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ABSTRACT: Advanced constitutive models are necessary for effective simulation and validation with laboratory and field observation
to capture the realistic response of granular soils. In recent decades, considerable efforts have been made to improve soil constitutive
models using various concepts. Two different frameworks which are in increasing demand in development and application are
SANISAND and hypoplasticity. This study highlights the capabilities of three advanced soil constitutive models—SANISAND and two
versions of hypoplasticity—in predicting the seismic responses of soil-pile-superstructure interactions under scaled input ground
motions. A new version of the hypoplastic model, with three modifications proposed by Liao et al. (2024) for undrained monotonic
loading, is combined with the intergranular strain concept to enhance its predictive efficacy for cyclic and seismic loading. By
controlling the nonlinear term of the hypoplastic model during undrained loading, the model can mitigate the sharp increase in pore
water pressure in the first cycle during the seismic loading. Further, a 3D finite element model consisting of a soil-pile superstructure
is developed using ABAQUS finite element code as a boundary value problem. The soil-pile superstructure is simulated as a case study
to validate the advanced models against centrifuge test data according to Wilson (1998), capturing the dynamic response of the soil
and the structure. The results clearly illustrate that the extended hypoplastic model better estimates the excess pore water pressure
during seismic loading and improves its ability to capture the superstructure responses, including peak values and variation trends.
Additionally, the extended model addresses the shortcoming of the hypoplastic model, which often overestimates shear strain in cyclic
loadings.
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1 INTRODUCTION practical application of advanced soil models. However, further
Predicting the dynamic behavior of soil-structure interaction research is still required to evaluate their performance in
remains a challenging task in earthquake geotechnical boundary value problems and to demonstrate their reliability
engineering. The complexity arises from the highly nonlinear and applicability in real-world engineering practice. Machacek
and stress-dependent characteristics of both soil and structural et al. (2021) and Lascarro et al. (2024) recently conducted
systems during seismic loading. Traditional soil models—such studies in which they assessed advanced constitutive soil
as linear, equivalent linear, and fundamental elastoplastic models through laboratory tests and simulations. Both works
models like the Mohr—Coulomb model-frequently highlight that intergranular strain-based hypoplastic models,
inadequately predict essential characteristics including stiffness especially those incorporating anisotropy (HP+ISA), provide
degradation, strain-rate  dependence, hardening, and improved predictions of soil behavior under cyclic and seismic
liquefaction phenomena. To overcome these limitations loading conditions. Additionally, the results of the soil-pile
associated with granular soils, various advanced soil interaction analysis showed that the hypoplastic model and
constitutive models have been introduced and refined to SANISAND adequately captured the pore water pressure
enhance the predictive accuracy of simpler models under cyclic buildup during vibratory pile driving. However, these models
loading conditions (Niemunis & Herle, 1997; Fuentes & had difficulty accurately predicting the amplitude of this
Triantafyllidis, 2015; Liao et al., 2024; Tafili et al., 2024; pressure (Machacek et al., 2021). This paper examines the
Dafalias & Manzari, 2004; Petalas et al., 2020; Yang et al., predictive capabilities of three advanced constitutive models
2022; Reyes et al., 2025). The SANISAND model (Dafalias & based on two key theoretical frameworks: hypoplasticity and
Manzari, 2004) and the hypoplastic model (Wolffersdorft, the bounding surface model. Two hypoplastic models
1996) are frequently employed among advanced soil models (Wolffersdorff, 1996; Liao et al., 2024) that incorporate the
due to their precise predictions of the behavior of granular soils intergranular strain concept (Niemunis & Herle, 1997) and the
under diverse loading conditions. Nonetheless, the hypoplastic SANISAND model (Dafalias & Manzari, 2004) are employed
model exhibits constraints under undrained loading conditions. to simulate soil-pile-superstructure interaction (SPSI) under
It particularly overestimates pore water pressure in the initial two scaled ground motions from the Kobe earthquake and
loading phase and underestimates hardening rates during investigate the seismic performance of these models. In this
shearing. Liao et al. (2024) proposed an augmented version of paper, a 3D numerical analysis is performed using
the hypoplastic model to improve its efficacy under undrained ABAQUS/Standard software to compare the simulation results
monotonic loading. The validation and extension of advanced with those from a physical model test conducted by Wilson in
soil models have often been limited to single-element tests. In 1998.

recent years, many studies have focused on validating the
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2 EXPERIMENTAL TEST

This paper evaluates the effectiveness of three advanced
constitutive soil models for predicting the seismic response of
soil-pile interactions based on centrifuge tests conducted by
Wilson (1998). The experiments investigated the dynamic
behavior of soil-pile—superstructure systems in a bilayer
liquefiable soil profile. Earthquake loading was applied via
servo-hydraulic actuators, starting with low-level motions to
observe small-strain responses, using recorded Kobe
earthquake data at a centrifuge acceleration of 30 g,
representing a scale factor of 30 (Wilson, 1998). Figure 1
demonstrates the spectral response of input ground motions
from the Kobe earthquake for two scaled PGA levels. The
physical model consisted of saturated Nevada sand layers: a 9.3
m - thick medium-dense upper layer (relative Density, Do, of
55%) and an 11.4 m - thick dense lower layer (relative Density,
Dro, of 80%). The centrifuge test instrumentation in this study
included strain gauge and pore pressure sensors. A single
aluminum pile (Diameter, D = 0.67 m, wall thickness = 72 mm)
extended 20.6 m in total - with 3.8 m above ground - and was
topped with a 49.1 t superstructure to replicate structural
loading.

3 SOIL CONSTITUTIVE MODELS

3.1  Hypoplastic models

The hypoplastic model, originally proposed by Kolymbas
(1977), is a type of nonlinear soil model. Unlike traditional
models, the hypoplastic model does not depend on ideas from
elastoplastic theory, such as yield surfaces, hardening laws,
flow rules, and the division of strain into elastic and plastic
parts. A notable hypoplastic (HP) model frequently utilized by
numerous researchers is the one proposed by Wolftfersdorff
(1996), which is regarded as a fundamental hypoplastic model
for its subsequent extensions. The model was initially
developed for monotonic loading conditions. Subsequently, it
was extended by Niemunis & Herle (1997) and enhanced by the
intergranular strain (IGS) concept, which was applied to both
loading and unloading conditions. In the present study, the
aforementioned model is referred to as HP+IGS in the context
of numerical results description. The hypoplastic model that
includes intergranular strain effects (HP+IGS) comprises
thirteen material parameters—eight pertaining to the HP model
and five related to the intergranular strain concept. The HP
(Wolffersdorff, 1996) model, despite its ability to accurately
reproduce soil behaviour under drained conditions, frequently
exhibits deficiencies in undrained monotonic loading
conditions. Liao et al. (2024) initially proposed a modified
hypoplastic model (MHP). To enhance the model's capacity to
accurately capture limited flow behavior and prevent
overestimation of mean effective stress degradation and strain
accumulation during cyclic loading, three key modifications
were implemented by Liao et al. (2024). In this modification,
the nonlinear part of the hypoplastic model is turned off at first,
leading to a completely elastic response at the beginning of
undrained shearing. In contrast to the behavior observed in
drained conditions, undrained loading tests are assumed to
show a predominance of elastic strains, resulting in a fully
elastic response during the initial loading stage (Liao et al.
2024). In this paper, a new combination of a MHP (Lia et al.
2024) with the IGS concept (MHP+IGS) is used as the second
constitutive model in finite element analysis. The MHP+IGS
model incorporates an additional five input parameters into the
hypoplastic framework. Table 1 presents the parameters used
for numerical simulations with the HP+IGS and MHP+IGS
models.
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Table 1. Parameters used in the HP+IGS and MHP+IGS models for
Nevada Sand, (adapted from Liao et al., 2024; Joneidi et al., 2025).

Soil model Index HP+IGS MHP+IGS
Wolffersdorff (1997) HP ¢, (°) 31° 31°
model hy (MPa) 4000 4000
n 0.30 0.30
[ 0.887 0.887
e 0.511 0.511
e 1.15€. 1.15€.
o 0.40 0.40
S 1 1
IGS parameters R 0.0001 0.0001
mg 5 5
mr 2 2
b 0.20 0.20
x 3 3
MHP model A As - 0.40,2.5
(0] - 0.10
ki - 12
o - 1.30
3.2 SANISAND model

The SANISAND model, developed by Dafalias and Manzari
(2004), considers fabric changes during the dilative phase of
deformation. These changes influence the subsequent
contractive response of the soil during unloading. As a
bounding surface plasticity model, SANISAND uses four
conical surfaces in deviatoric stress space: a yield surface
(centered on the back-stress ratio o) which is governed by
kinematic hardening, a bounding surface, a dilatancy surface,
and a critical state surface. A mapping rule regulates loading
and unloading behavior by relating the current back-stress ratio
to its corresponding points on the bounding and dilatancy
surfaces. SANISAND builds on an earlier two-surface
plasticity framework by incorporating the evolution of the
fabric-dilatancy tensor during dilation, which enables more
accurate simulation of soil behavior under cyclic loading. In
this study, the SANISAND model was also used to simulate the
behavior of liquefiable Nevada sand under seismic loading, and
its predictive performance was compared with the two versions
of the hypoplasticity model. The SANISAND model is
characterized by fourteen independent parameters that control
its elastic response, critical state behavior, yield surface, plastic
modulus, dilatancy, and the fabric—dilatancy relationship (see
Table 2). The input parameters for the three mentioned soil
models were calibrated using undrained triaxial monotonic and
cyclic compression tests, which were conducted under varying
initial confining pressures. Detailed descriptions of the
calibration process and the formulation of the three applied soil
models can be found in Joneidi et al. (2025).
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Figure 1. Spectral response of the Kobe earthquake for PGA =0.04 g
and 0.6 g, data from Wilson (1998).



Table 2. SANISAND parameters for Nevada Sand (adapted from
Taiebat et al., 2010; Joneidi et al., 2025).

Index Value [unit]
Elasticity Gy 200 [-]
v 0.05 [-]
Critical state M, 1.24 [-]
M, 0.88 [-]
Ae 0.027 [-]
ep 0.83 [-]
¢ 0.45 [-]
Yield surface m 0.02 [-]
Plastic modulus ho 9.70 [-]
ch 1.02 [-]
np 2.56 [-]
Dilatancy Ay 0.81[-]
na 1.05 [-]
Fabric-Dilatancy-tensor Zimax 5.00 [-]
¢z 800 [-]

4 NUMERICAL SIMULATION

Three-dimensional numerical simulations were conducted
using the finite element software ABAQUS [1]. Given that
seismic loading was applied uniaxially and the out-of-plane
response was minimal, only half of the model geometry is
simulated to reduce computational time (Figure 3). Based on
the centrifuge test report, the saturation densities p for the
medium-dense and dense sand layers were 1.95 and 1.99
kg/cm?, respectively, with corresponding initial void ratios eo of
0.686 and 0.592. The single pile was modeled as a hollow
aluminum alloy tube (6061-T6), with a unit weight of 2.7 t/m?,
a Poisson’s ratio of 0.33, and a bending stiffness of 427 MN-m?.
The pile behavior was defined using an elastic—perfectly plastic
model governed by the von Mises yield criterion, assuming a
yield strength of 290 MPa. To reduce boundary effects, the
lateral model boundaries were extended approximately 36 times
the pile diameter (36D) in both x and y directions, significantly
exceeding the 12D spacing recommended in (Kotronis &
Escoffier 2014). The soil and pile were discretized using eight-
node, fully integrated, linear brick C3D8 elements. The
numerical model used a maximum soil element size of 1 m at
depth and finer mesh elements of 25 c¢m in the vicinity of the
pile to capture local stress variations more accurately. The
single pile was discretized into 336 elements with a minimum
size of 0.4 m distributed along its entire length. The
superstructure was simplified as a lumped mass located at the
pile head. The simulation proceeded in three sequential stages:
geostatic, static general, and implicit dynamic analysis. The
geostatic step defined the initial stress field, and the static
general step activated the pile. During the geostatic stage, the
bottom boundary was fixed to replicate the presence of bedrock,
and the external soil surfaces were constrained vertically along
the x and y axes. At the onset of the dynamic phase, the x-
direction restraint at the base was removed, and the input
seismic acceleration time history was applied. To mitigate wave
reflection from the model boundaries, the vertical surfaces
perpendicular to the shaking direction were constrained using a
Multiple Point Constraint (MPC) scheme. This approach ties
corresponding nodes on opposing vertical boundaries at the
same depth, effectively simulating laminar boundary
conditions. A free-drainage condition was applied at the ground
surface. Soil-pile interaction was modeled using a surface-to-
surface contact approach with a master—slave formulation,
accounting for both normal and tangential behaviors. Normal
contact response was governed by compressive normal stress
N, while tangential behavior before slip was modeled using
Coulomb’s friction law T = uN. The static friction coefficient
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4 is defined as u = tan G (pf) , where ¢ represents the soil’s

internal friction angle at each depth. Friction angles of 33° and
37° were assumed for the upper and lower soil layers,
respectively, corresponding to friction coefficients of 0.40 for
medium-dense soil and 0.46 for dense sand (Wang et al. 2019).
The present study focuses on simulating and validating one of
the experiments (Csp3) using two scaled Peak Ground
Acceleration (PGA) levels 0.04 g and 0.60 g, based on the 1995
Kobe earthquake. Numerical simulations consider acceleration
time histories and 5%-damped spectral response and use the
significant duration (Ds-9s%) to enhance computational
efficiency (Figure 1).

5 FE SIMULATION RESULTS

5.1  Soil responses

Figure 3 presents the depth profiles of maximum deviatoric
strain €4 ;mq, and peak excess pore water pressure (EPWP) ratio
Tumax for two levels of seismic excitation: PGA = 0.04g and
PGA = 0.6 g. in distance of about 12 m from the pile center.
Deviatoric strain and peak EPWP ratio can be calculated based
on Equation (1) and Equation (2).

o= F(E =)+ )+ (5= 2)?) M
Tumax = UETT )

Where, €1, &5, €3 are principal strains, Ug 14y, 18 the maximum
EPWP and ¢y is the initial vertical effective stress. Simulation
results are presented for three advanced constitutive soil
models: SANISAND, HP+IGS, and MHP+IGS, with 7, 105
values compared against centrifuge test measurements.
Deviatoric strain data for the soil deposits were not recorded
during the centrifuge experiments and are therefore evaluated
solely through numerical predictions. Under low seismic
intensity (PGA = 0.04g), the SANISAND model predicts a
smaller peak deviatoric strain (£g,4x = 0.16%) compared to
the HP+IGS (g4 max = 0.68%) and MHP+IGS (g max =
0.45%) models. As the seismic intensity increases, the
SANISAND model continues to predict lower deviatoric strains
relative to the hypoplastic-based models. Notably, SANISAND
better captures the variation in strain response associated with
changes in relative density, transitioning from medium-dense to
dense soil layers. In contrast, the higher deviatoric strains
predicted by the hypoplastic models may result from
differences in how shear stiffness is computed at various
depths, potentially leading to overestimation of nonlinearity in
regions of lower effective stress. Under the ground motion with
PGA = 0.04 g, the variation of EPWP with depth shows that
both SANISAND and HP+IGS tend to overpredict pore water
pressure compared to the centrifuge test data. These two models
even predict liquefaction near the surface, which is not
observed in the experimental results. In contrast, MHP+IGS
better controls the buildup of EPWP and shows predictions that
are in closer agreement with the test data, particularly in the
upper soil layers. As the earthquake intensity increases to PGA
= 0.6 g, there is a rapid rise in EPWP during the initial loading
cycles. Under this higher intensity, the discrepancy between
HP+IGS and MHP+IGS becomes less pronounced, especially
in the dense soil layers, where HP+IGS provides predictions
comparable to those of MHP+IGS. However, in the medium-
dense layers, HP+IGS still significantly overestimates the peak
EPWP ratio 7,4, indicating limitations in capturing



liquefaction behavior accurately in those zones. To better
understand the performance of different soil models under
seismic loading, the response of soil elements on one side of the
pile axis was evaluated using contour plots of peak deviatoric
strain &g mmqy and peak pore pressure ratio 7, 14y Figure 4 and
Figure 5 demonstrate the contour results for peak deviatoric
strain and EPWP ratio under seismic input motions with PGA
values of 0.04g and 0.6g, respectively. As shown, the
SANISAND model results in lower overall deviatoric strain
levels, with high strain concentrations primarily localized near
the pile. This suggests that the elevated strain near the pile is
mainly due to the stress transfer from the pile to the surrounding
soil. Away from the pile, the strain dissipates quickly,
indicating limited influence in the far field. When comparing
the HP+IGS and MHP+IGS models, the MHP+IGS model
predicts slightly lower deviatoric strains, particularly in the
medium-dense soil layers, suggesting improved strain control
under cyclic loading. Regarding pore pressure buildup, both
SANISAND and HP+IGS exhibit considerable excess pore
pressure and are unable to control effective stress degradation
during seismic analysis. In contrast, the MHP+IGS model
shows a reduced liquefaction potential at both levels of seismic
intensity. This performance of the MHP+IGS model can be
attributed to a key modification in the hypoplastic formulations,
the deactivation of the nonlinear component of the constitutive
model during the initial stages of loading. This mechanism
appears to delay the onset of excess pore pressure accumulation
and leads to more stable stress conditions.
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Figure 2. Schematic of the numerical simulation of SPSI, including
geometry, boundary conditions, and instrumentation from the
centrifuge tests.
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Figure 3. Variation of peak deviatoric strain and excess pore water
pressure with soil depth, based on predictions from advanced
constitutive models compared with test data at a distance of 12 m from
the pile center (test data from Wilson, 1998).

5.2 Pile responses

Figure 6 shows the variation profile of the maximum bending
moment induced in normalized pile depths during dynamic
analysis. The results indicate that under slight earthquake
intensity (PGA = 0.04 g), the SANISAND model predicts good
agreement with the experimental data (Figure 6 (a)). In contrast,
the hypoplastic models tend to underestimate the maximum
bending moment in the upper part of the pile, and they also
predict its location slightly lower than that predicted by the
SANISAND model. At greater depths, the hypoplastic model
predictions show an inverse trend. This change in the predicted
bending moment behavior can be attributed to the increased
deformation of the soil elements near the pile, as observed in
the deviatoric strain contours. Figure 6 (b). illustrates the
performance of different soil models in predicting the
maximum bending moment profiles under seismic loading with
a peak ground acceleration (PGA) of 0.6 g. The results indicate
that the SANISAND and modified hypoplastic (MHP+IGS)
models capture the maximum moment well along the pile
depth. In contrast, the HP+IGS model underestimates the
bending moment, likely due to significant soil stiffness
degradation near the pile compared to the other two models.
Figure 6 (c). compares simulation results with experimental
data, showing that the modified hypoplastic model enhances
prediction accuracy under high-intensity seismic loading.
However, under low-stress-level loading, its predictive
capability remains limited.



Maximum deviatoric strain (€q) for PGA = 0.04g

SANISAND 0 HP+IGS MHP+IGS 0
1.5
E g
% 10 10 %
=] &
15 w
Pile Toe 0.5
20
0 1 20 1 1
Horizontal Distance (m) Horizontal Distance (m) Horizontal Distance (m) 0.0
. @
Maximum deviatoric strain (€g) for PGA = 0.60g
2.0
SANISAND HP+IGS MHP+IGS
1.5
E g
Z 10 3
=] &
w
0.5
10 20 10 20
Horizontal Distance (m) Horizontal Distance (m) Horizontal Distance (m) 0.0
(b)

Figure 4. Contour plot of the maximum deviatoric strain response during seismic analysis: (a) PGA = 0.04 g; (b) PGA = 0.60 g.
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Figure 6. Maximum bending moment profile along normalized pile depth during seismic analysis: (a) PGA = 0.04 g; (b) PGA = 0.60 g; (c)
comparison of the maximum response from simulation results with test data, test data from Wilson (1998).
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6 SUMMARY AND CONCLUSIONS

This study evaluates the performance of various advanced
constitutive models within a numerical framework in order to
accurately represent the fully nonlinear behavior of the SPSI
system during earthquake excitation. The SPSI response was
investigated through numerical simulations using Abaqus finite
element software under two scaled ground motions from the
Kobe earthquake. The credibility of the simulation framework
is ensured by validating the finite element model against a
centrifuge test previously described by Wilson (1998). The
primary goal of this research is to assess how effectively
advanced constitutive soil models can capture the nonlinear
response of soil subjected to seismic loading. To improve the
accuracy of modeling under cyclic conditions, we introduce a
combination of a modified hypoplastic model with the
intergranular strain concept. This model is referred to as
MHP+IGS (Liao et al., 2024; Niemunis & Herle, 1997). Model
input parameters are calibrated using results from undrained
monotonic and cyclic triaxial compression tests to replicate
nonlinear soil responses. SANISAND, HP+IGS, and
MHP+IGS, all three advanced soil models, are implemented in
Abaqus through a user-defined material (UMAT) subroutine.
We compared simulation results with centrifuge test data to
evaluate the predictive performance of each model in terms of
deviatoric strain, EPWP buildup, and bending moment
response at the pile depth. The SANISAND model accurately
predicts pile response and provides a reliable deviatoric strain
distribution. However, it overestimates pore pressure variation,
especially under low-intensity seismic loading. The HP+IGS
model indicates deficiencies in predicting bending moments
along the pile depth, primarily due to the overestimation of
deviatoric strain near the pile. In comparison, the MHP+IGS
model shows better accuracy in predicting how pore pressure
builds up and how bending moments change, especially during
strong ground shaking (PGA = 0.6 g). These findings
demonstrate the potential of the MHP+IGS model to more
reliably capture the seismic responses of soil-pile—structure
interaction systems.
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