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A B S T R A C T

This study conducted a series of finite element analyses on geosynthetic-reinforced soil (GRS) embankment and 
foundation systems subjected to reverse fault movement. Two advanced constitutive models were considered: the 
hardening soil (HS) model and the NorSand (NS) model, with the latter selected to account for soil softening 
along the shear band under large fault displacements. The numerical models were validated by comparing their 
predictions with test data for reduced-scale GRS embankments with and without geocell-reinforced foundations. 
Subsequently, stress and displacement data were extracted to examine the performance and reinforcing mech
anisms of the GRS embankment and foundation system. The development of the shear band, lateral earth 
pressure distribution, embankment facing deformation, and mobilization of the reinforcement tensile force were 
evaluated. The numerical results revealed that the NS model accurately captured the system’s shear strain 
propagation and embankment facing deformation; this is because this model accounts for soil softening. By 
contrast, the HS model underestimated these responses. The numerical analyses also revealed that incorporating 
a geocell mattress into the foundation effectively mitigated shear band propagation from the foundation to the 
overlying embankment and reduced ground deformation induced by fault displacement, resulting in reduced 
lateral earth pressure and embankment facing deformation. In summary, geocells provide high confining pres
sure to infill soil, which increases its shear strength to intercept the upward propagation of shear bands and 
enhances bending stiffness to distribute stress over a wider influential fault zone, thereby preventing ground 
breakthrough in concentrated areas.

Introduction

In addition to seismic forces, ground surface deformation induced by 
fault movement can substantially damage structures overlying fault 
zones. [9,11] and [33] have identified surface hazards associated with 
fault movement, including distinct shear ruptures, differential settle
ment, and the development of tensile strains and cracks. To minimize 
the effects of these hazards, construction in areas near active fault zones 
should be avoided. Design regulations have specified certain setback 
distances for residential buildings to mitigate the risks of surface fault 
hazards. However, because of the high density of active faults in Taiwan, 
linear structures such as embankments, bridges, and dams are inevitably 
constructed across fault zones, which increases the risks associated with 
surface fault hazards. In these scenarios, engineering measures can be 
adopted to maintain the serviceability and reparability of infrastructure 
subjected to fault movement.

Various structural and geotechnical measures have been proposed to 
mitigate fault-induced ground surface deformation and thus limit 
foundation distortion in overlying structures. These measures can be 
categorized into three groups: (1) using rigid and continuous founda
tions to maintain rigid-body motion [3,8,18,22,23,25,38,40]; (2) 
embedding retaining or buffer walls to divert or absorb fault ruptures 
[4,19,35,37,38]; and (3) enhancing the ductility of soil layers above 
bedrock faults to diffuse fault ruptures [2,4,8,9,10,32,33]. Among these 
measures, enhancing the ductility of foundation soils by incorporating 
geosynthetics is considered the most effective approach for linear 
infrastructure. Geosynthetics can be extended over long distances to 
minimize the uncertainties associated with the unpredictable locations 
of fault-induced shear ruptures.

One notable application of the aforementioned approach is an iconic 
highway extension project in Taiwan. In this project, a geosynthetic- 
reinforced soil (GRS) embankment and foundation system was con
structed at a site directly traversed by an active fault (Fig. 1a). The 
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system consisted of a GRS foundation underlying a GRS embankment 
(Fig. 1b). The GRS foundation was adopted to enhance the ductility of 
the foundation soil and mitigate fault-induced angular distortion, while 
the GRS embankment was designed to accommodate differential set
tlement and maintain the stability of the highway embankment. [9,10] 
has demonstrated the benefits of incorporating geosynthetics into 
compacted earth fills to mitigate fault-induced ground deformation. 
Several experimental and numerical studies [15,46] have also explored 
the performance of GRS foundations under normal faulting conditions, 
demonstrating that ductile reinforced foundations can significantly 
reduce normal fault-induced angular distortion at the ground surface 
through tension membrane and shear rupture interception effects. 
However, [14] emphasized that reinforced foundations with planar 
reinforcement (e.g., geogrid) have limitations in mitigating reverse fault 
hazards. As reverse faulting occurs, reinforced foundations are primarily 
subjected to compression as the hanging wall moves toward the foot
wall, resulting in the insufficient mobilization of tensile forces within 
the planar reinforcement and limiting the contribution of the tension 
membrane effect.

Alternatively, a geocell foundation is introduced in this study to 
address this issue. Three-dimensional geocell mattresses can provide 
bending resistance under reverse faulting conditions. These geocell 
mattresses have been proven to enhance bearing capacity and constrain 
the lateral displacement of surrounding soil when subjected to axial 
loads [31,36,39,43,49]. Although the benefits of geocell mattresses are 
well established, the mechanical behavior of geocell foundations in 
mitigating ground surface deformation induced by reverse faulting re
mains underexplored. Furthermore, the overall performance of GRS 
embankments constructed over geocell foundations under reverse fault 
movement has yet to be examined, particularly with respect to 
embankment earth pressure distribution, facing displacement, and ten
sile force mobilization within the reinforcement.

Finite element (FE) analysis is a widely adopted and effective tool in 
geotechnical engineering owing to its versatility in implementing 

constitutive models to simulate complex soil behavior. Researchers have 
used the Hardening Soil (HS) model to simulate the hyperbolic and 
stress-dependent behavior of granular soils. However, this model may 
not accurately capture the post-peak strain-softening behavior observed 
in dense granular soils. This limitation may reduce the reliability of soil 
stress–strain response predictions, particularly in scenarios involving 
ground surface deformation and the development of shear ruptures 
associated with large fault displacements. To address this limitation, the 
NorSand (NS) model, an advanced soil constitutive model introduced by 
Jefferies [27], has been considered as an alternative in the present study 
for estimating the strain-softening behavior of dense granular soils 
subjected to large displacements. The NS model offers improved capa
bilities in capturing post-peak strain-softening behavior in granular 
soils, particularly in scenarios involving large ground deformation such 
as soil liquefaction [6,20,28,41,45]. These enhanced capabilities may 
contribute to a clearer understanding of shear band development and 
soil-geosynthetic interaction under large fault displacements.

The present study conducted a series of FE analyses to investigate the 
performance of GRS embankment and foundation systems subjected to 
reverse fault movement. Two advanced constitutive models were 
employed: the HS and NS models, with the latter chosen to capture 
strain-softening behavior along shear bands under large fault displace
ments. The numerical model was first validated against experimental 
data obtained from reduced-scale GRS embankments with and without 
geocell-reinforced foundations. Following validation, full-scale analyses 
were conducted to evaluate the system’s performance and mechanical 
behavior under reverse faulting conditions. This study specifically 
focused on (1) the capability of the HS and NS models to capture the 
strain-softening behavior of soils under large fault displacements, (2) the 
reinforcing mechanisms of geocell foundations, (3) the mechanical 
response of the overlying GRS embankment, and (4) the design impli
cations for GRS embankment and foundation systems against reverse 
fault hazards.

Nomenclature

Dmin minimum dilatancy (dimensionless)
e void ratio (dimensionless)
ec void ratio at critical state (dimensionless)
Hf foundation height (m)
Hw embankment height (m)
H plasticity hardening modulus (dimensionless)
J50 reinforcement stiffness (kN/m)
Lr reinforcement length (m)
M stress ratio (dimensionless)
Mtc stress ratio under triaxial conditions (dimensionless)
Mi stress ratio under image conditions (dimensionless)
n scaling factor (dimensionless)
nG elastic component (dimensionless)
N volumetric coupling coefficient (dimensionless)
Rinter interface reduction factor (dimensionless)
S fault offset (m)
Sv reinforcement vertical spacing (m)
Tmax maximum mobilized reinforcement tensile force (kN/m)
Tmob mobilized reinforcement tensile force (kN/m)
Tult reinforcement ultimate tensile strength (kN/m)
x distance from the left boundary (m)
γs soil total shear strain (dimensionless)
Δy wall facing displacement (m)
εa soil axial strain (%)
εf reinforcement tensile strain at failure (%)

εv soil volumetric strain (%)
ηl limiting stress ratio (dimensionless)
ηmax maximum stress ratio (dimensionless)
λ slope of CSL (dimensionless)
ν Poisson’s ratio (dimensionless)
ϕ′ effective peak friction angle (◦)
χtc state-dilatancy parameter (dimensionless)
ψ0 initial state parameter (dimensionless)
ψ state parameter (dimensionless)
τmax soil–reinforcement interface shear strength
h elevation measured from the base of the embankment (m)
D maximum fault displacement (m)
ML Richter magnitude
m power
Eref

50 secant modulus (kN/m2)
Eref

oed tangent oedometer loading modulus (kN/m2)
Eref

ur unloading–reloading modulus (kN/m2)
c′ effective cohesion (kN/m2)
Gref elastic shear modulus (kN/m2)
p′ effective mean stress (kN/m2)
q deviatoric stress (kN/m2)
Γ void ratio of CSL at p′ = 1 kN/m2 (dimensionless)
σ′3 confining pressure (kN/m2)
σd deviatoric stress (triaxial) (kN/m2)
σ′yy horizontal lateral earth pressure (kN/m2)
γ soil unit weight (kN/m3)
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Numerical models

Three-dimensional numerical models were developed using the FE 
software PLAXIS [12]. Reduced- and prototype-scale numerical models 
were used to validate the numerical approach and assess the perfor
mance of the GRS embankment and foundation system under reverse 
faulting conditions, respectively. The determination of input soil 

parameters for the HS and NS constitutive models, reinforcement 
properties, and similitude requirements is presented in this section. The 
numerical model and boundary conditions are also described.

Input soil parameters

The input soil parameters for the HS and NS models were determined 

Fig. 1. GRS structures constructed in central Taiwan as a highway embankment to mitigate hazards associated with surface fault rupture: (a) photo during con
struction; (b) schematic illustration.
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through laboratory triaxial consolidated–drained (CD) compression 
tests conducted on uniform quartz sand that had been used in reduced- 
scale physical model tests [14]. As granular materials with high 
permeability were used in constructing the foundation for the highway 
extension project, all simulations were performed under drained con
ditions. No pore water pressure was generated during the faulting sim
ulations, and its effect on strain-softening behavior is not evaluated in 
the present study. Tables 1 and 2 provide a summary of the input soil 
parameters for the HS and NS models, respectively. The HS model rep
resents soil as a stress-dependent, hyperbolic, elastoplastic material and 
includes strength and stiffness parameters [42]. These parameters were 
calibrated using the SoilTest tool in PLAXIS by best fitting the stress–
strain responses obtained from the triaxial compression tests. Additional 
details on the calibration and determination of the parameters used in 
the HS model are provided in the article by Chiang et al. [16].

The NS model is a work-plasticity model developed within the 
framework of critical state soil mechanics [5,27,30]. Although the NS 
model requires elaborate parameter calibration from laboratory triaxial 
tests and advanced theoretical knowledge compared with the HS model, 
it remains valuable in design practice where large deformations and 
strain-softening behavior are considered, such as in fault-induced 
ground deformation problems. This model allows for an infinite num
ber of yield surfaces that do not necessarily intersect with the critical 
state line (CSL) [27,29]. The position of the yield surface is governed by 
the state parameter (Ψ), which approaches zero as shear strain increases. 
The NS model incorporates an internal cap to limit the stress ratio and 
prevent unrealistic stress paths. It also includes a hardening law defined 
by both a plastic strain parameter and the state parameter. The yield 

surface, flow rule, and hardening law collectively describe the soil 
response, as illustrated in Fig. 2. The major input soil parameters for the 
NS model were determined as follows:

Determination of CSL
The CSL is described by the following equation: 

ec = Γ − λ ln(ṕ ) (1) 

where Γ is the reference void ratio on the CSL at a ṕ  value of 1 kPa, λ is 
the slope of the CSL in the e-ln(ṕ ) space, and ṕ  is the effective mean 
stress. Fig. 3a illustrates the changes in the void ratio of uniform quartz 
sand observed during triaxial tests conducted at ṕ  values of 50, 100, and 
200 kPa. The fitted line obtained at the end of the test void ratios was 
used to establish the equation of the CSL, which was in turn used to 
determine the intercept (Γ = 0.91) and slope (λ = 0.01) of the CSL.

Determination of Mtc and N
To determine the friction ratio in the critical state under triaxial 

conditions (Mtc), the minimum dilatancy (Dmin) from each CD test was 
plotted against the corresponding maximum stress ratio (ηmax), as dis
played in Fig. 3b. In this plot, the intersection of the fitted line with the 
vertical axis (indicating zero dilatancy) represents the value of Mtc under 
triaxial compression conditions. The corresponding value of Mtc (as a 
model parameter) was set to 1.27. In addition, the volumetric coupling 
coefficient N was obtained from the slope of the fitted line, which cor
responded to 1-N.

Determination of χtc

Table 1 
Input soil properties for the HS model.

Soil Properties Values

Index property ​ ​
Unit weight, γ (kN/m3) 15.3

Stiffness properties ​ ​
Secant modulus, Eref

50 (kN/m2) 38,000

Tangent oedometer loading modulus, Eref
oed (kN/m2) 38,000

Unloading-reloading modulus, Eref
ur (kN/m2) 96,000

Strength properties ​ ​
Effective friction angle, ϕ′ (◦) 41
Effective cohesion, c′ (kN/m2) 0
Dilation angle, ψ (◦) 11
Power, m 0.5

Table 2 
Input soil properties for the NS model.

Soil Properties Values

Index property ​ ​
Unit weight, γ (kN/m3) 15.3

Stiffness properties ​ ​
Elastic shear modulus, Gref (kN/m2) 37,000
Elastic component,nG 0.5
Poisson’s ratio, ν 0.25
Critical state ratio, Mtc 1.27
Volumetric coupling coefficient, N 0.35
State-dilatancy parameter, χtc 4.3
Plasticity hardening modulus, H 200

Strength properties ​ ​
Void ratio of CSL at p′ = 1 kPa, Γ 0.91
Slope of CSL, λ 0.01
Initial state parameter, ψ0 − 0.16

Fig. 2. NS Model: (a) definition of the state parameter; (b) description of the 
yield surface and its components (Adapted from Jefferies, 2015).
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The coefficient of maximum dilatancy (χtc) describes the soil dilat
ancy state in the NS model, which controls the plastic behavior of soil. 
To estimate χtc, the corresponding state parameter for the three applied 
confining pressures was plotted against Dmin (Fig. 3c). The gradient of 
the obtained fitted line describes the value of χtc, which was 4.3. Other 
parameters, including elastic shear modulus (Gref), plasticity hardening 
modulus (H), and Poisson’s ratio (ν), were set based on recommenda
tions provided by [17,21,28]. Furthermore, a nil phase was introduced 
before applying the prescribed displacement. During this phase, a 
plastic-type calculation with no displacement was performed to estab
lish the initial stress state while incorporating the NS model parameters. 
This step was implemented to initialize the NS model parameters in 
accordance with the instructions given in the PLAXIS user manual. The 
resulting stress state corresponds to the initial condition in which the 
state parameter ψ0 = − 0.16. The negative value indicates that the initial 
condition of the soil material is in a dense state, which is consistent with 
the assumption of compacted granular foundation soil.

To validate the calibrated input parameters for both models, this 

study compared the stress–strain responses of the soil materials 
measured in the laboratory triaxial tests with those predicted by the HS 
and NS models, as presented in Fig. 4. Although the two models pro
vided reasonable predictions of peak shear strength, the NS model 
outperformed the HS model by more accurately reproducing post-peak 
strain softening and volumetric expansion due to soil dilation. The co
efficient of determination (R2) between the measured and predicted 
stress–strain responses was 0.987 in the NS model. This strong agree
ment highlights the model’s ability to capture the post-peak behavior, 
which was particularly essential for large deformations induced by 
reverse faulting.

Reinforcement properties

In the FE analyses, the reinforcement was modeled as a linear elas
tic–perfectly plastic material. Table 3 presents a summary of the rein
forcement properties used in both the reduced- and prototype-scale FE 
models. The input values for model validation were obtained from wide- 
width tensile tests [1] reported by [14]. These tests were conducted on 
nonwoven geotextile used in the reduced-scale physical model tests, 
which exhibited an ultimate tensile strength (Tult) of 0.7 kN/m and a 
tensile stiffness (J50) of 5.47 kN/m in the machine direction. During the 
simulations, the reinforcement was manually deactivated to simulate 
reinforcement breakage when the mobilized tensile force reached Tult. 
Furthermore, the geocell was modeled as a three-dimensional, honey
comb-like structure constructed from geogrid elements. This approach 
provides a more realistic representation of the geocell geometry and its 
interaction with the surrounding soil. Specifically, the confining effect 
and tensile behavior of the geocell are captured through interaction 
between soil, reinforcement (i.e., geogrid elements), and interface ele
ments, which collectively simulate load transfer and boundary 
constraint mechanisms. Table 3 also presents the scaling factors and 
corresponding prototype values of the reinforcement properties. These 
factors were determined following Buckingham’s π theorem [13] and 
have been validated in previous studies [24,44,47,48]. On the basis of 
similitude laws, the scaling factors for both Tult and J50 of the rein
forcement were determined as 1/n2, where n represents the target 
scaling ratio. The n value was set to 15 to ensure consistency with the 
actual tensile strength properties of the reinforcement and to provide a 
reasonable response for the prototype GRS system.

The soil–reinforcement interaction was simulated using linear elas
tic–perfectly plastic interface elements. The soil–reinforcement interface 
shear strength (τmax) was defined using the Mohr–Coulomb failure cri
terion and is expressed as follows: 

τmax = Rinter × σntanϕʹ (2) 

where Rinter is the interface reduction coefficient, σn is the normal stress 
acting on the soil–reinforcement interface, and ϕ′ is the soil effective 
friction angle. Reinforcement pullout is initiated when the mobilized 
shear stress at the soil–geotextile interface reaches or exceeds τmax. In 
this study, Rinter was set to 0.9 for the sand–geotextile interface, 
consistent with the value reported by Chiang et al. [16].

Numerical models and boundary conditions

Fig. 5 presents the numerical models of the GRS embankment and 
foundation system. The heights of the reduced-scale GRS embankment 
(Hw) and foundation (Hf) were 12 and 20 cm, respectively, and their 
lengths were both 100 cm (Fig. 5a). As highlighted in previous studies 
[16,23], the mesh size of numerical models significantly influences the 
thickness of fault-induced shear bands. Thicker shear bands were 
observed when a coarse mesh was adopted, whereas relatively narrow 
and more localized shear bands were obtained with a finer mesh. 
Accordingly, a fine mesh was employed in the critical fault zone to better 
capture the characteristics of shear band development induced by 

Fig. 3. Calibration for NS parameters: (a) CSL locus Γ-λ; (b) Mtc and N; (c) χtc.
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reverse-fault movement. After model validation, prototype-scale models 
(Fig. 5b) were established to examine the mechanical behavior of the 
system under reverse fault movement conditions. Both the prototype 
GRS embankment and foundation had a height of 3  m and a length of 
15  m. The reinforcement layout of the prototype GRS embankment 
complied with a conventional vertical spacing of Sv = 0.5 m and a 
reinforcement length of Lr = 0.7⋅Hw = 2.1 m. In geocell foundations, the 
geocell mattress was positioned at a depth of 1/3 Hf and extended across 
the entire foundation, with prototype dimensions of 20 × 20 × 30 cm 
(length × width × height) for single cellular units (Fig. 5c).

In the initial phase, standard fixities were applied to the model 
boundaries. The displacement in the x-direction at the left and right 
boundaries was constrained (i.e., ux = 0, uy ∕= 0, uz ∕= 0), while the 
bottom boundary was fully fixed (i.e., ux = 0, uy = 0, uz = 0). The top and 
facing of the embankment were left free to deform under fault move
ment. These boundary conditions ensured that the numerical model 
could properly simulate the deformation behavior of the GRS embank
ment and foundation system subjected to fault movement. A prescribed 
displacement was then applied to the bottom and right boundaries of the 

Fig. 4. Calibration of soil parameters using triaxial test results: (a) deviatoric stress vs. axial strain; (b) volumetric strain vs. axial strain.

Table 3 
Input reinforcement and soil-reinforcement interface properties.

Properties Scaling 
factor 
a

Values

Reduced scale 
b

Prototype

Reinforcement ​ ​ ​
Ultimate tensile strength, Tult (kN/m)MD 1/n2 0.70 150
Ultimate tensile strength, Tult (kN/ 

m)CMD
1/n2 0.245 60

Stiffness, J50 (kN/m)MD 1/n2 5.47 1231
Stiffness, J50 (kN/m)CMD 1/n2 0.45 100
Failure strain, εf (%)MD 1 32.4 32.4
Failure strain, εf (%)CMD 1 87.4 87.4

Soil-Reinforcement Interface ​ ​ ​
Interface reduction factor, Rinter 1 0.9 0.9

a target scaling factor n = 15.
b used in model validation
MD machine direction
CMD cross-machine direction
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hanging wall to simulate 60◦ dip reverse fault movement. The 
displacement fault movement was applied incrementally, with the 
maximum vertical displacement at the base of the hanging wall (S) set to 
4.5 cm for model validation, corresponding to an S/Hf value of 22.5%, 
where S/Hf is the ratio of vertical displacement to foundation height. In 
the prototype simulation, the maximum vertical displacement was set to 
correspond to an S/Hf value of 25% (i.e., S = 0.75 m, and Hf = 3 m). The 
maximum vertical displacement was determined based on the fault 
offset associated with strong earthquakes, as defined by the U.S. 
Geological Survey [7], and is further discussed in section 4.3.

To ensure numerical stability, specific settings were implemented for 
the NS model simulations. Smaller load steps were adopted, while the 
tolerance and other numerical parameters remained at their default 
values. The maximum load fraction per step was set to a low value 
(0.1–0.5), and gradual error reduction was enabled to enhance numer
ical stability. Furthermore, the maximum fault offset was applied in 
phases with small increments, and the mesh was updated at each phase 
to account for large deformations.

Model validation and comparison

Model validation was carried out by comparing the numerical pre
dictions with experimental measurements from physical model tests 
conducted by Chiang et al. [14]. The numerical models were validated 
by comparing shear band development in unreinforced and geocell- 
reinforced foundations and embankment facing displacement (Δy) 
induced by reverse fault movement. The HS and NS models were also 
compared to determine their accuracy and reliability. In addition, stress 
paths at selected locations were analyzed to evaluate the stress states 
associated with each model during shear band development.

Comparison of shear band development and facing displacement

Fig. 6 presents a comparison of the measured and predicted shear 
band development in the unreinforced and geocell-reinforced founda
tions at various fault offsets. The measured shear strain contours were 
obtained using particle image velocimetry (PIV) analysis in the physical 
model tests. The comparative results indicated that the NS model ex
hibits superior capability in capturing the bending behavior of the fault- 
induced shear band in the unreinforced foundation. In the NS model, the 

Fig. 5. Numerical models of the embankment-foundation system: (a) unreinforced case (model test); (b) reinforced case (full scale); (c) close view of geo
cell mattress.
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dip angle of the shear band decreased gradually with increasing fault 
displacement; by contrast, in the HS model, the shear band exhibited a 
constant dip angle. The bending of the shear band in the unreinforced 
foundation (i.e., free-field condition) in the NS model is consistent with 
the results of previous physical model tests and numerical simulations 
[34] and with field observations [9,10]. Nonetheless, the HS and NS 
models demonstrated high accuracy in capturing shear band develop
ment in the geocell foundations. Notably, the displacement on the top 
surface of the embankment near the left and right boundaries of the 
numerical model was negligible, and the fault-induced shear rupture did 
not reach the boundaries, indicating that the boundary conditions has 
minor effects on the stress and deformation distributions caused by 
reverse fault movement.

Fig. 7 presents a comparison of the predicted and measured 
embankment facing displacements over the unreinforced and geocell- 
reinforced foundations at various fault offsets. The vertical axis in
dicates the normalized embankment height h/Hw, where h is the 
elevation measured from the base of the embankment. The results 

revealed that the NS model predictions were in good agreement with the 
physical model test results. However, the HS model substantially 
underestimated the embankment facing displacements, particularly at 
large fault offsets (i.e., S/Hf = 22.5%). Fig. 8 shows a quantitative 
comparison between the measured and predicted facing displacements 
using error metrics R2 and the Root Mean Square Error (RMSE). The NS 
model achieved an RMSE of 0.74, whereas the HS model yielded a 
substantially higher value of 2.71, indicating that the NS model provides 
a closer fit to the observed data and reduces prediction error by 
approximately 73% relative to the HS model. Comparative R2 results 
under both unreinforced and geocell-reinforced foundations further 
support the superiority of the NS model. From an engineering perspec
tive, this enhanced predictive capability is particularly significant, as it 
allows for more reliable estimation of post-peak soil–structure interac
tion and large-strain deformation behavior. In summary, although the 
HS model can qualitatively capture shear band development in geocell 
foundations, its ability to predict embankment facing displacement 
induced by reverse faulting remains limited.

Fig. 6. Experimental and numerical results of shear band propagation within the embankment-foundation system.
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Comparison of stress paths

Fig. 9 illustrates the stress paths of two specific points along the shear 
band, namely Point A (near the outcrop) and Point B (near the fault tip), 
predicted by the HS and NS models. The stress paths indicate that the 
soil material experienced a lateral compression (LC) loading state under 
reverse faulting conditions, as evidenced by the decrease in vertical 
stress and increase in horizontal stress. The deviatoric stress (q) became 
negative while the effective mean stress (p′) increased, indicating that 
principal stress rotation occurred as the fault offset increased. Further
more, the HS model exhibits a gradual progression toward the Kf − line 
and ductile failure, whereas the NS model shows brittle failure; both are 
consistent with the stress–strain response observed in the triaxial 
compression tests. Strain softening is observed in the NS model as the 
stress path reaches the Kf − line (at S/Hf = 3%), at which point the 
loading state transitions from LC to lateral extension (LE). The change in 
stress path from LC to LE implies a transition in the principal stress state, 
leading to reduced confinement and increased lateral displacement of 

the soil mass along the shear band. This transition highlights two 
beneficial effects of reinforcement by providing tensile resistance: 
restraining lateral displacement and enhancing confinement (which 
increases the shear strength of the soil), particularly under large fault 
displacements. Overall, the strain-softening behavior captured by the NS 
model can facilitate an accurate simulation of the post-peak response of 
GRS embankment and foundation systems subjected to large fault 
offsets.

Mechanical behavior of embankment and foundation systems

The mechanical behavior of the GRS embankment and foundation 
system subjected to reverse fault movement is investigated through full- 
scale FE analyses. The reinforcing mechanisms of the geocell foundation 
and the performance of the GRS embankment overlying unreinforced 
and geocell-reinforced foundations were evaluated. To simplify the 
discussion, the unreinforced and geocell-reinforced foundation cases 
herein are referred to as UF and RF, respectively. Following the model 

S/H
S/H

S/H
S/H

f

f

f

f

Fig. 7. Validation for the embankment facing displacement profile: (a) unreinforced embankment-foundation system; (b) reinforced embankment- 
foundation system.
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validation, the NS model is adopted in the full-scale FE analyses to assess 
the mechanical behaviors of the GRS embankment–foundation system 
subjected to reverse fault movement.

Reinforcing mechanism of the geocell foundation

Fig. 10 presents the propagation of fault-induced shear bands in the 
GRS embankment and foundation system in the UF and RF cases at 
various fault offsets. In the UF case, the shear band passed through the 
unreinforced foundation and extended upward to the top of the 
embankment. By contrast, in the RF case, the propagation of the shear 
band was primarily intercepted by the geocell mattress. This three- 
dimensional geocell mattress provided bending stiffness against the 
compressive forces induced by reverse faulting, dissipating the imposed 
stresses and thereby reducing the magnitude transmitted to the 
embankment. No stress concentration was observed at the top of the 
embankment in the RF case.

Fig. 11 depicts the variation of accumulated shear strain in the GRS 
embankment and foundation system at three critical locations: Points A, 
B, and C. Point A was located within the embankment, whereas Points B 
and C were positioned above and below the geocell mattress, respec
tively (Fig. 10). In the RF case, shear strain was considerably concen
trated at Point C, but the shear strain levels were significantly reduced at 
Points A and B, indicating that the fault-induced shear band was inter
cepted by the geocell mattress. In the UF case, the shear strain levels 
decreased gradually as the distance from the fault tip to the recording 
points increased.

Figs. 12 and 13 present the distribution of horizontal stress σ′yy 
within the geocell foundation and the corresponding σ′yy profiles with 
respect to foundation height for both cases, respectively. The numerical 
results revealed that the value of σ′yy within the geocell mattress 
increased substantially with the fault offsets. This increase in σ′yy can be 
attributed to the additional confinement provided by the geocell units to 
the infill material, which enhanced the shear strength of the soil and 
contributed to the interception of the shear band.

Mechanical response of embankments

To assess the influence of reverse fault movement on embankment 
stability, fault-induced lateral earth pressure distribution, facing 
displacement, and reinforcement tensile force mobilization were 
analyzed. The mechanical responses of the embankment under reverse 

faulting conditions, along with the interaction between the embankment 
and the foundations, are discussed in the following sections.

Lateral earth pressure distribution
Fig. 14 illustrates the contours of lateral earth pressure (σ′yy) within 

the retained zone of the embankment for the UF and RF cases at various 
fault offsets. Fig. 15 presents the profiles of σ′yy with normalized 
embankment height for the UR and RF cases at various fault offsets. The 
profiles of the initial σ′yy (i.e., lateral earth pressure at rest) and the 
theoretical Rankine active earth pressure are also presented in Fig. 15
for reference. The numerical results revealed that the values of σ′yy 
within the retained zone increased with the fault offsets, with the 
maximum values observed primarily at one-third of the embankment 
height (i.e., h/Hf ≈ 0.33). At an S/Hf value of 25%, the maximum values 
of σ′yy predicted for the UF and RF cases were 42.9 and 27.9 kPa, 
respectively. The results indicated a notable decrease in the maximum 
value of σ′yy within the retained zone for the RF case, indicating that the 
embankment experienced lower horizontal thrust, which in turn 
enhanced its external stability against sliding and overturning when 
subjected to reverse faulting. Notably, the location of the maximum 
fault-induced lateral earth pressure within the retained zone of the 
embankment is a specific trend obtained from the present FE analyses, 
rather than a general or theoretical observation. As reverse fault 
movement occurs, stress concentration develops at approximately one- 
third of the embankment height due to the formation of the fault- 
induced shear band, resulting in pronounced lateral earth pressure at 
this depth.

Facing displacement
Fig. 16 presents the contours of normalized embankment facing 

displacement (Δy/Hw) for the UF and RF cases at various fault offsets. 
The results indicated that the embankment facing displacement on the 
footwall side increased significantly with reverse fault offsets, whereas a 
negligible displacement was observed on the hanging wall side. Fig. 17
illustrates the profiles of Δy/Hw with normalized embankment heights 
for the UF and RF cases at various fault offsets. The results revealed that 
the maximum facing displacement occurred at the topmost reinforce
ment layer (i.e., Layer 6) because of the relatively low pullout resistance 
of the reinforcement. Furthermore, Δy decreased notably with the in
clusion of the geocell mattress, particularly at large fault offsets. At an S/ 
Hf value of 25%, the maximum Δy/Hw values predicted for the UF and 
RF cases were 10.4% and 8.5%, respectively, indicating an 18% reduc
tion in the RF case. As outlined in the previous section, the geocell 
mattress intercepted the fault-induced shear band and dissipated the 
imposed stress transmitted to the embankment by providing bending 
resistance, thereby mitigating Δy induced by reverse fault movement.

Reinforcement tensile force mobilization
Fig. 18 displays the contours of mobilized tensile forces (Tmob) in the 

embankment’s reinforcement layers in the transverse direction (i.e., y- 
axis) for the UF and RF cases at various fault offsets. Overall, Tmob 
increased with the reverse fault offsets, with pronounced mobilization 
occurring at the location intersecting with the fault-induced shear band 
(Figs. 10 and 18). Fig. 19 presents the profiles of the maximum mobi
lized tensile forces (Tmax) with normalized embankment heights for the 
UF and RF cases at various fault offsets. The numerical results indicated 
that the peak Tmax occurred in the reinforcement layer positioned at one- 
third of the embankment height (i.e., Layer 3 at h/Hw ≈ 0.33). At an S/Hf 
value of 25%, the predicted Tmax values in Layer 3 for the UF and RF 
cases were 11.50 and 10.14 kN/m, respectively. The slight reduction in 
Tmax in the RF case can be attributed to the geocell mattress, which 
intercepted the propagation of the shear band, thereby reducing the 
fault-induced lateral earth pressure and the associated mobilization of 
tensile forces. Notably, reinforcement breakage did not occur in either 
case, indicating that the GRS embankment had sufficient tensile capacity 
to withstand large fault displacements.

Figs. 20 and 21 display the contours and distributions of Tmob, 
respectively, in the embankment reinforcement layers in the 

Fig. 8. A quantitative comparison between the measured and predicted facing 
displacements using error metrics R2 and RMSE.
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longitudinal direction (i.e., x-axis) for the UF and RF cases at various 
fault offsets. High values of Tmob were observed in the uppermost 
embankment reinforcement layer (i.e., Layer 6) on the hanging wall 
side. As reverse fault offsets occurred, a tensile zone was induced in the 
embankment on the hanging wall side because of the lateral movement 
of the soil mass toward the footwall. The tensile zone led to the con
centration of Tmob in the upper reinforcement layers along the longitu
dinal direction. Notably, the geocell mattress had a limited influence on 
the mobilization of reinforcement tensile forces in the longitudinal di
rection. Specifically, the geocell mattress functioned to intercept the 
fault-induced shear band and reduce the stress transmitted to the 
embankment. By contrast, the reinforcement layer in the GRS 
embankment functioned to maintain embankment stability and 
accommodate fault-induced lateral earth pressure by providing tensile 
capacity and pullout resistance.

Design implications

The United States Geological Survey proposed a regression equation 

for estimating maximum fault displacement as a function of earthquake 
magnitude [7]: 

logD = 0.57ML − 3.39 (3) 

where D is the maximum fault displacement (in feet) and ML is the 
Richter magnitude. The maximum fault offset considered in the present 
full-scale FE analyses was 0.75 m (i.e., S/Hf = 25%, with Hf = 3 m), 
which is equivalent to ML = 6.6. According to the United States 
Geological Survey’s earthquake classification system, earthquakes with 
a Richter magnitude ML of ≥ 6.0 are categorized as strong earthquakes. 
Fig. 22 presents the envelopes of maximum mobilized tensile forces in 
the reinforcement layers of the embankment at the critical cross-section 
where the maximum facing displacement occurred. These envelopes 
were determined by connecting the peak Tmob for each reinforcement 
layer at the final fault offset stage (i.e, S/Hf = 25%) for both unrein
forced and geocell-reinforced foundations. In the UF case, the envelope 
of maximum mobilized tensile forces was close to the theoretical 
Rankine active failure plane, indicating a potential risk of embankment 
instability during strong earthquakes. By contrast, in the RF case, the 

Fig. 9. Comparison of stress paths between the NS and HS models during faulting: (a) stress point A; (b) stress point B, at S/Hf of (1) 3%, (2) 7.5%, (3) 15%, and 
(4) 22.5%.
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Fig. 10. Development of shear band within the embankment and foundation system.

Fig. 11. Accumulated shear strain (Point A: within embankment; Point B: near outcrop; Point C: below geocell mattress).

Fig. 12. Confining stress increase within geocell mattress (S/Hf = 15%).
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envelope of Tmax was displaced away from the failure plane, indicating 
an increase in effective reinforcement length and embankment stability.

Furthermore, the ranges of maximum Δy/Hw corresponding to the 
serviceability and limit states of GRS walls were determined based on 
centrifuge tests conducted by Hung et al. [26]. The results showed that 
GRS walls remained in the serviceability state when the maximum Δy/ 
Hw ranged from 1.5% to 3.5%, whereas the limit state occurred when the 
maximum Δy/Hw ranged from 8% to 12%. As illustrated in Fig. 17, the 
maximum Δy/Hw values of the embankment for the UF and RF cases fell 
within the range of the limit state at S/Hf = 25%. These findings suggest 
that embankments may undergo significant localized deformation dur
ing strong earthquakes, although structural collapse may not occur. 
When the geocell reinforcement was applied, the maximum Δy/Hw 
decreased to a value that approximated the lower bound of the limit 
state (i.e., Δy/Hw = 8% at S/Hf = 25%), indicating improved embank
ment stability at large fault offsets. Although this value still exceeds the 
range for serviceability state, the associated localized deformation can 
be readily repaired after an earthquake to restore the serviceability of 

highway embankments.
In summary, geocell mattresses not only enhance embankment sta

bility and reduce facing displacement, but also improve the bearing 
capacity of the underlying foundation soil. Moreover, GRS embank
ment–foundation systems are generally more cost-effective than rigid 
retaining structures with deep foundations, provided that uniform 
compaction within the geocell units is ensured. Therefore, a wrapped- 
around GRS embankment overlying a geocell foundation is recom
mended as an effective system for mitigating surface fault hazards 
associated with reverse faulting.

Conclusions

This study conducted a series of FE analyses to investigate the per
formance of GRS embankment and foundation systems subjected to 
reverse fault movement; the study considered two foundation cases: UF 
and RF cases. The study applied the HS and NS constitutive models, with 
the NS model selected to capture strain-softening behavior under large 

Fig. 13. Horizontal stress distribution profile within foundation at the shear band location.

Fig. 14. Contours of lateral earth pressure within the retained zone of the embankment.
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fault displacements. The numerical models were first validated against 
experimental results, after which they were used to evaluate the me
chanical behavior of the GRS embankment and foundation system. The 
main findings of this study are summarized as follows: 

• The NS model outperformed the HS model by accurately reproducing 
post-peak strain-softening, shear band propagation, and embank
ment facing displacement under reverse faulting. In contrast, the HS 
model underestimated the embankment facing displacement and 
failed to capture the bending of the shear band in the unreinforced 
foundation.

• Two reinforcing mechanisms of the geocell foundation, shear band 
interception and bending resistance, were identified. The geocell 
mattress provided additional confinement to the infill soil, which 
consequently increased soil shear strength and intercepted the fault- 
induced shear band. The bending stiffness of the geocell mattress 
resisted compressive forces induced by reverse fault movement, 
thereby dissipating the stress transmitted to the embankment.

• Incorporating the geocell mattress into the foundation reduced the 
maximum σ′yy within the retained zone and substantially decreased 
the facing displacement of the overlying embankment. These 

Fig. 15. Profiles of σ′yy with normalized embankment height.

Fig. 16. Contours of normalized embankment facing displacement.
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improvements demonstrate the vital role of geocell foundations in 
enhancing embankment stability, particularly at large fault offsets.

• The Tmob in the reinforcement layers of the embankment in the 
transverse direction increased with fault offsets, with Tmax occurring 
at the location intersecting with the shear band. In the RF case, the 
envelope of Tmax was displaced away from the Rankine active failure 
plane, indicating an increase in effective reinforcement length and 
embankment stability.

• The GRS embankment overlying the geocell foundation exhibited a 
reduced Δy/Hw value approaching the lower bound of the limit state 
for GRS walls under strong earthquakes, thereby maintaining overall 
stability despite localized deformation, which can be readily 
repaired after an earthquake to restore highway serviceability.

Although this study primarily examined the response of GRS 
embankment and foundation systems to reverse fault movement, the 
influence of seismic loading, fault dip angle, and the design parameters 
of geocell foundations on the system’s performance were not evaluated. 

These factors should be investigated in future research to better un
derstand the underlying mechanisms and improve design approaches for 
mitigating surface fault hazards.
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Fig. 17. Profiles of Δy/Hw with normalized embankment heights.

Fig. 18. Contours of mobilized tensile forces in the embankment’s reinforcement layers in the transverse direction.
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Fig. 19. Profiles of the maximum mobilized tensile forces with normalized embankment heights.

Fig. 20. Contours of mobilized tensile forces in the embankment’s reinforcement layers in the longitudinal direction.
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Fig. 21. Distribution of mobilized tensile forces in the embankment’s reinforcement layers in the longitudinal direction.
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[17] da Fonseca AV, Cordeiro D, Molina-Gómez F. Recommended procedures to assess 
critical state locus from triaxial tests in cohesionless remoulded samples. 
Geotechnics 2021;1(1):95–127.

[18] Faccioli E, Anastasopoulos I, Gazetas G, Callerio A, Paolucci R. Fault 
rupture–foundation interaction: selected case histories. Bull Earthq Eng 2008;6(4): 
557–83.

[19] Fadaee M, Ezzatyazdi P, Anastasopoulos I, Gazetas G. Mitigation of reverse faulting 
deformation using a soil bentonite wall: dimensional analysis, parametric study, 
design implications. Soil Dyn Earthq Eng 2016;89:248–61.

[20] Faria AO, Junior MPS, Carneiro JJV, Pinto GHS, Dias MVL. Evaluation of the 
susceptibility to flow liquefaction of an iron ore tailings using the state parameter 
and yield stress ratio approach. Proceedings of the 7th International Conference on 
Geotechnical and Geophysical Site Characterization. Barcelona, Spain; 2024.
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