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Abstract

Soil liquefaction and associated ground failures are one of the most destructive natural hazards thfffcause
damages to engineering structures during the earthquake. This paper presents an alternative to mitigate the risk
of liquefaction and associated ground deformation by stone column (SC). In this study, a three-dimensional
finite-element (FE) simulation using OpenSeesPL is performed to address this issue. The development of
model for mitigation in liquefiable ground follows physics (mechanics) of the problem closely possible and
allows for more realistic representations of the involved static and dynamic responses. The software is capable
of modeling the coupling responses between soil skeleton and pore fluid § well as redistributions of pore
pressure during excitation either in two or three dimensions. The prevention of excess pore pressure generation
and reduction of liquefaction-induced deformation would generally mitigate the consequence of liquefaction.
The results show that the S@nitigation is found to be effective in reducing in sand stratum lateral deformation.
In other words, the results indicate that there is an interaction among deformation and excess pore pressure
related to soil type for mitigation. For this purpose, a systematic parametric study is conducted to investigate
the effectiveness of the SC approach on the basis of couple SC permeability and ground inclination. Special
emphasis is given to the computed results of soil resflBnse shaking, excess pore pressure, and lateral displace-
ment of deposit. The numerical simulations provide a framework for the analysis of factors affecting liquefia-
ble ground and insights for the improvement by the SC mitigation measure.

Keywords: soil liquefaction; stone column; numerical simulation; OpenSeesPL

Introduction liquefaction mitigation.

Civil engineering structures in earthquake-prone ar- The stone column as a liquefaction mitigation tech-
eas may be partially or completely damaged in strong nique was initially studied by Seed and Booker (1977).
earthquakes. Usually, in mildly sloping ground, the soil The stone column technique is adopted for mitigating
flows following the liquefaction are lateral spread, liquefaction because of its effectiveness and simple
flow, bearing capacity failures, buoyancy effects, local construction involved. The stone columns were offered
subsidence, and ground oscillation (O’Rourke and the possible benefits including dissipation of excess
McCaffery 1984). Particularly. one of the major earth- pore pressure, densification of surrounding, non-cohe-
quake-resistant design strategies is to avoid liquefac- sive soil, and redistribution of earthquake-induced.
tion-induced deformation of foundation soils. (Adalier et al. 2003). The most of the routine designs

Various ground improvement techniques have been mitigating liquefaction have been based on the concep-
performed in order to avoid the liquefaction-induced tual understanding analysis. In addition, the compre-
soil deformations and associated damage, including hensive understanding on mitigating liquefaction is
densification, solidification (e.g., cementation), prefab- needed for reliable numerical simulations to evaluate
ricated vertical drains, deep soil mixing, and gravel the mitigating liquefaction-induced excess pore pres-
drains or stone columns (Seed and Booker 1977; Bou- sure and soil deformation to suitable levels for con-
langer et al. 1988; Elgamal et al. 2009). Although, a struction.
limited number on the effectiveness of ground im- This paper simulates the effectiveness and verifica-
provement techniques have been identified for tion of applicability of the mitigating liquefaction
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technique of stone column in liquefiable ground.
Hence, through rigorous numerical simulations, this
study was carried out to investigate the influences of
various factors, including permeability and ground in-
clination. The results of examined parametric study are
discussed. highlighting of the influence of mitigating
extend and the characteristic of the deployed counter-
measure. Finally, insigths and conclustions are ad-
dressed in the report results.

Literature review

Most researchers in geotechnical engineering inves-
tigate the various stone column application and assess
the effectiveness as liquefaction mitigation, through
filed case histories (Tokimatsu and Asaka 1998), field
test (Ashford et al. 2000), experiments (Adalier et al.
2003), and numerical sim{ltion (Elgamal et al. 2009).
Using the stone column as a liquefaction mitigation
technique was first studied by Seed and Booker (1977).
The full-scale test conducted by Ashford et al. (2000)
analyzed the behavior of improved ground before and
after mitigation using stone columfThey reported that
the excess pore pressure build-up was reduced and the
rate of pore pressure dissipation was increased by stone
column installation.

Elgamal et al. (2009) conducted the simulations by
using OpenSeesPL to evaluafremediation of soil lig-
uefaction by stone column (SC) and pile-pinning ap-
proaches on the basic of a systematic parametric study.
They found SC mitigating was effective in reducting
sand stratum lateral deformation. However, in similar
stratum with permability in silt layer, the SC mitigating
was resulted to be ineffective, regardless of the higher
permeability of SC condufflbd. Recently the remedia-
tion of SC is considered to identified and examined im-
portant factors for mitigation of liquefaction-induced
lateral deformation and thus generating the excess pore
pressure including area replacement ratio, R,, ground
slope angle, soil and SC permeability, ground motion
characteristics. Hence in this paper reviews the evi-
dence which show their interactions on the seismic re-
sponse through 3D simulation using OpenSeesPL.

Numerical simulations
Computation framework

The simulations are carried out by using a compu-
tation platform. A mixed-method of simulation ap-
proach was employed using OpenSees (Mazzoni et al.
2006; McKenna et al. 2010) and DEEPSOIL (Hashash
2018). The OpenSeesPL approach is adopted to create
a finite-element model for numerical simulations. It has
capabilities for carrying out a large variety of 3D finite-
element simulations based on the OpenSees computa-
tional platform (Elgamal and Lu 2009).

Second, DEEPSOIL is one-dimensional site re-
sponse analysis program that can perform, including 1-
D nonlinear time domain analyzes with and without
pore water pressure generation, 1-D equivalent linear
frequency domain analyzes (convolution and

492

ISSN 24320528

deconvolution), and 1-D linear time and frequency do-
main analyzes (Hashash 2018).

Prior (@hnalyze the numerical simulation, a decon-
volution is performed to determine the acceleration
time history that can be applied to the base of the foun-
dation to reproduce the specific free-field acceleration
e history at the base of a case study, as shown in Fig,
1. The calibrated base acceleration time history is then
adopted to the base of foundation to analyze the seismic
analysis. These procedures is importance, but under-
studied, when the researchers do not has a comprehen-
sive information.
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Fig. 1. Hlustration of convolution and deconvolution proce-
dures (base sketch from Kramer 1996)

Analysis procedur@land outputs

All simulations were developed and executed using
OpenSeesPL bgied on u-p formulation. The 3D finite
element soil is domain is represented by 8-4 node, fully
coupled (soil-fluid) brickUP elements. In this scenario,
numerical analyzes composed of clays and silts layers
beneath a deposit of very loose sand to medium sand
with low permeability. The model of numerical simu-
lations was performed with a groundwater level of
3.84-m below ground surface. The selected input mo-
tion is adopted from the deconvolution procedure. The
initial record motion is adopted from CHY (002 during
1999 of Chi-Chi earthquake. The process that evaluate
the seismic motion at depth of a soil profile, which can
then be used as input motion in analyzes. We described
the results obtained from 3D seismic response with
considering the behavior of soil in center and edge of
soil. The results were discussed with respect to the
depths, permeability, and ground inclination. In total,
10 simulations were performed to explore different
combinations of permeability and ground inclination
including the original cases (without any improvement).

In the following, the plane are of simulation was 2.8
X 2.8 m (square area). The SC permeability and slope
angle are preasumed to vary from k. = 00001 to 1
m's and =(0°,3°,6°, respectively, for purpose of as-
sessing its influence on the seismic response on SC.
The SC geometric configuration (ie., I X 1) was
adopted a 0.8-m- diameter of SC and R, = 6.41%. In
addition, simulation results were examined for the be-
havior of soils in the center and edge of model.

Numerical simulation
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A series numerical analysis was carried out to in-
vestigate the influences of various factors, including
permeability and ground inclination. Thfumerical an-
alyzes are dominated by deposit sand. In a mitigating
area of large extent, the periodic boundary technique
offers an effective apptffich for employing 3D analyses
(Law and Lam 2001). A multi-yield-surface plasticity
model was adopted for the analysis conducted for this
study based on the constitutive laws applicable to all
types of soils (Prevost 1985). The physical properties
of stone column are presented in Table 1. The seismic
data was based on the earthquake of Chi-Chi (1999)
which has adopted through deconvolution process, as
shown in Fig. 2. The model adopted in numerical ana-
lyzes is shown in Fig. 3.
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Fig. 2. Based input motion of model
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Fig. 3. Schematic plan view and 3D views of numerical sim-
ulation

Table 1. Stone column parameters

Parameters Unit Medium Gravel
Mass density ¥ Mg/m® 19
Friction angle ¢ deg 33
Cohesion kPa 03
PTangle ¢pr deg 27

Contr. parameters c; 0.07
Dilation param. d; 04

Dilation param. d, 2
Liq. parameter {; kPa 10
Lig. parameter [, 0.01
Lig. parameter [ 1
Simulation Results
Soil response of shaking

Fig. 4 shows the acceleration amplitude increases as
the ground inclination become higher, with the largest
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acceleration amplitude observed when the slope is 6°.
However, the highest slope has no longer time to reach
peak acceleration. Indeed, as the SC permeability in-
creases, the acceleration would generally increase in
SC. The acceleration response does not differ much,
hofflever, in the center and edge of model.

The soil near the SC tends to response as a drained
condition when the SC soil type becomes perable. In
accordance, the acceleration slightly reduce as the SC
permeability increases. The evidence that when the soil
in level ground with the highest permeability would re-
duce the acceleration in soil, and hence the soil be-
comes pervious.

Fig. 5 shows the peak amplitudes of spectral acceler-
ation appear to reduce with ground inclination in SC.
The natural period would be decreasing, when the SC
becomes permeable and tends to reduce in spectral ac-
celeration. The results is consistent with that of accel-
eration time history.

Behavior of soil

Fig. 6 shows the excess pore pressure occurred at
various ground inclination (i.e., a = 0° to 6°) and SC
permeability (i.e., kg = 0.001 to 1 m/s). Generally,
the highest SC permeability cause radial drainage re-
sulting in faster dissipation of excess pore pressure. The
level @bund would be decreasing the excess pore pres-
sure, however, this reduction is more significant with
increasing SC permeabiliy. There W been realible ev-
idence that the decreasing in excess pore pressure arises
to be an important factor in restricting deformation to a
potentially tolerable level.

To mitigate severe liquefaction, the SC permeability
was replaced by highest permeability, and would sig-
nificant to r@lice the excess pore pressure at any slop-
ing ground. As expected, the dissipation process irfilhe
original cases, with similar no any improvement, was
highly dependent on soil permeability. On the other
hand, the interaction between SC cause an increase ex-
cess pore pressure in the edge of model. Due to inter-
action effect as mentioned previously, the responses of
excess pore pressure are apparently more “rigorous”
than(flat in center model. It is apparent from the Fig. 6
that the dips in the excess pore pressure response oc-
curredfflh low permeability (ie., k,, = 0.0001 m/s)
which associatedith the dilative response of saturated
soil and reveal low permeability of the soil medium
limits the drainage efficiency of SC.

B&Rwvior of stone column

A summary of lateral displacement occurring during
and aftfthe Chi-Chi earthquake (1999) are shown in
Fig. 7. The lateral displacements are observed to stop
as soon as the seismic ended. The lateral displacement
of SC increases gradually during excitation as the slope
angle increase for original cases. The presence of per-
meability in SC would affect the lateral displacement.

We notice that the increase in permeability would
tend to reduce the lateral displacement in soil. In other
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word, the increase in permebility would be similar to
dissipate excess pore pressure, the lateral displacement
of SC would therefore be reduced severe liquefaction
due to increasing permeability. The effects of peak
ground acceleratify for various sloping grounds show
that the trend of lateral displacement increases as the
peak input acceleration increases. Addition, high SC
permeabilty would be decreasing lateral displacement
more effectivelfjthan level ground, which can also
more efficienly a positive factor from the standpoint of
lower cost.

Fig. 8 shows the maximum lateral displacement of
SC during seismic shaking is examined for the cases
with various permeability at different depths of concern.
The lateral displacement of SC would be decreasing
with depth, suggesting the lateral displacement of SC
due to shaking would be hplified or maximized at the
head of SC. In all cases, the magnitude of ultimate lat-
eral resitance depends on the SC permeability, resulting
in a decrease in the lateral displacement at center of
model as the permeability increase. The increase per-
meability would generally reduce lateral displacement
of'soil by about 16%. The higher of slope angle would
trigger severe movement of soil, however, the replace-
ment of SC permeability would significantly resist lat-
eral displacement due to seismic shaking.

The maximum lateral displacements slightly reduce
as permeability increase from 0.0001 to 1 m/s in level
ground, but, it tends to significantly reduce of its value
when slope angle increase from 0° to 6°. The remedia-
tion of SC permeability is far more effective when it is
conducted in sloping grouffl] against liquefaction-in-
duced lateral displacement. It is related to coincidental
effects of dilative event and driving static shear stress
componentfh the permanent accumulation lateral dis-
placement. This result is those observed for excess pore
pressure.
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Fig. 4. Acceleration time histories with various permeabilities
(0.0001m/s (k1), 0.01m/s (k2), 1.0m/s (k3)) of SC at 7-m
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deep for soils at the center of model.
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Fig. 5. Acceleration response spectra (5% damping) with var-

ious permeabilities (0.0001m/s (k1), 0.0Im/s (k2), 1.0m/s

(k3)) of SC at 7-m deep for soils at the center of model.
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Fig. 6. Excess pore pressure time histories with various per-
meabilities (0.0001 rrnkl ), 0.01m/s (k2), 1.0m/'s (k3)) of SC
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Fig. 7. Displacement time histories with various permeabili-
ties (0.0001mv's (k1),0.01m/s (k2), 1.0m/s (k3)) of SC at 7-m
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Conclusions
This paper was conducted to mitigate the risk of lig-

uefaction and associated ground deformation by stone

column with various factors including permeability and
ground inclination. Major findings are summarized as
follows:

(1) Deconvolution procedure revealed Equivalent-Lin-
ear would generate approximately the same motion
on the within layers.

(2) The acceleration amplitude increases as the both
ground inclination and SC permeability become
higher. Thus, when the soil in level ground with the
highest permeability would reduce the acceleration
in soil, and hence the soil becomes pervious.

(3) The peak amplitudes of spectral acceleration and
natural period would be decreasing, when the SC

495

ISSN 24320528

becomes permeable and tends to reduce in spectral
acceleration.

(4) An increase in ground inclination would generally
increase the excess pore pressure. In other word, in
the level ground would dissipate excess pore pres-
sure, however, the presendfJof SC permeability to
excess quickly dissipation of excess pore pressure.

(5) An increase in SC permeability would generally re-
duce the latdfl] displacement. For any sloping
grounds and lateral displacement increasflJas the
peak ground acceleration increases. The high SC
permeability would decrease lateral displacement
efficiently than that the level ground.
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