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More than two hundred cases of effective stress analyses with variation of seismic coefficients and
liquefaction resistance were conducted. Among the parameters considered in this study, the most sensi-
tive parameter affecting the wall displacement under a prescribed level of shaking is the SPT N-value of
subsoil below and behind the wall. With the results of parametric calculations, a simple procedure and
charts are proposed to evaluate the order-of-magnitude displacement of a quay wall. It demonstrated the
capability to evaluate a wide range of displacements, ranging from the displacement in the order of one-

tenths of meters to those with one order higher.
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1. INTRODUCTION

The applicability of the effective stress analysis
method for seismic performance evaluation of
gravity type quay walls was verified with case his-
tories of damage to quay walls in Kobe Port during
the 1995 Kobe earthquake” ?. However, it is diffi-
cult to conduct effective stress analyses for all va-
rieties of quay walls, which may be considered dur-
ing the design procedure due to the limitation of
costs and time. Therefore, it is desirable to establish
a simple estimation technique for deformation of
quay walls.

For gravity type quay walls, the relation between
seismic coefficient and the level of input motion to
cause the damage to quay walls are discovered
based on the case histories®. Furthermore, simpli-
fied damage evaluation technique using seismic co-
efficient are developped®. However, this method is
only applicable to the cases without liquefaction,
and it is difficult to take it into account the effect of
subsoil conditions below and behind quay walls.

To overcome this problem, a seismic perform-
ance evaluation charts for level-1 earthquake is

proposed based on parametric studies using effec-
tive stress analysis®. In this paper, more compre-
hensive parametric study using effective stress
analysis is performed, varying geotechnical and
structural parameters for a gravity type quay wall
under various levels of seismic excitations, to es-
tablish a simple estimation technique for deforma-
tion of gravity type quay walls. More than two
hundreds cases of effective stress analyses with
variations of seismic coefficients and liquefaction
resistance were conducted. This parametric study
aims to achieve two objectives. One is to identify
major parameters governing the seismic perform-
ance of a gravity type quay wall. The other is to de-
velop a simplified procedure for evaluating order-
of-magnitude displacement of a gravity type quay
wall.

2. SEISMIC PERFORMANCE OF GRAV-
ITY TYPE QUAY WALLS

Gravity type quay walls are made of a concrete
caisson or other retaining structures placed on a
foundation, sustaining earth pressures from backfill
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Fig.2 Seaward displacements of quay walls

soil behind the wall. For this type of quay walls, a
typical failure mode due to earthquake is a seaward
displacement and tilting of the walls as shown in
Figure 1. It depends on the foundation characteris-
tics whether the damage involves overall deforma-
tion of the foundation beneath the wall; i.e., a wall
on a loose sandy foundation involves the deforma-
tion of the foundation and results in a large seaward
displacement. Due to the seaward displacement of
the caisson or retaining wall, settlements and cracks
occur at the apron behind the wall.

Seismic performance of a gravity type quay wall
can be specified in terms of serviceability. And the
serviceability of a quay wall depends on many fac-
tors, such as its displacements, settlements, tilting,
differential displacements along the face line of the
wall, settlements at apron and gaps between apron
and the wall. However, many of these factors can
be correlated and it is not necessary to consider
above all factors at the first step of the seismic per-
formance evaluation. Therefore, the seaward
displacement at the top of the wall is selected as the
damage criteria for gravity type quay walls in this
paper.

The uniformity of seaward displacements at the
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top of walls are examined. Figure 2 shows the ob-
served displacement of 58 case histories in Kobe
port (Port island and Rokko Island)® and Kushiro
Port”. Observed displacements are plotted based on
the distance from the comer of quay wall face lines.
No matter convex shape corner or concave shape
corner, the displacements at the corner are smaller
than that of the flat part. In average, the effects of
corners are observed in the range of 50m from the
corner. One of the mechanism of this phenomena
for the convex corner case can be explained as the
effect of lateral spread, since the significant lateral
displacement was observed within 50m distance
behind quay wall in Kobe case®. For the flat part
more than 50m far from a corner, observed dis-
placements are relatively uniform. Based on Figure
3, most of the observed maximum and minimum
displacements are within +25% from the average
of observed displacements. Therefore, we can con-
clude that seaward displacements at the top of the
walls are enough uniform to be a damage criteria if
we choose average values of displacements of the
area more than 50m far from its corner. Further-
more, these results suggest that the plane strain
condition can be applied in the analyses as a rea-
sonable assumption.

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

oY =fol, 00,1} )
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T
{g} = {gx’ gy’ 7xy} (2)
the basic form of the constitutive relation is given
by

{do'} =[Dk{de}- e, ) 3)
in which

(D)= b + 3 824 @

In this relation, the term {d&‘ p} in Eq.(3) repre-
sents the additional strain incremental vector to
take the dilatancy into account and is given from
the volumetric strain increment due to the dilatancy
as

{de, ¥ =lds, 12, ds, 12, o} )

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

oy =4, 1, 0} ©

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
6, /2 +m /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

Table 1 Parameters for the present constitutive model

Parameters  Type of Mechanism  Kind of the parameters
K., Elastic Volumetric Rebound modulus
G,. Elastic Shear Shear modulus
¢ P Plastic Shear Shear resistance angle
¢p Plastic dilatancy Phase transformation angle
H Plastic shear Hysteretic damping factor
m at large shear strain level
D Plastic dilatancy Initial phase of dilatancy
J ) Plastic dilatancy Final phase of dilatancy
w; Plastic dilatancy Overall dilatancy
S1 Plastic dilatancy Ultimate limit of dilatancy
c Plastic dilatancy Threshold limit of dila-
1

tancy

{n“’ }T ={cosb,, —cosb,, sin6,} (7
(fori=1,2, .., 1)
in which
0. =(i-DAO  (fori=1,2,..D) (8)
Ab=nr/I )

A schematic figure for the multiple simple shear
mechanism is shown in Figure 4. Pairs of circles
indicate mobilized virtual shear strain in positive
and negative modes of compression shear (solid
lines with dark hatching) and simple shear (broken
lines without hatching).

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

shear mechanism by the sign of {n(i’}r{de} . The

multiple shear mechanism takes into account the
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
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Fig.5 An example of FEM mesh (W/H=0.65, DI/H=1.0)

which characterize elastic properties of soil, other
two specify plastic shear behavior, and the rest
characterize dilatancy, as shown in Table 1.

(2) Finite element modeling

The finite element method was used for the
analyses under the plane strain conditions. An ex-
ample of FEM mesh before and after the deforma-
tion is shown in Figure 5. Four types of elements
were used in the analyses: linear elements for the
caisson, nonlinear elements for sand and clay, lig-
uid elements for the sea water, and joint elements
for the boundaries between soil and structure. The
sea water was modeled as an incompressible fluid
and formulated as an added mass matrix based on
the equilibrium and continuity of fluid at the solid-
fluid interface'”. Before the earthquake response
analyses, a static analysis was performed with the
gravity under drained conditions to simulate the
stress conditions before the earthquake. The results
of the static analysis were used for the initial condi-
tions in the earthquake response analyses. The
seismic analyses were performed under undrained
conditions to approximate the behavior of satu-
rated soils under transient and cyclic loads during
the earthquake. The input earthquake motion was
specified at the bottom boundary through equiva-
lent viscous dampers to simulate an incident trans-
mitting wave (i.e. 2E). In order to simulate the in-

Fig.6 Typical cross section of a gravity type quay wall
for parametric study

coming and outgoing waves through the side
boundaries of the analysis domain, equivalent vis-
cous dampers were also used at the boundaries. The
effect of the free field motions was also taken into
account by performing one dimensional response
analysis at the outside fields and assigning the free
field motion through the viscous dampers.

The computer program code named FLIP (Finite
element analysis of Liquefaction Program) was
used in this paper®. This is the same computer code
used in the previous studies to verify the applicabil-
ity of effective stress analysis method for the seis-
mic performance evaluation of gravity type quay
walls" 2.

(3) Parameters characterizing gravity quay wall

The factors governing seismic performance of a
gravity type quay wall include wall dimensions, the
thickness of soil deposit below the wall, and lique-
faction resistances of subsoil below and behind the
wall, as well as the levels of seismic shaking at the
base layer. In this study, the soil deposit below the
wall was represented by a sand backfill used for re-
placing the original soft clay deposit in order to at-
tain the required bearing capacity. The effects of
this soil deposit on the deformation of a gravity
type quay wall may be approximately the same as
those of a natural sand deposit below the wall; thus,
the results of the parametric study may be applica-
ble not only for a quay wall with sand replacement
studied here but also for a quay wall constructed on
a natural sand deposit.

The standard cross section used for the paramet-
ric study is shown in Figure 6. Major cross sec-
tional dimensions were specified by the width (W)
and the height () of a gravity wall, and the thick-
ness of subsoil (DI). For simplicity, the thickness
of backfill (D2) was assumed the same as the wall
height (H). A width to height ratio of a gravity wall
(W/H) is one of the most important parameters in
the conventional seismic design and correlated with
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Table 2 Geotechnical model parameters
Equivalent ’
SPT Kog O O ¥ b, o P W Sy G D
N values (kPa) (kPa) (kPa) (degree) (degree) (%) (%)
5 146000 56100 98.0 39.0 28.0 24 05 112 1.15 0.005 1.6 41
8 191000 73380  98.0 39.6 28.0 24 05 1.06 376 0.005 1.6 48
10 221000 84900  98.0 40.0 28.0 24 05 1.02 5.5 0.005 1.3 55
15 281000 108000  98.0 41.0 28.0 24 0.5 092 9.2 0.005 13 66
20 345000 132000 98.0 42.0 28.0 24 0.5 0.8 235 0.005 1.0 77
25 396000 152000  98.0 42.0 28.0 24 0.5 0.7 50.0  0.005 1.0 85

the seismic coefficients used in the pseudo-static
method as shown in Figure 7, which is based on
Japanese case histories. The width to height ratio
(W/H) was thus considered as a major parameter in
this study. The parameters used in this study were
W/H=0.65, 0.90, 1.05, which correspond to the
seismic coefficients of K,=0.1, 0.2, 0.25, respec-
tively.

The peak accelerations of the input seismic exci-
tation assigned at the base layer as the incident
wave (as of 2E) ranged from 0.1 to 0.6 g. The time
history of the earthquake excitation was that of the
incident wave (2E) at the Port Island (Kobe) verti-
cal seismic array site at a depth of —~79m. This time
history, shown in Figure 8, is often used in Japan
for evaluating seismic performance of high earth-
quake resistant quay walls under Level 2 earth-
quake motions'?.

The thickness of the soil deposit below the wall
(DI) was specified by a ratio with respect to the
wall height (H), ranging from D1/H=0.0 (i.e. a rigid
base layer located immediately below the wall) to
D1/H=1.0 (i.e. thick soil deposit below the wall).

Other geometrical conditions assumed for the ef-

5(2

fective stress analyses include; wall height A/=13m,
water level=2m lower than the top of the wall,
thickness of the rubble mound=4m.

(4) Geotechnical conditions and parameters

For simplicity, the geotechnical conditions of the
soil deposits below and behind the wall were as-
sumed to be the same with each other, represented
by the equivalent SPT N-value (the corrected SPT
N-value for the effective vertical stress of 65 kPa in
terms of a equivalent relative density'”). The
equivalent SPT N-value has been widely used for
the assessment of liquefaction potential in Japanese
port areas'”. Model parameters for the effective
stress analyses were determined by the equivalent
SPT N-values based on a simplified procedure'.

The geotechnical model parameters determined
by the equivalent SPT N values are summarized in
Table 2. Two parameters, X,,, and G, for elastic
properties are given at the condition of the refer-
ence mean confining pressure, o, and the re-
bound modulus, X, and the shear modulus, G, at the
site are given by power functions of the effective
mean stress, G/,
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K=K,y (00/00)" (10)

G =Go(00/0) (11)

The assumed relative density, D,, for each

equivalent SPT N values, which were given in the

process of the simplified procedure', are also
shown in Table 2 as references.

4. PARAMETER SENSITIBITY ON QUAY
WALL DISPLACEMENT

The results of the parametric study were summa-
rized in terms of the residual horizontal displace-
ment (d) at the top of the wall. The residual hori-
zontal displacement was normalized with respect to
the wall height (H). The effects of the major pa-
rameters on the normalized residual horizontal dis-
placement (d/H) will be discussed below.

Width to Height Ratio (W/H)

The effects of width to height ratio (W/H) on the
displacement are shown in Figure 9 for the equiva-
lent SPT N-value of 15. When the foundation be-
low the wall is rigid (i.e. D1/H=0), increasing W/H
reduces the wall displacement. When the founda-
tion soil is medium to dense (i.e. with the equiva-
lent SPT N-values of 15) and thick (i.e. DI/H=1.0),
however, the effects of W/H become less obvious.

Input Excitation Level

The effects of input excitation level are shown in
Figure 10 for W/H=0.9, which corresponds to the
seismic coefficient of k£,=0.2 (see Figure 7). Except
for the equivalent SPT N-values of 5 and 8, at
which extensive liquefaction significantly increases
the displacement, the normalized displacements for
the excitation of 0.2 g at the base layer are within
d/H<0.03. The horizontal displacement of a wall
for d/H=0.03 is, for example, 0.3 m for a gravity
quay wall with H=10 m, suggesting that the quay
wall designed with the seismic coefficient of 0.2
based on the conventional pseudo-static method
withstands the excitation of 0.2 g at the base layer
if a margin of displacement in the order of 0.3 m is
allowed.

Equivalent SPT N-value

The effects of the equivalent SPT N-value are
shown in Figure 11 for W/H=0.9. Obviously the
thickness of soil deposit below the wall signifi-
cantly affects the displacement. For a wall put on a
rigid foundation (DI/H=0), the effects of the
equivalent SPT N-value of soil behind the wall are

relatively small. For a wall put on a thick soil de-
posit (D1/H=1.0), the effects of the equivalent SPT
N-values of soil below and behind the wall are
significant.

Thickness of Soil Deposit below Wall

The effects of the thickness of soil deposit below
the wall are shown in Figure 12 for W/H=0.9.
When the level of excitation is high, significant in-
crease in the displacement is recognized for
D1/H<0.5 and for smaller SPT N-values, suggest-
ing that the existence of soil deposit below the wall
and its SPT N-values are two important factors to
affect the displacement.

Overall Parameter Sensitivity

Among the parameters considered in this study,
the most sensitive parameter affecting the quay
wall displacement under a prescribed level of shak-
ing is the SPT N-values of subsoil below and be-
hind the wall. The second is the thickness of the
soil deposit below the wall. Although the width to
height ratio of a gravity wall is a sensitive parame-
ter for a quay wall with a firm foundation, the ef-
fects of this parameter become less obvious when
the soil deposit below the wall is thick.

However, the parametric study above is for a
quay wall with F=13m and the scale effect of its
results are not examined yet. Furthermore, to re-
duce cases, only three cases are conducted to draw
each line in Figure 9 and 12. Therefore, the results
are less accurate than Figure 10 and 11. These
points are remained for future studies to improve
the accuracy.

5. PROCEDURES FOR EVALUATING
WALL DISPLACEMENT

As mentioned earlier, the effective stress analysis
is particularly useful for identifying deformation /
failure modes and evaluating the limit-state per-
formance of quay walls and bulkheads. The effec-
tive stress analysis, however, requires a high level
of engineering and reasonable amount of resources;
hence, it is not always easy to apply for the routine
design practice. A simplified procedure is neces-
sary for evaluating order-of-magnitude displace-
ment in the routine design practice.

Although the Newmark type analysis is often
adopted as a simplified procedure to evaluate the
earthquake induced displacement, the Newmark
type analysis often underestimates the displacement
of those retaining structures with submerged
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Fig.13 Procedures to evaluate the quay wall displacement

backfill'®. A new procedure is necessary to include
the cyclic behavior of saturated soil below and be-
hind the wall in evaluating the quay wall displace-
ment. The results of the parametric study obtained
in the previous chapter offer a basis to meet this
need.

Based on the results of the parametric study
shown in the previous chapter, a simple procedure
is easily developed for evaluating the displacement
of gravity type quay walls. The flow chart for the
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Fig.15 Liquefaction resistance in Kushiro Port

simplified procedure is shown in Figure 13. In this
procedure, the displacement is evaluated with re-
spect to the parameters in the order of its sensitivity
to the displacement. First of all, rough estimation is
given by Figure 10 or 11. Since these two figures
are showing identical results just in different man-
ner, whichever easy to read can be applied. Then,
the correction for DI/H is applied based on Figure
12. Finally, the estimation is given after the correc-
tion for W/H based on Figure 9.
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Table 3 Simplified evaluation of residual horizontal displacements

Case Histories

Case History Kushiro Port, West Port District Kobe Port, Rokko Island
The 1993 Kushiro-oki earthquake The 1995 Hyogoken-Nambu earthquake
Measured horizontal d/H=0 t0 0.04 d/H=0.110 0.3
displacement at " H=0.02 =
the earthquake (d/H) n ine aver = ver =0
Simplified Evaluation

Input excitation level 0.27 g recorded at -79m at

To be rounded to 0.3 gin
simplified evaluation

the vertical seismic array site

0.55 g recorded at -32m at the vertical seismic
array site
To be rounded to 0.6 g in simplified evaluation

is needed for W/H=0.9

Equivalent SPT Equivalent SPT N-value about 8 to 10 | Equivalent SPT N-value about 10
N-value d/H=0.018 t0 0.022 d/H=0.17
DI/H DI/H=0 DI/H=1.0
No correction needed for DI/H No correction needed for DI/H
WH W/H=1.04 10 1.09 W/H=0.64 to 0.74

Correction factor of 0.7 to 0.8

Correction factor of 1.1 is needed for W/H=0.9

Nprmalized horizontal H=0.013 t0 0.018
displacement based on To be roun _
simplified procedure (d/H)

] ~

d/H=0.19
2 To be rounded to d/H=0.2

However, the scale effect are not examined yet
as mentioned above. Thus, the applicability of Fig-
ure 9 to 12 might be only valid for the quay wall
with large water depth (i.e. = approx. 13m).

Then, the overall applicability of the proposed
procedure was evaluated based on the case history
data. Two case histories were explained here in de-
tail. One was the quay wall performance at Kushiro
Port during the 1993 Kushiro-oki earthquake. The
cross section of the gravity quay wall is shown in
Figure 14. As shown in this figure, a caisson wall
was put on a firm foundation with the SPT N-
values ranging from 30 to 50, with a loose backfill.
The equivalent SPT N-values of backfill are about
8 to 10, since the measured liquefaction resistance

for the backfill are in between those of equivalent
SPT N-values of about 8 to 10, as shown in Figure
15 ', The liquefaction resistance curves for equiva-
lent SPT N-values 5 to 15 shown in Figure 15 and
17 are given in the simplified procedures to cali-
brate input parameters'®. Shaken with a peak bed-
rock acceleration of 0.27g (EW)'?, the residual dis-
placement of the caisson wall at the site ranged
from d/H=0.0 to 0.04, on the average d/H=0.02".
The other was the quay wall performance at
Kobe Port during the 1995 Hyogoken-Nambu
earthquake. The cross section of the gravity quay
wall is shown in Figure 16 ®. As shown in this fig-
ure, a caisson wall was put on a loosely deposited
decomposed granite. The equivalent SPT N-values
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Fig.18 Verification of proposed charts

for subsoil below and behind the wall were 10 on
the average, since its liquefaction resistance are
similar to that of equivalent SPT N-values about 10,
as shown in Figure 17 ®. Shaken with a peak accel-
eration of 0.55g (NS) at a depth of GL-32m, as re-
corded at the Port Island vertical seismic array
site'®, the residual displacement of the caisson
walls having the sand deposit of D1/H=1.0 (for DI
ranging from 15 to 20m) ranged from d/H=0.10 to
0.30, on the average d/H=0.20°.

The order-of-magnitude displacements of gravity
quay walls were evaluated based on the major pa-
rameters relevant to these two case histories. The
results are shown in Table 3. They are basically
consistent with those measured, suggesting reason-
able applicability of the simplified procedure.

Same procedures are adopted on the 55 case his-
tories of large scale gravity type quay walls
(H>7m) on Kobe port and Kushiro port. The pa-
rameters in case histories are in the range of H: 7 ~
19.8m, W: 4 ~ 15.3m and DI: 0 ~ 20m (W/H: 0.56
~ 1.11, D1/H: 0 ~ 1.91). Due to the limited infor-
mation, equivalent SPT N-values and input excita-
tion levels at the site are identical with aforemen-
tioned cases. Although the results of evaluated de-
formation are scattering due to rough estimation of
input parameter, as shown in Figure 18, the esti-
mated displacements are not far different from the
observed displacements in most cases. Though
some cases show more than twice of observed dis-

placement, and other some cases show less than
half of observed displacement, it might be due to
the inaccurate information of input excitation level
or geotechnical conditions at the site. Therefore,
these problem can be solved in future study to im-
prove the accuracy of the procedures. Thus, it can
be concluded that the simplified procedure demon-
strated the capability to evaluate wide range of dis-
placements, ranging from the displacement in the
order of one-tenths of meters to those with one or-
der higher.

6. CONCLUSION

Seismic performance of gravity type quay walls
was studied through the effective stress analyses by
varying structural and geotechnical parameters un-
der various levels of shakings. Major conclusions
obtained from this parametric study are as follows.
(1) Among the parameters considered in this study,
the most sensitive parameter affecting the quay
wall displacement under a prescribed level of shak-
ing is the SPT N-values of subsoil below and be-
hind the wall. The second is the thickness of the
soil deposit below the wall. Although the width to
height ratio of the gravity wall is a sensitive pa-
rameter for the quay wall with a firm foundation,
the effect of this parameter becomes less obvious
when the soil deposit below the wall becomes thick.
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(2) A simple procedure is proposed to evaluate the
order-of-magnitude displacement of a gravity type
quay wall. In this procedure, the residual horizontal
wall displacement under a prescribed level of shak-
ing is evaluated based on the three parameters men-
tioned above.

(3) The applicability of the proposed simplified
procedure was confirmed by case history data. The
procedure demonstrated the capability to evaluate a
wide range of displacements, ranging from the dis-
placement in the order of one-tenths of meters to
those with one order higher.
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