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ABSTRACT: Until recently, excess pore water pressure dissipation method that is used as a
countermeasure against liquefaction has been regarded as not applicable to large earthquake
classes because excess pore water pressure may easily reach liquefaction if earthquake above a
prescribed condition occurs. However, recent studies indicate that this method has sufficient
deformation suppression effect even if excess pore water pressure reaches liquefaction. In this
study, in order to examine the deformation suppression effect of sheet pile quay wall improved
by artificial drain material, which did not experience damage during the 2011 East Japan
Earthquake, several numerical simulations using the finite element analysis model that repro-
duced the quay wall conditions during the earthquake were conducted. This study results
show that sheet pile quay wall improved by artificial drain material can retain high seismic
performance even against large-scale earthquake in comparison with non-improved quay wall.

1 INTRODUCTION

Excess pore water pressure dissipation method using artificial drain material, named DEPP (i.e.,
Dissipation of Excess Pore Pressure) method, can be applied as a countermeasure against lique-
faction. After the relationship between greatest pore pressure ratio and drain system parameters
that was proposed by Seed and Booker(1977), even with slight increase of seismic ground
motion values above the assumed value, the pore pressure ratio rises sharply under certain con-
ditions. Therefore, it is pointed out that there is no ductility on liquefaction countermeasure.
This point of view is based on the suppression effect of excess pore water pressure. However,
according to DEPP Research Group(2011), during the 2011 East Japan Earthquake, neither of
the two wharves that used DEPP method, which are located in Sendai-Shiogama port and
Tokyo bay as shown in Figure 1, was damaged except ground surface settlement, although
liquefaction occurred in a wide range in the surround area. As shown in the same figure, in
Sendai-Shiogama port PGA(Peak Ground Acceleration) of 624 cm/s2 and longer duration
ground shaking than 120 sec were observed at the seismograph of Sendai-G which is located
within 3 km from the undamaged wharf. In Tokyo bay, the distance between undamaged wharf
and seismograph and the length of duration ground shaking are the same as the situation of
Sendai-Shiogama port but PGA was 143 cm/s2. The seismograph near the undamaged wharf in
Tokyo bay is located at Yume-No-Shima. In order to understand the mechanism of improve-
ment effect using DEPP method against such seismic loadings, the centrifuge model tests of
horizontally-layered soil deposits and cantilever sheet pile quay wall that took DEPP method
into account were carried out (Unno et al., 2012 and Unno et al., 2014). In addition, the repro-
duction analyses of these tests (Tashiro et al., 2015 and Tashiro et al., 2016) and the analytical
study of the deformation suppression effect by using sloped grounds with and without DEPP
method (Tashiro & Iai, 2017) were carried out. All study conclusions showed that from the
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point of view based on the deformation suppression effect, DEPP method has sufficient ductility
capacity on liquefaction countermeasure even if large-scale earthquake occurs.
In this study, the undamaged sheet pile quay wall that utilized DEPP method, which is

located at Tokyo Lumber wharf No.15 in Tokyo Bay, was selected to examine the deformation
suppression effect due to DEPP method during large-scale earthquake by using FEA (Finite
Element Analysis). The quay wall consisted of steel pipe sheet pile, steel pipe anchor pile, tie
rods, soils and improved ground with DEPP method. It is important that these nonlinear mater-
ials and soil-structure interaction are appropriately modelled in FEA. In particular, the soils
and the improved ground can be modelled by using a strain space multiple mechanism model
called “cocktail glass model” that was developed by Iai et al. (2011) as a geotechnical constitu-
tive model. In order to verify the applicability of the FEA model including the cocktail glass
model, effective stress analysis was conducted to reproduce the quay wall conditions during the
2011 East Japan Earthquake. This reproduction analysis also leads to prove that the cocktail
glass model can be applied to evaluating seismic behavior of ground improved by DEPP
method. Then, several simulation cases by changing input ground motion or input maximum
acceleration were conducted in order to understand the deformation suppression effect of sheet
pile quay wall improved by artificial drain material during large-scale earthquake.

2 QUAY WALL CROSS SECTION AND ARTIFICIAL DRAIN MATERIAL

Figure 2(a) shows the typical cross section of selected quay wall for this study. The artificial
drain materials as DEPP method were installed in the vertical direction in backfill soils over the
distance of about 220 m along the quay wall line between 2001 and 2005. The improvement
width in the direction perpendicular to the quay wall line is about 31 m. However, a space width
of 2.4 m could not be improved because of the existing anchor superstructure. Regarding artifi-
cial drain materials, there are two types of products: Grid Drain product and Spiral Drain prod-
uct as shown in Figure 2(b). Among the improvement distance of about 220 m, the former
product is used for 90 m and the latter product is used for about 130 m. Table 1 shows the
specifications of these products. In all over the improvement range, the arrangement of artificial
drain system on plane is a regular square shape and the pitch is 45 to 65 cm (average is 55 cm).

3 REPRODUCTION ANALYSIS

3.1 Input motion

The input motion for the reproduction analysis was estimated from the records of Yume-No-
Shima vertical array seismographs during the earthquake by means of one dimensional
equivalent linear method using SHAKE (Shnabel et al., 1972). Figure 3(a) shows the compos-
ition of horizontally-layered soil deposits and the ground level of vertical array seismographs

Figure 1. (a) Locations of Sendai-Shiogama port, Tokyo bay and the earthquake epicenter (This map is

based on the Digital Map published by Geospatial Information Authority of Japan), (b) Acceleration

time histories observed at Sendai-G and Yume-No-Shima-G
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at Yume-No-Shima where Ed, Na, Yl, Yu and B are Edogawa formation, Nanagouti forma-
tion, Yurakucyo lower formation, Yurakucyo upper formation and Bank respectively. This
stratigraphic composition is also the same at Tokyo Lumber wharf No.15. The soil layer Ed is
considered to be a base rock because the shear wave velocity is about 300 m/s. Therefore, the
rock-outcrop motions are calculated at the elevation of -44.52 m (i.e., G.L. -52.5 m), by input
of the observed records at G.L. -89.48 m. The equivalent linear method was applied only to
Ylc, clayey soil. The parameters of this layer used those at Tokyo Lumber wharf No.15.
Figure 3(b) shows the validation of the results by means of comparing with observed values in
response spectra. The input motion for the reproduction analysis is the acceleration time his-
tory normal to the quay wall as shown in Figure 3(c).

Figure 2. Quay wall cross section and artificial drain products at Tokyo Lumber wharf No.15

Table 1. Principal specifications of artificial drain material products (DEPP Research Group, 2011)

Equivalent
radius

Permeability
(i=0.25)

coefficient*
(i=0.5)

Products Body material Filter material cm cm/s cm/s

Grid Drain

chloride resin

Semi-hard vinyl Olefin resin mesh 5.0 700 480

Spiral Drain High density

polyethylene

High density poly-

ethylene fibers

4.75 980 800

* i = hydraulic gradient.

Figure 3. Estimating base rock motions from the earthquake records at Yume-No-Shima
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3.2 FEA modelling

3.2.1 Soil parameters
Table 2 shows the volumetric and shear parameters of all soils for the reproduction analysis.
The symbols ρ, pa, Gma, Kma, c, φf,hmax, n and k represent mass density, mean effective stress,
shear modulus at pa, bulk modulus at pa, cohesion, internal friction angle, upper bound for
hysteretic damping factor, porosity and permeability coefficient, respectively. The parameters
of Bs, Ylc, Na, Slag and SCP(Improved ground by sand compaction pile method) were basic-
ally determined by the method proposed by Morita et al.(1997) from the boring surveys
including PS Suspension logging surveys. However, the permeability coefficients of Ylc and
Na were determined by considering that these layers are impermeable. In addition, the perme-
ability coefficient of Slag followed the value proposed by Kamon et al.(2004). Since actual
used shear modulus and bulk modulus in analysis vary with the mean effective stress raised to
the power law of 0.5, the layers Ylc, whose shear modulus and bulk modulus vary with the
power law of 1.0, were divided into five layers. The cohesions of the sea side layers, Ylc_s3,
Ylc_s4 and Ylc_s5, were given so that the shear strength of each layer could match with that
of the land side layer at the same elevation. The parameters of Bg and Stone were given by
assuming that the shear wave velocity is 300 m/s at the mean effective stress of 98 kPa.
Among these soils, the liquefiable soils are Bs1 and Bs2. Since liquefaction was observed at

the non-improved part behind the quay wall as shown in Figure 2(a), the liquefaction resist-
ance value of Bs1 was determined so that Bs1 could liquefy in the 1-D reproduction analysis
of the non-improved part. For Bs2, the value of Bs2 was given from the determined value of
Bs1 and the ratio of both estimated values from normal effective stress, SPT N-value and fine
fraction content (Tokimatsu & Yoshimine, 1983). At 15 number of cycles, the determined
results as shear stress ratio are 0.193 at Bs1 and 0.168 at Bs2. Table 3 shows the liquefaction
parameters that reproduce these determined values.

3.2.2 Modelling of the soil improved by DEPP method
At the improved parts by DEPP method in the FEA model, in order to convert the 3-D drain-
age model into the 2-D model, the vertical drainage boundaries were given at even intervals
and the horizontal equivalent permeability coefficients were given so that the degrees of con-
solidation of both models could equal to 90 % (Tashiro & Iai, 2017). This horizontal equiva-
lent permeability coefficient depends on the permeability coefficient and the bulk modulus of

Table 2. Volumetric and shear parameters

Soils Thickness
m

ρ

t=m3

pa
kpa

Gma

kpa
Kma

kpa
c

kpa

’f

deg: hmax n k
m=s

Bs1u* 2.60 1.88 65.3 58300 152000 0 39 0.24 0.45 -

Bs1 - 2.04 65.3 58300 152000 0 39 0.24 0.45 2.14×10-5

Bs2 - 1.85 159.8 55100 143700 0 38 0.24 0.45 7.99×10-5

Ylc_l1 4.90 1.46 44.2 5900 15400 0 30 0.20 0.55 1.00×10-7

Ylc_l2 8.50 1.46 66.7 9000 23500 0 30 0.20 0.55 1.00×10-7

Ylc_l3 9.00 1.46 96.1 12900 33600 0 30 0.20 0.55 1.00×10-7

Ylc_l4 7.05 1.46 123.1 16500 43000 0 30 0.20 0.55 1.00×10-7

Ylc_l5 7.05 1.46 146.8 19700 51400 0 30 0.20 0.55 1.00×10-7

Ylc_s3 9.00 1.46 15.1 12900 33600 38 0 0.20 0.55 1.00×10-7

Ylc_s4 7.05 1.46 42.1 16500 43000 49 0 0.20 0.55 1.00×10-7

Ylc_s5 7.05 1.46 65.8 19700 51400 58 0 0.20 0.55 1.00×10-7

Na 24.90 1.80 307.4 99200 258700 0 42 0.24 0.45 1.00×10-7

Slag - 2.00 83.3 216900 565600 0 46 0.24 0.45 2.64×10-5

Bg - 2.00 98.0 180000 469400 0 40 0.24 0.47 4.50×10-4

Stone 1.00 2.00 98.0 180000 469400 0 40 0.24 0.45 4.50×10-4

SCP - 1.91 30.0 76400 199200 0 40 0.24 0.45 7.99×10-5

* Bs1 above water level.
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an original soil, the permeability coefficient and the equivalent radius of an artificial drain
material, the vertical drainage array interval in a real ground and the vertical drainage bound-
ary interval in a FEA model. In this analysis, Spiral Drain was selected, the permeability coef-
ficient was considered to be 800 cm/s, the array pitch was considered to be 55 cm and the
interval of the vertical drainage boundaries in the 2-D model was 1.1 m. The calculated results
are 1.32×10-4 m/s at Bs1, 3.16×10-4 m/s at Bs2, 5.45×10-4 m/s at Bg and 2.64×10-5 m/s at Slag.

3.2.3 Steel member parameters
The sheet pile and the two anchor piles were modelled by a non-linear beam element as bi-
linear model in order to appropriately evaluate seismic behavior of the quay wall even when
their moments reach full plastic moment. Considering the corrosion of steel members at the
earthquake, the two thicknesses of the upper and lower sheet pile after corrosion can be
regarded as one thickness approximately. Table 4 shows the parameters of the non-linear
beam elements after corrosion where ρ, E, ν, A, I and Mp are density, Young’s modulus, Pois-
son’s ratio, Cross sectional area per unit m, second moment of inertia per unit m and full plas-
tic moment per unit m respectively. For tie rods, the two types of tie rods were modeled with
one non-linear spring element that takes only tension into account. The spring constant after
corrosion is 39,000 kPam/m. Since the tensile strength is 3,180 kN/m, if the tension exceeds
this value, the quay wall may collapse.

3.2.4 Concept of multistage- analysis and soil – structure interactions
Since the initial stress status of foundation ground before dynamic analysis affects the amount
of deformation due to earthquake, the multistage-analysis that takes construction stage into
account was applied as shown in Figure 4. At the first stage, the gravity of the original ground
is calculated by the static analysis, considering compressive stress to the sheet pile. At the
second stage, the gravity of the backfill soils is calculated by the static analysis, considering
the soil-structure interactions except the parts between the anchor piles and the backfill soils.
At the final stage in the dynamic analysis, the fully soil-structure interactions as shown in
Figure 4(c) are taken into account, considering the initial stress status of the foundation
ground and the steel members. The validity of such soil- structure interaction models was
proved by the previous studies (Tashiro et al., 2015 and Tashiro et al., 2017).

3.3 Reproduction results

Figure 5 shows the reproduction analysis results with DEPP in comparison with the two refer-
ence analyses. One of the reference analyses is the case without DEPP, another is the case
without liquefaction. Although the observed horizontal displacement at the sheet pile top is
unknown, the calculated displacement in reproduction analysis with DEPP is 46 cm. This
value seems to be appropriate as undamaged, considering that the calculated displacement in
the case without liquefaction is 23 cm and that there are the modelling errors such as soil
parameters. In addition, the calculated excess pore water pressure ratios coincide with the

Table 3. Liquefaction parameters (Iai et al., 2011)

Soils
’p

deg: ε
cm
d rεc

d
rεd q1 q2 rK lK S1 C1 ry rmtmp qus

Bs1 28.0 0.2 3.0 0.8 8.0 0.5 0.08 2.0 0.005 1.6 0.9 1.0 1000.0

Bs2 28.0 0.2 3.2 0.8 8.0 0.5 0.10 2.0 0.005 1.5 0.9 1.0 1000.0

Table 4. Non-linear beam element parameters of steel pipe members after corrosion

Steel members ρ

t=m3
E
kpa

ν
ρ

m2=m
I

m4=m

Mp

kNm=m

Sheet pile 7.85 2.0×108 0.3 0.0401 0.007009 5736

Anchor pile 7.85 2.0×108 0.3 0.0114 0.000496 811
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condition that liquefaction was observed only at the non-improved part as shown in Figure 2
(a). Based on the results of the case without DEPP, since large deformation of more than 1 m
and wide range plastic deformation of steel members occurred, it is thought that DEPP
method really prevented the 2011 East Japan Earthquake from destroying the quay wall.

4 EXAMINATION OF DEFORMATION SUPPRESSION EFFECT

4.1 Simulation cases

From the previous study (Tashiro & Iai, 2017), the index of deformation suppression effect,
normalized displacement ratio, RD, is given by Equation 1.

RD ¼
Dd �Dnl

Dnd �Dnl

ð1Þ

Where Dd=Horizontal Displacement after shaking with DEPP, Dnd=H.Disp. without DEPP,
Dnl=H.Disp. without liquefaction. This equation is applied to the same earthquake. In this
study, as shown in Figure 6, the five input motions, named W1 to W5, including the Yume-
No-Shima acceleration time histories were used.

4.2 Simulation results

Table 5 summarizes the results of all simulation cases for the horizontal displacement at the
sheet pile top after shaking, the results of sectional forces check of steel members and the
index of deformation suppression effect. Case W4 with DEPP whose input motion was used
for the seismic design of this quay wall indicates that the moments generated in steel members
are less than full plastic moment and thus satisfied the required seismic performance. This is
due to suppressing deformation by DEPP method. For Case W5 with DEPP, the seismic per-
formance still remains even though its acceleration level is about two times of W4. Since there

Figure 4. Multistage-analysis that takes construction stage into account

Figure 5. Reproduction analysis results with two reference analyses; (a) Deformation at time=300 sec

and Max. E.P.W.P. ratio until time=300 sec; (b) Displacement and E.P.W.P. ratio time histories
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is a correlation between displacement and steel member stress, the deformation suppression
effect due to DEPP method is possibly expected even against large-scale earthquake.
Figure 7(a) shows the results on the deformation suppression effect on the previous study.

Figure 7(b) indicates that the displacement increases during shaking in proportion to the dur-
ation which the excess pore water pressure is rising. This means that the displacement

Table 5. Horizontal displacements at sheet pile top and sectional forces checking of steel members

Input
motion

Without liquefaction With DEPP Without DEPP Index

Dnl

m

Steel
members* Dd

m

Steel
members* Dnd

m

Steel
members* RD

W1: YNS 0.23 0 0.46 0 2.75 3 0.09

W2:

YNSx2

0.68 0 1.16 1 6.62 3 0.08

W3:

Sendai

0.48 0 0.89 1 4.62 3 0.10

W4: H350 0.36 0 0.48 0 0.72 1 0.33

W5: PI 0.55 0 0.70 0 1.09 2 0.29

* 0=Undamaged, 1=One anchor pile is damaged, 2=Two anchor piles are damaged and 3=Sheet pile and
two anchor piles are damaged. For tie rods, the tension in any case was less than the tensile strength.

Figure 6. Response spectra and acceleration time histories of input motions for examining the deform-

ation suppression effect

Figure 7. (a) Normalized displacement ratios; (b) Displacement and E.P.W.P Ratio time histories
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continues to increase with the shaking duration after principal shaking until excess pore water
pressure dissipates since the pore water pressure rises during the principal shaking. Especially,
in the case without DEPP method, as shown in Figure 5(b), the large displacement occurs.
Therefore, the countermeasure effect due to DEPP method becomes higher as the earthquake
duration is longer as shown in Figure 7(a).

5 CONCLUSIONS

From the study result, the applicability of the finite element analysis model including the cock-
tail glass model was confirmed since the effective stress analysis of the quay wall during the
earthquake coincided with observation results. It was also found that the sheet pile quay wall
improved by artificial drain material can retain high seismic performance even against large-
scale earthquake in comparison with non-improved quay wall.
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