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ABSTRACT: In this study, the effect of improved soil zone on the liquefaction response is
investigated through a series of numerical analyses performed by Deepsoil and OpenSees. For
this purpose, a hypothetical improved liquefiable soil site with varying improvement depths is
created and the effect of thickness of the overlying improved soil zone on liquefaction
response is analyzed by evaluating the peak ground acceleration, max. horizontal displace-
ment, shear strain and factor of safety against liquefaction with depth. As a result of the per-
formed analyses, it is seen that the existence of an improved soil zone above the liquefiable
soil layer does not influence the liquefaction response of the underlying liquefiable soil layer.
The overall analysis results revealed that the improved soil crust and underlying liquefiable
soil layer behaves separately because of the rigidity difference and the earthquake motion’s
characteristic has an essential impact on damage assessment.

1 INTRODUCTION

Liquefaction has become one of the most investigated earthquake-induced phenomenon with
Niigata and Alaska earthquakes which caused severe damage in 1964. Since that time, the effects
of local soil conditions on ground shaking has grown into a crucial topic in the assessment of
vulnerability (Van Ballegooy et al. 2012, Maurer et al. 2015, Towhata et al. 2016). The know-
ledge about vulnerability has importance in terms of earthquake resistant design of geotechnical
structure and superstructures. For this purpose, researches are focused on finding methods to
mitigate liquefaction by soil improvement techniques. Stone columns, rammed aggregate piers,
jet-grout columns and soil injection methods are the improvement methods that are most com-
monly used in geotechnical engineering practice for reducing liquefaction related hazards. As a
result of soil improvement carried out at the liquefiable soil site, an improved soil zone that
behaves as an unliquefiable soil crust is created. Unfortunately, due to limited case histories and
some limited centrifuge model tests, there is a lack of information regarding the performance of
sites improved against liquefaction and the effect of overlying improved soil zone on the liquefac-
tion response. For a better understanding of the relationship between the soil characteristics and
earthquake manifestations, Ishihara (1985) presented functional graph which includes effect of
peak ground acceleration and depth of non-liquefiable soil crust on liquefaction occurrence.
Even though some researches showed that the graph suggested by Ishihara (1985) is still valid,
since the earthquake parameters such as frequency content and intensity or system response of
liquefiable soil deposits cannot be included in the graph, there is still need to investigate the effect
of unliquefiable soil crust on the liquefaction potential.
In order to assess the response of the liquefiable soil stratum under nonliquefiable crust

during an earthquake loading, ground response analyses can be conducted. These analyses
could be performed in both time domain and frequency domain with different methods such as
linear, equivalent linear and nonlinear depending on numerical tools and the input parameters.
Since all of the methods have their own advantages and some limitations, the selection of
methods should be done properly. In consequence of the nonlinear behavior of soil due to the
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large strain levels under earthquake loading, the linear method is not able to model the soil’s
changing strain-dependent dynamic parameters. To neglect the limitations of linear method and
include the nonlinear behavior parameters of soil, an approach has been made by researchers
called equivalent linear method (Schnabel 1972). Even though the equivalent linear modelling
simply approximates the real site behavior, it has also unfavorable assumptions such as the
dynamic properties are changing only compatible with strain but not with time and the limita-
tions related to soil layering. Among the methods, nonlinear analysis comes forward because of
its realistic approach to site response since the effect of cyclic loading assumed that dynamic
properties change also with time not only with strain however its procedure is complex.
In this paper, in order to see the effect of improved soil zone on liquefaction potential, a lique-

fiable hypothetical soil profile with a depth of 15 m is investigated through varying improve-
ment depths. The non-liquefiable soil crust is represented by the improved liquefiable soil strata
in the analysis carried out by 1D and 3D nonlinear ground response analyses and the outcomes
of the analyses were evaluated in terms of the peak ground acceleration, maximum horizontal
displacement, seismic shear strain and factor of safety against liquefaction with depth. 1D and
3-D analysis were performed by Deepsoil v7.0, OpenSees, respectively. As a result of conducted
site response analyses, it is seen that the response of soil profiles to dynamic loading both for
the improved and unimproved case are affected by the earthquake motions characteristics such
as frequency content and Arias Intensity. Besides the earthquake characteristics, analysis results
showed that the effects of improvement can be only seen in the improved area which means that
the liquefaction response of soil strata are not affected by the overlying improved soil zone.

2 NUMERICAL MODEL

In this study, a series of nonlinear (NL) 1D and 3D ground response analyses are performed
with programs Deepsoil v7.0 and OpenSees. A hypothetical soil profile is used in the numer-
ical analyses which consists of a loose liquefiable soil layer with a relative density (Dr) of 40%
and a dense sand layer with a Dr of 90%. To eliminate the effect of impedance ratio and pro-
vide a realistic approach to modelling the real site conditions, a transition zone (dense sand
layer) has defined between liquefiable soil and bedrock in the analyses. A rigid bedrock is
selected at the base of the profile with a shear wave velocity of 760 m/sec. The ground water
table (GWT) is located at the ground surface for the unimproved soil condition. In case of the
improved soil condition, GWT is lowered to column base with regarding to column height. A
sketch view of the hypothetical soil profile and numerical models are presented in Figure 1.
To simulate an improved zone in Deepsoil, an equivalent soil layer is created by considering
properties of the high modulus column. In this paper, diameter and area replacement ratio,
Ar, (Ar= Ac/A, here Ac =stone column area, A =total plan area) of the columns are selected
0.8 m and 20%, respectively. The shear modulus ratio (Gr) (i.e., the shear modulus of the
column (Gc) divided by the shear modulus of the surrounding soil (Gs)) is assumed to be 10.
A unit cell view of the improved soil is illustrated in Figure 2a.

Figure 1. Numerical modeling of the unimproved soil profile (Case I), (a) hypothetical liquefiable soil
profile, (b) 1D Deepsoil model, (c) 3D OpenSees model.
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In the simulation, liquefiable loose sand is improved with varying column lengths of 3 m, 5
m, and 10 m and assumed an unliquefiable crust zone is formed (Figure 2). Numerical ana-
lyses separated into four steps; Case I- unimproved soil, Case II- improved soil with 3 m
depth, Case III- improved soil with 5 m depth, and Case IV- improved soil with 10 m depth.
After the soil improvement, the relative density of the improved loose sand is assumed to be
increased to 70% (N1,60 =23). The other properties of the improved zone such as equivalent
density (ρeq) and equivalent shear wave velocity (Vseq) are obtained by Equation 1 and 2.

ρeq¼
ρsoilAsoilþρcolumnAcolumn

Atotal
ð1Þ

Vseq¼
VssoilAsoilþVscolumnAcolumn

Atotal
ð2Þ

Based on the Equation 1 and Equation 2, the equivalent density is 2.2 g/cm3 and the equivalent
shear wave velocities for Case II, Case III and Case IV are 273, 278, and 286 m/s respectively. In
order to make a direct comparison with the results of the 1D Deepsoil and OpenSees analyses, a
shear beam model is used to simulate 1D free-field response in the OpenSees model (Figure 1c).
The 1995 Kobe earthquake and the 1980 Mammoth Lakes earthquake records are selected as

input motions in site response analyses for the present study. Records are scaled to peak ground
acceleration (PGA) to 0.30g and using Fourier transform, dominant frequencies of the records
are found to be 1.45 Hz for the Kobe and 2.42 Hz for the Mammoth Lakes events (Figure 3).

3 NONLINEAR GROUND RESPONSE ANALYSES

The effect of site conditions could be analyzed through linear, equivalent linear and nonlinear
ground response analyses by numerical programs. Among the site response analyses, linear

Figure 2. (a) Unit cell view of the improved soil, (b) actual view of the improved profile for different
column length, (c) simulation view of the improved soil as an unliquefiable equivalent zone.

Figure 3. Acceleration time histories, Arias Intensity and Fourier amplitudes of the input motions, (a)
the Kobe earthquake, (b) the Mammoth Lakes earthquake.

2062



method assumes the dynamic properties of soil such as normalized shear modulus and damp-
ing ratio constant for each layer and strain independent while equivalent linear method
includes the effect of strain dependent properties but accepts soil layer as a linear visco-elastic
material. Owing to the drawbacks of aforementioned methods above, time domain nonlinear
analysis distinguishes from all of them with its ability to modeling the realistic stress-strain
behavior of soil. In this paper, nonlinear site response analyses are carried out for the hypo-
thetical soil profile using Deepsoil v7.0 and OpenSees programs.

3.1 Nonlinear 1D analysis by Deepsoil

Deepsoil is a one-dimensional site response analysis program that can perform 1-D nonlinear
time domain analyses with and without pore water pressure generation, and 1-D equivalent
linear frequency domain analyses without pore water pressure generation (Hashash et al.
2017). In this paper, nonlinear time domain analysis was conducted to evaluate PGA, max-
imum displacements, the seismic shear stress, the seismic shear strain, and factor of safety
against liquefaction with depth.
Soil profile was constituted by 1m-thick sublayers with a total depth 15 m in order to

achieve maximum cut-off frequency criteria. In order to obtain the shear wave velocity of the
profile, the small-strain shear modulus (Gmax) variation with depth of the soil were calculated
with Equation 3 purposed by Seed & Idriss (1970). In this formula, Gmax is a function of in
situ mean effective stress (σ′

m) and K2,max;

Gmax ¼ 220�K2;max � σ
0
m
0:5

ð3Þ

The soil’s shear wave velocity was then estimated using Equation 4 and showed in Figure 4:

Vs¼

ffiffiffiffiffiffiffiffiffiffiffi

Gmax

ρ

s

ð4Þ

where ρ is the soil mass density in units of gr/cm3.
The modified Kondner and Zelasko (MKZ) model (Matasović & Vucetic 1993) which is a

widely preferred nonlinear soil model was used with non-Masing criteria in order to define the
soil backbone characteristic and cyclic loading-unloading behavior. To determine the dynamic
properties of the cyclically loaded soil profile, the shear modulus reduction and damping ratio
curves proposed by Darendeli (2001) are chosen for this study. For the fitting procedure of
the equivalent dynamic properties to nonlinear hysteretic behavior, MRDF-Darandeli reduc-
tion factor was applied. In order to fulfill the implied shear strength criteria of the soil, the

Figure 4. Vs, maximum frequency, and implied shear strength profile of the unimproved soil used in the
analyses.

2063



original Darendeli curve was adjusted using procedure described by Hashash et al. (2010)
(Figure 4). Viscous damping formulation is important to model small strain damping in non-
linear analysis. In this study, a frequency independent damping formulation proposed by Phil-
lips & Hashash (2009) was used to take into account the viscos damping.

3.2 Nonlinear OpenSees analysis

The 3D soil column model shown in Figure 1c was developed with in OpenSees program to
model nonlinear site response. The model consists of 3D eight-node BrickUp elements with three
translational degrees-of-freedom. Since shear beam approach was used in the model the nodes of
each element at same elevations were constrained to have equal displacement in three directions.
The horizontal directions (x and y) are set to a length of 1.0 m, on the other hand soil elements
of 0.5 m thickness were used in the vertical direction (z). The constitutive nonlinear behaviors of
the loose and dense sands were captured by the PressureDependMultiYield (PDMY) material
(Elgamal et al. 2002). The parameters needed for the constitutive soil model were determined
based on Opensees manual (Mazzoni et al. 2006) and presented as given in Table 1.
The small strain damping was represented by Rayleigh damping with two controlling fre-

quencies. In OpenSees analyses, 3% Rayleigh damping was introduced to the model between
the controlling frequencies which were the small-strain fundamental frequency of the soil
column (fn) and 5 times the fundamental frequency (fm) (Kwok et al. 2007).

4 SITE RESPONSE ANALYSIS RESULTS

Site response of unimproved and improved hypothetical soil profiles was evaluated through
the results of 1D and 3D nonlinear analyses in terms of PGA, seismic shear stress, max. hori-
zontal displacement (ux), seismic shear strain (γ) and the factor of safety against liquefaction
(FS) with depth under two different earthquake loadings.

In order to evaluate the effect of improvement on liquefaction potential, the values of factor
of safety against liquefaction are computed based on simplified procedure (Seed & Idriss
1971) for improved and unimproved cases. The value of factor of safety against liquefaction
can be calculated from the cyclic stress ratio (CSR) and the cyclic resistance ratio (CRR) as
shown in Equation 5. Here, A magnitude scaling factor (MSF) is used to adjust the CSR to a
specific value of the earthquake magnitude.

Fs¼
CRR
CSR

MSF ð5Þ

The CSR values are computed by using the stress ratio (τcyc/σ׳v) obtained from numerical
analyses and CRR values are computed by Equation 6 below:

Table 1. PDMY02 model parameters for loose sand and dense sand layers.

Variable Symbol Loose sand Dense sand Unit

Mass density ρ 1.96 2.05 g/cm3

Octohedral low strain shear modulus Gmax,1,oct 54 115 MPa
Maximum octahedral shear strain γmax,r 0.1 0.1 0.1
Bulk modulus Bmax 141 298 MPa
Pressure dependency coefficient d 0.5 0.5 −

Triaxial friction angle ϕ′PDMY 27 36 (°)
Phase transformation angle ϕPT 22 26 (°)
Contraction parameters c1, c2, c3 0.07, 5.0, 0.2 0.001, 0.5, 0 −

Dilation parameters d1, d2, d3 0.20, 3.0, 0.0 0.400, 3.0, 0 −

Number of yield surface NYS 20 20 −
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CRR ¼
1

34�N1;60
þ
N1;60

135
þ

50

10N1;60þ45
� �2 �

1
200

ð6Þ

In Figure 5, the results computed from Deepsoil and OpenSees analyses are presented for
Kobe earthquake.
In order to see the influence of an unliquefiable soil crust (which is created by increased

rigidity due to improvement) on the seismic response of underlying liquefiable soil layer, the
PGA results obtained from Deepsoil and Opensees analysis under two different earthquake
motions are examined. The PGA results presented in Figure 5 and in Table 2 showed that
although input motion gets deamplified at ground surface for unimproved soil, the increase in
rigidity of loose sand by improvement causes an increase in surface PGA values and results in
amplification of the ground motion. The effect of improved soil zone on the maximum hori-
zontal displacement were also evaluated based on the analysis results. As it is seen in Figure 5
and in Table 2, the maximum horizontal displacement at the ground surface computed from
Deepsoil are very close to each other (in the range of 18.0-19.4cm and 4.5cm-5.3cm for Kobe
and Mammoth Lakes Earthquakes, respectively) for unimproved case and for improved cases
where improvement depths are 3m and 5m. The effect of improvement on max. horizontal
displacement (ux) is seen to decrease when the liquefiable soil layer is completely improved
(i.e. improvement depth is 10m). On the other hand, from the evaluation of Opensees analysis
results, it is seen that max. horizontal displacements at the ground surface decrease as the
depth of improved soil zones increase. In order to see the effect of unliquefiable soil crust on
the seismic shear strains that develop in the liquefiable soil layer, the shear strains computed
from the analysis are also evaluated. The variations of shear strain with depth for improved
cases show that there exists an abrupt increase in the shear strains at the interface of liquefi-
able soil layer and overlying improved soil zone. This abrupt change in the seismic shear

Figure 5. Results computed form Deepsoil and OpenSees analyses under Kobe Earthquake.
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strain at the interface indicates that upper unliquefiable soil layer and underlying liquefiable
soil behave separately. The examination of shear strain variations with depth also show that
the maximum shear strains get reduced only in depths where improvement has been per-
formed and presence of an unliquefiable soil crust does not play role for reducing the seismic
shear strains that generated in the liquefiable soil layer. Additionally, the effect of creating an
unliquefiable soil crust by soil improvement is also investigated by computing the values of
factor of safety against liquefaction with depth. The variations of factor of safety against
liquefaction with depth are shown in Figure 5 and the maximum of the factor of safety values
are given in Table 2. From the computed factor of safety values for each case, it is understood
that liquefaction potential reduces only at depths where soil improvement has been performed.
Additionally, despite the varying improvement depths created in the soil profile, both Deep-
soil and Opensees analysis showed that the non-occurrence of liquefaction can be only
achieved by entire improvement of the liquefiable soil layer. As a consequence, considering
both analysis results it can be said that the improvement of liquefiable soil layer influences
only the zone where improvement has been performed and the existence of an improved soil
zone above the liquefiable soil layer does not influence the liquefaction response of the liquefi-
able soil layer by causing a positive change in the variations of horizontal displacement (ux),
seismic shear strain (γ) and factor of safety against liquefaction with depth.
In order to see the effect of different frequency and Arias Intensity characteristics on the

seismic response of improved and unimproved liquefiable soil layers, the maximum horizontal
displacement (ux), maximum seismic shear strain (γ) and factor of safety against liquefaction
values computed from both Deepsoil and Opensees for Kobe and Mammoth Lake earth-
quakes are compared with each other. As seen from Table 2, the effect of earthquake motion
with the same peak acceleration, but with different frequency content and Arias Intensity can
be seen clearly. Due to its higher Arias Intensity, the liquefaction effects in terms of maximum
horizontal displacement and seismic shear strains computed with Kobe earthquake motion
are almost twice of the results computed with Mammoth Lake earthquake motion. Based on
the factor of safety against liquefaction results, since the Mammoth Lake earthquake has less
destructiveness due to its low Arias Intensity, the resistivity of the soil profiles against lique-
faction increase.

5 CONCLUSIONS

The response of a 15-m thick soil profile with varying improved layer thicknesses was investi-
gated through 1D and 3D site response analysis with equivalent soil properties under different
input motions. The results were evaluated by going through PGA, max. horizontal displace-
ment (ux), seismic shear strain (γ) and the factor of safety against liquefaction (FS) with depth

Table 2. Comparison of maximum values of Deepsoil and OpenSees analysis results during Kobe and
Mammoth Lakes events (Deepsoil/OpenSees).

Kobe PGA ux (cm) γ (%) CSR CRR Fs

Case I 0.23/0.22 19.40/14.00 6.90/2.80 0.23/0.19 0.10/0.10 0.42/0.48
Case II 0.26/0.28 19.00/7.00 4.30/2.50 0.15/0.12 0.26/0.26 1.65/2.11*
Case III 0.28/0.28 18.00/4.50 6.50/3.10 0.17/0.12 0.26/0.26 1.51/2.10*
Case IV 0.34/0.29 6.00/0.50 1.60/0.10 0.22/0.13 0.26/0.26 1.15/2.00

M. Lakes PGA ux (cm) γ (%) CSR CRR Fs

Case I 0.14/0.16 5.30/5.00 3.30/1.60 0.11/0.12 0.10/0.10 0.85/0.80
Case II 0.13/0.18 4.90/2.30 2.60/2.30 0.09/0.08 0.26/0.26 2.97/3.38*
Case III 0.15/0.19 4.50/3.00 2.40/2.30 0.08/0.08 0.26/0.26 3.08/3.13*
Case IV 0.20/0.32 2.90/0.40 0.70/0.05 0.11/0.14 0.26/0.26 2.45/1.85

* For the Case II and III, Fs values represent the maximum values of the improved zone.
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under two different earthquake loadings. Considering both analysis results, it can be con-
cluded that the influence of the improved non-liquefiable soil crust is only efficient in the
improved area. The computed variations of shear strain with depth for improved cases show
that there exists an abrupt increase in the shear strains at the interface of liquefiable soil layer
and overlying improved soil zone. This situation indicates that upper unliquefiable soil layer
and underlying liquefiable soil behave separately due to rigidity difference. The analysis results
also show that the existence of an improved soil zone above the liquefiable soil layer does not
influence the liquefaction response of the liquefiable soil layer by resulting in a positive change
in the variations of horizontal displacement (ux), seismic shear strain (γ) and factor of safety
against liquefaction with depth.
Although the numerical analyses are carried out under equivalent soil profile compared to

the 3D soil conditions encountered in the field, the results obtained within this study provide a
baseline for demonstrating the behavior of the improved soil crust and underlying liquefiable
soil layer. Further investigations performed by more detailed 3D analyses will provide better
understanding the influence of improved soil zone on liquefaction response.
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