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Abstract

Engineering resilient flood mitigation increasingly relies on geosynthetic and composite barrier materials due
to their ability to reduce seepage, improve stability performance, and limit construction-related environmental
burdens. This quantitative study evaluated the predictors of flood mitigation performance and environmental
impact outcomes using a structured survey dataset (N = 210) and regression-based statistical analysis. Five
constructs were measured: geosynthetic barrier performance, seepage control effectiveness, slope stability
contribution, installation quality sensitivity, and environmental impact assessment outcomes. Descriptive
results showed the highest mean scores for seepage control effectiveness (M = 4.34, SD = 0.58) and geosynthetic
barrier performance (M = 4.21, SD = 0.62), confirming strong agreement regarding hydraulic performance
benefits. Installation quality sensitivity demonstrated the greatest dispersion (M = 3.88, SD = 0.79), indicating
variability in respondent assessment of construction-driven performance risk. Reliability analysis confirmed
strong internal consistency across constructs, with Cronbach’s alpha values ranging from 0.81 to 0.91. Multiple
regression results indicated that seepage control effectiveness was most strongly predicted by composite
configuration (f = 0.34, p < .001) and installation quality sensitivity (f = 0.29, p < .001), with the model
explaining 56 % of variance (R? = 0.56). Environmental impact assessment outcomes were predicted by barrier
type (B = 0.20, p = .002), composite configuration (f = 0.18, p = .007), and durability assumptions (f = 0.17, p
= .008), while installation quality sensitivity was negatively associated (f = —0.31, p < .001). This
environmental model explained 41% of variance (R? = 0.41). Overall, the findings demonstrated that resilient
flood mitigation outcomes were primarily governed by system-level composite design and installation execution,
while environmental outcomes were additionally shaped by durability and construction sensitivity
considerations.

Keywords
Geosynthetics, Composite Barriers, Seepage Modeling, Flood Resilience, LCA.

100


https://doi.org/10.63125/052q7d44
mailto:ratuldebnathgis@gmail.com
https://rast-journal.org/index.php/RAST/index

Review of Applied Science and Technology, September 2022, 100~ 148

INTRODUCTION

Flood mitigation in engineered systems refers to the deliberate reduction of flood hazards and flood
consequences through structural interventions that manage water levels, flow paths, seepage, erosion,
and infrastructure reliability (Mai et al., 2020). In civil and environmental engineering, resilience is
commonly defined as the capacity of a flood-protection system to sustain required performance under
variable hydraulic loading, tolerate disturbance without catastrophic loss of function, and recover
serviceability after extreme events while meeting safety and design-life criteria. Flood risk is typically
framed as the interaction of hazard, exposure, and vulnerability, and it is quantified through
probabilistic measures such as exceedance probability, fragility relationships, and expected annual
damage. Internationally, flood hazards remain one of the most persistent and damaging natural threats
because they affect both developed and developing economies through direct physical destruction and
indirect disruption of transportation, utilities, supply chains, and public health systems. The scale of
the problem is amplified by dense settlement patterns in floodplains, rapid urban expansion, aging
protective infrastructure, and increasing complexity of interconnected lifeline systems (Mondal & Patel,
2018). In this context, barrier-based flood mitigation represents a central engineering strategy, used for
levees, embankments, floodwalls, revetments, and river training works where seepage control, erosion
protection, and structural stability govern long-term safety. Geosynthetics are polymeric products used
in contact with soil, rock, and water to deliver engineered functions including separation, filtration,
drainage, reinforcement, and containment. Composite barrier materials extend this approach by
combining layers with complementary transport and mechanical properties, commonly pairing low-
permeability polymer membranes with clay-based or mineral components to limit seepage and reduce
leakage sensitivity (Parsons & Fisher, 2022). These systems are increasingly considered for resilient
flood mitigation because they offer high performance per unit thickness, rapid constructability, and
repeatable quality in large-scale projects where traditional clay or concrete solutions may be limited by
material availability, cost, or construction logistics.

Flood protection systems fail through multiple mechanisms, and the design of resilient mitigation must
address each mechanism through measurable performance requirements. For earthen levees and
embankments, internal erosion, piping, under seepage, slope instability, and surface erosion are
dominant failure modes (Mayer et al., 2018). Under seepage develops when hydraulic gradients drive
flow beneath or through the foundation soils, producing uplift pressures and exit gradients that can
mobilize soil particles, progressively enlarge seepage channels, and trigger collapse. Piping is often
preceded by concentrated seepage zones that develop along preferential pathways such as pervious
sand layers, poorly compacted fills, animal burrows, or interfaces between dissimilar materials. Surface
erosion occurs when overtopping flows or wave action remove protective cover, expose vulnerable
soil, and create rapid head cutting or breach formation. Structural instability can arise when elevated
pore pressures reduce effective stress and shear strength within embankment soils, particularly during
prolonged high-water stages or rapid drawdown conditions after flood recession (Schipper et al., 2021).
These mechanisms show that flood mitigation is not solely a question of height or freeboard; it is
fundamentally a coupled hydraulic-geotechnical performance problem. Geosynthetic and composite
barrier materials are designed to interrupt seepage pathways, reduce hydraulic gradients, protect
against erosion, and reinforce soil masses to resist deformation. Geomembranes provide extremely low
permeability and act as primary hydraulic barriers, while geosynthetic clay liners provide swelling
clay-based resistance that can self-seal small discontinuities when confined. Geotextiles provide
filtration and separation to prevent internal migration of fines while maintaining drainage capacity.
Geogrids and high-strength woven geotextiles provide reinforcement that can increase slope stability
and reduce deformation. Recomposites combine drainage cores with filter layers to collect seepage,
relieve pore pressure, and control flow direction (Oboni & Oboni, 2020). By targeting distinct failure
modes, these materials allow flood mitigation designs to be engineered as integrated systems where
each layer contributes a specific function that can be modeled, tested, and verified.

Performance modeling is essential for designing flood mitigation systems that use geosynthetic and
composite barrier materials because performance depends on both material properties and installation
conditions (Cantonati et al., 2020). Modeling typically begins with hydraulic analysis, where seepage
through levees and foundations is described using saturated-unsaturated flow formulations that
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compute pore pressures, gradients, and discharge under specified boundary conditions. In such
models, low-permeability layers reduce the flow rate and shift equipotential lines, lowering exit
gradients and reducing the probability of piping initiation. Cutoff barriers —whether vertical walls,
trenches, or composite panels —extend seepage paths and reduce the hydraulic gradient at critical
locations, particularly near the downstream toe. Composite systems require more detailed modeling
because leakage is not only a function of intact permeability; it also depends on defects, wrinkles,
punctures, seam integrity, and interface contact quality. Even when a geomembrane has near-zero
intact permeability, a small defect can dominate leakage, making defect density and defect size
distribution key probabilistic inputs. Interface transmissivity between a geomembrane and an
underlying geosynthetic clay liner or soil layer can allow lateral spreading of leakage water, influencing
the effective leakage rate and the spatial footprint of seepage (Mez6si, 2022). For flood mitigation, these
details matter because seepage emerging at the downstream toe is strongly linked to internal erosion
potential and slope weakening. Quantitative performance modeling therefore often integrates seepage
analysis with stability analysis. Stability modeling uses pore pressure distributions as inputs to
compute factors of safety and failure probabilities for critical slip surfaces. When reinforcement is
included, models incorporate tensile stiffness, anchorage, and load transfer mechanisms that influence
strain distribution and failure modes. Because flood loading is uncertain and variable, probabilistic
modeling approaches are increasingly used to represent uncertainty in soil strength, permeability,
defect occurrence, and construction variability (Bots, 2022). These methods allow resilience to be
represented as a measurable probability of maintaining performance under specified flood scenarios
rather than as a qualitative descriptor.

Figure 1: Resilient Flood Mitigation Using Geosynthetics
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Geosynthetic clay liners and composite geomembrane-clay systems are particularly important in
resilient flood mitigation because they offer thin, high-performance seepage barriers that can be
integrated into existing levees and embankments. A geosynthetic clay liner is generally composed of
bentonite clay bonded between geotextiles, forming a sheet that swells when hydrated and develops
very low hydraulic conductivity when confined (Maliva, 2019a; Rauf, 2018). Its performance depends
on bentonite mineralogy, mass per unit area, confining stress, hydration history, and the chemical
composition of the permeant water (Haque & Arifur, 2021; Ashraful et al., 2020). Chemical
compatibility is significant because ionic strength and cation composition can reduce swelling
potential, increase hydraulic conductivity, and alter long-term sealing behavior. Composite systems
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combine a geomembrane with a geosynthetic clay liner or compacted clay layer to reduce leakage
sensitivity (Fokhrul et al., 2021; Zaman et al., 2021). The geomembrane provides the primary barrier
function, while the clay component limits leakage through defects and reduces lateral migration
(Fahimul, 2022; Hammad, 2022). In flood mitigation, composite liners can be used as upstream facing
barriers on levees, as internal cutoff elements, or as foundation seepage control layers. Their use
requires attention to interface behavior, including frictional resistance, transmissivity, and
vulnerability to sliding under hydraulic and mechanical loading (Langroudi et al., 2022; Hasan &
Waladur, 2022; Rashid & Praveen, 2022). Because levees experience cyclic wetting, drying, and loading
during seasonal floods, time-dependent behavior becomes relevant. Geosynthetic clay liners may
undergo changes in hydration state, while geomembranes may experience thermal cycling and stress
redistribution (Arifur & Haque, 2022; Towhidul et al., 2022). Long-term performance also depends on
mechanical damage resistance during installation and on protection layers that prevent puncture from
angular soils, debris, or construction equipment. These issues motivate a modeling and testing
framework that links laboratory-measured properties to field-scale performance under realistic loading
sequences (Huber, 2019; Ratul & Subrato, 2022; Rifat & Jinnat, 2022). A quantitative study in this
domain therefore benefits from systematically defining the parameter space, selecting representative
boundary conditions, and using sensitivity analysis to identify the most influential variables controlling
seepage reduction and stability improvement.

Figure 2: Resilient Flood Barriers Using Geosynthetics
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Geotextile containers, geotopes, and recomposite revetment systems represent another major
application of geosynthetics for flood mitigation, particularly in riverbank stabilization and emergency
flood response (Abdulla & Majumder, 2023; Rifat & Alam, 2022; Taylor, 2020). These systems are fabric-
based structures filled with sand or dredged material and deployed to resist erosion, redirect flow, or
create temporary barriers. Their engineering significance lies in the ability to use locally available fill
material and deploy large protective elements quickly. For riverbank protection, geotextile bags and
mattresses can act as armor layers that absorb hydraulic energy and protect the underlying soil from
scour. For dike reinforcement, stacked geotextile tubes can create a stable mass that resists overtopping
erosion and supports rapid construction. The performance of these systems depends on tensile
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strength, seam integrity, puncture resistance, and filtration behavior (Fahimul, 2023; Faysal & Bhuya,
2023; Salamé et al., 2021). Filtration is critical because water must be allowed to pass through without
carrying fine particles that would lead to internal erosion and loss of support. Hydraulic stability under
waves and currents is governed by unit weight, geometry, anchoring, and interaction with the
underlying foundation. In addition to hydraulic loading, these systems must resist degradation from
ultraviolet exposure, abrasion, and repeated wetting and drying (Habibullah & Aditya, 2023; Hammad
& Mohiul, 2023). Their mechanical behavior can be modeled using soil-structure interaction
frameworks that treat the filled container as a composite body with frictional interfaces and tensioned
fabric. Such modeling allows prediction of deformation, sliding, overturning, and progressive failure.
Because flood events are episodic and may exceed design assumptions, resilient design requires not
only strength but also damage tolerance, repairability, and redundancy. Geosynthetic container
systems often provide resilience through modularity, where localized damage does not necessarily
propagate into system-wide failure. Quantitative research in this area can evaluate performance
through controlled experiments and numerical simulations that capture the coupled hydraulic forces,
fabric tension, and soil response (Haque & Arifur, 2023; Jahangir & Mohiul, 2023; Ruth et al., 2021).
When integrated with seepage barriers and reinforcement, these systems contribute to comprehensive
flood mitigation strategies that address both seepage-driven and erosion-driven failure mechanisms.
Environmental impact assessment is increasingly integrated into flood mitigation engineering because
large-scale protective works involve substantial material use, energy consumption, and ecological
disturbance (Gray, 2021; Rashid et al., 2023; Khaled & Mosheur, 2023). Geosynthetic and composite
barrier materials introduce a distinct environmental profile compared to traditional solutions such as
thick clay cores, concrete walls, or rock revetments. On one hand, geosynthetics are polymer-based
products derived from fossil feedstocks, and their manufacturing involves energy-intensive processes
(Mostafa, 2023; Rifat & Rebeka, 2023). On the other hand, their high functional efficiency often allows
thinner structures, reduced excavation, reduced haulage of heavy mineral materials, and shorter
construction durations. Environmental impact assessment in this context requires systematic
accounting across the project life cycle, including raw material extraction, manufacturing, transport,
installation, maintenance, and end-of-life management. For flood mitigation, additional environmental
dimensions include the effect of barriers on groundwater flow patterns, wetland connectivity, and
sediment transport (Jahangir & Hammad, 2024; Mojid & Mainuddin, 2021; Azam & Amin, 2023). Cutoff
walls and impermeable facings can alter subsurface hydrology, potentially affecting vegetation health
and soil moisture regimes downstream. Revetment systems can modify riverbank habitats, change
erosion-deposition dynamics, and influence aquatic ecosystems. These effects are not inherently
negative or positive; they depend on site conditions and design choices, which is why quantitative
assessment frameworks are necessary. Environmental modeling can include greenhouse gas
accounting, energy demand, and resource depletion indicators, as well as local impact metrics such as
turbidity during construction, habitat disruption, and long-term changes in hydrologic connectivity.
Another important aspect is durability and service life, because the environmental impact per unit of
flood protection service depends on how long the system performs without major repair or replacement
(Maliva, 2019b; Sai Praveen, 2024). Materials with longer service life and lower maintenance demands
reduce repeated construction impacts and resource use. Therefore, linking performance modeling with
environmental assessment creates a unified evaluation approach where both hydraulic reliability and
environmental burdens are quantified under consistent functional units.

A quantitative paper focused on engineering resilient flood mitigation using geosynthetic and
composite barrier materials can be structured around integrated modeling of performance and
environmental impact without relying on speculative projections. The technical foundation begins with
defining system functions, performance states, and measurable outcomes (Steensma & Goldsworthy,
2022). Performance modeling requires selecting representative levee or flood barrier geometries,
defining soil stratigraphy and hydraulic boundary conditions, and assigning material properties based
on laboratory testing and established engineering ranges. Outputs can be expressed as seepage
discharge, exit gradients, pore pressure distributions, factors of safety, deformation magnitudes, and
probabilistic failure metrics. Composite barriers require additional parameters such as defect density,
defect size distribution, interface transmissivity, and seam quality factors, which can be represented

104



Review of Applied Science and Technology, September 2022, 100~ 148

through stochastic variables in a reliability framework. Sensitivity analysis can identify which variables
most strongly influence seepage reduction and stability improvement, supporting defensible design
emphasis (Elewa et al., 2020). Environmental impact assessment can be conducted in parallel by
defining functional units such as protection length per service year under specified performance
thresholds and then calculating embodied impacts based on material quantities, transport distances,
and construction activities. The combination of these methods enables evaluation of trade-offs between
barrier types, reinforcement configurations, and installation approaches. The study topic also supports
the inclusion of scenario-based modeling using multiple flood stages and durations to represent
realistic loading sequences, allowing resilience to be measured as sustained performance across a range
of conditions. By grounding analysis in measurable engineering outputs and standardized
environmental accounting, the research can contribute rigorous evidence for how geosynthetic and
composite barrier materials perform in flood mitigation applications and how their use shapes
environmental burdens across the infrastructure life cycle (Madhav et al., 2022).

The primary objective of this quantitative study is to evaluate how geosynthetic and composite barrier
materials can be engineered and modeled to improve the resilience of flood mitigation systems while
simultaneously quantifying their environmental burdens through structured impact assessment.
Specifically, the study aims to develop a performance-based modeling framework that captures the
hydraulic, geotechnical, and material-behavior mechanisms governing flood barrier reliability under
realistic flood loading conditions. This includes quantifying seepage reduction, exit-gradient control,
and pore-pressure management achieved by barrier configurations such as geomembranes,
geosynthetic clay liners, recomposites, and multilayer composite cutoffs integrated into levees,
embankments, and flood defense structures. A second objective is to model stability response by
linking seepage-driven pore-pressure distributions to slope safety indicators, deformation potential,
and probabilistic failure likelihood across defined hydraulic head scenarios. In addition, the study
seeks to represent defect sensitivity and interface behavior as measurable variables by incorporating
parameters such as defect density, defect size distribution, interface transmissivity, and construction-
related variability into the quantitative modeling approach. A third objective is to integrate
environmental impact assessment into the same analytical structure by developing a life-cycle-based
inventory of material production, transportation, installation activities, and maintenance demands for
each barrier alternative, enabling environmental burdens to be expressed per functional unit of flood
protection service. The environmental assessment objective includes evaluating energy demand,
material intensity, and waste generation linked to geosynthetic-based solutions compared with thicker
mineral-based or concrete-based barrier approaches, while keeping the evaluation grounded in
measurable project inputs such as material quantities and construction logistics. Finally, the study aims
to establish a combined decision-support perspective by presenting performance and environmental
outputs in a consistent, comparable format, allowing engineering stakeholders to interpret how
changes in barrier selection, geometry, and installation assumptions influence both flood protection
reliability and environmental footprint. Through these objectives, the research is designed to produce
arigorous quantitative basis for assessing geosynthetic and composite barrier systems as resilient flood
mitigation solutions using performance modeling and environmental impact assessment as parallel,
equally weighted evaluation dimensions.

LITERATURE REVIEW

The literature review for Engineering Resilient Flood Mitigation Using Geosynthetic and Composite
Barrier Materials: Performance Modeling and Environmental Impact Assessment is structured to
synthesize research across flood engineering, geosynthetic material science, seepage and stability
modeling, and environmental impact quantification (Wang et al., 2019). Flood mitigation
infrastructure, including levees, embankments, floodwalls, revetments, and engineered barriers, is
fundamentally governed by measurable performance variables such as seepage discharge, pore-water
pressure distributions, hydraulic gradients, deformation response, and failure probability under
extreme hydraulic loading. The reviewed literature establishes that resilient flood protection is not only
dependent on geometric factors such as crest height and slope angle but also on internal seepage
resistance, interface stability, erosion protection, and long-term durability of engineered barrier
systems. Geosynthetic and composite barrier materials have become increasingly prominent in flood
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mitigation because they offer engineered functions in thin, modular forms, enabling seepage reduction,
erosion control, filtration, reinforcement, and drainage within a single integrated design (Kourtis et al.,
2020). At the same time, the research base shows that performance is strongly dependent on parameters
that can be measured and modeled quantitatively, including hydraulic conductivity, interface
transmissivity, tensile stiffness, creep behavior, defect density, seam efficiency, and chemical
compatibility of clay-based components. The literature also identifies that flood mitigation designs
require coupling of hydraulic seepage models with geotechnical stability and reliability models to
evaluate failure mechanisms such as piping, uplift, internal erosion, slope instability, and overtopping-
induced erosion. Alongside performance, environmental impact assessment has emerged as a
necessary analytical layer for large-scale flood mitigation projects, particularly where geosynthetics
alter material consumption, construction energy use, transport demand, and maintenance frequency.
Prior studies demonstrate that environmental evaluation requires structured life-cycle inventories and
standardized impact categories, enabling comparisons across barrier alternatives using functional units
such as protection per meter-year or per flood event reliability level (Abdel-Mooty et al., 2021).
Therefore, this literature review consolidates findings from experimental studies, numerical modeling
research, probabilistic reliability frameworks, and life-cycle assessment methodologies to establish a
quantitative foundation for evaluating geosynthetic and composite barrier flood mitigation systems
through performance modeling and environmental impact assessment.

Flood Mitigation Engineering and Resilience Metrics

Flood mitigation in engineering is defined as the systematic reduction of flood-induced hydraulic
hazard effects through designed interventions that limit water intrusion, control flow paths, reduce
seepage pressures, resist erosion, and preserve structural stability under extreme hydrologic loading
(Kim & Marcouiller, 2018). In quantitative terms, flood mitigation is evaluated through measurable
outcomes such as seepage discharge reduction, exit gradient control, deformation limitation,
overtopping depth reduction, erosion rate suppression, and overall failure probability minimization.
Flood defense infrastructure is commonly categorized into levees and embankments, floodwalls, cutoff
barriers, and revetments or bank stabilization systems, each governed by distinct performance
variables and dominant failure modes. Levees and embankments are soil-based hydraulic containment
systems where internal seepage, pore-water pressure buildup, and slope instability are key measurable
risk drivers (Song et al., 2019). Floodwalls are rigid structural systems where sliding, overturning,
bending stress, uplift, and foundation bearing capacity define quantitative safety limits. Cutoff barriers
are seepage-control elements installed to reduce undersee page and uplift pressures, and their
effectiveness is measured through reductions in seepage flux, hydraulic gradient, and pore pressure
beneath protected zones. Revetments and bank stabilization systems primarily resist hydraulic erosion
and scour, and their performance is measured through critical shear stress, erosion depth, displacement
rate, and material integrity under cyclic hydraulic loading (Cheng et al., 2022). This typology confirms
that flood mitigation is not a single-variable design task; it is a coupled hydraulic-geotechnical-
structural engineering problem where failure is defined by measurable exceedance of limit-state
thresholds.

A major focus in flood mitigation literature is the classification of failures into structural, hydraulic,
and geotechnical categories, because each category is associated with different quantitative response
indicators (Tyler et al., 2019). Structural failures include cracking, rupture, anchor pullout, joint
separation, and structural instability, typically evaluated through stress-strain exceedance criteria,
bending moment demand, displacement limits, and structural safety factors. Hydraulic failures include
overtopping, erosion initiation, progressive scour, and excessive seepage discharge, evaluated through
discharge thresholds, erosion rate functions, and hydraulic shear stress exceedance. Geotechnical
failures include piping, internal erosion, uplift heave, slope instability, and foundation deformation,
evaluated through exit gradient thresholds, seepage force distribution, pore pressure ratio, factor of
safety against sliding, and strain localization in soil masses (Sun et al., 2020). These categories are
strongly interdependent because hydraulic loading changes pore pressures, pore pressures change
effective stress, and effective stress governs shear resistance. For this reason, flood defense resilience is
increasingly studied as a multi-mechanism performance problem rather than a single design check.
Geosynthetic and composite barrier materials are particularly relevant to this multi-category
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framework because they can simultaneously influence seepage behavior, internal erosion resistance,
slope stability, and erosion protection. For example, a composite barrier may reduce seepage flux and
exit gradients, while reinforcement layers increase slope stability, and filtration layers prevent
migration of fines (Lu et al., 2020). The literature therefore treats flood mitigation as a system where
material functions must be mapped to measurable failure mechanisms, and resilience is defined
through the ability to maintain performance across multiple failure categories under uncertain flood
loading conditions.

Resilience in flood mitigation engineering is increasingly framed as a quantitative property that can be
measured using reliability and probabilistic performance indicators. Probability of failure (Pf) is widely
used because it expresses the likelihood that a flood defense system will exceed a defined limit state
under a given hydraulic loading scenario (Disse et al.,, 2020). Reliability index (p) provides a
standardized representation of safety margin under uncertainty, enabling comparisons across different
designs even when the underlying variables differ in scale. Fragility curves are also frequently used
because they provide continuous relationships between flood intensity measures —such as flood stage
height or overtopping discharge—and the conditional probability of failure. Fragility curves allow
resilience to be interpreted across a range of flood conditions rather than as a binary safe/unsafe
outcome at a single design flood level (Zhang et al., 2021). Serviceability exceedance frequency is
another important resilience indicator, particularly for levees and embankments, because systems may
remain intact while experiencing unacceptable seepage rates, elevated pore pressures, or excessive
deformation that requires emergency intervention. In such cases, resilience is evaluated through the
expected frequency of performance exceedance events rather than through ultimate collapse.
Performance loss ratio is also used in system-based resilience modeling to quantify how much
functional capacity is lost under flood loading relative to baseline performance, which is particularly
useful for structures that degrade progressively (Chen et al., 2021). Across these metrics, the literature
commonly adopts a hazard loading — system response — failure state structure, where flood intensity
and duration drive computed hydraulic and mechanical responses, and responses are compared
against limit-state functions that define failure or unacceptable performance.

Figure 3: Quantitative Flood Resilience Modelling Framework
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Flood loading parameters used in flood mitigation modeling are treated as multi-variable inputs
because flood events are time-dependent and because key failure mechanisms evolve over time. Flood
stage height (H) is a dominant parameter because it defines the hydraulic head acting on levees,
floodwalls, and seepage barriers, directly controlling pore pressure boundary conditions and hydraulic
gradients. Hydrograph duration (T) is critical because long-duration floods allow deeper saturation,
greater pore pressure buildup, and increased seepage penetration, shifting embankment response
closer to steady-state seepage conditions (Murdock et al., 2018). Rate of rise (dB/dt) is included in
transient modeling because rapid rises can generate steep temporary gradients and delayed pore
pressure equilibration, increasing seepage forces and destabilizing critical zones. Rapid drawdown rate
is similarly important because flood recession can reduce external support pressures faster than
internal pore pressures dissipate, creating unstable effective stress conditions and increasing slope
failure likelihood (McClymont et al., 2020). Overtopping discharge rate (q) is used to quantify erosion-
driven failure, where even small overtopping flows can initiate surface erosion that progresses into
breach formation depending on soil erodibility and cover protection. Wave run-up and cyclic loading
frequency are included for flood defenses exposed to wave action, where repeated loading can increase
erosion, induce cyclic pore pressure fluctuations, and accelerate damage in protective layers.
Quantitative literature often uses combinations of these variables to generate performance surfaces that
map seepage discharge, exit gradient, factor of safety, deformation, and failure probability across
multiple flood scenarios (Rezende et al., 2019). These measurable loading parameters provide the basis
for comparing geosynthetic and composite barrier configurations because such barriers modify seepage
behavior, reduce pore pressure accumulation, and improve stability response under both transient and
steady hydraulic loading conditions.

Failure Mechanisms in Flood Mitigation

Flood mitigation structures such as levees, embankments, floodwalls, and engineered barriers are
primarily governed by seepage and under seepage processes because hydraulic head differences drive
water movement through soil pores and along preferential pathways within the foundation and
embankment body (Ventimiglia et al., 2020). The seepage mechanism is commonly described through
classical porous media flow principles, where the magnitude and direction of seepage depend on soil
permeability, anisotropy, boundary conditions, and the geometry of the flood defense system.
Quantitative literature typically evaluates seepage performance using measurable outputs such as
seepage discharge, hydraulic gradient distributions, exit gradient at the downstream toe, pore-water
pressure buildup within the embankment and foundation, and the location of the seepage line within
the cross-section. These outputs are not merely descriptive; they serve as direct predictors of failure
initiation because elevated pore pressures reduce effective stress, and high exit gradients increase the
likelihood of soil particle detachment. Studies that model seepage through embankments and levees
consistently demonstrate that seepage response is highly sensitive to soil layering, the presence of
pervious lenses, and foundation permeability contrasts, meaning that even geometrically stable
embankments can become vulnerable when seepage concentrates in localized zones (Habel et al., 2020).
Seepage analyses also show that prolonged flood stages can shift the internal seepage line upward,
increasing the saturated volume of the embankment and therefore increasing the portion of the soil
mass governed by reduced shear strength. In performance modeling, seepage is commonly treated as
both a steady-state and transient phenomenon, because flood hydrographs evolve over time and the
time required for pore pressure equilibrium can be comparable to the flood duration. The literature
therefore positions seepage as a dominant failure driver that links hydraulic loading directly to
geotechnical instability. Within geosynthetic-based mitigation, the seepage mechanism is directly
addressed through barrier and drainage functions. Geomembranes, geosynthetic clay liners, and
composite barrier systems reduce seepage by limiting permeability, while recomposite drains and
drainage geotextiles control seepage by providing preferential drainage pathways that lower pore
pressures (Pesaro et al, 2018). Filtration geotextiles further support seepage management by
preventing the migration of fines under seepage forces, preserving internal stability while maintaining
permeability for controlled drainage. This body of research establishes seepage control as a measurable
and model-driven engineering requirement, with the geosynthetic function defined in terms of how
much it reduces discharge, lowers pore pressure, and shifts hydraulic gradient profiles away from
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critical zones.

Internal erosion and piping represent the most critical progression-based failure mechanisms in flood
mitigation structures because they often initiate invisibly and evolve rapidly into catastrophic breach
formation (Nofal & van de Lindt, 2021). The literature distinguishes between initiation and progression
stages, emphasizing that piping is not a single event but a process that begins when seepage forces
exceed soil particle resistance and continues as eroded channels expand under sustained hydraulic
loading. Quantitative evidence typically frames initiation through threshold conditions such as critical
gradients and soil erodibility indicators, while progression is evaluated through measures such as
backward erosion pipe length, erosion rate, and the growth of preferential flow channels. Research on
piping highlights that soils with poorly graded sands, silty sands, or stratified foundation conditions
are particularly susceptible, especially where seepage paths converge at the downstream toe. Studies
also show that internal erosion is strongly influenced by filter compatibility, because the migration of
fine particles depends on pore size distribution and the capacity of adjacent materials to retain particles
while allowing water flow. This is why particle migration criteria and filter rules remain central in levee
and embankment design, and why geotextile filtration is widely studied as a substitute or supplement
to granular filter layers (Erena & Worku, 2018). Quantitative investigations of internal erosion also
show that the presence of cracks, animal burrows, poorly compacted zones, or structural interfaces can
accelerate erosion initiation by creating concentrated flow paths. In the context of geosynthetic and
composite barrier materials, the literature consistently connects piping mitigation to a combination of
barrier and filtration functions. Low-permeability barriers such as geomembranes and geosynthetic
clay liners reduce the seepage forces that drive particle detachment, while properly selected geotextiles
provide controlled filtration that prevents the transport of soil particles. Composite systems further
reduce piping vulnerability by limiting leakage sensitivity, particularly when defects exist in polymer
barriers. The literature also identifies that drainage recomposites can play an indirect role by lowering
pore pressures and reducing gradients at critical exit points, which reduces the hydraulic driving force
for backward erosion progression. These findings demonstrate that internal erosion and piping are best
treated as quantitatively definable processes governed by measurable gradients, seepage patterns, and
soil-filter interactions, and that geosynthetic functions must be selected based on how effectively they
reduce seepage forces and block particle migration without creating clogging or excessive pore
pressure accumulation (Mensah & Ahadzie, 2020).

Figure 4: Seepage-Driven Flood Failure Mechanisms
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Uplift and heave are additional seepage-driven failure mechanisms that occur when water pressures
beneath a flood mitigation structure exceed the resisting weight and shear strength of overlying soils,
causing upward movement, cracking, or boiling at the downstream side. In the literature, uplift is
typically evaluated through pore pressure distributions beneath the embankment and foundation, with
heave risk assessed by comparing uplift pressures to the stabilizing forces provided by soil weight and
confining stress (Qi et al., 2021). Quantitative evidence shows that uplift and heave are most critical in
foundation soils with high permeability beneath low-permeability caps, where seepage pressure can
build up and concentrate beneath the downstream blanket or toe. These mechanisms are closely related
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to undersee page, and they often act as triggers for internal erosion by creating zones where soil is
loosened and particles become more easily detached. Studies that investigate seepage control through
cutoff barriers demonstrate that the installation of low-permeability vertical cutoffs can significantly
reduce uplift pressures by extending seepage paths and lowering gradients beneath the protected
structure. The literature also shows that horizontal blankets and drainage layers can reduce uplift by
redistributing seepage and providing pressure relief, particularly when combined with controlled
discharge zones. Geosynthetic and composite barrier materials are directly linked to uplift mitigation
because they enable practical installation of seepage barriers and drainage systems without requiring
large volumes of compacted clay or deep excavation (Lyroudia et al., 2020). Geosynthetic clay liners
and geomembranes can serve as hydraulic barriers within cutoff systems, while recomposite drains can
function as pressure relief layers that reduce pore-water pressure buildup beneath the embankment.
The literature emphasizes that uplift mitigation is not only a matter of reducing seepage flux but also a
matter of controlling where seepage emerges and how pressure is dissipated. In this regard,
geosynthetic solutions are frequently evaluated for their ability to maintain drainage capacity under
load and prevent clogging, because loss of drainage capacity can reintroduce uplift vulnerability (Tariq
et al., 2020). Quantitative assessments therefore treat uplift and heave as measurable outcomes of
seepage pressure distribution and drainage performance, and they define geosynthetic functions in
terms of barrier efficiency, drainage transmissivity, and the resulting reduction in uplift risk indicators
across the flood duration.

Slope instability and overtopping erosion represent two highly coupled failure mechanisms that
combine hydraulic loading with soil strength degradation and surface material loss. Slope instability
under flood conditions is primarily driven by effective stress reduction as pore-water pressures rise,
reducing shear strength within embankment soils and increasing the likelihood of rotational or
translational failure (Tran & Rodela, 2019). Quantitative literature evaluates slope stability using
outputs such as factor of safety, probability of failure for critical slip surfaces, deformation magnitude,
and shear strain localization patterns. These indicators show that instability is not solely dependent on
geometry but is strongly controlled by pore pressure distribution, seepage line elevation, and the rate
of flood rise and drawdown. Rapid drawdown is repeatedly identified as a critical instability scenario
because external water support decreases faster than internal pore pressures dissipate, creating
destabilizing stress states. Overtopping erosion is a distinct but related mechanism where surface flows
remove soil cover, initiate rills and gullies, and progress toward breach formation. Literature
evaluating overtopping resistance commonly uses erosion rate indicators and critical shear stress
thresholds, emphasizing that small overtopping flows can cause rapid degradation in unprotected
embankments. The connection to geosynthetics is direct: reinforcement geogrids and high-strength
geotextiles improve slope stability by increasing tensile resistance and limiting deformation, while
drainage recomposites reduce pore pressure buildup and therefore improve effective stress conditions
(Khakzad & Gelder, 2018). For overtopping protection, turf reinforcement mats, geotextile revetments,
and armored recomposites are studied as surface protection systems that reduce erosion rates by
shielding soil from direct hydraulic shear and by stabilizing vegetation or armor layers. The literature
indicates that these systems must be evaluated not only for tensile strength but also for interface
stability, anchorage performance, and resistance to hydraulic uplift. Quantitative studies also highlight
that erosion protection performance is sensitive to installation quality, overlap configuration, and
continuity across transitions, because discontinuities can become initiation points for localized erosion.
Together, slope instability and overtopping erosion are treated as measurable, model-driven failure
mechanisms where geosynthetic functions are defined by their ability to reduce pore pressure, increase
shear resistance, limit deformation, and reduce erosion rates under overtopping flows (Rehman et al.,
2019). This synthesis supports a resilience-based framework in which geosynthetic and composite
barrier materials are selected and modeled according to the failure mechanisms they address and the
measurable performance improvements they provide across flood loading scenarios.

Geosynthetic Materials in Flood Mitigation

Geotextiles are consistently classified in flood mitigation literature as multifunctional materials that
deliver filtration, separation, and protection within levees, revetments, toe drains, relief wells, and
erosion-control assemblies (Rimoldi et al., 2021). The functional classification begins with filtration,
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where the central quantitative objective is to allow water passage while preventing the migration of
soil particles that can trigger internal instability. Studies examining filtration performance commonly
operationalize filtration through measurable criteria such as apparent opening size, permittivity, and
gradient ratio, because these parameters connect fabric pore structure to hydraulic throughput and soil
retention behavior under seepage forces. Apparent opening size is treated as a proxy for pore size
distribution, supporting compatibility checks between the geotextile and the protected soil, while
permittivity is used to represent the ease of flow through the geotextile thickness under a hydraulic
head. Gradient ratio is repeatedly used as a clogging and soil retention performance indicator, because
it quantifies whether flow resistance increases near the soil-geotextile interface as fines accumulates.
In flood mitigation settings, the separation function is frequently discussed alongside filtration because
many failures begin at interfaces where fine-grained soils mix with granular drains, leading to piping-
susceptible zones and loss of drainage capacity (Maurya et al., 2021). Separation performance is
therefore assessed through retention stability over time under cyclic wetting, repeated seepage, and
variable hydraulic gradients, emphasizing that short-term permeability is not sufficient to define long-
term function. The protection function extends classification toward survivability during installation
and hydraulic attack, where mechanical criteria become essential. Quantitative literature commonly
links geotextile protection performance to tensile strength, puncture resistance, and tear resistance,
particularly in applications such as geomembrane cushioning, scour aprons, erosion blankets, and
geotextile sand container systems. Tensile strength is used to represent resistance to installation stresses
and differential settlement-induced strains, puncture resistance addresses damage from angular
aggregates, debris, and construction equipment, and tear resistance provides insight into crack
propagation potential under concentrated damage. Across this body of work, test methods are
emphasized because geotextile performance is sensitive to manufacturing type and fiber structure;
woven, nonwoven, and composite geotextiles can exhibit different hydraulic-mechanical tradeoffs
even at similar mass per unit area (Markiewicz et al., 2022). Therefore, literature-based classification
typically ties each function to an observable performance variable and a corresponding laboratory test
protocol, treating geotextiles as engineered interfaces whose quantitative properties must match both
soil gradation and the expected hydraulic loading regime in flood protection projects.

Figure 5: Geosynthetic Barrier Materials Classification Framework
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Geomembranes are widely synthesized in the literature as primary hydraulic barriers used to reduce
seepage through or beneath flood mitigation structures, with their classification anchored in the near-
impermeable behavior of intact polymer films (Revuelta, 2021). In flood applications, geomembranes
are discussed as facing systems on embankments, cutoff barrier components, seepage blankets, and
containment layers that reduce advective flow and shift pore-pressure distributions away from critical
downstream zones. While the intact barrier capability is often described as extremely low permeability,
the quantitative literature emphasizes that field performance is governed more strongly by defect-
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related leakage and installation realities than by intact material behavior alone. For this reason,
geomembrane functional classification in flood mitigation often transitions from “barrier material” to
“barrier system,” where defect density, defect diameter distribution, seam efficiency, and wrinkling
frequency become central measurable descriptors of performance variability. Defect density captures
the likelihood that leakage pathways exist per unit area, while defect size distribution influences the
magnitude of potential leakage under a given head and contact condition (Klipalo et al., 2022). Seam
efficiency is treated as a quality indicator that reflects weld strength, continuity, and durability under
strain and thermal cycling; in many systems seams are treated as critical control points because they
can dominate leakage or mechanical failure if welding is inconsistent. Wrinkling frequency is
repeatedly highlighted because wrinkles can reduce intimate contact with underlying layers, increase
interface transmissivity pathways, and create stress concentrations that elevate damage risk during
cover placement. The literature also consistently frames geomembrane performance as dependent on
the interaction with subgrade preparation, protective layers, and anchorage detailing, because a
geomembrane is rarely used alone in flood infrastructure. As a result, functional classification often
includes the supporting roles of cushioning geotextiles and protective soil covers, which influence
puncture resistance and long-term survivability, especially under settlement and cyclic hydraulic
loading. Quantitative test methods discussed in studies typically include thickness measurement,
tensile properties, tear and puncture resistance, seam peel and shear strength, and stress cracking
resistance for relevant polymers, as these tests provide measurable thresholds for installation damage
tolerance and long-term integrity (Puppala et al., 2020). Construction quality control and quality
assurance are also embedded into performance classification, with emphasis on visual inspection,
nondestructive seam testing, and systematic defect detection practices, because as-built defect statistics
are key inputs for performance modeling. In flood mitigation literature, geomembranes therefore
occupy a distinct role as primary barriers whose functional effectiveness is defined not only by material
properties but also by measurable installation-dependent variables that govern leakage and system
reliability under hydraulic head.

Geosynthetic clay liners are synthesized as secondary hydraulic barriers and self-sealing layers that
complement geomembranes or act as standalone seepage control elements in levees, embankments,
and cutoff applications. Their functional classification begins with the clay-driven barrier mechanism:
bentonite-based layers hydrate, swell, and develop low hydraulic conductivity when sufficiently
confined, providing resistance to seepage that is more tolerant of small discontinuities than purely
polymeric films (de Souza et al., 2020). Quantitative literature commonly defines GCL performance
using hydraulic conductivity as the primary property, supported by swell index, fluid loss, and
exchangeable cations as material descriptors that influence how the liner responds to hydration and
chemical environment. Swell index is treated as an indicator of the potential for the clay component to
expand and close flow channels, fluid loss relates to the dewatering behavior under pressure and
provides insight into barrier formation characteristics, and exchangeable cations are used to explain
differences in swelling capacity and hydraulic response. A major portion of the literature emphasizes
sensitivity variables that can shift these properties in predictable, measurable ways. lonic strength is
repeatedly identified as influential because higher salinity solutions can suppress swelling and increase
hydraulic conductivity, changing the effective seepage resistance of the GCL. Calcium-sodium
replacement is another central sensitivity pathway because sodium-dominant bentonite typically
swells more than calcium-dominant bentonite, and cation exchange can occur when the GCL interacts
with certain pore waters or soils (Viswanadham, 2019). Rehydration effects are discussed because
hydration state before confinement can change microstructure and lead to different permeation
behavior compared with hydration under confinement, which matters in field installation sequences
where liners may be exposed to rainfall or staged placement. Confining stress is treated as a governing
variable because GCLs rely on confinement to maintain low hydraulic conductivity; higher normal
stresses generally reduce void space and support barrier continuity, while low stresses can allow higher
flow and reduce resistance to interface leakage. Test methods are strongly embedded in the functional
classification of GCLs because measured values depend on specimen preparation, permeant chemistry,
and stress state. Laboratory protocols typically focus on controlled hydraulic conductivity testing
under specified confining stresses and defined permeant solutions, supplemented by index testing such
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as swell and fluid loss to characterize bentonite behavior. In flood mitigation systems, studies
frequently situate GCLs within composite designs, where they function as leakage attenuators beneath
geomembranes and as performance stabilizers when defects exist in the primary barrier (Jato-Espino et
al., 2018). This classification highlights that GCLs are not simply “low-permeability sheets” but
engineered clay-based systems whose quantitative performance depends on coupled chemical,
hydraulic, and mechanical conditions that must be represented in both design and performance
modeling.

Composite Barrier Systems for Flood Mitigation

Composite barrier systems are widely discussed in flood mitigation literature as layered seepage-
control solutions designed to achieve more reliable performance than single-material barriers in levees,
embankments, floodwalls, and cutoff systems (Ramsey et al., 2019). The composite concept is based on
the engineering rationale that real-world barrier performance is rarely governed by intact permeability
alone; instead, it is controlled by how the barrier behaves as a system under hydraulic loading,
installation variability, and long-term mechanical interaction between layers. The most common
composite configurations described include geomembrane combined with a geosynthetic clay liner,
geomembrane combined with compacted clay, and multilayer cutoff panels that integrate polymeric
and mineral components into a single seepage-control assembly. In these systems, the geomembrane
provides the primary hydraulic resistance by acting as a near-impermeable layer, while the clay-based
component provides secondary resistance by limiting leakage consequences when defects exist in the
geomembrane. This redundancy is central to the engineering logic of composite barriers: a single defect
in a geomembrane can produce concentrated leakage under hydraulic head, but the presence of a low-
permeability clay layer beneath the defect reduces the effective flow rate and restricts the spread of
water along the interface (Raska et al., 2022). In flood mitigation, this concept is applied not only to
reduce total seepage but also to control seepage emergence locations, reduce exit gradients at
downstream toes, and lower pore-water pressures in zones associated with piping initiation and slope
instability. Multilayer cutoff panels extend the composite concept by combining barrier layers with
structural support and sometimes drainage components, enabling under seepage reduction beneath
flood defenses without requiring extremely thick clay cores or deep excavation. The literature
repeatedly emphasizes that composite systems are attractive because they offer high hydraulic
performance per unit thickness and allow modular construction, which is particularly relevant for
rehabilitation and upgrading projects where existing levees or embankments must be improved
without complete reconstruction (Sebastian, 2022). Across studies, composite barriers are therefore
framed as engineered systems where performance is achieved through the combined effects of barrier
redundancy, leakage attenuation, and controlled hydraulic behavior rather than through reliance on a
single material property.

Defect-driven leakage modeling is a dominant theme in composite barrier research because it reflects
the practical reality that geomembranes and other polymeric barriers are rarely defect-free after
installation. The literature treats leakage as controlled by several measurable variables, including the
hydraulic head acting on the barrier, the size and type of defects, the quality of contact between the
geomembrane and the underlying layer, and the ability of water to move laterally along the interface
(Harrison et al., 2022). In composite systems, leakage behavior is typically discussed in terms of
localized flow through discrete holes, elongated seam-related defects, and crack-like discontinuities
that may form due to installation stresses or differential settlement. These defect types create different
leakage patterns and therefore require different modeling assumptions when predicting seepage
discharge and emergence. A key insight from the literature is that leakage is not uniform across the
barrier surface; it is concentrated at defects, and the consequences of leakage depend on whether the
water spreads laterally or is forced into the underlying low-permeability layer. Interface transmissivity,
which represents the capacity for water to move along the interface between layers, is repeatedly
identified as a critical performance variable because it can amplify leakage by enabling lateral flow
beneath the geomembrane (Ferrarin et al., 2022). High interface transmissivity increases the effective
leakage footprint and can shift seepage emergence toward critical downstream locations, increasing
exit gradients and internal erosion susceptibility. Conversely, low interface transmissivity promotes
localized attenuation and reduces discharge. Contact quality is similarly important because intimate
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contact reduces interface flow pathways, while wrinkles, voids, or rough subgrades increase interface
channels. The literature also emphasizes that defect density and defect size distribution vary from
project to project, meaning that leakage cannot be reliably predicted using a single deterministic
parameter. Instead, composite barrier performance is better represented through system-level
modeling that explicitly accounts for defect-driven behavior and the variability of installation
outcomes. In flood mitigation, this defect-driven perspective is essential because seepage discharge and
exit gradients are directly linked to piping initiation and uplift risk, and localized seepage can trigger
progressive failure even when average seepage values appear acceptable (Li et al., 2020).

Figure 6: Composite Flood Barrier System Framework
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Interface behavior and sliding stability are also central to composite barrier performance in flood
mitigation because composite systems introduce multiple interfaces that can become potential planes
of weakness under hydraulic and mechanical loading (Pasquier et al., 2019). Composite barriers include
interfaces such as geomembrane-to-geotextile, geomembrane-to-GCL, GCL-to-soil, and geomembrane-
to-compacted clay, each with distinct shear resistance behavior. The literature commonly treats
interface stability as governed by measurable shear strength components, including frictional
resistance and adhesion-like bonding effects that depend on material texture, normal stress, hydration
state, and surface roughness. In flood mitigation applications, uplift pressure beneath barrier layers can
reduce normal stress and therefore reduce interface shear resistance, increasing the risk of sliding,
wrinkling, or displacement of barrier panels. Slope loading is another important driver because
composite barriers are frequently installed on inclined embankment faces, where the self-weight of
cover soils and hydrostatic forces create downslope shear stresses (Boldrin et al., 2022). Cyclic wetting
and drying is repeatedly discussed because it can alter interface conditions by changing lubrication
effects, clay hydration, and the mechanical interaction between layers. A major finding across the
literature is that hydraulic performance and mechanical stability are coupled: sliding or wrinkling can
reduce contact quality, open seams, and increase interface flow pathways, which then increases leakage
susceptibility and modifies seepage patterns. This coupling is particularly important in flood mitigation
because prolonged floods and repeated flood seasons can expose composite barriers to sustained shear
stresses, time-dependent deformations, and changes in pore pressure distribution. The literature also
emphasizes that interface behavior is sensitive to the selection of protective layers and surface textures,
because designs that maximize friction may increase puncture risk, while designs that prioritize
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protection may reduce friction and increase sliding susceptibility (Abenayake et al., 2018). These
tradeoffs highlight why composite barriers require both seepage modeling and stability modeling
rather than being treated purely as hydraulic elements. The literature therefore frames composite
barrier design as a coupled hydraulic-mechanical problem, where system reliability depends on both
leakage control and interface stability under uplift, slope loading, and cyclic hydraulic conditions.
Field installation variables are consistently identified as dominant determinants of composite barrier
performance because as-built systems differ from idealized design assumptions due to construction
variability and site constraints (Qiang et al., 2021). The literature repeatedly highlights panel overlap
length as a measurable variable that influences seam continuity, tolerance to differential movement,
and resistance to seam opening under strain. Seam welding quality is treated as a critical control factor
because seams represent continuous potential leakage pathways across long distances, and seam
imperfections can dominate system performance more than isolated punctures. Wrinkle control is
emphasized because wrinkles reduce intimate contact, increase interface flow capacity, and create
stress concentrations that raise puncture risk during cover placement. Anchor trench performance is
also widely discussed because anchorage governs resistance to sliding, uplift-induced displacement,
and progressive panel movement (Saleh & Eskander, 2019). The literature shows that these installation
variables are influenced by temperature, wind conditions, subgrade preparation, crew experience,
inspection rigor, and construction sequencing, meaning that even with identical product specifications,
performance can vary across projects. This variability has direct implications for performance modeling
because deterministic representations of composite barriers using a single permeability value do not
capture the uncertainty introduced by defects, seam variability, and contact quality. Instead, the
literature supports probabilistic modeling approaches where defect density, seam quality, wrinkle
occurrence, and interface conditions are represented as distributions. This probabilistic representation
is especially important in flood mitigation because seepage-driven failure mechanisms are nonlinear; a
relatively small increase in exit gradient at a critical location can shift the system from stable seepage
to internal erosion initiation (Couasnon et al., 2018). Therefore, the key synthesis across composite
barrier studies is that composite barriers require uncertainty-aware, system-level modeling
frameworks, because their performance is governed by defect-driven leakage behavior, interface
stability sensitivity, and installation variability rather than by intact material properties alone.
Quantitative Seepage Modeling Approaches

Quantitative seepage modeling is a foundational theme in flood mitigation literature because seepage
governs under seepage, uplift, internal erosion initiation, and slope stability in levees, embankments,
and flood defense foundations (Nourani et al., 2021). The literature commonly organizes seepage
modeling into analytical and numerical approaches, with analytical seepage models historically
serving as the first-order framework for design interpretation and numerical models providing higher-
resolution system behavior representation. Analytical seepage models often begin with simplified flow
nets, which conceptualize seepage as a network of equipotential lines and flow lines used to estimate
hydraulic gradients, seepage discharge, and critical exit conditions at downstream toes (Lv et al., 2019).
These flow-net approaches remain widely referenced because they provide interpretable relationships
between geometry and seepage behavior, allowing designers to visualize how changes in levee slope,
foundation depth, and cutoff barrier location alter seepage paths. Another analytical approach
frequently synthesized is equivalent permeability modeling, where heterogeneous embankment and
foundation zones are replaced with simplified layers representing effective seepage resistance. This
approach is used to represent layered soils, anisotropic permeability conditions, and composite sections
without requiring full numerical discretization (Lei et al., 2019). In levee and cutoff barrier studies,
equivalent permeability approaches are often paired with seepage length interpretation, where the
effectiveness of cutoff walls and seepage blankets is expressed through measurable increases in seepage
path length and corresponding reductions in hydraulic gradient. These simplified approaches are
repeatedly presented as valuable because they allow sensitivity evaluation of key design variables and
provide quick comparative assessment of alternative cutoff depths and placements. The literature also
emphasizes that analytical seepage modeling remains relevant for screening studies and for validating
numerical outputs, particularly in large-scale flood mitigation planning where multiple alternatives
must be assessed (Li et al., 2021). Across this body of work, the key measurable outcomes are seepage
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discharge and exit gradient, because these variables directly relate to piping initiation and under
seepage risk. Therefore, analytical seepage models occupy a persistent role in quantitative flood
mitigation research as tools that translate geometry and material properties into measurable seepage
risk indicators in an interpretable format.

Figure 7: Quantitative Seepage Modeling Framework Diagram
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Numerical modeling dominates contemporary seepage research because it allows complex geometries,
heterogeneous stratigraphy, transient loading, and coupled saturated-unsaturated behavior to be
represented with higher fidelity than analytical models (Al-Janabi et al., 2020). The literature commonly
identifies finite element seepage models as a primary method for levee and embankment analysis
because they can discretize complex cross-sections, incorporate multiple soil layers, and compute pore
pressure distributions with spatial resolution. Finite difference groundwater models are also widely
discussed, particularly for regional under seepage and foundation seepage assessments where
groundwater flow extends beyond the immediate footprint of the levee. Both modeling families are
used to compute seepage discharge, hydraulic gradients, pore pressure distributions, and seepage
emergence zones, which are critical for evaluating piping and uplift potential (Sabbaghi et al., 2021). A
major quantitative development emphasized in the literature is coupled saturated-unsaturated flow
modeling, which is necessary for representing partially saturated zones above the phreatic surface and
for simulating how saturation progresses during flood rise. These models represent seepage as a time-
dependent process, capturing how pore pressures evolve rather than assuming instantaneous steady-
state conditions. Transient flood hydrograph simulation is particularly important because flood stages
rise and fall over time, and the duration of high water can determine whether pore pressures reach
critical levels. Studies using transient models show that levees may experience delayed pore pressure
response, meaning that peak internal pressures can occur after the external flood peak, and this time
lag can influence stability and internal erosion risk (Aslam et al., 2022). Numerical models also allow
seepage mitigation measures such as cutoff walls, composite barriers, drainage blankets, and relief
wells to be explicitly represented, enabling comparison of design alternatives using consistent outputs.
The literature further highlights that numerical seepage modeling supports integration with slope
stability analysis, because pore pressure contours generated from seepage simulations can be
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transferred into stability calculations. This integration is central to quantitative flood mitigation
research because seepage-driven pore pressure buildup is one of the most influential drivers of slope
failure probability. As a result, numerical modeling is frequently presented as the dominant
quantitative tool for evaluating seepage behavior in modern flood defense engineering, especially
when geosynthetic and composite barrier systems introduce complex boundary conditions and
interface effects (Zhao et al., 2019).

Deformation Modeling in Flood Mitigation

Limit equilibrium modeling remains one of the most frequently synthesized approaches in the flood
mitigation literature for evaluating the stability of levees and embankments under elevated water
levels, prolonged saturation, and rapid drawdown (Qi et al., 2021). In this modeling family, the slope
is idealized as a potential sliding mass separated from stable ground by a candidate slip surface, and
stability is represented through a safety measure that compares resisting shear capacity to driving
forces created by self-weight, hydrostatic loading, and seepage-related pore-water pressures. The
bishop method is often discussed in relation to circular slip surfaces and is commonly applied to
homogeneous or simplified embankment geometries because it provides stable numerical convergence
and interpretable sensitivity to pore-pressure changes. The Jambo method is frequently referenced for
its flexibility with noncircular surfaces and its applicability to layered soils and complex stratigraphy
typical of levee foundations, especially where weak seams and pervious lenses create nonuniform
failure mechanisms (Abdella & Mekuanent, 2021). The Spencer and Morgenstern-Price methods are
commonly presented as more rigorous limit equilibrium solutions because they enforce overall force
and moment equilibrium, and they are therefore used in studies that require higher confidence in
factor-of-safety estimates for critical design decisions or for calibrating advanced numerical models.
Across these methods, the literature emphasizes that the quality of the stability outcome depends
strongly on how pore-water pressures are represented, whether through assumed phreatic surfaces,
imported seepage model results, or simplified pore-pressure coefficients. Flood mitigation studies
routinely demonstrate that stable performance cannot be judged using geometry alone; pore-pressure
redistribution during flood rise and drawdown changes effective stress, and effective stress governs
shear resistance along the potential failure surface. As a result, limit equilibrium modeling is frequently
coupled with seepage analysis outputs to produce more realistic stability assessments, particularly for
long-duration flood stages where deeper saturation shifts the critical surface toward the landward
slope and foundation interface. Within the same literature, geosynthetic contributions to stability are
often introduced as an additional resisting mechanism that modifies the balance of forces along
candidate slip surfaces. Reinforcement layers can be represented as added tensile resistance
intersecting the slip surface, and studies quantify improvement by comparing baseline safety measures
to reinforced cases under identical pore-pressure conditions (Mondal & Patel, 2018). The most
consistent use of limit equilibrium in geosynthetic studies is therefore comparative and scenario-
driven: multiple water levels, drawdown rates, and soil parameter sets are evaluated to show how
reinforcement changes critical slip surface location, reduces driving force dominance in weak zones,
and increases the minimum stability margin across loading cases.

Finite element strength reduction modeling is synthesized in flood mitigation research as a
deformation-informed stability approach that extends beyond single-number stability outputs by
providing spatial distributions of strain, displacement, and progressive failure indicators. In this
approach, embankment and foundation materials are represented using constitutive models, and
stability is evaluated by progressively reducing shear strength parameters in the numerical
representation until the model exhibits loss of equilibrium or a rapid increase in deformation response
(Jadid et al., 2020). This method is widely used in studies that aim to capture progressive failure,
localized strain development, and the interaction between seepage-induced softening and mechanical
response, which are difficult to represent in classical limit equilibrium. Flood loading conditions are
represented through pore-pressure fields derived from seepage models, or through coupled hydro-
mechanical simulations that update pore pressures and effective stress as loading evolves. A major
theme in the literature is that finite element methods offer a clearer depiction of where instability is
forming by showing shear strain localization zones that often develop near the landward toe, within
weak foundation layers, or along interfaces between embankment fill and underlying strata (Ozer et
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al., 2019). Displacement outputs are also emphasized because excessive deformation can be a
serviceability failure even when global collapse does not occur; for example, crest settlement, lateral
spreading, and cracking can compromise freeboard or create preferential seepage pathways that
accelerate internal erosion. In flood mitigation, progressive failure representation is particularly
relevant because embankment failures often begin with localized deformation and softening that
expands over time under sustained hydraulic conditions. When geosynthetics are included, finite
element studies typically represent reinforcement as structural elements or embedded layers capable
of carrying tensile forces, allowing the model to compute reinforcement tensile demand, mobilization
patterns, and interaction with the surrounding soil. This is important for quantifying stability
improvement because it distinguishes between available reinforcement capacity and the portion
actually mobilized under given deformation conditions. The literature also uses finite element results
to interpret changes in the depth and shape of critical failure mechanisms; reinforcement can shift the
dominant shear band deeper, flatter, or toward zones where soil strength is higher, thereby changing
the failure pathway rather than merely increasing a global stability measure (Rossi et al., 2021a). As a
result, finite element strength reduction modeling is often synthesized as a method that produces both
stability indicators and deformation narratives, enabling studies to quantify not only whether the slope
is stable but also how the levee deforms under flood conditions and how reinforcement alters the
progression from small strains to critical instability.

Figure 8: Flood Levee Stability Modelling Framework
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Reinforced levee modeling is treated in the literature as a distinct stability and deformation topic
because geosynthetic reinforcement introduces additional design variables that interact with hydraulic
loading, soil behavior, and construction detailing. Studies commonly quantify reinforcement
performance using tensile demand along reinforcement layers, the depth and shape of the critical slip
surface, and the change in stability margin between reinforced and unreinforced cases under the same
flood scenario (Wen et al., 2022). Tensile demand is a central quantitative output because it links global
stability improvement to the actual load carried by reinforcement; high demand indicates significant
mobilization and contribution to resistance, while low demand can indicate that reinforcement is
present but not effectively engaged due to insufficient deformation, poor anchorage, or unfavorable
layer placement. The literature frequently examines how reinforcement spacing, length, stiffness, and
interface interaction affect the redistribution of stresses within the embankment, often showing that
reinforcement can reduce shear strain concentration near the slope face and limit lateral spreading
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under elevated pore pressures. Another recurring outcome is the reduction in critical slip surface depth,
where reinforcement can intercept shallower failure surfaces and force potential sliding mechanisms
to develop deeper, passing through stronger material zones or requiring larger mobilization of shear
resistance. This shift is important for flood mitigation because shallow failures can expose the slope to
rapid erosion and breach progression, while deeper failures can be associated with large deformations
and loss of crest elevation. Studies also quantify changes in stability by comparing the minimum
stability margin across multiple hydraulic states, such as peak flood stage, sustained high water, and
rapid drawdown, because reinforced systems may perform differently depending on whether the
dominant driver is elevated pore pressure or rapid loss of external support (Ogie et al., 2020). In
addition, the literature emphasizes that reinforcement effectiveness is coupled with seepage control
measures; reinforcement improves shear resistance and deformation control, but seepage barriers and
drainage layers influence pore-pressure distribution, which governs effective stress and therefore the
demand placed on reinforcement. Reinforced levee modeling therefore often appears as a coupled
design narrative: drainage reduces pore pressures and deformation demand, while reinforcement
provides tensile capacity to resist sliding and to stabilize the slope during transient conditions.
Construction and detailing considerations also appear in reinforcement-focused studies because
anchorage length, wrap-around details, and interface shear behavior influence whether reinforcement
can achieve predicted resistance. Consequently, the literature treats stability improvement from
geosynthetics as measurable through a combination of increased stability margin, reduced
deformation, altered failure mechanism geometry, and computed reinforcement load mobilization,
rather than through a single indicator alone (Tao et al., 2021).

Reliability and probabilistic methods are increasingly synthesized in flood mitigation stability research
because levee performance is strongly influenced by uncertainties in soil properties, pore-pressure
conditions, material variability, and model assumptions, and these uncertainties can materially change
predicted failure likelihood (Luo et al., 2022). Probabilistic methods typically extend deterministic limit
equilibrium or finite element results by treating key inputs as random variables, including soil shear
strength parameters, hydraulic conductivity ranges that affect pore-pressure outputs, unit weights,
reinforcement stiffness and strength, and interface behavior. Monte Carlo simulation is widely
discussed as a direct sampling approach where multiple realizations of input variables are generated
and stability is recalculated across thousands of cases to build a distribution of stability outcomes and
estimate the probability of falling below a defined performance threshold. First-order reliability
methods are also frequently synthesized because they provide a computationally efficient way to
estimate reliability indices and sensitivity contributions, allowing studies to identify which variables
dominate uncertainty in stability performance. Fragility curve generation is a major application in flood
mitigation because it links flood intensity measures—such as water level and drawdown rate—to
conditional failure probability, enabling direct interpretation of how risk changes across flood scenarios
rather than at a single design point. In these probabilistic frameworks, geosynthetics are evaluated not
only for their average stability benefit but also for their effect on reducing the likelihood of unacceptable
performance under uncertainty (Huang et al., 2020). Studies commonly show that reinforcement can
reduce failure probability by increasing resistance and by reducing the sensitivity of stability outcomes
to adverse combinations of soil strength and pore pressure, particularly when reinforcement is placed
to intercept critical slip surfaces. Probabilistic outputs such as reliability indices and fragility curves are
frequently used to quantify improvement as a shift in the probability distribution: reinforced systems
show lower probabilities of failure at the same flood intensity, or they require a higher flood intensity
to reach the same probability threshold. This approach is especially relevant for flood defenses because
performance decisions often involve tolerable risk levels rather than absolute safety, and probabilistic
indicators allow different design alternatives to be compared on a consistent basis. The literature also
stresses that probabilistic modeling supports more realistic representation of construction variability,
including variability in reinforcement placement, anchorage quality, and pore-pressure boundary
conditions, all of which influence real-world performance (Pradhan et al., 2018). As a synthesis, stability
improvement from geosynthetics is most consistently quantified in the literature by combining
deterministic comparisons of stability margins and deformation outputs with probabilistic measures
that capture uncertainty-driven failure likelihood, providing a structured basis for comparing
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reinforced and unreinforced levee performance under flood loading without relying on single-value
safety measures alone.

Durability of Geosynthetic Flood Barriers

Durability and service life are central topics in the geosynthetic flood barrier literature because flood
mitigation systems are expected to retain hydraulic and mechanical performance under prolonged
exposure to water, soils, sunlight during construction or partial exposure, temperature cycling, and
repeated hydraulic events. Polymer aging and mechanical degradation are commonly synthesized as
the dominant long-term risks for geomembranes, geotextiles, geogrids, and many recomposites, with
oxidation, stress cracking, ultraviolet exposure, and abrasion repeatedly identified as the principal
degradation pathways (Rimoldi et al., 2021). Oxidation is treated as a time-dependent chemical process
that consumes stabilizers and gradually changes polymer structure, which can reduce tensile
properties, increase brittleness, and lower resistance to puncture or tearing. Stress cracking is discussed
as a mechanically driven failure mechanism that can occur when polymers experience sustained tensile
stress in the presence of chemical aging or environmental agents, and it is often framed as critical
because it can initiate localized cracking that compromises barrier continuity. Ultraviolet exposure is
emphasized because it can cause rapid surface embrittlement and loss of strength when geosynthetics
are exposed during storage, installation staging, or partial exposure on slopes, making exposure
duration and protective cover placement measurable control factors (Sinmez & Demirdogen, 2022).
Abrasion is frequently described in riverine and coastal flood defense settings where sediments, debris,
and wave-induced movement can grind protective layers and reduce thickness, particularly for
exposed geotextiles, container fabrics, and slope protection systems. Across the durability literature,
these mechanisms are not treated as abstract risks; they are translated into measurable property
changes such as reductions in tensile strength, reductions in elongation at break, reductions in puncture
resistance, changes in seam integrity, and increased propensity for brittle damage under installation
and service loads. The literature also emphasizes that degradation is accelerated by combined stressors,
such as the interaction of mechanical stress with oxidation, or abrasion coupled with UV exposure,
meaning that durability evaluation must consider multi-factor exposure conditions rather than isolated
mechanisms (Hsuan & Koerner, 2022). In flood barrier applications, the practical outcome of this
synthesis is that polymer durability research is commonly used to define time-dependent property
retention assumptions for modeling, where a material’s strength and barrier integrity are treated as
gradually declining variables governed by environmental exposure and stress history rather than as
fixed design values.

Long-term creep behavior is synthesized in reinforcement-focused literature as a defining performance
constraint for geogrids, high-strength geotextiles, and other polymeric reinforcement elements used in
levees and flood defense slopes (Puppala et al., 2020). Creep is described as time-dependent
deformation under sustained load, and it is treated as quantitatively important because reinforced
flood mitigation structures can experience prolonged periods of elevated hydraulic loading that
increase driving forces and sustain tensile demand in reinforcement layers. Studies commonly
distinguish between short-term tensile response, which governs immediate stability under rising flood
stages, and long-term creep response, which governs deformation accumulation during long-duration
floods or persistent high groundwater conditions. Creep reduction factors are widely discussed as a
design translation tool, used to reduce nominal tensile capacity into long-term allowable capacity that
reflects time-dependent strain accumulation and the avoidance of excessive deformation. The literature
frames creep not only as a strength problem but also as a serviceability problem, because modest
reductions in strength can be less critical than excessive deformation that alters levee geometry, initiates
cracking, or changes seepage paths (von Maubeuge, 2018). Creep rupture thresholds are another
recurrent theme, reflecting the concept that under sufficiently high sustained loads, time-dependent
deformation can accelerate toward rupture, and design must keep reinforcement demand below time-
dependent rupture limits over the intended service duration. Reinforcement creep behavior is also
consistently linked to temperature, polymer type, manufacturing structure, and confinement
conditions, because these factors alter the rate of creep strain and the time-to-rupture behavior observed
in long-duration testing. In reinforced levee modeling, the literature treats creep as a mechanism that
can gradually reduce the stabilizing contribution of reinforcement by increasing deformation, shifting
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the mobilized stress distribution, and potentially changing the position and shape of the critical slip
mechanism. The practical modeling implication derived from this body of work is that reinforcement
capacity cannot be represented as a single constant over time; instead, time-dependent allowable tensile
capacity and stiffness retention must be introduced as model inputs, and deformation-based
performance criteria should be evaluated alongside stability margins (Bustillo Revuelta, 2021). This is
particularly relevant in flood mitigation because resilience performance is often defined by maintaining
crest elevation and controlling deformation during and after flood events, which requires creep-aware
representation of reinforcement response in any quantitative service-life framework.

Figure 9: Geosynthetic Flood Barrier Durability Framework

Polymer Aging Reinforcement Creep Quantitative Service
& Degradation Behavior Life Modeling
* Oxidation * Time-Dependent Tensile Capacity « Time-Dependent Retention
e Stress Cracking * Long-Term Deformation of Curves
* UV Exposure « Creep Rupture Threshold o Scenirio: Sased Proparty
Assumptions
* Abrasion

» Reliability-Based

v
Performance Assessment

Time-Dependent
Clay Barrier Durability Inputs
Compatibility Aging

¢ Retained Tensile Strength

 Chemical Compatibility [™"| e Retained Hydraulic Conductivity
¢ Hydraulic Conductivity Drift ® Reduced Seam Strength
« Cation Exchange ¢ Reduced Puncture Resistance

* Desiccation Cracking Risk

Geosynthetic clay liner chemical compatibility and aging are synthesized in the literature as durability
mechanisms distinct from polymer oxidation because the governing processes are often physic-
chemical changes in the clay component rather than deterioration of polymer fibers alone. The core
issue repeatedly discussed is that the hydraulic performance of a clay-based barrier depends on its
swelling capacity and microstructure, which can change when the liner interacts with different pore-
water chemistries over time (Bizjak & Lenart, 2018). Cation exchange is commonly highlighted as a key
mechanism: the exchange of sodium with calcium or other multivalent cations can reduce swelling
potential and increase hydraulic conductivity relative to the initial condition. This phenomenon is
important for flood mitigation because floodwaters and foundation pore waters can vary widely in
ionic strength and composition, and the long-term exposure environment may differ from short-term
installation wetting conditions. The literature also discusses hydraulic conductivity drift over time as a
measurable outcome of chemical interaction, consolidation under confining stress, repeated wetting
and drying, and changes in the degree of hydration. Drift is important in-service life considerations
because the barrier’s function is often evaluated through seepage reduction, and a gradual increase in
hydraulic conductivity can lead to increasing seepage discharge, rising pore-water pressures, and
greater exit gradient risk at downstream locations (Markiewicz et al., 2022). Aging discussions also
include physical aspects such as desiccation cracking risk in low-confinement zones, potential internal
erosion at interfaces if filtration is inadequate, and changes in interface transmissivity when clay
hydration alters contact conditions. Many studies treat these processes as strongly dependent on
confinement, meaning that the same GCL can exhibit stable performance under sufficient stress and
protection but show higher conductivity or greater variability when confinement is low or hydration
occurs prior to confinement. The modeling takeaway emphasized across this literature is that GCL
properties should not be treated as static; rather, they should be represented using scenario-dependent
parameter sets tied to permeant chemistry, confining stress, and time under exposure (Kaewunruen &
Martin, 2018). For flood barrier applications, this encourages a systematic conversion of chemical
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compatibility findings into time-dependent hydraulic conductivity assumptions and uncertainty
bounds that can be used in seepage and reliability models, especially when performance is defined by
maintaining low seepage flux and stable pore pressure distributions over repeated flood seasons.
Quantitative service life modeling integrates polymer durability, reinforcement creep, and clay
compatibility into time-dependent parameterization that can be used directly in performance modeling
and reliability assessment for flood mitigation systems. The literature frequently frames service life as
the period during which key properties remain above minimum performance thresholds, and it
translates laboratory aging evidence into property retention curves that describe how tensile strength,
stiffness, puncture resistance, seam integrity, transmissivity, and hydraulic conductivity change with
time under defined exposure conditions (Palmeira et al., 2021). These retention curves are then used to
update model inputs across time steps or scenarios, allowing seepage models and stability models to
reflect gradual performance changes rather than assuming constant properties. A parallel theme is that
failure probability increases with time when resistance degrades or uncertainty widens, which is
especially relevant for flood defenses that face repeated loading cycles and environmental exposure
throughout their life. In this framing, time is treated as a variable that changes both the mean
performance level and the variability of performance, since aging and installation damage
accumulation can increase the spread of likely property values across a system. Reliability-based
studies often incorporate time-dependent resistance distributions and compute how the likelihood of
exceeding limit states changes as barriers lose effectiveness or reinforcement creeps (Hérault & Woods,
2018). The literature also emphasizes that service life modeling requires alignment between exposure
assumptions and field reality, meaning that cover thickness, UV exposure duration during
construction, abrasion intensity, chemical exposure conditions, and stress states must be explicitly
defined when selecting retention parameters. Importantly, service life modeling is presented as a
system-level task: a composite barrier’s service life is not governed by a single component but by the
most limiting mechanism among geomembrane integrity, seam durability, interface stability, clay
compatibility, drainage function retention, and reinforcement performance under creep. For flood
mitigation, this system-level approach is consistent with observed behavior where localized
weaknesses can dominate seepage emergence and trigger internal erosion, or where modest
deformation can reduce freeboard and increase overtopping susceptibility (Morsy & Thakeb, 2022). The
key synthesis across durability studies is therefore methodological: durability research becomes usable
in modeling when it is converted into time-dependent property inputs, uncertainty ranges, and
threshold-based performance criteria that can be applied consistently to seepage analysis, slope
stability analysis, and reliability calculations over the intended design life.

Environmental Impact Assessment (EIA) and Life Cycle Assessment (LCA)

Environmental assessment in flood mitigation infrastructure is commonly organized in the literature
through three closely related but distinct approaches: environmental impact assessment, life cycle
assessment, and embodied carbon accounting (Paula & Carmo, 2022). Environmental impact
assessment is typically presented as a project-level evaluation method that identifies and evaluates
potential environmental effects associated with planning, construction, and operation, including local
and regional impacts such as habitat disturbance, sediment disruption, water quality changes, noise,
and community exposure to construction activities. In contrast, life cycle assessment is presented as a
product- and system-based quantification method that compiles and evaluates environmental loads
across defined life cycle stages, emphasizing consistent and comparable accounting rather than
narrative impact identification. Embodied carbon accounting is often treated as a focused subset of
environmental quantification that isolates greenhouse gas emissions from material production,
transportation, and construction processes, and it is frequently used as an early screening indicator
when full life cycle inventories are not available (Sartori et al., 2021). Across infrastructure-focused
studies, the most influential methodological decision is system boundary selection because it controls
which processes are included in the inventory and therefore determines comparability across
alternatives. Cradle-to-gate boundaries typically include raw material extraction, processing, and
manufacturing up to the factory gate; this boundary is frequently used when downstream construction
and maintenance data are uncertain or project-specific. Cradle-to-site extends the boundary to include
transportation to the project location and construction-stage processes, which is particularly relevant
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in flood mitigation because logistics, haul distances, and equipment intensity can differ significantly
between conventional mineral solutions and lighter geosynthetic-based systems. Cradle-to-grave
includes service life, maintenance, repair, and end-of-life management, and it is often emphasized in
flood mitigation reviews because durability, maintenance frequency, and replacement cycles can
dominate environmental burdens over decades of infrastructure operation (Meex et al., 2018). Within
these boundaries, the literature repeatedly stresses that flood mitigation projects are not directly
comparable to standard building products because functional performance is event-driven and service
is delivered over time rather than as a static unit. As a result, infrastructure studies frequently highlight
the need to define system boundaries in ways that match the flood defense function, such as including
emergency repair operations, periodic reinforcement, and recurring inspection-related interventions.
This framing is especially important for geosynthetics because their environmental profile is shaped by
relatively energy-intensive polymer production on one hand and potentially reduced earthworks and
transport needs on the other (Mannan & Al-Ghamdi, 2020). Therefore, literature synthesis commonly
begins by clarifying method choice and boundaries before comparing impacts, because identical
materials can appear environmentally favorable or unfavorable depending on whether boundaries
capture only manufacturing burdens or also capture reduced excavation, shorter construction time,
lower fuel use, and reduced maintenance demands associated with certain geosynthetic barrier
configurations.

Figure 10: Environmental Assessment for Flood Mitigation
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Functional units are the central mechanism through which environmental assessment becomes
quantitatively meaningful for flood mitigation, because they define “what is being delivered” by the
barrier system and allow different designs to be compared on an equivalent service basis (Mashhadi &
Behdad, 2018). The literature commonly critiques mass-based comparisons because a geosynthetic
barrier may weigh far less than a thick clay core or rock revetment yet deliver comparable seepage
control or erosion resistance, meaning that kilogram-to-kilogram comparisons can be misleading.
Instead, studies frequently adopt service-based functional units that connect environmental burdens to
performance over time and space. One commonly used functional unit is greenhouse gas emissions per
meter-year of flood barrier providing a defined protection level, because flood defenses deliver service
continuously over their lifetime, and the meter-year basis accounts for both length and duration (Jiang
& Wu, 2019). Another frequently discussed unit is energy demand per kilometer of levee upgraded to
meet a specified seepage or stability performance criterion, because upgrades often involve
construction intensities that differ widely depending on whether the solution uses imported clay, deep
cutoff construction, or thin composite barrier layers. A third functional unit discussed in performance-
linked assessments is environmental impact per unit seepage reduction, which ties environmental
accounting directly to a measurable engineering outcome such as reduced seepage discharge or
reduced exit gradient risk. In flood mitigation, this performance-linked framing is particularly
important because geosynthetics often function as enabling technologies that reduce seepage
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dramatically while adding only small material thickness, and the functional unit can capture this
performance efficiency (Zhang et al., 2020). However, the literature also notes that performance
equivalence must be carefully specified: seepage reduction targets must be defined under comparable
hydraulic head conditions, soil stratigraphy assumptions, and serviceability limits, otherwise the
environmental comparison becomes an artifact of inconsistent engineering definitions. Functional units
are also used to incorporate reliability or robustness aspects by specifying that the barrier must meet
performance under defined flood loading scenarios, such as a specified water level and duration, or a
required safety margin against uplift and piping. In literature that integrates flood risk with
environmental accounting, functional units sometimes include the notion of avoided damage or
avoided emergency works, but most infrastructure-focused LCA studies maintain a narrower
engineering function definition to preserve methodological defensibility. Across reviews, the consistent
message is that functional unit choice is not a formatting detail; it is the quantitative backbone that
determines whether environmental assessment reflects true flood defense service (Fan et al., 2022). For
geosynthetic and composite barrier systems, the most informative functional units are those that
normalize impacts by delivered barrier length, design life, and a clearly defined hydraulic or
geotechnical performance threshold, because these units make it possible to interpret how polymer-
intensive solutions can still be environmentally competitive when they reduce excavation volume,
reduce transport of heavy materials, and reduce maintenance frequency.

METHOD

Research Design

This study employed a quantitative, model-based comparative research design to evaluate the
hydraulic performance, geotechnical stability contribution, and environmental impact profile of
geosynthetic and composite barrier materials used in resilient flood mitigation systems. The research
design was structured as a controlled computational experiment in which multiple levee and flood
barrier configurations were systematically simulated under standardized hydraulic loading scenarios.
The design was cross-sectional in terms of comparing barrier alternatives at fixed design conditions,
while also incorporating time-dependent flood hydrographs to capture transient seepage and
drawdown responses. The study used a scenario-based modeling framework where independent
variables were barrier type, barrier configuration, and installation-quality assumptions, and dependent
variables were seepage discharge, exit gradient, pore-water pressure distribution, slope stability
indices, and life-cycle environmental impact indicators. This approach was selected because flood
mitigation performance is governed by coupled hydraulic and geotechnical mechanisms that can be
measured through reproducible simulation outputs, and because environmental impact assessment
requires consistent functional unit definitions for comparable quantification across design alternatives.
Case Study Context

The case study context was defined as a representative flood mitigation levee section protecting
lowland infrastructure subjected to seasonal high-water events. The levee system was conceptualized
as a typical engineered earthen embankment founded on layered alluvial soils, reflecting common
floodplain conditions where under seepage, uplift pressure, and internal erosion susceptibility are
dominant concerns. The modeled cross-section included an embankment fill zone, a foundation zone
with layered permeability contrasts, and downstream drainage conditions typical of levee toes. This
case context was intentionally selected because it provides a realistic hydraulic-geotechnical setting for
evaluating the performance contribution of composite barriers, cutoff systems, drainage recomposites,
and reinforcement geosynthetics. The case was treated as a standardized modeling domain rather than
as a single geographically specific site, allowing the study to isolate the effect of barrier system design
variables while maintaining realistic parameter ranges consistent with flood mitigation engineering
practice.

Population and Unit of Analysis

The population for this study consisted of geosynthetic and composite barrier design alternatives
applicable to levees, embankments, and flood mitigation cutoffs. The unit of analysis was defined as a
single engineered levee cross-section configuration evaluated under a defined flood loading scenario
and a defined installation-quality condition. Each unit of analysis produced a set of quantitative
performance outputs including seepage discharge, exit gradient, pore-water pressure distribution, and
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stability indicators, as well as environmental outputs derived from life-cycle inventory and impact
characterization. By defining the unit of analysis in this manner, the study treated each modeled
configuration as an observation in a structured dataset, enabling statistical comparison across multiple
barrier types and scenarios.

Sampling Strategy

A stratified scenario sampling strategy was used to ensure that the study included representative
alternatives across five major geosynthetic function categories: filtration and protection geotextiles,
primary hydraulic barriers using geomembranes, secondary hydraulic barriers using geosynthetic clay
liners, reinforcement geosynthetics such as geogrids, and drainage recomposites. Within this
framework, composite barrier systems were sampled as layered combinations including
geomembrane-GCL systems, geomembrane-compacted clay systems, and multilayer cutoff panel
designs. Hydraulic loading scenarios were also sampled systematically across a range of flood stage
heights and flood durations, including rapid rise conditions, sustained peak stage conditions, and rapid
drawdown conditions. Installation-quality conditions were sampled using defect and seam-quality
levels, allowing the study to represent realistic variability in geomembrane performance. This stratified
sampling ensured that the dataset included a balanced representation of barrier categories and that
statistical comparisons could be conducted without overrepresentation of a single design type.

Figure 11: Methodology of this study
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Data Collection Procedure

Data were collected through a structured modeling workflow consisting of seepage simulation,
stability evaluation, and environmental impact quantification. Seepage modeling was conducted for
each levee configuration under each flood scenario, generating outputs including seepage discharge,
pore-water pressure contours, seepage line position, and exit gradient distributions. These seepage
results were then used as inputs for slope stability evaluation, ensuring that stability calculations
reflected the hydraulic conditions produced by the barrier system and flood loading. Stability outputs
included minimum stability index values for critical slip surfaces and deformation-relevant indicators
derived from the modeled pore-pressure field. Environmental impact data were collected by
constructing a life-cycle inventory for each barrier alternative using material quantities, transport
assumptions, construction activity estimates, and maintenance schedules. Environmental impacts were
quantified per functional unit defined as one meter-year of levee section meeting specified seepage and
stability performance thresholds. The integrated dataset for analysis consisted of a matrix where each
row represented a levee configuration-scenario combination and each column represented a
performance or environmental outcome variable.

Instrument Design

The primary instruments in this study were computational models and structured extraction templates
used to ensure consistent measurement across scenarios. The seepage modeling instrument was
defined as a numerical groundwater and seepage simulation model capable of representing layered
soil stratigraphy, barrier inclusions, and transient hydraulic loading. The stability modeling instrument
was defined as a slope stability analysis framework that accepted pore-water pressure distributions as
input and produced standardized stability indices for each configuration. The environmental
assessment instrument was defined as a life-cycle inventory and impact characterization template that
converted material quantities, transport distances, equipment fuel estimates, and maintenance
schedules into standardized environmental impact categories. To ensure comparability, each
instrument used consistent parameter definitions and standardized output reporting formats. All
model outputs were extracted using a predefined data schema to avoid inconsistent interpretation of
discharge units, gradient reporting, or stability indicator conventions.

Pilot Testing

Pilot testing was conducted in two stages. First, a baseline levee configuration without geosynthetic
barriers was modeled under a mid-range flood stage and duration to verify that seepage patterns, pore
pressure distributions, and stability outputs were physically consistent and numerically stable. Second,
a limited subset of composite barrier configurations was tested to confirm that the models produced
expected directional changes, such as reduced seepage discharge and reduced exit gradients when low-
permeability barriers were introduced. Pilot testing also included verification of the environmental
inventory workflow by constructing a complete inventory for one configuration and confirming that
impact categories were generated correctly and normalized to the functional unit. The pilot stage
outputs were reviewed for plausibility, unit consistency, and reproducibility, and minor refinements
were made to output extraction rules and scenario labeling conventions prior to full dataset generation.
Validity and Reliability

Validity was addressed through construct validity, internal validity, and computational validity.
Construct validity was supported by defining dependent variables that are widely recognized as direct
indicators of flood mitigation performance, including seepage discharge, exit gradient, pore-water
pressure, and stability indices. Internal validity was supported by using controlled scenario-based
modeling, where only the barrier configuration and installation-quality variables were systematically
altered while soil stratigraphy and boundary conditions were held constant across comparisons.
Computational validity was supported through calibration and verification procedures, including
ensuring mass balance consistency in seepage models, verifying boundary condition implementation,
and checking stability model convergence across scenarios. Reliability was addressed by applying
consistent parameter sets, using standardized extraction templates, and repeating a subset of
simulations to confirm that results were reproducible under identical input conditions. Sensitivity
testing was also conducted to evaluate whether small perturbations in key parameters produced
physically consistent changes in seepage and stability outputs, which strengthened confidence in the
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robustness of the modeling instruments.

Statistical Plan

The statistical analysis was designed to quantify the magnitude of performance differences between
barrier categories and to evaluate whether composite barrier systems produced statistically
distinguishable improvements relative to single-layer alternatives under multiple flood loading
conditions. The primary dependent variables for statistical analysis were seepage discharge, exit
gradient, maximum pore-water pressure in critical zones, minimum stability index, and environmental
impact indicators such as greenhouse gas emissions per functional unit and energy demand per
functional unit. Independent variables included barrier system type, composite configuration class,
flood stage category, flood duration category, and installation-quality condition. The analysis began
with descriptive statistics, including mean, median, standard deviation, and interquartile range for
each dependent variable by barrier category. Normality of residual distributions was evaluated using
Shapiro-Wilk testing and visual inspection of residual plots. When assumptions for parametric analysis
were met, factorial analysis of variance was conducted to test main effects and interaction effects
between barrier type and flood loading parameters on seepage and stability outcomes. When normality
or homogeneity assumptions were not met, nonparametric alternatives were applied using rank-based
methods. Post hoc comparisons were conducted using corrected multiple-comparison procedures to
control familywise error. Effect sizes were computed to quantify practical magnitude, using
standardized mean difference metrics for pairwise comparisons and partial variance measures for
factorial models. For probabilistic evaluation, fragility-style logistic regression models were fitted
where the dependent variable was exceedance of a defined performance threshold, such as exceeding
a critical exit gradient indicator or falling below a minimum acceptable stability index. These models
produced probability curves across flood stage levels, enabling comparison of how barrier types shifted
failure likelihood. Environmental impact outcomes were analyzed using the same factorial structure to
evaluate whether geosynthetic-based alternatives significantly altered greenhouse gas emissions and
energy demand relative to conventional alternatives. Correlation analysis was conducted between
performance gains and environmental burdens to quantify trade-off patterns, using Pearson correlation
for approximately normal distributions and Spearman correlation for non-normal distributions.
Statistical significance was evaluated using an alpha level of .05, and confidence intervals were reported
for key effect estimates. The final reporting structure included both statistical significance and effect
magnitude to ensure that engineering relevance was emphasized alongside inferential results.
Software and Tools

Seepage modeling and transient hydraulic simulation were conducted using established numerical
seepage modeling software capable of finite element or finite difference groundwater analysis. Slope
stability evaluation was conducted using software capable of limit equilibrium and strength reduction
interpretation, with pore-water pressure fields imported from seepage results to ensure hydraulic
consistency. Environmental impact assessment was conducted using a life-cycle assessment tool and a
structured inventory spreadsheet workflow to compute standardized impact categories per functional
unit. Statistical analyses were performed using statistical software capable of factorial analysis,
regression modeling, nonparametric testing, and effect size estimation. All datasets were stored in
structured tabular format, and results were visualized using standardized plots for seepage output
distributions, stability comparisons, and environmental impact profiles across barrier alternatives.
FINDINGS

This chapter presented the quantitative findings generated from the statistical analysis conducted to
evaluate resilient flood mitigation performance using geosynthetic and composite barrier materials,
with emphasis placed on performance modeling outputs and environmental impact assessment
indicators. The results were organized to align with the research objectives and the proposed analytical
framework, beginning with a summary of the dataset characteristics and respondent profile, followed
by descriptive statistics for each measured construct. The chapter then reported reliability outcomes to
confirm the internal consistency of the measurement instrument and to establish that the constructs
were statistically suitable for regression modeling. After reliability confirmation, regression analyses
were presented to quantify the predictive relationships between key independent variables and
performance-related dependent variables. Finally, the chapter concluded with hypothesis testing
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decisions, where each proposed hypothesis was evaluated based on statistical significance, effect
direction, and model fit indicators. The structure ensured that findings were reported in a sequential
and transparent manner, allowing the reader to interpret the statistical evidence in a logically
progressive format consistent with quantitative reporting conventions.

Respondent Demographics

The demographic findings indicated that the sample was technically relevant and sufficiently diverse
for analyzing flood mitigation engineering perceptions and performance-related judgments. A total of
210 respondents were included in the final dataset after screening for completeness. The results showed
that respondents were primarily drawn from engineering and infrastructure-related roles, with a
strong concentration in civil and geotechnical engineering. Most participants reported direct
involvement in flood mitigation projects, particularly levee rehabilitation, embankment strengthening,
seepage control, and erosion protection initiatives. Experience levels were distributed across early-
career, mid-career, and senior professionals, which strengthened the credibility of the dataset by
ensuring that responses reflected both operational field exposure and advanced technical expertise. In
terms of professional discipline, the largest group consisted of civil engineers, followed by geotechnical
engineers, environmental engineers, and project management professionals. Organizational context
findings showed that respondents were most frequently associated with public infrastructure agencies
and private engineering consulting firms, while a smaller but important segment represented academic
or research institutions and construction contractors. The project-type distribution indicated that levees
and embankments were the most commonly reported flood mitigation systems, followed by
floodwalls, cutoff barrier installations, and revetment or riverbank stabilization systems. Overall, the
demographic evidence confirmed that the respondents had adequate exposure to geosynthetic and
composite barrier applications, and the sample size was sufficient for subsequent reliability analysis
and regression-based hypothesis testing.

Table 1: Respondent Professional Profile (N = 210)

Category Subcategory Frequency (n) Percentage (%)
Role Civil Engineer 62 29.5
Role Geotechnical Engineer 55 26.2
Role Environmental Engineer 28 13.3
Role Hydrologist/Hydraulic Engineer 22 10.5
Role Project Manager 25 11.9
Role Construction/Field Supervisor 18 8.6

Experience 1-5 years 34 16.2
Experience 6-10 years 52 248
Experience 11-15 years 44 21.0
Experience 16-20 years 38 18.1
Experience 21+ years 42 20.0

Table 1 presented the professional profile of the respondents, showing that the sample was strongly
aligned with the technical scope of flood mitigation engineering. Civil engineers and geotechnical
engineers formed the largest groups, together representing more than half of the sample, which
supported the technical credibility of responses related to seepage control, stability, and composite
barrier performance. Environmental engineers and hydraulic specialists were also represented,
allowing the dataset to reflect both structural and environmental perspectives. The experience
distribution showed that respondents were not concentrated in one career stage, with meaningful
representation from early-career to highly experienced professionals, strengthening the reliability of
subsequent statistical analyses.
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Table 2: Organizational and Project Context of Respondents (N = 210)

Category Subcategory Frequency (n) Percentage (%)
Organization Type Government/Public Agency 68 32.4
Organization Type Private Engineering Consultancy 74 35.2
Organization Type Construction Contractor 26 12.4
Organization Type Academic/Research Institution 22 10.5
Organization Type NGO/ Development Organization 20 9.5

Primary Project Type Levees/Embankments 82 39.0
Primary Project Type Floodwalls 41 19.5
Primary Project Type Cutoff Barriers 37 17.6
Primary Project Type Revetments/Bank Stabilization 32 15.2
Primary Project Type Drainage and Relief Systems 18 8.6

Table 2 summarized the organizational background and flood mitigation project contexts associated
with the respondents. The findings showed that most participants were employed in private
engineering consultancies and public infrastructure agencies, which indicated that the dataset reflected
both design-level and regulatory-level perspectives. The inclusion of contractors, research institutions,
and development organizations strengthened contextual diversity. The project-type results showed
that levees and embankments were the most common systems reported, supporting the relevance of
seepage, slope stability, and composite barrier performance constructs. Floodwalls, cutoff barriers, and
revetments were also well represented, indicating broad exposure to flood mitigation typologies.
Descriptive Results by Construct

The descriptive results summarized respondent evaluations across the five major constructs aligned
with the conceptual model: geosynthetic barrier performance, seepage control effectiveness, slope
stability contribution, installation quality sensitivity, and environmental impact assessment outcomes.
Overall, the findings showed that respondents reported the strongest agreement for seepage control
effectiveness and geosynthetic barrier performance, indicating that the sample perceived geosynthetic
and composite barrier systems as technically effective in controlling seepage pathways and improving
flood mitigation reliability. Slope stability contribution also received relatively high ratings, though the
variability was slightly greater, suggesting that respondents viewed stability improvement as
dependent on site-specific conditions, reinforcement configuration, and hydraulic loading duration.
Installation quality sensitivity demonstrated the highest variability among all constructs, which
indicated that respondents strongly recognized that composite barrier effectiveness is not solely
determined by material selection but also by seam quality, wrinkle control, overlap adequacy, and
anchorage detailing. Environmental impact assessment outcomes were rated moderately high,
reflecting that respondent generally acknowledged environmental benefits associated with reduced
excavation, reduced haulage, and faster installation, while also recognizing the embodied impacts of
polymer production and end-of-life uncertainty. Construct-level comparisons showed that
performance-related constructs had higher mean scores than environmental constructs, indicating that
respondents prioritized hydraulic and geotechnical performance as the most consistently measurable
benefits of geosynthetic systems. The distributional patterns further suggested that respondents were
most consistent in evaluating seepage-related performance and least consistent in evaluating
installation-related sensitivity, which supported the inclusion of installation quality as a key predictor
in later regression analysis. These descriptive findings established a clear baseline for interpreting
inferential results by identifying which constructs exhibited strong agreement, which showed
moderate consensus, and which demonstrated the greatest dispersion across the sample.
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Table 3: Descriptive Statistics by Construct (N = 210)

Items Standard

Construct ) Mean Deviation Minimum Maximum
Geosynthetic Barrier Performance 6 421 0.62 2.10 5.00
Seepage Control Effectiveness 6 4.34 0.58 2.33 5.00
Slope Stability Contribution 5 4.09 0.66 2.00 5.00
Installation Quality Sensitivity 5 3.88 0.79 1.60 5.00
Environmental Impact Assessment 6 374 071 183 5.00

Outcomes

Table 3 reported the construct-level descriptive statistics for the study variables. The highest mean
value was observed for seepage control effectiveness, indicating strong respondent agreement that
geosynthetic and composite barriers improved seepage resistance in flood mitigation structures.
Geosynthetic barrier performance also showed a high mean with relatively low dispersion,
demonstrating consistent evaluation across respondents. Slope stability contribution was rated
positively, though its standard deviation suggested moderate variability in perceived effectiveness.
Installation quality sensitivity showed the largest standard deviation, confirming that respondents
viewed construction-related variability as a major determinant of performance. Environmental impact
outcomes were rated moderately high, indicating balanced perceptions of benefits and burdens.

Table 4: Construct-Level Agreement Categories (N = 210)

High Agreement (2 Moderate Agreement Low Agreement (<

Construct 4.00) n (%) (3.00-3.99) n (%) 3.00) n (%)
Geosynthetic Barrier
Performance 148 (70.5) 50 (23.8) 12 (5.7)
Seepage Control Effectiveness 156 (74.3) 45 (21.4) 94.3)
Slope Stability Contribution 137 (65.2) 58 (27.6) 15 (7.1)
Installation Quality Sensitivity 118 (56.2) 63 (30.0) 29 (13.8)
Environmental Impact 9 (45.7) 78 (37.1) 36 (17.1)

Assessment Outcomes

Table 4 categorized responses into high, moderate, and low agreement groups for each construct. The
results showed that the largest proportion of respondents reported high agreement for seepage control
effectiveness and geosynthetic barrier performance, reinforcing the consistency of perceived hydraulic
performance benefits. Slope stability contribution also showed a strong high-agreement proportion,
though slightly lower than seepage outcomes. Installation quality sensitivity had a noticeably larger
low-agreement group, reflecting variation in respondent perspectives based on different construction
contexts and project experiences. Environmental impact outcomes displayed the lowest high-
agreement proportion and the highest low-agreement proportion, indicating greater divergence in
environmental perceptions.

Reliability Results

The reliability analysis confirmed that the measurement instrument demonstrated acceptable to
excellent internal consistency across all multi-item constructs. Cronbach’s alpha values ranged from .81
to .91, indicating that the survey items within each construct were sufficiently correlated to justify
aggregation into composite construct scores for regression analysis. The strongest internal consistency
was observed for seepage control effectiveness and geosynthetic barrier performance, which supported
the interpretation that respondents evaluated these performance dimensions consistently. Slope
stability contribution also demonstrated strong reliability, indicating that its items measured a unified
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concept related to stability improvement under flood loading conditions. Installation quality sensitivity
produced a slightly lower alpha compared with the other constructs, though the value remained within
acceptable reliability standards, suggesting that the construct captured a broader range of installation-
related influences such as seam quality, overlap control, anchorage detailing, and wrinkle formation.
Environmental impact assessment outcomes demonstrated strong reliability, supporting its use as a
stable construct representing perceptions of embodied impacts, construction intensity, maintenance
burden, and end-of-life considerations. Item-level diagnostics further showed that corrected item-total
correlations exceeded the commonly accepted minimum threshold for retention, confirming that no
items were misaligned or redundant to the extent that removal was required. Overall, these findings
indicated that the instrument was reliable for inferential modeling and hypothesis testing, and the
results strengthened confidence that subsequent regression coefficients represented relationships
between stable constructs rather than measurement noise.

Table 5: Cronbach’s Alpha Reliability Results by Construct (N = 210)

Construct It(elgls Cronbac(l;;s Alpha InI:::;arl:glt?; .
Geosynthetic Barrier Performance 6 0.88 Strong
Seepage Control Effectiveness 6 091 Excellent
Slope Stability Contribution 5 0.86 Strong
Installation Quality Sensitivity 5 0.81 Acceptable
Environmental Impact Assessment 6 0.84 Strong

Outcomes

Table 5 reported Cronbach’s alpha values for each construct to evaluate internal consistency reliability.
The results showed that all constructs exceeded the minimum acceptable reliability threshold,
confirming that the measurement scales were suitable for statistical modeling. Seepage control
effectiveness achieved the highest alpha, indicating that respondents evaluated seepage-related items
with strong consistency. Geosynthetic barrier performance and slope stability contribution also
demonstrated strong reliability, supporting aggregation into composite scores. Installation quality
sensitivity produced the lowest alpha, though still acceptable, suggesting that this construct captured
multiple installation-related dimensions. Environmental impact outcomes also showed strong
reliability, supporting stable measurement for regression analysis.

Table 6: Item-Total Correlation Summary by Construct (N = 210)

Items  Lowest Corrected Highest Corrected  Item Retention

Construct (k) Item-Total Correlation Item-Total Correlation Decision

Geosynthetic Barrier

6 0.54 0.76 All retained
Performance
Seepagg Control 6 0.61 0.82 All retained
Effectiveness
Slope S‘tabl‘hty 5 0.50 0.73 All retained
Contribution
Installatpr} Quahty 5 0.42 0.68 All retained
Sensitivity
Environmental Impact 6 0.46 0.71 All retained

Assessment Outcomes
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Table 6 summarized the corrected item-total correlation ranges for each construct, providing item-level
evidence supporting the reliability findings. All constructs demonstrated minimum corrected item-
total correlation values above commonly accepted cutoffs, confirming that each item contributed
meaningfully to its construct score. Seepage control effectiveness showed the strongest item-total
correlation range, reinforcing the high reliability observed in Cronbach’s alpha. Installation quality
sensitivity had the lowest minimum correlation, which aligned with its broader conceptual coverage,
but the values remained adequate for retention. The results indicated that no items required deletion
and that the constructs were internally coherent for subsequent regression modeling.

Regression Results

Multiple regression analysis was conducted to determine which independent variables significantly
predicted key dependent outcomes related to flood mitigation performance and environmental impact
assessment. Two primary models were estimated. The first model predicted seepage control
effectiveness, which represented the most performance-critical construct in the conceptual framework.
The second model predicted environmental impact assessment outcomes, which captured respondents’
evaluation of environmental burdens and benefits associated with geosynthetic and composite barrier
use. Across both models, the regression results showed that composite configuration quality and
installation quality sensitivity were statistically significant predictors, confirming that respondents
viewed performance outcomes as strongly dependent on system-level implementation rather than
material selection alone. In Model 1, composite barrier configuration exhibited the strongest positive
association with seepage control effectiveness, indicating that respondents perceived multilayer and
composite designs as delivering measurable improvement in seepage resistance compared with single-
layer approaches. Installation quality sensitivity also produced a significant positive coefficient,
suggesting that respondents associated better-controlled installation practices with improved seepage
performance. Barrier type was also significant in the seepage model, though its effect size was smaller
than composite configuration and installation quality, indicating that the choice of geosynthetic
category mattered, but the way materials were combined and installed mattered more. Material
durability assumptions showed a moderate but significant effect, indicating that respondents linked
seepage performance to long-term integrity expectations. Model fit results indicated that the seepage
effectiveness model explained a substantial proportion of variance, supporting its adequacy for
hypothesis testing. In Model 2, installation quality sensitivity remained a significant predictor, but its
coefficient direction reflected that respondent who perceived higher installation sensitivity tended to
report lower environmental impact scores, suggesting that construction variability was associated with
additional material waste, repair frequency, and equipment use. Composite configuration showed a
significant positive effect on environmental outcomes, indicating that respondents perceived well-
designed composite systems as environmentally efficient due to reduced excavation and improved
long-term performance stability. Barrier type was significant in Model 2 as well, suggesting that
respondents differentiated environmental impacts across polymer-based barriers, clay-based solutions,
and conventional mineral-intensive systems. Assumption testing showed acceptable multicollinearity
levels, with all variance inflation factors remaining below commonly accepted thresholds. Residual
diagnostics indicated no severe violations of normality or homoscedasticity, supporting the credibility
of inferential interpretations. Overall, the regression results demonstrated that composite system
design and installation quality were the most consistent predictors across performance and
environmental outcomes, while barrier type and durability assumptions played secondary but
meaningful roles.
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Table 7: Multiple Regression Model Predicting Seepage Control Effectiveness (N = 210)

Unstandardized Standard Standardized p- 95%CI 95% CI

Predictor B Error Beta (p3) ' value Lower Upper
Constant 112 0.21 — 533 <001  0.70 154
Barrier Type 0.18 0.06 0.17 3.00 .003 0.06 0.30
Composite 031 0.06 0.34 517 <001  0.19 0.43
Configuration
Installation Quality 0.24 0.05 0.29 180 <001 014 034
Sensitivity
Material Durability 015 0.05 0.16 300 003  0.05 0.25
Assumptions

Model Fit: R? = 0.56, Adjusted R? = 0.55, F (4,205) = 65.20, p <.001

Table 7 presented the regression results predicting seepage control effectiveness. The model explained
a substantial proportion of variance, indicating strong predictive capacity. Composite configuration
was the strongest predictor, showing that respondents perceived layered composite systems as
significantly improving seepage resistance. Installation quality sensitivity was also highly significant,
demonstrating that installation-related factors were strongly associated with seepage performance
outcomes. Barrier type produced a smaller but statistically significant effect, indicating that
respondents differentiated seepage effectiveness across material categories. Material durability
assumptions also contributed significantly, confirming that long-term integrity expectations influenced
seepage effectiveness evaluations. The overall model fit supported its use for hypothesis testing.

Table 8: Multiple Regression Model Predicting Environmental Impact Assessment Outcomes

Predictor Unstandardized Standard Standardized ¢ p- 95%CI 95% CI
B Error Beta () value Lower Upper
Constant 1.48 0.24 — 6.17 <001  1.01 1.95
Barrier Type 0.22 0.07 0.20 3.14 .002 0.08 0.36
Composite 0.19 0.07 018 271 007 005 033
Configuration
Installation Quality 0.27 0.06 031 L <001 039 -015
Sensitivity ' ' ' 450 - ' '
Material Durability 0.16 0.06 0.17 267 008 004 028
Assumptions

Model Fit: R? = 0.41, Adjusted R? = 0.40, F (4,205) = 35.70, p <.001

Table 8 reported the regression model predicting environmental impact assessment outcomes. The
model explained a moderate proportion of variance, indicating meaningful predictive strength. Barrier
type and composite configuration were significant positive predictors, showing that respondents
perceived some geosynthetic and composite systems as environmentally advantageous compared with
conventional alternatives. Installation quality sensitivity was the strongest predictor in the model, with
a negative coefficient, suggesting that respondents who emphasized installation sensitivity tended to
rate environmental outcomes lower due to perceived waste, repair demands, and construction
inefficiencies. Material durability assumptions were also significant, indicating that longer-lasting
systems were perceived as environmentally preferable. The results supported the construct-level
relationships proposed in the conceptual framework.
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Hypothesis Testing Decisions

Hypothesis testing decisions were made using the regression results reported in the previous section,
with statistical significance, coefficient direction, and effect magnitude serving as the basis for
determining whether each hypothesis was supported. Five hypotheses were evaluated to reflect the
conceptual framework of resilient flood mitigation using geosynthetic and composite barrier systems.
The results showed that most hypotheses were supported, indicating that the proposed relationships
between barrier system design variables and performance outcomes were statistically consistent with
the observed data. Hypotheses related to seepage control effectiveness were strongly supported,
particularly those involving composite configuration and installation quality sensitivity, which
demonstrated the largest standardized effects and the highest statistical significance levels. These
results indicated that respondents perceived seepage control outcomes as being most strongly
influenced by system-level design and construction variables rather than by material category alone.
The hypothesis examining the role of barrier type in predicting seepage effectiveness was also
supported, though its effect magnitude was comparatively smaller, suggesting that material selection
contributed to performance but was not the dominant driver. Hypotheses related to environmental
impact outcomes were partially supported. Composite configuration and material durability
assumptions were supported as positive predictors of environmental outcomes, indicating that
respondents associated well-designed composite systems and longer service life expectations with
improved environmental performance. Installation quality sensitivity was also supported, but in a
negative direction, indicating that respondents who emphasized installation sensitivity tended to rate
environmental outcomes lower, likely due to perceived waste generation, repair frequency, and
equipment intensity. One hypothesis, which proposed that barrier type would be the strongest
predictor of environmental outcomes, was not supported, because installation quality sensitivity
demonstrated a stronger standardized effect than barrier type in the environmental regression model.
Overall, the hypothesis testing decisions confirmed that the study’s conceptual model was statistically
consistent with the data, particularly for performance-related outcomes, while environmental
outcomes were more strongly shaped by installation and durability considerations than by barrier
category alone.

Table 9: Hypothesis Testing Decisions for Seepage Control Effectiveness (Model 1, N = 210)

Hypothesis Hypothe51;§£zi§ment (Past Key Predictor Sta]rslizrc(i[;)z ed vali;e Decision
Barrier type significantly
H1 predicted seepage control Barrier Type 0.17 .003 Supported
effectiveness.

Composite configuration Composite

H2 significantly improved seepage oSt 0.34 <.001 Supported
. Configuration
control effectiveness.
Installation quality sensitivity Installation

H3 significantly predlf?ted seepage Quality Sensitivity 0.29 <.001 Supported
control effectiveness.

Table 9 summarized the hypothesis testing decisions for seepage control effectiveness using Model 1
regression outputs. All three hypotheses were supported because their predictors demonstrated
statistically significant relationships with seepage effectiveness. Composite configuration produced the
strongest standardized effect, indicating that layered and composite barrier designs were the most
influential predictors of seepage performance in the dataset. Installation quality sensitivity also showed
a strong positive association, confirming that construction and installation controls were perceived as
major determinants of seepage reduction. Barrier type was significant but had the smallest
standardized coefficient, showing that material category influenced seepage performance but was less
influential than composite design and installation quality factors.
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Table 10: Hypothesis Testing Decisions for Environmental Impact Outcomes (Model 2, N = 210)

. Hypothesis Statement (Past . Standardized p- . .
Hypothesis Tense) Key Predictor Beta (B) value Decision
Composite configuration Composite
H4 significantly predicted 1postt 0.18 007 Supported
. . Configuration
environmental impact outcomes.
Installation quality sensitivity Installation
H5 significantly predicted Quality -0.31 <.001 Supported
environmental impact outcomes. Sensitivity
Barrier type was the strongest Not
Ho6 predictor of environmental Barrier Type 0.20 .002 Supported

impact outcomes.

Table 10 presented hypothesis testing decisions for environmental impact outcomes based on Model 2.
Composite configuration was supported as a significant positive predictor, showing that respondents
associated composite systems with improved environmental outcomes, likely due to reduced
excavation and improved performance efficiency. Installation quality sensitivity was also supported,
but the relationship was negative, indicating that higher perceived installation sensitivity reduced
environmental outcome ratings. The final hypothesis was not supported because barrier type was not
the strongest predictor in the environmental model. Installation quality sensitivity showed a larger
standardized effect, demonstrating that perceived construction variability influenced environmental
evaluations more strongly than material category alone.

DISCUSSION

Flood mitigation engineering has increasingly shifted from geometry-based protection toward
performance-based systems that quantify seepage control, stability reliability, and service life under
uncertain hydraulic loading (Ma et al., 2022). The findings of this study aligned with that shift by
demonstrating that resilient flood mitigation outcomes were most strongly associated with system-
level variables, particularly composite configuration quality and installation quality sensitivity, rather
than with material category alone. In the descriptive results, seepage control effectiveness and
geosynthetic barrier performance achieved the highest mean values and the strongest agreement,
confirming that respondents consistently recognized seepage management as the most direct and
measurable benefit of geosynthetic and composite barrier systems. Earlier seepage-focused engineering
research has similarly positioned seepage discharge, exit gradients, and pore pressure redistribution as
dominant performance indicators for levees and embankments, and this study’s results reinforced that
conceptual prioritization through statistical evidence. The regression model predicting seepage control
effectiveness explained a substantial proportion of variance, indicating that the conceptual framework
captured the most influential predictors. Composite configuration emerged as the strongest predictor,
indicating that layered systems were perceived as more effective than single-layer solutions (Xia et al.,
2018). This finding reflected a well-established engineering logic in earlier barrier system research:
leakage and seepage risk are governed by defect sensitivity and redundancy, meaning that composite
barriers reduce vulnerability by combining a near-impermeable layer with a secondary leakage-
attenuating layer. Installation quality sensitivity also showed a strong positive effect on seepage
performance outcomes, demonstrating that the sample associated higher-quality installation practices
with improved seepage resistance. Earlier studies of geomembranes and composite liners have
repeatedly documented that field performance depends on seam integrity, overlap adequacy, wrinkle
control, and contact quality, and this study’s findings provided quantitative support that these
variables remain central in flood mitigation applications (Mohsan et al., 2022). Barrier type was
significant but weaker than composite configuration and installation quality, suggesting that material
selection mattered, yet performance was more strongly driven by how materials were combined and
installed. This relationship corresponded with earlier findings in geotechnical design literature that
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emphasize the system nature of seepage control, where a high-performing material can underperform
if installation conditions create leakage pathways or unstable interfaces. Overall, the findings
supported the interpretation that resilient flood mitigation is best evaluated through system-based
performance modeling rather than isolated material property comparisons.

Stability and deformation behavior represent a second major dimension of resilience in flood
mitigation, and the results of this study supported the view that slope stability improvement is an
important but more variable outcome than seepage control (Wang et al., 2021). Descriptive results
showed that slope stability contribution was rated positively, but with greater dispersion than seepage-
related constructs, indicating that respondents perceived stability improvement as more dependent on-
site conditions and configuration details. Earlier research in levee performance and reinforced soil
systems has consistently highlighted that stability outcomes are sensitive to foundation stratigraphy,
pore pressure distributions, drawdown rates, and reinforcement placement geometry. The higher
variability observed in this study reflected that sensitivity, as respondents likely drew on diverse
project experiences where reinforcement may have performed differently depending on soil type,
drainage conditions, and loading regime. In reliability terms, stability is not only a function of shear
strength but also a function of uncertainty in strength parameters, seepage-driven pore pressure
evolution, and construction variability (Chen et al., 2020). This study’s emphasis on installation quality
sensitivity as a significant predictor of performance outcomes indirectly supported the idea that
stability and deformation are influenced by construction execution, because poor installation can lead
to differential settlement, interface slippage, and localized weakness zones that reduce stability
margins. Earlier modeling research comparing limit equilibrium and finite element approaches has
demonstrated that stability indicators can change significantly depending on whether pore pressures
are assumed, simplified, or imported from seepage simulations. The findings of this study were
consistent with that modeling literature, as the conceptual framework treated seepage outputs and
installation conditions as drivers of performance. While the regression models in this study focused
primarily on seepage effectiveness and environmental impact outcomes, the strong reliability of the
slope stability construct indicated that respondents interpreted stability contribution consistently
enough for inclusion in broader predictive modeling. Earlier reinforced levee studies have also
documented that reinforcement effectiveness is not uniform across flood scenarios; it may be most
valuable during rapid drawdown when pore pressures remain elevated while external water support
decreases (Carroll et al., 2020). The variability observed in stability-related perceptions may therefore
reflect the range of flood scenarios and failure mechanisms experienced by respondents. The findings
also aligned with earlier evidence that geosynthetics contribute to stability through multiple pathways:
reinforcement increases tensile resistance, drainage layers reduce pore pressures, and barrier systems
reduce seepage-driven softening. This multi-functionality supports resilience by addressing both
driving forces and resisting mechanisms. Taken together, the results reinforced the interpretation that
stability improvement is a measurable benefit of geosynthetic systems but is more conditional than
seepage reduction, requiring integrated modeling of hydraulic and mechanical response for defensible
evaluation.

Composite barrier systems were central to the conceptual model, and the statistical findings strongly
supported the literature position that composite barriers require system-level performance assessment
rather than reliance on deterministic permeability values. Composite configuration was the strongest
predictor of seepage control effectiveness, and it also significantly predicted environmental impact
outcomes (Devi et al., 2022). Earlier research on geomembrane-based systems has long established that
intact geomembrane exhibit extremely low permeability, yet real-world leakage is dominated by
defects and interface behavior. This study’s findings reinforced that concept by showing that
respondents attributed seepage effectiveness primarily to composite configuration rather than to
barrier type alone. In practical terms, composite configuration represents redundancy, defect tolerance,
and leakage attenuation, all of which are emphasized in earlier composite liner and barrier system
studies. The strong influence of installation quality sensitivity further supported the defect-driven
perspective: seam welding quality, wrinkle control, overlap length, and anchor trench performance are
installation variables known to control defect occurrence and contact quality, and this study confirmed
that these factors were statistically influential in perceived performance outcomes. Earlier studies have
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shown that even small changes in interface conditions can alter leakage pathways and seepage
emergence zones, which are directly linked to exit gradient risk and internal erosion initiation (Fascista,
2022). The results of this study supported that system-level sensitivity by demonstrating that
installation quality had a strong relationship with performance outcomes. The findings also aligned
with earlier engineering assessments that treat composite barriers as coupled hydraulic-mechanical
systems, where interface shear strength and sliding stability can influence barrier continuity and
therefore seepage behavior. Although interface stability was not modeled directly in the regression
structure, installation quality sensitivity likely captured a portion of this behavior because it includes
anchorage and wrinkle control variables that affect interface integrity. The high agreement for seepage
effectiveness suggests that composite barriers are widely perceived as reliable solutions for seepage
control in flood mitigation, yet the variability in installation sensitivity indicates that performance
confidence is conditional on construction quality (Gabrovsek et al., 2018). Earlier research on quality
assurance and barrier installation has similarly emphasized that field performance depends on
inspection rigor and defect detection, which reinforces the importance of probabilistic modeling
approaches that represent installation variability. The findings of this study therefore supported the
synthesis that composite barriers should be evaluated using uncertainty-aware performance models
that incorporate defect sensitivity and installation variability, rather than using simplified deterministic
parameters. This aligns with the broader flood resilience literature that frames infrastructure
performance as probabilistic and system-dependent under uncertain hazard loading.

The environmental impact findings provided a complementary dimension to performance evaluation
and highlighted that environmental outcome were shaped by a different balance of predictors than
seepage effectiveness (Sermet & Demir, 2020). The regression model predicting environmental impact
assessment outcomes explained a moderate proportion of variance, which indicated that
environmental perceptions were less tightly determined by the modeled predictors than seepage
performance perceptions. Earlier environmental assessment research in infrastructure has frequently
shown that environmental outcomes depend on system boundaries, functional units, and assumptions
about maintenance and service life. The moderate model fit observed in this study was consistent with
that complexity, as respondents likely interpreted environmental impact through diverse experiences
and varying project contexts. Composite configuration was a significant positive predictor of
environmental outcomes, indicating that respondents perceived well-designed composite systems as
environmentally advantageous. This finding aligned with earlier life cycle assessment studies that have
shown geosynthetics can reduce environmental burdens by reducing excavation volume, reducing
haulage of heavy mineral materials, shortening construction duration, and lowering maintenance
requirements (Kumar et al., 2019). Material durability assumptions also predicted environmental
outcomes positively, which corresponded with earlier life cycle logic: longer service life reduces
replacement frequency and amortizes manufacturing burdens over more years of protection service. A
distinctive finding of this study was the strong negative relationship between installation quality
sensitivity and environmental impact outcomes. This suggests that when installation is perceived as
highly sensitive, environmental outcomes are perceived less favorably, likely due to concerns about
material waste, rework, repair operations, and increased equipment use. Earlier construction-phase
environmental studies have similarly shown that inefficiencies, rework, and repeated mobilizations can
dominate construction-stage emissions and waste generation (Shu et al., 2022). Therefore, the negative
coefficient was consistent with established environmental accounting principles, where the
environmental advantage of lightweight geosynthetic systems can be reduced if installation defects
lead to repairs or premature replacement. Barrier type was significant in the environmental model,
indicating that respondents distinguished environmental burdens across material categories, yet
barrier type was not the strongest predictor. This result aligned with earlier infrastructure LCA research
suggesting that environmental impacts often depend more on system-level construction logistics and
maintenance schedules than on material category alone. Overall, the environmental findings reinforced
the need for integrated evaluation frameworks that treat environmental performance as dependent on
durability and installation quality, rather than as a fixed attribute of a material. This complements the
hydraulic performance findings, which also emphasized system-level variables, suggesting that both
performance and environmental outcomes are driven by design and implementation quality (S. Li et
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al., 2020).

A notable contribution of this study was the identification of installation quality sensitivity as a
consistently influential predictor across both performance and environmental outcomes, though with
different directional relationships. For seepage effectiveness, installation quality sensitivity was
positively associated with improved outcomes, suggesting that respondents linked strong installation
control to better seepage performance (Moan, 2018). For environmental outcomes, installation quality
sensitivity was negatively associated with environmental scores, suggesting that high sensitivity was
interpreted as a risk factor for waste and inefficiency. This dual role is consistent with earlier research
that positions installation as the dominant uncertainty source in geosynthetic barrier performance.
Earlier studies of geomembrane and composite liner systems have shown that seam defects, wrinkles,
and punctures are primary leakage drivers, and that rigorous installation practices reduce defect
frequency and improve contact quality. At the same time, earlier environmental studies have shown
that construction errors increase resource consumption through additional material use and repeated
equipment operations. The findings of this study therefore integrated these two perspectives:
installation quality functions as a performance enabler and as an environmental risk amplifier if not
controlled. This pattern also supported the broader resilience framework in which resilience is not
solely determined by design intent but by realized as-built quality (Matracia et al., 2022). Earlier flood
mitigation reliability studies have emphasized that uncertainty in construction and material placement
can dominate probabilistic failure estimates, which aligns with the strong statistical effects observed in
this study. The high variability observed in installation sensitivity in descriptive results further
indicated that respondents had diverse experiences with installation outcomes, which is consistent with
the literature documenting that installation conditions vary widely due to weather, subgrade
preparation, crew experience, and inspection practices. In this study, installation quality sensitivity
acted as a bridge variable connecting performance modeling and environmental assessment,
demonstrating that the same practical realities influence both seepage outcomes and environmental
burdens. This reinforces the argument, supported by earlier system-level barrier research, that
probabilistic modeling approaches are necessary because deterministic design values cannot capture
variability introduced during installation (Masini et al., 2020). The findings also suggested that
performance modeling frameworks that incorporate defect distributions, seam quality variability, and
interface condition uncertainty are more aligned with practitioner perceptions than models that rely
solely on intact material properties. In summary, installation quality sensitivity emerged as a central
explanatory construct that connected the technical and environmental dimensions of flood mitigation
performance, aligning strongly with earlier research that treats geosynthetic systems as installation-
sensitive technologies requiring rigorous quality control.

The reliability analysis strengthened interpretation of the regression findings by confirming that all
constructs exhibited acceptable to excellent internal consistency, indicating that respondents
interpreted the measurement items coherently. Earlier quantitative research in infrastructure
performance and environmental assessment has emphasized that reliable measurement is necessary
for defensible inferential modeling, and the strong Cronbach’s alpha values in this study supported
that requirement (Javadi et al.,, 2021). The highest reliability was observed for seepage control
effectiveness and geosynthetic barrier performance, which corresponded with the descriptive results
showing high agreement and low dispersion. This pattern was consistent with earlier engineering
literature that treats seepage variables as directly measurable and interpretable, such as discharge and
exit gradients, which likely contributed to consistent respondent evaluations. Installation quality
sensitivity exhibited the lowest reliability, though still acceptable, which aligned with earlier research
indicating that installation encompasses multiple subdimensions, including seam quality, overlap
control, wrinkle formation, anchorage stability, and defect detection.

The broader conceptual coverage of installation may naturally produce lower internal consistency
compared with more narrowly defined constructs such as seepage effectiveness. Environmental impact
outcomes also exhibited strong reliability, which is notable because environmental perceptions can be
diverse. This suggests that respondents interpreted environmental items consistently, likely because
the instrument framed environmental outcomes in terms of tangible project factors such as excavation
volume, transport intensity, maintenance frequency, and waste generation. Earlier LCA literature has
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emphasized the importance of functional unit clarity and boundary definition, and while this study
used perception-based environmental outcomes rather than full life cycle inventories, the reliability
results suggested that respondents still evaluated environmental outcomes using consistent mental
models (Attarian & Safar Ali Najar, 2022).

Figure 12: Performance-Based Flood Mitigation Framework
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The regression results also demonstrated that the constructs functioned as distinct predictors, with
multicollinearity indicators remaining acceptable, which supported earlier methodological
recommendations for regression modeling in engineering management and infrastructure evaluation
studies. The combination of strong reliability and meaningful regression effects indicated that the
findings were not artifacts of measurement instability. This strengthens the comparability of results to
earlier studies that used performance modeling outputs and LCA metrics, because stable constructs
provide a foundation for consistent interpretation. The reliability evidence therefore supported the
conclusion that the instrument successfully captured key dimensions of flood mitigation performance
and environmental assessment, and that the relationships observed in regression analysis were
grounded in coherent measurement (Guerna et al., 2022). This strengthens the study’s contribution as
a quantitative evaluation of how geosynthetic and composite barrier system variables influence
perceived resilience and environmental performance outcomes.

The integrated interpretation of performance and environmental findings highlighted that resilient
flood mitigation using geosynthetic and composite barrier materials is best characterized as a coupled
engineering system where hydraulic performance, stability contribution, installation variability,
durability, and environmental burdens interact. Earlier studies in flood mitigation engineering have
often treated seepage control, slope stability, and erosion protection as separate design checks, while
environmental assessment studies have often treated material selection and construction logistics as
separate from hydraulic performance modeling (Ruzza et al.,, 2019). The findings of this study
supported an integrated perspective by showing that the same system-level variables — particularly
composite configuration and installation quality — were significant predictors across both performance
and environmental outcomes. Composite configuration improved seepage effectiveness and also
improved environmental outcomes, suggesting that layered systems were perceived as both technically
effective and materially efficient when evaluated across lifecycle considerations. Durability
assumptions influenced both seepage effectiveness and environmental outcomes, indicating that long-
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term integrity is central to both performance reliability and environmental burden reduction through
reduced replacement. Installation quality sensitivity improved seepage outcomes when controlled but
reduced environmental scores when sensitivity was high, indicating that installation represents a
critical leverage point where both technical and environmental performance can shift. Earlier research
on probabilistic flood defense performance has emphasized that failure mechanisms are nonlinear and
threshold-driven, which aligns with the strong regression effects observed for system-level variables
(Rossi et al., 2021b). Earlier LCA research has emphasized that construction and maintenance often
dominate lifecycle impacts, which aligns with the environmental regression findings where installation
sensitivity played a major role. Therefore, the findings were consistent with earlier evidence in both
domains and provided quantitative support for integrating performance modeling and environmental
impact assessment into a unified evaluation structure. The results also reinforced that barrier type alone
was not the dominant determinant of either seepage effectiveness or environmental outcomes; instead,
system configuration and implementation quality governed outcomes. This aligns with earlier
geosynthetic engineering literature that emphasizes design detailing, interface behavior, and quality
assurance as performance-critical (Zhu et al., 2022). Overall, the discussion supported the interpretation
that resilient flood mitigation evaluation requires system-based modeling and assessment frameworks
that represent composite behavior, installation variability, durability-driven change over time, and
environmental burdens within consistent performance units, enabling flood mitigation designs to be
evaluated as complete engineered systems rather than as isolated material choices.

CONCLUSION

Engineering resilient flood mitigation using geosynthetic and composite barrier materials has been
increasingly framed as a quantitative systems problem in which hydraulic performance, geotechnical
stability, construction variability, durability, and environmental burdens must be evaluated together
using measurable indicators rather than treated as independent design checks. Within this study, the
strongest empirical patterns reinforced the idea that flood defense performance was governed more by
system configuration and implementation quality than by material category alone, which aligned with
earlier engineering literature emphasizing that seepage and failure initiation are controlled by defect
sensitivity, interface behavior, and pore pressure redistribution under flood loading. The descriptive
results showed that seepage control effectiveness and geosynthetic barrier performance achieved the
highest agreement and the highest mean values, indicating that seepage reduction was consistently
perceived as the most direct and measurable resilience benefit of geosynthetic and composite barrier
applications. This pattern corresponded with earlier research in levee and embankment engineering
where seepage discharge, exit gradient behavior, and pore-water pressure evolution have been treated
as primary predictors of piping initiation, uplift risk, and progressive failure. Regression findings
further supported this interpretation by demonstrating that composite configuration quality was the
strongest predictor of seepage effectiveness, which reflected the established barrier-system principle
that real-world leakage is dominated by discontinuities and defects rather than intact material
permeability. Composite systems were therefore perceived as more reliable because layered designs
provide redundancy and leakage attenuation, reducing the consequences of imperfections that
inevitably occur during installation. Installation quality sensitivity was also a statistically significant
predictor of performance outcomes, reinforcing earlier findings that seam welding quality, wrinkle
control, overlap adequacy, anchorage performance, and contact conditions are not secondary
construction details but dominant sources of uncertainty and performance variability. In addition,
material durability assumptions significantly predicted both seepage effectiveness and environmental
outcomes, reflecting a service-life perspective widely documented in earlier geosynthetic durability
research, where long-term property retention and defect resistance govern whether a barrier remains
hydraulically effective across repeated flood events. Environmental impact assessment outcomes were
predicted by a different balance of factors, yet the same system-level drivers remained central:
composite configuration was associated with improved environmental outcomes, consistent with
earlier infrastructure life cycle assessments showing that thin, high-function barrier systems can reduce
excavation, haulage, and construction equipment intensity relative to mineral-intensive alternatives.
Installation quality sensitivity exhibited a negative relationship with environmental outcomes,
indicating that when installation is perceived as highly sensitive, environmental performance is
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perceived as less favorable due to waste generation, rework, and repair-related fuel use, a pattern
consistent with earlier construction-phase environmental research. Overall, the integrated results
reinforced a central synthesis in flood resilience engineering: resilient mitigation is achieved through
quantified control of seepage pathways and pore pressure evolution, supported by stable
reinforcement and drainage functions, but these benefits are realized only when composite barrier
systems are designed as coupled hydraulic-mechanical systems and executed with high installation
quality, and when durability and environmental burdens are evaluated through time-dependent,
performance-normalized assessment frameworks.

RECOMMENDATION

Recommendations for engineering resilient flood mitigation using geosynthetic and composite barrier
materials should be grounded in system-based performance evidence, installation-sensitive risk
control, durability-informed parameterization, and environmental accounting aligned with functional
flood protection service rather than with material mass alone. Based on the performance modeling and
environmental impact assessment structure evaluated in this study, composite barrier systems should
be prioritized in seepage-critical flood defense sections where piping susceptibility, uplift risk, and high
exit gradients represent dominant failure triggers, because layered designs provide redundancy and
reduce defect-driven leakage sensitivity compared with single-layer barriers. In practical design terms,
barrier selection should be organized by failure mechanism mapping, ensuring that seepage control
barriers are combined with filtration, drainage, and reinforcement functions where needed, rather than
deployed as isolated products. Quantitative modeling practice should be standardized to integrate
transient seepage simulation with stability evaluation, using pore-pressure fields from seepage analysis
as direct inputs for slope stability and deformation modeling, because the interaction between
hydraulic loading duration, pore pressure evolution, and effective stress governs both serviceability
and ultimate limit states in levees and embankments. Performance reporting should also be
standardized across projects to include a consistent set of outputs such as seepage discharge, exit
gradient distributions, pore pressure maxima in critical zones, seepage face length, and stability indices,
enabling defensible comparison across barrier alternatives and supporting evidence-based decision-
making. Given the demonstrated influence of installation quality sensitivity, recommendations should
emphasize rigorous construction quality assurance and quality control protocols as primary
performance determinants, including seam testing regimes, wrinkle minimization practices, overlap
verification, subgrade preparation standards, anchorage detailing checks, and systematic defect
detection procedures, because performance uncertainty is strongly governed by as-built variability.
Durability should be explicitly translated into time-dependent modeling parameters by adopting
property retention assumptions for polymer aging, reinforcement creep, and clay liner chemical
compatibility, ensuring that long-term performance is evaluated as a service-life process rather than as
a single initial condition. Environmental assessment practice should be aligned with infrastructure-
relevant functional units such as impact per meter-year of flood barrier meeting defined seepage and
stability thresholds, and system boundaries should include construction logistics, maintenance
frequency, and rehabilitation cycles to avoid misleading conclusions based solely on cradle-to-gate
embodied impacts. Inventory development should explicitly capture the tradeoff between polymer
manufacturing burdens and reductions in excavation volume, haulage intensity, and equipment fuel
use, because geosynthetic systems shift the material balance and therefore shift impact drivers across
categories. Finally, probabilistic modeling approaches should be adopted for composite barriers and
installation-sensitive systems, representing defect density, seam variability, interface conditions, and
soil parameter uncertainty as distributions, because deterministic modeling using single hydraulic
conductivity values cannot represent the nonlinear threshold behavior associated with piping initiation
and uplift-related failures. Collectively, these recommendations support resilient flood mitigation by
linking geosynthetic selection, composite design, installation quality, durability, and environmental
impacts into a single quantitative decision framework capable of guiding both engineering design and
sustainability-based infrastructure evaluation.

LIMITATIONS

Several limitations should be acknowledged when interpreting the results of this study on engineering
resilient flood mitigation using geosynthetic and composite barrier materials, particularly because the
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research integrated performance modeling constructs with environmental impact assessment outcomes
under a quantitative survey-driven framework. First, the study relied on construct-based measurement
derived from respondent evaluations rather than on direct field monitoring datasets for seepage
discharge, exit gradient values, pore pressure time histories, or measured deformation responses under
real flood events. Although the constructs were designed to reflect established engineering indicators
and demonstrated strong internal consistency, perception-based measurement can introduce response
bias, professional framing differences, and variability in how technical concepts are interpreted across
different project contexts. Second, the case context represented a generalized flood mitigation setting
rather than a single geographically fixed levee system with site-specific stratigraphy, hydrograph
characteristics, and long-term monitoring records. This approach strengthened comparability across
barrier alternatives but limited the ability to capture location-specific complexities such as highly
heterogeneous alluvial foundations, preferential seepage pathways, and local construction constraints
that can dominate levee behavior. Third, the regression models explained a substantial proportion of
variance for seepage control effectiveness but only a moderate proportion for environmental impact
outcomes, indicating that environmental perceptions and assessments were influenced by additional
unmeasured variables such as regulatory requirements, project procurement methods, local transport
conditions, contractor practices, and end-of-life management assumptions. Fourth, the study treated
key predictors such as barrier type and composite configuration as aggregated variables rather than as
fully parameterized engineering descriptors, meaning that differences in polymer type, thickness,
texturing, seam method, clay liner mass per unit area, reinforcement stiffness, drainage transmissivity,
and interface shear properties were not explicitly represented as continuous engineering inputs. This
limits the ability to translate the statistical coefficients directly into design values for specific products
and specifications. Fifth, installation quality sensitivity was modeled as a construct rather than being
quantified through direct defect density measurements, seam failure rates, wrinkle statistics, or verified
quality assurance records, which constrains the precision with which installation variability can be
linked to performance outcomes in a mechanistic way. Sixth, the environmental assessment outcomes
reflected a structured evaluation construct rather than a full life cycle assessment using detailed
process-based inventories and region-specific emission factors; therefore, the environmental results
should be interpreted as comparative indicators rather than as definitive life cycle impact values.
Seventh, the study did not explicitly incorporate extreme-event uncertainty through hazard-frequency
modeling, fragility curve calibration using observed failure cases, or time-dependent reliability
modeling across decades of service life, even though durability and service-life considerations were
included as predictors. This limited the ability to represent resilience in terms of probability of failure
over time under changing flood frequency distributions. Finally, while the study integrated
performance and environmental dimensions, it did not explicitly model socio-economic consequences
such as avoided damage, downtime reduction, or community disruption, which are often central to
holistic flood resilience evaluation. These limitations indicate that the findings provide strong
quantitative evidence for the relative importance of composite configuration and installation quality in
perceived flood mitigation performance and environmental outcomes, yet the results should be
interpreted as system-level comparative insights rather than as a substitute for site-specific seepage
modeling, field validation, and full life cycle inventory-based environmental assessment.
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