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Synopsis

The stability of sheet pile quay walls on a thick clay deposit against pseudo-static and dynamic loading
was studied through two series of centrifuge model tests. In the tests, a layer of over consolidated kaolin
clay was prepared over a layer of dense Toyoura sand in a rectangular container. The model quay wall
was set to the bottom of the sand layer. An area in the sea-side adjacent to the quay wall was improved
with normal Portland cement-treated Kawasaki clay. At 50 g centrifugal acceleration, the clay deposit was
consolidated and a cyclic horizontal line load of about 0 to 70 kN/m was applied to the quay wall in the
case of pseudo-static loading series and four to five stages of shaking were applied to the quay wall in
dynamic loading series. The width of the improved area was varied and its performance was compared
with that of a quay wall embedded in unimproved ground. Results of the study indicated that the im-
proved area provided significant resistance against static and dynamic loading. The ground improvement
can reduce 30% to 60% bending moment during the dynamic loading. The horizontal deflection of the
quay wall decreases rapidly with the increase in area of the CDM until it reaches a certain limit. In addi-
tion, a numerical model to estimate the mechanical behavior of the sheet pile quay wall is presented. The

numerical model show good agreement with the centrifuge test results of both series.
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Behavior of Sheet Pile Quay Wall Stabilized with Sea-side Ground Improvement

1. Introduction

Steel sheet pile quay walls are designed and con-
structed as flexible type retaining walls to let ships
berth as well as resist earth pressure of the backfill. A
sheet pile quay wall is usually composed of interlocking
sheet piles, tie-rods, and anchors. The wall is supported
at the upper part by anchors and at the lower part by
embedment in a competent soil. Typical failure modes
during earthquakes depend on structural and geotech-
nical conditions. In the field, the structure should be
designed in such a way that the induced stress and the
displacement should not exceed the allowable values.
But the induced stress sometimes may exceed the al-
lowable limit rather than the displacement. Different
degrees of rotation, horizontal displacement and struc-
tural failure during earthquakes are the major causes of
damage to sheet pile quay walls. Sheet pile quay walls
at Ohama Wharf and Shimohama Wharf of Akita Port,
Japan, failed by excessive bending moment, horizontal
displacement, and different degrees of rotation during
the 1983 Nihonkai-Chubu earthquake (PIANC, 2001).

The seismic stability of a sheet pile quay wall can
generally be improved by: (i) increasing the internal
friction angle or cohesion of the backfill soil, (ii) driv-
ing the sheet pile into a dense layer of sand, (iii) re-
placing sheet piles, (iv) supporting the wall by addi-
tional ties or anchorages. Ohmaki et al. (2002) showed
that horizontal displacement of the sheet pile top de-
creases as the horizontal distance between the sheet pile
and anchor piles increases. Watabe et al. (2006, 2002)
showed the effective seismic performance of an an-
chored sheet pile quay wall and a caisson quay wall
backfilled with light weight materials. They performed
a series of centrifuge shaking table tests for each type of
quay wall. Lightweight material was composed of
dredged clay, cement and very fine air foam (Watabe et
al., 2004). Lightweight backfill was found effective in
earthquake loading for short embedment depth sheet
pile quay walls. Kitazume et al. (2002) performed a
series of centrifuge model test on failure pattern and
earth pressure of cement treated ground behind a cais-
son-type quay wall under seismic loading. The im-
proved backfill ground reduced the earth pressure on

the quay wall and the horizontal deflection of the quay

wall as well. There is ample evidence from devastating
1995 Nanbu (Kobe), Hyogo ken, Japan, 1999 Kocaeli,
Turkey and 1999 Chi-Chi, Taiwan earthquakes that im-
proved sites suffer less ground deformation and subsi-
dence than adjacent unimproved areas. The studies of
the events clearly indicate that ground improvement
reduces large ground displacements during seismic mo-
tion. Recently in Japan, cement treated soil has been
used as a backfill material behind a sea revetment or a
quay wall in which soft dredged soil is mixed with rela-
tively small amount of cement without any compaction.
Though the interaction between the improved ground
and the quay wall is complicated and not yet thoroughly
clarified, Tsuchida et al. (1996, 2001) investigated the
dynamic earth pressure of cement treated ground and
proposed a simple calculation method for practical de-
sign. Kitazume et al. (1998, 2002, and 2003) investi-
gated the failure pattern and static and dynamic active
earth pressure of cement treated soil ground by centri-
fuge model tests. Combination of vertical tension crack
and shear failure plane was observed in the investiga-
tions.

Most of the mentioned techniques require large ef-
forts and time, especially in the case of an existing quay
wall. A sheet pile quay wall in the Chiba Port, Japan is
one of the examples which requires improving its seis-
mic stability. For an existing quay wall, it would be
preferable not to close the port for a long period. The
sea-side ground improvement is one of the proposed
techniques which will not hamper the port-side activi-
ties during its execution, so that the service of the port
is uninterrupted so long. Almost all researches on sta-
bility of quay walls are involved the above-mentioned
techniques. It is considered necessary to conduct a
comprehensive experimental study on the effects of
sea-side ground improvement on the stability of exist-
ing sheet pile quay walls.

The sea-side ground improved with the method of
cement deep mixing (CDM) (CDIT, 2002) is studied
through the two series of centrifuge model tests. The
stability of the improved sheet pile quay wall subjected
to a number of cycles of horizontal load is investigated
in the pseudo-static test series. The conventional prac-
tice for evaluating seismic stability of retaining walls,

including gravity, sheet pile and cellular walls, is based
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on pseudo-static approaches (PIANC, 2001). In this
procedure, a seismic coefficient, expressed in terms of
the acceleration of gravity, is used to compute an
equivalent pseudo-static inertial force for use in analy-
sis and design. The actual dynamic behavior of retain-
ing walls is much more complex than treated in the
pseudo-static approach. However this approach has
been the basis for the design of many retaining struc-
tures in North America, Japan and other seismically
active regions around the world (Whitman and Chris-
tian, 1990; Tsuchida, 1990). Stability of the improved
quay wall is described in terms of structural and foun-
dation ground behavior. A numerical method for esti-
mating the mechanical behavior of the improved sheet
pile quay wall subjected to horizontal loading is intro-
duced. Comparison between the results of numerical
calculations and centrifuge model tests is presented to
validate the numerical method. Basic equation of de-
flection of the sheet pile is introduced and solved for
boundary conditions. The numerical method can be
effectively used in predicting the deflection, bending
moment and shear force acting on the sheet pile quay
wall. These are the important elements of structural
design.

It is also considered necessary to conduct a com-
prehensive experimental study on the effects of sea-side
ground improvement on the seismic stability of existing
sheet pile quay wall. The second series of centrifuge
model shaking table test is different from the
pseudo-static test series in loading point of view. The
sheet pile quay wall studied in the both series is without
anchorage and tie and embedded in a thick clay deposit.
An area at the sea-side adjacent to the quay wall was
improved with cement-treated Kawasaki clay. At 50 g
centrifugal acceleration, the clay ground was consoli-
dated and four to five stages of shaking were applied to
the quay wall. Sinusoidal input accelerations were
ranged from 28 Gal to 343 Gal and applied at frequency
of 2 Hz (100 Hz in model scale) and in 50 sinusoidal
cycles. The aim of the centrifuge shaking table test is to
explore the dynamic behavior of sheet pile quay wall
improved with sea-side cement deep mixing (CDM).

The use of geotechnical centrifuge testing has been
established as a powerful technique in the understand-

ing of soil-structure interaction problems subjected to

earthquake loading. The VELACS (VErification of
Liquefaction Analysis by Centrifuge Studies) project
(Arulanandan and Scott, 1993, 1994) offered a good
opportunity to verify the accuracy of various analytical
procedures used to predict the dynamic behavior of
several bench mark problems. These problems were
simulated by centrifuge tests in more than one
geotechnical centrifuge. The results of the centrifuge
tests conducted at different centrifuge centers were
reasonable and provided a large data base against which
numerical predictions may be compared. Since 1 g
modeling of quay walls faces limitations like hydraulic
condition and effective stresses in the foundation
ground and requires lot of resources, centrifuge
modeling is chosen to conduct the study. Centrifuge
model can simulate the hydraulic condition and

effective stresses in prototype.

2. Centrifuge Model Tests

Geotechnical centrifuge, Mark-II in the Port and
Airport Research Institute (PARI) was used to perform
the model tests. The centrifuge has an effective radius
of 3.8 m, maximum acceleration of 113 g and maxi-
mum payload of 27.6 kN. Specifications of the Mark-I1
centrifuge are listed in Table 1. The detail of the cen-
trifuge and surrounding equipment have been presented
(Kitazume and Miyajima, 1995).

Table 1. Specifications of PARI Mark-II geotechnical

centrifuge.

Specification value
Diameter of rotating arm 9.65 m
Maximum effective radius 3.8m
Maximum acceleration 113 g
Maximum payload 2760 kg
Maximum capacity 312,000 g.kg
Maximum rate of rotation 163 rpm
Main motor capacity DC 450 kW
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3. Pseudo-static Loaded Sheet Pile Quay Wall

3.1 Model set-up

(1) Basic concept

The relationship between the seismic active earth
pressure (P,) and horizontal seismic coefficient (k)
obtained by Okabe's method (Okabe, 1924) is shown in
schematic diagram of Fig. 1-(i) and (ii). In the centri-
fuge model shown in Fig. 1-(iii), similar seismic active
earth pressure can be produced by applying an incre-
mental horizontal load, Fj, on the port-side, so that the
load-deflection and other characteristics in the field
(Fig. 1-(i)) and in the experiments (Fig. 1-(iii)) become
similar. The F}, will act as an equivalent resultant thrust
from the backfill ground. The condition of level ground
on both sides (Fig. 1-(iii)) is simulated in this study.
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Fig. 1. Conditions of field and model quay walls.

(2) Model ground preparation

Figure 2 shows the schematic view of the model
set-up. A strong box of 600 mm length, 410 mm depth
and 200 mm width with a transparent front window was
used for the tests. Photo of model set-up of Case 3 is
shown in Fig. 3. The model sheet pile quay wall is a 2
mm thick steel plate instrumented with 13 pairs of
strain gauges, S1 to S13, on both sides. The flexural
rigidity, EI, of the model sheet pile wall is 1.72x10"
kN.m. Prototype section of this plate becomes the
Japanese standard sheet pile of type SP-II (Nippon Steel
Corp., 1998). At the bottom of the strong box, the sheet
pile wall was set on a 10 mm thick rough surfaced
acrylic plate. At the top it was clamped with guide
plates, so that it is firmly fixed and remains vertical
during the model preparation.

The model sand ground of 60 mm thick was pre-

pared by pouring dry Toyoura sand using a sand hopper.
Falling height of the sand was adjusted in such a way
that the relative density of the sand layer is about 90%.
To saturate the sand layer, water was fed from the bot-
tom through water supply line carefully so as not to
disturb the sand layer. It took about 1.5~2 hours to
saturate up to the surface of sand layer.

d LVDT1

IRO|PEc]

Sea-side 63
140

—
= 3 —»]
Eeyl

B3

Loading Jack

s foo] |
600

LVDT1~2= Displacement transducers
P1~5=Pore pressure transducers
LD1~3=Laser displacement transducers

Symbol: [Dimensions in mm]
E1~6=Earth pressure gauges
S1~13= Strain gauges

Fig. 2. Model set-up of Case 4 (in model scale).
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Fig. 3. Photograph of model ground (Case 3).

Table 2. Properties of kaolin clay.

Property value
Liquid limit, Wy (%) 59.3
Plastic limit, Wp (%) 26.3
Plastic index, Ip (%) 33.0
Specific gravity, G 2.72
Compression index, C, 0.49
Swelling index, C; 0.12
Coefficient of consolidation, C, (m%/s) 2.5x107
(¢./o")ne 0314
Critical state friction angle, ¢/ 28.61°
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Table 3. Properties of Toyoura sand.

Property value
Specific gravity, G 2.65
Do (mm) 0.15
Dsy (mm) 0.19
Coefficient of uniformity 1.56
Coefficient of curvature 0.96
Maximum void ratio, e, 0.992
Minimum void ratio, ey, 0.624
Friction angle, ¢’ 42°

The kaolin clay was remolded at a water content of
about 120%, approximately equal to 2 times the liquid
limit and was de-aired under the negative pressure of
about —90 kPa for 3 hours. A mixer incorporated with a
vacuum pump was used to prepare the de-aired clay
slurry. Properties of the kaolin clay and Toyoura sand
are shown in Tables 2 and 3. On top of the saturated
sand layer a filter paper of same size was placed to fa-
cilitate holding the layer of clay slurry and intactness of
sand. Silicone grease was smeared on the inside walls
of the strong box. The clay slurry was then poured over
the saturated sand layer in the strong box with the help
of a scoop. After every 30 mm slurry depth, a flat spat-
ula was used to stir the slurry so that entrapped air bub-
bles dissipated and slurry became uniform.

In both the sea-side and port-side, filter paper and
perforated loading plates were placed over the clay
slurry. Pre-consolidation was carried out by compress-
ing the clay with two bello-fram cylinders. The size of
the perforated loading plate and filter paper in the
sea-side was 398 mm x 200 mm and in the port-side
198 mm x 200 mm (Fig. 2). Piston of the bello-fram
cylinders that incorporated a load cell (20 kN capacity)
was set at the center of the loading plates and
bello-fram cylinders were clamped with the strong box.
A calibration chart was made beforehand which corre-
lated the supplied air pressure to the cylinders and cor-
responding pressure on the surfaces of the sea-side and
port-side clay. Since the loading plate covered almost
all the surface of the clay and the walls of the strong
box were smeared with grease, load from the pistons
compressed the clay one dimensionally. The successive
consolidation pressures applied were 1 kPa, 10 kPa, 30
kPa, 50 kPa, 100 kPa and 150 kPa. Primary consolida-

-10 -

tion was achieved in each stage.

After having completed the consolidation on the
laboratory floor, the clay surface was skimmed off to a
thickness of 160 mm. The strong box was then tilted
against a wall and opened the front transparent window.
Horizontal holes were drilled in specified location for
inserting pore pressure transducers, P, and earth pres-
sure gauges, E, through the clay by a small hand auger.
By using guide tools, pressure transducers P and E were
inserted horizontally to a depth of 10 mm. Each hole
was filled with de-aired kaolin slurry. The pore pressure
transducer in the sand layer was inserted near the sur-
face carefully. Reflective blue colored beads of 6 mm
diameter as optical targets were inserted through a tem-
plate of 20 mm square openings (see Fig. 3). Before
fixing the transparent window to the strong box, sili-
cone oil was smeared on it to reduce the friction be-
tween the window plate and the front surface of the
ground. The window was replaced and the strong box
was set upright. The bello-fram cylinders were set again
with 150 kPa consolidation pressure to recover the
swelling and sensors holes.

After releasing the pressure a specified area in
sea-side adjacent to the sheet pile was excavated. For
example, in Case 3 the excavated area for CDM was
200 mm x 80 mm (Fig. 3). Cement treated Kawasaki
clay which is called in this paper as CDM was poured
into the excavation with the help of a spoon. Kawasaki
clay slurry with 130% water content was thoroughly
mixed with Portland cement. Amount of Portland ce-
ment added was 40% of dry weight of Kawasaki clay.
After filling the excavation, sufficient water was added
on top of the clay and CDM for curing. At least seven
days curing was allowed to gain sufficient strength
(unconfined compression strength, g,, Table 4) by the
CDM. The unconfined compression tests on CDM
samples (height = 100 mm and diameter = 50 mm)
were carried out according to the standards of Japan
Geotechnical Society (JGS, 2000) laboratory shear test.
The strain controlled compression apparatus sheared the
sample at strain rate of 1% per minute. Variation of
curing period which ranged from 7 to 12 days and error
in exact proportioning of Portland cement and Kawa-
saki clay in preparing the CDM affected the ¢, values
that reported in Table 4.
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Table 4. Pseudo-static test conditions in prototype scale.

Test cases Casel | Case2 | Case3 | Case4 Case 5 Case 6 Case 7
Clay depth (m) 8 8 8 8 8 8 8
CDM zone ( m?) 0x0 10x8 | 10x4 2x4 4x4 8x2 4x2
No. of load cycle 4 4 5 5 5 5 5
Max. load kN/m) 47 62 65 70 68 64 66
¢, of CDM (kPa) - 920 617 1173 1536 1333 1020

Four holes were drilled with a 10 mm diameter steel
pipe (a kind of sampler) in the clay at four corners of
the strong box. Clay samples of every 20 mm depth
from top to bottom of the clay layer were taken from
each corner hole. Consistent water content and
undrained shear strength profiles were determined from
the clay samples along the clay depth. Acrylic pipes of
10 mm inside diameter were inserted in each of the
corner hole up to the bottom sand layer. These pipes
connect the top water layer and the bottom sand layer.

Laser displacement transducers, LDs, and linear
LVDTs,

firmly set on top of the strong box as shown in Fig. 2,

Variable Displacement Transducers, were
for monitoring the displacement of the CDM and clay,
and the vertical movement of the ground surface and
deflection of the sheet pile wall at loading point.

3.2 Test procedures and conditions

(1) Test procedures

The strong box with the model was mounted on the
swinging platform of the centrifuge. Centrifugal accel-
eration was increased up to 50 g. The consolidation in
the centrifuge at 50 g was conducted until the degree of
consolidation was estimated to have achieved 90%. At
50 g, a horizontal line load was applied gradually by the
loading jack to the sheet pile quay wall in the seaward
direction (Fig. 3). As shown in Fig. 4 loading cycles
were increased from 16 kN/m to 70 kN/m. Each cycle
comprised 6 turns of loading and unloading with the
jack speed of 3 mm/min.

Deflection of sheet pile quay wall, vertical move-
ments of the ground surface at the sea-side, earth pres-
sures at various elevations and strains on the surface of
the sheet pile wall were monitored. The positions of the
sensors are shown in Fig. 2. Still pictures of the model
were taken in every turn of a loading cycle for observ-

ing the deflection of the wall and displacement of

- 11 -

ground with respect to the targets’ movement.

(=]
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Horizontal cyclic load, F}, (kN/m)

0O
Deflection of quay wall at loading point (m)

Fig. 4. Cyclic load applied to the quay wall in Case4.

(2) Test conditions

In this paper, the results of seven centrifuge tests are
presented to discuss the effects of the sea-side ground
improvement on the stability of the quay wall in
pseudo-static condition. The test conditions in the pro-
totype scale are shown in Table 4. All of the test cases
are identical except for the size of the CDM block and
the position and number of sensors. Stability of unim-
proved and improved sea-side ground has been exam-
ined from the unimproved case (Case 1) and the im-
proved cases. The effect of width of the CDM block is
investigated from Cases 3, 4 and 5, which have the
depth of CDM equal to 4 m, and Cases 6 and 7, which
have the depth of CDM equal to 2 m. Having the same
width of CDM, the influence of the ‘floating type’ and
full-depth CDM block is likewise examined from Cases
2 and 3. CDM blocks in Cases 5 and 7 also have the
same width but different depth. Cross-sectional area of
CDM block in Cases 4, 7 and in Cases 5, 6 is same. All
the test results in the following sections are presented in
the prototype scale.



KHAN M. Ruhul Amin, HAYANO Kimitoshi and KITAZUME Masaki

3.3 Stress-strength profile of clay stratum

The seashore consists of a thick clay layer underlain
by a sand layer. Highly overconsolidated clay was cho-
sen to facilitate the model preparation and to model the
quay wall numerically. The maximum effective past
pressure experienced by the clay can be assumed to be
the same as that applied to consolidate the clay, i.e. 150
kPa. Two saturated specimens of Toyoura sand were
tested in drained triaxial compression test (JGS, 2000,
relative density: 80%; o3": 100- 200 kPa; ,": 500- 760
kPa) and three kaolin clay specimens were tested in
undrained triaxial compression tests (JGS, 2000, oj':
20- 72 kPa; o;": 80- 235 kPa) to obtain the critical state
parameters of sand and clay. Here o3' and o' are effec-
tive lateral and vertical stress respectively. The sheet
pile was set-up to a certain depth into the strata of sand
underlying the clay to ensure firm fixity of the quay
wall. Stress history of the clay layer is shown in Fig. S.
In the figure, &' and &, are the current effective verti-
cal stress and the past maximum vertical consolidation
pressure respectively; OCR is the overconsolidation
ratio (0,'/0y"); the coefficient of in-situ earth pressure,
Ky, was derived for overconsolidated (OC) clay with a
critical state friction angle ¢#=28.6", following the
equation presented by Mayne and Kulhawy (1982):

Kooy =1 =sin ¢")OCR™ (M

The undrained shear strength, c,, of the clay was de-
rived from the formula of Wroth (1984):

S| S| ocr” &)
o \0 ke
where NC = normally consolidated clay, with an ex-

perimental value of (c,/&')nc 0.314 and m
0.75(=(C.-Cy)/C,; see Table 2). Theoretical ¢, values
have been compared with the test results. The ¢, values
were computed from the water content profile along the
depth both in the sea-side and port-side. After stopping
the centrifuge, a few hours have passed before sampling
for water content. Some swelling may have taken place
in this period, which may result in a smaller ¢, values
than those predicted by theory. The ¢, trend of Case 7
shows little larger than that of theory and other test
cases. Sampling of water content in this case was done
within half an hour period after stopping the centrifuge.
Although the clay samples were excavated after the test,
the values derived from the test results compared fairly
well with the theoretical ¢, values (Fig. 5), which were
predicted before the loading stage.

3.4 Force equilibrium analysis

Forces applied to the sheet pile quay walls due to
seismic motion are shown in Fig. 6. Unimproved case
is considered with the same backfill sand as used in the
bottom sand layer. Horizontal load, F}, of 70 kN/m is
equivalent to a dynamic active earth pressure derived
from a 7 m depth backfill which is experiencing a seis-
mic motion with horizontal seismic coefficient, &, equal
to 0.2. Various parameters of the backfill, sand layer,
clay, sheet pile wall and CDM are listed in Table 5. The
pseudo-static numerical analysis presented here is

)
T
|
T

Depth of clay (m)
N

=)
T
|
|

oy

—a—Case7

10 20
OCR

FIrE P WS A
0 50 100 150 0
o, (kPa)

30

0

1

2 3 4 0 10 20 50
KO

Fig. 5. Stress history of the clay stratum.
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based on the Okabe's method (Okabe, 1924). The value
of ky, is assumed as 0.25. Dynamic active earth pressure
(summation of static and incremental active earth pres-
sure), dynamic passive earth pressure, and hydrody-
namic pressure are shown in the figure. Larger passive
force is developed due to long embedment depth of the
quay wall. Although in force equilibrium point of view
the quay wall is safe, i.e. resisting force, 1,643 kN is
greater than driving force, 908 kN, it is unsafe in over-
turning about its toe. Resisting moment (M,) obtained
about toe is 5218 kN.m and driving moment (My) is
7540 kN.m. These values give a rotational factor of
safety, F's (=M,/M,) equal to 0.69.

15 L 8
L A _NZ_ N 5 ,,,,,,,,

T s—mlShest pile ‘o
55 | Backiill [quay wall £ kN/m

L sand =4

©

o

©

>

T

Incremental dynamic

Fig. 6. Pseudo-static force equilibrium in unimproved
case (Case 1) at £, =0.25.

Table 5. Parameters used
in pseudo-static numerical analysis.
(a) Backfill and Bottom sand

Year (KN/m?) 19.6
Fivet (KN/m?) 15.9
7’ (KN/m®) 9.8

1200 e

(b) Clay Stratum

Yeat (KN/M®) 18.8
7 (kN/m®) 8.9
¢y (KN/m?) 25
(c) Steel Sheet Pile Wall
7 (m*/m) 8333x10°
E (KN/m?) 2.1x10%
EI (kN.m) 17170
(d) CDM Zone
Jear (KN/M?) 15
7/(KN/m®) 5.2
¢y (KN/m?) 460

Figure 7(a) shows the variation of active earth
thrust with the &, and Fig. 7(b) shows the variation of
F’s with k;, for both unimproved and improved cases. In
calculating the forces in improved case (Case 3,
CDM=10x4 m”) a CDM layer of 4 m depth is assumed
in the clay layer which produced passive pressure like
the clay ground. Since the CDM in Case 3 has maxi-
mum width, it shows the highest factor of safety which
is roughly 6 times larger than that of unimproved case
(Case 1). All other cases will fall in between these two
lines. Interaction among the CDM, the clay and the
sheet pile wall should be taken into account in calculat-

ing the cases with intermediate sizes CDM.

1000
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Dynamic active earth thrust (kN/m)

[ R B
0.1 0.15 0.2
Horizontal seismic coefficient, k,
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Ll
0.25
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n
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=]
1 15}
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<
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Horizontal seismic coefficient, k,

Fig. 7. Dynamic active earth thrust and factor of safety versus horizontal seismic coefficient, kj,.
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3.5 Numerical method

(1) Formation of equations

Elastic equilibrium of forces acting on the horizontal
slice of sub-divided layers below the ground level is
considered. Portion of the sheet pile quay wall above the
ground level is treated simply as a cantilever beam where
lateral distributed pressure, P acting on it. In simulation of
the centrifuge model condition P is assumed to be zero
and a concentrated force F, is applied at 3.5 m above the
ground level. Figure 8 schematically shows the position
of F}, and sub-divided layers in the clay stratum. Since
coefficient of horizontal subgrade reaction, k; value of the
bottom sand layer is much larger and not sensitive to the
predicted deflection, sub-division in sand layer is not
necessary. As earlier stated, the F}, is the equivalent dy-
namic active earth thrust. In actual field condition P can
be a polygonal pressure distribution. According to the
theory of elastic beam, equation of deflection, y of the

sheet pile quay wall above the ground level,

d4y

4

3

EI =P

dx

where EI is the flexural rigidity of the sheet pile, x is the
vertical coordinate of elevation as shown in Fig. 8. Gen-
eral solution of Eq. (3) is obtained as:

“4)

y=A4x + 4,x> + A x+ A, + Ox*

|

Fi At top
35m X AA Yoo =0
i ytop =Fn
o
0 D5 )
om c,~C, | Atlayer
* (2) interface
2m Clay COM| ¢~y yU'=y'- .
—® Yoo,
2m CQ~C12 yL‘llll_yl- m
* 4 Yu =YL
2m C13~Ce
v
1 R~ Bottom
25mileand R Yoor=0
SP wall Yoot =

Fig. 8. Numerical model of sheet pile quay wall.
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where 4,~A44 are integral constants obtained from the
boundary conditions and Q= P/(24FEI). Behavior of sheet
pile quay wall below the ground level is modeled by the
method of horizontal subgrade reaction (Chang, 1937).
Underground deflection of the sheet pile quay wall can be

expressed as:

EI %)

d4y
=k
dx* Y

where £ is the coefficient of horizontal subgrade reaction
on the sheet pile wall. General solution of Eq. (5) is ob-
tained as:

y = Ce™ cos fx + Cjeﬂx sin fBx +

Ce ™ cos fix + Cie ™ sin fix

(6)

where B =4k, /(4EI), C;~ C; are integral constants ob-

tained from the boundary conditions in each layer of the
clay ground (= C; ~ Cjs are used in the application).
Similar general solution can be written as Eq. (7) for the

sand layer with the integral constants R; to R,.

y= Rleﬁx cos fBx + Rzeﬂx sin fx +
Rye ™ cos fix + Rye ™ sin fix

(7

(2) Boundary conditions and solutions

To put the appropriate value of k& to the equations,
the clay ground has been divided into four layers.
Number of layers can be varied according to field con-
ditions and required degree of accuracy of the predic-
tion. Properties of the ground, sheet pile, CDM and
average ks values for each layer are shown in Tables 4
and 5. As shown in Fig. 8, integral constants used in
this model are 4,~A4,, C;~Cjs and R;~R,. In the figure, y,
VoY vty
degree of derivative whose respective physical mean-

rr

represent zero, 1st, 2nd, 3rd, and 4th

ings are deflection, angle of deflection, bending mo-
ment, shear force and distributed load on the sheet pile
quay wall. At the top of the wall: y,,"'= 0, yiop”"'= Fi, P
= 0 and two equations are formed with constants A4 ;,~A4,.
Left hand sides of these two equations are the 2nd and
3rd derivative of Eq. (4). At each of the five
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layer-interfaces, four equations are formed with the
following boundary conditions: yy= yr, yo'= y.', w''=
w, yw'"'=y'"; where ‘;/’ represents upper layer and °;’
the lower layer of a particular layer-interface. In
layer-interface 1 (ground level), different degrees of
derivative of Egs. (4) and (6) are set on both sides of
the boundary equations. 4,~4,, and C;~C, appears in
the interface 1. Likewise C;~C;s and R,~R, are ap-
peared in the equations of the remaining interfaces. In
the five layer-interfaces, twenty equations are formed.
At the bottom of the wall: yyo= 0, ypo/'= 0 and two
equations are formed with constants R;~R,. Left hand
side of these boundary conditions is the zero and 2nd
derivative of Eq. (7). Twenty four unknowns are then
derived from the set of twenty four equations. Particular
solutions are obtained by using these constants (un-
known) to the equation of deflection in each layer.
Successive differentiations of deflection equations give
the corresponding bending moment, shear force and

load distribution on the quay wall.

3.6 Results and discussions

(1) Centrifuge consolidation and pore pressures

Data from the pore pressure transducers, P, and
LVDT?2 in the clay were used to estimate the degree of
consolidation at 50 g prior to the loading stage. Square
root of time method was used to estimate the degree of
consolidation. Time taken to achieve 90% consolidation
in the centrifuge was about 4.5 hours. Since the depth
of the clay stratum in all cases is the same (8 m), almost
the same amount of consolidation settlement was ob-
served. This highly overconsolidated clay stratum was
found to settle about 0.40 m in the prototype scale. The
consolidation process makes the soil a competent foun-
dation with definite stress history.

Pore pressure responses during centrifuge consoli-
dation in Cases 4 and 5 are shown in Fig. 9. As seen
from the figure, the foundation ground came to the state
of equilibrium by continuous dissipation of the pore
pressure. Pore pressure transducer, P4, which was
placed near the bottom of the clay stratum (see Fig. 2),
dissipated larger pore pressure than that of P3 and P2.
The response from P1 and P5 are almost flat which
were placed at the ground surface and at the bottom

sand layer respectively. This indicates that constant
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hydrostatic pressure is available at the boundaries of the
clay stratum during the test. Theoretical hydrostatic
pressures are given in brackets in the figure. At the end
of consolidation, sudden rise of pore pressure of P2 in
Case 5 is observed. Slightly settle down of the trans-
ducer from its original position may cause this rise.
Responses from the pore pressure transducers are satis-
factory.

Excess pore pressure in the ground may affect the
stability of the sheet pile quay wall significantly. Al-
most constant equilibrium pore pressure from each of
the pore pressure transducers was observed during the
loading stage.

Consolidation stage

150 LT TTTTIT L LT TTITIT TT LII0T 8 N N
I |Case4: —O—P1—%—P2 Case5: —@—P1—V—P2| -
| [—<O—P3—{1—-P4—4A—P5 —H—P3—%—P4—L—P5 | |
,C? I!l!.’j(v.l’r;.:." 1
g v_; A AA‘AfAAAA‘.E',{TT/I_:AAAA [101]
o 10
s -
A _
5 3[78]
g, J
() 4
g
~ 50 [52]
[25] ]
..... [2] 1
IR TITY R R TTTT] B S AN R TTT] B S A W R TIT] B S A A T

10! 10° 10° 10* 10°

Log;, time (sec)

0
10°

Fig. 9. Dissipation of excess pore pressure during cen-
trifuge consolidation stage (Cases 4 and 5).

(2) Deflection of sheet pile quay wall

Deflection of the quay wall is the main index in de-
scribing stability. Figures 10 (a) and 10(b) show the
in-flight photo of Case 4 at the initial stage and 68
kN/m loading stage respectively. Various elements are
marked in the figures. Some deflection of the sheet pile
wall from vertical position can be seen in Fig. 10(b).

Figure 11 shows the relationship between horizontal
load, F}, and deflection of quay wall at loading point.
Deflection at F}, = 45 kN/m, ds, is chosen to compare
with the data of all cases and is tabulated in the figure.
Deflection &5 of the unimproved ground of Case 1 is
0.47 m whereas full-depth CDM improved ground of
Case 2 is 0.12 m. Improved stiffness becomes almost
four times larger than that of the unimproved sea-side

ground. Here stiffness is indicated as horizontal load
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Sand (b}

Fig. 10. In-flight photo of model sheet pile quay wall of
Case 4 showing: (a) initial condition before applying
the load and (b) at the 68 kN/m loading stage.
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Fig. 11. Load deflection curves of the sheet pile quay

wall.

per unit deflection. Cases 4, 5, and 3 with the same
depth of CDM (depth: 4 m) but different width (respec-
tive widths: 2 m, 4 m and 10 m) have d;5 of 0.29 m,
0.13 m and 0.12 m respectively. Even though the width
in Case 3 was more than double that of Case 5, the de-
flection was not decreased proportionally as decreased
in Cases 4 and 5. The results indicate that in increasing
the width or size of the CDM to the full depth of the
clay, a small amount of deflection of the quay wall will
take place. This is defined here as the limit of least de-
flection.

Cases 7 and 6 with the same depth of CDM (depth:
2 m) but different width (respective widths: 4 m and 8
m) have dy5 value of 0.24 m, and 0.14 m respectively.
The stiffness offered by the quay wall in these cases is

-16 -

almost proportional with the width of CDM. However,
the interaction between the quay wall and the CDM,
and between the CDM and the surrounding clay are not
yet thoroughly investigated. These interaction processes
can affect the deflection of the quay wall significantly.
Cases 2 and 3 having floating or half-depth and
full-depth CDM (with the same width of treated mate-
rial) have &5 value of 0.12 m in each case. Increasing
the depth of CDM may have stiffened the ground and
reduced the wall deflection towards the limit of least
deflection. The effect of the depth of CDM is also in-
vestigated from Cases 5 and 7 which have the same
width but different depth show &5 of 0.13 m and 0.24
m. Deflection is increased about double in the case with
smaller depth CDM. Sectional-area wise performance
of the CDM can also be compared from Cases 4, 7 and
Cases 5, 6. Cases 4 and 7 having the same cross sec-
tional-area (= 8 m?) show &s values of 0.29 m and 0.24
m. And Cases 5 and 6 (area = 16 m”) show ;s values of
0.13 m and 0.14 m. Almost the same d,s values are ob-
served in each group.

(3) Earth pressures

Horizontal and vertical earth pressures around the
CDM block and sheet pile quay wall indicate the
mechanism of deflection of the quay wall. Due to in-
creasing the horizontal load, F}, shear deformation of
the foundation ground starts to take place. Gradual in-
creasing trend of total horizontal pressure, o, in the
sea-side was observed during the loading stage. Varia-
tion of shearing stress ratio, (o,-0y)/2¢, with the applied
horizontal load, F, is shown in Fig. 12. Here o}, and o,
are the total horizontal and vertical earth pressure re-
spectively. The values of oy, are obtained from the earth
pressure gauges, E, placed along the depth and the val-
ues of oy are calculated by considering the parameters
shown in Table 5. The ¢, values are determined from
the water content profile of the clay as stated in Fig. S.
With the deflection of the quay wall, shearing among
the CDM block, sheet pile wall and the surrounding
clay takes place. Similar rising trends of shear stress
ratio are found in the clay. This indicates a uniform
shearing resistance offered by the clay against the hori-
zontal loading. The ratio ranges from -0.3 to +0.4.
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Fig. 12. Variation of shear stress ratio, (on-0y)/2c¢,, with

the applied horizontal load, Fj.

Earth pressure gauges (E1~E6) along the CDM
block and sheet pile wall measure the horizontal earth
pressure. Figures 13(a) and 13(b) show the distribution
of horizontal earth pressure at initial condition and F}, =
45 kN/m loading condition respectively. Theoretical
distributions of active, passive and K, earth pressures
(EP) are shown in the figures. Position of earth pressure
gauges is shown in the inset of the figure in model scale.
Changes of earth pressure are more prominent in shal-
lower part than in deeper part. At initial condition (Fig.
13(a)) earth pressure distributions in the top part of the
clay are lying near the K, line. Due to the consolidation
settlement, the bottom part is compressed more than the
top part and the earth pressure condition has started to
change from the K, to passive state. Surface roughness
of the CDM block and the sheet pile wall can also affect
the K| earth pressure. Noticeable changes in earth pres-
sure distributions can be seen in the loading condition
(Fig. 13(b)). Earth pressures of all cases almost lie on
the line of passive pressure. With the deflection of the
quay wall the earth pressures at the sea-side reach to the

passive state.
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Fig. 13. Earth pressure distribution on the sheet pile
quay wall: (a) initial condition and (b) during the 45
kN/m loading stage.

(4) Rotation of the CDM

Figure 14 shows the response of vertical earth
pressure below the CDM block at the Fy, = 45 kN/m
loading stage. Earth pressure gauges (E7~E8) were set
below the CDM to measure the vertical pressures. Ro-
tation of CDM block during the loading stage can be
understood by comparing the initial (ini.) and final val-
ues of vertical earth pressure. Due to the effect of fric-

tion between the improved ground and the sheet pile
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wall during consolidation, the CDM block tends to ro-
tate more when its width or size reduces. Initially the
value of the outer earth pressure gauge (E7) becomes a
little larger than that of the inner earth pressure gauge
(E8, which closer to the sheet pile wall) due to the
stated friction effect during consolidation and gradual
rise of water level in the seaward direction at 50 g (see
water level in Fig. 10). All of the cases show the devia-
tion from the initial line with an indication of the sea-
ward rotation of the CDM block.

150_ T T T T T -6 —Cased ini.

—o—Case4
- % —Case5 ini.
—#*—Case5
— < —Caseb6 ini.
—0—Case6
— v —Case7 ini.
—2—Case7

1001

T %’g ]
1 n 1 n 1 n 1 n
OO 1 2 3 4 5

Vertical earth perssure below CDM (kPa)

Distance from Sheet pile wall (m)

Fig. 14. Vertical earth pressure observed below the
CDM block at the initial (ini.) and the 45 kN/m loading

stage.

Movement of the CDM block during the loading
stage was monitored by the laser displacement trans-
ducers (LD2 and LD3, Fig. 2). Figures 15(a) and 15(b)
show the horizontal and vertical displacement of a point
on the CDM block with the applied load, Fj. The
monitored point is (7/8) W away from the sheet pile wall
(see the inset figure). Here W is the width of the CDM
o, and
maximum vertical displacement, &, of all cases are also

block. Maximum horizontal displacement,

shown in the figures. Since horizontal displacement of
the CDM is directly related with the magnitude of Fy
and the flexural rigidity of the sheet pile wall, relatively
larger value of &, is observed. The maximum horizontal
displacement of the CDM is about 30% of the maxi-
mum horizontal deflection of the sheet pile wall. Hori-
zontal displacement in Cases 2 and 3 is found to negli-
gible values. Case 4 with the smallest width CDM
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shows larger displacement both horizontally and verti-
cally.
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Fig. 15. Movement of the CDM block during the load-
ing stage: (a) horizontal displacement and (b) vertical
displacement of the CDM block.

Vertical displacement observed of the CDM is about
40% of its horizontal displacement. Friction between
the sheet pile wall and the CDM block, interaction be-
tween the CDM and the surrounding clay and size of
the CDM affect the degrees of rotation. Cases 4 and 5
with 4 m depth CDM show larger vertical displacement
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than that of Cases 6 and 7. Fig. 15(b) indicates, cases
with smaller depth CDM (Cases 6 and 7) are more effi-
cient than those with larger depth. Resultant displace-
ment of the CDM block can be determined from its
horizontal and vertical displacement components. Re-
sultant displacement at the outer edge of the CDM
supports the rotation of the CDM block.

(5) Strength of the CDM

Unconfined compression test of the same CDM as
used in each case was carried out to determine the
strength, g,. The ¢, value which ranges from 610 kPa to
1,540 kPa is shown in Table 4. Average water content
variation in the CDM is about 85% at the top and about
75% at the bottom. Needle penetration tests were car-
ried out on both of the contact faces of the CDM block
(sheet pile wall side and the clay side). Needle penetra-
tion tests were carried out at each node of a 1 cm
squared mesh that was drawn in both contact faces of
the CDM. Needle penetration instrument is a treated
soil testing apparatus (type: SH-70, capacity: 100 N
Maruto Testing Machine Company Ltd., Japan) where a
1 mm diameter needle is penetrated to 10 mm into the
CDM. Corresponding strength is measured from a slid-
ing ring over a scale of N/mm. This strength is then
converted into kPa (= ¢,) with the help of a calibrated
relationship obtained from a series of CDM samples of
different clay-cement ratio. The strength contours on
both faces of the CDM show that the strength in the top

Case 2: CDM-Clay contact face
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Fig. 16. Strength contours of CDM at the clay contact

face obtained from needle penetration test in Case 2.
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part of the CDM block is about 900 kPa and in the bot-
tom part is about 1,550 kPa (shown in Fig. 16). Since
the water layer was always on top of the CDM block,
relative water content in the top part becomes larger and
results in smaller strength than that of the bottom part.
Both contact faces of the CDM show same strength
variation, larger in the bottom part and relatively

smaller in the top part.

(6) Bending moments and deflection

Bending moments are derived from the responses of
the strain gauges (S) along the sheet pile wall (see Fig.
2). Figures 17(a) and 17(b) show the bending moment
and deflection distribution of the sheet pile quay wall at
the 45 kN/m loading stage derived from centrifuge tests
and numerical method. By using the particular solutions
from the numerical method, bending moment, deflec-
tion distribution, shear force and distributed horizontal
load to the quay wall are determined for the conditions
of each centrifuge model test (Table 4). Test data of
bending moments are shown as dashed line in Fig.
17(a) and the numerical predictions are shown with
solid lines (Figs. 17(a) and 17(b)). Almost similar pat-
tern of bending moment is developed in all cases. Un-
improved case (Case 1) shows the maximum bending
moment of 215 kN-m below the ground level whereas
the cases with improved sea-side ground show nearly
half of this value. Maximum bending moments in the
improved cases take place at the ground surface.
Maximum bending moments in the cases with CDM
depth equal to 4 m ranges from 120 to 130 kN-m and in
the cases with CDM depth equal to 2 m ranges from
125 to 150 kN-m. The trends of Cases 4 and 7 which
have the smallest size CDM show a curvature like the
unimproved case. Small negative bending moments are
also observed at the bottom part of the sheet pile wall.
Case 3 shows the least bending moment and deflection.

The CDM is relatively much stiffer than the sur-
rounded clay. The top part of the CDM adjacent to the
sheet pile quay wall resists F}, primarily and distributes
it to the surrounding clay. Due to firm fixity in the bot-
tom dense sand, the sheet pile wall tends to bend more
at the ground surface in all of the improved cases. In-
teraction among the CDM, the sheet pile wall and the

clay reduces the bending moments according to the size
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of the CDM block. Since k; represents the reaction of
ground to the wall and was considered the appropriate
value in each layer of the ground, the prediction of
bending moment and deflection becomes reasonable
(Figs. 17(a) and 17(b)). Though the magnitude of
bending moment shows some differences from the nu-
merical prediction, the shape and overall profile agree
well with the numerical method.
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Deflection at the loading point which is 3.5 m above
the ground level was recorded at 45 kN/m loading and
is shown in Fig. 17(b) as test data. Firm fixity at the
bottom part, gradual bending near the ground surface
and maximum deflection at the top can be visualized
from the deflection distribution of the sheet pile quay
wall. Deflection distributions of the sheet pile quay wall

show good agreement with the test points.

(7) Horizontal subgrade reaction

Quantic spline functions were used to fit the bend-
ing moment test points in Fig. 17(a). Two successive
differentiations of spline-curve of the bending moment
distributions give the horizontal subgrade reaction on
the wall below the ground level which is shown in Fig.
18(a). Maximum subgrade reaction is observed at the
ground level and it reduces toward the bottom of the
sheet pile quay wall to zero or very small value. Maxi-
mum subgrade reaction in the unimproved case (Case
1) is found as -12 kN/m*m whereas in the improved
cases it ranges from -60 kN/m*/m to -125 kN/m*/m.
Since the subgrade reaction geometrically represents
the curvature of the bending moment distribution, it is
very sensitive to any fluctuation of the bending moment
at a given depth and therefore strongly depends on the
choice of the fitting curve of the bending moment (King,
1994). Although the trends from spline equations are
seen as zigzag, it should be smooth nonlinear curves.

Figure 18(b) shows the plot of horizontal subgrade
reaction versus displacement at the ground surface. Av-
erage trend line is shown for each case with an equation.
The slope of the trend line is the coefficient or modulus
of horizontal subgrade reaction, k, at the ground sur-
face and is also determined along the depth. Non linear-

ity in the relationships is ignored.
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reaction along depth, (b) subgrade reaction versus dis-

placement at the ground surface.

Figure 19 shows the variation of the coefficient of
horizontal subgrade reaction, k;, with depth. The resis-
tance from the CDM can be visualized from the figure
up to a depth of about 4 m for Cases 3, 4, 5 and 2 m for

Cases 6, 7, except for Case 2 with up to about full depth.

The value of & at ground surface in the improved cases
ranges from 625 to 11000 kN/m’ whereas k; of the un-
improved case is 160 kN/m® (Figs. 18(b) and 19). The

ks in the improved zone increases almost linearly.
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Fig. 19. Coefficient of horizontal subgrade reaction, k;

along depth at the 45 kN/m loading stage.

Shear force and horizontal load distributions derived
from the numerical method are shown in Figs. 20(a)
and 20(b) respectively. Shear force at ground level is
-45 kN/m and below the ground level in some cases it
reaches about +60 kN/m. Horizontal distributed load to
the quay wall (Fig. 20(b)) is a kind of horizontal sub-
grade reaction which is stated in Fig. 18(a). Maximum
distributed load in the unimproved case (Case 1) is ob-
tained as -35 kN/m*/m (in the test it was -12 kN/m*/m)
and in the improved cases it ranges from -70 kN/m*/m
to -184 kN/m*/m (in the test it was -60 to -125
kN/m?*/m). Predicted subgrade load-distributions com-

pare fairly well the horizontal subgrade reaction.
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Fig. 20. Shear forces and horizontal load distributions
at 45 kN/m loading derived by the numerical method.

(8) Effect of size of the CDM

The effect of width of the CDM on the coefficient of
horizontal subgrade reaction, k;, is shown in Fig. 21.
For the cases with 4 m depth CDM, the width effect is
considered at the depth of 0 m, 2 m and 4 m (Fig.
21(a)). Likewise the cases with 2 m depth CDM, the
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Fig. 21. Variation of coefficient of horizontal subgrade
reaction, k; with the width of CDM block: (a) depth of
the CDM block is 4 m and (b) depth of the CDM block

is 2 m.

width effect is considered at the depth of 0 m, I m and
2 m (Fig. 21(b)). With the same depth of CDM, £ in-
creases almost proportionally with increase in width of
the CDM. From the relationship between the & and
width of the CDM as shown in the figures, ks corre-
sponding to any other widths are determined and used
in the numerical method in the following paragraphs.
The relationship of the ks versus width of the CDM can
be produced for any other depths also. Average &, val-
ues used in the numerical calculations along depth is
listed in Table 6. The &, can also be obtained from the
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Table 6. & values used in numerical analysis.

Depth of Ground Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7
0m 160 11,080 10,280 625 3,625 3,510 1,010
2m 500 23,400 12,000 2,300 4,500 6,700 3,400
4m 1,050 32,800 21,000 6,300 9,500 4,400 2,400
6 m 6,000 18,400 7,700 5,500 5,400 5,100 5,300
8m 14,000 30,400 32,500 25,800 13,000 12,900 17,900
10 m 85,200 88,400 65,200 77,200 70,400 57,700 60,400

T T - T T T T
Unimproved case | Improved cases| | ]
= A
£ 2 e 4r .
N
<
5 I M IEzzzz]
L o o . o o
& S 5 g =&
= -6 - 4+ A
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i?i 8- 0 ke=(133+1322) /Ay | 1 | g
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3 3 3
(@ kg (kNm) b)  k/(AA) (KNm') (0 ks (kN )

Fig. 22. Simplification of coefficient of horizontal subgrade reaction, ;: (a) simplified &, along depth for the unim-
proved case, (b) &k, normalized by sectional area of the CDM block, 4, (A¢ = unit width) along depth and (c) simplified
ks along depth for 4 m depth CDM.

relationships of various parameters like shear modulus,
Poisson ratio, shear strength, friction angle, and cohe-
sion along the depth of the ground. Numerically the k;
can be determined by the following model of Bowles
(1974).

k,=A +Bz" ()

where A~ constant for structural member, B~ coeffi-
cient for depth, z = depth of interest below ground and
n= exponent to give k; the best fit (if load test or other
data are available). Bowles (1974) has shown that this
model is reasonably correct by using it to analyze
full-scale field walls and for reanalyzing model sheet
pile walls reported by Tschebotarioff (1949) and by
Rowe (1952). To use this model, the CDM zone can be
treated either as a layer like soil or a hybrid zone whose
property will be obtained by considering the interaction
among the sheet pile wall, the CDM and the surround-
ing clay.
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Three different methods to determine the coefficient of

horizontal subgrade reaction, k; are introduced.

1. Simplification with CDM area: This method is de-
scribed in Fig. 22. Largest displacement of the sheet
pile quay wall was observed in the unimproved case
(Case 1). Since the displacement of the quay wall in the
deeper ground is very small, below 6 m depth the &
values observed in Fig. 19 (test data) are erroneous.
Test data of k until about 5 m depth is considered to
extrapolate the k; variation with depth in unimproved
case (Fig. 22(a)). The relationship derived for the un-
improved ground is:

k,=100+235z )
where z is the depth (m) from the ground level. All of
the k, data of improved cases are normalized by the
cross sectional area, 4, of the CDM block and plotted
against the depth, z (Fig. 22(b)). The average trend line
gives the following relationship:
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k~(133+132 2)4 (10)

From these two equations (Eq. (9) and (10)) simpli-
fied k, values are produced along the depth and shown
in Fig. 22(c). In the figure, simplified &, values are
shown for various width of a 4 m depth CDM block.
Below the CDM block, the &, value is assumed as the

value of unimproved case (Eq. (9)).

1I. Simplification with CDM width: This method is de-
scribed in Fig. 23. The simplified relationship derived
for the unimproved ground is same as described in the
first method with Eq. (9). All of the k; data of improved

cases are normalized by the width, W, of the CDM
block and plotted against the depth, z (Fig. 23(b)). The
average trend line gives the following relationship:
k=(200+850 z) W (11)
From Egs. (9) and (11) simplified %, values are pro-
duced along the depth and shown in Fig. 23(c). In the
figure, simplified k; values are shown for various width
of a 8 m depth CDM block. Below the CDM block, the

ks value is assumed as the value of unimproved case
(Eq. (9)).
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Fig. 23. Simplification of coefficient of horizontal subgrade reaction, &;: (a) simplified &, along depth for the unim-
proved case, (b) &, normalized by width of the CDM block, W, (W, = unit width) along depth and (c) simplified £;
along depth for 8 m depth CDM.
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II1. Centrifuge test data: The k, value obtained in this
method is from the test data (Table 5). It is described in
Figs. 18 and 19. Deflection of the quay wall is obtained
numerically for various width and depth of the CDM by
using the k; value. The k& values are obtained from the
above methods. Figure 24 shows the relationship be-
tween deflection at loading point at the 45 kN/m load-
ing stage and the width of the CDM block. Test data
and numerical predictions are plotted in the figure. The
dash-dotted line indicates the trend for CDM of depth
equal to 4 m and the dashed line for CDM of depth
equal to 2 m (Figs. 24(a) and 24(b)). These two lines
were calculated by the method- /1. In the 4 m depth
line, increasing the width of CDM block up to about 3
m proportionally reduces the deflection of the quay wall,
which then reduces to the lowest deflection quickly.

Deflection presented by the 2 m depth line decreases
proportionally up to about 4 m of CDM width and then
reduces to the lowest deflection. Test data are also plot-
ted in the figures. Full-depth CDM (Case 2) also falls in
the zone of lowest deflection. This figure implied that
beyond 4 m width, CDM of 2 m depth is more efficient
than that of 4 m depth or full-depth in reducing the de-
flection of the sheet pile quay wall. Since Cases 2 and 3,
which have the same width but different depths (full-
and half-depth), show the same deflection, from an
economical feasibility point of view half-depth or the
floating type CDM is more efficient for the field situa-
tion.

Simplified calculation with respect to the CDM area
(method- /) is shown in Fig. 24(a) for the depth of 2 m,
4 m and 8 m. Reasonable predictions are observed
throughout width of the CDM. Simplified calculation
with respect to the CDM width (method- I7) is shown in
Fig. 24(b) for the depth of 2 m, 4 m and 8 m. These
three lines show a tendency of merging at 7 m width of
the CDM. It means beyond 7 m width, deflection is
same for any depth of the CDM and the lowest deflec-
tion is about 0.2 m. Numerical prediction with area
based simplification (method- /) agrees well with the
test data and shows better prediction than that of width
based simplification (method- 7).
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3.7 Conclusions on pseudo-static loaded sheet pile
quay wall

The effects of sea-side ground improvement on the
stability of existing sheet pile quay walls have been
presented with reference to the load-deflection behavior,
effect of size of cement deep mixing zone, and wall
deflection, bending moment, horizontal subgrade reac-
tion and earth pressure distributions in a series of cen-
trifuge tests. The effects of sea-side ground improve-
ment on the stability of existing sheet pile quay wall
also have been numerically predicted. Numerical pre-
dictions compare satisfactorily with the centrifuge test
results. The method can be used for predicting the im-
portant design parameters like deflection, bending mo-
ment, shear force and horizontal subgrade reaction or
load to the sheet pile quay wall. The conclusions of the

pseudo-static study are as follows:

1. Compared with the case of a wall embedded in
unimproved ground, significant resistance against
cyclic horizontal load was observed to develop in
the CDM improved cases, i.e. the horizontal de-
flection was effectively reduced.

2. The horizontal deflection of the model quay wall
decreased proportionally with increase in width of
the CDM area until it reaches a certain limit.

3. In the cases of improved ground, the maximum
bending moment of the model quay wall was re-
duced up to about half of the value of the unim-
proved ground case.

4. The horizontal load was mainly resisted by the
improved soil zone, which offered large horizontal
subgrade reactions.

5. Seaward rotational tendency of the CDM block
was observed in the improved ground cases.

6. Proposed numerical model of the sheet pile quay
wall can predict the effect of the sea-side ground
improvement.

7. Prediction by the numerical model agrees fairly

well with the results of centrifuge model tests.
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4. Dynamic Loaded Sheet Pile Quay Wall

4.1 Model set-up

Figure 25 shows the schematic illustration of the
model set-up. A strong box of 735 mm length, 500 mm
depth and 200 mm breadth with a transparent front
window was used for the tests. Wave absorbing materi-
als were set on 200 mm faces of the strong box. Photos
of model set-up are shown in Fig. 26. The model sheet
pile quay wall is a 3 mm thick steel plate instrumented
with 7 pair of strain gauges (S1 to S7) and 15 earth
pressure gauges (E1 to E14 and E56) on both sides. At
the bottom of the strong box, the sheet pile wall is set
on a 10 mm thick rough surfaced acrylic plate and at
the top it is clamped with guide plates, so that it is
firmly fixed and remains vertical during the model
preparation. The flexural rigidity, EI, of the prototype
sheet pile wall is 5.65x104 kN.m*/m. Prototype section
of this plate becomes the Japanese standard sheet pile
of type SP-IV (Nippon Steel Corp., 1998).

The model ground is prepared by same manner as
the static loading test case (Fig. 2).

Lv1
Lv2

Sheet pile
© quay wall

367.5.

367.5

|
735 4—"‘1‘10

Dimensions in mm]  Symbol:
A1~A8: Accelerometers

LD1~2: Laser Disp. Transducers
P1~5: Pore Press. Transducers

E1~14: Earth Pressure Gauges
LV1~2: Displacement Transducers
S1~7: Strain Gauges

Fig. 25. Model set-up of Case D2 in model scale.
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Fig. 26. Construction stages photographs: (a) kaolin

clay slurry is poured until the top of the strong box, (b)
CDM hole is excavated in the consolidated clay, (c) top
view of the model showing the CDM, sheet pile wall
and white kaolin, and (d) final model with backfill sand

and sea-side water.

Table 7. Dynamic Test Conditions in Prototype scale.

Test Cases D2 D3 D4 D5
Clay depth (m) 8 8 8 8
CDM zone ( m?) 5x4 0x0 10x8 10x4
Input Accelera- 28, 28,
45, 30,
tion (Gal) 114, 100,
196, 118,
196, 215,
294, 226,
294, 315,
343 322
335 335
No. of shaking 4 4 5 5
¢, of CDM (kPa) 1340 - 580 990

4.2 Test procedures and conditions

(1) Test procedures

The strong box with the model is mounted on the
swinging platform of the centrifuge. Centrifugal accel-
eration is increased up to 50 g. At 50 g, the bottom sand
layer becomes 3 m, clay depth becomes 8 m, backfill
and sea water heights become 3.5 m and the prototype
CDM areas are shown in Table 7. The consolidation in

the centrifuge at 50 g is conducted until the degree of
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consolidation is estimated to have achieved 90%. Data
from the pore pressure transducers in the clay and
LV1-2 are used to estimate the degree of consolidation.
At 50 g, four to five shaking are applied to this model
in flight. The shaking is applied parallel to the long side
of the strong box. The test conditions in the prototype
scale are shown in Table 7. Four shakings are applied
in Cases D2 and D3 and fives are applied in Cases D4
and D5. The frequency of all shaking is maintained as 2
Hz (100 Hz in model scale) and conducted in 50 sinu-
soidal cycles. Magnitudes of shaking and other test
conditions are listed in Table 7. A total of 24 to 30 days
(14 to 18 minutes in model scale) are allowed between
the shakings to dissipate excess pore water pressure.
Deflection of sheet pile quay wall, pore water pres-
sures in the ground, earth pressures at various eleva-
tions and strains on the surface of the sheet pile wall are
monitored during the test. The positions of the sensors
are shown in Fig. 25. Still pictures of the model are
taken before and after the each shaking. All the test
results in the following sections are presented in the

prototype scale.

(2) Test conditions

In this paper, the results of 4 centrifuge tests (Cases
D2 to D5) are presented to discuss the effects of the
sea-side ground improvement on the stability of the
quay wall in seismic loading. All of the test cases are
identical except for the size of the CDM block and the
position of accelerometer below the CDM. Stability of
unimproved and improved sea-side ground has been
examined from the unimproved case (Case D3) and the
improved cases. The effect of width of the CDM block

is investigated from Cases D2 and D5, which have the
depth of CDM equal to 4 m. Having the same width of
CDM, the influence of the ‘floating type’ and full-depth
CDM is likewise examined from Cases D4 and DS5.
Cross-sectional area of CDM block in Cases D2, D4
and D5 is different. Sectional-area wise performance
has been investigated. All the test results in the follow-

ing sections are presented in the prototype scale.

4.3 Stress-strength profile of clay stratum

The seashore consists of a thick clay layer underlain
by a sand layer. Overconsolidated clay is chosen to fa-
cilitate the model preparation. The maximum effective
past pressure experienced by the clay can be assumed to
be the same as that applied to consolidate the clay, i.e.
150 kPa. Two saturated specimens of Toyoura sand
were tested in drained triaxial compression test (JGS
2000, relative density: 80%; o5': 100- 200 kPa; o'
500- 760 kPa) and three kaolin clay specimens were
tested in undrained triaxial compression tests (JGS
2000, o3': 20- 72 kPa; o;': 80- 235 kPa) to obtain the
critical state parameters of sand and clay. Here o3' and
o' are effective lateral and vertical stress respectively.
The sheet pile was set-up to a certain depth into the
strata of sand underlying the clay to ensure firm fixity
of the quay wall. Stress history of the clay layer is
shown in Fig. 27. In the figure, ¢," and o, are the cur-
rent effective vertical stress and the past maximum ver-
tical consolidation pressure respectively; OCR is the
overconsolidation ratio (o,/0,"); the coefficient of
in-situ earth pressure, K, was derived for overconsoli-
dated (OC) clay with a critical state friction angle
#=28.6", following Eq. (1). The undrained shear
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Fig. 27. Stress history and undrained shear strength of the clay stratum.
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strength, ¢,, of the clay was derived from Eq. (2).
Theoretical ¢, values are compared with the test re-
sults. The ¢, values are computed from the water con-
tent profile along the depth both in the sea-side and
port-side. After stopping the centrifuge, a few hours
have passed before sampling for water content. Some
swelling may have taken place in this period, which
may result in smaller ¢, values than those predicted by
theory. The ¢, profile of Case D2 is shown in the figure.
Although the clay samples are excavated after the test,
the values derived from the test results compared fairly
well with the theoretical ¢, values (Fig. 27), which were

predicted before the loading stage.

4.4 Results and discussions

(1) Centrifuge consolidation and pore pressures

Data from the pore pressure transducers, P1-5, and
displacement transducers, LV1-2 on the clay are used to
estimate the degree of consolidation at 50 g prior to the
loading stage. Square root of time method was used to
estimate the degree of consolidation. Time taken to
achieve 90% consolidation in the centrifuge is about 5
hours. Since the depth of the clay stratum in all cases is
the same (8 m), almost the same amount of consolida-
tion settlement was observed. This highly overconsoli-
dated clay stratum is found to settle about 0.40 m in the
prototype scale. The consolidation process makes the
soil a competent foundation with definite stress history.
Excess pore pressure in the ground may affect the sta-
bility of the sheet pile quay wall significantly. Almost
constant equilibrium pore pressure from each of the
pore pressure transducers was observed during the

loading stage.

(2) Deflection of sheet pile quay wall

Deflection of the quay wall is the main index in de-
scribing stability. Figures 28(a) to 28(d) show the
in-flight photos of Cases D2, D3, D4 and D5 respec-
tively at the final stage of shaking. Deflection of the
sheet pile wall from the vertical position, size and posi-
tion of the CDM and subsidence of the backfill sand

can be seen in the photos.
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(a) Case D2

(b) Case D3

(c) Case D4

(d) Case D5
Fig. 28. In-flight photo of the sheet pile quay wall of:
(a) Case D2 at 343 Gal, (b) Case D3 at 322 Gal, (¢)
Case D4 at 3335 Gal and (d) Case D5 at 335 Gal, shak-
ing stage.

Figure 29 shows the horizontal deflection - time
history of the quay wall at backfill surface level in dif-
ferent stages of shakings. In the first two shakings the
quay wall shows larger stiffness and less deflection. In
the subsequent shakings Cases D2 and D3 show much
more deflections than that of Cases D4 and DS.

The relationship between the horizontal deflection
of the quay wall, &, and input acceleration is shown in
Fig. 30. Deflection at static mode, &, and final stage of
shaking, o, are tabulated in the figure. Case D3 is
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Fig. 29. Horizontal deflection-time history of quay wall at backfill surface level.

without improvement and greatly affected by both the
static and seismic loadings. Before the seismic loading
the sheet pile is deflected (&) about 0.20 m due to the
static loads and the remaining 0.75 m of deflection
takes place due to the seismic loads. It is observed that
the CDM zone reinforces the stability of the ground
significantly. And the improved cases show more stiff-
ness than the unimproved ground case. Static deflection
of the unimproved case is 4 to 10 times larger than that
of CDM improved cases.

40—
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200r

Test CDM(m?) &, &
—o—D2 5x4 0.05 0.69]
——D3 0x0 020 0.95
—0—D4 10x8 0.02 0.29] |
——D5 10x4 0.02 037

100

Input acceleration (Gal)

| 1 1 1 1 | 1
0.5 1

Horizontal displacement at backfill level (m)

Fig. 30. Horizontal deflection of quay wall at backfill

surface level versus input acceleration.

Deflection & of the unimproved Case D3 is 0.95 m
whereas full-depth CDM improved ground of Case D4
is 0.29 m. Improved stiffness becomes more than three
times larger than that of the unimproved sea-side

ground. Here stiffness is indicated as horizontal load
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per unit deflection. Cases D2 and D5 with the same
depth of CDM (depth: 4 m) but different width (respec-
tive widths: 5 m and 10 m) have & of 0.69 m and 0.37
m respectively. Here the deflection increases propor-
tionally with the decrease of width of the CDM. In
other word, the stiffness offered by the quay wall in
these cases is almost proportional with the width of
CDM. However, the interaction between the quay wall
and the CDM, and between the CDM and the sur-
rounding clay are not yet thoroughly investigated.
These interaction processes can affect the deflection of
the quay wall significantly. Cases D4 and D5 having
full-depth and floating or half-depth CDM (with the
same width of treated material) have & value of 0.29 m
and 0.37 m respectively. Sectional-area wise perform-
ance of the CDM can be compared from Cases D2, D5
and D4. Case D2 having the cross sectional-area, A =
20 m” shows & value of 0.69 m, Case D5 having A = 40
m’ shows & value of 0.37 m and Case D4 having A =
80 m? shows & value of 0.29 m. Although the stiffness
is sensitive in smaller area cases, increasing the width
or size of the CDM to the full depth of the clay results a
small amount of deflection of the quay wall.

This study implies that the final deflection of the
unimproved case is almost 3.25 times larger than that of
full-depth CDM case; 2.5 times larger than that of
half-depth CDM case and 1.4 times larger than that of
smallest-size CDM case. The smaller width CDM case
(Case D2) shows the deflection about double than that
of Case DS5. On the other hand Case D5 shows the de-
flection almost same as the deflection of the full depth
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CDM case. From an economical feasibility point of
view the half-depth or the floating type CDM with lar-
ger width can be recommended for the field.

(3) Excess pore water pressure

Although a pore fluid with viscosity of 50 times that
of water would be necessary to satisfy the scaling laws
(at 50 g) as discussed in the previous section, tap water
is used to saturate the backfill and to fill the sea-side,
thus increasing the rate of dissipation of excess pore
water pressure by a factor of 50. Excess pore water
pressure ratio is computed by dividing the generated
excess pore water pressure by the initial effective over-
burden stress. Figure 31 shows the time histories of the
excess pore water pressure ratio in the sea-side and
port-side during all of the shakings. Pore pressure
transducers, P1 to P4 are set from the top of the clay to
the bottom of sand layer (Fig. 25). The excess pore wa-
ter pressure ratio quickly rises to the peak soon after the
start of shaking and gradually dissipates with time.
Maximum pore pressure ratios observed in Cases D2,
D3, D4 and D5 are 0.62, 0.57, 0.72 and 0.71 respec-
tively. These maximum pressure ratios are recorded
from the top most pore pressure transducers (P1). It is
observed by Takahashi et al. (2006) that the ground

—_

liquefies at the shallow depth first and liquefaction oc-
curs in the entire ground with increasing the magnitude
of excitation. It can be seen from the plots that after
each shaking some amount of residual excess pore wa-
ter pressures remain in the ground. This residual pres-
sure may affect the stiffness of the ground during other
seismic motion. During the shaking with larger accel-
eration the residual pressure can weaken the shear stress
transmission inside the ground. However, only one step
shaking test with the same acceleration could produce

different behavior of the sheet pile quay wall.

(4) Acceleration time histories

As shown in Fig. 25, accelerations were recorded at
various points throughout the model. Figures 32 and 33
illustrate the excitation-time histories recorded in 45
Gal, 196 Gal and 343 Gal shakings of Case D2 in the
sea-side and port-side respectively. These two figures
also compare the excitation histories in the improved
sea-side and port-side. At 45 Gal shaking it is apparent
that the motion is significantly thickened from the bot-
tom of the clay layer to the top of the backfill sand.
Accelerometers Al and A2 (CDM zone) were placed
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Fig. 31. Excess pore water pressure during the seismic loading in: (a) Case D2, (b) Case D3, (c) Case D4 and (d) Case

Ds.
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almost at the same level as A5 and A6 (port-side
clay). It can be seen from Figs. 32(a) and 33(a) that the
acceleration histories in A1, A2 and AS, A6 are almost
similar in the first stage of shaking. Initially the clay,
CDM and sand layers were well integrated. The initial
stiffness of the sheet pile quay wall system was larger
and different in the subsequent loading stages, so that
the motion in 343 Gal stage is different and weakened
from the bottom of the clay to the top of the backfill
sand. In 196 Gal shaking stage (Figs. 32(b) and 33(b)),
the base, clay bottom and CDM top felt relatively
strong motion.

Figures 34 and 35 illustrate the excitation-time his-
tories of unimproved case (Case D3) in the sea-side and
port-side respectively. Locations of Al and A2 in the
sea-side clay were same as the depth of A5 and A6.
Locations of the all accelerometers in the Cases D2 and
D3 are identical. Although in the first shaking (30 Gal,
Figs. 34(a) and 35(a)) the magnitude of accelerations is
smaller than that of Case D2, the motion is significantly
thickened from the bottom of the clay layer to the top of
backfill sand or top of the clay in the sea-side. In the
118 Gal shaking stage (Figs. 34(b) and 35(c)), the mo-
tion is still thickening from the bottom of the clay to the
top of the backfill sand or top of the clay in the sea-side
except for the clay mid in the port-side. Weakening of
the motion from the bottom of the clay to the top of the
backfill sand or clay in the sea-side is observed in the
final shaking (322 Gal, Figs. 34(c) and 35(c)). The
similar behavior of propagation of accelerations is also
observed in other cases.

The maximum accelerations measured at various
depth of the ground during the first and final shakings
are plotted in Fig. 36. Maximum accelerations of all
test cases are shown in the figure. Initially the rising
trends of acceleration are found from the bottom of the
clay to the top of the sand fill, though constant accel-
eration is seen in the bottom sand layer. The trend in the
final shaking is different from the initial one. Almost
increasing trends in the bottom sand layer and decreas-
ing trends from the bottom of the clay to the top of the
fill sand are found in the final stage of shaking. Behav-
ior of Case D4 in the final stage is little exceptional to
the others. It could be due the stiffness provided by the
CDM until the bottom sand layer. Similar effect is also
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observed in Case D5 which has the half-depth CDM of
largest width.
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Fig. 36. Propagation of maximum acceleration along
the depth of the ground.

Figures 37 and 38 show the time lag in acceleration
waves in the port-side and sea-side of Case D2 respec-
tively. Acceleration in the port-side is considered at the
clay-bottom (A7), the clay-mid (A6), the clay-top (AS5)
and the backfill top (A3). In the sea-side acceleration is
considered at the clay-bottom (A7), the CDM-bottom
(A2) and the CDM-top (A1). The figures are produced
from the final phases of acceleration-time histories that
presented in Figs. 32 and 33. Time lags compare to
bottom accelerometer (A7) are shown in the figures and
marked as A;;, A, in the sea-side and A3, Ass, Asg in
the port-side. Suffix 71, 72 etc. indicates the lagging
between A7 and Al; A7 and A2 respectively. Time lags
are calculated from difference among maximum accel-
erations in the same phase.

It can be seen in Fig. 37(a) that time lag in 45 Gal
shaking is smaller than that in other shakings. The val-
ues of A7z, Ass, Agg in higher excitations (Figs. 37(b), to
37(d)) are almost same. Value of A;;is about 0.25s, Ass
is about 0.20s, A is about 0.13s. Time lag at sea-side
in 45 Gal shaking is also found smaller than that in
other shakings Fig. 38(a). The values of A;; and A7, in
higher excitations (Figs. 38(b) to 38(d)) are almost
same. Value of A; ranges between 0.20s to 0.23s, Ay,
ranges between 0.10s to 0.12s.
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Fig. 38. Acceleration time lag in the sea-side of Case D2.
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In the first two shakings the shape of the waves re-
mains almost sinusoidal but during the last two shak-
ings spiky accelerations are observed in both sides. The
initial stiffness of the system may be diminished by
successive intense earthquake loading. However, limi-
tation of the shaking table in large input acceleration
produces the spiky waves.

Calculated time lag versus depth of ground is plot-
ted in Fig. 39. Profile in the sea-side is shown with
dashed line and in port-side with solid line. At 45 Gal
shaking there is clear difference of time lag between

sea-side and port-side along depth. In higher excitation

both sides also exhibit very little to negligible time dif-
ference along the depth.

(5) Earth pressures

Horizontal earth pressures are measured with the
earth pressure gauges installed on the sheet pile wall
(Fig. 25). Figure 40 shows the horizontal earth pressure
both in the sea-side and port-side at initial and final
shaking. Data is collected as the maximum value of last
phases of the final shaking. Calculated active and pas-
sive earth pressures in both the static mode and dy-
namic mode (k,= 0.25, Okabe, 1924 method) are also
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Fig. 39. Comparison of acceleration time lag in both the port-side and sea-side of Case D2.
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Fig. 40. Lateral earth pressure on the sheet pile quay wall.
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plotted in the figure. In the figure, K, and K, indicate
the theoretical earth pressure coefficient at the active
and passive state respectively. Initial earth pressures
data are taken from the end of the in-flight consolida-
tion. Reasonable initial earth pressure profile is ob-
served in the figure. Average horizontal seismic coeffi-
cient, k, equal to 0.25 is considered in calculating the
dynamic earth pressures. Earth pressure in the backfill
(port-side) shows nonlinear variation. The dynamic
active earth pressure increases consistently with the
increases of acceleration. Similar relationship is ob-
served in all cases during the shaking. Due to the bot-
tom sand layer, pressure has a decreasing trend. Trend
of horizontal earth pressure in the sea-side is different
from the port-side. The top two sensors (E11 and E10)
are inside the CDM block in all improved cases. It is
seen from the figure that the middle sensor (E10) ex-
periences larger pressure. Shorter drainage path to the
top (E11) and bottom earth pressure gauge (E9) can
affect such pressure profile. However the earth pressure
profile in the sea-side is quite reasonable. Calculated

earth pressure lines agree fairly well with the test data.

(6) Bending moments and structural deflection

Bending moments are derived from the responses of
the strain gauges (S) along the sheet pile wall (Fig. 25).
Figure 41(a) shows the bending moment of the sheet
pile quay wall at the final stage of shaking. Maximum
bending moment is observed at about the mid of the
clay ground, whereas in the pseudo-static studies (Sec-
tion 3.6 (6)) maximum bending moments took place at
the ground level. The maximum bending moment ob-
served in the unimproved case (Case D3) is about 900
kN-m and in the improved cases (D2, D5 and D4) are
660, 430 and 360 kN-m. This data imply that ground
improvement can reduce 30% to 60% bending moment
during seismic loading. Interaction among the CDM,
the sheet pile wall and the clay reduces the bending
moments according to the size of the CDM block. Al-
though the CDM block in the sea-side is relatively
stiffer than the port-side clay, the dynamic active earth
pressure from the backfill and the clay is much larger
than the resistance by the CDM. Due to firm fixation by
the bottom dense sand and mobilized active pressures,

the sheet pile wall starts to bend at bottom of the clay
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layer (Fig. 28). Seaward rotational movement of the
CDM block is also observed in the smallest size CDM
case (Case D2).
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Fig. 41. Bending moment and deflection distribution of

quay wall.

Quantic spline functions are used to fit the measured
bending moment distribution. The marks in the bending
moment curve (Fig. 41 (a)) are test data and the curve
itself from spline equations. Two successive integra-
tions of this curve lead to the determination of the lat-
eral deflection along the wall, which is shown in Fig.
41(b). Since the subgrade reaction geometrically repre-
sents the curvature of the bending moment distribution,
it is very sensitive to any fluctuation of the bending
moment at a given depth and therefore strongly depends
on the choice of the fitting curve of the bending mo-
ment (King, 1994). Although the trends from spline
equations are seen as slightly irregular, it should be
smooth nonlinear curves. From the deflection distribu-
tion of the sheet pile quay wall firm fixity at the bottom
part, the gradual bending at the clay bottom and the
maximum displacement at the top can be visualized.
Test data of deflection at the final shaking is also plot-
ted in the graph and agrees well with the plot of deflec-
tion distribution.
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(7) Effect of size of CDM

Deflection of the quay wall is obtained with the pro-
posed numerical method (Section 3.5) for various cross
sectional area of CDM by using the k; value. The &, values
are obtained from Egs. (9) and (10) (Section 3.6 (8)) and
using the parameters shown in Table 8. Figure 42 shows
the relationship between the deflection at top at the static
and final stage of shaking and the area of CDM block.
Test data and numerical predictions are plotted in the
figure. Marks are the test data and the lines are the nu-
merical prediction. Static and dynamic final stage de-
flection data are also tabulated in Fig. 30. The dash-dotted
line indicates the trend for static loading condition and the
solid line for dynamic loading with &, =0.25 condition.
This average value of k;, is obtained from the backfill
accelerations of all test cases. In the static relationship,
increasing the area of CDM block up to about 10 m’
gently reduces the deflection of the quay wall, which then
reduces to the lowest deflection quickly. In the dynamic
relationship, on the other hand, deflection decreases rap-
idly up to about 40 m* of CDM area and then reduces to
the lowest deflection. The numerical predictions agree
well with the test deflections. Although the cost effective
CDM size can not define in the figure, in the pseudo-static
study it is observed that CDM of 2 m depth is more effi-
cient than that of 4 m depth or full-depth in reducing the
deflection of the sheet pile quay wall. In the current study
the authors also observed that half-depth or the floating
type CDM with larger width can be recommended for the
field.

T T T T T T T T
Test data:

2 O Static stage

® Dyn. final stage

Numerical Cal.:
————— Static stage
—Dyn. at k=0.25]

Horiz. displacement at top (m)

1
40 60
CDM area (m”)

Fig. 42. Influence of area of the CDM in the horizontal
displacement of the sheet pile quay wall.
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Table 8. Parameters used in dynamic numerical analy-
sis.

(a) Backfill and Bottom sand

Yeat (KN/m?) 19.6
Fiver (KN/m?) 15.9
7 (KN/m®) 9.8
(b) Clay Stratum
Yeart (KN/M®) 18.8
7 (kN/m®) 8.9
¢y (KN/m?) 25
(c) Steel Sheet Pile Wall
I (m*m) 28125x107
E (kKN/m?) 2.01x10°
EI (kN.m) 56530
(d) CDM Zone
Fsar (RN/m) 15
7’/(kKN/m”*) 52
¢y (KN/m?) 460

4.5 Conclusions on dynamic loaded sheet pile quay
wall

A sheet pile quay wall with sea-side ground im-
provement has been investigated with reference to the
load-deflection behavior, seismic responses, bending
moment, earth pressure distribution and effect of size of
cement deep mixing zone in a series of centrifuge
shaking table tests. The effects of sea-side ground im-
provement on the stability of existing sheet pile quay
wall also have been numerically predicted. Numerical
predictions compare satisfactorily with the centrifuge
test results. The conclusions of the dynamic loaded
study are as follows:

1. Centrifuge model of a sheet pile quay wall with
sea-side ground improvement is successfully estab-
lished.

2. Compared with the case of a sheet pile quay wall
embedded in unimproved ground, significant resis-
tance against seismic loading is observed to develop
in the CDM improved cases, i.e. the horizontal de-

flection is effectively reduced.
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3. Acceleration motion is found consistent from the
base to the top of the sheet pile quay wall system in
all of the test cases and the motion is different in
each shaking. In the first shaking the motion is sig-
nificantly thickened from the bottom of the clay
layer to the top of backfill sand or top of the clay in
the sea-side. Weakening of the motion from the
bottom of the clay to the top of the backfill sand or
clay in the sea-side is observed in the final shaking.

4. At first shaking there is clear difference of accel-
eration time lag between sea-side and port-side
along the depth. In higher excitation both sides also
exhibit smaller to negligible time difference along
the depth.

5. Excess pore pressure ratio in the clay layer is much
smaller than unity, i.e., no liquefaction has taken
place. Excess pore water pressure dissipates
quickly, though some amount of the residual pore
water pressure remains in the clay.

6. The maximum bending moment of the quay wall
takes place approximately at the mid of the clay
ground both in the improved and unimproved
grounds. The ground improvement can reduce 30%
to 60% bending moment during the seismic load-
ing.

7. The horizontal deflection of the quay wall decreases
rapidly with the increase in the area of CDM until it
reaches a certain limit.

8. Proposed numerical model of the sheet pile quay wall
by can predict the effect of the sea-side ground im-
provement in seismic loading. Prediction by the
numerical model agrees fairly well with the results of

centrifuge model tests.

Concluding Remarks

The stability of sheet pile quay walls on a thick clay
deposit against pseudo-static and dynamic loading was
studied through two series of centrifuge model tests.
According to the tests, the improved area provided sig-
nificant resistance against static and dynamic loading.
The ground improvement can considerably reduce
bending moment during the dynamic loading. The hori-
zontal deflection of the quay wall decreases rapidly with

the increase in area of the CDM until it reaches a certain
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limit.

The research indicates the possibility of modifying
the current design on the DM improved ground for shett
pile quay wall more reasonably and economically. Fur-
ther research efforts are required to brush up and im-

prove the current design.
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