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ABSTRACT: This paper presents the applicability and application limits of predicting lique-
faction damage for sheet pile structural model using the strain space multiple mechanism
model based on the large deformation theory called “FLIP TULIP”. Specifically, the results
of centrifuge model test conducted on the sheet pile structure model and the stress generated
in the soil-structure interaction numerical model obtained using FLIP TULIP were compared
and examined. As a result, combining the soil and structure with joint elements (Ks = 0),
numerical simulations adequately reproduced experimental results of soil deformation and the
bending moments of sheet pile. Therefore, it was confirmed that the large deformation ana-
lysis provides realistic results.

1 INTRODUCTION

In the 1995 Hyogoken-Nanbu Earthquake, the Kobe Port was hit by strong motions. The ground
motion inflicted significant damage to many port structures, especially those constructed from
rigid blocks such as concrete caissons. Historically, Japan has been repeatedly hit by major earth-
quakes. Other recent earthquakes causing serious damage to social infrastructure facilities include
the 2003 Tokachi-Oki, the 2004 Niigata-ken Chuetsu, and the 2011 Great East Japan earth-
quakes. In the near future, the Nankai Trough earthquake is forecasted to occur off the southern
Japan coast. If the Tokai, Tonankai, and Nankai earthquakes occur simultaneously, many soil-
structure systems would be seriously damaged. Therefore, it is crucial to predict the structural
damage during major earthquakes as accurately as possible and to improve the seismic perform-
ance by implementing appropriate remedies as necessary. Generally, FEM analysis based on the
infinitesimal deformation theory is used for prediction of displacement caused by liquefaction.
However, models have been formulated based on the infinitesimal deformation theory. Strictly
speaking, the applications are limited to phenomena with a small deformation and rotation. Con-
sequently, the model has been extended based on large deformation (finite strain) formulations to
take the effect of geometrical nonlinearity into account. To more accurately estimate the damage
to soil-structure systems during an earthquake, the extended model has been implemented in a
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large deformation analysis program called “FLIP TULIP (Iai 2013 and Ueda 2010)”. In this
study, we investigated the applicability and application limits of predicting liquefaction damage
for sheet pile structural model using FLIP TULIP. Specifically, the results of centrifuge model
test conducted on the pile structure model and the stress generated in the deformation amount
and structure model obtained using FLIP TULIP were compared and examined.

2 CENTRIFUGE MODEL TESTS

2.1 Summary of the centrifuge model test

To investigate the large deformation mechanism of a sheet pile structure, a centrifuge model test
was carried out in the geotechnical centrifuge of the Disaster Prevention Research Institute,
Kyoto University. An objective of the model test is to provide experimental data that can be used
to verify the applicability of the large deformation analysis program (i.e., FLIP TULIP). The cen-
trifuge machine had an arm length of 2.5 m and was equipped with a shaking table, allowing the
model containers to be exposed to a dynamic excitation in the tangential direction of flight.
Figure 1 shows the cross-section view of a sheet pile structural model. The water level was

set above the ground, and the response acceleration was measured at four different points
(i.e., A2–A5) within the ground. Eight excess pore water pressure transducers were installed at
the locations specified in Figure 1. Eighteen strain gauges were put on both sides of the pile
board. A rigid container with inner dimensions of 45 cm (width) × 30 cm (height) × 15 cm

Figure 1. Cross-section view of the model (on the model scale).

Figure 2. Input waveform (on a prototype scale).
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(depth) was filled with Silica sand No. 7 (ρs=2.641t/m
3, emax=1.219, emin=0.675) by the air plu-

viation method to create the model with a relative density of 50%. In the experiments for sat-
urated ground, the viscosity of the pore fluid was scaled with a factor of μ, which corresponds
to the centrifugal acceleration relative to water. To produce water with a specific viscosity, a
methylcellulose solution (Metolose) was employed. An aluminum plate (wall thickness 2 mm)
was used for the sheet pile.
The model test was performed under a centrifugal acceleration of 50 g. After spinning up the

centrifuge, the waveform shown in Figure 2 was given to the shaking table as an input motion.

2.2 Results of the centrifuge model test

Figure 3 shows the deformed configuration captured by a high-speed camera installed on the
centrifuge arm. The displacement at the top of sheet pile was about 2.3m in the prototype
scale in the lateral directions, due to liquefaction.
Figure 4 shows the time histories of the measured excess pore water pressure and the initial

effective overburden pressure. The excess pore water pressure reaches and then exceeds the
initial effective overburden pressure, excepted P3 and P4 which were installed at the deep
point, indicating that the ground is liquefied due to the strong motions.
Figure 5 shows the time histories of the measured strain at the front side of an aluminum

plate. The strain of embedded part (i.e., P1–P4) is larger than the other points.

Figure 3. Deformed configuration captured by a high-speed camera.

Figure 4. Measured time histories of the excess pore water pressure (on the model scale)
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3 NUMERICAL SIMULATION

3.1 Outline of finite element analysis

To verify the applicability of the large deformation analysis program (i.e., FLIP TULIP) to
the behavior of sheet pile structure, infinitesimal and large deformation analyses were carried
out using the multi-spring model for the soil layers. As an input motion, a waveform obtained
by removing 10 Hz or more from the measured waveform data by a low pass filter, shown in
Figure 6 as red line, was adopted. Table 1 shows the parameters, which were determined by

Figure 5. Measured time histories of the strain (on the model scale).

Figure 6. Input waveform for analysis (Upper is time history of acceleration, lower is Fourier

spectrum).
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referring to the liquefaction resistance curves obtained from undrained cyclic triaxial tests
(Uemura 2008) of decomposed Silica sand No. 7(Dr=60%). Figure 7 shows the results of
simulated and experimental results.
The sheet pile and the ground were represented as double nodes, one node attributed to

the sheet pile element and the other attributed to the soil element. Two approaches (Case01
and Case02) were used to modeling the boundary condition between soil and sheet pile. In
case01, using Multi point control command (i.e., MPC) to fixed the x-axis boundary of
them moving together. And in case02, using the joint elements to considered the resistance
of friction, however the shearing resistance friction (Ks) of the joint elements on the active-
side were set to 0.
The numerical time integration was implemented by the Wilson θ method (θ =1.4) using a

time step of 0.001 seconds. Rayleigh damping (α=0.0 and β=0.0005) was used to ensure the
stability of the numerical solution process. In the computation, both infinitesimal and large
deformation analyses were performed to compare the effect of geometrical nonlinearity. In the
large deformation analyses, we employed both the TL formulation with a material description
and the UL formulation with a spatial description.

3.2 Results of analysis

Figure 8 shows the results of initial stress (σx and σy) and bending moments obtained by static
analysis. The results of initial stress were same between the small (infinitesimal) deformation
analysis and the large deformation analyses (TL or UL formulation).
Focusing on the bending moments in Figure 8, the trend of the distribution is an analysis

result consistent with the experimental results, but in terms of the maximum value, the result
of analysis is about 40% larger than the experimental result. Improvement of the accuracy of
calculation in bending moment is a future task.

Table 1. Soil parameters

Figure 7. Liquefaction resistance curve.
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Figure 9 shows the computed deformation with the distribution of the excess pore water
pressure ratio at main times. Figure 10 shows the computed deformation with the distribution
of the shear strain at main times. Figure 11 shows the bending moments of sheet pile.
Results of Case1 (with no joints) are as below.

Figure 8. Results of static analysis (initial stress and bending moments).

Figure 9. Deformation with the excess pore water pressure ratio at main times.
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Figure 10. Deformation with the shear strain at main times.

Figure 11. Bending moments of experimental results and results of dynamic analysis (Left is the results

of Case1, Right is the results of Case02).
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By using the large deformation analysis, we can express the change in the Y component of
the top of sheet pile caused by the inclination of the sheet pile to the front. Therefore, the
effect of geometrical nonlinearity was confirmed.
·Equivalent results were obtained between TL and UL formulation.
·Results of small (infinitesimal) deformation analysis showed unrealistic behavior. On the

other hand, the large deformation analysis (TL and UL formulation) showed the same ten-
dency as the experimental result. The bending moments of the large deformation analysis was
almost consistent with the experimental results.
Results of Case2 (with joints) are as below.

• By using the large deformation analysis, we can express the change in the Y component of
the top of sheet pile caused by the inclination of the sheet pile to the front. Therefore, the
effect of geometrical nonlinearity was confirmed.

• Equivalent results were obtained between TL and UL formulation.
• Results of small (infinitesimal) deformation analysis showed unrealistic behavior. On the

other hand, the large deformation analysis (TL and UL formulation) showed the same ten-
dency as the experimental result. The bending moments of the large deformation analysis
was almost consistent with the experimental results.

4 CONCLUSIONS

Results of small (infinitesimal) deformation analysis showed unrealistic behavior in spite of
the boundary condition between soil and sheet pile. On the other hand, combining the soil
and sheet pile with joint elements (Ks = 0), the large deformation analysis (TL and UL formu-
lation) showed the same tendency as the experimental result. The bending moments of the
large deformation analysis was almost consistent with the experimental results. Therefore, it
was confirmed that the applicability of large deformation analysis using FLIP TULIP to the
pile structure is high.
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