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ABSTRACT

A large number of steel pipe sheet pile type quay walls were severely damaged due to combination of strong ground
motions and a huge tsunami during the 2011 off the Pacific Coast of Tohoku earthquake. Among those, the damage
states of two quay walls that adjoin at Takasago wharf in Sendai-Shiogama port were not so severe, even though the
tsunami height was estimated to be up to 7.2m. However, one of them was mildly damaged, where horizontal
displacement of less than 20cm at the quay wall head was observed, hereinafter called the undamaged quay wall. The
other was partly damaged, where horizontal displacement of more than 30cm was observed, hereinafter called the
damaged quay wall. In this study various numerical simulations of the damaged and undamaged quay walls are
performed, using an effective stress, finite element analysis program called FLIP ROSE, in which soil liquefaction, steel
member non-linearity, and soil-structure interactions can be taken into account. In addition, considering that the duration
of the ground motions is very long, a new strain space multiple mechanism soil model with permeability, which has been
developed by lai et al. (2011) as a liquefaction constitutive model, is also used in this analysis. From the results of this
study, the main causes of the different damage states were found to be (1) the volumetric strain of the crushed rock at
the damaged quay wall and (2) the different initial stress states caused by different construction methods between the
damaged and undamaged quay walls. In addition, it was also found that deformation and cross-sectional force of the
quay wall during earthquake shaking will be appropriately evaluated if an accurate contact condition between soil and the

anchor piles can be applied in analysis.

1 INTRODUCTION

A strong and long duration ground motion and a huge
tsunami generated by the 2011 off the Pacific Coast of
Tohoku earthquake that occurred at 14:46(JST) on March
11 in 2011 caused severe damage over a wide area
spreading from the Tohoku region to the Kanto region of
Japan. The combination of the ground motions and
tsunami severely damaged a large number of steel pipe
sheet pile type quay walls (e.g., Takahashi et al., 2011).
Figure 1(a) shows the locations of the earthquake
epicenter and the three representative ports in which a
number of quay walls were severely damaged due to the
combined effects of ground shaking and tsunami
inundation. Sendai-Shiogama port, Soma port and
Onahama port are located at about 162km, 170km and
215km from the earthquake epicenter respectively. In
Soma port and Onahama port, many sheet pile type quay
walls were severely damaged, while some of the same
type quay walls experienced minor damages. These
damage states were caused by ground shaking but were
not affected by the huge tsunami, according to analysis of
these quay walls (Tashiro et al., 2015). In Sendai-
Shiogama port the damage states of the two quay walls
that adjoin at Takasago wharf, as shown in Figure 1(b),

were not so severe, even though the tsunami height was
estimated to be up to 7.2m. One of the two quay walls
was mildly damaged, where horizontal displacement of
less than 20cm at the quay wall head was observed,
hereinafter called the undamaged quay wall. The other
was partly damaged, where horizontal displacement of
more than 30cm was observed, hereinafter called the
damaged quay wall. These different damage states are
thought to be caused by ground motion only, as it is clear
that neither of the two quay walls at Takasago wharf were
affected by the tsunami, based on the analysis of damage
to the quay walls in Soma port and Onahama port.

It is important to understand the cause of the different
damage mechanisms resulting from strong and long
duration ground motion. This understanding is needed to
evaluate deformation and cross-sectional forces of steel
pipe sheet pile type quay wall due to such a ground
motion in performance based design. In this study,
various numerical simulations of the damaged and
undamaged quay walls are performed, using the effective
stress, finite element analysis program called FLIP ROSE
(lai et al, 1992a; lai et al., 2011), in which soil
liquefaction, nonlinearity of structural members, and soil-
structure interaction can be taken into account. In
addition, considering that the duration of the ground



motions for the Tohoku earthquake was very long, a new
strain-space multiple mechanism model called “Cocktail
glass model” was used. This mode was developed by lai
et al. (2011) as a liquefaction constitutive model. One of

the features of the model is that it includes the
permeability of the soil.
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Figure 1. (a) Locations of the earthquake epicenter and
the three representative damaged ports, (b) Locations of
the damaged and undamaged quay walls at Takasago

wharf in Sendai-Shiogama port

2 DAMAGE STATES AND CROSS SECTIONS

At Takasago wharf in Sendai-Shiogama port, the
damage states to the two quay walls, named No.1 and
No.2 in Figure 1(b), are different. Figure 2(a) shows the
horizontal displacement at the top of the front sheet-pile
wall while Figure 2(b) shows the ground surface
settlement between the pile-supported crane rails as
indicated by blue solid line. The green dotted line in the
same figure shows the ground surface settlement behind
the anchor piles. No settlement behind anchor piles was
observed at Quay Wall No.1 but similar settlement
between those behind anchor piles and those between
crane rails were observed at Quay Wall No.2.

The displacements were measured by Sendai Port
and Airport Technology Survey Office along a line normal
to the two quay walls after the earthquake. The horizontal
displacement at the pile head of Quay Wall No.1 is 10 to
19cm while the ground surface settlement between the
crane rails is 8 to 16cm. In contrast, at Quay Wall No.2,
the horizontal displacement at the pile head is 35 to 78cm
while the ground surface settlement between the crane
rails is 58 to 88cm.

Figure 3 shows the representative cross sections of
these quay walls before and after the earthquake — with
deformations after the earthquake shown in red line.
These quay walls are of the same type of steel pipe sheet
pile; however, construction methods are different from
each other. Quay Wall No.1 was recently constructed by
dredging after large spec steel members were installed
over the existing sheet pile type quay wall. In contrast,
Quay Wall No.2 was constructed by backfilling after sheet
pile installation, as the seabed is deep at this location.
The crushed rock backfil was used for back filling
material and as a liquefaction countermeasure.

The liquefiable soil layers are shown in gray hatching
in this figure. However, it is unknown whether the
liquefaction actually occurred or not in these soil layers
during the earthquake, as the tsunami removed all traces
of the liquefaction phenomenon.

The steel pipe sheet piles and the tie rods of the two
quay walls were not damaged, according to survey by the
same office. As it is difficult to survey the conditions of the
steel pipe anchor piles, their damage states are unknown.

No.1 No.2

L >

‘ | Part1l Part2 L

22-47¢cm

7

10-19cm

I~
\ JPartl Part2 Between crane rails —
4 -20m fi I
" No1 ! No.2 (4-20mfromwall) 5 ggem

(a)Horizontal displacement  (b)Ground settlement
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Figure 3. Cross sections and deformations of the two
quay walls at Takasago wharf
3  CONDITIONS FOR ANALYSIS
3.1 Ground Motion

In Sendai-Shiogama port, there was a strong motion
seismograph at the location named “Sendai-G” as shown



in Figure 1. The PGA (Peak Ground Acceleration) on
ground surface observed at this location is larger than
600gal and the duration of the ground motions is more
than 120 seconds. The recorded motions at this location
were used as a basis for estimating input earthquake
motion at Quay Wall Nos. 1 and 2. As the shear wave
velocities of soil deposit and base rock at these locations
are different between the seismograph site and the quay
walls site, Nozu and Wakai (2011) have derived the input
motion on the base rock from the site effects obtained by
microtremor observations at each location. Figure 4
shows the acceleration time history normal to the quay
walls using the NS and EW components of the derived
time histories.
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Figure 4. Acceleration time history of input earthquake
motion on the base rock for the analysis
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3.2 Soil Conditions

The soil layers at each quay wall are shown in the
respective cross section in Figure 3. The shear velocities
(Vs) and the liquefaction strength ratios (Ri20) were
obtained from PS Suspension logging surveys and cyclic
undrained triaxial tests performed after the earthquake.
Specimens used in the cyclic laboratory tests were
obtained from soil samples using rotary triple-tube
sampler. Figure 5 shows the location of the borings for the
PS Suspension logging surveys and for the cyclic
laboratory tests. Figure 6 shows liquefaction resistance
curves from the cyclic laboratory tests. In this figure the
experimental shear tests and the simulation results based
on Cocktail glass model are compared.

The shear velocity of the stone backfill was calculated
in the center of the layer depth, based on the shear
modulus which was obtained assuming that the shear
velocity is 300m/s at the effective mean stress of 98kPa,
and that the shear modulus varies with the effective mean
stress raised to the power of 0.5. This assumption was
derived by Uwabe et al. (1983) from strong motion
earthquake records on and beneath the mound which was
installed underneath caisson as a breakwater foundation.

The crushed rock backfill named “Gc” in Figure 3(b)
was used as a liquefaction countermeasure. The
volumetric strain characteristics of the crushed rock
backfill affects the settlement on the ground surface;
therefore, the numerical model of the soil used volumetric
change properties provided by Yamazaki et al. (2012).

3.3  Constitutive Soil Model
In the finite element analysis program FLIP ROSE used in

this study, two types of constitutive soil models that are
called “Multi-spring model” (lai et al., 1992a) and “Cocktail

glass model” (lai et al., 2011) were implemented during
the analyses. Both models are formulated on a basis of
strain space multiple mechanism model. This model
consists of a multitude of simple shear mechanisms with
each oriented in an arbitrary direction and can describe
the behavior of granular materials under complicated
loading paths, including the effect of rotation of principal
stress axes (Towhata and Ishihara, 1985; lai et al., 1992a;
lai et al., 1992b; lai et al., 1994).

When soil liquefaction is considered, Multi-spring
model is formulated on a basis of function of
experimented cumulative plastic shear work under
undrained condition, and Cocktail glass model is
formulated on a basis of assumption of stress-dilatancy
relation. Cocktail glass model can take permeability in
saturated soils into account but Multi-spring model cannot
do it. Although Multi-spring model is confined to undrained
soil conditions without permeability, this model has been
used in analyses of numerous problems in practice for
evaluating the seismic performance of geotechnical works
(e.g., lai and Kameoka, 1993; lai et al., 1998) where
seismic performance during short duration ground
motions occur.

Parameters for the two models were obtained from the
shear velocities and the liquefaction characteristics,
including dilatancy, as well as the volumetric change
properties defined by Sumiya et al. (2013). These
characteristics are summarized in Tables 1 to 3.
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Figure 5. Location of boring for PS Suspension logging
surveys and sampling locations for samples used in cyclic
undrained triaxial tests
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Table 1. Volumetric and shear parameters for both
models

Table 3. Volumetric change parameters for Multi-spring
model

Parameters B R As1 Ac1 As2 Parameters B R As1 As2 Ge
o (tm®) 1.8 1.7 1.7 1.58 1.7 #p(deg.)’ 28 28 28 28 -
Kmna(kPa)' 120200 143600 214600 105500 113500 wi 17.9 1.70 6.50 4.00 -
Guma(kPa)? 46080 55080 82280 40450 43520 ps’ 0.5 0.5 0.5 0.5 -
c(kPa)’® 0 0 0 119 0 ps' 0.71 0.80 0.90 0.51 -
# {deg.)* 41 40 40 0 39 o 6.75 1.73 2.20 3.30 -
Aimax 0.24 0.24 0.24 0.20 0.24 s 0.005 0.005 0.005 0.005 -
kX 10%(m/s)® 51 100 100 0.1 100 'Phase transformation angle
2Empirical parameter controlling plastic shear work
Parameters ACD Dsg Go Stone B jEmpiricaI parameter controlling irlitial phase oflliquefac.tion front
Empirical parameter controlling final phase of liquefaction front
o (tm°) 1.75 2.0 2.0 2.0 SParameter controlling elastic range for plastic shear work
Kma(kPa)' 116800 438600 117400 469400 Small positive number to avoid zero confining pressure
Gma(kPa)’ 44800 168200 45000 180000
c(kPa)’® 132 0 0 20 .
4 ddeg.)’ 0 40 40 35 3.4 Structural Modelling
Pinax” 0.20 0.24 0.24 0.24 The structural modelling concept for a steel pipe sheet
kx10° (m/s)° 0.1 100 1000 10000 pile quay wall is shown in Figure 7. In this concept there

'Bulk modulus

2Shear modulus at low strains

3Cohesion

*Internal friction angle

*Upper bound for hysteretic damping factor
ECoefficient of permeability

Table 2. Volumetric change parameters for Cocktail glass
model

Parameters B R As1 As2 Gc
# p(deg.)’ 28 28 28 28 28
& dor? 0.10 0.18 0.20 0.20 0.20
g 0.5 1.0 0.7 1.3 1.0
r.d 0.75 0.50 0.65 0.50 1.82
I 0.5 0.6 0.5 05 0.1
5 2.0 2.0 2.0 2.0 2.0
q/ 7.0 75 5.0 7.0 1.0
g 2.0 0.2 0.9 2.0 0.0
¢’ 1.50 1.73 2.20 2.60 1.00
5" 0.005 0.005 0.005 0.005 0.005

'Phase transformation angle

2Limit of contractive component

Parameter controlling contractive component

*Parameter controlling dilative and contractive components
®Reduction factor of bulk modulus for liquefaction analysis
®Power index of bulk modulus for liquefaction analysis
"Parameter controlling initial phase of contractive component
®Parameter controlling final phase of contractive component
°Parameter controlling elastic range for contractive component
Small positive number to avoid zero confining pressure

are two different ways for modelling of the contact
condition between steel pipe anchor pile and soil. Figure
7(a) shows a conventional way, in which friction between
the steel pipe anchor pile and the soil in parallel direction
to the pile axis is free, and the lower end of steel pipe
anchor pile is fixed. Figure 7(b) shows an alternate
approach which has been used. In this approach friction
between steel pipe anchor pile and soil is taken into
account using joint elements, and only compression on
the lower end of pile in parallel direction to the pile axis is
taken into account by using non-linear spring element
between the lower end of pile and the soil. In this study,
an internal friction angle for contact soil around the anchor
pile was used as the frictional resistance, as the simulated
results using the frictional angle are closer to an actual
behavior than those using 15 degrees in general as a wall
friction angle (Tashiro et al., 2015).

The other contact conditions are as follows: (1) on the
front side of the sheet pile wall, friction in the parallel
direction of contact and contact/non-contact friction in the
normal direction to the contact surface are taken into
account using joint elements; (2) between the sheet pile
and soil on the back side of the sheet pile wall, only
contact/non-contact friction is taken into account using
joint elements; (3) between the anchor pile and soil, pile-
soil interaction in the normal direction to the pile axis is
taken into account using pile-soil interaction elements;
and (4) for tie rods connected between the sheet pile and
the anchor pile head, tension is taken into account using
non-linear spring element.

The steel pipe sheet piles and the steel pipe anchor
piles are modelled by a non-linear beam element, in order
to appropriately evaluate seismic performance of the quay
wall structures even when their stresses exceed the yield
stresses. In addition, water was used in this model to take
dynamic water pressure into account.
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Figure 7. Structural modelling concept of steel pipe sheet
pile type quay wall

3.5 Initial Stress Analysis Conditions

The initial stress state of the quay wall structures was
built-in to the model before imposing seismic ground
motions by conducting a static gravity effective stress
analysis with construction steps. The static gravity
effective stress analysis was conducted since the
deformations of quay wall can be affected by the initial
stress state depending on the construction steps even for
same structure and for same ground motion.

Quay Wall No.1 is the newly constructed structure for
more deepening after the existing sheet pile quay wall
shown in Figure 3(a). At first a new sheet pile wall was
installed in front of the existing quay wall; then soil in front
of the sheet pile wall was dredged. Therefore, assuming
that the existing quay wall structure retains the stability of
the whole structure before the earthquake, the initial
stress was calculated by fixing the horizontal
displacement at the front of the sheet pile wall. In this step
the steel members of the existing quay wall were
excluded from the structural modelling.

Quay Wall No.2 was constructed by backfilling. This
was modelled in the static analyses with three steps as
follows: (1) Step 1: The initial stress in the soil before
construction is calculated as the first step of the static
analyses; (2) Step 2: The initial stress of the steel pipe
sheet pile and backfill soils (Stone B, Gc and Bs) is

calculated, fixing the horizontal displacement at point
where the sheet pile connects to the tie rod; and (3) Step
3: The last initial stress of the whole structure was
calculated by unloading the reaction force at the point
fixed at the step 2.

3.6 Simulation Cases

Table 4 shows the simulation cases for the analysis of the
Quay Walls No.1 and No.2 at Takasago wharf in Sendai-
Shiogama port.

As shown in this table, Case 1-1 to Case 1-3 and
Case 2-1 to Case 2-3 are the cases modelled in the
conventional way, whereas Case 1-4 to Case 1-6 and
Case 2-4 to Case 2-6 are the cases modelled by new
alternate approach. The objectives of evaluating each of
these cases were to determine the influence of the two
different modelling methods.

Since the liquefaction resistances of the alluvium soil
layers (i.e., layers “As1” and “As2”; hereinafter called
layers “As”) vary widely as shown in Figure 6, in order to
determine the influence of liquefaction, cases were
evaluated with and without liquefaction within layers “As”.

As mentioned in Section 3.2, the volumetric change
characteristics of the crushed rock backfill were believed
to have induced large settlement on the ground surface.
In order to evaluate this observation, simulation cases
were conducted with and without the volumetric change
function being implemented within Cocktail glass model.

Lastly, the difference between Multi-spring model and
Cocktail glass model was evaluated by comparing each
case between the same conditions, in order to find out the
influence of permeability in saturated liquefiable soils.

Table 4. Simulation cases of the two quay walls

Quay Case Soll Cond. Cond. Cond. Cond.
wall name model Al B? c? D*
No.1 Casel-1 Multi® Fix Free Yes -
No.1 Casel-2 Multi® Fix Free No -
No.1 Casel-3 Ctgl® Fix Free  Yes -
No.1 Casel-4 Multi® NLS’ IFAS®  Yes -
No.1 Casel-5 Mult® NLS’ IFAS® No -
No.1 Case1-6 Ctgf NLS" IFAS®  Yes -
No.2 Case2-1 Mult® Fix Free Yes No

No.2 Case2-2 Ctgl Fix Free Yes No
No.2 Case2-3 Ctgl® Fix Free Yes Yes

No.2 Case2-4 Mult® NLS' IFAS®  Yes No
No.2 Case2-5 Mult® NLS’ IFAS® No No
No.2 Case2-6 Ctgf NLS' IFAS® No Yes

'Condition A: Contact condition on anchor lower end
2Condition B: Friction between anchor pile and soil
3Condition C: Considering liquefaction of layers “As”
“Condition D: Considering volumetric change of crushed rock
SMulti: Multi-spring model

SCtgl: Cocktail glass model

"NLS: Non-Linear Spring by considering only compression
8IFAS: Internal Frictional Angle of contact Soil around pile



4 RESULTS OF ANALYSIS

The simulated results of the damaged and undamaged
quay walls at Takasago wharf are shown in Figures 8 to
12 and Tables 5 to 6. Figures 8 to 11 show the lateral
displacements at the quay wall head and the vertical
displacements on the ground surface after 240sec of
shaking, in comparison with the corresponding
observations. Tables 5 to 6 show the stress damage
states of steel members after the ground motion, in
comparison with the corresponding observations. Figure
12 shows the simulated deformations and excess pore
water pressure ratios after 240sec of shaking. In Figure
12, the left hand side and the right hand side correspond
to the results of Quay Wall No.1 (undamaged) and Quay
Wall No.2 (damaged), respectively.

4.1 Influence of Contact Conditions between Anchor
Pile and Soil

Looking at these results for the fixed condition between
anchor pile and soil on the lower end of pile (Case 1-1 to
Case 1-3 and Case 2-1 to Case 2-3), the simulated lateral
displacements of all cases seem to be close to the
observations as shown in Figures 8 to 9. Whether the
liquefaction in layers “As” is considered or not, and
whether the volumetric change characteristics of crushed
rock backfill are considered or not, all the results are
similar. However, since the damage states of steel
members in Case 1-1 of Quay Wall No.1 and in all cases
(Case 2-1 to Case 2-3) of Quay Wall No.2 are at variance
with the observations as shown in Tables 5 to 6, it is clear
that this condition is not appropriate when evaluating
performance of these quay walls during ground motion.

On the other hand, the residual cases are Case 1-4 to
Case 1-6 and Case 2-4 to Case 2-6, where the
compression only nonlinear spring elements on the lower
end of anchor pile and the frictional resistance around the
anchor pile are taken into account. Among these cases,
especially in Case 1-5 and Case 2-5 where liquefaction in
layers “As” is not considered, both the simulated lateral
displacements and the simulated stress damage states of
the steel members are close to the observations as
shown in Figures 8 to 9 and Tables 5 to 6. In Case 1-5 of
Quay Wall No.1, the simulated settlement is also
coincident with the observation as shown in Figure 10.
Considering that the settlements in Case 1-1, Case 1-3,
Case 2-1 and Case 2-3 taking liquefaction in layers “As”
into account are larger than the observations in spite of
small lateral displacements, it is highly possible that
liquefaction in layers “As” did not actually occur.

These results indicate that it is necessary that the
contact condition around anchor pile had to be
appropriately taken into account.

4.2  Volumetric Change of Crushed Rock Backfill

The influence of the volumetric change characteristics of
crushed rock is shown as the simulated settlements in
Case 2-3 and Case 2-6 of Quay Wall No.2. These results
demonstrate that the simulated results are coincident with
the observations as shown in Figures 9, 11 and Table 6.

Although the lateral displacements and the settlements
are larger than the observations as shown in Figure 11,
the volumetric change characteristics of crushed rock had
to be appropriately taken into account.

4.3 Different Damage Mechanisms between the
Damaged and Undamaged Quay Walls

The different damage states between the two quay walls
were evaluated based on the simulated results in Case 1-
5 and Case 2-5, where the liquefaction in layers “As” is
not considered at each quay wall. These cases are
different from each other, despite both results being
coincident with the observations. This means that the
different initial stress states due to the different
construction methods likely induced different damage
states. In addition to the vertical displacement of the
ground surface, the volumetric change characteristics of
the crushed rock might have induced larger damage than
Quay Wall No.1 without crushed rock backfill.

4.4 Permeability Influence in Liquefiable Soils

Multi-spring model and Cocktail glass model were
compared to evaluate the influence of permeability in
saturated sandy soils. In this comparison the pairs of
cases of the same conditions are as follows. (1) Pair 1:
Case 1-1 and Case 1-3, (2) Pair 2: Case 1-4 and Case 1-
6, (3) Pair 3: Case 2-1 and Case 2-2. Since liquefaction in
layers “As” might not have occurred, these cases are
unrelated to the real damage phenomenon. Therefore, the
discussion in this section is merely a qualitative evaluation
relating to the influence of permeability in liquefiable soils.
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Figure 8. Simulated horizontal displacement at sheet pile
head at Quay Wall No.1
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Figure 9. Simulated horizontal displacement at sheet pile
head at Quay Wall No.2
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Figure 10. Simulated vertical displacement on ground
surface at Quay Wall No.1
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Figure 11. Simulated vertical displacement on ground
surface at Quay Wall No.2

Table 5. Simulated stress damage states of steel
members a Quay Wall No.1

Case name Sheet pile Anchor pile Tie rod
Case1l-1 Plastic No No
Case1-2 No No No
Case1-3 No No No
Case1-4 No No No
Case1-5 No No No
Case1-6 No Plastic No

Observed No Unknown No

Table 6. Simulated stress damage states of steel
members at Quay Wall No.2.

Case name  Sheet pile Anchor pile Tie rod
Case2-1 No No Plastic
Case2-2 No No Plastic
Case2-3 No No Plastic
Case2-4 No Plastic No
Case2-5 No No No
Case2-6 No No No
Observed No Unknown No
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Figure 12. Simulated deformations and excess pore water
pressure ratios after the ground motion (at time=240sec)

Although the excess pore water pressure ratios of the
cases in Pairs 1 and 3 using Cocktail glass model are
slightly smaller than those using Multi-spring model, the
lateral displacements of two cases in each pair are
similar. On the other hand, the vertical displacement of
the case using Cocktail glass model is larger than that
using Multi-spring model in each pair. In addition, the
stress in the sheet pile for the case using Cocktail glass
model is less than that using Multi-spring model.

Results of Pair 2 show that the lateral displacement
and sheet pile stress for the case using Cocktail glass
model are larger than that using Multi-spring model.

Thus, although the results depend on various soil and
structural conditions, these results suggests that the
permeability of liquefiable soils may affect the results of
numerical simulations during strong and long duration
ground motions. Therefore, it is more desirable to use
Cocktail glass model considering permeability when long
duration ground shaking is being modelled.

5 CONCLUSIONS

The results obtained from the various numerical
simulations of the damaged and undamaged quay walls
during the strong and long duration ground shaking using
the effective stress finite analysis program FLIP ROSE
are summarized as follows.

(1) It was found that the main causes of the different
damage states at the two quay walls resulted from the
volumetric strain of the crushed rock backfill and the initial



stress state from construction. Although liquefaction might
not have occurred, the compression volumetric strain
occurred in the crushed rock backfill as a liquefaction
countermeasure, resulting in increased damage. The

different initial stress states caused by different
construction methods between the damaged and
undamaged quay walls induced the different

deformations.

(2) It was also found that deformation and cross-
sectional forces on quay wall during earthquake can be
appropriately evaluated if an accurate contact condition
between soil and anchor pile can be applied in the
numerical analysis.

(3) Cocktail glass model considering permeability
provided a better simulation than Multi-spring model in an
effective stress analysis during a strong and long duration
ground motion, as permeability may affect the results of
the analysis.
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