Numerical analyses of reinforced embankment foundation systems subjected to reverse faulting
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ABSTRACT

This paper converges its focus on the numerical analysis of an embankment foundation-system (EFS) subjected to
reverse faulting. Investigation of the system performance for both unreinforced (UF) and reinforced (RF) cases are
conducted using two advanced constitutive models, namely, the hardening soil model (HS) and the NorSand model
(NS). Several key features were explored and compared with the physical model. Results demonstrate that applying
a geocell mattress within the foundation could effectively reduce the magnitude of wall facing inclination.
Furthermore, results show that both models are able to qualitatively simulate the system general behavior, however
the NS model, due to its softening feature exhibits a greater ability to accurately capture the system response in terms
of magnitude of deformation and propagated shear strain while the HS model displays an underestimation creating

significant discrepancy with the physical model.
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1 INTRODUCTION

A direct and devastating consequence of reverse
faulting is the propagation of shear rupture toward the
ground surface. As noted by Bray (1993, 2009), shear
rupture represents one of the primary seismic hazards,
as observed in numerous earthquakes worldwide.
Mitigating the effects of surface rupture has garnered
significant interest among engineers and researchers,
with various methods proposed in the literature. Among
these, the use of geosynthetics (Bray, 1993; Yang et al.,
2020; Chiang et al., 2021, 2023) has emerged as a
sustainable alternative. While extensive studies have
explored the use of geosynthetics as soil reinforcement
against other geotechnical hazards, their application as
a mitigation measure for fault rupture remains
underrepresented in the literature.

Although modeling fault rupture and the resulting
soil-structure interactions is inherently complex, key
features can be analyzed effectively using
computational tools. The accuracy of such simulations
largely depends on selecting an appropriate constitutive
model, as there is no universally right or wrong soil
model. To emphasize this point, the Hardening Soil
(HS) model and the NorSand (NS) model were selected
for analysis and compared against physical modeling
results. This paper aims to:

e Demonstrate the effectiveness of geocell as a
mitigation measure against reverse faulting.
e Examine critical aspects of soil-structure

interaction induced by shear rupture propagation.
e Compare system responses using the HS and NS
constitutive models.

2 NUMERICAL MODEL

The numerical analyses were performed employing
the geotechnical software PLAXIS v.24, using two
different models, namely the HS model and the NS
model. A description of the models is presented in the
following subsection.

2.1 Hardening Soil and NorSand Models

Based on plasticity theory, the HS model is used to
simulate soil behavior under irreversible strains caused
by primary deviatoric load or primary compression.
While incorporating several advanced features such as
stress-dependent stiffness and non-linear dilatancy, the
primary characteristic of HS model is its ability to
describe the hardening behavior following the initial
yielding (Schanz and Vermeer, 1999). The key
parameters included in the HS model formulation are
the secant stiffness (Es0), the tangent stiffness (Eoea), the
unloading / reloading stiffness (£.,) and the power for
stress-level dependency of stiffness (m). In addition to
these parameters, basic soil properties such as friction
angle, dilatancy angle and cohesion are also included.
The parameters used for the HS model are presented in
Table 1.

The NS model is an elastoplastic model based on
the critical state soil mechanics framework (CSSM),



and was further developed by Jefferies (1993). The NS
model exhibits strong ability to capture the behavior of
sand, particularly its extensive dilative behavior
through the introduction of limited hardening.

Table 1. Soil Model Parameters

HS NS
Properties Values Properties Values
v (kN/m?) 16.3 Grer (MPa) 36
0(°) 41 r 0.91
V(%) 11 A 0.01
Eso (MPa) 38 Mic 1.27
Eoca (MPa) 38 Ate 43
Eu. (MPa) 96 H 200
m(-) 0.5 nG (-) 0.5
v -0.16

The implementation of limited hardening property
allows for yield during unloading, effectively
replicating the natural behavior of most soils. The NS
model requires relatively few parameters for its
implementation as a constitutive model, the governing
parameter is the state parameter which is defined as the
difference between the current void ratio (e) and the
critical void ratio (e.):

w=e—e, (1)

The state parameter indicates the current stress state
relative to the critical state line (CSL). According to the
second axiom of the CSSM soils naturally evolve
toward their CSL as they are sheared. As such, the state
parameter serves as a dual purpose: measuring both
density and stress level. Additional parameters required
for the NS model implementation are also listed in
Table 1 alongside those of the HS model. Those
parameters are respectively, the altitude for CSL line
defined at 1kPa (T'); the slope of CSL line (A); the
critical friction ratio under triaxial condition (M,); the
coefficient maximum dilatancy based on state
parameter (i), the plastic hardening modulus (H) and
the shear modulus (G).

2.2 Parameters Calibration

The parameter calibration was conducted using
laboratory triaxial test data reported by Yang et al.
(2020) and the Soil Test tool implemented in Plaxis. For
the HS model, triaxial test -calibration followed
formulations outlined in the Plaxis Manual. Similarly,
calibration for the NS model utilized data from drained
triaxial tests, with parameters determined step by step
based on recommendations proposed by Jefferies and
Been (2015). Figure 1 shows the calibration results
obtained for both constitutive models.
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Fig. 1. Triaxial test calibration: (a) stress-strain curves; (b)
volumetric strain curves

2.3 Numerical settings and boundary conditions

As displayed in Figure 2, the EFS consists of a 20
cm foundation mounted with a 12 cm GRS
embankment reinforced with geotextile. Except for the
top boundary which is set as free and the bottom
boundary as fixed, normal fixities are applied to all
other boundaries. Fault offset simulation is achieved by
prescribing a field displacement from the fault tip to the
right, following a 60° dip angle, fault offsets are
applied following the sequence S/H = 7.5%, 15% and
22.5% respectively. To ensure accuracy a tolerance of
1% is applied. Extreme care must be taken when using
the NS model to prevent severe divergence. This is
addressed by applying low maximum fraction per step
and gradual error reduction. Furthermore, prior to
execute the prescribe displacements, a
zero-displacement plastic loading phase is conducted to
have the initial stress state in equilibrium with the soil
weight according to NS model behavior as
recommended by the software manual. Additionally,
for both models, fine meshes are used, updated mesh
option is enabled and arc length control is disabled.
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Fig. 2. Dimension and numerical settings of the EFS



3 MODEL VALIDATION AND COMPARISON

As illustrated in Figure 1, both the HS and NS
models accurately predict the stress-strain behavior of
the sandy material. However, the HS model fails to
capture the softening behavior observed in the triaxial
test, which is accurately represented by the NS model.
Similarly, the HS model cannot depict the dilative
behavior under large strain due to its prescribed cut-off,
while the NS model effectively captures this
characteristic. These differences in model performance,
as evidenced by the triaxial tests, are expected to
influence the system response during shear strain
propagation caused by fault rupture. The system
responses are analyzed through three primary
manifestations of fault rupture propagation: the
development of shear bands and wall-facing
deformation which are compared directly to physical
test results, and the soil stress paths.

3.1 Shear band development

Shear band resulting from soil distortion is depicted
in Figure 3 below, while both models are able to predict
the shear propagation path accurately, the NS model
exhibits strain localization leading to a higher
magnitude of strain compared to the HS model.
Additionally, due to its ability to capture the dilative
behavior of sand the NS predicts a more pronounced
bending of the shear band toward the footwall.

Models UF (at S/H=15%)

RF (at S/H = 22.5%)

Physical

Fig. 3. Experimental and numerical results of shear propagation
within the EFS

Further observations indicate that both models
effectively demonstrate the reinforcing mechanism
provided by the incorporation of the geocell mattress in
the foundation, as illustrated in the third column of
Figure 3. Under reinforced conditions, the geocell
mattress intercepts the propagation of shear strain,
reducing the amount of shear transmitted toward the
overlying structure. This interception mitigates the
potential impact on the overlying embankment,
enhancing its stability.

3.2 Facing deformation
Figures 4a and Figure 4b illustrate the inclination of
the embankment. Qualitatively, both models effectively

capture the wall-facing displacement pattern. However,
the HS model underestimates the magnitude of the
facing displacement while results obtain with the NS
while the results obtained using the NS model align
closely with measurements from laboratory tests. The
findings also reveal a strong correlation between
propagated shear and facing inclination, indicating that
shear rupture is a significant factor contributing to the
embankment’s facing inclination.
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Fig. 4. Facing deformation profile (a): UF; (b) RF

The differences observed between the constitutive
models highlight the critical role of the softening
behavior. The lower deformation magnitude predicted
by the HS model is attributed to an increase in system
stiffness with strain, whereas the NS model exhibits
softening under the same strain levels. This distinction
is clearly illustrated in the stress paths shown in Figure
5. While the two models do not predict the same
magnitude of deformation, both demonstrate the
effectiveness of the geocell mattress in mitigating
embankment facing deformation under fault movement.
This reduction is a result of the interception mechanism
discussed in the previous section.

3.3 Stress paths

This section examines the stress paths of points
within the shear band at locations near and away from
the fault tip. Both models indicate that, under reverse
faulting, the foundation experiences lateral compression,
accompanied by an increase in horizontal pressure,
suggesting the occurrence of principal stress rotation.
The differences between the HS and NS models are
clearly evident in the stress paths of the selected points,
as illustrated in Figure 5. As previously mentioned, the
NS model exhibits a softening trend that initiates earlier



for stress points near the fault tip (S/H = 3%), whereas
for points farther from the fault tip, softening begins at
a delayed offset (S/H = 7.5%). Additionally, the NS
model demonstrates an abrupt failure mode, indicative
of brittle failure. Following the onset of softening,
further bedrock dislocation generates extensive strain,
driving the material toward the critical state.

In contrast, the HS model shows an increase in
effective mean stress, with soil yielding occurring at a
later stage compared to the NS model (S/H = 15%). The
HS model's stress state moves gradually along the
Kline, suggesting a ductile failure mode. These
distinctions in failure modes and stress responses
explain the discrepancies observed in deformation
magnitudes when comparing the two models.
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Fig. 5. Stress paths comparisons for HS and NS models:
(1): S’JH=3% (2): SH="1.5%, (3) S/H = 15%, (4) S/H=22.5%

3 CONCLUSIONS

This study investigates the response of a reinforced
embankment foundation subjected to reverse faulting.
Key findings are the following:

e Incorporating a geocell mattress within the
foundation effectively mitigates embankment
deformation by reducing propagated shear strain,
thereby attenuating wall-facing inclination.

e Both the Hardening Soil (HS) model and the
NorSand (NS) model <can replicate the
embankment-foundation system (EFS) behavior to
a certain extent.

e  While the HS model captures the general behavior
of soil, it tends to underestimate deformation and

strain magnitudes.

e The NS model demonstrates superior performance
in replicating system responses, owing to its
incorporation of strain softening, which aligns
closely with the natural behavior of most soils.

e Simulations using the HS model predict a ductile
failure mode, whereas the NS model indicates a
brittle failure mode.
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