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The finite element method using the deterministic model is generally used to predict soil liquefaction due
to earthquakes. However, the deterministic model does not consider the intrinsic spatial variability of natural
ground. This means that a probabilistic approach is necessary because it is impossible to investigate all soil
properties of the target site. Therefore, research on how spatial variability affects dynamic behavior is
required. In this study, liquefaction behavior was compared between stochastic models that applied spatial
variability to the soil deposit and deterministic models. Here, the variable of spatial variability is a relative
density, and both models have the same mean value with a variation coefficient of 0.1. The analyzed model
is the saturated sandy soil deposit with sheet-pile. According to the results of stochastic models, the
horizontal displacement of the sheet-pile and backfill soil were comparable with deterministic model.
However, a large difference from the deterministic model was shown in the pore water pressure results of
the stochastic models. Especially, it is significant in the soil affected by the sheet-pile displacement. As a
result, the spatial variability on dynamic behavior is significant on pore water pressure, not in displacement.
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1. INTRODUCTION

The research on liquefaction, the modeling
through the finite element method, is widely used in
numerical  simulation. However,  numerical
simulation is generally conducted in a deterministic
model. In contrast, the actual ground has spatial
variability even in the case of the site is considered
to be a homogeneous area.

The dynamic behavior such as earthquake, the
spatial variability of the soil properties causes a
difference in the predicted response’. Even if
sampling and measuring the soil properties can be a
solution. However, sampling at every location is
impractical, and the measurement error may not be
able to get exact properties?. Therefore, a
probabilistic analysis is required since the soil
properties of the target site have uncertainty.

According to mentioned above problem,

Liquefaction Experiments and Analysis Projects
(LEAP) is working on verifying the experimental
variation and finding a calibration method. The
LEAP project focuses on comparing the model
experiment with numerical simulation about the
dynamic response of the liquefiable sand deposit®.
In this study, as an extension of the LEAP project,
the LEAP-2020-RPI model is applied, which has a
sheet-pile. By the motivation of the LEAP project,
the theme of this research is an investigation of the
spatial variability effects on dynamic behavior.
Therefore, it is conducted that the dynamic analysis
on 10 cases of the stochastic model base on the
Gaussian field. As the relative density is the variable
of the Gaussian field, it is created randomly with the
same mean value and standard deviation on the
normal distribution. Also, the deterministic models
are 3 cases with mean relative density (4 = D,.60)
and both standard deviation with 0.1 of variation



coefficient (4 + 0 = 60 £ 6). Both cases with 0.1 of
variation coefficient consist the range (D,54 and
D, 66) of the prediction as a criterion of result
examination.

The investigation of the spatial variability effects is
focused on the displacement and the pore water
pressure. The numerical analysis program is the
finite element analysis program of liquefaction
process FLIP. Referring method in this study is
according to Vargas et al.*). it is a two-dimensional

nonlinear finite element analysis for verifying the
effect of dynamic response on liquefiable
heterogeneity sand deposit. Also, it is based on the
Monte Carlo simulation method according to the
method proposed by Popescu et al.”, and the
nonlinearity of the soil is expressed using a strain
space multiple mechanism model® ”. Furthermore,
this research considers effects on the sheet-pile
model, whereas the model of Vargas et al. is
horizontally layered ground.
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Fig. 1 schematic centrifuge test model with prototype scale referred to the LEAP-2020-RPI

2. SOIL PROPERTIES MODELING

(1) Model parameters

The material of the LEAP-2020-RPI is Ottawa F65
sand, and Fig. 1 shows the schematic model.
According to Fig. 1, the different parameter is
applied due to the relative density difference. Each
layer has 60% and 90% of relative density. Also, this
model is given model from the LEAP-2020-RPI.

Table 1 and Table 2 represent the model parameters

density layer is the non-liquefiable layer. Even
though the dense layer can liquefy in the actual soil
deposit, the modeling was conducted to simplify the
comparison of the spatial variability effect for the
liquefiable layer. Also, the spatial variability is
applied only to the backfill soil on the left side of the
sheet-pile (see Fig. 2).

Table 1 Model parameters for deformation characteristics

for the characteristic of the deformation and 7 I(’:aramgter designation 0,60 0,90
. . . . o onfining pressure (kPa) 73.5
dilatancy, respectively. Especially, as shown in Table Gma Shear modulus (kPa) 54118 113,605
2, dilatancy parameters have been set in a 60% K,su, Bulk modulus (kPa) 14,113 296,264
relative density layer. However, the 90% relative pe  Mass density (t/m3) 2.092
density layer has not been established for dilatancy n  Porosity 0.470 0.419
parameters. This shows the 60% relative density #7° Internal friction angle (°) 35.94 48.0
layer is a liquefiable layer, whereas the 90% relative Hpmax Maximum damping constant 0.24
Table 2 Model parameters for dilatancy
Parameter designation D,.60 D,90
bp Phase transformation angle (°) 28.0 -
g™ Limit of contractive component (negative dilatancy) 0.2 -
Tec Negative dilatancy control parameter 1.996 -
Tey Positive and negative dilatancy control parameter 1.136 -

q1 Initial phase of EPWP control parameter in negative dilatancy 1.0 -



q Final phase of EPWP control parameter in negative dilatancy 0.956 -
Ly Power index of bulk modulus of EPWP dissipation parameter 2 -
Tk Bulk modulus reduction factor 0.5 -
S: Small positive number to avoid zero confining pressure 0.005 -
c1 Parameter controlling elastic rage for contractive component 1.874 -
qs Adjust parameter of contractive component in liquefaction 1.0 -
Gus Undrained shear strength in steady state - -
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Fig. 2 Mesh model by finite element method program FLIP and description of each layer

(2) Modeling of spatial variability models

Base on the mesh model shown in Fig. 2, Gaussian
random variables used of the stochastic layer are
based on the spectral density function of two-
dimensional stochastic fields. The spectral density
function is shown in equation (1). The details in Ref”

d,d d>z d?
2. X7y [ Zx . 2 Y 2 1
o yps exp{ <4 Ky + 2 Ky>} €8

Where K = (k, Ky)TiS a wave number vector. In
equation (1), o 1is the standard deviation of
variational in x and y-axis. Also, referring to Nadim
etal.”, d,=10.0m and d,=1.0m were used.

Also, by assuming the zero for the mean value, the
spectral density function of random process® is
derived by equation (2).

Ky Ky
fl,y) = \/EZZAM

X [cos (kax + Ky + CD(l)) @

+ cos (kax —Kyy + CD(Z))]

Where, @y; isanindependent random phase angle
distributed with uniformity between 0 and 27. K,
and K, is the division number for calculating wave

number in x and y direction, respectively. Here, the
A, is the following equation (3)

A = \/ZS(ka; K ) Ay Ak, 3)

where, Ax is an incremental vector of wave
number. The detail is in Ref ¥.

As a result, the stochastic field spatial variability is
following equation (4).

Fx,y) = fin + f(x,y) 4
Spatial variability of the stochastic field is
determined by the sum of the mean value (f;,,) and
the estimated random process f(x,y). Also, F is the
spatial distribution which is stochastic variables of
the soil properties heterogeneity. According to the
above equations, the spatial distribution is shown in
Fig. 3. Also, Fig. 4 shows that the relative density is
expressed as the spatial distribution of the stochastic

variable, and Fig. 5 shows the correlation function.
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Fig. 3 Spatial distribution of relative density for Gaussian stochastic fields
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3. NUMERICAL SIMULATION PROCEDURE

Fig. 2 shows the mesh and boundary condition by
finite element analysis program FLIP. In modeling,

2,999 total elements are created for 20 rows and 80
columns. The total elements are including 1,310 pore
water elements and 26 joint elements. The
parameters for joint elements are shown in Table. 3.
Joint elements parameters are activated for landward
and seaward. Also, the bottom of the sheet-pile joint
element modeled as a free condition for x and y-
direction.

Table. 3 Parameters for joint elements

Symbol Parameter designation Value
d, Friction angle (°) 15
K, Initial vertical rigidity(kPa/m)  1.0E+6
K Initial rigidity for shear 1 OE-+4

direction(kPa/m)

Referring the Vargas et al.¥, Fig. 6 shows the
parameter identification of the finite element
program of liquefaction process FLIP based on the
SPT N value. The detailed explanation is Ref 7.

According to Fig. 7, the 1 Hz, 20 cycles, and peak
ground acceleration (PGA) is 0.15g applied to the
base as the input motion. Also, the input motion is
given data from LEAP.
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Fig. 7 Input ground motion
4. ANALYSIS RESULTS

(1) Lateral displacement of sheet-pile

Fig. 8 and Fig. 9 show the sheet-pile horizontal
displacement of the deterministic and Gaussian
stochastic models. Fig. 8 shows the after-shaking
result of the horizontal displacement for elevation
(investigation point; see Fig. 2). The result of Fig. 8
shows that the Gaussian stochastic model cases were
evenly distributed in the standard deviation range of
the deterministic models.

Also, Fig. 9 is the sheet-pile top horizontal
displacement with time history. The displacement
results after shaking (at 20 seconds), are the same as
Fig. 8. Therefore, Gaussian stochastic models are
distributed inside the standard deviation range of the
deterministic model at the final. However, some
stochastic model results are outside of the standard
deviation range of the deterministic model during
shaking. These differences from the standard
deviation range significantly occur after the input
motion shows peak ground acceleration (PGA).
Furthermore, the average result value of the 10 cases
for the Gaussian stochastic models (green line) is
close to the D,60(u) deterministic model result.
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Fig. 8 Lateral displacement of sheet-pile
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Fig. 9 Lateral displacement of sheet-pile top according to
the time history

(2) Lateral displacement of backfill soil

Fig. 10 shows the lateral displacement of the
backfill soil. According to Fig. 2, the investigation
lines are 5.56 m and 1.52 m to the left from the sheet-
pile.

First, 5.56 m to the left from the sheet-pile, as
shown in Fig. 10 (a), is a small enough effect of the
sheet-pile displacement. Second, 1.52 m to the left
from the sheet-pile is directly affected by the sheet-
pile displacement, as shown in Fig. 10 (b).

Considering the model scale for horizontal length is
20.2 m, Fig. 10 (a) shows that spatial variability of
relative density does not significantly affect
displacement where far enough from sheet-pile. The
most considerable difference outside from
deterministic model standard deviation range is
about 1 cm. Also, the case of the displacement at
nearby the sheet-pile, as shown in Fig. 10 (b), shows
a larger difference. There is almost a 5 cm difference
at 4 m deep from the surface. However, this can also
be assumed as a small difference, and determining a
similar result with the D,60(y) deterministic
model is possible by considering the stochastic
model's average result value for prediction.
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(b) Left 1.5 m from the sheet-pile
Fig. 10 Lateral displacement of medium part of the backfill soil

(3) Excess pore water pressure ratio

According to Fig. 2, the investigation point of the
pore water pressure is 3 m depth from the surface.
Also, Fig. 11 (a) and Fig. 11 (b) show the pore water
pressure results for x-direction, 4.6 m, and 0.78 m
away from the sheet-pile to the left, respectively (see
Fig. 2).

After shaking, Fig. 11 (a) shows that the Gaussian
stochastic models show similar results to the
D, 60 (u) of the deterministic model. However, the
accumulation process has a large difference. This is
considered the different spatial variability for each
case affected by the dynamic motion.

Fig. 11 (b) shows a significant difference in the
results of stochastic models, whereas there is no

large difference in the case of the deterministic
models. However, unlike Fig. 11 (a), sheet-pile
displacement effects at Fig. 11 (b) investigation point.
This leads to the volume change of the soil due to the
constraint force decrease. Also, the decrease of the
constraint force by sheet-pile displacement induced
the negative value of pore water pressure. Therefore,
the result variation by the spatial variability effect is
significant, especially when there is a volume change
of soil. Fig. 12 shows the distribution of the pore
water pressure after-shaking for every case.
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Fig. 12 Distribution of pore water pressure after shaking

5. CONCLUSION

As an extension of the LEAP-2020-RPI, the effect
of spatial variability on dynamic behavior is
investigated by comparing deterministic and
stochastic models to verify experimental variation.
The spatial variability is based on the Gaussian
stochastic field, and the variable is relative density.
Also, the variation coefficient for the mean value is
0.1.

First, the spatial variability is not significant for
the horizontal displacement. For the displacement of
the sheet-pile top, the results of the stochastic models
were within the standard deviation range of the
deterministic homogeneous models. Even though for
the backfill soil displacement, the 5 cm difference
from range in some cases is not significant
considering that the horizontal length of the model is
20.2 m. Therefore, spatial variability should be
regarded for prediction, but not highly important.
Also, the variation coefficient of 0.1 can cover the
displacement results.

Second, the spatial variability is significant for the
pore water pressure. In the case of a sufficiently far
distance from the sheet-pile, there is a large
difference during shaking, even the after-shaking
result covered by the standard deviation range. In
addition, the standard deviation range cannot cover
the pore water pressure nearby the sheet-pile
displacement due to the volume change of soil.
Therefore, a variation coefficient of 0.1 is not enough
in the case of the pore water pressure.
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