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permanent deformation, and improve load distribution [1, 
2]. While traditional reinforcement studies have primar-
ily focused on static performance enhancement, there is a 
growing recognition that long-term durability is increas-
ingly challenged by multi-axial environmental stressors, 
particularly in tropical and urbanized regions. Subgrades 
reinforced with geosynthetics are frequently exposed to 
cyclic mechanical loads from traffic and chemical attacks 
from environmental contaminants, including acid rain, land-
fill leachates, and saline groundwater [3, 4]. These coupled 
chemo-mechanical interactions progressively deteriorate 
the properties of both soils and geosynthetics, leading to 
microstructural damage, weakening of the interface, and 
eventual loss of load-bearing capacity [5, 6]. Since the rates 
of reaction kinetics, transport, and creep of these processes 
are temperature-dependent, we interpret degradation in a 
thermo-chemo-mechanical perspective while retaining a 
chemo-mechanical focus [7–9]. Unlike prior reviews that 

1  Introduction

The integrity and longevity of infrastructure systems, par-
ticularly unpaved roads and low-volume pavements are 
significantly influenced by the mechanical performance of 
subgrades. In recent years, geosynthetic reinforcements, 
including geotextiles, geogrids, and geocomposites, have 
been widely used to enhance subgrade stiffness, minimize 
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Abstract
The durability and resilience of geosynthetic-reinforced subgrades are increasingly threatened by coupled environmental 
and mechanical stressors, particularly in infrastructure systems exposed to cyclic traffic loads and chemically aggressive 
conditions such as acid rain, landfill leachates, and saline intrusion. This review provides a critical and systematic syn-
thesis of current research on the chemo-mechanical behavior of reinforced subgrades, with an emphasis on the computa-
tional modeling approaches used to simulate their long-term performance. Particular attention is given to finite element 
models, damage mechanics frameworks, and multi-physics coupling techniques that capture the synergistic deterioration 
mechanisms arising from chemical degradation and repeated loading. The analysis compares behavior in homogeneous 
and layered soil systems, emphasizing the complexities of interface interactions, load transfer mechanisms, and degra-
dation pathways of geosynthetics in soil. Current experimental protocols for chemical aging and mechanical testing are 
reviewed to assess their role in calibrating and validating numerical models. Despite growing interest in coupled modeling, 
significant gaps remain in integrating chemical transport, time-dependent material degradation, and dynamic loading into 
unified predictive frameworks. This paper further explores the potential of machine learning-assisted surrogate models, 
multi-scale simulations, and lifecycle-based computational strategies to support the design of resilient infrastructure. By 
bridging experimental insights with advanced numerical tools, this review advances the development of sustainable and 
adaptive ground reinforcement systems, aligning with the objectives of computational engineering and global infrastruc-
ture resilience goals.
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treat durability or mechanics in isolation, this article cen-
ters on fully coupled computational formulations and their 
synthesis with data-driven surrogates and digital-twin work-
flows, translating laboratory chemo-mechanical evidence 
into deployable prediction tools.

This article highlights four specific advances over pre-
vious reviews: (i) it formalizes implementation-level 
coupling patterns, including operator-splitting with User 
Material (UMAT), User Define Field (USDFLD), and User 
Element (UEL) state updates for chemo-mechanical degra-
dation, explicitly treating temperature as a rate moderator 
(Arrhenius/Williams-Landel-Ferry (WLF)) rather than as a 
new governing field; (ii) it formalizes a chemistry-sensitive 
interface law and a two-step calibration process (constant-
chemistry soaking + cyclic shear/plate loading) that directly 
integrates into finite element models (FEM) and continuum 
damage mechanics (CDM); (iii) it distinguishes homoge-
neous versus layered subgrade responses and links them 
to interface processes (shear localization, abrasion, bond 
softening) that control settlement; and (iv) it proposes a 
standardized benchmarking framework, including expo-
sure matrices, interface-law identification, 3D/field valida-
tion, and uncertainty quantification, by integrating machine 
learning (ML)-FEM surrogates and digital-twin pipelines to 
make models ready for lifecycle management.

The practical need for this integration becomes evident 
when considering the measurable economic penalties asso-
ciated with subgrade-driven pavement deterioration costs. 
The stakes are material, as pavement roughness directly 
raises road-user costs. Each 1 m/km rise in international 
roughness index (IRI) increases passenger-car fuel con-
sumption by about 2–3% (and 1–3% for heavy trucks, 
depending on speed), thereby elevating network-wide 
vehicle operating costs when deterioration is left unchecked 
[10]. On the agency side, preventive preservation strategies 
reduce costs by approximately 25% per lane-mile compared 
with rehabilitation-only policies, based on statewide bench-
marking of implemented programs [11]. Project-level stud-
ies echo these savings; for example, full-lane micromilling 
to restore surface quality yielded approximately $60,000 
per lane-mile in direct cost savings while improving ride 
and extending service life [12]. These quantitative burdens 
and savings reinforce the need for durability-aware, coupled 
chemo-mechanical modeling and lifecycle decision tools.

Figure 1 illustrates the thermo-chemo-mechanical degra-
dation sequence: cyclic loading drives fatigue crack initia-
tion and growth, while chemical ingress alters microstructure 
and weakens the soil-geosynthetic bond. Superimposed 
temperature fields involving diurnal/seasonal cycles, as well 
as localized reaction-heat zones, accelerate the hydrolysis/
oxidation kinetics (Arrhenius-type) and enhance viscoelas-
tic creep/relaxation, thereby hastening interface softening 

and stiffness loss. The combined action of load, chemistry, 
and temperature therefore amplifies the reduction in strength 
and deformation in the reinforced system [13, 14]. Addition-
ally, the degradation response varies significantly between 
homogeneous and layered soil systems, primarily due to 
differences in stress redistribution, thermal damping, mois-
ture retention, and chemical permeability. As such, compu-
tational modeling must not only capture the independent 
effects of chemical and mechanical stressors but also the 
synergistic interactions at soil-geosynthetic interfaces under 
realistic boundary conditions. Despite advances in material 
characterization and soil-structure interaction models, most 
current engineering practices continue to rely on empirical 
and semi-empirical design frameworks. As demonstrated in 
Fig. 2, the evolution of subgrade modeling has progressed 
from basic California Bearing Ratio (CBR) correlations and 
Mohr-Coulomb formulations to more sophisticated multi-
physics chemo-mechanical simulations (with temperature 
modulation) and, more recently, Artificial Intelligence (AI)-
assisted predictive analytics. However, fully integrated 
chemo-mechanical simulations remain limited, and there is 
a pressing need for validated computational tools that can 
simulate time-dependent degradation under field-relevant 
stress and temperature conditions.

Furthermore, chemical degradation is not a monolithic 
process. As outlined in Table 1, various environmental 
stressors ranging from acidic leachates to saline or alkaline 
exposure impact geosynthetics through distinct pathways, 
including hydrolysis, plasticization, or stress corrosion 
cracking. These mechanisms are influenced by the type of 
geosynthetic polymer, soil chemistry, temperature history, 
and the duration of exposure, underscoring the complex-
ity of developing robust degradation models for predicting 
long-term performance [8, 23, 24]. Despite this knowledge, 
most degradation models remain uncoupled, addressing 
either chemical or mechanical factors in isolation. This 
significantly limits their predictive capacity in real-world 
applications, where multi-physics interactions dominate. 
There is a critical need for computational frameworks that 
can simultaneously capture chemical transport, temper-
ature-dependent reaction kinetics, creep, material aging, 
interface weakening, and mechanical fatigue, particularly 
when used in lifecycle performance simulations of rein-
forced soil systems.

To benchmark current capabilities and identify the 
remaining gaps, we next conducted a structured review of the 
literature. We conducted a structured literature scan (Scopus 
and Web of Science, 2000–2025; English) using combined 
keywords for temperature/thermal effects, geosynthet-
ics, interface, diffusion/transport, hydrolysis/oxidation, 
FEM/CDM, multiphysics, surrogate/ML, and digital twin. 
Records were screened for (i) explicit chemo-mechanical 
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content with temperature modulation where available, (ii) 
computational implementation details (constitutive law, 
coupling, or solver), and (iii) calibration/validation against 
lab or field data. Reference lists of eligible items were 
snowballed; standards/handbooks were included only when 
informing modeling choices.

This review aims to critically evaluate and synthesize 
the current state of computational modeling in the coupled 
chemo-mechanical analysis of geosynthetic-reinforced sub-
grades, explicitly noting the thermal influences that affect 
kinetics or creep. The paper emphasizes multi-physics 
simulation strategies, such as FEM, CDM, transport-reac-
tion coupling, and data-driven surrogate tools. The specific 
objectives are to systematically review existing numerical 
models that simulate coupled chemical and mechanical 
deterioration in reinforced soils; examine how thermal–
chemical aging and mechanical test data are used for model 
calibration and validation; assess the implementation of 
damage evolution laws, interface degradation models, 
and multi-scale frameworks; and explore the growing sig-
nificance of machine learning, digital twins, and lifecycle 

analytics in supporting the design of adaptive infrastructure. 
This review contributes a novel perspective by bridging 
computational geomechanics, polymer durability science, 
and artificial intelligence, ultimately facilitating the devel-
opment of resilient, adaptive, and sustainable ground rein-
forcement systems.

2  Problem Context and Engineering 
Challenges

2.1  Degradation Mechanisms in Geosynthetic-
Reinforced Subgrades

Geosynthetics used in reinforced subgrades are subject 
to various degradation factors in the field, particularly in 
tropical and semi-urban areas, where they encounter acid 
rain, saline groundwater, landfill leachate intrusion, sea-
sonal/diurnal temperature cycles, and cyclic vehicular 
load stress. These stimuli induce degradation via three 
key pathways: chemical, mechanical, and most critically, 

Fig. 1  Thermo-chemo-mechanical degradation sequence in geosyn-
thetic-reinforced subgrades: a Initiation under cyclic loading with 
early chemical ingress, b Temperature influence (ambient cycles/reac-
tion heat), accelerating hydrolysis/oxidation and viscoelastic creep c 

Stable crack growth with stress-assisted transport and temperature-
dependent interface softening, and d crack coalescence, stiffness col-
lapse, and loss of bearing capacity
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susceptible to oxidative degradation, especially in the pres-
ence of saline and sulphate-rich environments, as indicated 
by [7, 26]. Table 2 consolidates representative findings from 
recent studies, demonstrating how exposure to different 
chemical agents, including sulfuric acid, chlorides, sulfates, 
and landfill leachates, leads to specific degradation modes 
such as plasticization, surface embrittlement, and ion-
induced softening.

chemo-mechanical coupling, with thermal conditions act-
ing as a rate modulator. While each pathway can indepen-
dently impair geosynthetic performance, their interaction 
often leads to accelerated and nonlinear deterioration. 
Chemical degradation mechanisms vary depending on the 
type of geosynthetic polymer and exposure conditions. For 
instance, PET undergoes ester hydrolysis under acidic con-
ditions (pH < 5), resulting in chain scission and a loss of 
tensile strength [25]. Conversely, HDPE and PP are more 

Table 1  Comparative summary of environmental stressors and their effects on geosynthetics
Environmental 
Stressor

Chemical Agent(s) Affected Geosyn-
thetic Types

Primary Degradation 
Mechanism

Typical Performance Impacts Refer-
ence

Acidic Leachates Sulfuric acid (H₂SO₄), Nitric 
acid (HNO₃), Organic acids

Polyester (PET), 
Polyamide (PA), 
Polypropylene 
(PP)

Hydrolysis of ester linkages 
in PET; chain scission in PA

Reduction in tensile strength, 
molecular weight loss, fiber 
embrittlement

[9, 
15]

Sulfate Attack Magnesium sulfate (MgSO₄), 
Sodium sulfate (Na₂SO₄)

PET, High 
Density Polyeth-
ylene (HDPE), 
Polyolefins

Stress corrosion cracking, 
crystallinity changes

Loss of elongation at break, 
stiffness reduction

[16, 
17]

Saline/Chloride 
Contamination

Sodium chloride (NaCl), Cal-
cium chloride (CaCl₂)

HDPE, PP, PET Osmotic imbalance, polymer 
softening, chemical diffusion

Increased permeability, poly-
mer swelling, loss of durability

[18, 
19]

Alkaline 
Conditions

Calcium hydroxide (Ca 
(OH)₂), Sodium hydroxide 
(NaOH)

PET, PA Alkali hydrolysis, surface 
erosion

Loss of ductility, stress 
cracking

[20]

Organic 
Contaminants

Hydrocarbons, landfill 
leachates

HDPE, PP Plasticization, oxidative 
degradation

Polymer softening, time-depen-
dent creep deformation

[21, 
22]

Fig. 2  Role of computational modeling in subgrade design
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attack simultaneously weakens polymer bonds and reduces 
ductility, amplifying susceptibility to fatigue failure. Table 
2 summarizes these effects across different experimental 
studies, emphasizing that such degradation is both material-
dependent and loading-specific.

2.2  Influence of Soil Configuration

The behavior and degradation of geosynthetics are highly 
sensitive to the configuration of the soil profile, specifically 
whether it is homogeneous or layered, with seasonal/diur-
nal temperature cycles largely attenuated with depth but 
still modulating reaction rates and creep. In homogeneous 
systems (e.g., lateritic clay), stress and chemical infiltra-
tion are distributed uniformly throughout the system. Fig-
ure 3(a) illustrates that vertical loading primarily leads to 
compressive fatigue and deep chemical ingress due to the 
uninterrupted pore network. This setup causes even modu-
lus decline, which, although slow, shows no early warning 
signs and can lead to extensive subgrade instability. Lay-
ered subgrades, especially common in tropical road con-
struction (e.g., sand over lateritic clay), present far more 
complex degradation pathways. As illustrated in Fig. 3(b), 
geosynthetics positioned at the interface of two soil layers 
experience horizontal shear, mechanical abrasion, and dif-
ferential chemical attack due to disparate permeability and 
stiffness properties of the layers. Since the two soil lay-
ers differ in stiffness and permeability, shear and abrasion 
localize at the geosynthetic plane. These localization bands 
become preferential paths for chemical ingress and debond-
ing; even modest thermal modulation at depth can accel-
erate local reaction kinetics and creep, allowing failure to 
nucleate while the surrounding soil appears intact. Figure 4 
further conceptualizes this progression by mapping out five 
sequential stages: from initial chemical exposure and cyclic 
loading (Step 1) to interface softening (Step 2), crack for-
mation (Step 3), stiffness degradation (Step 4), and eventu-
ally loss of load capacity and functional instability (Step 5). 
This structured flow provides a process-based lens through 

Building on these chemical pathways, thermal condi-
tions act as modulators, accelerating or retarding reaction 
kinetics and creep without introducing a new mechanism. 
Reaction enthalpy, whether exothermic (heat-releasing) or 
endothermic (heat-absorbing), along with ambient tempera-
ture changes, influences both chemical kinetics and visco-
elastic creep; thermally accelerated oxidation/hydrolysis 
of polymers is well documented [32]. In practice, the pore-
fluid chemistry and polymer degradation rates accelerate 
with temperature (Arrhenius-type sensitivity), as shown for 
PET hydrolysis and HDPE geomembrane ageing in long-
term studies [33]. Creep/relaxation in geosynthetics follows 
time–temperature superposition (TTS) using WLF/Arrhe-
nius shift factors. For buried subgrades, diurnal fluctuations 
are largely attenuated and phase-lagged with depth by the 
pavement and base layers; thus, temperature typically acts 
as a moderator of the dominant chemistry and load mecha-
nisms rather than a primary driver. We therefore treat tem-
perature explicitly but parsimoniously in the modeling that 
follows.

We next consider how cyclic loading interacts with these 
thermally modulated chemical processes to drive fatigue 
and interface degradation. Under repeated vehicle loading, 
reinforced subgrades undergo fatigue-driven mechanical 
degradation, characterized by creep deformation, micro-
crack initiation, and interface slippage. The nature of 
stress transfer between the soil and the geosynthetic plays 
a crucial role in this process. Cyclic plate loading on PET 
geogrid-reinforced soil has been reported to reduce inter-
face bond strength by 35% in acidic leachate environments 
[28]. Similarly, a 42% increase in creep deformation under 
repeated loading was observed after acid-rain conditioning 
in PET-reinforced specimens [31], highlighting that load-
ing severity exacerbates degradation in chemically exposed 
samples. Rather than acting independently, chemical and 
mechanical degradation interact synergistically, producing 
compound effects that cannot be captured by linear super-
position. As conceptualized in Fig. 1, cyclic loading facili-
tates crack propagation, increasing pore connectivity and 
allowing deeper chemical infiltration. In contrast, chemical 

Table 2  Summary of synergistic chemo-mechanical effects reported in recent experimental studies
Geosynthetic 
Type

Chemical Agent Loading Type Observed Interaction Refer-
ence

PET Sulfuric acid (pH 
3–4)

Uniaxial static 
and cyclic

Tensile strength and elongation were reduced more significantly under 
combined acid and load conditions.

[27]

PET Geogrid Acidic leachate Cyclic plate load The bond strength at the soil-geogrid interface decreased by 35%, accom-
panied by a degradation in stiffness.

[28]

HDPE 
Geomembrane

Saline solution 
(NaCl, CaCl₂)

No mechanical 
loading

Oxidative degradation and permeability changes require coupling with 
mechanical data.

[29]

Woven PET 
Geotextile

Organic 
acid + sulfate

Cyclic triaxial Stiffness loss accelerated with increasing soaking time under cyclic load. [30]

PET Geotextile Acidic rain 
simulator

Repeated load 
plate test

Creep deformation increased by 42% in chemically exposed samples com-
pared to the control.

[31]
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As degradation advances, the geosynthetic’s tensile modu-
lus, interface shear strength, and pore connectivity are no 
longer constants, but variables influenced by chemical 
concentration, depth-filtered temperature, and cyclic stress 
intensity. Hence, there is an urgent need to transition toward 
multiphysics chemo-mechanical (with thermal modulation) 
modeling frameworks capable of simulating transport–reac-
tion–mechanical feedback, where chemical diffusion alters 
material properties and vice versa. Interface degradation 
dynamics, where the interaction between soil and geosyn-
thetic materials deteriorates based on the stress history and 

which the mechanics of failure in layered systems can be 
predicted and modeled.

2.3  Motivation for Coupled Simulation Frameworks

Traditional simulation frameworks in geotechnical engi-
neering are inadequate to capture the multi-physics, time-
dependent nature of degradation in geosynthetic-reinforced 
systems. Linear elastic-plastic models (e.g., Mohr-Cou-
lomb) do not account for chemical reaction kinetics, diffu-
sion transport, or stiffness evolution under fatigue [34–36]. 

Fig. 3  a Homogeneous subgrade 
with embedded geosynthetic, b 
Layered subgrade with geosyn-
thetic at the interface
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nonlinear interactions across soil-reinforcement interfaces, 
with temperature treated as a rate modulator. This sec-
tion systematically reviews current modeling approaches, 
including FEM, CDM, and multi-physics coupling strate-
gies, followed by an appraisal of benchmark studies and 
case applications. Figure 5 serves as a unifying visual narra-
tive for this section, illustrating the methodological contin-
uum from empirical FEM formulations to advanced coupled 
transport–mechanics (with optional temperature modula-
tion) simulations and data-driven validations. The progres-
sive layering from simple elasticity to full transport-reaction 
coupling mirrors the increasing demand for accuracy, scal-
ability, and sustainability in subgrade design. Figure 5 sum-
marizes the modeling pathway from constitutive choice 
(FEM), through damage evolution (CDM), to coupled trans-
port–mechanics closed by benchmarking loops that update 
parameters and tune models. To guide model selection and 

exposure. Time-dependent property evolution, incorporat-
ing data from aging and triaxial fatigue testing for model 
calibration. Emerging works by [37, 38] have introduced 
finite element formulations that embed chemical damage 
laws within mechanical stress-strain relations. These studies 
highlight the potential of surrogate machine learning mod-
els and multi-scale damage algorithms to enhance computa-
tional efficiency, thereby facilitating the integration of these 
models into lifecycle-based infrastructure design.

3  Review of Computational Methods for 
Coupled Chemo-Mechanical Simulation

The modeling of chemo-mechanical degradation in geosyn-
thetic-reinforced subgrades requires a multi-layered compu-
tational framework capable of simulating time-dependent, 

Fig. 5  Process flow and calibra-
tion logic for coupled chemo-
mechanical modeling

 

Fig. 4  Flow of degradation progression in layered subgrade under combined chemical and mechanical stress
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demonstrated in adjacent materials (e.g., reactive clays 
and cementitious systems) and directly transferred to geo-
synthetics [51–54]. However, most models still consider 
chemical degradation as an external input rather than an 
endogenous feedback from transport-reaction processes, 
which is a key limitation in current practices. Although 
fully coupled transport–reaction–mechanics formulations 
exist, most studies still implement chemical effects via pre-
scribed parameter-reduction laws (e.g., stiffness and inter-
face updates driven by exposure history) rather than solving 
the chemistry inside the mechanical step; see Sect. 3.1.1 for 
the implementation details [34, 45, 55].

3.1.1  Implementation Patterns for Chemo-Mechanical 
Behaviour (UMAT/USDFLD/UEL)

In practice, chemo-mechanical degradation in geosynthetic-
reinforced subgrades is implemented in finite elements by 
introducing internal state variables that evolve with chemi-
cal exposure and cyclic loading, and by updating the con-
stitutive stiffness and interface capacity incrementally at 
each integration point. Temperature enters as a rate modifier 
(Arrhenius/WLF shift), consistent with its attenuated role 
at subgrade depth; no thermal Partial Differential Equation 
(PDE) is required unless site conditions demand it.

i.	 State variables and driving histories

c: chemical exposure descriptor(s) (e.g., pH proxy, ionic 
strength, salinity class)

N : cyclic count or equivalent damage time
D ∈ [0, 1]: continuum damage variable for polymer/soil 

matrix (0 = pristine; 1 = fully degraded)
b ∈ [0, 1]: interface bonding coefficient (scales peak 

shear/traction)
T : local (depth-filtered) temperature used only in rate 

multipliers

benchmarking in coupled analyses, Table 3 compares FEM, 
CDM, and Multiphysics frameworks, summarizing their 
core strengths, typical limitations, computational costs, 
coupling maturity, best-fit use cases, and representative 
exemplars.

3.1  Finite Element Modeling

Finite element methods are the basis of geotechnical simu-
lation, offering flexibility in handling complex boundary 
conditions and heterogeneous materials, with temperature 
treated, where relevant, as a rate modulator rather than a 
separate governing field. In the context of geosynthetic-
reinforced systems, FEM has been extended beyond linear 
elastic approximations to incorporate viscoelastic, elasto-
plastic, and anisotropic constitutive laws. The selection of 
constitutive models remains central to FEM accuracy. For 
soil behavior, the Mohr–Coulomb and Drucker–Prager 
models have been widely adopted due to their simplicity in 
capturing frictional resistance and yield surfaces. However, 
these models fail to capture degradation effects due to chemi-
cal infiltration or prolonged cyclic loading [48, 49]. For geo-
synthetics, linear elastic or bilinear tensile constitutive laws 
are often assumed; however, several studies, such as [3, 50], 
have shown that PET and HDPE exhibit nonlinear stiffness 
degradation under acidic and saline conditions, necessitat-
ing time-evolving material properties. Chemical effects have 
been incorporated into FEM through two primary mecha-
nisms: (1) direct modification of material parameters (e.g., 
tensile modulus or interface strength as a function of pH or 
exposure time), and (2) implementation of degradation laws 
as user-defined subroutines, optionally scaled by Arrhenius/
WLF temperature factors when depth-filtered temperatures 
are available. In practice, concentration- or time-dependent 
degradation has been embedded in FEM via user subrou-
tines to update stiffness and interfaces each increment; fully 
coupled chemo-mechanical implementations have been 

Table 3  Comparative summary of computational models for coupled problems
Modeling family Core strengths Typical limitations Compu-

tational 
cost

Coupling 
maturity

Best-fit use Refer-
ence

FEM (elastic–plastic/viscoelastic) Broad boundary condi-
tions, contact/interaction, 
scalable meshes; easy 
to add user subroutines; 
UMAT/USDFLD

Chemistry is often 
prescribed (parameter 
decay) unless co-solved; 
interface laws are 
simplified

High–
very high 
(3D, 
cyclic)

Partial → 
high (if 
linked to 
transport)

Layered 
subgrades; 
parametric 
studies; 
design

[39–
41]

CDM (continuum damage mechanics) Mesh-objective softening; 
time-dependent degrada-
tion via damage

Needs rich data for 
calibration; localization 
without regularization

Moder-
ate–high

Partial 
(chemistry 
via damage 
law)

Progressive 
stiffness/
strength loss; 
fatigue

[42–
44]

Multiphysics 
(transport–reaction–mechanics)

Solves concentration/
temperature fields with 
kinetics; feedback to stiff-
ness and interface

Integration complexity; 
adaptive mesh refine-
ment (AMR) needed; 
expensive

High–
very high

High Spatial gradi-
ents, ingress 
front tracking

[45–
47]
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Use the degraded tangent C (D) inside the Gauss-point 
Jacobian; include simple ∂C/∂D · ∂D/∂ε terms if strong 
coupling to strain is modeled. For interfaces, linearize the 
traction–separation relation around the current b and slip.

viii.	Calibration workflow (minimal, reproducible)

	● Chemistry block: constant-pH soaking at Tref ; fit 
kD (c)(bulk) and α (c)(interface) to tensile/pullout/
shear strength retention curves.

	● Cyclic block: constant-environment cyclic direct shear/
pullout; fit f (·) and g (·) vs. slip amplitude and N .

	● Temperature factor: adopt literature activation energy 
(polymer-specific) or WLF constants; validate with a 
±10◦C sensitivity around Tref  (temperature acts as a 
multiplier).

	● Validation: reproduce an independent dataset (different 
c, Nor layered profile) without re-tuning.

ix.	 When a monolithic solve is warranted

Use a fully coupled reactive-transport mechanics step (and 
add a heat equation) only when chemistry or heat release is 
demonstrably stress-dependent or when rapid temperature 
transients at depth are relevant. For most buried-subgrade 
cases, thermal effects are attenuated, so the moderator strat-
egy above suffices.

Our UMAT/USDFLD/UEL pattern, grounded in CDM 
with temperature shift factors and chemistry-sensitive 
interfaces, follows established Finite Element (FE) damage 
mechanics and polymer durability practice, and uses opera-
tor-splitting from reactive-transport literature [56–59].

3.2  Damage Mechanics Models

To account for progressive material deterioration, CDM 
introduces scalar or tensorial damage variables into the 
constitutive relationships, modifying stiffness and strength 
based on accumulated degradation. In the context of rein-
forced subgrades, scalar damage formulations have been 
applied to geosynthetics to simulate chemical embrittlement 
and fatigue-induced cracking [60, 61]. CDM enables the 
mesh-independent representation of softening and stiffness 
reduction; however, its accuracy heavily depends on proper 
calibration using aging and mechanical tests under coupled 
loading, with temperature histories used to scale reaction/
creep rates. Damage accumulation under cyclic loading and 
chemical exposure is inherently time-dependent. A deteri-
oration law parameterized by exposure duration, pH, and 
loading frequency has been proposed to predict the decay 
of tensile strength in woven PET geotextiles [29]. These 
formulations often follow Arrhenius-type (or exponential) 

Optional: κ(hardening), γ(viscous strain), ϕ(transport 
saturation index)

ii.	 Constitutive form (bulk)

A degraded elastic/viscoelastic law: 

σ = C (D) :εe, C (D) = (1 − D) C0 (orpiecewiseC (D, N, c))

with optional time–temperature shift for viscoelastic terms: 
tT = t · aT (T ) where aT  follows Arrhenius or WLF.

iii.	 Interface law (contact/cohesive)

A peak shear (or traction) is degraded via b: 

τmax (t, c, T ) = τ0e−α(t,c) tsT (T ) ,

α (t, c) = α0 + αc (c) ,

0 ⩽ b = τmax/τ0 ⩽ 1

with sT (T ) = exp [−Ea/R (1/T − 1/Tref)] or an equiva-
lent WLF factor.

iv.	 Evolution laws (example, parsimonious)

Ḋ = kD (c) sT (T ) f (ε, N) , ḃ = −kb (c) sT (T ) g (∆ut, N)

 where kD, kb are calibrated from soaking + cyclic tests; f, g 
encode strain/slip-amplitude and cycle-count effects.

v.	 Where the subroutines come in

	● USDFLD or Vector User-Defined Field (VUSDFLD): 
updates field variables {D, b, c, N} based on the current 
exposure step and measured/counted cycles.

	● UMAT or Vectorized User Material (VUMAT): com-
putes σ and the consistent tangent ∂σ/∂ε using the 
degraded stiffness C (D) and returns updated state 
variables.

	● UEL (optional for cohesive elements): implements a 
traction–separation law with τmax (t, c, T ) and degrada-
tion of stiffness/area via b.

vi.	 Operator-split coupling (stable and cheap)

We adopt a staggered loop, transport/exposure → state 
update → mechanics, which is sufficient when the Jacobian 
coupling is moderate and consistent with temperature acting 
as a moderator.

vii.	Consistent tangent and convergence
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Despite their promise, multi-physics models face several 
technical challenges.

i.	 Nonlinearity

	● Path-Dependent Behavior: Both chemical degra-
dation and mechanical responses exhibit nonlinear 
and path-dependent characteristics. This nonlinear-
ity complicates the convergence of numerical meth-
ods used in simulations. Traditional linear solvers 
may struggle to find solutions, resulting in increased 
computational time and potential inaccuracies in the 
results [55, 64].

	● Advanced Numerical Techniques: To address this 
challenge, researchers are developing advanced 
numerical techniques, such as adaptive algorithms 
and robust iterative solvers, that can handle the 
complexities of nonlinear behavior more effectively. 
These methods aim to enhance convergence rates 
and stability in simulations that involve nonlinear 
interactions [65, 66].

ii.	 Time-Dependence

	● Different Time Scales: The evolution of viscoplas-
tic behavior, cyclic fatigue, and chemical kinetics 
occurs over different time scales, making it chal-
lenging to capture the interactions between these 
processes accurately [67–69]. For instance, chemi-
cal reactions may occur on a much faster timescale 
than mechanical deformation, leading to challenges 
in synchronizing the simulations.

	● Multi-Scale Modeling Approaches: To address 
this issue, multi-scale modeling approaches are 
being employed. These approaches enable the 
integration of different time scales by utilizing 
techniques such as homogenization or coupling 
methods that link fast and slow processes [70–72]. 
This enables a more comprehensive understanding 
of how time-dependent behaviors impact overall 
system performance.

iii.	 Interface Tracking

	● Property Changes at Interfaces: Soil-geosyn-
thetic interfaces experience property changes due 
to various factors, including chemical interactions 
and mechanical loading. These changes necessitate 
adaptive meshing or cohesive zone modeling to rep-
resent the evolving properties of the interface accu-
rately [4, 73, 74].

decay, with Arrhenius/WLF shift factors applied as temper-
ature multipliers and are embedded within FEM or CDM 
frameworks. However, the limited availability of long-term 
laboratory data restricts the calibration of such laws across 
geosynthetic types.

3.3  Multi-Physics Coupling Strategies

Capturing the full complexity of degradation processes 
demands multi-physics simulation tools that simultaneously 
solve chemical transport, reaction kinetics, and mechanical 
equilibrium, with temperature treated as a rate modulator 
on reaction and creep. Recent developments by [46, 62] 
have seen the integration of transport-reaction models (e.g., 
Fickian diffusion or advection–dispersion) with mechanical 
solvers. A transport–reaction–mechanical FEM model has 
been employed to simulate chloride-induced deterioration 
of HDPE geomembranes [63], where ionic concentration 
gradients governed stiffness loss and interface friction. Such 
approaches allow for dynamic updating of material proper-
ties based on evolving chemical fields.

We couple transport–reaction to mechanics and, 
where warranted, scale reaction and creep rates by tem-
perature factors rather than solving a full thermal field. 
Concretely, the reaction rate uses an Arrhenius modifier 
k (T ) = k0 exp [−Ea/ (RT )], and viscoelastic/creep terms 
adopt a shift factor aT (T ) (Arrhenius or WLF). These fac-
tors multiply the chemical and damage evolution laws (e.g., 
Ḋ ∝ k (T ), ḃ ∝ k (T ) aT ), while the mechanical equilib-
rium remains unchanged. This preserves numerical stabil-
ity and cost, consistent with the temperature’s moderating 
role at subgrade depth. A heat equation with a source term 
Q = (−∆H) r (c, T ) (positive for exothermic, negative for 
endothermic) is introduced only when laboratory/field evi-
dence indicates significant thermal feedback (e.g., shallow 
reinforcement, intense reaction zones, or rapid transients); 
otherwise, a prescribed depth-filtered T (z, t)or constant 
Tref  with sensitivity bounds is sufficient. Since temperature 
acts as a rate moderator while the mechanical equilibrium 
remains unchanged, we adopt the following operator-split 
sequence:
i.	 Exposure update: advance chemistry ck(from soak-

ing profile or transport solve) and cycles Nk; evaluate 
temperature factor(s) k

(
T k

)
, aT

(
T k

)
using a depth-

filtered T k.

ii.	 State update (USDFLD): update degradation vari-
ables (e.g., Dk, bk) using laws Ḋ ∝ k (T ) f (ε, N, c), 
ḃ ∝ k (T ) aT g (∆ut, N, c).

iii.	 Mechanics (UMAT/UEL): assemble with degraded 
stiffness/interface capacity; solve equilibrium; store 
updated state variables.
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modular coupling and hybrid solvers have been explored, 
they often assume weak interaction between transport and 
mechanics or rely on monolithic strategies with high com-
putational cost. Operator-splitting remains essential where 
chemical transport dynamically alters stiffness, permeabil-
ity, or boundary conditions; in such cases, a sequential yet 
strongly coupled solution (transport → mechanics), with 
temperature as a rate modifier, improves stability and pre-
serves tractability at the field scale [79, 80]. This is particu-
larly relevant when reaction-diffusion modifies interface 
properties (see Fig. 5), requiring time-consistent updates to 
mechanical constitutive/damage laws.

To guide model selection and benchmarking in coupled 
analyses, Table 4 compares FEM, CDM, and fully coupled 

	● Adaptive Meshing Techniques: Researchers are 
exploring adaptive meshing techniques that dynam-
ically adjust the mesh resolution based on the evolv-
ing interface characteristics [75]. This enables a 
more accurate representation of interface behaviour 
without incurring excessive computational costs. 
Cohesive zone models are also being developed to 
simulate failure and interaction at interfaces more 
effectively [76].

To address these issues, researchers have begun imple-
menting operator-splitting techniques, hybrid solvers, and 
adaptive time-stepping, with examples spanning geotechni-
cal reactive transport and multiphysics FEM [45, 55], and 
more general multi-physics frameworks [77, 78]. Although 

Table 4  Comparative summary of modeling frameworks for coupled degradation in geosynthetic-reinforced subgrades
Dimension FEM CDM Multiphysics
Primary objective Practical chemo-mechanical response via 

exposure-driven parameter updates
Mesh-objective stiffness/strength 
softening via internal variables

Solve transport + kinetics + mechanics 
with state updates

Chemistry 
handling

External input (pH/time curves) mapped to 
E, c, ϕ, interface τmax

Damage variables D (t, c), b (t, c) 
evolve with exposure

Explicit concentration field c (x, t) 
drives D, b, E (c) , k (c)

Interface modeling Contact or cohesive zone model with 
τmax (t, c, T ); slip-weakening optional

Damage-aware cohesive zone 
model/contact; bond variable 
b (t, c)

Chemistry-sensitive cohesive zone 
model/contact updated from local 
c (x, t)

Temperature 
treatment

Arrhenius/WLF multipliers on rates (no 
heat PDE)

Same; temperature scales 
Ḋ, ḃ (moderator)

Same by default; add heat equation only 
if strong exo/endothermic feedback

Physics breadth Mechanics (+ rate-scaled chemistry) Mechanics + internal damage 
kinetics

Transport + kinetics + mechanics 
(optionally heat)

Calibration data Soaking curves (strength/modulus) + cyclic 
tests for interfaces

Soaking + cyclic tests to fit kD , kb, 
f (ε, N), g (∆ut, N)

Soaking + cyclic tests plus basic trans-
port data (D, sorption)

Scalability
(1–5)

5
(network studies)

4
(meso–macro)

2–3
(benefits from splitting/uncertainty 
quantification/surrogates)

Chemical transport 
fidelity
(1–5)

2
(prescribed histories)

3
(implicit via D, b laws)

5
(explicit transport/kinetics)

User extensibility 
(1–5)

4
(USDFLD/UMAT for updates)

4
(UMAT/UEL damage & cohesive 
zone model)

3
(heavier implementation/maintenance)

Integration 
complexity
(1–5)

2
(light)

3
(state/tangent management)

5
(PDE coupling, stability, step control)

Strengths Fast; easy to calibrate; robust for design 
envelopes

Mesh-objective softening; clear 
link to tests; good for interfaces

Highest physical fidelity; captures 
feedback loops

Limitations No endogenous transport; risk of mis-
specifying exposure

Needs rich data; parameter 
identifiability

Expensive; complex numerics; transport 
data required

Best-fit use cases Screening, sensitivity, lifecycle policy, 
network-level

Interface performance, layered 
systems, fatigue trends

Sites with known chemical gradients, 
research-grade studies

Representative 
patterns

Parameter-reduction + Arrhenius/WLF CDM + chemistry-sensitive cohe-
sive zone model

Operator-split; monolithic when stress-
dependent transport

Typical outputs Settlement, modulus retention, τmax loss 
vs. time

Damage maps, stiffness/strength 
decay, interface softening

Concentration, damage/softening fields, 
coupled settlements

Scales: 1 = low; 5 = high. Temperature is treated as a rate moderator (Arrhenius/WLF) across all frameworks; a heat equation is added only 
where strong thermal feedback is evidenced
Note: Although multiphysics coupling has high integration complexity (Level 5), field-scale feasibility and numerical stability are commonly 
achieved using an operator-splitting (staggered) strategy: transport/exposure → state update → mechanics, which avoids monolithic Jacobi-
ans while preserving strong sequential coupling
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4  Experimental Inputs for Model Calibration 
and Validation

Numerical predictions of chemo-mechanical degradation in 
geosynthetic-reinforced subgrades depend on the quality of 
the experimental datasets used to calibrate them. Labora-
tory testing provides the essential empirical basis for defin-
ing model parameters, validating degradation laws, and 
refining simulations that aim to capture coupled chemical 
and mechanical deterioration. This section outlines the key 
experimental inputs required to support high-fidelity com-
putational models, focusing on chemical soaking protocols, 
mechanical performance tests, and experimental–computa-
tional interfacing.

4.1  Chemical Aging and Soaking Protocols

Chemical degradation, particularly in acidic and saline envi-
ronments, significantly affects the long-term performance 
of geosynthetics. Subgrades subjected to acid rain, land-
fill leachates, or industrial runoff are exposed to pH values 
ranging between 3 and 5, triggering hydrolysis, polymer 
chain scission, and bond weakening in polyester-based geo-
synthetics [84, 85]. Figure 6 presents a comparative degra-
dation profile of geosynthetic strength under acidic soaking 
conditions at pH levels of 3, 4, and 5 over 90 days. The 
observed nonlinear trends indicate accelerated strength loss 
during the initial exposure period (0–28 days), followed by 
a gradual plateau, suggesting rapid hydrolysis kinetics that 
stabilize as molecular reorganization reaches saturation. For 
instance, the tensile strength at pH 3 dropped by over 50% 
within the first 28 days, whereas at pH 5, it exhibited a slower 
25% degradation. Such profiles are critical for parameteriz-
ing damage models that incorporate time-dependent weak-
ening. To ensure experimental fidelity, soaking should be 
conducted in temperature-controlled environments, with 
chemical replenishment every 7 days to maintain consistent 
ion concentrations [29, 86]. Measurement of pH drift, visual 
polymer discoloration, and loss of tensile strength is recom-
mended for degradation benchmarking. These soaking and 
conditioning protocols define the boundary conditions for 
the subsequent cyclic and static plate load tests, providing 
the time-concentration envelope and pH history that will 
later be used for model calibration (see the workflow in Fig. 
7).

4.2  Mechanical Testing Under Cyclic and Static 
Loading

Mechanical testing quantifies the progressive loss in 
structural performance following chemical exposure and 
supports calibration of fatigue, modulus, and settlement 

Multiphysics approaches based on the dimensions most rel-
evant to reinforced subgrades.

3.4  Benchmarks and Case Studies

Several benchmark studies have calibrated the cyclic 
response of reinforced subgrades using FEM, capturing 
modulus loss and settlement under repeated loads (e.g., 
laboratory/field-informed studies) [63, 81, 82]. Similarly, 
a Machine Learning-based Finite Element Method (ML–
FEM) surrogate trained on parametric simulations of geo-
synthetic response to sulfate exposure and dynamic loading 
achieved > 90% prediction accuracy while substantially 
reducing computational time [83]. Temperature effects, 
when relevant at subgrade depth, have been incorporated 
parsimoniously as Arrhenius/WLF rate multipliers rather 
than a separate heat equation, maintaining tractability in 
benchmarking. While benchmark models provide valuable 
insights, they often suffer from:

i.	 Over-simplified boundary conditions (e.g., constant 
chemical concentrations)

ii.	 Lack of three-dimensional modeling (most remain axi-
symmetric or 2D plane strain)

iii.	 Poor scalability to field-scale applications due to com-
putational demands

There is an urgent need for standardized benchmarking 
frameworks that incorporate both chemical and mechani-
cal loading histories, interface degradation calibration, and 
validation with large-scale laboratory or field data.

Fig. 6  Synthetic degradation trajectories calibrated to reported trends 
for PET/PP under acidic soaking; see hydrolysis/aging datasets in [25], 
polyolefin aging in [7], and interface under chemistry in [4, 6], with 
preservation of early-time acceleration and late-time plateau
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acquisition. Multi-cycle degradation profiles, particularly 
under varying frequencies (0.1–1 Hz), enable extrapolation 
to traffic conditions. The measured resilient modulus loss, 
strain accumulation, and rut depth trajectories yield time–
strain–modulus datasets. In Sect. 4.3, we transform these 
datasets into calibration functions and identify the minimal 
parameter sets required by FEM/CDM implementations.

4.3  Experimental–Computational Interface

Bridging experimental results with numerical simulations 
involves multiple data transformations and calibrations. 
Building on the exposure matrix and mechanical results, we 
extract peak/residual values and fit exponential or piecewise 
degradation laws for stiffness, interface shear, and transport 
coefficients; these functions are then mapped to element-
level parameters in FEM and CDM formulations. Figure 7 
outlines this workflow, from raw experimental protocols to 
final model validation. The integration begins with:

i.	 Chemical Soaking Protocols: Define exposure condi-
tions (pH, ion concentration, temperature, time).

ii.	 Mechanical Testing: Generate degradation response 
data (e.g., stiffness reduction, creep curves).

iii.	 Data Extraction: Quantify degradation laws—e.g., 
modulus vs. time, bond stress decay.

iv.	 Parameter Calibration: Fit constitutive relationships 
(e.g., exponential decay, bilinear stiffness models, 
Arrhenius-type rate laws).

v.	 Numerical Implementation: Translate calibrated 
parameters into FEM/CDM simulations using commer-
cial codes (e.g., ABAQUS, PLAXIS) or custom solvers.

A significant limitation is the scale discrepancy between 
lab-sized specimens (usually < 300 mm) and field subgrades 
(>5 m). Interface effects, such as soil-geotextile debonding, 
may be underestimated in laboratory pull-out tests. Thus, 
validation using field-scale plate load data remains crucial. 
To mitigate overfitting during parameter regression, physi-
cal interpretability should guide the model selection process 
[95]. For polymeric reinforcements, exponential stiffness-
loss laws are mechanistically consistent with hydroly-
sis-controlled degradation [96, 97]. Logistic-type forms 

behaviour under simulated service conditions. Table 5 sum-
marizes key mechanical test methods, their control param-
eters, degradation indicators, and test limitations. Each test 
type offers distinct insights:

i.	 CBR (Soaked & Unsoaked): While widely used due 
to simplicity, CBR tests are limited in dynamic fidelity. 
However, they provide comparative insight into stiff-
ness retention and are often used to benchmark initial 
deterioration [93, 94].

ii.	 Cyclic Triaxial: Offers control over confining pressures 
and cyclic amplitudes, simulating multi-directional 
stress states. The resilient modulus losses of 25–30% 
were reported for acid-exposed woven PET samples 
over 1000 cycles [7], capturing both stiffness degrada-
tion and strain accumulation.

iii.	 Static and Repeated Plate Load Tests: More field-
representative, particularly for layered soil systems. The 
chemically degraded geotextile-reinforced subgrades 
demonstrated up to a 42% increase in creep deforma-
tion under repeated loads [81].

These tests can be tailored with embedded sensors (strain 
gauges, pore pressure transducers) to allow real-time data 

Test Method Parameters Controlled Degradation Metrics Limitations Reference
CBR (Soaked & 
Unsoaked)

Moisture content, com-
paction, surcharge

CBR index drop, stiffness 
ratio

Not dynamic, limited 
depth insight

[87, 88]

Cyclic Triaxial Confining pressure, 
cycle count, frequency

Resilient modulus loss, 
strain accumulation

Requires advanced 
setup, slow data

[89, 90]

Static Plate 
Load

Load increment, plate 
size, and settlement

Modulus of subgrade 
reaction, load-settlement

Static only, limited 
fatigue insight

[91]

Repeated Plate 
Load

Load amplitude, cycle 
duration, and creep

Creep rate, stiffness deg-
radation, and rut depth

High effort, sensitive 
to boundary effects

[92]

Table 5  A comparative summary 
of mechanical test methods

 

Fig. 7  The experimental–computational coupling diagram
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lifecycle management optimization. Together, these com-
putational strategies offer a transformative way to simulate 
subgrade behavior across various degradation stages and 
predict when, where, and how failure might initiate under 
changing in-service conditions. To overcome computational 
limitations, we combine data-driven surrogates (Sect. 5.1), 
multi-scale resolution strategies (Sect. 5.2), and lifecycle 
embedding (Sect. 5.3). Figures 8 (lifecycle trajectories) and 
9 (strategy map) consolidate the section’s results after the 
detailed discussion.

5.1  Machine Learning and AI-Driven Surrogates

AI and ML have become crucial tools for enhancing or sub-
stituting time-consuming numerical simulations with pre-
dictive surrogates. As outlined in Table 6, techniques like 
Gaussian Process (GP) Regression, Artificial Neural Net-
works (ANNs), and Support Vector Machines (SVMs) have 
been successfully applied to predict key mechanical proper-
ties, such as fatigue life, rut depth, or stiffness loss, based 
on multivariate input parameters including cyclic stress 
levels, pH exposure, temperature, and time-dependent dete-
rioration. To capture nonlinear degradation patterns under 
combined stressors, we employ GP regression as a nonpara-
metric surrogate; GP models have demonstrated high accu-
racy for fatigue-life prediction under multiaxial loading with 
quantified uncertainty [102, 103]. Independent of the surro-
gate choice, acidity can reduce stiffness and interface capac-
ity, while exposure to saline or chloride modifies interfacial 
properties, trends consistently reported in experimental and 
review studies [16, 107]. At the same time, Random Forests 
show promise in feature selection for stress-permeability 

have been used for structured soils [98] but should not be 
adopted for geosynthetics without polymer-specific valida-
tion. Accurate simulation of chemo-mechanical degradation 
demands integrated protocols that connect experimental 
precision with numerical depth. Chemical aging and cyclic 
loading must be mirrored with equal granularity in compu-
tational models. Standardizing chemical soaking protocols, 
enhancing sensor resolution in mechanical tests, and refin-
ing model calibration workflows are essential to achieving 
high-confidence predictive tools [99, 100]. Future work 
should prioritize multi-scale experimental datasets and 
machine-learning-aided parameter optimization to acceler-
ate simulation fidelity and real-world applicability.

Together, the exposure matrix (Sect. 4.1), mechani-
cal response (Sect. 4.2), and calibration functions (Sect. 
4.3) establish an experiment-to-model pipeline: laboratory 
evidence → fitted deterioration laws → simulation-ready 
parameters. This pipeline underpins the comparative evalu-
ation of computational frameworks presented in Sect. 5.

5  Advanced Computational Tools and 
Surrogate Modeling

As the complexity of loading conditions and environmental 
aggressors intensifies, especially for geosynthetic-reinforced 
subgrades subjected to cyclic and chemical degradation, 
traditional deterministic simulations, while foundational, 
lack the flexibility, speed, and adaptability required for real-
time assessment and long-term performance prediction. To 
address these limitations, recent research has focused on 
data-driven intelligence, multi-scale physical modeling, and 

Fig. 8  Lifecycle trends (synthetic 
example) parameterized to match 
deterioration/archetype cost 
growth patterns from stochastic 
lifecycle studies [101] and field 
performance syntheses [81]
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where degradation initiates and propagates. These local-
ized models are crucial for simulating interfacial cracking, 
sliding, and detachment, as illustrated conceptually in Fig. 
4. The interface-aware resolution strategies strike a bal-
ance between simulation efficiency and accuracy, thereby 
supporting integration into larger infrastructure modeling 
ecosystems.

5.3  Lifecycle-Based Computational Strategies

Perhaps the most critical advancement lies in embedding 
lifecycle performance evaluation into degradation-aware 
modeling frameworks. The long-term evolution of rein-
forced subgrades, visualized in Fig. 8, captures three co-
evolving trajectories:

	● Structural Capacity: declining from 100% at con-
struction to 40% near the end-of-life due to cumulative 
degradation,

	● Degradation Index: escalating linearly or exponen-
tially with exposure to chemical (e.g., acid pH) and me-
chanical (e.g., cyclic loading) stressors,

	● Cumulative Cost: increasing nonlinearly as periodic 
rehabilitation or reinforcement becomes necessary.

These dynamic, coupled trends highlight the limitations of 
static design methodologies and the need for time-variant 
computational simulations that integrate structural degrada-
tion, exposure conditions, and financial constraints. Modern 
frameworks now incorporate stochastic deterioration mod-
els, probabilistic service life predictions, and multi-objective 

response under chloride attack [105]. In Fig. 9, the strategic 
integration of AI tools is highlighted as a key element in 
next-generation frameworks. ML is no longer limited to fit-
ting mechanical response curves; it is evolving to perform 
uncertainty quantification, inverse parameter estimation, 
and data-driven calibration of constitutive laws. More criti-
cally, hybrid architectures such as Physics-Informed Neural 
Networks (PINNs) are now enabling fusion of physical con-
straints (e.g., Fickian diffusion, viscoelastic creep, temper-
ature-scaled kinetics) with data streams to maintain model 
interpretability and extrapolation capability, especially 
under combined chemical-mechanical loading conditions 
[108].

5.2  Multi-Scale and Multi-Resolution Simulation 
Frameworks

Understanding degradation in geosynthetics requires simu-
lation strategies that resolve interactions from molecular 
chain scission to macroscopic rut formation. This necessi-
tates multi-scale frameworks capable of linking fundamental 
damage mechanisms at the material level with subgrade-
level deformation and failure. Atomistic and meso-scale 
simulations (e.g., molecular dynamics, lattice spring mod-
els) are increasingly employed to simulate chain degrada-
tion in geogrids under acid leaching, which then informs 
damage evolution laws embedded in FEM/CDM models at 
the macro level [44]. At the domain resolution level, tech-
niques such as adaptive mesh refinement and submodel-
ing help concentrate computational effort in high-gradient 
zones [109], particularly near geosynthetic-soil interfaces, 

Table 6  Summary of machine learning techniques for subgrade modelling
Algorithm Input Features Target Outputs Training Data Performance Metrics Reference
Gaussian Process Cyclic load, pH level, fiber type Stiffness loss, fatigue 

life
Laboratory tests and 
field measurements

Prediction error uncer-
tainty bounds

[102, 
103]

Artificial Neural 
Network

Cyclic count, temperature, trans-
port properties

Load capacity, rut 
depth

In situ monitoring and 
field measurement

Mean absolute error, R2 [104]

Random Forest Modulus, stress, and chloride 
concentration

Permeability, swelling Laboratory soaking and 
mechanical tests

Feature importance Sum 
of Squared Errors (SSE) 
error

[105]

Support Vector 
Machine

Time, geogrid properties, sulfu-
ric attack

Strength retention, 
creep deformation

Field aging studies Accuracy root mean 
squared error

[106]

Fig. 9  Strategic future directions 
for enhancing coupled chemo-
mechanical modelling and per-
formance prediction of geosyn-
thetic-reinforced subgrades
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academic modeling approaches fail to capture this complex-
ity holistically. As summarized in Table 7, FEM platforms, 
such as PLAXIS, offer excellent scalability and allow for 
UMAT-based extensibility; however, they lack high-fidelity 
chemical transport modules [115]. Conversely, Multiphysics 
platforms (e.g., COMSOL) support native PDE solvers for 
diffusion-reaction transport but suffer from computational 
intensity and high integration complexity [47]. CDM frame-
works offer moderate capabilities but are limited in terms 
of extensibility and real-time calibration [42, 43]. There is 
an urgent need for interoperable frameworks that integrate 
high-fidelity transport modeling with large-strain mechanics 
and evolving material laws. Standardization through bench-
mark datasets and validation scenarios would enable repro-
ducibility and facilitate the deployment of digital twins in 
subgrade infrastructure systems.

6.2  Incomplete Integration of Chemical Transport 
with Structural Degradation

The degradation of geosynthetics due to exposure to acid, 
chloride, and alkaline conditions involves multiple trans-
port and damage mechanisms. Most current models treat 
these processes separately, simplifying diffusion as a linear 

optimization to balance safety margins and investment 
schedules [101]. As indicated in Fig. 9, lifecycle-informed 
modeling can support cost-benefit analysis, multi-stage deg-
radation planning, and the selection of retrofitting strategies, 
all of which are essential to sustainable infrastructure asset 
management. Together, surrogate models, multi-scale simu-
lations, and lifecycle-embedded strategies represent a para-
digm shift in subgrade design and performance prediction. 
By leveraging AI’s predictive capabilities, the accuracy of 
physics-based modeling, and the practicality of lifecycle 
analytics, computational methods are now capable of pro-
viding unprecedented insight, robustness, and efficiency 
[110, 111], crucial for infrastructure resilience against 
climate-driven chemical threats and growing mechanical 
demands. Reliable AI requires (i) high-fidelity labels (joint 
chemo-mechanical histories and interface metrics), (ii) 
physics-informed constraints (e.g., mass balance for diffu-
sion, non-negative damage), (iii) uncertainty quantification 
(GP/PINN) ensembles with prediction intervals), (iv) robust 
validation (temporal and chemical hold-out sets), and (v) 
domain-shift tests (generalization to unseen pH–tempera-
ture–load regimes) [112–114]. These ingredients elevate 
ML from curve-fitting to decision-grade surrogates.

6  Critical Gaps and Research Challenges

Despite significant progress in the numerical modelling of 
geosynthetic-reinforced subgrades under coupled environ-
mental and mechanical actions, several unresolved chal-
lenges persist. These limitations compromise the scalability, 
adaptability, and predictive accuracy of current computa-
tional frameworks, especially in chemically aggressive and 
moisture-sensitive environments. This section identifies and 
analyzes four significant thematic gaps: the lack of stan-
dardized modeling platforms, incomplete chemo-mechani-
cal coupling, the absence of long-term field validation, and 
inadequate interface modeling under chemical exposure.

6.1  Lack of Standardized Coupled Modeling 
Frameworks

The geotechnical community currently works within a frag-
mented simulation landscape. Figure 10 illustrates the inter-
connected feedback loops resulting from chemical ingress 
and the redistribution of mechanical stress in geosyn-
thetic-reinforced systems. However, most commercial and 

Table 7  Comparative matrix of modeling platforms
Modeling Platform Scalability Chemical Transport Fidelity User Extensibility Integration Complexity Reference
FEM (e.g., PLAXIS) High Low High (via UMAT) Moderate [115]
CDM Moderate Moderate Moderate Low [42, 43]
Multiphysics (e.g., COMSOL) Low High High (built-in PDE modules) High [47]

Fig. 10  Coupled chemo-mechanical feedback loops
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6.4  Challenges in Modeling Soil-Geosynthetic 
Interfaces Under Chemical Influence

Perhaps the most overlooked area is the dynamic loss of 
interface strength parameters, especially adhesion, inter-
locking, and shear strength, during chemical attack. Figure 
11 presents laboratory-derived synthetic data showing a 
sharp drop in interface shear strength (%) and bonding coef-
ficient as pH exposure duration increases from 0 to 90 days. 
Despite this, numerical models typically assume constant 
contact stiffness or reduction factors not linked to degra-
dation indices. Time-dependent interface laws calibrated 
from pullout/creep and cyclic shear tests exist, yet chemical 
coupling in interface elements remains rare in FEM/CDM 
practice [128–130]. There is a strong research imperative to 
develop chemically adaptive interface elements that evolve 
in response to pH, ionic species, and exposure cycles. To 
operationalize this need, we propose a parsimonious, cali-
bration-ready formulation that embeds chemical exposure 
directly into the evolving interface strength. A practical 
chemistry-sensitive interface law is 

τmax (t, pH) = τ0e−αt10−β(pHref −pH)

where α captures cyclic/time-dependent softening observed 
in cyclic/direct-shear programs and β scales the well-docu-
mented pH-sensitivity of polyester hydrolysis and interface 
weakening; the form is consistent with exponential damage 
evolution and the logarithmic definition of pH [4, 131].

We next illustrate calibration and predictive use of this 
law with a representative laboratory dataset. The PET 

function and decoupling it from mechanical softening [3, 
116]. However, Fig. 10 conceptually illustrates how poly-
mer degradation, stiffness loss (elastic stiffness E↓, shear 
modulus G↓), and altered stress fields actively influence 
chemical diffusivity, creating a nonlinear feedback loop. 
Such interactions are not captured in conventional models, 
which fail to reflect stress-induced permeability evolution 
or time-dependent reaction kinetics [117]. Advanced for-
mulations are required that incorporate reaction-diffusion 
equations coupled with modulus degradation laws, as well 
as adaptive mesh refinement to capture evolving gradients.

6.3  Limited Validation with Long-Term and Field-
Scale Data

Another critical barrier is the scarcity of validated field-
scale datasets tracking subgrade performance over extended 
chemical exposure durations. Most simulation-based stud-
ies rely on short-term, accelerated aging protocols that 
may not replicate tropical field conditions [118, 119]. The 
discrepancy between lab-based tank models and real-life 
pavements, particularly in terms of interface boundary con-
ditions and moisture variations, limits their transferability to 
real-world applications [120, 121]. Table 8 compiles major 
studies and highlights the lack of sensor-instrumented vali-
dations and chemical-mechanical coupled data streams. The 
integration of fiber optic sensors, pH probes, and displace-
ment transducers embedded within geosynthetics could 
yield transformative insights into long-term degradation, 
enabling the calibration of inverse models.

Table 8  Studies on geosynthetic-reinforced subgrades under environmental loading
Location/Environment Soil Type Geosynthetic 

Used
Monitoring Techniques Test 

Duration
Degradation Metrics Refer-

ence
Texas, USA/Semi-arid and arid 
regions

Expansive 
clay

Geogrid Moisture sensors, con-
dition surveying, and 
automated plate load 
testing

Not speci-
fied, but 
long-term 
performance 
is evaluated

Tensile strength loss, 
settlement, and rut depth

[122, 
123]

Alberta, Canada/Freeze-thaw Silty clay Novel Poly-
meric Alloy 
(NPA) Type-D 
geocell, NPA 
Type-C geocell, 
geocomposite

Pressure cells, thermo-
couples, and moisture 
sensors

12 months Load transfer ratio, 
stress distribution angle, 
traffic-induced stress, and 
settlement

[124]

Wuhan, China/Flood conditions Sandy soil, 
clayey soil

Geocell, geotex-
tile, composite 
system

Stress, settlement, 
acceleration, and 
pore water pressure 
monitoring

Not 
specified

Stress reduction, 
settlement, acceleration 
reduction and pore water 
pressure

[125]

Telangana, India/Tropical-heavy 
rainfall

Lateritic 
clay

Biaxial geogrid CBR tests, pavement 
thickness design

Not explic-
itly stated

Bearing capacity ratio 
(BCR), pavement thick-
ness reduction

[126]

Chandigarh, India/Tropical-heavy 
rainfall

Sandy soil, 
clayey soil

Woven geotex-
tile, non-woven 
geotextile

CBR tests, numerical 
validation

Not explic-
itly stated

BCR, numerical model 
accuracy, and strain 
localization

[127]
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7.1  Development of Open-Source Coupled Chemo-
Mechanical Solvers

The continued reliance on proprietary platforms such as 
PLAXIS or COMSOL imposes limitations on extensibil-
ity, transparency, and financial accessibility, especially in 
resource-constrained research environments. As shown in 
Table 9, it is essential to leverage and expand open-source 
platforms, such as OpenGeoSys, FEniCS, and Kratos Mul-
tiphysics, to support reactive transport, mechanical degra-
dation, and chemical–mechanical coupling within a unified 
system architecture. Each of these platforms allows custom 
PDE formulation, facilitating the direct modeling of cou-
pled chemo-mechanical systems such as:

i.	 Reaction–diffusion–deformation loops relevant to acid 
rain or sulfate attack.

ii.	 Polymer degradation models within geosynthetics, gov-
erned by pH-dependent kinetics.

iii.	 Adaptive meshing and parallel solvers are necessary for 
spatially heterogeneous fields.

These features are essential for simulating soil-reinforce-
ment systems where localized degradation (e.g., interfa-
cial scission) must be modeled in tandem with structural 
response [77, 133]. By integrating open-source tools into 
academic and practical environments, future research can 
democratize computational geomechanics, ensuring repro-
ducibility and worldwide accessibility.

geogrid–soil interface under acidic leachate was tested using 
laboratory cyclic plate loading, combined with 28-day acid 
soaking, which resulted in an approximately 35% reduction 
in bond strength and increased deformation [28]. A CDM–
FEM model with the interface law above, calibrated to the 
test’s time–pH history, reproduced the measured strength 
loss and settlement trajectory within experimental scatter, 
highlighting the importance of coupling transport-reaction 
with interface damage.

Bridging these modeling gaps requires a comprehensive 
overhaul of current simulation methods, from algorith-
mic coupling to field-based parameterization. Future work 
should focus on developing modular, scalable, and reactive 
modeling platforms that incorporate chemical-aware con-
stitutive laws and integrate long-term monitoring data to 
validate deterioration functions. This approach will enable 
predictive, real-time simulations for durable subgrade 
design in chemically active environments.

7  Future Research Directions

As geomechanical infrastructure systems face increasing 
environmental and operational stressors, computational 
modeling needs to advance beyond single-physics, deter-
ministic tools. This section describes a crucial roadmap 
across four innovation pillars: open-source solver develop-
ment, digital twin integration, experimental benchmarking, 
and sustainability-focused modeling. These advances, sup-
ported by advanced tools and frameworks, are shown in 
Figure 12 and Tables 9–10, collectively moving toward a 
new paradigm of predictive, adaptive, and environmentally 
conscious geotechnical modeling.

Fig. 11  Synthetic interface-
property evolution grounded in 
chemistry-sensitive interface 
studies under cyclic shear and 
leachate exposure [4] and tensile/
short-term damage models [117]
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iii.	 Reinforcement optimization informed by in-situ chemi-
cal exposures and traffic loads.

Such frameworks are especially critical in tropical climates, 
where chemical ingress rates and hydro-mechanical cycles 
are highly dynamic on a seasonal basis. Coupling field data 
with numerical updates enables infrastructure that is not 
only monitored but also actively self-calibrating.

7.3  Benchmarking Standards for Unified Model 
Validation

One of the persistent challenges in chemo-mechanical 
modeling of geosynthetics is the lack of standardized vali-
dation protocols. Although American Society for Testing 
and Materials (ASTM) and International Organization for 

7.2  Integration of FEM and Field Data: Toward a 
Digital Twin for Subgrades

The integration of real-time sensor data into numerical 
frameworks establishes the foundation of digital twins. This 
transformative concept enables virtual subgrade models 
to evolve continuously in response to field measurements 
[134, 135]. Sensor arrays measuring temperature, moisture, 
pressure, and even pH can be embedded in the subgrade to 
inform a continuously updated FEM environment. This bi-
directional feedback loop offers several advantages:

i.	 Predictive failure detection well before traditional 
visual inspections.

ii.	 Live calibration of stiffness degradation laws based on 
observed softening.

Table 9  Comparative capabilities of emerging open-source chemo-mechanical platforms
Platform Chemical 

Transport
Mechanical 
Modeling

Custom PDE 
Support

Parallelization Example Application Refer-
ence

OpenGeoSys ✓ ✓ ✓ ✓ Reactive transport in geotechnics [45]
FEniCS ✓ ✓ ✓ ✓ Deformation–reaction coupling [132]
Kratos Multiphysics ✓ ✓ ✓ ✓ Soil–structure–chemical interaction [78]

Fig. 12  Schematic benchmark-
ing framework: exposure matrix, 
mechanical test battery, and 
model-to-lab calibration routes
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Such integration is crucial for life-cycle-informed decision-
making in road design, particularly in developing regions 
that strive for carbon neutrality and circular material use. 
Future models should interact with platforms like openLCA 
or SimaPro, thereby closing the loop between mechanics, 
chemistry, and ecological sustainability.

The next generation of geotechnical computational tools 
must go beyond isolated simulations and develop into 
multidisciplinary digital frameworks. The integration of 
open-source platforms, field-sensor feedback, benchmark 
validation, and environmental metrics transforms modeling 
into a proactive, intelligent infrastructure solution. These 
research directions establish the foundation for resilient and 
predictive design strategies that are technically sound, glob-
ally accessible, and environmentally responsible.

8  Conclusions

Chemo-mechanical degradation in geosynthetic-reinforced 
subgrades arises from the coupled action of chemical trans-
port/reaction and cyclic loading, with temperature acting 
primarily as a rate modulator (accelerating hydrolysis/
oxidation and creep) rather than a dominant driver at sub-
grade depth. Our review shows that recent models, which 
are FEM with calibrated parameter reduction, CDM with 
internal variables, and multiphysics FE with transport–reac-
tion, can each reproduce selected behaviors (modulus loss, 
interface softening, settlement trends), but predictive fidel-
ity drops when interface chemistry, evolving transport path-
ways (crack-assisted diffusion), and load history interact 
over service lifetimes. A pragmatic pattern is emerging to 
implement chemistry-sensitive state variables (damage D, 
bond b) and interface laws in UMAT/USDFLD/UEL; update 
them from exposure histories or a transport step; and, where 
warranted, scale rates by Arrhenius/WLF factors to reflect 
depth-filtered temperature. This operator-split workflow 
(transport → state update → mechanics) offers stability and 
cost control for field-scale problems, while monolithic solu-
tions remain reserved for cases with strong stress-dependent 
transport or significant heat release. What remains scarce 
are standardized, coupled benchmarks that link exposure 
matrices to cyclic mechanical tests and enforce standard 
calibration/validation practices. Importantly, the bench-
marking framework proposed in Sect. 7.3 and illustrated in 

Standardization (ISO) standards exist for individual mechan-
ical and chemical testing of geosynthetics, they remain 
fragmented and rarely provide coupled, multi-environment 
benchmarks and model-to-lab validation workflows. This 
creates difficulties in validating chemo-mechanical models 
across laboratories. Laboratories worldwide employ diverse 
soaking durations, chemical concentrations, and mechanical 
test setups, resulting in non-transferable calibration datasets. 
To address this, we propose a benchmarking framework, as 
illustrated in Fig. 12, which systematically unifies:

i.	 Exposure matrices defining controlled pH ranges, time 
intervals, and chemical species (e.g., chloride, sulphate).

ii.	 A mechanical test battery including static/repeated plate 
load, cyclic triaxial, and direct shear tests.

iii.	 Calibration routes between numerical models (PLAXIS, 
COMSOL) and laboratory degradation data.

This cycle ensures that models are not only fitted to a local 
context but are also validated against globally replicable 
datasets. Such protocols thereby raise validation standards 
in geomechanics to match those in structural and biomedical 
fields. Our proposal is not to import biomedical standards 
per se, but to adopt the biomedical discipline’s structured 
benchmarking logic, which includes exposure matrices, 
test batteries, and model-to-laboratory calibration routes, to 
ensure reproducible and transferable datasets.

7.4  Embedding Sustainability Indicators in Chemo-
Mechanical Pipelines

Modern infrastructure modeling must evolve to quantify not 
just mechanical performance but also environmental and 
economic externalities. As outlined in Table 10, computa-
tional models should now integrate:

i.	 Embodied carbon footprints for each reinforcement 
layer, computed using material databases and coupled 
to reinforcement volume.

ii.	 Life-cycle cost analysis, driven by maintenance inter-
vals linked to predicted degradation.

iii.	 Environmental risk indices, derived from chemical 
transport simulations and toxicity thresholds.

Indicator Measured Through Coupled With Computed Output Reference
Embodied CO₂ Material databases Geosynthetic thickness kg CO₂/m2 

reinforced
[136, 
137]

Life-cycle cost Maintenance 
schedules

Mechanical degradation 
laws

$/year of service life [118, 
138]

Environmental risk 
index

Toxicity profiles Chemical transport 
outputs

Risk score [139]

Table 10  Integration of sustain-
ability metrics into chemo-
mechanical modeling pipelines
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exposure time, and lifecycle cost/CO₂ overlays to sup-
port intervention scheduling and material selection.

In sum, the field is ready to move from case-specific fits 
to standardized, auditable pipelines: coupled tests → cali-
brated interface/bulk laws → operator-split FE with temper-
ature moderation → uncertainty-aware lifecycle decisions. 
By adopting the steps above, researchers and agencies can 
turn chemo-mechanical models into credible decision aids 
for resilient, sustainable subgrade design and management, 
without over-complicating thermal physics where it is not 
the primary driver.

Terminology and Implementation Glossary

1.	 UMAT: User-defined material subroutine that updates 
stress and tangent stiffness from a constitutive law using 
internal state variables (e.g., damage D). Common ana-
logs: custom constitutive model interfaces in general 
FE codes; user material models in open-source FE.

2.	 USDFLD: User-defined field-variable update subrou-
tine that evolves state descriptors (e.g., D, b, exposure 
proxy c, cycle count N ) as a function of time, cycles, 
and exposure history. Common analogs: field-update 
callbacks; external state-update scripts coupled to FE.

3.	 UEL: User-defined element subroutine used to imple-
ment specialized elements (e.g., cohesive/interface ele-
ments with chemistry-sensitive traction–separation and 
evolving τmax). Common analogs: custom interface/
cohesive elements; user element Application Program-
ming Interfaces (APIs) in open-source multiphysics.
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Figure 12 is a tangible, practice-ready deliverable of this 
review, providing a standardized exposure–testing–calibra-
tion workflow that future chemo–mechanical studies can 
adopt to validate models consistently and transparently 
across laboratories and codes. To convert these insights into 
deployable tools for design and asset management, we rec-
ommend the following, each with a concrete deliverable.

i.	 Standardized benchmarking kits: Publish an open 
protocol that pairs (a) exposure matrices (pH/salinity/
soaking time, Tref  with ±10 °C bounds) with (b) cyclic 
direct shear/pullout and resilient modulus/creep tests. 
Deliverables: machine-readable datasets (time–pH–
modulus; τ–δ–cycles), uncertainty envelopes, and a 
minimal reproducible example for model calibration.

ii.	 Interface law adoption: Use an explicit chemistry-
sensitive interface law (e.g., τmax (t, pH) with time/
pH terms) in reinforced-soil checks; calibrate α(time/
cycles) from cyclic tests and β(chemistry) from soaking 
campaigns, where α represents time-/cycle-dependent 
softening (fatigue/creep-driven bond decay), and β 
quantifies the pH sensitivity of interface shear strength 
(chemistry-driven weakening). Report parameter poste-
riors, not single values.

iii.	 Temperature as moderator: Treat temperature via rate 
multipliers (Arrhenius/WLF) and seasonal depth filter-
ing; avoid a heat PDE unless exo/endothermic feedback 
is demonstrated. Always include a ±10◦C sensitivity on 
life predictions.

iv.	 Validation discipline: Validate each model against 
two independent datasets (one chemistry-dominant, 
one load-dominant) and one layered-profile case to 
test interface realism; document splits (train/validate) 
and pre-registered acceptance metrics (e.g., root mean 
square error, bias, coverage).

v.	 Field-scale validation as a mandatory step: Because 
laboratory specimens (<300 mm) cannot fully repro-
duce field boundary conditions, confinement, and inter-
face stress paths in real subgrades (>5 m), at least one 
field-scale plate load test dataset should be treated as a 
mandatory validation target for any proposed coupled 
model to ensure transferability and credibility beyond 
laboratory calibration.

vi.	 Uncertainty & surrogates: Deploy physics-informed 
surrogates (GP/PINN with monotonicity or mass-bal-
ance constraints) to propagate uncertainty in exposure 
histories (pH, salinity, moisture, temperature) to main-
tenance timing; publish calibration code and uncertainty 
quantification workflows.

vii.	Practice-ready reporting: Accompany model outputs 
with actionable Key Performance Indicators (KPIs); 
residual strength trajectories, interface safety factors vs. 
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