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Abstract

Installation oF Stone Column (SC) is a promising ground improvement technique to mitigate liquefaction hazards in sand stratum.
In this study, a three-dimensional (3D) Finite Element (FE) analysis was used to simulate a centrifuge experiment on the mitigation
of silty sand strata liquefaction using SC approach. The predicted response of the silty sand and SC matched the experimental data
well. The overall site-stiffening effects due to the installed SCs as well as the distributions of the shear stress and shear stress
reductions were evaluated. A parametric study was conducted to investigate the effect of the SC permeability and the surface load at
the SC zone on the effectiveness of liquefaction mitigation. The results showed that the SCs behaved in a combined shear and flexure
mode. Furthermore, the SCs with permeability exceeding a threshold value can dramatically decrease the liquefaction hazard. On the
other hand, larger surface load did not prevent soil liquefaction and produced negligible benefits in stiffening. The present study
further enhances the current understanding of the effectiveness of SC remediation approaches in the silty sand.
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1. Introduction

Liquefaction can cause major damages and destruction to
foundations and associated building, bridge, and embankment as
reported in past earthquake events around the world (Adalier et
al., 2003; Baez and Martin, 1995; Mitchell, 2008). Several methods,
such as gravel drains/Stone Columns (SCs), densification, and
solidification, are commonly used to reduce the risk of liquefaction
and the associated ground deformation (Baez, 1995; Adalier et
al., 2003; Mitchell, 2008). Among these methods, the SC
technique is preferred for the mitigation of liquefaction hazards
because of its effectiveness and the simple construction involved
(Adalier et al., 2003).

Seed and Booker (1977) initially evaluated the use of SCs for
improving the liquefaction resistance of liquefiable sand. Recently,
extensive research efforts have to assess the effectiveness of SCs
for liquefaction mitigation of the sand using field case histories
(Mitchell and Wentz, 1991), limited centrifuge and shake-table
experiments (Adalier er al, 2003; Martin et al., 2003), and
numerical simulation (Elgamal et al., 2009; Lu et al., 2011).

Generally, improvement of the liquefaction triggering resistance
of soil using SCs can be considered through three mechanisms:
densification, drainage, and reinforcement (Shenthan et al.,
2004). The reinforcement mechanism due to the introduction of
the stiffer SCs is considered to be more effective for silty sand

and non-plastic silty soil, where the combined use of densification
and drainage are difficult to achieve to counteract seismic-induced
liquefaction (Baez, 1995). However, the beneficial effects due to
the installed SCs for the liquefaction mitigation of silty soils have
not been fully addressed yet (Olgun and Martin, 2008; Rayamajhi
etal.,2014).

Moreover, current design practice for the SCs assumes that
stiff columns deform compatibly in shear with the surrounding
soil (Baez, 1995). The implication of this assumption is that the
SCs, being stiffer than the existing soil, would attract higher
seismic shear stresses than the existing soil, thus expected to
improve the liquefaction triggering resistance.

Nevertheless, other studies have concluded that discrete columns
may undergo flexure and shear deformation thus becoming less
effective in the reduction of shear stresses than the shear strain
compatibility assumption implies (Goughnour and Pestana, 1998).
Published researches (Green et al., 2008; Olgun and Martin, 2008;
Rayamajhi ef al., 2014) also suggest that flexure response may
dominate near the ground surface while shear response may
dominate at deeper depths. However, the levels of shear stress
and the strain distributions in the surrounding silty soil have not
been fully understood.

A series of dynamic centrifuge experiments were performed to
further investigate the dynamic characteristics of silty soils with
and without a surface foundation surcharge (Adalier ef al., 2003).
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Recently, 3D FE simulations have increasingly emerged as a
versatile tool to study this issue. In the following sections, an
experiment to be simulated is briefly described. Next, the
numerical modeling procedure used to simulate the experiment
was explained, and the reinforcement effect, shear stress and
strain distributions obtained from the FE results were discussed.
Subsequently, a parametric study was conducted to highlight the
effect of the SC permeability and surface load at the SC zone on
the mitigation of liquefaction. Finally, some insights and conclusions
are drawn.

2. Description of the Experiment

The main principle in centrifuge physical modeling is that a 1/
N (N is level of gravitational acceleration) scale model subjected
to a gravitational acceleration of Ng (g is acceleration of gravity)
experiences the same stress level and stress distribution as the
prototype. Unless otherwise indicated, all dimensions reported in
this paper are given in prototype scale, obtained from the actual
model units following basic scaling relations (Tan and Scott, 1985).

Figure 1 shows a benchmark centrifuge experiment on the
potential mitigation of liquefaction of silt strata by the SCs to be
simulated in this study (Adalier ef al., 2003). The model was
tested at a 50 g gravitational acceleration field. A rectangular
laminar box with flexible walls was used. Ground water table
was at the soil surface initially.

The experimental model consisted of a single 7.8-m thick layer
of saturated silty sand. 100% silt size particulate material (Sil-
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Fig. 1. View of the Centrifuge Experiment (after Adalier et al., 2003)
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Fig. 2. Base Input Motion

Co-Sil 120, Walker and Stewart, 1989) was employed to construct
the ground layer. At a relative density (D,) of 60%, the internal
friction angle of this silty sand is estimated to be 25 degree. Water
permeability of the Sil-Co-Sil 120 Silt tested conventionally in the
1 g laboratory (at D, of around 60%) is roughly 8.67x107* m/s. In
view of the scaling laws applicable to the centrifuge experiment,
the prototype permeability of the salty sand at 50 g is 4.3x10° m/s.

The material representing the SCs was Nevada No. 120 sand
(Arulmoli et al., 1992). The SCs with a void ratio of about 0.62
(about D, of 65%) were prepared for the experiment. Water
permeability of the sand tested conventionally in the 1 g laboratory
(at D, of about 65%) is 5.2x107> m/s (roughly 600 times more
permeable than Sil-Co-Sil 120 Silt) therefore the prototype
permeability of the sand at 50 g should be 2.6x107 m/s. Internal
friction angle of this sand is estimated to be 37 degree.

Overall, 45 SCs that were 1.27 m in diameter were placed
vertically with 2.5 m between their centers at the specified
positions, giving an area replacement ratio (A,) of 20% where the
area replacement ratio is defined as the area of the SC to the
tributary area per SC (Elgamal et al., 2009).

During the testing phase, each SC was encased in a 0.015-m
thick latex membrane. At the SC base, the membrane was sealed
with silicon glue and end-cap circular plastic plates of 0.25-m
thickness and 1.27-m diameter. For detailed descriptions of typical
model preparation techniques, instrumentation, and testing
procedures, the reader is referred to Adalier ez al. (2003).

The model was excited using a sinusoidal base acceleration
with increasing amplitude for 20-cycles and at a dominant
frequency of approximately 1.8 Hz (see Fig. 2). Model response
was measured by miniature transducers, including accelerometers
and pore pressure transducers.

3. Numerical Modeling

All FE simulations were performed using the open-source
computational platform OpenSees (http://opensees.berkeley.edu,
Mazzoni et al., 2009) with the aid of OpenSeesPL as a pre- and
post-processing tool (Lu e al., 2011) to efficiently perform the
simulation using OpenSees.

3.1 Finite Element Model

Typical SCs see Fig. 3 were constructed in a grid pattern to
improve the silt stratum covering the entire building footprint. A
“unit cell” (i.e., a representative area of improved soil) with a
periodic boundary (Law and Lam, 2001) is used to model the
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Stone column

Fig. 3. Improved FE Element Model with Stone Columns: (a) 3D
Isometric View with 1/2 Mesh, (b) Plan View, (c) Stone Col-
umn Layout

remediated area with a large spatial extent.

Considering symmetry considerations, a half-mesh configuration
as shown in Fig. 3 was used to simulate the experiment. The
boundary conditions imposed on the FE model are given below:
(1) the penalty method was used to set equal displacement
degrees of freedom for the corresponding left and right boundary
nodes at any spatial location in the horizontal and vertical
directions (i.e., periodic boundary as imposed by the laminar
box); (2) the inner (symmetric) and outer boundaries were fixed
against out-of-plane displacement but are free to move longitudinally
and vertically; (3) the soil surface was stress-free; (4) the recorded
sinusoidal base acceleration from the experiment (see Fig. 2) was
applied to the base of the FE model along the shaking direction.

The FE modeling of the soil and the SC was conducted using a
20-8 noded, effective-stress solid-fluid fully coupled brick
element (Biot, 1955; Zienkiewicz et al.,, 1990; Lu et al., 2011).
This element is based on the solid-fluid formulation for saturated
soil (Biot, 1955; Zienkiewicz et al., 1990). A total of 20 nodes
were used to describe the solid translational degrees of freedom,
and 8-corner nodes are used to represent the fluid pressure. To
model the experiment satisfactorily, a multi-yield-surface plasticity
constitutive relationship were selected to model the SC and soil
(Elgamal et al., 2003; Parra, 1996; Yang, 2000). In the numerical
analyses, 3% Rayleigh damping was employed for both the
improved and unimproved cases (Rayamajhi ez al., 2014).

3.2 Benchmark Cases SC and SS

A parametric study on the material parameters was performed,
and Table 1 shows the parameters for the silty sand and the SC
used in the FE model which produced reasonable agreement
with the experimental data. Based on these parameters, the SCs
were employed to improve the performance of the silt stratum
using the benchmark models as Case SC. Meanwhile, the silty
sand case (Case SS) represents the benchmark of the original
unremediated situation. The results of Case SS serve as a
reference for the free-field response.

Vol. 00, No. 0 /000 0000

Table 1. Soil Model Parameters

Sil Gravel sand
Parameters ty (used for stone
soil
columns)
Mass density (kg/m’) 1700 2000
Low-strain shear modulus G, 15.7 785
(at 80 kPa mean effective confinement, MPa) ) ’
Friction angle ¢ 25° 37°
Liquefaction yield strain y, 0.005 0
Contraction parameter c, 0.15 0.05
PT angle 57 23° 30°
Dilation parameter d, 0.2 0.4
Dilation parameter d, 10 10
Permeability (m/s) 43x107%  2.6x107°

4. Results of Benchmark Case SC

Figures 4 and 5 illustrate the computed and experimental
excess pore pressure (u,) and acceleration time histories of the
silty soil, respectively. The computed and experimental acceleration
and u, within the SC are shown in Fig. 6.

The numerical and experimental excess pore pressures at two
depths were in close agreement with each other. The #, accumulation
initially was rapid and reached a peak, and subsequently attained
a nearly constant high level up to the end of shaking (Fig. 4). It
implies that full liquefaction at these depths was reached after
about 12-16 cycles of shaking. However, the maximum excess
pore pressure ratio, r,, which is the ratio of the #, to the initial
overburden vertical effective stresses attained inside the SC (Fig.
6) at a depth of 4.0 m was less than 0.5, followed by a relatively
quick reduction of the #, after around 9.5 s.

As seen from Fig. 5, the benchmark model simulated the
experimental acceleration at the depths of 4.3 m and 6.7 m well.
The accelerations of the silty sand at a depth of 4.3 m began to
significantly decrease upon the onset liquefaction. Similarly, the
acceleration of the SC appeared to increase and then vanish until
the shaking ended. However, the amplitude of the soil accelerations
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2.0 m depth (P7) |

Excess pore pressure (kPa)

6.7 m depth (P2) 1
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. 4. Experimental and Computed Excess Pore Pressures of the
Silty Sand for Case SC (the initial effective vertical stresses
for depths of 2.0 and 6.7 m are 14 and 46.9 kPa, respec-
tively)
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Fig. 5. Experimental and Computed Accelerations of the Silty
Sand for Case SC

at 6.7-m depth near the bottom of the soil was gradually
increased until the end of shaking. The magnitude and shape of
the computed and recorded accelerations were similar to those of
the base motion.

5. Parametric Study

5.1 Reinforcement Effects of the SCs

The results of Cases SS and SC are compared to investigate the
reinforcement effects due to the SCs. Fig. 7 shows the acceleration
time histories of the silty sand for Cases SC and SS. The u, time
histories of the silty sand are presented in Fig. 8 for Cases SC and
SS. Some noticeably different behaviors were identified in Cases
SS and SC. In Cases SC and SS, soil softening due to the u,
initially accelerated the amplification of acceleration in the silty
soil prior to liquefaction. However, the soil accelerations appeared
to decrease upon liquefaction because of the reduction of soil
stiffness. In addition, subsequent acceleration attenuations were
observed earlier in Case SS relative to Case SC. At a depth of 6.7
m, no attenuation can be observed in the silty soil for Case SC.

The time histories of excess pore pressure in the upper half of
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Fig. 6. Experimental and Computed Acceleration and the Excess
Pore Pressure in SC for Case SC (the initial effective verti-
cal stress at a depth of 4 mis 40 kPa)
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Fig. 7. Acceleration Time Histories of the Silty Sand for Cases SC
and SS
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Fig. 8. Excess Pore Pressure Time Histories of the Silty Sand for
Cases SC and SS (the initial effective vertical stresses at
depths of 2.0, 3.4, 4.3, and 6.7 m are 14.0, 23.8, 30.1 and
46.9 kPa, respectively)

the silty sand in Cases SS and SC were similar (Fig. 8). However,
the u, generation rates in the bottom-half of the silty sand were
different between Cases SS and SC. Apparently, the SCs induced
a marginal effect in retarding the rise in #, in the silty sand below
approximately 4.3 m.

The entire silty stratum was completely liquefied in Case SS,
whereas, only the upper half of the stratum was liquefied in Case
SC. Furthermore, as compared to Case SS, an additional two or
three shaking cycles at the top half of the silt stratum were
required for liquefaction and significant strength degradation to
occur in Case SC.

Consequently, although liquefaction in the upper half of the silt
stratum could not be prevented by the installation of SCs under
the strong input motion, the mitigated ground was considerably

KSCE Journal of Civil Engineering
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more resistant to liquefaction than the unimproved uniform silty
sand because more shaking cycles were required to attain soil
liquefaction. This resistance contributed to the increased overall
stiffness of the improved ground.

5.2 Shear Stress and Strain Distributions

5.2.1 Deformation Behavior

Figure 9 shows the shear strain () and flexure () deformation
of the SC for Case SC. As previously observed, the SC behaved
in both shear and flexural modes, which differed from the current
design consideration, which assumes that the SCs and the
surrounding soil only undergo shear deformation during earthquakes.
The shear and flexural deformations initially increased with
depth before decreasing at greater depth. The maximum flexural
and shear deformations appeared at depths of 6.3 and 5.2 m,
respectively. The contributions of the shear deformation were
dominant relative to flexural deformation due to the presence of
the driving shear stress component. A combined shear and flexure
deformation mechanism decreased the shear stress in the surrounding
soil due to shear reinforcement, which should produce a greater
liquefaction resistance in comparison to the current design
consideration.

5.2.2 Shear Stress Distributions

Seed and Idriss (1971) proposed a simplified procedure for
calculating the cyclic shear stress ratio (CSRy) for liquefaction
triggering evaluations of unimproved soils (Rayamajhi et al.,
2014). This procedure is expressed in the following equation:

CSR, = 32U = 0.65(‘—’%—"’) (ﬁ)rd, " (1)
oy g /\o;

where 7, is the average cyclic shear stress of the soil, o) is the

effective vertical stress of the soil, o, is the total vertical stress of

the soil, ay,. v 1S the maximum ground surface acceleration, 7, /1S

the shear stress reduction coefficient (7, = (Zna)a o/ (Tma)r.v 5

(Tma)rv = 7' Z8max v )s (Tmax)av 15 the maximum shear stress, and
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Fig. 9. Shear and Flexure Deformation Patterns of the SC for
Case SC
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7' is the effective unit weight of the soil.
Similarly, the CSR for the improved ground (CSR;) was obtained
using Eq. (2),

CSR,= g-’ = 0.65(“"‘?“”)(%:%, @)
where dy,, ; could be evaluated by using the average area-
weighted ground surface acceleration. The r,; parameter is a
stress reduction coefficient that considers the flexibility of the
SC. r,= 1 indicates rigid body behavior.

The ratio of CSR; to CSRy, is called as the “CSR Reduction
Factor” and is related to the dependent-depth and the ratio of the
maximum ground surface accelerations as follows:

CSR Aax 1\ (7,
Rese = Cs RzI/ = (_IJ(AJ = Ra,maera’ 3)

amax, N d, L

where R,, is the ratio of the shear stress reduction coefficient for
the improved and unimproved soils, and R, . is the ratio of the
maximum ground surface acceleration. The two main effects of
the SCs that result from shear and flexible deformations can be
distinguished using Eq. (3).

The ratio of the shear strains between the SC and the
surrounding soil is expressed as the shear strain ratio (). Fig. 10
presents the profiles of R,, and y for Case SC. A lower R,
indicates a lower ground liquefaction potential. The R,;and
vary spatially with vertical and horizontal location. The average
R,;decreases linearly with depth. The shear stresses of the silty
sand near the SC perimeter are slightly different from those that
are not neighboring the SC on the x-axis. Nevertheless, the soil
near the SCs sustains lower shear stress than the soil that is not
close to the SC and is perpendicular to the shaking direction. The
shear stresses of the surrounding soils parallel to the shaking
direction are greater than those perpendicular to the shaking
direction. Overall, the shear stress level of the surrounding soil is
reduced by the installed SCs.

Similarly, the 7 of the surrounding soil region near the SC
parallel and perpendicular to the shaking direction [Fig. 10(b)]
tends to increase linearly with depth from the ground surface. In
addition, j, increases from approximately 0.05 at the ground
surface to approximately 0.8 at a depth of 7.8 m. The soil
experiences greater shear strain near the SCs than away from the
SCs along the y-axis. In contrast, the shear strains of the soils are
lower near the SCs than the shear strains of the soils that are
further away from the SC on the x-axis. Generally, the SCs
decrease the shear strain of the soil and restrict lateral ground
deformation.

5.3 Influence of the SC Permeability

Additional numerical analyses were conducted to consider the
variation of the SC permeability using the parameters given in
Table 1. Apart from the benchmark case with a permeability of
2.6x107 m/s, cases with permeability of 2.6x107, 2.6x107, 2.6
x107 and 2.6 x 10~ m/s were also considered.

Figures 11 and 12 respectively compare the u, and the ground
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surface acceleration time histories of the silty sand around the SC
perimeter for the five cases of different permeability. For the SC
with the two highest permeabilities (i.e., 2.6x10™" and 2.6x107
m/s), the u, accumulation was low, and the soil did not liquefy.
This reduction or lack of %, accumulation maintained the effective
soil confinement and explained why little attenuation behavior
was observed at the ground surface as well as the lack of
weakening of the soil strength and stiffness during the shaking.
These result in a lower u, because of the good drainage provided
by the SCs.

Nevertheless, when the permeability was lower than 2.6x107
m/s, the influence of the permeability on the u, in the silty sand
was not obvious. The only difference was that the #, fluctuations
and spikes in the cases with permeabilities of 2.6x10~ and
2.6x10™* m/s were more pronounced than in Case SC. In addition,
obvious attenuation was observed in the ground surface accelerations
for the cases with permeabilities of less than 2.6x107 m/s.

—6—
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Fig. 12. Influence of the SC Permeability on Surface Accelerations
of the Silty Sand at the Edge

Similarly, the reinforcing effects in Case SC effectively reduced
the u, generation in the silty sand below 4.3 m. These effects
were similar to those observed in the cases with the permeabilities
less than 2.6x10 m/s, as shown in the u, response. High
permeability could significantly reduce the buildup of u, in silty
sand when the permeability was greater than 2.6x10~ m/s. In
addition, liquefaction was completely avoided in the silty sand
by the installed SCs with greater permeabilities, which resulted
in faster water drainage.

5.4 Influence of Surface Load in the SC Zone

Figures 13 and 14 show the influences of the surface load at
the SC zone in the range from 20 kPa to 80 kPa on the excess
pore pressures and the ground surface accelerations of the silty
sand at the SC edge, respectively.

Overall, slightly stronger surface accelerations were observed
in the silt stratum for the cases with relatively larger surface
loads (Fig. 14). Likewise, similar behavior of the ground surface
accelerations was found under various surface load, which was
followed by an attenuation phase due to the u, accumulation
following a few shaking cycles. A larger surface load produced a
slight increase in beneficial ground acceleration. Greater surface
load slightly enhanced the stiffening effect of the SCs and the
transmission (and amplification) of the base accelerations to the
surface. Thus, using SC with an increased surface load could
enhance the overall foundation stiffness.

Larger loads significantly influenced the u, at shallower depths

KSCE Journal of Civil Engineering
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and resulted in a negative u, trend (Fig. 13). At greater depths,
excess pore pressures were insensitive to the surface load.
Nevertheless, cyclic mobility was highly enhanced in the silt
stratum with increased load, especially at greater depths. An
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intense negative u, build-up was observed at the SC perimeter
near the ground surface. However, positive #, spikes were found
at greater depths and increased with depth.

6. Conclusions

A 3D FE analysis was conducted to simulate a centrifuge
experiment on liquefaction mitigation of silty soils using SCs.
The effectiveness of SC mitigation was explored by varying
several key parameters. The main findings from this study are
summarized below.

1.The FE analysis of the calibrated model produced the domi-
nant liquefaction mechanisms of the SC reinforced silty
sand stratum and agreed reasonably with the experimental
measurements.

2.The SCs in the silty sand deformed in both flexural and
shear modes, in contrast to the current design consideration
that assumes pure shear deformation in the SC. In addition,
the ratio of the improved to unimproved R,; depended on the
vertical and horizontal location.

3. In general, stiffer responses were observed for the SC remedi-
ated silty stratum relative to the unimproved stratum. However,
full liquefaction in the upper-half silt stratum was not averted.

4. The SCs could substantially retard the build-up of u, through-
out silty stratum and significantly reduced the soil accelera-
tion attenuations when the SC permeability is higher a
critical value. Likewise, the SC with low permeability did
not effectively inhibit the rise in #, in the silty sand, espe-
cially near the ground surface, thereby not achieving the
benefits for mitigating liquefaction hazard.

5. The stiffening benefit due to the larger load applied at the
SC zone was slight but produced attenuation-type accelera-
tion once the stratum was fully liquefied. However, the
build-up of u, decreased somewhat with increasing depth.

6. Additional experimental data and parametric studies are
needed to explore site-specific liquefaction mitigation strate-
gies with SCs. In addition, a revised design equation should
be proposed to estimate the shear stress reduction due to the
introduction of the SCs.
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Notations

amas= The average area-weighted ground surface acce-
leration
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Amaxy= The maximum ground surface acceleration
CSRy= Cyclic shear stress ratio
g= The gravity acceleration
R, mx= The ratio of the maximum ground surface acce-
leration
Resr= CSR Reduction Factor
R,;= The ratio of the shear stress reduction coefficient
ryr= Stress reduction coefficient
r,u= The shear stress reduction coefficient
7, y= The average cyclic shear stress of the soil
o. = The effective vertical stress of the soil
o, = The total vertical stress of the soil
(Zmax)e,v = The maximum shear stress
7' = The total unit weight of the soil
%= Shear strain ratio
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