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1. INTRODUCTION

The damages to the bridge foundation structure in
the revetment along riverbanks and sea coasts caused
by liquefaction have been observed during past
earthquakes. The slope revetment is expected to be
unstable, and lateral spreading of the ground may
occur simultaneously with the loss of soil strength in
the liquefaction layer. Therefore, the effect of the
lateral pressure of the liquefaction layer on the
foundation in the revetment must be investigated
further. This study aims to investigate the dynamic
behavior of vibration test models of a steel pipe sheet
pile (SPSP) foundation by using the effective stress
analysis (ESA). The vibration test conducted on a flat
model and a slope model of 15° was a 1-G shaking
table test with a scale of 1:60.

The effective stress analysis using a 2-D numerical
modeling method was applied both the flat and slope
model in this study. Recently, there have been a
number of constitutive models to simulate soil re-
sponse during liquefaction (e.g., Ishihara et al. 1985;
Iai, 1991; Kimura et al., 1993; Tobita and Yoshida,
1995). It is called by a strain space multiple mecha-
nism model and was widely used in seismic design
practice in Japan. It was firstly suggested by lai et al.
(1991) named as a Multi Spring Model in the
un-drained condition. Then, the model was also im-
proved by Iai et al. (2010) names as a Glass Cocktail
Model in the drained condition.

The comparison of responses between the effec-

tive stress analysis and vibration test also conducted
in this study and the differences in the dynamic re-
sponses between the two models clearly illustrate the
significant effect of the ground slope on the seismic
behavior of the SPSP foundation. The FLIP program
analysis was available.

2. EFFECTIVE STRESS ANALYSIS

The 2-D finite element method was used to simu-
late the behavior of foundation and soil-structure
interaction. The effective stress analysis (ESA)
technique was used both by the Multi-spring and
Cocktail glass model. The FLIP program (developed
by Port and Airport Research, Institute, Yokosuka,
Japan) was used in this analysis.

2.1 Test models

Numerical models were simulated form vibration
test models designed for both the flat and slope
model. Detail of physical models and instrument
arrangement are shown in the Figs.1 and 2

The pier in the model consists of four steel col-
umns that are rigidly fixed together by a steel plate at
the top with a mass of 60 kg. Each column has di-
mensions of 1.1 m height. The foundation is a cais-
son made of acrylic materials with a dimension of 49
cm width, 60.8 cm length, and 83.4 cm height. The
cap at the top of the foundation is an acrylic plate that
is 60.8 cm long, 49 cm wide, and 9.8 cm thick. The
footing of the pier is constructed of steel.
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Fig.3 Numerical slope model in Effective Stress Analysis (ESA).
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Fig.4 Multi-spring model in effective stress analysis.

The ground in the models consisted of a 48.8 cm
liquefiable sand layer with a relative density of 50 %
overlying a 74.3 c¢m non-liquefiable with a relative
density of 90 % using Yamagata-sand No. 6 (D50 =
0.3 mm)

2.2. Numerical models

The boundary condition of pore water in ESA
using the cocktail glass model was considered in the
undrained conditions (no seepage) at side walls and
bottom wall of the test vessel. The numerical model
in the analysis is shown in Fig.3

The soil was modeled as plane strain elements
using two liquefaction models of the loose sand. The
first model is called a multi-spring model and is
shown in Fig.4. The multi-spring model is a
strain-space multiple-mechanism model. This model
considers the effect of the rotation of the principal
stress axes on the cyclic behavior of the sand. As
shown in this figure, pore water pressure increases by
calculation steps. The second model is a cocktail
glass model improved from a strain-space multi-
ple-mechanism model in the drained condition sug-
gested by Iai er al.'”, as shown in Fig.5. There are
two main assumptions in this model. First, the vol-
umetric strain is decomposed in a dilative component

Cocktail glass model
e

current void ratio
cao(l+ec)

* i

€min Yxyl2

Fig.5 Cocktail glass model in effective stress analysis.

and contractive component, as determined in Eq.(1).
The dilative component affects the dissipation of
pore water pressure in the steady state and the hori-
zontal displacement response. The second is a rela-
tionship between relative velocity and coefficient of
permeability determined in Eq.(2). This assumption
influences the rate of pore water development and
dissipation as follows:
£,=65+&5 (1)
where &, is the volumetric strain; & is the contrac-
tive component; and &4 is the dilative component.
The coefficient of permeability (k) suggested by

Chapuis and Aubertin ' for sand used in the cocktail
glass model as follows:

k=c—&___°¢ (2)
u,p, S"Di(1+e)

where & is the coefficient of permeability; C is a
constant; , is the dynamic viscosity of water; p,, is
the density of water; Dy is the specific weight of
sand; S is the specific surface; and e is the void ratio.
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Table 1 List of soil parameters.

Liquefaction =~ Non-liquefaction Rubble
Symbol
Parameter layer layer layer
Wet unit weight p (Ym’) 1.96 2.05 1.37
Initial shear modulus G (kPa) 3,866 21,788 2,993
Parameters for | Initial bulk modulus K..(kPa) 10,083 56,819 7,805
deformation Standard confining pressure Oy (kPa) 2.27 6.85 0.28
characteristics | Poisson’s ratio v 0.33 0.33 0.33
Internal friction angle ¢c(degree) 36.55 42.80 41.60
Hysteretic damping ratio Aiax 0.24 0.24 0.24
Phase transformation angle #,(degree) 28 - -
Overall cumulative dilatancy w 8.2 - -
Parameters for | Initial phase of cumulative dila- 0.45 - )
Muti-Spring | tancy P )
model Final phase of cumulative dilatancy | p, 1.07 - -
Threshold limit for dilatancy fo 448 - -
Ultimate limit of dilatancy M 0.005 - -
Reduction factor of bulk modulus -
. . . rg 0.5 -
for liquefaction analysis
Power index of bulk modulus for -
liquefacti Ivsi Ik 2 -
iquefaction analysis
Parameter controlling dilative and , 0.5 - )
contractive components ed )
Parameter controlling contractive | . -
red 2 -
Parameters for | component
Cocktail glass | Parameter controlling initial phase [ - )
model of contractive component N
Parameter controlling final phase of I - }
contractive component 9
Limit of contractive component £ 0.5 - -
Small Posmve number to avoid zero s, 0.005 - )
confining pressure
Parameter controlling elastic range -
. [ 4.48 -
for contractive component

The liquefaction parameters of the soil layers are
summarized in Table 1. The models were shaken
with a base harmonic acceleration at a constant fre-
quency of 10 Hz. The duration time was 2 s. The
amplitude increased incrementally from 50 to 300
Gal, and one of the input stages is shown in Fig.6.
The frequency and wave numbers of input ground
motion was selected in the consideration of the
subduction zone earthquakes (level 2 earthquake
motion) and the similarity law

£60 ¢

@30 L

=60 ! , Time(s)
Q
< 65 7.5 8.5 9.5

Fig.6 Acceleration wave input at the base.

3. RESULT AND COMPARISON
BETWEEN THE EFFECTIVE STRESS
ANALYSIS AND THE EXPERIMENT

3.1. Behavior of ground

a) Pore water pressure

The time histories of the EPWP at points W4 in the
near field and W8 in the far field of the experiment
and ESA under the 300 Gal input ground motion are
shown in Figs.7 and 8 for the flat and slope models,
respectively. The EPWP ratio did not exceed 0.8 and
perfect liquefaction did not occur at 300 Gal. The
results of the EPWP among the experiment, mul-
ti-spring model, and cocktail glass model are fairly
different from each other. The liquefaction start time
was almost identical for both methods, whereas the
EPWP dissipation, maximum EPWP ratio, and vi-
bration components differed considerably. The
EPWP ratio gradually decreased after the vibration
stopped in the experiment; this phenomenon can be
explained using the cocktail glass model. The EPWP
ratio was almost the same between the experiment
and the cocktail model after 12 s. However, the
generation and dissipation of EPWP in the model
occurs very quickly during vibration time of 2 s. The
cocktail glass model displayed a vibration compo-
nent of the EPWP.

The EPWP ratio distribution of the ground under
300 Gal in the ESA multi-spring is shown in Figs.9
and 10 for the flat and the slope models, respectively.
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Fig.7 Time history of EPWP ratio at W4 and W8 in the flat model
under 300 Gal.
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Fig.9 EPWP ratio distribution in the flat model under 300 Gal in
the ESA multi-spring.
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Fig.11 Comparison of EPWP ratio at W4 and W8 between the

flat and the slope models.

The EPWP ratio reached approximately 1.0 at the
surface liquefied layer in both models after ap-
proximately 4 s. However, the EPWP was not uni-

—— Slope Model-Multi-spring model
Slope Model-Experiment
Slope Model-Cocktail glass model

EPWP ratio

EPWP ratio

: e Time(s),

6.5 7.5 8.5 9.5 10.5 115 125 135

Fig.8 Time history of EPWP ratio at W4 and W8 in the slope
model under 300 Gal.
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Fig.10 EPWP ratio distribution in the slope model under 300
Gal in the ESA multi-spring.

0.00 0.20 0.59

form at the surface layer in the multi-spring model.

Fig.11 compares the EPWP at W4 and W8 be-
tween the slope and flat models obtained by the ex-
periment and ESA from 50 to 300 Gal. There are six
red points in Fig.11, and their values gradually in-
crease. The EPWP ratio of the slope model at W4
was 1.1+1.25 times higher than that of the flat model
in both the experiment and ESA. At W8 the EPWP
ratios of ESA using both the multi-spring and cock-
tail models were nearly identical between the two
models, but in the experiment, the ratios of the flat
model were larger than those of the slope model.
b) Horizontal acceleration

Fig.12 presents the time histories of the horizontal
accelerations at points AH8 and AH19 in the flat
model. In the non-liquefaction layer, the acceleration
at AH8 of ESA corresponded well with that of the
experiment, and the acceleration did not exhibit any
amplitude variations during the shaking period.
Meanwhile, the acceleration at far-field AH19 of the
liquefaction layer varied significantly starting at 7.5
s, and this amplitude gradually decreased between
7.5 and 10 s, as shown in Fig.12.
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Fig.12 Time history of acceleration at AH8, AH10 and AH19 in
the flat model under 300 Gal.
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Fig.14. Comparison of acceleration at AH13, 16 in the flat model
and AH16, 19 in the slope model.

The horizontal accelerations at points AH7 and
AH16 in the slope model are shown in Fig.13. These
points are at the same position, corresponding to
points AH8 and AH19 in the flat model. Similar to
the acceleration behavior in the flat model, the ac-
celeration amplitude in the liquefaction layer at point
AH16 decreased and did not appear in the
non-liquefaction layer at AH7.

Fig.14 presents a comparison of the horizontal
accelerations at AH13, AH16 in the slope model and
at AH16, AH19 in the flat model. The difference in
the acceleration in the near field between AH13 in
the slope model and AH16 in the flat model was
minimal in the 50-150 Gal cases in both the experi-
ment and ESA. However, the acceleration ratio
steadily approached 2:1 in the 150-300 Gal cases.
The acceleration at AH 13 in the flat model became
approximately 1.5 times that of the slope model in
the experiment under 300 Gal. In the far field, the

- Slope-Multi spring model
------------- Slope-Experiment
Slope-Cocktail glass model

600
400
200

eleration (Gal)

S -200 |
400 |
-600
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6.5 7.0 7.5 8.0 8.5 2.0 95 100

Fig.13 Time history of acceleration at AH7, AH9 and AH16
in the slope model under 300 Gal.

acceleration at AH19 in the flat model was less than
that at AH16 in the slope model, approximately 1.5
times in both the experiment and ESA. The ESA
using multi-spring and cocktail glass models had the
same trend in the acceleration development in the
experiment.

3.2. Behavior of superstructure

Figs.15 and 16 presents the time histories of the
horizontal displacements of the pile cap and super-
structure in the flat model and slope model in both
the experiment and ESA under 300 Gal, respectively.
The displacements at DH1 and DH2 in the experi-
ment were larger than those in the ESA. The dis-
placements in the ESA-cocktail-glass model were
considerably smaller than the displacements in other
cases. Figure 20 shows that the residual displacement
calculated in the ESA and the difference of the
maximum displacement between the ESA and ex-
periment were rather large.

The maximum during shaking from 50 to 300 Gal
are shown in Fig.17. There was a remarkable
agreement between the experiment and ESA mul-
ti-spring for the maximum and residual displacement
between 50 to 150 Gals; however, the displacements
in the ESA multi-spring were considerably less than
those in the experiment for the 150-300 Gal cases.
Based on JRA-2002, the allowable displacement of
4.9 mm for the top of the foundation was calculated
by multiplying the width of the foundation by 1%.
Thus, when liquefaction occurred, the maximum
horizontal displacements of the pile cap under the
300 Gal input ground motion was approximately
0.35 times less than the allowable displacement for
the experiment, and 0.2 times less than that for the
ESA multi-spring. Moreover, the maximum dis-
placements in the ESA cocktail glass were approx-
imately 2 times less than those in the experiment. The
residual displacements were very small and not sig-
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Fig.15. Displacement response at AH3 and AH4 in the flat
model under 300 Gal
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Fig.17 Maximum horizontal displacement of the super-
structure DH2 and pile cap DHI1 in the flat model

from 50 to 300 Gal.
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Fig.19 Comparison of maximum strain along the front and
back sides between the flat and slope models.

nificant during shaking.

Fig.18 presents the maximum vertical displace-
ments in the flat model during shaking under the
50-300 Gal input ground motion. There was a re-

Slope-Multi-spring model
- Slope-Experiment
Slope-Cocktail glass model
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Fig.16. Displacement of superstructure and pile cap in the
slope model under 300 Gal
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W

Vertical displacement (mm
o PPACES (mm)

50 75 100 150 200 300
Input ground motion (Gal)

Fig.18 Maximum vertical displacement of the pile cap at DV1
and DV2 in the flat model from 50 to 300 Gal.

markable agreement between the experiment and
ESA multi-spring. Moreover, there was a slight dif-
ference in the displacement value between DV1 and
DV2 in both the experiment and ESA multi-spring.
The settlement of the foundation in the flat model
was almost even. The displacements in the ESA
cocktail glass were much smaller than those of other
cases.

3.3. Behavior of foundation

Fig.19 presents a comparison of the maximum
bending strain and axial strain of the pile foundation
between the two models from 50 to 300 Gal in both
the experiment and the ESA.

The maximum bending strain of the flat model in
the experiment was almost larger than that of the
slope model in the 50-150 Gal cases. However, when
the liquefaction process was complete, the strain of
the slope model became 1.5 times larger than that of
the flat model in the 300 Gal case. For the ESA using
both multi-spring and cocktail models from 50 to 200
Gal, the difference in the bending strain between the
two models was minimal, and in the case of 300 Gal,
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the strain of the slope model was approximately 1.3
times larger than that of the flat model. The result of
the experiment also illustrates that the maximum
axial strain in the slope model was approximately 1.5
times larger than that of the flat model. However, the
axial strain difference in the ESA between the two
models was small.

Moreover, ESA multi-spring had the same trend as
that of the experiment; however, the strain in the
slope model was slightly larger than that in the flat
model.

4. CONCLUSIONS

The numerical analysis using the effective stress
analysis was conducted on the both the flat and slope
model of vibration test to investigate the dynamic
behavior of SPSP foundation during liquefaction.
Based on the results, there are main findings as fol-
lows:

1) The ESA using both the Multi-spring and
Cocktail glass model has almost the same trend as the
dynamic responses in the vibration test. The differ-
ence in dynamic response of the foundation, super-
structure, and ground between the flat and the slope
models is minimal in the low-amplitude input ground
motion, indicating that the effect of the ground slope
is not significant. In cases of higher amplitude when
liquefaction is observed, the effect of the ground
slope becomes more significant, with the following
trends: the slope causes an increase in the maximum
displacements of the pile cap and superstructure.
Furthermore, the slope causes an increase the max-
imum value of the bending and axial strain in the
foundation pile. Therefore, the lateral movement of
liquefaction layer due to the slope may partially af-
fect the foundation during liquefaction.

2) The ESA using the multi-spring model can ex-
plain the behavior of the foundation with regard to
maximum displacements, EPWP ratios, and bending
strains during liquefaction. However, the calculated
values of the residual displacement, etc. did not dis-
play a good agreement with the values observed in
the vibration test.

3) The cocktail glass model that considers the di-
lative component of the sand and seepage of water
can be used to estimate the dissipation of the pore
water pressure. However, the response displacement
using the cocktail glass model is smaller than that
using the multi-spring model. The cocktail model
could explain the dissipation of the pore water
pressure in the vibration test; however, the calcula-
tion result had the vibration component and was not
stable. Methods for determining the parameters in the
ESA using both the multi-spring model and the
cocktail glass model to correlate the test results

should be examined in future studies.
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