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Synopsis

Quay walls designed with high seismic coefficients have been installed in many ports in Japan.
Though one of these high seismic resistance quay walls experienced the 1995 Hyogo-ken nanbu
earthquake and survived the disaster, it is necessary te clarify whether these quay walls can survive
future earthquakes. The performance of high seismic resistance quay walls subjected to various
levels of earthquake shaking is summarized in this paper.

The authors conducted a series of two-dimensional effective stress analyses on two gravity type
quay walls. One is the usual type, which was designed with a seismic coefficient of 0.15, and was
severely damaged in the Kobe earthquake. The other is a high seismic resistance type designed
with a seismic coefficient of 0.25. The effective stress mode] used in the analyses is based on a
multiple shear mechanism model defined in strain space. The model parameters for the analyses
were determined from various geotechmical investigations. The results of numerical analyses on
the deformation of the usual type quay walls agree with measured deformation of damaged quay
walls. Furthermore, the results of numerical analyses on the high seismic resistance quay wail
shows small deformation and are consistent with measured deformation of the quay wall in Kobe
Port. The numerical analyses also reveal the mechanism and the reason why the high seismic
resistance quay wall in Kobe Port survived in the severe earthquake disaster.

In order to identify the effect of liquefaction and the dependence on the input acceleration level,
a series of parametric studies were conducted. The results indicate that even in the most severe
condition in Kobe Port during 1995 Hyogo-ken nanbu earthquake, the residual deformation of high
seismic resistance quay wall will be less than 1.0 m if soil improvement against liquefaction is
completed.

The paper concludes that the installation of high seismic resistance quay walls is effective for
Japanese ports amd soil improvement against liquefaction is necessary for those high seismic
resistance quay walls.
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Performance of the Quay Walls with High Seismic Resistance

1. Introduction

On January 17, 1995, one of the most disastrous earthquakes called the 1995 Hyogoken-nanbu 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 2 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 encouraged the construction of seismic resistance type quay walls in Japanese ports.

The mechanism of survival of the quay wall designed with high seismic resistance has not been identified. It is
necessary to identify why this high 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. Outline of 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 located 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 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 caisson 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
celldlar structure. The foundation of the old cellular structure was improved with filled sand and the foundation 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 Maya Wharf have a shallow clay
layer to be improved.

The deformation of the quay walls after the earthquake shaking is shown in Figure 3. The concrete caisson is
slightly inclined and moved about 1 to 2 m toward sea., The investigated deformation at the top of the caisson is
summarized in Figure 4. Though horizontal displacement of 1 to 2 m toward the sea and settlement of tens of
centimeters occurred, irregularity of displacement was not significant and the quay walls could be used immediately
following the earthquake, 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 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
5. Quay walls moved 5 m in maximum and about 3 m on average V. The mechanism explains the differences in
seismic performance has not been identified and there are several factors which affect the seismic performance of the
high seismic resistance quay walls. For instance, the horizontal earthquake motion has a predominantly north-south
direction as shown in Figure 6 ¥ and the damage of quay walls with east-west face lines is more severe than that of
the quay walls with north-south face lines as shown in Figure 5. Since the high seismic resistance quay walls in
Maya Wharf have a north-south face line as shown in Figure 1, it is thought that the orientation of the face line
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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 replacement under the caisson.
(4) Face line of quay walls parallel to the predominant direction of earthquake shaking.

Therefore, why the high seismic designed quay walls survived in the earthquake is one of the most important issues
to he discussed.

Photo 1 High seismic designed quay wails just after the earthquake

%}é&\g il

Photo 2 Deformation and settlement between caisson and cellular structure
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3. Outline of the effective stress analysis method

3.1 Constitutive Equations
The constitutive mode! used in this study is a strain space plasticity type and consists of a multiple shear
mechanism in the plane strain condition . With the effective stress and strain vectors written by

ey =blopihy ®

T
{8} = x:gy:?'_xy} (2)
The basic form of the constitutive relation is given by

{do'}=[Dldde}- e, ) @
in which
1= k(O Rp @ + 3 R, , {2 fr )7 @
In this relation, the term {l;’; p} in Eq.(3) represents the additional strain incremental vector to take the

dilatancy into account and is given from the volumetric strain increment due to the dilatancy as

{ae,} ={ae, 12,de, 12,0} (®)
The first term in Eq.(4) represents the volumetric mechanism with rebound modulus K and the direction vector
is given by
(O} = (10} ®

The second term in Eq.(4) represents the multiple shear mechanism. Each mechanism i == 1,2,....] represents a
virtual simple shear mechanism, with each simple shear plane oriented at an angle 8;/2+ x/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 multiple shear mechanism in Eq.(4) are given by

{n“) }T = {cosﬁf,—cosﬁi,siné?,} (fori=1,2,...1) €0
in which

8, =G -1A8 (fori=12,...,I) (®)

AG=x/I 9



A schematic figure for the multiple simple shear mechanism is shown in Figure 7. Pairs of circles indicate
mobilized virtual shear strain in positive and negative modes of compression shear (solid lines with darker batching)
and simple shear (broken lines with lighter hatching).

The loading and unloading for the shear mechanism are separately defined for each virtual simple shear
mechanism by the sign of {n™}™{d & }. The multiple shear mechanism takes into account the effect of rotation of the
principal stress axis directions, the effect of which is known to play an important role in the cyclic behavior of
anisotropically consolidated sand ®. 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.

Performance of the Quay Walls with High Seismic Resistance

compression shear

r—=--=r bl

i i simple shear

Figure 7 Schematic figure for the multiple simple shear mechanism

Table 1 Parameters of the present model

Parameters Type of Mechanism Kind of the parameters
K, Elastic  volumetric Rebound modulus
Gra Elastic  shear Shear modulus
b Plastic  shear Shear resistance angle
b, Plastic  dilatancy Phase transformation angle
He Plastic  shear Hysteretic damping factor at large shear strain level
o Plastic  dilatancy Initial phase of dilatancy
P2 Plastic  dilatancy Final phase of dilalancy
Wy Plastic  dilatancy Overall dilatancy
8, Plastic  dilatancy Ultimate limit of dilatancy
cy Plastic  dilatancy Threshold limit of dilatancy
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3.2 Finite element modeling

The finite element mesh shown in Figure 8 was used for the analysis under plane strain conditions. A total of
286 nodal points and 840 elements including pore water elements were used. Five types of elements were used in
the apalysis: linear elements for the caisson, nonlinear elements for sand and clay, beam elements for the steel
cellular structure, liquid elements for water, and joint elements for the boundaries between soil and structure, The
sea water was modeled as incompressible fluid and was formulated as an added mass matrix based on the equilibrium
and continuity of fluid at the solid-fluid interface ?. 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 paper, we
assume the cellular structure possesses enough strength and rigidity to perform as a rigid block. As shown in
Figure 9, the cellular structure consists of two vertical rigid beam elements with soil elements in between and two
diagonal rigid beam for additional strength. Continuity of soil elements inside the cellular structure and beneath the
cellular structure was kept in this modeling, Joint elements at the front and backside of the cellular structure can
express slip or separation 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,
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Figure 8 The mesh for finite element analysis
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Figure 9 Schematic figure for the modeling of cellular structure



3.3 Model

The model parameters were estimated by referring to the geotechnical investigation results. Figures 10 and
11 show the locations and results of the geotechnical investigations at Maya Wharf, respectively. The parameters for
backfilled sand and the sand replacement layer were estimated based on the SPT N values for the sand replacement
Jayer at 17 m to 20 m depth. Since SPT N values in the sand replacement layer were scattered within wide range (5
fo 40}, both obtained the upper and lower extreme values were eliminated and an SPT N value between 10 to 20 was
obtained. Considering the effect of overburden pressure, the equivalent SPT N value (corrected for 0.66kg/cm®
overburden pressure} for the sand replacement layer is b to 10. Thus medium value of 8 was used for parameter

Performance of the Quay Walls with High Seismic Resistance

Parameters

calibration and the simplified method for parameter determination was applied &,
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The dilatancy parameters for sand were determined based on geotechnical investigation results including in-situ
freezing sampling at Port Island, which was reciaimed 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 F igure 12. For the same depth as the
sand replacement 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,
the liquefaction resistance for the sand replacement layer at Maya Whaif is estimated using the large scale cyclic
triaxial tests results from in-situ freezing sampling at Port Island.

An example of the large scale cyclic traxial tests using in-situ freezing sampling at Port Island is shown in
Figures 13 to 15 ®. There is not much difference between the liuefaction resistance for backfilled sand and sand
used replacement layer which is shown in Figure 16. With these test results, we conducted a numerical simulation
of the triaxial test and calibrated the parameters using the trial and error method. An example of the numerical
simulation results of the triaxial test is shown in Figures 17 to 19. The liquefaction resistance for sand replacement
layer at Maya Wharf is summarized in Figure 20. Since there is no difference between the liquefaction resistance
for backfilled sand and sand used for replacement as shown in Figure 20, we used the same liquefaction resistance
parameter for both sands in the analyses of Maya Wharf. Since the characteristics of the clayey layer might be
uniform in Kobe Port, the parameters calibrated for clayey layer of Rokko Istand ? was used in this analyses. The
p?x?ameters for analyses are summarized in Table 2,

. !
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— =
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Figure 13  An example of stress, strain and pore water pressure time history in triaxial tests
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Figure 20 Computed liguefaction resistance for sand replacement layer at Maya Wharf

Table 2 Parameters used for the analyses

Layer r G, Kia O ml @ ®, Parameters for dilatancy
No. (tm®) | (kPa) | (kPa) | (kPa) | (deg) |[(deg)| Si w p p ¢
Filled sand 2.00 | 67620 | 176000 | 98.0 | 39.4 28 | 0005 65 05 1.0 210
Sand replacement | 2.00 | 67620 | 176000 { 98.0 | 39.4 28 [ 0005 6505 1.0 210
Filled rock 2.00 | 180000 | 469000 | 98.0 | 40.0
Mound rock 2.00 | 180000 | 469000 | 98.0 | 40.0
Clay layer [.70 | 74970 | 195500 | 143.0 | 30.0

3.4 Input Accelerations
The earthquake motion was recorded by a vertical seismic array in Port Island at the ground surface and at

depths of 16 m, 32 m and 83 m.  The recording was successfully accomplished by Kobe City 1.

The vertical seismic array is located close to Maya Wharf, at a distance of about 3 km. The records at the depth
of 32m shown in Figure 21 were used as the bedrock motion in the effective stress analysis. 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 vertical

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 account. 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
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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-0 method (8=1.4) using the time interval of 0.01 seconds. Rayleigh damping (ct=0 and
B=0.002) was used to ensure the stability of the numerical solution process.
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Figure 21 Input acceleration for the analyses recorded by Kobe City in Port Island at GL -3Z2m
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4, Performance of high seismic resistance quay wall

4.1 Effect of the direction of the quay walls

Using the aforementioned parameters, effective stress analyses were conducted. The final deformation and the
excess pore water pressure ratio are shown in Figures 22 and 23 respectively. Liguefaction behind 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 cajsson and the cellular structure was observed.
The magnified deformation pattern (magnification x4) shown in Figure 24 agrees with the observed settlements
shown in Photo 2. Since no soil improvement was done at the seaside clayey layer, large shear strain of the soil
elements was observed in this clayey layers and large deformation of this clayey layer occurred. Therefore,
deformation 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 deformation 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 dimensions,
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 liguefaction. In order to consider the effect of earthquake motion parallel
to the face line, liquefaction resistance under multiple directional shear should be considered.

Some research exists on liquefaction resistance under multiple directional shear and the results are summarized

in Figure 25 '. In Figure 25, the horizontal axis shows the ratio of shear stress in two directions, 7,/t, , and the
vertical axis indicates the ratio of shear stress in two directional shear, 7, and one-directional shear 7,. Here,
T, is the greater one in two directional shear and 7, is the one-directional shear component which would cause
liquefaction equivalent to that caused by the combination of two-directional shear 7, and 7,. The triangle marker
in Figure 25 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 25 shows the area of calculated values using test results. Though the
results are scattered, the research indicates that liquefaction resistance under two-directional shaking is 10 to 30%
lower than that under one-directional shaking.

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 and computed horizontal
_ displacement under reduced liquefaction resistance are shown in Figures 26 and 27, respectively. The calculated
displacement agrees with the observed displacement (indicated a dark hatch) when the analysis is performed using a
30 to 40% reduction in liquefaction resistance. The residual deformation and excess pore water pressure ratio under
30% reduced liquefaction resistance are shown in Figures 28 and 29 respectively. Though the magnitude of the
deformation increased, the mode of deformation has no change. The excess pore water pressure ratio in both the sand
replacement layer and the backfilled sand increased to about 0.8 or 0.9, and these sands were almost liquefied.

The acceleration and displacement time histories at the top of the caisson are shown in Figures 30 and 31
respectively. Though shaking with a period of 2 seconds exists in the horizontal acceleration time history, shaking
with a period of 2 seconds is not observed in the vertical acceleration time history as shown in Figure 30. Iicanbe
considered that the horizontal response of 2 second period shaking is induced by the input horizontal acceleration
which has a pulse of 2 seconds. Furthermore, though rocking shaking of a caisson is major in the analysis of usual
caisson type quay walls '?, rocking shaking is minor in this analysis because of the absence of a deep sand
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replacement layer under the caisson.
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Figure 22 Computed deformation after the earthquake
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Figure 23 Computed excess pore water pressure ratio after the earthquake
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Figure 25 Reduction of liquefaction resistance under multiple shear (after Yoshimi, 1991)

— 100 —



Shear stress ratio

Horizontal displacement (m)

Performance of the Quay Walls with High Seismic Resistance

0-5 T T T T T 3 T 7 ! T T T T T 1T ! ¥ T 1] T T LELER]
- ® Backfilled sand
- : B Sand replacement
0ud o e —— Calibrated
- : --=-a+-= 10% reduced
- : <«0r— 20% reduced -
i : ~=¥--30% reduced :
i : -8 — 40% reduced 4
0. 3 __ .................... @ S .................. S — 50% I’educed e
: SRR s —
0.2 o oA Qe B N
! N S .. \..__n uf
Tl e e ._" i
: oo -~ - v .
0.7 beeeeeememmea el \@"'--._‘ﬁ .............................
i : =% :
O i 1 1 1 1 1 111 i 1 1 1, 1. 1 LI 1 i 1 1 i 1, | I | ik
1 10 100 1000

Number of cycles
Figure 26 Reduced liquefaction resistance for parametric study
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Figure 27 Horizontal displacement with reduced liguefaction resistance

— 101 —



Koji ICHH - Susumu IAI * Toshikazu MORITA

Al dm mn o em s e m e o oo o e fa e
T R R L DR Wy g g g o RO, SO AU Ay
e [ R0 L R LA A Y LB I S0 1 e (e S N Wy
0'00— 1% HE Tt T eV T T T ¥ my pepmparas.
LEUPTTHECL idibi b sy I i
KU R WU
| BIENDANAODN I I ]
|L‘F|||||| ! | NNnn . e i "
LB \ RO DA ' I :
HHHEHHHMH I DERDnAn ™ T
BOMHMNYANUL ll#llll |
(R 1 15,4 I \ rd
] AR LA 1 7 1

i I T : T T T
-20.60 -10.00 0.00 10.00 20.00 30.00 40.00 50.00 6£0.00 70.00 80.00
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Figure 29 Computed excess pore water pressure ratio
after the earthquake with 30% reduced liquefaction resistance
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Figure 30 Computed time history of acceleration at the top of caisson,
30% reduced liquefaction resistance

Figure 31 Computed time history of displacement at the top of caisson,
30% reduced liquefaction resistance
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4.2 The efiect of the existence of the old steel cellular structure

As shown in Figure 2, the caisson of the high seismic resistance quay wall is constructed in front of the steel-
cellular type quay wall. When the seismic performance of other quay walls is estimated based on the performance of
this quay wall, the effect of the former steel cellular type quay wall should be ignored. For this reason, analyses
without steel cellular elements (beam and joint elements) were performed. A parametric study of liquefaction
resistance was also conducted. Computed horizontal displacement under various levels of liquefaction resistance is-
shown in Figure 32. Similar to Figure 27, the observed displacement is indicated with a dark hatch, The dotted
line shows the displacement without the cellular structure and indicates that the displacement without the celular.
structure is two times the displacement with the cellular structure. The displacement with the cellular structure is
probably underestimated since the celiular structure is assumed to be rigid block. T herefore, the actual performance
of the quay wall is probably somewhere in between the performance predicted with and without the cellular structure,
as shown in Figure 32. The computed deformation and excess pore water pressure ratio after the earthquake for
the case without the cellular structure and for 30% reduced liquefaction resistance are shown in Figures 33 and 34,
respectively. Without the cellular structure, the area of settlement in the backfill rock is greater and the inclination
of the caisson increases from (.7 degrees with the celtular structure to 2.6 degrees without the cellular structure.

G S T |
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I . : . :Without cellular
- E j : :structure:

Horizontal Displacement (m)

0 | OV SR S | 5 T SO S| i TR R T N R ST S SR T S T I [ S T |
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Figure 32 Computed horizontal displacement under various liquefaction resistances,
with and without cellular structure
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Figure 33 Computed deformation without the cellular structure,
30% reduced liquefaction resistance
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Figure 34 Computed excess pore water pressure ratio without the cellular structure,
30% reduced liquefaction resistance

4.3 The effect of ground liquefaction

Though a parametric study varying the liquefaction resistance was conducted to consider the effect of multiple
directional shaking, the effect of ground liquefaction or increase in excess pore water pressure itself has not heen
considered. Therefore, we performed an idealized analysis using non-liquefiable soil which has the same
properties as usual sand, except it shows no dilatancy. Computed acceleration and displacement time histories at
the top of the caisson are shown in Figures 35 and 386, respectively. Computed residual displacement at the top of
caisson is only 0.1 m. Thus, the analysis essentially predicts zero deformation. The observed deformation at Maya
Whart was mainly induced by liquefaction in both the sand replacement layer and the backfilled sand. Therefore,
considering the effect of the former cellular type quay wall and the orientation of the face line of the quay wall paralle]
to the predominant direction of earthquake shaking, the quay wall would show no deformation if countermeasures
against liquefaction were perfectly conducted before the earthquake. In other words, though the deformation of the
quay walls was reduced by the presence of the cellular structure and the mismatch of the strong shaking direction,
liquefaction in the soil replacement layer and behind the quay wall induced horizontal displacement of about 1 m in
average.
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Figure 35 Computed time history of acceleration at the top of caisson
considering no dilatancy of soil

5. High seismic resistant design of quay walls

5.1 Seismic performance relative to designed seismic coefficient

High seismic resistance quay walls in Maya Wharf were designed with a seismic coefficient of 0.25.  The.
existence of the former steel cellular type quay walls behind the caissons was ignored during the seismic design. To
consider the effect of high seismic resistant design, computed displacement of the high seismic resistance quay walls
without the cellular structure and computed displacement of usual type quay walls are compared. The -14in type quay
walls at the south end of Rokko Island designed with a seismie coefficient of 0.15 were analyzed as usual type quay.
walls. The details of the analyses on these quay walls were reported by Iai et al 2.

To consider the most severe condition, the recorded 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 37. A parametric study of input acceleration levels of 100, 200, 300,
400 and 544 Gal was conducted. For liquefaction resistance, two series of analyses using non-liguefiable soil and
liquefaction resistance estimated by the in-situ freezing sampling were conducted. 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
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Figure 36 Computed time history of displacement at the top of caisson
considering no dilatancy of soil

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 basement that is assumed
to be improved is shown in Figure 38,

The results of numerical parametric study are shown in Figure 39. Deformation of the high seismic resistance
quay walls with no liquefaction does not increase until the maximum input acceleration exceeds 200 Gal. On the
other hand, the deformation of the usual caisson type quay walls with no liquefaction increases linearly just after the
maximum 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 sejsmic coefficient. Noda and Uwabe’s empirical formulation is
summarized as follows @,
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K,=2 (@ <200Gar) : (10)
g
1
K, = 1(3]3 (e 2 200Gal) an
3\g
where

K, :Equivalent seismic coefficient acting on quay walls
@  :Maximum acceleration at the ground surface in SMAC equivalent type acceleration
£  : Gravity acceleration
SMAC equivalent type acceleration is equivalent to the acceleration recorded by the SMAC accelerograph and it can
be computed by the SMAC equivalent filter.

Therefore, the equivalent seismic coefficient can be estimated using the computed maximum acceleration at the
ground surface. We used both the equivalent linear method and the effective stress analysis method to compute the
maximum acceleration at the ground surface. The estimated equivalent seismic coefficients are summarized in
Figure 39 as a reference of maximum input acceleration level at the base rock. The 100 Gal acceleration level in
the base rock is amplified to 110 to 130 Gal in SMAC equivalent acceleration at the ground surface and equivalent to
seismic coefficient 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, because of the effect of non-linearity of soils, no major amplification of acceleration at the ground
surface is observed. Maximum acceleration at the ground surface remains constant at about 300 Gal in SMAC
equivalent acceleration when input acceleration at the bedrock exceeds 300 Gal. It means the equivalent seismic
coefficient never exceeds (.22 or .23 in this case, and it is difficult to discuss the equivalent seismic coefficient when
the input acceleration level at the basement rock exceeds 300 Gal.

Although it is difficult to discuss the seismic coefficient and input acceleration level, the minimum acceleration
level that causes deformation for a given seismic coefficient can be estimated from Figure 39, For example, the
minimum acceleration level for the usual type quay walls designed with seismic coefficient 0.15 is about 200 Gal and
for high seismic resistant type designed with a seismic coefficient of 0.25 and liquefaction countermeasures is about
400 Gal. In Figure 39, observed displacements of the quay walls at Rokko Island and Maya Whatf 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 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 39.

When liquefaction countermeasures were completely 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 liquefaction countermeasures are completely conducted.

For the large input acceleration level, displacement of the usual type quay walls with liquefaction
countermeasures is smaller than that of the high seismic resistance designed quay walls without liquefaction
countermeasures. It can be said that liquefaction countermeasures are more effective than seismic design with a
large seismic coefficient in some cases. It is necessary to conduct liquefaction countermeasures for high seismic

resistance quay walls, since seismic performance of quay walls depends on both seismic coefficient and liquefaction
resistance level.
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Figure 37 Input acceleration for the analyses recorded by Kobe City in Port Island at GL -32m
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Figure 38 Assumed area of soil improvement at the seaside bottom of caisson
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Figure 39 Horizontal displacement under various input acceleration levels

5.2 Level of improved liquefaction resistance

To consider the effect of liquefaction countermeasures, 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 liquefaction countermeasures are conducted, it is necessary to consider the effect of liquefaction
countermeasures 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 reliability. In this case, an equivalent SPT N value corrected for 0.66 kgf/cm?
overburden pressure is used for port structures design. Since a simplified method for parameter calibration in FLIP
program using equivalent SPT N value s presented ¥, we conducted the parametric study considering the level of
liquefaction countermeasures using equivalent SPT N values. The results under equivalent SPT N values of 5, 10,
15, 20 and 25 are summarized in Figure 40. The high seismic resistance designed quay walls at Maya Wharf and
recorded 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 remains under 1.0 m which
shows good seismic performance. It can be concluded that quay walls designed with a seismic coefficient of 0.25 and

liquefaction 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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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

@)

3

multidirectional shaking on liquefaction resistance, which is neglected in the two-dimensional
effective stress analyses. Reducing the liquefaction resistance by 30% results in a predicted
deformation that agrees with the observed deformation.

The existence of the steel cellular type quay walls behind caisson walls reduced the deformation.
Without the cellular structure, the observed deformation might be amplified about two times.

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. Therefore,
adequate liquefaction countermeasures can limit the deformation.

In comparison with the usual type quay walls, the performance of high seismic resistance quay walls is as

follows.

(4)

The minimwm input acceleration required level for deformation to cccur increases when the quay
walls are designed with large seismic coefficients. This trend is clear when liquefaction
countermeasures are conducted. The quay wall with large seismic coefficient and adequate
liquefaction countermeasures have fairly good seismic performance. For example, even with a large
input motion with maximum acceleration of 544 Gal, horizontal displacement at the top of the quay
walls can remain under 1.0 m if liquefaction countermeasures are completely done.

( Received on Seplember 30, 1998 )
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