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A high seismic resistance quay wall experienced the 1995 Hyogo-ken nambu earthquake and survived

the disaster. To clarify whether high seismic resistance quay walls can survive future earthquakes, a series

. of two-dimensional effective stress analyses is conducted. The numerical analyses reveal the mecharism

why the high seismic resistance quay wall in Kobe Port survived. The numerical results also indicate that

it is possible to significantly reduce the residual deformation of quay wall designed with high seismic co-
efficient if soil improvement against liquefaction is completed.
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1. INTRODUCTION

On January 17, 1995, one of the most disastrous
earthquakes called the 1995 Hyogoken-nambu
earthquake of JMA Magnitude 7.2, hit the Hanshin
area of Japan. Kobe Port was shaken with a strong
motion having peak ground acceleration of 0.54g
and 0.45g in the horizontal and vertical directions
respectively". Most of the quay walls in Kobe Port
are of a rigid block type made of concrete caissons
and were severely damaged by the earthquake.
Quay walls moved about 5 m maximum, about 3 m
on average, toward the sea. The walls also settled
about 1 to 2 m and tilted about 4 degrees toward the
sea. The mechanism of this large deformation was
identified using effective stress analyses® and
shaking table tests ¥.

One quay wall at Maya Wharf was designed with
a high seismic coefficient (K,=0.25) and available
for emergency use just after the earthquake disaster.
Although the usual type quay walls were severely
damaged, this high seismic resistance quay wall
survived and was available for emergency use. This
success of a high seismic resistance quay wall en-
couraged the construction of seismic resistance ty-
pe quay walls in Japanese ports. '

The mechanism of survival of the quay wall des-
igned with high seismic resistance has not been
identified. It is necessary to identify why this high

Fig.1 Location of high seismic resistance quay walls
at Maya Wharf in Kobe Port.

seismic resistance quay wall survived and whether
or not the same type of quay wall can survive in
other earthquakes. In this paper, two-dimensional
effective stress analyses are conducted to identify
the deformation mechanism and determine why the
high seismic resistance quay wall did not suffer
severe deformation and damage.

2. HIGH SEISMIC RESISTANCE QUAY
WALL IN KOBE PORT.

The location of the high seismic resistance quay
wall at Maya Wharf is shown in Figure 1. It is lo-
cated in the northern part of Kobe Port and the quay
walls were constructed as steel cellular type quay
walls in 1967. After construction of the original
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Fig.2 Cross section and deformation of high seismic resistance quay wall.

cellular type quay wall, three berths in Maya No.1
Wharf were improved as high seismic resistance
quay walls with seismic coefficients of K;=0.25.
The northern berth of —10 m depth was improved as
a pier type quay wall and the other two berths of —
10 m depth and —12 m depth were improved as cais-
son type quay walls. The cross section of the high
seismic resistance design quay wall of —10 m depth
is shown in Figure 2. The old cellular structure still
remains behind the caisson and backfill rock was
placed between the caisson and the steel cellular
structure. The foundation of the old cellular struc-
ture was improved with filled sand and the founda-
tion of the caisson was improved with a gravel
mound. Though most of the caisson type quay walls
in Kobe Port are constructed on the deep clay layer
improved with soil replacement, quay walls in Ma-
ya Wharf have a shallow clay layer to be improved.
The deformation of the quay walls after the
earthquake shaking is also shown in Figure 2. The
concrete caisson is slightly inclined and moved
about | to 2 m toward sea. Though horizontal dis-
placement of | to 2 m toward the sea and settlement
of tens of centimeters occurred, irregularity of dis-
placement was not significant and the quay walls
could be used immediately following the earth-
quake, as shown in Photo 1. Since the deformation
of the quay walls was very limited and no irregular
deformation was observed, it can be concluded that
the quay walls didn’t suffer significant damage.
Whereas the high seismic resistance quay walls

Photo 1 High seismic designed quay walls just after
the earthquake.

did not suffer significant damage, usual type quay
walls in Kobe Port were severely damaged. The
displacements of quay walls at Port Island and
Rokko Island are shown on Figure 3. Quay walls
moved 5 m in maximum and about 3 m on aver-
age". The mechanism explains the differences in
seismic performance has not been identified and
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Fig.3 Displacement of quay walls at Port Island
and Rokko Island.

there are several factors which affect the seismic
performance of the high seismic resistance quay
walls. For instance, the horizontal earthquake mo-
tion has a predominantly north-south direction as
shown in Figure 4” and the damage of quay walls
facing north or south are more severe than that of
the quay walls facing east or west direction as
shown in Figure 3. Since the high seismic resis-
tance quay walls in Maya Wharf have a north-south
face line (facing west direction) as shown in Figure
1, It is thought that the orientation of the face line
parallel to the predominant horizontal direction of
earthquake shaking is one of the reasons why these
quay walls survived.

The possible factors which may have resulted in a
lower deformation of quay walls are summarized as
follows.

(1) High seismic coefficient (Kh=0.25)

(2) Existence of old steel cellular structure behind
caisson

(3) Absence of weak foundation as liquefiable sand
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Fig.4 Orbit of acceleration in Kobe Port.

replacement under the caisson
(4) Face line of quay walls parallel to the predomi-
nant direction of earthquake shaking.
Therefore, why the high seismic designed quay
walls survived in the earthquake is one of the most
important issues to be discussed.

3. OUTLINE OF THE EFFECTIVE
STRESS ANALYSIS METHOD

(1) Constitutive Equations
The constitutive model used in this study is a
strain space plasticity type and consists of a multi-
ple shear mechanism in the plane strain condition”.
With the effective stress and strain vectors written
by
nT ' ’ '
oV =brolrut M
T
) =lewe,orml @
The basic form of the constitutive relation is
given by
{do'}=[D)lae}-1de, ) 3)

in which
o1- kb0 ] o3, boloT o
i=l

In this relation, the term {d&‘ p} in Eq.(3) repre-

sents the additional strain incremental vector to ta-
ke the dilatancy into account and is given from the
volumetric strain increment due to the dilatancy as

{de,)" ={de, 12,de, 12,0} )

The first term in Eq.(4) represents the volumetric
mechanism with rebound modulus K and the direc-
tion vector is given by

41(1659)



Fig.5 Schematic figure for the multiple simple shear
mechanism.

{9} = {110} ©)

The second term in Eq.(4) represents the multiple
shear mechanism. Each mechanism i = 1,2,...,I rep-
resents a virtual simple shear mechanism, with each
simple shear plane oriented at an angle
6, /2 + /4 relative to the x axis.

The tangential shear modulus R}, represents the
hyperbolic stress strain relationship with hysteresis
characteristics. The direction vectors for the multi-
ple shear mechanism in Eq.(4) are given by

{n(" } T= {Cos9,~ ,—cosé,,sin ‘9:'} 7

(fori=1,2,....I)
in which
0, =@i-1)Ad (fori=1,2,...,1) 8)
Ab=nx/1I ®

A schematic figure for the multiple simple shear
mechanism is shown in Figure 5. Pairs of circles
indicate mobilized virtual shear strain in positive
and negative modes of compression shear (solid
lines with darker hatching) and simple shear (bro-
ken lines with lighter hatching).

The loading and unloading for the shear mecha-
nism are separately defined for each virtual simple

shear mechanism by the sign of {n‘”}r{de} . The

multiple shear mechanism takes into account the

Table 1 Parameters of the present model
Parameters Type of Mechanism Kind of the parameters

K, Elastic volumetric Rebound modulus

G Elastic shear Shear modulus

b Plastic shear Shear resistance angle

?, Plastic dilatancy  Phase transformation
angle

H, Plastic shear Hysteretic damting
factor at large shear
strain level

P Plastic dilatancy Initial phase of dilatancy

P2 Plastic dilatancy  Final phase of dilatancy

w, Plastic dilatancy  Overall dilatancy

S, Plastic dilatancy ~ Ultimate limit of
dilatancy

c, Plastic dilatancy  Threshold limit of
dilatancy

effect of rotation of the principal stress axis direc-
tions, the effect of which is known to play an im-
portant role in the cyclic behavior of anisotropically
consolidated sand®. '

The volumetric strain increment due to the dila-
tancy in Eq.(5) is given as the function of plastic
shear work. At each stage of deformation process
under transient and cyclic loads, increment in plas-
tic shear work is computed. The volumetric strain
increment is given from the state parameter, which
is based on cumulated plastic shear work. Ten
parameters are needed for the present model: two of
which characterize elastic properties of soil,
another two specify plastic shear behavior, and the
rest characterize dilatancy, as shown in Table 1.

(2) Finite element modeling

The finite element mesh shown in Figure 6 was
used for the analysis under plane strain conditions.
A total of 586 nodal points and 840 elements in-
cluding pore water elements were used. Five types
of elements were used in the analysis: linear ele-
ments for the caisson, nonlinear elements for sand
and clay, beam elements for the steel cellular
structure, liquid elements for water, and joint ele-
ments for the boundaries between soil and structure.
Liquid elements was used as the sea water (incom-
pressible fluid) and was formulated as an added
mass matrix based on the equilibrium and continu-
ity of fluid at the solid-fluid interface”. Input
parameter for liquid element was given as the den-
sity of water (1.0). Joint element was used at the
interface between concrete caisson and soils or
steel cellular and soils to make it possible to ex-
press the slippage at the interface. Input parameter
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Fig.6 The mesh for finite element analysis.
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Fig.7 Schematic figure for the modeling of cellular structure.
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Fig.8 Location of the geotechnical investigations at the Maya Wharf.

for joint elements is friction angle and was given as
15° and 31° for vertical and horizontal direction
based on the friction angle used in design standard.
The computer program code named FLIP (Finite
element analysis of Liquefaction Program) was
used in this analyses®.

Modeling of the steel cellular structure is one of
the most difficult points to be discussed. In this pa-
per, we assume the cellular structure possesses
enough strength and rigidity to perform as a rigid
block. The cellular structure consists of two vertical
rigid beam elements pinching soil elements in be-
tween and two diagonal rigid beam for additional
strength as shown in Figure 7. Continuity of soil
elements inside the cellular structure and beneath
the cellular structure was kept in this modeling.
Joint elements at the front and back outside surface
of the cellular structure can express slip or separa-
tion between the cellular structure and soil. The
validity of modeling is examined in the comparison
with analyzed cases with and without the cellular
structure in the later chapter.

(3) Model Parameters

The mode! parameters were estimated by refer-
ring to the Geotechnical investigation results. Fig-
ures 8 and 9 show the locations and results of the
Geotechnical investigations at Maya Wharf, re-
spectively. The parameters for backfilled sand and

Depth (m)

0 10 20 30 40 50
SPT N value

Fig.9 SPT N values investigated at the Maya Wharf No.1
and No.2 berth. (caisson type berths)

the sand replacement layer were estimated based on
the SPT N values for the sand replacement layer at
17 m to 20 m depth. Since SPT N values in the sand
replacement layer were scattered within wide range
(5 to 40), both obtained the upper and lower extre-
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Table 2 Parameters used for the analyses.

Layer ¥ G, Kia O ma o ¢, Parameters for dilatancy
No. (kN/m*) | (kPa) (kPa) | (kPa) | (deg.) | (deg) | S Wi P P2 &
Filled sand 19.60 67620 | 176000 | 98.0 | 39.4 28 0.005 65 05 1.0 2.10
Sand replacement | 19.60 67620 ] 176000 ( 98.0| 394 28 0.005 6.5 05 1.0 210
Filled rock 19.60 180000 | 469000 | 98.0 | 40.0
Mound rock 19.60 180000 | 469000 | 98.0 | 40.0
Clay layer 16.66 74970 | 195500 [ 143.0{ 30.0

SPT N values value (corrected for 65kPa overburden pressure) for

0 10 20 30 40 50 the sand replacement layer is 5 to 10. Thus medium

L AR MM AR AR AR value of 8 was used for parameter calibration and

the simplified method for parameter determination
was applied®.

Since it is preferable to determine the dilatancy
parameters for sand based on in-situ geotechnical
investigation results, the simplified method was not
used for determination of parameters related with
dilatancy. The dilatancy parameters for sand at Ma-
ya Wharf was estimated using trial and error fitting
method to the large scale cyclic triaxial tests results
from in-situ freezing sampling at Port Island, where
was reclaimed with almost the same sand as that
used at Maya Wharf. SPT N values of backfilled
sand and replacement sand in Port Island are shown
in Figure 10. For the same depth as the sand re-
placement at Maya Wharf (K.P.-13m to -16m), SPT
N values from Port Island are scattered between 10
and 20, which indicates almost the same equivalent
SPT N value as the sand replacement layer at Maya
Wharf. Therefore, we assumed the liquefaction re-
sistance for the sand replacement layer at Maya
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Fig.10 SPT N values in Port Island.

0.5 — S
[ ' : . Wharf and Port Island are identical.
[ E(E; g:z:fi I I(Iad sand \ It should be noted here that dilatancy characteris-
0.4 1 _e_(;a”b::':eﬁmm ] tics of clay layer is neglected in this analysis.

Though pore water pressure increase can occur
even in clay layer, it will not show strong strain

%\s\ j v hardening such as cyclic mobility of sand. There-
°

o
w
®

fore, we consider the hyperbolic stress-strain rela-
tion is enough to explain the behavior of clay layer.
[ The liquefaction resistance for sand replacement
0.3 layer at Maya Wharf is summarized in Figure 11.
Since there is no difference between the liquefac-
tion resistance for backfilled sand and sand used for

23

Shear stress ratio
e
N

0 L A Atal i Aol de
! Nunbet of cyelic shon’ 1000 replacement in Port Island, we used the same lique-
Fig11C red liauefacti stance f g faction resistance parameter for both sands in the
8. omputed hqueraction resistance ror san . v e
& P N analyses of Maya Wharf. Since the characteristics

repl tl t M Wharf.
pracement fayer af Maya Tha of the clayey layer might be uniform in Kobe Port,

o , the parameters calibrated for clayey layer of Rokko
me values were eliminated and an SPT N value  [5land? was used in this analyses. The parameters
between 10 to 20 was obtained. Considering the ef- for analyses are summarized in Table 2.
fect of overburden pressure, the equivalent SPT N
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Fig.12 Input acceleration for the analyses recorded by
Kobe City in Port Island at GL —32m.

(4) Input Accelerations

The earthquake motions was recorded by a verti-
cal seismic array in Port Island at the ground sur-
face and at depths of 16 m, 32 m and 83 m. The
recording was successfully accomplished by Kobe
City”.

The vertical seismic array is located close to Ma-
ya Wharf, south-west direction at a distance of
about 3 km. The records at the depth of 32m shown
in Figure 12 were used as the bedrock motion in
the effective stress analysis. Though the depth of
bedrock layer in the analysis is —16m and relatively
shallow than the depth of recording station, it can
be consider similar layer in this area because soil
layers in this area are inclined and become deeper
in south. Since the analyses were conducted in two
dimensions, the earthquake perpendicular to the

face line of quay wall was used for the input motion.

The maximum horizontal acceleration is 311 Gal in
the horizontal direction, while the maximum verti-
cal acceleration is 200 Gal.

Before the dynamic response analysis, a static
analysis was performed to simulate the initial stress
distributions to take the effect of gravity into ac-
count. The same constitutive model was used as in
the earthquake response analysis, but the static
analysis was performed under drained conditions.
With these initial conditions and the parameters
mentioned earlier, an earthquake response analysis
was performed on the high seismic resistance quay
walls. To simplify the analysis, it was conducted
under undrained conditions. The numerical time
integration was made based on the Wilson-6

x
T 7ZZ
T T f T T T

-

Fig.13 Computed deformation after the earthquake.
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Fig.14 Computed excess pore water pressure ratio
after the earthquake.
method (0=1.4) using the time interval of 0.01 sec-
onds. Rayleigh damping (=0 and =0.002) was
used to ensure the stability of the numerical solu-
tion process.

4. PERFORMANCE OF HIGH SEISMIC
RESISTANCE QUAY WALL

Using the aforementioned parameters, effective
stress analyses were conducted. The final deforma-
tion and the excess pore water pressure ratio are
shown in Figures 13 and 14 respectively. Excess
pore water pressure ratio is given based on mean

’
m

confining pressure o, and initial mean confining

'
m0

pressure o', as (-0’ /). Liquefaction be-

m0
hind the cellular structure was observed and the
ground surface settled about 20 to 30 cm in this
area. The caisson moved toward the sea and tilted
slightly. Settlement of the filled rock between the
caisson and the cellular structure was observed.
This analysis is conducted in undrained condition
and dissipation of excess pore water pressure is not
considered. Therefore, computed settlement can be
underestimate due to the ignorance of consolidation
after liquefaction. But as for the horizontal dis-
placement, undrained condition can be considered
enough in this case since displacement of caisson
mainly occurred during strong shaking duration.
Furthermore, it can be considered that dissipation
of pore water pressure tends to give more conser-
vative results. The magnified deformation pattern
(magnification x4) shown in Figure 15 agrees with
the observed settlements shown in Photo 2. Since
no soil improvement was done at the seaside clayey
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Fig.15 Deformation pattern around caisson in 4 times
magnified scale.

Photo 2 Deformation and settlement between caisson

and cellular structures.

layer, large shear strain of the soil elements was
observed in this clayey layers and large deforma-
tion of this clayey layer occurred. Therefore, de-
formation can be reduced if soil improvement is
conducted at the seaside clayey layer where large
shear strains were observed.

Horizontal displacement at the top of the caisson
was about 0.6 m toward the sea, which is fairly
smaller than the observed deformation of 1.2 m.
The major factor which may have reduced the de-
formation could be the absence of the effect of
shaking parallel to the face line of the quay wall.
Since the analysis was conducted in two dimen-
sions, earthquake motion parallel to the face line of
quay wall, which is the predominant direction of
earthquake shaking, can not be considered. But
liquefaction resistance of soils might be affected by
this parallel shaking. Therefore, in this analysis,
liquefaction resistance might be overestimated
since we consider only one-directional shaking in
the horizontal plane which is least likely cause lig-
uefaction. In order to consider the effect of earth-
quake motion parallel to the face line, liquefaction
resistance under multiple directional shear should
be considered.

Some research exists on liquefaction resistance
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Fig.16 Reduction of liquefaction resistance under
multiple shear (after Yoshimi, 1991)

under multiple directional shear and the results are
summarized in Figure 16'”. In Figure 16, the hori-
zontal axis shows the ratio of shear stress in two
directions, 7,/7,, and the vertical axis indicates
the ratio of shear stress in two directional shear, 7, ,
and one-directional shear. Here, 7, is the greater
one in two directional shear. 7, is the one-
directional shear component which would cause
liquefaction equivalent to that caused by the com-
bination of two-directional shear 7, and 7,. The
triangle marker in Figure 16 shows the test results
for saturated sand and circle shows the estimated
value from the test results of dry sand. The dark
hatched area in Figure 16 shows the area of calcu-
lated values using test results. Though the results
are scattered, the research indicates that liquefac-
tion resistance under two-directional shaking is 10
to 30% lower than that under one-directional shak-
ing.

The analysis of Maya Wharf is more complicated
than the situation represented by the analytical
modeling. The motion parallel to the face line of
the quay walls is greater than the perpendicular
motion, which is used in the analysis. Therefore
liquefaction resistance might be significantly lower
than predicted, possibly more than 30% lower than
predicted by the one-directional shaking analysis.
A series of parametric analyses with liquefaction
resistance reduced by 10 to 40% were conducted.
Reduced liquefaction resistance is shown in Figure
17. To consider the effects of the existence of the
old steel cellular structure, a series of analyses
without steel cellular elements (beam and joint
elements) were also performed. Computed hori-
zontal displacement under various levels of lique-
faction resistance is shown in Figure 18. The cal-
culated displacement agrees with the observed dis-
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Fig.18 Computed horizontal displacement under various
liquefaction resistance, with and without cellular
structure.

placement (indicated a dark hatch) when the analy-
sis is performed using a 30 to 40% reduction in lig-
uefaction resistance in case with steel cellular
structure. The dotted line shows the displacement
without the cellular structure and indicates that the
displacement without the cellular structure is about
two times the displacement with the cellular struc-

ture. The displacement with the cellular structure is -

probably underestimated since the cellular structure
is assumed to be rigid block. Therefore, the actual
performance of the quay wall is probably some-
where in between the performance predicted with
and without the cellular structure.

S. HIGH SEISMIC RESISTANT DESIGN
OF QUAY WALLS

(1) The effect of high seismic resistant design
To consider the effect of high seismic resistant de-
sign, computed displacement of the high seismic
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Fig.19 Input acceleration for the analyses recorded by
Kobe City in Port Island at GL ~32m.

resistance quay walls without the cellular structure
and computed displacement of usual type quay
walls are compared. The -14m type quay walls at
the south end of Rokko Island designed with a
seismic coefficient of 0.15 were analyzed as usual
type quay walls. The details of the analyses on the-
se quay walls were reported by Iai et al?.

To consider the most severe condition, the re-
corded motion at Port Island in the N-S direction,
maximum 544 Gal, which is close to the horizontal
predominant direction of motion, was used as input
ground acceleration for the analyses. The input
motion is shown in Figure 19. A parametric study
of input acceleration levels of 100, 200, 300, 400
and 544 Gal was conducted. For liquefaction resis-
tance, two series of analyses using non-liquefiable
soil and liquefaction resistance estimated by the in-
situ freezing sampling were conducted. Non-
liquefiable soil means soil material without consid-
ering dilatancy characteristics. It gives hyperbolic
stress-strain relationship as we used for clay layers.
Here, the results of in-situ freezing sampling in Port
Island were used for the high seismic resistant
designed case as mentioned earlier and the results
of in-situ freezing sampling in Rokko Island were
used for the usual quay wall case. As mentioned
earlier, there is no soil improvement at the seaside
clayey layer under the caisson in the high seismic
resistant designed case and large deformation can
be induced. Therefore, in the case with the high
seismic resistance quay wall with non-liquefiable
soil, we assume the soil improvement in the seaside
clayey layer under the caisson was done and the
same material parameters for the sand replacement
layer were used. The area near the seaside base-
ment that is assumed to be improved is shown in
Figure 20.

The results of numerical parametric study are
shown in Figure 21. Deformation of the high seis-
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Fig.20 Assumed area of soil improvement at the seaside
bottom of caisson.

mic resistance quay walls with no liquefaction does
not increase until the maximum input acceleration
exceeds 200 Gal. On the other hand, the deforma-
tion of the usual caisson type quay walls with no
liquefaction increases linearly just after the maxi-
mum acceleration exceeds 200 Gal.

Discussed maximum acceleration is defined in
the basement rock and there is no apparent relation
with static seismic coefficient used in design. But
Noda, Uwabe and Chiba presented an empirical
relation between observed maximum acceleration
on ground and equivalent seismic coefficient. Noda
and Uwabe’s empirical formulation is summarized
as follows'".

kK, =2 (@ <200Gal)  (10)

g
!

K,= 1[5]3 (@ 2200Gal) an

3\g
where
K, : Equivalent seismic coefficient acting on
quay walls

« : Maximum acceleration at the ground sur-
face in SMAC equivalent type acceleration
g : Gravity acceleration

SMAC equivalent type acceleration is equivalent
to the acceleration recorded by the SMAC accele-
rograph and it can be computed by the SMAC
equivalent filter.

Therefore, the equivalent seismic coefficient can
be estimated using the computed maximum accel-
eration at the ground surface. We used both the
equivalent linear method and the effective stress
analysis method to compute the maximum accel-
eration at the ground surface. The estimated
equivalent seismic coefficients are summarized in
Figure 21 as a reference of maximum input accel-
eration level at the base rock. The 100 Gal accel-
eration level in the base rock is amplified to 110 to

—e— Seismic Coefficient 0.15 (Liauefaction)
—&— Seismic coefficient 0.15 (No Ligquetaction)
5 | —®— Seismic Cosfficient 0.25 (Liauefaction)
—a— Seismic coefficient 0.25 (No Liquefaction)
§ Measured for seismic coofficient 0.15
BB Measured for seismic coefficient 0.25

Residual Horizontal Displacement (m)
L)

0 100 200 300 400 500 600
Maximun Horizontal Acceleration at Basement (Gal)

0.15 0.20 0.22 and Morg ~———————p-

Corresponding seismic coeeficient = 1/3(acc./g)'?

Fig.21 Horizontal displacement under various input
acceleration levels.

130 Gal in SMAC equivalent acceleration at the
ground surface and equivalent to seismic coeffi-
cient 0.11 to 0.13. It follows that the usual type
quay walls designed with seismic coefficient 0.15
remain at a small deformation level for this level of
acceleration. When the input acceleration level at
the bedrock exceeds 200 Gal, no major amplifica-
tion of acceleration at the ground surface is ob-
served due to the effect of non-linearity of soils.
Furthermore, when input acceleration at the
bedrock exceeds 300 Gal, maximum acceleration at
the ground surface remains constant at about 300
Gal in SMAC equivalent acceleration. It means the
equivalent seismic coefficient never exceeds 0.22
or 0.23 in this case, and it is difficult to discuss the
equivalent seismic coefficient when the input ac-
celeration level at the basement rock exceeds 300
Gal.

The minimum acceleration level that causes dam-
age for a given seismic coefficient can be estimated
from Figure 21. For example, in non-liquefaction
case, the minimum acceleration level to cause the
damage of 1.0m deformation level for the usual ty-
pe quay walls designed with seismic coefficient
0.15 is about 300 Gal and for high seismic resistant
type designed with a seismic coefficient of 0.25 is
about 550 Gal. In Figure 21, observed displace-
ments of the quay walls at Rokko Island and Maya
Wharf are shown, and the displacement agree with
the computed deformation considering liquefaction.
As mentioned earlier, we consider the orientation of
the face line of high seismic resistance quay walls,
and 30% reduced liquefaction resistance was used
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for the high seismic resistant case. Therefore, it is
impossible to use input motion of 400 Gal or more,
since we assume 700 Gal or more acceleration for
the parallel direction of face line in this case. This
is the reason the deformation with the input motion
over 300 Gal are shown with dotted line in Figure
21.

When liquefaction countermeasures were com-
pletely done, displacement of quay walls was fairly
reduced. Especially for the high seismic resistant
case, the displacement is only about 30 cm for 400
Gal input and only about 90 cm for 544 Gal input.
These results indicate that the effectiveness of the
high seismic resistant design is increased when lig-
uefaction countermeasures are completely con-
ducted.

(2) Level of improved liquefaction resistance

To consider the effect of liquefaction counter-
measures, we used the idealized non-liquefiable
sand for the aforementioned analyses. Since not
only liquefaction resistance but also soil properties
such as shear modulus might change when lique-
faction countermeasures are conducted, it is neces-
sary to consider the effect of liquefaction counter-
measures themselves and the desirable level of soil
improvement.

SPT N values are often used for the evaluation of
soil properties including liquefaction resistance
since other methods are more expensive or lack re-
liability. In this case, an equivalent SPT N value
corrected for 65 kPa overburden pressure is used
for port structures design. Since a simplified
method for parameter calibration in FLIP program
using equivalent SPT N value is presented®, we
conducted the parametric study considering the
level of liquefaction countermeasures using
equivalent SPT N wvalues. The results under
equivalent SPT N values of 5, 10, 15, 20 and 25 are
summarized in Figure 22. The high seismic resis-
tance designed quay walls at Maya Wharf and re-
corded NS directional motion at Port Island with
maximum acceleration of 544 Gal were used for
this parametric study. If the equivalent SPT N value
exceeds 20, residual horizontal displacement re-
mains under 1.0 m which shows good seismic per-
formance. It can be concluded that quay walls des-
igned with a seismic coefficient of 0.25 and lique-
faction countermeasures at the level of equivalent
SPT N value of 20 can survive under the great
earthquake motion of peak bedrock acceleration of
544 Gal.
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Fig.22 Horizontal displacement related to the equivalent
SPT N values.

6. CONCLUSION

. Two-dimensional effective stress analyses for
high seismic resistance quay walls at Maya Wharf
were conducted. The performance of the quay walls
is summarized as follows.

(1) Computed deformation is smaller than observed
deformation. This might be due to the effect of
multidirectional shaking on liquefaction resistance,
which is neglected in the two-dimensional effective
stress analyses. Reducing the liquefaction resis-
tance by 30% results in a predicted deformation
that agrees with the observed deformation.

(2) The existence of the steel cellular structure be-
hind caisson walls reduced the deformation.
Without the cellular structure, the observed defor-
mation might be amplified about two times.

(3) The observed deformation of the high seismic

 resistance quay walls at Maya Wharf are mainly

caused by liquefaction in the sand replacement
layer and filled sand behind the quay walls. There-
fore, adequate liquefaction countermeasures can
limit the deformation. It can be considered reason-
able that current Japanese design standard for port
and harbour structures requiring adequate liquefac-
tion countermeasures in case of the possibility of
liquefaction.

(4) The minimum input acceleration required level
for deformation to occur increases when the quay
walls are designed with large seismic coefficients.
This trend is clear when liquefaction countermeas-
ures are conducted. The quay wall with large seis-
mic coefficient and adequate liquefaction counter-
measures have fairly good seismic performance.
For example, even with a large input motion with
maximum acceleration of 544 Gal, horizontal dis-
placement at the top of the quay walls can remain
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under 1.0 m if liquefaction countermeasures are

completely done. 6)
7
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