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ABSTRACT: The emerging research on soil-heterogeneity depicted the vulnerability caused by the ignorance of interlayers, bedding
formations, and underlain soil patches in the sub-soil strata. Such soil formations are prevalent near offshore beaches or landfills.
Therefore, it is quite essential to assess the response of reinforcements or mitigation elements towards layered soil deposits. In the
present study, a seismic environment has been chosen based on shaking table tests where UBC-3D PLM material model was utilised
for analysis using finite element-based software. The numerical model was first validated using the outcomes of shaking table testing.
In the further stages, stone columns were utilized in reducing the liquefaction susceptibility. It has been assessed that the behavior of
pore pressure movement around the interface of stone columns and layered soil junction is found to be completely different from that
of the homogeneous soil deposits. Furthermore, the variations in the parameters of stone columns were adopted for the optimization,
which can truly assist modern practices of seismic-hazard mitigations near liquefaction-prone sites.
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1 INTRODUCTION

Recent earthquakes in Turkey, Assam (India), and Indonesia
demonstrated the liquefaction-induced sand boiling,
devastating settlements, and enormous flow slides. In the last
few years, the geotechnical earthquake engineers and
researchers emphasized the criticality of soil heterogeneity and
associated soil liquefaction occurrences. Experimentally, such
simulation has been performed using shaking table testing and
centrifuge to investigate liquefaction occurrences near the
embankments, bridges, and dams (Florin and Ivanov, 1961;
Fiegel and Kutter, 1994). Additionally, Liu and Qiao (1984)
and Kokusho (2003) pointed out the modification in
liquefaction failures due to the presence of silty pockets patterns
beneath key geotechnical structures and further development of
water film layers. The comparative analysis of shaking table
experiments and FEM results on liquefaction-consolidation
provided insights about failure mechanisms (Ye et al. 2007).
Several research studies focused upon the investigation of
liquefaction vulnerability using cyclic triaxial tests on
heterogeneous specimens after varying the thickness and
number of participating soil layers (Jain et al. 2022a, Jain et al.
2022b, Jain et al. 2023a, Jain et al. 2023b). Researchers
performed key simulations of liquefaction-induced phenomena
using effective constitutive models for shaking table tests. In
such cases, Akiyoshi et al. (1996) assessed the seismic response
of 2D soil structure under saturated states after providing
dynamic loadings. In a study performed by Byrne et al. (2004),
centrifuge tests were simulated through numerical analysis
where larger confining stresses were considered to notice the
densification pattern. The results of FEM and FDM were
compared through two-phase field-type constitutive models to
understand the repeated process of liquefaction-consolidation.
In a research work performed by Ozener et al. (2009), the
Towahata-lai model performed well in the simulation of
liquefaction occurrences in stratified profiles developed in
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shaking table facility. The researchers performed both the
numerical and experimental simulation through dynamic
modes. UBCSAND model was considered by Ecemis (2013)
for the simulation of 1-g shaking table tests and associated
liquefaction failures in correlation with the experimental
results. The outcomes of large shaking table tests have been
numerically simulated using FLAC software and an optimized
constitutive model in a study performed by Ecemis (2021),
which demonstrated the criticality of liquefaction damages. The
behavior of reconsolidation settlements has been numerically
simulated by Basu et al. (2022), where the researchers
considered centrifuge and shaking table tests at free field state.
In recent years, simulation of liquefaction and its mitigation
using finite element framework has shown considerable
development using advanced constitutive models like UBC3D-
PLM (Chakraborty and Sawant 2022, 2024).

In most of the studies based on mitigation against
liquefaction-induced damages, soil heterogeneity has been
poorly understood. This caused either underestimation or
overestimation in the failure assessment. Therefore, this
research work presents a stone column-based mitigation
approach for liquefaction-induced failures, utilizing the
experimental outcomes of shaking table tests. Additionally,
after suitable validations, numerical models were developed.

2  MATERIALS, APPARATUS AND METHOLOGY

In the present research study, suitable shaking table tests were
performed on both the homogeneous and heterogeneous
specimens prepared using sand raining technique (Jain et al.
2022a). The shaking table assembly is capable of providing 1-
g horizontal shaking, as considered in previous research studies
(Ozener et al. 2009). All of these were performed at a frequency
of 4Hz to replicate the liquefaction occurrences. The materials
used in the study were fine sand and silt. In order to capture the
response of developed pore pressure, PPT (pore pressure
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Figure 2. Pore pressure response of the stratified
specimens with a silt thickness of 10 mm.
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Figure 3. Excess pore pressure of the homogeneous sand specimen.
transducers) were used, which are capable of collecting 200
data points in a single second.

3 SPECIMEN TYPE AND CALCULATION APPROACH

The specimens considered were of two different categories, i.e.
homogeneous and layered type. The specimen with layered
features consists of a silt layer with a thickness of 10 mm. This
silt layer is responsible for hindering pore pressure movement
to modify the failure patterns of conventional liquefaction. To
understand such features, the PPTs were located at different
depths as shown in Figure 1.
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Figure 1. Location of different pore pressure transducers and
piezometers used in the shaking table

The formulation of relative density in layered or heterogeneous
specimens is quite different than that of homogeneous ones.
Therefore, many researchers considered suitable equations for
finding the overall relative density of the prepared specimens
(Yoshimine and Koike, 2005, Xiu et al., 2019; Jain et al., 2022).
In this research work, these equations (Eq. 1, Eq. 2, Eq. 3, Eq.
4) were also used to calculate the overall density of the
specimens.
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Cmaxm € Eq. 1
Dr,m — max,m q
emax‘m - min,m
Conax,m = Z[Rm,i (€ TD]-1 Eq.2
Cuinn = 2R iy + D11 Eq.3

Where D,.,, (modified relative density), emaxm (modified
maximum void ratio), eminm (modified minimum void ratio), e,
(equivalent void ratio) and R,,; (percentage of the dry weight
of iy, layer in the layered soil)

4 RESULTS AND DISCUSSION

In this research work, the onset of liquefaction is considered
when, due to the increase in excess pore pressure, the effective
stress diminishes and becomes zero. Such phenomenon has
been investigated by See and Lee (1966) using a term called
pore pressure ratio, which can be represented as:
Au
o=

u r

O,

c

Eq. 4

Where, ¢'. = effective confining stress and u = Pore pressure

All the specimens, found to be liquefied when pore
pressure reaches unity. In the present research work, 1g shaking
table experimental tests on homogeneous and layered soil
specimens have been demonstrated. Additionally, the
experimental outcomes have been numerically simulated and
validated at a frequency of about 4 Hz. The stone column-based
ground improvement technique has been performed on both the
homogeneous and layered soil mass. The detailed
investigations have been presented as follows.

4.1  Experimental output from shaking table tests:

In Figure 2 and Figure 3, the pore pressure response of layered
and homogeneous sand specimens is presented. In the case of
layered specimen first a seismic motion of single second was
provided followed by post-liquefaction observation (Figure 2).
Then, again, a post-seismic motion of 30 seconds was applied
to understand the criticality caused by post-liquefaction
occurrences. For the homogeneous specimens, a complete
seismic motion of 30 seconds was provided (Figure 3). In
Figure 2, It can be noticed that the highest pore pressure ratio
found to be at 4 cm from the top of the specimens. Additionally,
the lowest rate of pore pressure ratio found at 24 cm from the
top. After the plateau of excess pore pressure ratio, the
dissipation of pore pressure after the completion of dynamic
motion found to be the highest at a depth of 4 cm from the top
of the specimen. Different locations of pore pressure
transducers provided the salient details of pore pressure
movement.

4.2 Finite Element Modeling and Validation

The behaviour of silt interlayered liquefiable deposits is
complex, and simulating this phenomenon needs attention in
terms of material constitutive model selection, calibration, and
validation of system response concerning laboratory
experiments. In a recent study by Chakraborty and Sawant
(2025), it has been reported that silt layer significantly alters the
response of a liquefiable deposit. However, very few studies
emphasized the behaviour of mitigation response of such
layered deposit. In the present study, the silt-interlayered
liquefiable deposit is first simulated using the PLAXIS 3D
finite element program. The soil layers are modeled using the
UBC3D-PLM constitutive model while considering calibration



of the model parameters. UBC3D-PLM developed by (Beaty
and Byrne 1998), is an effective stress-based elastoplastic
material model for sand, designed to simulate liquefaction
behaviour under dynamic loadings. The model utilizes the
Mohr-Coulomb yield criterion within a three-dimensional
principal stress space. The mobilized friction angle [(®,,,,)60]
and plastic shear strain defines the hardening rule, following the
principles of the Duncan-Chang approach and classical
plasticity theory. The model adopts a non-associative flow rule
based on the Drucker-Prager plastic potential function. Petalas
and Galavi (2013) proposed an empirical correlation linking the
corrected SPT wvalue [(N,)60] with the parameters of the
UBC3D-PLM model. The parameters Ky, K¢, and K/, are
stiffness coefficients that primarily govern the nonlinear stress-
dependent behavior of stiffness through the use of power law
exponents me, ne, and np. The failure ratio (R;) is typically
assumed to lie within the range of 0.5 to 1.0. Parameters
Sac.nara» A0d f e pog cONtrol the densification characteristics and
post-liquefaction response of saturated sand. To keep the paper
concise, only a brief overview of the model is provided here;
detailed descriptions are available in (Petalas and Galavi,
2013). In a study, Chakraborty and Sawant (2022) highlighted
that the model parameter Kg is a key factor governing the
occurrence of liquefaction. Based on the best-fit liquefaction
strength curve from the study by Idriss and Boulanger (2008),
this parameter has been considered for a particular state of sand.
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Figure 4. Calibration of sand and silt layers (Rp = 40%).

Figure 4 shows the calibration of model parameters considering
liquefaction strength curve for both the sandy and silty soil for
40% Rp. It is clearly observed that silty soil has higher
liquefaction resistance than the sandy soil. The corresponding
calibrated model parameters are reported in Table 1. To validate
the efficacy of the model in capturing the response of stratified
liquefiable deposit, a finite element (FE) model is developed in
PLAXIS. The sand and silt layers are considered to have a
relative density = 40%. Initially, the homogenous and silt-
interlayered deposits are scaled 10 times to the laboratory shake
table geometry as discussed in section 4.1, and the non-
dimensional 7, time histories are compared with the laboratory
test results.
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Table 1. UBC3D-PLM model parameters.

Parameters Sand Silt Stone Column
K§ 566.6 656.2 744.2
K¢ 809.4 937.4 1063
K} 350 550 4466
Me 0.5 0.5 0.5
ne 0.5 0.5 0.5
np 0.4 0.4 0.4
R 0.83 0.83 0.64
fac,hard 0.45 0.45 0.65
facpost 0.1 0.1 0.1
Permeability, k¥~ 6.6x10°  7.4x10°¢ 0.10
(m/s) 3
] -/—-/"
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Figure 5. Comparison of r, time history at two different depths
with a 10 mm thick silt layer.

Figure 5 shows that FE model predicts early onset of initial
liquefaction. However, as the time of loading progresses, a
good match of 7, can be observed between the laboratory and
FE results.

(a) Homogeneous deposit (b) Silt-interlayered deposit

Figure 6. r, Contours plot for (a) homogeneous; (b) silt-
interlayered liquefiable deposits.

4.3 Mitigation of Liquefaction using Stone Column:

Once the FE modeling is validated with the in-house shake table
testing results, the mitigation approach considering the stone
column is introduced in the FE models. Where the behaviour of
a single stone column is evaluated in the case of silt-
interlayered liquefiable deposit. A soil domain of 20 m x 20 m
FE soil model developed. A silt interlayer at the middle of the
sand layer is considered thickness of 0.10 m.
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Figure 7. (a) Benchmark model without mitigation; (b) model
with stone column mitigation.

The model without stone column mitigation is considered to be
the benchmark model. Whereas in another model, a stone
column is considered at the center of the soil domain. The stone
column diameter is considered as 0.6 m, and the drainage
boundaries are considered to be fully permeable. The detailed
model parameters of the stone columns are reported in Table 1.

In the silt interlayered deposits, a visible change in the
contours of pore pressure ratio can be visualized (Figure 6).
Figure 7 shows the detailed configuration of the benchmark
model and the model with stone column mitigation. Where the
locations of predicted EPP response are highlighted (0.6 m
distance from the center of stone column). Figure 8 shows the
FE mesh models for both configurations. As an input loading,
the acceleration time history of the 1989 Loma-Prieta
earthquake is considered (Figure 9).

Acceleration (m/s”)

Loma Prieta Earthquake (1989)

T T T
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Figure 9. Acceleration time history used in this study.

The free-field boundary condition is considered for
simulating the dynamic response of both models. Free-field
boundary condition is efficient in absorbing incoming seismic
waves, minimizing the reflection of waves from the model
boundary, and simulating an infinite domain laterally. The
acceleration input motion is given at the base of the FE models,
considering a compliant base. A compliant base boundary
effectively simulates the continuation of wave propagation into
deeper soil layers while minimizing reflections at the bottom
boundary. A fine mesh is adopted in the silt interlayer, and a
medium mesh along with refinement around the silt interlayer
is considered in the sand layers. The model parameters are
considered based on Table 1. Whereas a rigid interface is
considered between the stone column and the surrounding soil
layers. Modeling the interface between stone columns and
surrounding soil as rigid simplifies the numerical analysis by
assuming perfect bonding and no relative displacement at the
boundary.

Figure 10 shows the EPP time histories of P1 to P6
locations (as depicted in Figure 7). At shallow depth (P1) in
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case of the benchmark model, maximum EPP of 8.56 kPa has
been observed. Which showed a marginal dissipation at the
later stage of loading. Due to the presence of the stone column,
a negligible reduction in EPP can be observed (1.8%).
However, a rapid dissipation of EPP can be observed due to the
presence of the stone column. Almost 39.5% more dissipation
can be observed at P1 location due to the stone column.
Similarly, at P2 location, 66.5% reduction in EPP can be
observed at the end of loading. This observation shows that with
an increase in depth, the stone columns' performance increases.
The locations P3 and P4 are located very close to the silt
interlayer. The primary intention is to monitor the EPP response
due to the presence of the stone column in the silt interlayer. At
P3 location, due to the presence of stone column, almost a 12%
reduction in maximum EPP can be seen. Also, at the end of the
loading, the stone column is found to be reducing 70% EPP
concerning the benchmark model. Moreover, at P4 location
(just below the silt interlayer), a reduction in stone column

(a)

W
i * Thin Silt Layer

Stone Column
(b)

Figure 8. Finite element mesh of models (a) Benchmark; (b)
Model with stone column.

performance is observed, which shows only 7% reduction in
maximum EPP. Which indicates, the presence of silt interlayers
hinders the efficacy of stone columns in reducing the effect of
EPP.

However, at the end of loading marginal difference in
dissipation of EPP is observed. At higher depths, the efficacy
of stone columns in reducing maximum EPP response is
reduced, which might be attributed to the presence of
accumulated water due to the presence of silt interlayer.
However, at the end of 100 s, the stone column is found to be
reducing the EPP by 72.21% and 76% at Ps and P¢ locations.
This shows at greater depth that the stone columns are more
effective in comparison to the shallow depth and the locations
close to the silt interlayer.

Figure 11 shows the contour of 7, at the end of loading.
This shows the critical role of silt interlayers in accumulating
EPP as the permeability of the silt layer is lower than the sand
layer, which hinders the migration of pore pressure. The stone
column mitigation was found to reduce EPP, which was also
found to be influenced by the presence of silt interlayers.
However, the dissipation of excess pore pressure (EPP) is
observed to be more effective in the sand layer above the silt
interlayer, clearly highlighting the influence of the silt
interlayer on post-liquefaction EPP dissipation.
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Figure 10. EPP time history at different locations for benchmark
model and model with stone column.

Figure 11. ., contour of model(a) benchmark; (b) with stone
column.

5 CONCLUSIONS:

The present research work focused upon the comparisons of

shaking table testing and the FEM based analysis and mitigation

of liquefaction occurrences in silt interlayered sandy deposits.

There are few key outcomes obtained from the study, which are

provided as follows:

1. From the laboratory shake table testing it has been found
that the highest pore pressure ratio is found to be at 4 cm
from the top surface of the soil. Additionally, the lowest
rate of pore pressure ratio was found at 24 cm from the top.

2. FE model predicts early onset of initial liquefaction.
However, as the time of loading progresses, a good match
of r, can be observed between the laboratory and FE
results. The key aspects of liquefaction of silt interlayered
deposit can be addressed using FEM based analysis.

3. The behaviour of a single stone column is evaluated in the
case of silt-interlayered deposit, which suggests that stone
column mitigation is effective in reducing the EPP
surrounding the stone column within one diameter.
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4. With an increase in depth, the efficacy of the stone column
is found to be increasing. At shallow depth, the minimum
reduction in maximum EPP can be observed.

5. The presence of silt interlayers significantly alters the EPP
response around the stone column. However, in the
dissipation stage, the stone column performance is
marginally affected by the presence of the stone column.
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