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INSTABILITY OF GRAVITY TYPE QUAY WALL
INDUCED BY LIQUEFACTION OF BACKFILL DURING EARTHQUAKE

E11 KoHaMAD, KINYA MIURAD, NozZOMU YOSHIDA!D,
NATSUHIKO OHTSUKA and SATORU KURITAY

ABSTRACT

The mechanism of the damage to a gravity type quay wall caused by liquefaction of the backfill ground during an
earthquake is made clear through a shaking table test and theoretical examination. A series of model shaking table
tests was conducted focusing on the occurrence of liquefaction in the backfill ground. The movement of the caisson is
found to be quite different depending on whether liquefaction occurred in the backfill ground or not. The fluctuating
earth pressure on the caisson suppresses the movement of the caisson when liquefaction does not occur. On the other
hand, sliding of the caisson is enhanced since the fluctuating component of earth pressure and the inertial force coin-
cide in phase angle when liquefaction occurs in the backfill ground. When liquefaction occurs, observed earth pres-
sure agrees with that evaluated by Westergaard’s formula originally derived for the water pressure on the dam.

The fluctuating earth pressure acting on the back wall of the caisson in the process to liquefaction was carefully ob-
served in the model shaking tests. It was found that the amplitude of the earth pressure first decreased to a very small
value because of the reduction of the stiffness of the backfill due to the excess pore water pressure generation, and then
increased because the phase angle of the earth pressure changed 180 degrees. This indicates that stability criteria of the
caisson should be developed not by the onset of the liquefaction but by the sudden phase change. This feature is
demonstrated by the simplified mass-spring-dashpot model proposed by the authors.

Key words: earth pressure, earthquake, gravity type quay wall, liquefaction, shaking table model test, sliding (IGC:
ER)

damage to treated quay walls. Remedial measures against

INTRODUCTION

Significant damage has occurred in port and harbor
facilities, especially those in reclaimed lands, during re-
cent large earthquakes in Japan. The function of quay
walls was frequently lost because gravity type quay wall
caissons were displaced toward the sea and subsided. It
seems that the damage was enhanced by the occurrence
of liquefaction in the backfill (e.g., JGS, 1994; Inagaki et
al., 1996; Kamon et al., 1996). Actually, close examina-
tion of the damage to quay walls in Hokkaido Island,
Japan, during three recent big earthquakes, i.e., 1993
Kushiro-oki, 1993 Hokkaido Nansei-oki and 1994
Hokkaido Toho-oki earthquakes, clarified that the
degree of damage is strongly related to the occurrence of
liquefaction in the backfill ground (JGS, 1994; Hokkaido
Development Bureau, 1996). A clear proof of the effect
of liquefaction on the stability of quay walls is seen in the
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liquefaction were positively made in Hokkaido Island af-
ter the 1983 Nihonkai-chubu earthquake; the backfill
ground of quay walls was improved by a combination of
sand compaction pile and gravel drain methods. They
survived large earthquakes with little or no damage, in
marked contrast to the severe damage frequently seen to
quay walls with non-treated backfill ground.

Quay walls are damaged because of the following fac-
tors:
—Inertial force acting on the caisson
—Earth pressure acting on the back of the quay wall
—Reduction of the bearing capacity of the foundation

ground

Inertial force is a body force induced by vibration
through the foundation, whose magnitude fluctuates de-
pending on the acceleration input. Both static and fluc-
tuating components of the earth pressure act on the back
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wall of the caisson. The fluctuation of the earth pressure

is a result of the interactive behavior between the vibra-

tions of the caisson and the backfill ground. Therefore a

combination of the inertial force and earth pressure may

result in the complicated behavior of the caisson, which
is the main interest in this paper.

The effect of the reduction of the bearing capacity of
the foundation ground may also be important as seen,
for example, in the damage during the 1995 Hyogoken-
nambu earthquake, where many quay walls were severely
damaged by the loss of the bearing capacity of the foun-
dation sand as well as by liquefaction of the backfill (In-
agaki et al., 1996; and Kamon et al., 1996). However,
this is not investigated in this paper in order to make the
discussion simple.

Earth pressure acting on a retaining wall during an
earthquake is usually evaluated by the seismic coefficient
method proposed by Okabe (1924) and Mononobe (1929)
in engineering practice, where the static inertial force is
employed instead of the fluctuating acceleration. As
pointed out by Ichihara and Matsuzawa (1972), the tran-
sient earth pressure is not taken into account and consis-
tent plastic equilibrium condition is not guaranteed in the
backfill in this pseudo static method. Matsuo (1941) meas-
ured the distribution of the earth pressure during an
earthquake in model tests, and emphasized the sig-
nificance of the relationship of the natural frequencies of
structures and ground with the dominant frequency of
the earthquake. Iwatate et al. (1982, 1984) conducted a
series of model shaking table tests on buried rigid struc-
tures, and derived the following:

—Earth pressure during shaking is much dependent on
the fixity condition of the structure.

—Fluctuating earth pressure is rather small compared
with that predicted by the seismic coefficient method
over a wide range of acceleration intensity if the
ground does not go into plastic state.

—When the ground liquefies, the earth pressure fluctu-
ates mo:.; this is similar to fluid pressure acting on a
vibrating object.

Kazama and Inatomi (1990) demonstrated the fluctuation
of earth pressure on a rigid structure in a series of model
shaking table tests using a dry sand deposit. They
proposed a rigid body-spring-dashpot model to simulate
the behavior of a structure subjected to dynamic earth
pressure.

Past research has indicated the importance of consider-
ing the interactive behavior between the quay wall cais-
son and backfill ground in a dynamic manner. It is also
known that the behavior is quite different depending on
whether the backfill liquefies or not. The interactive be-
havior, however, cannot be said to be clear or well recog-
nized. For example, partly liquefied ground or transient
behavior to liquefaction in the backfill have not been
treated in past research.

This study aims to clarify the mechanism of the
damage to gravity type quay walls during an earthquake
by focusing on the occurrence of liquefaction in the back-
fill ground. The behavior of the quay wall during the

vibration is investigated through a series of model shak-
ing table tests and through analysis considering the inter-
active behavior between the inertial force and earth pres-
sure from the backfill. The transient behavior of the
earth pressure in the process to liquefaction is also investi-
gated experimentally and analytically.

TEST METHOD

Model, Container and Shaking Table

A typical section of an actual gravity type quay wall is
shown in Fig. 1; the caisson rests on the rubble mound
and the small section of the backfill is assigned to the
gravelly soils. The rubble mound is effective for the dis-
persion of the dead weight of the caisson and improves
the bearing capacity of the foundation ground. The grav-
elly material in the backfill is used to prevent the backfill
material from being washed away and to reduce the ac-
tive earth pressure by its large internal friction angle.
Since the interactive behavior between the caisson and
the backfill ground is mainly investigated in this study, ex-
istence of the rubble mound was ignored in the tests. In
addition, the gravelly material in the backfill is not con-
sidered in the interests of simplicity in grasping the be-
havior.

The gravity type quay wall used in the shaking table
tests is shown in Fig. 2(a). The caisson was placed di-
rectly on the level base ground inside a rigid container
composed of steel members and glass plates. The caisson
was a hollow box made of steel plates, in which lead balls
were stuffed so that the total mass of the caisson was 50
kg, resulting in average density of 2.2 t/m>®. Foam rubber
plates 8 mm thick, and coated with silicon grease, were
placed at the ends of the caisson in order to prevent the
wash away of the backfill material and to reduce the fric-
tion between the caisson and the side walls of the contain-
er. It has a density of 0.19 g/cm? nominal Young’s
modulus of about 40 kPa, and negligibly small Poisson’s
ratio. Foam rubber plates 5 cm thick were also attached
to the side walls of the container on the transversal side.
The effect of the foam rubber plate on the reduction of
the reflection of the waves propagating in the base and
backfill was confirmed in the preliminary test. A thick
percolate mat made of entangled plastic wires was set as a
breakwater in order to reduce the reflection of the wave
through water on the opposite side of the caisson. A con-
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Fig. 1. Typical cross section of gravity type quay wall
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Foam Rubber Plates Table 1. Shaking table specifications
G(y/ Breakwater Shaking direction Horizontal one-direction
- Controll method Electro-dynamic actuator
Caisson
Table size 2.5mx2.5m
zic u\/ \ Table weight 88 kN
1000 A Y Bsckiit,
2001(&_-» 2 Power Sinusoidal wave 2.5x 10° kg-Gal
200 Random wave 1.0x 10 kg- Gal
400 Base
Range of frequency 0.1~100 Hz
1500 Maximum amplitude 100 mm
nit: mm
Case N-T, L-T v ) Maximum velocity 50 cm/sec
Case L-L Maximum acceleration 2.8x 10° Gal
(2)
1500 Table 2. Physical properties of siliceous sand
200 650 Grain Mean Uniformity | Maximum Minimum
Caisson : density diameter coefficient, density, density,
?;:gls?ﬁxeégf nt Ps D, 50 Uc Pdmax Pd max
_ %0 2.72g/cm®| 0.18 mm 1.82 1.61g/cm® | 1.261 g/cm’
i 7061 77
; 1000
180 1200 500”95 Backfill
Base 100
400 [
a §0 80
v Shaking Table Z 2 /
0: Pore Water Pressure Transducer . 2 60
O: Earth Pressure Transducer (Unit: mm) g /
O: Accelerometer ® é 0
Fig. 2. Schematic figure of shaking table test: (a) model quay wall on § /
shaking table; (b) arrangement of measuring devices E 20
& —
tainer of about 500 kg in mass was fixed on the shaking ta- 01 0.05 %1 i 05 1 5
ble in the parallel or perpendicular direction with respect rain Size (mm)

to the direction of shaking. The specifications of the shak- Fig. 3. Grain size distribution curve of sand
ing table are shown in Table 1.

Model Preparation which are listed in Table 3. In order to simulate the for-

Both the base underlying the caisson and the backfill mation of the foundation and the backfill in the shaking
ground were made with the same siliceous sand whose table test, the triaxial specimens were prepared by the
physical properties are listed in Table 2. Grain size distri- water deposition method, where the sand material was
bution is shown in Fig. 3. Both conventional triaxial com-  deposited in the water filled in the specimen mold. Here,
pression tests and cyclic undrained triaxial tests were car- g, denotes axial stress amplitude, and o; denotes initial
ried out in order to obtain the mechanical properties, effective confining stress that was kept constant at 49 kPa

Table 3. Mechanical properties of sand

) Internal friction angle, Liquefaction strength
Relative density, Density of é (deg) 64/20, (N,=20, Au/a,=0.95)
D, (%) saturated sz;nd, from triaxial from cyclic undrained
Psar (t/m°) compression test triaxial test
(g!/=49 kPa) (o.=49 kPa)
30 1.850 33.1 0.096
50 1.892 34.8 0.145
70 1.938 36.2 0.202
90 1.990 38.2 0.238
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in all the undrained cyclic loading tests. Results of the
cyclic undrained test are shown in Fig. 4 under various
criteria on the onset of the liquefaction, among which the
criterion based on 95% of excess pore water pressure
generation in 20 cycles of loading is indicated in Table 3
as liquefaction strength.

The sand was deposited under the water in order to ob-
tain the sufficient degree of saturation (Kiku, 1993); this
method is schematically shown in Fig. 5. When making

‘bu 0.6 rr—— — 1T
a [ | Double Amplitude 1
G, 0.5 of Strain (%) _
Al

g + ®5 i
k 010
;‘2 0.4~ | Excess Pore Water -
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<
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0.1 1 10 100

Number of Cycles Causing Liquefaction, N,

Fig. 4. Liquefaction potential of sand with relative density of 30, 50,

70 and 90%

l I Smm,
{ 1 ! S
Raining sand T
Water level o Sieve
N IDepth of water, d

Deposited sand=

ground

Shaking table

Fig. 5. Water deposition method for preparation of backfill ground
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Fig. 6. Relationship between relative density of backfill ground and
water depth in water deposition method

the base ground, the base was vibrated intermittently in
order to attain a relative density higher than 90%. The
density of the backfill was set to be either loose with

Table 4. Backfill conditions in Series B and C tests

Backfill Comment
Loose sand D,=30-40%
Medium sand D,=50-60%
Dence sand D,=70-80%
Water Filled with water instead of sand
No backfill No water at both sides of caisson
=Threads
l ore water pressure
= ansducer
(@
‘. = Acceleromet
AR & N=—=
: \\\\&\g\x R ccelerome e(rb)
AR A& R
& --\2&%\5\‘ Accel £
e 9,\,\\\\\\ ccelerometer
k Pegs
(©
Code— ‘ Backfill=
Earth pressure—
transuducer
Caisson = )
Accelerometer yv'ire
ackfill: Displacement
Transducer ()

Fig. 7.

Installation of measuring devices: (a) pore water pressure

transducer under ground; (b) accelerometer under ground; (c) ac-
celerometer on ground surface; (d) total earth pressure transducer
on surface of back wall of caisson; (e) wire type displacement trans-
ducer for measuring horizontal displacement of caisson
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D,=30-40%, medium with D,=50-60%, or dense with
D,=70-80%, by changing the depth of the water d in
Fig. 5. The relationship between D, and d is shown in
Fig. 6. The model quay walls used in this study, including
the one without backfill, are classified into the 5 types
shown in Table 4.

Pore water pressure, acceleration, displacement and
earth pressure on the caisson were measured with strain
gauge type devices whose locations are shown in Fig. 2(b).
Pore water pressure transducers were installed in the base
and the backfill; the values measured by these trans-
ducers are referred to as u, and u,, respectively. The
devices placed under the ground were suspended by
threads as shown in Fig. 7(a), in order to keep their origi-
nal positions even if liquefaction occurred. The ac-
celerometers were supported in the backfill with thin per-
colative plate and threads, in order to maintain their
original positions and attitudes, as shown in Fig. 7(b, ¢).
An earth pressure transducer was installed on the caisson
back wall, as shown in Fig. 7(d), and its value is referred
to as p.. Although pore water pressure was also measured
at the back wall, its repeatability and reliability were not
sufficient, unlike the total stress, which is therefore the
concern of this study. The horizontal displacement of
caisson x, was monitored with a wire type displacement
transducer as shown in Fig. 7(e).

Test Program
Three series of model shaking tests were conducted.

They are as follows:

—Series A test was planned to focus on the stability of
the quay wall caisson against liquefaction in the back-
fill. Three test cases listed in Table 5 were performed.
A sinusoidal acceleration of 220 Gal in amplitude and
2.5 Hz in frequency was used for the base motion.

—Series B test was conducted to obtain the earth pres-
sure from the liquefied ground, especially focusing on
the transient earth pressure in the process to liquefac-
tion. Five types of backfill listed in Table 4 were select-
ed to be the parameters. A wide range of magnitude
and frequency of the sinusoidal acceleration was ap-
plied; the amplitude was 25, 50, 100 or 200 Gal and the
frequency was 3, 10, 20 or 40 Hz.

—Series C test was planned in order to grasp the basic
vibration characteristics of the quay wall by vibrating
the quay wall under high frequency excitation. Two
types of models, one with a backfill ground with dense

sand and the other with no backfill, were subjected to a
sinusoidal base acceleration of 50 Gal in amplitude
and with frequencies between 20 and 80 Hz.

EXPERIMENTAL AND ANALYTICAL
INVESTIGATIONS

Effect of Liquefaction on the Stability of Caisson

The behavior in the Series A test is examined in this sec-
tion. Three test cases listed in Table 5 were named show-
ing the direction of the shaking and occurrence of the lig- -
uefaction in the backfill. The first characters ‘L’ and ‘N’
indicate whether liquefaction occurred in the backfill or
not, respectively. The second characters indicate the
direction of the shaking with respect to the longitudinal
direction of the caisson: ‘T’ for transversal direction and
‘L’ for longitudinal direction.

Time histories of the total earth pressure p,, inertial ac-
celeration (—X;) and displacement x. of the caisson are
shown in Fig. 8. Figure 9 shows time histories of the ac-
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[ N-T D=72% 14
~~ ) 5
5 2
)
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% -500 s . L 0 0 g
~ — Q
g 500 § 410 5%
4 ) g
o
° 0 5 5 O
g a S
2 g 2
B =1 8
& s00l- 5 8
S - & -0 3
< =3
3 800——————————————— 410 §
£ [ LL D=38% 14 A
= r A AR A A A A ]
O 45
1
B0 DTN T, g do
0 5 10
Time (sec)

—— Inertial Acceleration of Caisson, (-¥;)
----- : Total Horizontal Earth Pressure, p,
------ : Displacement of Caisson, x,

Fig. 8. Time histories of inertial acceleration of caisson (—.fb),’ earth
pressure p, and displacement of caisson x,: (a) Case N-T; (b) Case
L-T; (¢) Case L-L

Table 5. Test cases for Series A test

T Safety factor against sliding
Test case RelatB/e(ge;lsity, Liquefaction Vibration direction :
. (% . Earthquake
Ordinary (k,=0.224)
i

N-T 72 No liquefaction Transverse 2.98 | 0.65

L-T 31 Liquefaction Transverse 2.95 \‘ 0.63

L-L 38 Liquefaction Longitudinal 2.95 [ —

- |
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500 — celeration at the shaking table X, and pore waters u, and
[ N-T D,=72% . up. The measured displacement, accelerations, and iner-

o
o

a O
o
o

a &
S &
S &

Acceleration of Shaking Table, %, (Gal)
o

"m.'mur H.-\,\l 1y
A il 4

1 ] P ah u. 'lu
ﬁ ;l,'u ,«u.lr\l Ve ‘v“

Excess Pore Water Pressure Ratio, Au,/c",;, Auy,/c’y;

0 j 0.5
b 4
L
5 10
Time (sec)

—: Acceleration of Shaking Table, %,
------ : Pore Water Pressure (in Backﬁll) Aug
-------- : Pore Water Pressure (in Base), Au,

Fig. 9. Time histories of acceleration of shaking table ¥,, and pore
water pressure at backfill #, and beneath caisson in base «,, meas-
ured in: (a) Case N-T; (b) Case L-T; (¢) Case L-L

Earth Pressure
p
Time, 7
Static Component
pes)L/”’—
Time, 7

Fluctuating Component

Amplitude, 4 1p,

Time, ¢

Fig. 10. Definition of static and fluctuating components of earth pres-
sure p,

tial forces were designated as positive in the direction
toward the sea from the backfill. The definition of the
static and fluctuating components of the earth pressure
are explained in Fig. 10.

Acceleration X. was not detected in Case L-L because
the direction of the vibration was perpendicular to the
direction of measurement. Earth pressure p, did not fluc-
tuate in this case, although it increased from ordinary to
liquefied states monotonically. On the other hand, in
Cases N-T and L-T, X. was obviously detected and the
earth pressure increased with fluctuation. Pore water
pressure u, increased in a similar manner in both Cases
L-T and L-L, as shown in Fig. 9(b, c). Excess pore water
pressure ratio Au, / 6;, the ratio of the excess pore water
pressure Au, to the initial effective overburden stress o,
increased up to unity within 3 seconds from the start of
the vibration, indicating the occurrence of liquefaction in
the backfill. On the other hand, the time history of Au,/
a,; in Case N-T indicates that liquefaction did not occur
in the backfill. Pore water pressure increased with fluctua-
tion, but the maximum value was only a half of the initial
effective overburden stress, because liquefaction strength
was very large, as shown in Fig. 4 and Table 3.

Time histories of the accelerations X., X, and X;in Cases
N-T and L-T are shown in Fig. 11, where components the
same as the input motion (2.50 Hz) were retrieved from
the measured time history around 6 seconds after the be-
ginning of shaking, in order to make discussion easy. All

500 : T . T T r . T
L Caisson, x,

L 1A

-500 L P | A ! . :
500 T . T T T T . T :

Acceleration (Gal)
o

5]
)
S

500

_500 ! L i I I L ! L L
0 0.5 1
Time (sec)
Fig. 11. Time histories of measured inertial accelerations around 6 sec-

onds after beginning of shaking in Case N-T and Case L-T: (a) top
of caisson x,; (b) base beneath caisson x;; () shaking table ¥,. Note
that dashed lines are sifted by 90 deg. phase angle in the horizontal
direction
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the wave forms in different cases and at different loca-
tions are almost the same, and it is noted that the phase
difference between Cases N-T and L-T is artificially set by
moving the time axis in Case N-T. This suggests that both
the foundation ground and caisson were sufficiently rigid
and resonance between them did not occur. Even in Case
L-T where the caisson slid notably, the accelerations
measured on the shaking table, base and top of caisson
were the same and the rocking mode vibration was not,
therefore, recognized. This is also proved by the fact that
the accumulation of excess pore water pressure and the
reduction in effective vertical stress was negligibly small
in the base ground, as shown in Fig. 9.

Figure 8 indicates that the backfill ground liquefied
and the effective stress were perfectly lost in Cases L-T
and L-L. The caisson, however, moved significantly only
in Case L-T. Even in this case, the movement or slide
ceased when input acceleration terminated. This indi-
cates that both the inertial force on the caisson and the
onset of liquefaction in the backfill are keys in the stabil-
ity of the caisson under the conditions concerned with in
this study.

The stability of the caisson against sliding is evaluated
by the seismic coefficient method (Japan Port and Har-
bor Association, 1989). The safety factor F; is calculated
to be 2.98 in Case N-T and 2.95 in Cases L-T and L-L un-
der the ordinary loading condition under which both ac-
tive earth pressure and sea water pressure work. They are
0.65 in Case N-T and 0.63 in Case L-T when seismic inten-
sity of k,=220/980=0.224 is considered, where 220 Gal
is the amplitude of the base acceleration. The earth pres-
sure increases more when liquefaction occurs in the back-
fill ground as shown in Fig. 12; F; becomes, for example,
1.11 even when inertial force is not considered in Case L-
L.

Judging from the result of the stability analysis, the
caisson could slide during the earthquake even in case N-
T (F,=0.65). The displacement of the caisson was,
however, very small at only 3 mm or 2% of the height of
the caisson. This indicates that both inertial force and
liquefaction of the backfill are necessary to cause instabil-

No-Liquefaction

ik

%%

%4
p Py &2 Backfill

Caisson

es=Ka (psat_pw)gz
+p,82

Ka(psat_pw)gz /‘iv

Liquefaction =

Fig. 12. Rice in static earth pressure p, due to liquefaction

ity in the caisson. Comparison of the behaviors between

Case L-T and Case L-L suggests that the dynamic earth

pressure plays an important role in the stability of the

caisson. These experimental results agree with the trend
of the actual damage to quay walls during the earth-
quake. For example, displacement of the caisson in

Port Island damaged during the 1995 Hyogoken-nambu

earthquake is reported to be larger in the direction of the

predominant shaking than the minor direction (Inagaki

et al., 1996).

The relationships between the inertial acceleration
(—X,) and earth pressures p. are plotted in Fig. 13 during 1
cycle around 6 seconds from the beginning of vibration.
In Case L-L, neither (—X;) nor p. fluctuated; only a rise
in p. caused by the occurrence of liquefaction is seen (see
Figs. 8(c) and 12). The same amount of rise in p,; is also
observed in Case L-T.

Both (—X;) and p. oscillated in Cases N-T and L-T,
but the orientations of the loops are clearly different
from each other. This difference is also seen in Fig. 14 in
which the predominant components of (—X;) and fluc-
tuating component of the earth pressure 4p. around 6
seconds after the beginning of shaking are shown. The
directions of (—X,) and 4 p. are almost opposite in Case
N-T, but almost the same in Case L-T. The reason why
instability of the caisson occurred only in Case L-T is ex-
plained from this contrast; both inertial force and earth
pressure act in the same direction at the same time in
Case L-T.

The forces acting on the caisson during the vibration
are illustrated in Fig. 15. The four cases shown in the
figure have the following characteristics:

Case A—Figure 15(a) shows the inertial force F; acting
on the caisson; the existence of the sea water
and backfill ground is neglected. The outward
inertial force F; reaches peak at state (A).

Case B—Figure 15(b) shows the inertial force F;, static
components of resultant sea water pressure F,;
and resultant backfill earth pressure F,; fluc-
tuating components of the pressures 4 F, and

T I ! I
Extracted 1cycle around 6sec.
—_ 4 Active Earth Pressure|
< during Earthquakes
@ P PN
2
g . e
2 el T TS Active Earth
8 ol T Tas e Pressure |
A T~ -
=
E ~~~~~~~~~ Case N-T
~~~~~~ Case L-T i
——:Case L-L
| s | L L .
-900 -200 0 200 400

Inertial Acceleration, (-%;) (Gal)

Fig. 13. Cyclic fluctuation of inertial acceleration (—X;) and earth
pressure p, measured around 6 seconds after beginning of shaking
in Cases N-T, L-T and L-L
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[ N-T (Measured)

2

Case

Earth Pressure, p, (kPa)

Case

{
0.5
Time (sec)

— : Inertial Acceleration of Caisson, (-¥;)

Fig. 14. Dominant components of inertial acceleration (—X,) and
earth pressure p, analyzed from time histories around 6 seconds af-

ter beginning of shaking: (a) measured in case N-T; (b) measured
in case L-T; (¢) calculated for case L-T based on Westergaard’s for-

mula

AF, are neglected. Since F,, includes static pore
water pressure (=F,,) and is therefore larger
than F;, the maximum resultant force F, may in-
creases by the amount of F,-F,s from Case A.
C—Figure 15(c) shows the case when liquefaction
does not occur, in which both fluctuating com-
ponents of resultant earth pressure AF, and
resultant sea water pressure A F,, are considered
in addition to the forces in Case B. Based on
the test results shown in Figs. 13 and 14(a), A F,
works in the opposite direction to F;. As a
result, the maximum resultant force F;mnax
becomes smaller than that in Case B; therefore
the caisson becomes more stable than Case B.
D—Figure 15(d) shows the case when liquefaction
occurs, in which both A F, and 4 F,, are again
considered. The test results shown in Figs. 13
and 14(b) indicate that the static component of
the earth pressure p.s increases and the direc-
tions of (—X,) and Ap. coincide. The maxi-
mum resultant force F, .., therefore, increases
from Case B, and the caisson becomes more un-
stable than Case B, in contrast to Case C.

Earth Pressure from Liquefied Backfill Ground

If perfect liquefaction occurs, soils are considered to

F; =
i . . L R . F
’Case A (Inertial Force on Ca1sson)| 1 Case-B (Static) I Py DR
7/ 7
V] (B) © D) ®») (B) © (D)
Inertial Fimax i min Inertial Fimax F min
Force — * —_— ¢ Force - ¢ - ¢
7 e
Displacement € N > SR Displacement  «_ N > £ N
Acceleration ~—— . — Acceleration > . «
T - F; 3 :
§ | e sz‘ ‘‘‘‘‘ — Fy max= FimaxtFes-Fus
€0 | : T L
3 I | | Time 5N i ¥
E L_____ J]_ ____M I : 1‘ } Fes-Flus
5 T [ ! < | |
= ® (1;) (é) ® = ! | ‘ ! Time
I ! |
(@) 0 W ®m O o) (b)
|Case-C (Dynamic, No Liquefaction)l Ryl L ‘ Case-D (Dynamic, Liquefaction) J Byl lfa
/ 7/
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* Fimax i min Fimax F} max
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—_ b ‘ L max=Fest AF es -Fys+Fi max
2 ~ _ i
] | Firlu?c“FeS'Fws+Fimax //’ li /“r~\ +AF e max ~-AFy min
a2 i +AF 5 min ~AF min £ IS
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&= / E \ 2 l//: g_:
L ! i\y—//i :F esFus L
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Fig. 15.

Illustration of forces to which the model quay wall is subjected: (a) inertial forces F;; (b) static components of water F,, and earth pres-

sures F,; (c) dynamic component (4 F,,, AF,) in no-liquefaction case; (d) dynamic component (4 F,,, AF,) in liquefaction case

NI | -El ectronic Library Service



The Japanese Geotechnical Society

INSTABILITY OF QUAY WALL 79

lose their shear stiffness and strength completely and g 2 . : ; T . . .
should, therefore, behave like a liquid. To confirm this %
idea, the fluctuating earth pressure of the liquefied back- i °r  a@
fill and fluctuating water pressure were investigated PR & ”-I R S o ) A Westergaard's Formuia |
through the Series B test. ©3 vy @ a

Test results of this series are shown in Figs. 16 and 17. 2\:;:’-7;/2»
The measured amplitude of the earth pressure A, is plot- é § o (DLgo;g E%%A,)
ted against the amplitude of the inertial acceleration of 2 381733 .’Frequcmics o
the caisson Ay, in Fig. 6. A positive correlation is found o S SR — o AD vy ;No_Liquefaéﬁon H
between A4, and A in both cases, i.e., when the backfill g ® A m v :Liquefaction
ground liquefied and when the back of the caisson was 2 (@ ¢ A m v:Water
filled with water. Phase angle difference 464y, -+, is plot- £ 32 ' ' —e : 200

ted against A, in Fig. 17 in both cases, where 40 (4p, -x,) is Amplitude of Inertial Acceleration, 4, (Gal)
defined as the phase of 4p. with respect to (—X;). These
figures show a clear contrast between the cases whether liq-
uefaction occurred in the backfill or not; A8y, -1, was
nearly 0 when liquefaction occurred and is nearly —  if lig-
uefaction did not occur. This tendency agrees with the
observation in the preceding section in which inertial
force and earth pressure were shown to be in the same
direction when the backfill ground liquefied and in the op-
posite direction when it did not.

As examined so far, liquefaction in the backfill affects
the behavior of the caisson significantly, and it seems
that the backfill ground behaves like a liquid. Therefore,
as a first step, we treat the liquefied backfill as a liquid
and formulate the behavior analytically.

If backfill ground behaves like a liquid, the dynamic

/2| T T T T T T T

| __®A e ________ 7 R
0 L) A Westergaard's Formula
] o A

v -

Medium Sand
(D, = 50~60%)

Ae(APev xp) (rad)
3
L

B it g -—

Phase Angle Difference of Earth Pressure,

L n I L f 2 .
312y 200 200

g w2 . : . .
earth pressure may be computed by Westergaard’s formu- 2 v I
la (Westergaard, 1933) originally proposed for the dam. &
oA
4 8aph 5 1 nn ) 2int E@ 0“"""’."*"‘ """ g‘i"We'sE&Zgaa{de'ﬁaﬁﬁﬁf{
= —|sin—y|exp|——|,
N e A A W 5E v -
2 2 F-f2 1
Cp= «/l—w 6)) § B " Dense Sand
" n2kT? ES (D, =70~80%)
AN
or a simplified form obtained through a numerical best fit éo B IR N
by parabolic equation,
d 5 | © o o
L " L | L L L
& g 200 400

Tap
an=—5 VHy @

Amplitude of Inertial Acceleration, 4, (Gal)

where A4, is the amplitude of fluctuating water pres-  Fig. 17. Phase angle difference 46,,, s, between earth pressure and
inertial force vs. inertial acceleration amplitude A, relationships
for: (a) loose sand (D,=30-40%); (b) medium sand (D,=50-60%);

g L B A 4 (¢) dense sand (D,=70-80%)

17 0 : Loose Sand A ,/ol S 1

o A : Medium Sand A L4 $

A r 0: Dense Sand /,’g& 1 . R

g L X Water 0 (o4 i sure, o and T are amplitude and period of the base

AL B,/ o J sinusoidal acceleration wave, respectively, H is the depth

T X B 6{;\;5'_ of dam reservoir, and y is the coordinate measured down-

g g | A0 oy X | ward from the water surface. Parameters p and K are

o I xm T | mass density and bulk modulus of the reserved water, re-

é o ,;5’0 e spectively.

= /,,x/;‘, In the perfectly liquefied condition, it was assumed

g el I" Westergaard's Formula 1 that the water table rose up to the ground surface, and
% ' 200 T 400 the overall backfill liquefied. Figure 14(c) shows calcu-

Amplitude of Inertial Acceleration, 4 ,, (Gal) lated fluctuating earth pressure from Eq. (1), in which H

Fig. 16. Amplitude of fluctuating earth pressure 4, vs. inertial ac- is the thickness of the ?aCkﬁu Of: 20 cm, p l-S set to be Psar
celeration amplitude 4, relationship, compared with calculated and K to be 0.933 x 10° kPa, which are typical values for
values based on Westergaard’s formula loose sand (JSCE, 1994). It should be noted that the
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value of K is not important in calculating the earth pres- . 1 ‘ , . . T
sure under ordinary condition; this can be confirmed be- Calculated p,y;
cause K does not appear in Eq. (2). | Active Farth Pressure W
Measured earth pressures under a wide range of fre- __ during Barthquakes -
quency and magnitude of base acceleration are compared
with those by Westergaard’s formula in Figs. 16 and 17.
The Westergaard’s solution agrees with the measured
earth pressure in both amplitude and phase when lig-
uefaction occurred at the backfill. As pointed out by
Westergaard (1933), 4 p. is the same in phase angle with
(—X»), therefore fluctuation of the water pressure during

w

—O—: 20Hz 100Gal Loose

—4—: 20Hz 100Gal Medium
—&—: 10Hz 200Gal Medium
I —A—: 20Hz 200Gal Medium | 7
——: 20Hz 200Gal Dense

Static Earth Pressure, p,, (kPa)
N

the earthquake notably reduces the stability of the cais- (a) ——: 40Hz 50Gal Dense
son. This is why the onset of liquefaction causes severe T o4 05 o8 1
damage to caisson quay walls; it is therefore an im- Excess Pore Water Pressure Ratio, Aug/c",;

portant factor in earthquake resistant design.

Earth Pressure in the Process to Liquefaction

Through the discussion in the previous sections, it
becomes clear that, if liquefaction occurs, the backfill
ground behaves like a liquid and the behavior is quite
different when liquefaction does not occur. The next ques-
tion to arise is when does the change occur; during the
process to liquefaction or just at the onset of liquefac-
tion?

Shown in Fig. 18 are the variations of the earth pres-
sure on the caisson during the process to liquefaction in
the backfill, obtained from the Series B test. In these
figures static earth pressure p.;, amplitude of fluctuating 0 Ry e 08 1
component of earth pressure A4, normalized by that of Excess Pore Water Pressure Ratio, Au,/c’,,
dynamic water pressure from the liquefied backfill calcu-
lated by Westergaard’s formula (Eq. (1)) A,v, and phase
angle difference 46,, -+, are plotted against the excess
pore water pressure ratio Au, /o.;. It should be noted that
all the backfill ground liquefied apart from dense sand
backfill, and sinusoidal base acceleration ¥ is 40 Hz in
frequency and 50 Gal in amplitude; this can be recog-
nized because A,/ o,; reached unity.

Static earth pressure p, rises monotonically and linear-
ly from initial active pressure to p.y. Normalized ampli-
tude Aup,/ Ap, first reduces significantly to a fairly small
value of about one tenth of initial values, then increases
suddenly up to the values calculated from Westergaard’s

iy
(8]

s Agp, / A,

Normalized Amplitude,

/2

, A6y, ) (rad)

-2

&
2
N

Phase Angle Difference.
3

I . I . A l
0.2 0.4 0.6 0.8 1

solution according to the excess pore water pressure 0
generation. Under the test condition employed in this Excess Pore Water Pressure Ratio, Au, /0",

ini s of A,, are attained in the
stufiy, th; Lrlmn/lm}ln; value 0.8 a2, a 0.95. Ph I Fig. 18. Variation of measured earth pressure during process of lig-
rf?glon 0 Ug/ Oui . etween 0.8 an I ase ang. € uefaction: (a) static component p,; (b) amplitude 4, /(Ar/H);
difference A6, -, is almost —r although it scatters a lit- (c) phase angle difference 40,4,

tle, and leaps to O together with the sudden increase of
Aup, as seen in Fig. 18(b, ¢). This indicates that the

ground begins to behave like a liquid when effective mean ot .
stress reduces to a certain amount. ‘ ‘ W“'” l L‘ —
A simplified mass-spring-dashpot model is devised in } i ' ackdil Grownd ==
order to explain the transient behavior of the caisson- ‘ f |[
backfill ground system in the process to liquefaction. The k, Dot
caisson and backfill ground are modeled into lumped | = @ EA[/:' %
masses whose mass are m. and m,. They are connected < Mmon f
with a spring with a spring constant of k; and a dashpot %B/ 220
with a viscous coefficient of ¢;. The base input motion  Fig. 19. Simplified mass-spring-dashpot model for simulation of tran-
xp(=Xp exp (iwpt)) is propagated into the caisson and sient dynamic earth pressure
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8 T T T T v T T 8 T T T T T T T
No-Backfill; 4, = 50 Gal ]
| —O—: Caisson-Base 4, / 4 ;, Dense Sand; 4, =50 Gal
= 6 —0—: Base-Shaking Table 4,/ 4, i S 6L —O—: Caisson-Base 4, / 4, ]
*g I g —O—: Backfill-Base 4, / 4,
= = ~0—: Base-Shaking Table 4,/ 4 ;.
g g
| 4 . " 4
I~
: ® 2
'] T =2t
E o 1 E
L | L [ L 1 : %
%0 30 40 50 60 0

Frequency (Hz)

Frequency (Hz)

Fig. 20. Basic vibration properties of base, caisson and backfill: relationship of amplification factor with frequency of base acceleration

the backfill through the springs (., &,) and dashpots (c.,
¢;) as shown in Fig. 19. The natural angular frequencies
w, critical damping ratio # and complex spring
coefficients K are defined as follows:

w.=vke/m., h.=c./Vvidm.k., K.=k.+iwsc. 3)
w,= vk, my, hy=c,/vadm,k,, K,=k,+iwsc, 4
wi=vki/m., hi=c/Vadm.k;, K=ki+iwyc: 5)

where suffixes ‘b’, ‘c’, ‘g’ and ‘I’ correspond to the
parameters for base, caisson, backfill ground and the in-
terface between caisson and backfill ground, respectively,
and w; is the angular frequency of the base motion. A
simultaneous momentum equation for the model is given

by
-K; X.
—wim,+K,+K; | | X,

- w%mc +KC+K,
—Ki
2
wim:Xp
wimy X,

where x.(=X. exp (iws?)) and x, (=X, exp (iws?)) are rel-
ative displacements of the caisson and backfill ground, re-
spectively. The inertial force F; to which the caisson is
subjected and the force generated at the interface A F,,
which corresponds to the earth pressure, are calculated
by

Fi=m.w} X exp (iwst),
AF,=—Ki(X.—X,) exp (iwy?) @

In order to solve Eq. (6), vibration characteristics of
the caisson and backfill ground are required. The Series
C test was planned to obtain them. The amplification fac-
tors at the base, caisson and backfill were computed from
the Series C test results, which are shown in Fig. 20.
Natural frequencies at base and caisson were about 37
and 45 Hz, respectively when there was no backfill (Fig.
20(a)). They were slightly reduced to about 34 and 43 Hz
when there was a backfill with dense sand, as shown in
Fig. 20(b). The backfill made of dense sand had a natural
frequency of about 52 Hz, as shown in Fig. 20(b). It is
noted that the natural frequency of the caisson was
smaller than that of the backfill ground. Probably, rock-

Table 6. Mechanical parameters used for simplified mass-spring-
dashpot model

W,/ w.: 0.0-3.0

my/m: 4.0

w;/ w,: 0.25-2.0

W,/ W 0.22(=10/45)
h(=h,=h,=h,): 0.2

ing of the caisson is more predominant than shear defor-
mation.

The values of the mechanical parameters used in the
simulation are listed in Table 6. The frequency of the
sinusoidal base motion was 10 Hz. The same value of A
of 0.2 was used for all the spring-dashpot systems.
Spring constant at the interface k; were parametrically var-
ied in the simulation. The results of the parametric calcu-
lation are shown in Fig. 21; the amplitude of the earth
pressure normalized by the inertial force A4 Fe/AFf and
phase angle difference 46 r r, are plotted against the ra-
tio of the natural angular frequency of backfill ground w,
to that of caisson w.. The reduction of the natural fre-
quency ratio w,/w. corresponds to the reduction of the
stiffness of backfill ground due to the generation of pore
water pressure in the process to liquefaction. As shown
in these figures the amplitude of the earth pressure first
descends and vanishes when the natural frequencies of
the caisson and backfill coincide, i.e., w,/w.=1. Then it
starts to ascend. The phase angle difference leaps from
around —= to around 0 at w,/w.=1 or the amplitude
Aur, equals 0. Comparison between Figs. 18(b, c) and 21
shows that the transient feature of the earth pressure in
the process to liquefaction is simulated qualitatively by
the analysis.

CONCLUSION

Series of model shaking table tests were conducted in
order to investigate the damage mechanism of gravity
type quay walls during earthquakes, especially focusing
on the occurrence of liquefaction in the backfill ground.
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Fig. 21. Simulated resultant fluctuating earth pressure during process to liquefaction: (a) amplitude 4, ; (b) phase angle difference 46,4, r,

The following conclusions are obtained from observa-
tion of the test results and simplified analysis.
—The sliding of the caisson is largely enhanced when lig-

uefaction occurs in the backfill ground. The caisson
becomes unstable the most easily when vibrated in the
transversal direction, because three components, in-
crease in the static component of the earth pressure in-
duced by liquefaction, fluctuation of the earth pressure
from the liquefied backfill and inertial force, all cooper-
ate together to slide the caisson.

—If liquefaction does not occur in the backfiil, the fluc-

tuating component of the earth pressure works in the
opposite direction to that of the inertial force, there-
fore sliding is suppressed.

—Dynamic earth pressure with fluctuation from the lig-

uefied backfill can be evaluated by Westergaard’s for-
mula. Both the measured and calculated fluctuating
earth pressures are in good accordance in amplitude
and phase angle.

When a caisson-backfill ground system is subjected to
earthquake load, the amplitude of the earth pressure at
the caisson first decreases as excess pore water pressure
generates. It reaches a minimum value when the natu-
ral period of the backfill ground becomes equal to that
of the caisson. After that, according to the softening
of the backfill ground, the amplitude increases rapidly
and the phase difference leaps to 0, both of which work
to make sliding easy.

—The vibration characteristics of the caisson-backfill

ground system is confirmed through both experimental
and analytical investigations. The stability criterion of
gravity type caisson should be discussed by the onset
of liquefaction in the backfill and the liquefaction
associated sudden phase change between the earth pres-
sure and inertial force, as well as by the inertial force.
According to the observation in the experiment, the
threshold state corresponds to excess pore water pres-
sure generation of about 80 to 95% of the initial over-
burden stress. As described in the previous item,
however, the threshold state should be described by
the coincidence of the predominant period between the
caisson and the backfill ground, but not by the amount
of excess pore water pressure generation. In order to

develop these criteria, more detailed investigations and
measurement of actual caissons will be required be-
cause the vibration characteristics of caissons are com-
plicated, including shear and rocking behavior.

—A simple mass-spring-dashpot system proposed here is
shown to have the possibility to evaluate the dynamic
earth pressure during the process to liquefaction in the
backfill ground.

—The results of experimental and analytical investiga-
tions obtained in this study indicate that the remedial
treatment of backfill ground against liquefaction sig-
nificantly improves the stability of a quay wall during
earthquake. This suggests the possibility of the ration-
al and economical earthquake proof design of gravity
type quay walls based on the vibration characteristics
of the caisson and the backfill ground.

—Both the inertial force acting on the caisson and earth
pressure from the backfill ground are considered simul-
taneously in the earthquake resistant design of the cais-
sons at present. The findings in this paper, however,
suggest that a more rational and economical design is
possible in gravity type quay walls with sufficient
remedial counter measure against liquefaction if the
vibration characteristics of the caisson and the backfill
ground are considered.
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NOTATION

o: normalized amplitude of base acceleration with
respect to the gravity acceleration g in Wester-
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gaard’s formula

general expression of phase angle difference
phase angle difference of fluctuating earth pres-
sure with respective to inertial force and, inertial
force; AH(Ap,—)':'b):A G(Ap,—ﬂ)

density of reservoir water in Westergaard’s for-
mula [ML~3]

density of saturated sand materials of base and
background [ML~3]

density of sea water [ML 3]

initial effective vertical stress [ML~1T 2]
angular frequency of base [MT ~!]

natural angular frequencies for caisson, back-
ground and interface [MT ~!]

general expression of amplitude

amplitudes of inertial force and resultant fluc-
tuating earth pressure [MLT ~2, MLT ~2]
amplitudes of fluctuating earth pressure and
base accelerations [ML T2, LT2]

dashpot coefficients for caisson, background and
interface [MT —1]

depth of water in water deposition method [L]
relative density

inertial force on caisson [MLT ~?]

resultant earth pressure and sea water pressure
on caisson [MLT 2]

static components of resultant earth pressure
and sea water pressure on caisson [MLT 2
static components of resultant earth pressure
from liquefied backfill [MLT —2?]

fluctuating components of resultant earth pres-
sure and sea water pressure on caisson [MLT ~2]
resultant force on caisson [MLT ~?]

maximum resultant force on caisson [MLT ~2]
safety factor against slide

gravity acceleration [LT 2]

general expression of critical damping ratio
critical damping ratio for caisson, background
and interface

depth of dam reservoir in Westergaard’s formu-
la or height of caisson [L]

bulk modulus of reservoir water in Wester-
gaard’s formula [ML-'T~?]

spring coefficients for caisson, background and
interface [MT —2]

complex expressions of stiffness for caisson,
background and interface [MT 2
horizontal seismic coefficient in
coefficient method

mass for caisson and background [M]
total earth pressure [ML 1T 2]

static and fluctuating components of earth pres-
sure [ML-'T 2]

hydrostatic components of earth pressure in lig-
uefaction case [ML~1T 2]

sea water pressure on caisson [ML~1T 2]

static and fluctuating components of sea water
pressure [ML-1T 2]

time [7T']

period of base acceleration in Westergaard’s for-
mula [T]

pore water pressures in base and backfill [ML !
T-7

excess pore water pressures in base and backfill
[ML-'T-?]

seismic

Au,/ oy excess pore water pressure ratio to initial effec-

tive vertical stress in backfill ground

X, X, X: general expression of displacement, velocity and
acceleration [L, LT, LT %]
Xp X5 X, displacement of base, and relative displacements
of caisson and background [L]
(—X,): inertial acceleration of caisson [L, LT, LT ~?]

X: acceleration of shaking table [L, LT, LT~
X, X, X, X2 complex expressions of displacement of base,
and relative displacements of caisson and back-
ground [L]
y: coordinate measured downward from the reser-
voir surface Westergaard’s formula [L]
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