). A life cycle assessment comparison of materials for a tidal stream turbine blade. Applied
Energy, 309. doi:10.1016/j.apenergy.2021.118353.

[73] Hu, Y., Wang, Z., Zong, S., & Zhu, D. (2025). The effect of nano-SiO2 on the mechanical properties and degradation of steel
fiber-reinforced geopolymer composite material under freeze-thaw cycles. Construction and Building Materials, 475.
doi:10.1016/j.conbuildmat.2025.141198.

[74] Zielinska-Jurek, A., Bielan, Z., Wysocka, I., Strychalska, J., Janczarek, M., & Klimczuk, T. (2017). Magnetic semiconductor
photocatalysts for the degradation of recalcitrant chemicals from flow back water. Journal of Environmental Management, 195,
157-165. doi:10.1016/j.jenvman.2016.06.056.

[75] Singh, M., Saini, B., & Chalak, H. D. (2022). Assessment of chemical exposures on ECC containing stone slurry powder. Journal
of Engineering Research (Kuwait), 10(2 B), 23-39. doi:10.36909/jer.10361.

[76] Meng, J., Lin, X., Zhou, J., Zhang, R., Chen, Y., Long, X., Shang, R., & Luo, X. (2019). Preparation of tannin-immobilized
gelatin/PVA nanofiber band for extraction of uranium (V1) from simulated seawater. Ecotoxicology and Environmental Safety,
170, 9-17. doi:10.1016/j.ecoenv.2018.11.089.

2557



Civil Engineering Journal Vol. 11, No. 06, June, 2025

[77] Flechsig, C., Anslinger, F., & Lasch, R. (2022). Robotic Process Automation in purchasing and supply management: A multiple
case study on potentials, barriers, and implementation. Journal of Purchasing and Supply Management, 28(1), 100718.
doi:10.1016/j.pursup.2021.100718.

[78] Griffith, A., Stephenson, P., & Bhutto, K. (2005). An integrated management system for construction quality, safety and
environment: a framework for IMS. International Journal of Construction Management, 5(2), 51-60.
doi:10.1080/15623599.2005.10773074.

[79] Oke, A. E., Kineber, A. F., Alsolami, B., & Kingsley, C. (2023). Adoption of cloud computing tools for sustainable construction:
a structural equation modelling approach. Journal of Facilities Management, 21(3), 334-351. doi:10.1108/JFM-09-2021-0095.

[80] Sarstedt, M., Ringle, C. M., Smith, D., Reams, R., & Hair, J. F. (2014). Partial least squares structural equation modeling (PLS-
SEM): A useful tool for family business researchers. Journal of Family Business Strategy, 5(1), 105-115.
doi:10.1016/j.jfbs.2014.01.002.

[81] Botter, C. H. (1982). Project management: A systems approach to planning, scheduling and controlling. European Journal of
Operational Research, 10(2), 211. doi:10.1016/0377-2217(82)90164-3.

[82] Hameed, M. A., & Arachchilage, N. A. G. (2018). Understanding the influence of Individual’s Self-efficacy for Information
Systems Security Innovation Adoption: A Systematic Literature Review. arXiv:1809.10890, 1-19.

[83] Fei, W. A. N. G. (2014). Research on design difficulties and project argumentation about the yellow river tunnel of Lanzhou
metro. Journal of Railway Engineering Society, 31(8), 62-67.

[84] Cochran, W. G. (1977). Sampling techniques. John Wiley & Sons, Hoboken, United States.

[85] Sajjad, M., Hu, A., Wagar, A., Falqi, I. I., Alsulamy, S. H., Bageis, A. S., & Alshehri, A. M. (2023). Evaluation of the Success
of Industry 4.0 Digitalization Practices for Sustainable Construction Management: Chinese Construction Industry. Buildings,
13(7), 1668. doi:10.3390/buildings13071668.

[86] Oke, A. E., Farouk Kineber, A., Abdel-Tawab, M., Abubakar, A. S., Albukhari, I., & Kingsley, C. (2023). Barriers to the
implementation of cloud computing for sustainable construction in a developing economy. International Journal of Building
Pathology and Adaptation, 41(5), 988-1013. doi:10.1108/1JBPA-07-2021-0098.

[87] Alsehaimi, A., Wagar, A., Alrasheed, K. A., Bageis, A. S., Almujibah, H., Benjeddou, O., & Khan, A. M. (2024). Building a
sustainable future: BIM’s role in construction, logistics, and supply chain management. Ain Shams Engineering Journal, 103103.
doi:10.1016/j.asej.2024.103103.

[88] Aitbayeva, D., & Hossain, M. A. (2020). Building Information Model (BIM) Implementation in Perspective of Kazakhstan:
Opportunities and Barriers. Journal of Engineering Research and Reports, 13—-24. doi:10.9734/jerr/2020/v14i117113.

[89] Sanchez, M. R., Palos-Sanchez, P. R., & Velicia-Martin, F. (2021). Eco-friendly performance as a determining factor of the
Adoption of Virtual Reality Applications in National Parks. Science of the Total Environment, 798.
doi:10.1016/j.scitotenv.2021.148990.

[90] Sajjad, M., Hu, A., Alshehri, A. M., Wagqar, A., Khan, A. M., Bageis, A. S., Elaraki, Y. G., Shohan, A. A. A., & Benjeddou, O.
(2024). BIM-driven energy simulation and optimization for net-zero tall buildings: sustainable construction management.
Frontiers in Built Environment, 10(February), 1-16. doi:10.3389/fbuil.2024.1296817.

[91] Olawumi, T. O., & Chan, D. W. M. (2019). Critical success factors for implementing building information modeling and
sustainability practices in construction projects: A Delphi survey. Sustainable Development, 27(4), 587-602.
doi:10.1002/sd.1925.

[92] Monozam, N. H., Monazam, H. H., Hosseini, M. R., & Zaeri, F. (2016). Barriers To Adopting Building Information Modelling
(Bim) Within South Australian Small and Medium Sized Enterprises. Project Management Development-Practice &
Perspectives, Fifth International Scientific Conference on Project Management in the Baltic Countries, 14-15 April, 2016, Riga,
Latvia.

[93] Kanwal, N., & Isha, A. S. N. (2022). The Moderating Effects of Social Media Activities on the Relationship Between Effort-
Reward Imbalance and Health and Wellbeing: A Case Study of the Oil and Gas Industry in Malaysia. Frontiers in Public Health,
10. doi:10.3389/fpubh.2022.805733.

[94] Hair, J. F., Ringle, C. M., & Sarstedt, M. (2013). Review Briefs: June 2013. Long Range Planning, 46(3), 287-293.
d0i:10.1016/j.1rp.2012.09.004.

[95] Hair, J.F., Black, W.C., Babin, B.J. and Anderson, R.E. (2010). Multivariate Data Analysis (71" Ed.). Pearson, New York, United
States.

[96] van Konijnenburg, E. M. M. H., Gigengack, M., Teeuw, A. H., Sieswerda- Hoogendoorn, T., Brilleslijper- Kater, S. N., Flapper,
B. C., ... & Barlow, D. H. (2018). A mixed methods study on evaluations of Virginia’s STEM-focused governor’s schools.
Dissertation Abstracts International: Section B: The Sciences and Engineering, Virginia Polytechnic Institute and State
University, Viginia, United States.

2558



Civil Engineering Journal Vol. 11, No. 06, June, 2025

[97] Manzoor, B., Othman, |, Gardezi, S. S. S., & Harirchian, E. (2021). Strategies for adopting building information modeling (Bim)
in sustainable building projects—A case of Malaysia. Buildings, 11(6), 249. doi:10.3390/buildings11060249.

[98] Soo, A., Gao, L., & Shon, H. K. (2024). Machine learning framework for wastewater circular economy — Towards smarter
nutrient recoveries. Desalination, 592. doi:10.1016/j.desal.2024.118092.

[99] Saleeb, N., Marzouk, M., & Atteya, U. (2018). A comparative suitability study between classification systems for BIM in
heritage. International Journal of Sustainable Development and Planning, 13(1), 130-138. doi:10.2495/SDP-V13-N1-130-138.

[100] Lesovik, V., Volodchenko, A., Fediuk, R., & Mugahed Amran, Y. H. (2021). Improving the Hardened Properties of
Nonautoclaved Silicate Materials Using Nanodispersed Mine Waste. Journal of Materials in Civil Engineering, 33(9).
doi:10.1061/(asce)mt.1943-5533.0003839.

[101] Roy, D., Dubey, A., & Lohana, S. (2024). A Study to Review Global Regulations Regarding Mitigation of Operational Risk
Associated with Crypto-Assets. Recent Trends in Engineering and Science for Resource Optimization and Sustainable
Development, 259-264. doi:10.1201/9781003596721-60.

[102] Rahman, M. M., & Maniruzzaman, M. (2023). A new route of production of the meso-porous chitosan with well-organized
honeycomb surface microstructure from shrimp waste without destroying the original structure of native shells: Extraction,
modification and characterization study. Results in Engineering, 19. doi:10.1016/j.rineng.2023.101362.

[103] Voronkova, V., Nikitenko, V., Metelenko, N., Silina, 1., Popova, A., Slyusar, M., Burashnikova, O., & Afonov, R. (2024).
Synergy of digital technologies and green development and their impact on achieving a sustainable environment in the
conditions of instability. Transformations of National Economies under Conditions of Instability, 73-111, Tallinn, Estonia.
doi:10.21303/978-9916-9850-6-9.ch3.

[104] Ekka, B., Mierina, I., Zarina, R., & Mezule, L. (2024). Efficient removal of lipophilic compounds from sewage sludge:
Comparative evaluation of solvent extraction techniques. Heliyon, 10(23), e40749. doi:10.1016/j.heliyon.2024.e40749.

[105] Ascione, F., Maselli, G., & Nestico, A. (2024). Sustainable materials selection in industrial construction: A life-cycle based
approach to compare the economic and structural performances of glass fibre reinforced polymer (GFRP) and steel. Journal of
Cleaner Production, 475. doi:10.1016/j.jclepro.2024.143641.

[106] Lee, J. D., Park, J. B., & Kim, T. Y. (2002). Estimation of the shadow prices of pollutants with production/environment
inefficiency taken into account: A nonparametric directional distance function approach. Journal of Environmental
Management, 64(4), 365-375. doi:10.1006/jema.2001.0480.

[107] Pereira, L., Ferreira, S., & Santos, J. (2020). The main causes of risk in residential real estate projects. Journal of General
Management, 45(3), 152-162. doi:10.1177/0306307019890095.

2559



