Numerical study of the deformation response of conventional stone column and geosynthetic encased
stone column in liquefiable sands
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ABSTRACT

Conventional stone column (SC) has been widely used for ground improvement in soft soils to mitigate the seismic
induced liquefaction. Geosynthetic encased stone column (GESC) has many advantages over conventional stone
column, including higher bearing capacity and better stability. GESC could also been used for improving loose sands,
especially for liquefaction mitigation due to its high permeability. In this study, the effect of ground improvement
using GESC in liquefiable sands was investigated using three-dimensional finite difference program FLAC3D, with
the goal of evaluating the effect of geosynthetic encasement. The surrounding soil and stone column were
characterized using a pressure-dependent, multi-yield surface, plasticity based constitutive model (PDMY03) for
dynamic liquefaction analysis. The geosynthetic encasement was modeled using geogrid elements with linearly
elastic behavior. The deformation response of stone column and GESC for an earthquake motion was evaluated.
Simulation results indicate that geosynthetic encasement can restrain the deformations of stone column and reduce
settlements. Geosynthetic encasement could effectively improve the seismic performance of stone column in
liquefiable soil due to the restrains in circumferential and longitudinal directions. Results of this study indicate that
GESC is an effective ground improvement method in liquefiable sands.
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1 INTRODUCTION GESC compared to conventional stone column.
However, research on GESC under seismic loading is
still limited.

Shaking table tests have been conducted on the
dynamic response of GESC in sand and clay, and the
results show that GESC has smaller settlement and
higher bearing capacity than stone column under
seismic loading (Cengiz and Guler 2020; Ouyang et al.
2021). For the shaking table test of GESC composite
foundation in liquefiable soil, Chen (2018) compared
and analyzed the liquefaction mitigation effect of stone
column and GESC and found that both the stone
column and GESC can effectively enhance the drainage
performance of the ground and decrease the
accumulation of excessive pore water pressure. In
addition, the presence of geosynthetic encasement can
also prevent the surrounding soil from entering the
stone column and blocking the drainage channel,
further enhancing the liquefaction  mitigation
performance.

Numerical simulation investigations have also been
conducted for GESC under seismic loading. Tang et al.
(2015) compared the liquefaction mitigation effect of
stone column and GESC through three-dimensional

Earthquake-induced soil liquefaction and large
post-liquefaction deformations could cause ground
failure, which leads to substantial seismic hazards to
infrastructure (Ishihara et al. 1992; Fiegel and Kutter
1994; Cubrinovski et al. 2011). Conventional stone
column (SC) is an effective ground improvement
measure that has been widely used for liquefiable soils
due to its effects of shear reinforcement, densification,
and enhanced drainage. (Adalier and Elgamal 2004).

On the basis of stone column, geosynthetic encased
stone column (GESC) can be formed by wrapping
geosynthetic around the stone column. GESC has also
been widely used to improve the soft soil due to its
higher bearing capacity and better stability. The
load-bearing characteristics of GESC under static
loading have also been extensively studied through
experiments (Murugesan and Rajagopal 2007; Gniel
and Bouazza 2009; Yoo and Lee 2012) and numerical
simulations (Murugesan and Rajagopal 2006;
Khabbazian et al. 2010). The results indicate that the
wrapping effect of geosynthetic encasement enhances
the strength and integrity of stone column, resulting in
smaller settlement and greater bearing capacity of



finite element analysis and found that both the stone
column and GESC can reduce lateral deformations
caused by liquefaction. Moreover, compared to stone
column, the ground stiffness treated by GESC is greater
and the lateral deformations are smaller. Geng et al.
(2017) conducted a three-dimensional numerical
parametric analysis of the deformations of stone
column and GESC composite foundations caused by
liquefaction and found that GESC can reduce more
lateral displacements and provide greater shear
resistance compared to stone column. In addition, the
lateral displacements can be reduced by increasing the
stiffness and the encasement length of geosynthetic
encasement. In general, research on the dynamic
response of GESC in liquefiable soil is limited.
Therefore, further research is needed to study this
ground improvement technology for seismic mitigation
in liquefiable soil.

In this paper, the dynamic response of stone column
and GESC in liquefiable sands is studied through
numerical study. Simulation results mainly focus on the
influence of geosynthetic encasement on the
deformation response of composite foundation,
including settlements, geosynthetic tensile strains, and
soil shear stress-strain response.

2 NUMERICAL MODEL

In this study, a unit cell model of stone column and
GESC improved foundation is used to simulate the
deformation response of stone column and GESC under
seismic loading using the three-dimensional finite
difference program FLAC3D (ltasca Consulting Group
2019).

2.1 Model geometry

In this study, unit cell models of stone column and
GESC were selected for the dynamic simulations. The
finite difference grid of the 3D numerical model and the
corresponding side views are shown in Fig. 1. The soil
strata have a total depth of 12 m, including a 2 m-thick
dense sand layer at the bottom as the bearing layer, a 9
m-thick loose sand layer in the middle as the liquefiable
layer and a 1 m-thick overlying dense sand layer. The
GESC has a length of 10 m and penetrates through the
overlying dense sand layer and middle liquefiable layer
and sits on the bearing layer. The unit cell model has
dimensions of 1.98 m x 1.98 m in plane. Two
monitoring points were arranged on the column and
surrounding soil to monitor the soil shear stress-strain
response at the depth of 9 m. Monitoring points are
arranged at 1m vertical intervals on the geosynthetic
encasement to monitor the development of longitudinal
and circumferential strains during seismic loading, as
shown in Fig. 1(b). The geosynthetic encasement in
GESC is encased along the entire length of the stone
column.
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Fig. 1. Finite difference grid and boundary conditions for the
GESC model: (a) oblique view; (b) monitoring points.

2.2 Material models and properties

The UCSDSAND3 model was used to simulate
different soil behavior under seismic loading in this
study. The UCSDSAND3 is a three-dimensional
multi-yield surface pressure dependent model, which
can capture the cyclic mobility and dilatancy behavior
of granular soils. The fines-corrected blow count
(N1)eocs for loose sand and dense sand are 5 and 35.
The fines-corrected blow count (N1)socs Of the stone
column is set as 35, and the shear modulus ratio is 5.
The recommended parameters for the soils with
corresponding (N1)socs Were used in the numerical
analysis (Khosravifar et al. 2018). The hydraulic
conductivity of saturated sand layer and stone column
is selected as 6.6x<10° m/s and 0.01 m/s. The
geosynthetic encasement was modelled using linearly
elastic geogrid element with isotropic behavior.

2.3 Input motion and boundary conditions

The record during the 1989 Loma Prieta earthquake
at Gilroy-Gavilan College station was selected as the
input motion for the dynamic analysis. The acceleration
time history of the input motion is shown in Fig. 2. The
input motion has a peak acceleration amplitude of a, =
0.37gatt=3.27s.

The bottom of the model had a fixed boundary, and
the boundaries on both sides parallel to the shaking
direction were fixed in the y-direction. For the other
two side boundaries perpendicular to the shaking
direction, the corresponding grids on both sides of the
boundary at the same depth were tied together to ensure
the same horizontal displacements in x direction, as
shown in Fig. 1(a).
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Fig. 2. Input seismic motion.

2.4 Modeling procedures

Firstly, the static analysis was carried out to achieve
static equilibrium. Then the dynamic analysis was
performed. In the dynamic stage, the seismic motion
was applied in the horizontal x-direction at the bottom
of the model. A small amount of 0.5% Rayleigh
damping was assigned to the soils to account for the
energy dissipation at low strain levels, and center
frequency is selected as 5 Hz.

3 RESULTS

Fig. 3 shows the settlement time histories of the
stone column and GESC models at the top of the
column during seismic loading. The settlement
difference between the stone column and GESC is very
small in the first 5 s, and then the settlement of GESC
becomes smaller than that of stone column after 5 s.
This is because the tensile stress of the geosynthetic
encasement gradually increases with the proceeding of
earthquake motion, and the restraining effect on the
stone column also gradually increases. After 20 s, the
settlement of the stone column and GESC remains
stable without increase, as most of energy of the
earthquake motion has been released. The residual
settlement for the GESC is reduced by 7% compared to
the stone column. Simulation results indicate that
geosynthetic encasement can reduce the settlements of
stone column.
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Fig. 3. Settlement time histories of stone column and GESC.

Fig. 4 shows the maximum longitudinal and
circumferential strains profiles of the geosynthetic
encasement with depth. The longitudinal strains are
generally greater than the circumferential strains, and
the maximum longitudinal strain is close to twice the
maximum circumferential strain. This indicates that the
longitudinal tensile effect of the geosynthetic
encasement is more critical under seismic loading. In
addition, the variation of circumferential strains along
the depth is relatively small, which is significantly
different from the distribution of circumferential strains
during vertical loading. The circumferential strains near
the column top are significantly larger than those at
other depths under vertical loading. This indicates that
the circumferential deformation of the geosynthetic
encasement is relatively uniform throughout the entire
depth range.
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Fig. 4. Geosynthetic encasement strain profiles.

Fig. 5 shows the soil shear stress-strain response of
the stone column and the surrounding loose sand at the
depth of 9 m. The developed shear stresses for the
column are much larger than those for the loose sand,
while the shear strains for the column are much smaller
because strength and stiffness of the column is greater
than those of the loose sand.

In addition, Fig 5(a) indicates that the shear strains
developed in GESC during seismic loading are smaller
than that of the stone column, as the geosynthetic
encasement redistricts the deformations of the stone
column in both the circumferential and longitudinal
directions. Figure 5(b) shows that the shear strains of
the surrounding loose sand in the GESC composite
foundation are also smaller than those in the stone
column composite foundation. This is because the
geosynthetic encasement increases the stiffness of the
stone column, which also enhances the stiffness of the
stone column composite foundation and thus decreases
the deformations of surrounding loose sand. Results
indicate that geosynthetic encasement can reduce the
shear strains of stone column and surrounding loose
sand.
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Fig. 5. Shear stress-strain response in stone column and GESC
improved soil: (a) stone column (b) loose sand.

4 CONCLUSION

This paper presents a numerical investigation of the
deformation response of a stone column (SC) and a
geosynthetic encased stone column (GESC) under
seismic loading. Simulation results indicate that the
geosynthetic encasement could reduce the settlements
of stone column due to the restraints from geosynthetic
encasement. The longitudinal strains are generally
much larger than the circumferential strains, which
indicates that the longitudinal tensile effect of
geosynthetic encasement is more critical than the
circumferential tensile effect under seismic loading.
Geosynthetic encasement could effectively improve the
seismic performance of stone column in liquefiable
soil.
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