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Dimensional analysis and centrifuge modeling of quay wall
of large-diameter bottomless cylinders
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Abstract: Understanding the interaction mechanism between the soil and a quay wall composed of large-diameter bottomless
cylinders is vital to the safe and economic design of the quay wall. Based on dimensional analysis, a number of dimensionless
groups that governed the performance of the quay wall were investigated, identified and used to design and interpret centrifuge
model tests. In all centrifuge model tests performed, a deformation mechanism was observed, that is, the upper part of the wall
tilted outward away from the retained soil, and the ground behind it settled. Based on multi-regression analysis of the centrifuge
test results, it was found that the horizontal displacement of the wall/cylinder was most sensitive to the ratio of embedded soil
depth in front of the cylinder to the height of the cylinder and it was 50% less sensitive to the ratio of the diameter to the height
of the cylinder. Relatively the measured deformation and lateral earth pressure were insensitive to the roughness of the wall.
Lateral earth pressures acting on the wall could be predicted from the Rankine active earth pressure theory with the undrained
assumption in the short term.
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0 Introduction

With the development in material science and
construction technologies, quay-wall structures have
been continuously innovated and modified over the last
several decades. In port and harbour engineering,
gravity-type caisson walls have become popular due to
the development in prefabricated concrete structural
members. The forms of such caissons have evolved from

simple cubical boxes to more complicated but more

economical and efficient shapes such as cylinders with
closed-end bottoms to retain water and earth pressures.
Bottomless cylinders have also been developed for the
construction of quay walls. The deep-water quay wall
built in LeHavre, France in the mid-1950s was among
the world’s first successfully

major quay walls

constructed from large-diameter concrete cylinders
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(Tsinker, 1997).
bottomless concrete cylinders may be placed on a
rubble
foundation soil within a shallow depth underneath the

Depending on ground conditions,

well-prepared mattress or sunk into the
seafloor. In the case of the latter construction, the in-situ
soil within the cylinders is usually excavated and then
replaced by granular materials (Tsinker, 1997).
Recently, a relatively new attempt has been made to
use large-diameter cylinders in the construction of a
deep-water port founded on thick soft soil deposits (Zhou
& Liu, 1995). This application uses in-situ soft soil as the
back fill material inside the cylinders. Subsequently, the
shear strength of the fill material is improved by
installing vertical drains and by pre-loading. In this way,
underwater dredging and back filling can be minimised
or even avoided, leading to substantial savings.
Generally, quay walls formed by cylinders are
considered to be gravity structures when the ratio of the
cylinder diameter (D) to its height (/) exceeds 0.7 and it
is embedded into the foundation soil less than 0.2H deep
(Tsinker, 1997). This type of structure develops its lateral
and overturning resistance primarily from its own body
weight and the passive earth pressure in front of the wall.
Compared with quay walls founded on rubble mattresses
(Liu, 1994), the performance of a gravity quay wall
founded in soil with a shallow penetration depth is not
fully understood. Moreover, the influence of the D/H
ratio, embedded depth in front of the wall (4) and any
contributions of interface friction between the soil and
the wall on the stability and deformation of the wall need
carefully investigations in order to improve our
understanding and to optimise the design of this type of
gravity quay wall. In this paper, the stability and
deformation mechanism of a gravity-type reinforced
concrete quay wall made of large-diameter bottomless
cylinders are studied using dimensional analysis (DA)
and investigated by conducting a series of centrifuge
model tests. The relative importance of the governing
factors of the stability and deformation mechanism of the
quay wall is investigated through multiple regression

analysis.

1 Dimensional analysis
As pointed out by Sedov (1993), dimensional
analysis can be used to investigate phenomena or

mechanisms that depend on a great number of variables.

Fig. 1 depicts the variables or physical quantities that
may be relevant to the performance of reinforced
concrete quay walls made of large-diameter bottomless
cylinders sunk into a foundation soil. For a specific
system, the physical quantities may be grouped into one
set of independent variables and another set of dependent
ones. The independent variables refer to the internal
fundamental properties of the system (e.g., the
physical-mechanical parameters of material) and external
boundary conditions (e.g., the external load conditions or
displacement constraint conditions), whereas the
dependent variables refer to those that can characterise
the response of the system to external boundary
conditions, such as the distribution of deformation,

displacement, and stress within the system.
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Fig. 1 Schematic interaction of submerged quay wall

Following the procedures proposed by Butterfield
(1999), the dimensional analysis is carried out to
establish general functional relations of dependent
variables to their relevant independent variables. For the
case shown in Fig. 1, the dependent variable of interest is
the short-term deformation of the large-diameter
cylindrical quay wall. For the sake of clarity, three
simplifications have to be made. First, only one single
uniform soil layer is considered and, second, the soil is
linear elastic and hence its deformation is governed by
Young’s modulus (E) and Poisson’s ratio (1;). Finally,
the depth of the water is assumed to be constant.

To characterize the behavior of the quay wall, three
identified:
displacement (&) at the top of the cylinder, any

dependent  variables  are horizontal
settlement, s(x), at distance x from the quay wall and
lateral earth pressure at any depth z, oy(z), acting on the
back wall. A summary of all dependent and independent
variables identified together with the dimensionless
groups is given in Table 1. The horizontal displacement,
&, at the top of the wall, is considered to be dependent

on 18 independent variables. Thus, a total of 19 variables
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are required for DA.

V ={51,,H,D,k,f,p,E,V,T,,o,,Edv,,c,tanqo,pw,tanw‘,a,q,F}

(1)
Table 1 shows that 3 primary dimensions: {M, L, T} are
necessary and sufficient to define all components of V
(Butterfield, 1999). Thus, 16 (i.e., 19-3) DGs can be
compiled. By adopting {p,, a, H} as ‘repeated’ variables,

the remaining ‘isolated’ variables (Butterfield, 1999) are

{5,,,H.D,h,r,p,E,v,T.ph,E_ 1% c,(ango,pw,tanga',a,q,F} .

LR

These 16 DGs can be compiled. They are {&/H, D/H,
hlH, t/H, plp,, El(paH), v, TIH, E/(paH), vi, c/(pal),
tang, pu/p. tang*, gl(paH), Fl(paH)}, as given in
Table 1. Therefore, the dependent variable, (&/H), can
be expressed as a function of the remaining 15
independent DGs as follows:
6, =H=&{D/H,hIH,t/H,plp,,
ElpaH)v,TIH,E (paH),v_cl(paH),

tang, p, / p,,tang’,q/(p.aH),F [(p.aH)} (2a)

As the horizontal displacement at any arbitrary
depth is often of interest, z can be introduced as a
variable in V. By adding a DG, z/H, a more general
relationship of & (z)/H and its possible independent

variables can be derived and written as follows:
0,(2)/H=®,{D/H.hlH.t/H.pl 0, .ENpaH).

v.TIH,E (paH),v,,clp.aH),tan g, (2b)
p,.lp.tang ,.ql(p.aH),F (paH)},z/ H
Similarly, the surface settlement, s(x), at any
distance, x, from the front face of the wall can also be
related to its independent variables as follows:
s(x)/H=®{D/H,hlH ,tIH,plp, ElpaH),
v.T'IH,E l(p.aH),v_cl(p.aH),tanp, 3)
p, ! p.tang’.ql(paH),Fl(paH)},x/ H

Table 1 Sets of variables, repeated variables and dimensionless groups for the quay wall

. . . Dimensionless
Name of variable (V) Symbol Dimension Group (DG)

z  Horizontal displacement at the top,

T oratany arbitrary depth z, of the & L nH:

‘S quay ‘ wall, & and &(2), &(2). &z H

Z  respectively

S  Settlement at any distance, x,

E behind the front face of the quay stx) L SVH

5 Earth pressure acting at any depth, -

g . behind the wall %(2) ML''T o2/ paH) a(2)(psaz)
Height of cylinder H L Repeated
Diameter of cylinder D L DIH
Depth of soil in front of cylinder h L hlH
Wall thickness of cylinder [ L WH
Density of cylinder ye) ML 2o,
Young’s modulus of cylinder E ML'T? El(paH)
Poisson’s ratio of cylinder v — v
Density of water P ML Lol Py

4 Thickness of soil deposit T L T'H

_'vg Density of soil deposit e ML Repeated

£ Young’s modulus of soil deposit E; ML 'T? EJ(paH)

§ Poisson’s ratio of soil deposit v, — A

E‘ Apparent cohesion or undrained cc ML T cl(paH) or

k3 shear strength v cul(psaH)

.S  Tangent of angle of shearing

o tang — tang
resistance
Interface friction between soil and - *
tang — tang
wall
Acceleration of inertial force field a LT? Repeated
Uniformly distributed load q ML'T? gl(p.aH)
Line load F MT? Fl(paH®)
Horizontal distance from the front
x L xIH
face of wall
Depth below ground surface z L z/H

Note: “R” denotes repeated variable (Butterfield, 1999).
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Also, the lateral earth pressure, oj(z), acting on the
wall at any depth z can be expressed in terms of its

independent DGs as follows:
o, (2)(paz)=@{D/H,hi H.tIH,plp El(p.aH),

v.TIH,E l(paH),v,.cl/(p.aH),tan ¢,
Pl ptang’.ql(paH).Fl(pal)}.zI H

(4a)

But, for a given wall type (material) and geometry,
oi(z) acting at any depth z, may be simplified as follows:
o, (2)(p.az) = D6, I H,cl(p.aH ), tan p,
qgl(paH),Fl(paH)},zl H

It should be noted that the left-hand side of
Equations (4a) and (4b) is in fact a dimensionless lateral
earth pressure coefficient.

(4b)

Since the acceleration in any centrifuge model test
will increase from 1g (i.e., 9.81 m/s’) to N times g (e,
Ng), it is of great interest to substitute a=Ng in the above
equations. For a given soil, a given wall and given
applied external loads in centrifuge tests, DGs, such as
tH, plps, v, pulps, TIH, vi, El(pNgH), EJ/(pNgH),
q/(pNgH) and F f(psNgHz), can be regarded as constants.
Thus, Equations (2), (3) and (4) can be greatly simplified
into as follows:
6,(2)/H=®{D/H,h/H,tanp,tangp"} (5)
s(x)/H=®,{D/H,h!H,c/(Np,gH)tanp,tang"} (6)

0,(2) (N p,gz) = @y{o, | H,c/(N p,gH),tan ,tan ¢’z / H}

(7

2  Centrifuge model tests
2.1 Test program

The objectives of the centrifuge model tests are to
investigate the governing factors and their relative
importance to stability and deformation mechanisms of a
quay wall. The design of the centrifuge models was
primarily in reference to the current practice in China.
Disturbed soft clay samples were taken from a proposed
construction site for use in the model tests. The cylinder,
by which the quay wall was constructed in-situ, is 18 m
in diameter and 24 m in height.

By means of the results from the dimensional
analysis expressed in Equations (5), (6) and (7), for a
given soil type, the ratio of the embedded depth to wall
height (h/H), the ratio of the diameter of the cylinder to
the wall height (D/H), and the interface friction between
the soil and the quay wall (tang*) become the three

obvious DGs for investigation. With these in mind, three

series of centrifuge model tests were planned. Details of
the tests are given in Table 2. In the first series, D, H and
tang® were kept constant but # varied from 0 to 75 mm
(model scale), which gave rise to a range of #/H varying
from O to 0.5. In the second series, three diameters of
cylinders, ranging from 85 mm to 160 mm (model scale)
were used, but all the other variables were kept the same.
This resulted in three different D/H values, 0.57, 0.73
and 1.07. In the last series, all variables were kept the
same among the three planned tests, except three
different interface characteristics were adopted, leading
to three values of tang* (0.36, 0.49 and 0.58). As shown
in the Table, 7 centrifuge tests were conducted following
a three series test plan.

To simulate three different diameters of cylinders in
a model box 685 mm long, 350 mm wide and 450 mm
deep, the designed acceleration in the centrifuge was
164g. Thus, the performance of each model at the
acceleration of 164g is regarded as the reference case,
although the actual maximum acceleration used ranging
from 165g to 175g.

2.2 Model preparations and test procedures

Bottomless model cylinders made of Perspex tubes
were used to simulate the quay wall as shown in Figs. 2a
and 2b. The height of the three cylinders used in each
test was 150 mm. Depending on the test series (see Table
2), three different types of cylinders with external
diameters ranging from 85 mm, 110 mm to 160 mm were
adopted in the different tests. The walls of the cylinders
were roughened by rubbing them with abrasive cloth to
different degrees for studying the influence of interface
wall frictions. If required, the roughness of the wall was
further enhanced by adhering a layer evenly distributed
sand grains to the wall surface with epoxy. The actual
friction coefficient between the soil and the cylinder wall
was determined by direct shear tests in the laboratory.
The measured interface angles were 19.8°, 26.1° and
30.1° for three different surface conditions of no special
treatment, rubbed with an abrasive cloth and glued with a
thin layer of sand, respectively.

Three soil layers were placed in each centrifuge
model (see Fig. 2a). The bottom layer, i.e., the bearing
stratum of the quay wall, was composed of dense
medium-course sand. It had the maximum dry density of
1670 kg/m® and the minimum dry density of 1340 kg/m’.
This layer was prepared by running the sand through a
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Table 2 Details of centrifuge test series

Series Model No. Dim Him him hiH DIH tang*
Ml11 0.110 0.150 0.000 0.00 0.73 0.49(26%)
1. hWH MI12 0.110 0.150 0.045 0.30 0.73 0.49(26")
MI3 0.110 0.150 0.075 0.50 0.73 0.49(26")
MI15 0.085 0.150 0.045 0.30 0.57 0.49(26")
2. DIH MI12 0.110 0.150 0.045 0.30 0.73 0.49(26")
M14 0.160 0.150 0.045 0.30 1.07 0.49(26")
M17 0.110 0.150 0.045 0.30 0.73 0.36(20°%)
3. tang* MI12 0.110 0.150 0.045 0.30 0.73 0.49(26°)
M18 0.110 0.150 0.045 0.30 0.73 0.58(30%)

Note: thickness of all cylinders is 0.005 m.

hole of a sand hoopoer from at a fixed heicht into the
model container, producing a uniform bottom stratum
with a dry density of 1640 kg/m”.

1642
—_—
LVDT _ _ U“ .
.\: I b J
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cover =il ) D=diameter
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(b ) Plan view unit; mm

Fig. 2 Model set-up

The middle layer, placed above the sand stratum,
was made of gray clay, which had a liquid limit and
plastic limit of 36% and 20%, respectively. The clay
stratum was prepared by consolidating slurry in two
stages. In the first stage, the clay slurry was consolidated
into a block of soil at 164g in the centrifuge. Upon
completion of this stage of consolidation, the model
cylinders were pushed through the clay and rested on the
dense sand stratum at one gravity. Then, 50 kg of gravel
fill was placed evenly on the top of the clay surface to
impose a surcharge load. Subsequently, the second stage

of consolidation was carried out with the surcharge load

from 1g to 175g for 3 hours and at 175g for 2.5 hours in
order to improve the shear strength of the soft clay. At
175g, the surcharge pressure was 365 kPa. After these
two stages of consolidation and removal of the surcharge
load, the undrained shear strength (¢,) profile of the clay
deposit for each test was measured by means of a pocket
cone penetrometer at one gravity (see Fig. 3). Due to the
loading and unloading preparation procedures adopted,
the upper clay was overconsolidated and the lower soil
was normally consolidated, as required for simulating the
in-situ desiccation effects on shear strength of the soft
clay. Thus, the measured profiles can be divided into two
zones. At shallow depth, i.e., less than 80 mm deep, the
measured undrained shear strength decreases with depth,
as a result of the reduction of the overconsolidation ratio
with depth. At deeper layers, i.e., at 80 mm or deeper, the
measured ¢, profile increases with depth due to an
increase in confining stresses. The variations of
undrained shear strength with depth among different
models are reasonably consistent and the magnitude of
undrained shear strength is generally representative of

the soft to medium clay stratum in the field.

Undrained shear strength, ¢u/kPa

30 0 10 20 30 40 50 60
[ Top of day layer | ' ' I
/ p of clay layer AMI
60 L o M2
g A M3
£ o M4
5 L n M5
. 90 o M7
2 o M8
< 1200
= 150 -
180 [=——Bottom of clay layer

Fig. 3 Profiles of undrained shear strength
The final preparation work of the centrifuge model

was to fill a layer of gravel with particle sizes ranging
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from 2 mm to 10 mm as a surcharge over the clay
stratum and to excavate the clay block in front of the
quay wall (see Fig. 2a). The cylinders were filled and
compacted with the same sand as that in the bearing
stratum. To increase the rigidity of each cylinder, a
perforated 22 mm thick aluminum plate was used to
“brace” the cylinder at the top (see Fig. 2b). The retained
height at the top of the cylinder was 172 mm (see Fig.
2a).

To simulate the influence of concrete pavement
rigidity and surface loads, one 1.5 mm-thick aluminum
plate and another 1.2 mm-thick tin sheet were placed on
top of the gravel for modeling in-situ uniformly
distributed loads, i.e., ¢imax=7 kPa and gzax =14 kPa at
164g, respectively and two miniature rails were used to
simulate concentrated line loads from the weight of
cargo, cargo handling and hauling equipment, giving rise
0 Fimax=Fomax=2.1 kN/m at 164g. All the centrifuge
model tests were carried out in Nanjing Hydraulic
Research Institute in China.

2.3 Instrumentation

In order to monitor the performance of the model
quay wall, four linear variable differential transformers
(LVDTs), s, s2, s3 and s4, were mounted along the
centerline of the model container to measure the vertical
settlements at various distances from the quay wall (see
Fig. 2a). 5 and s, were used to monitor the settlements
of the cylinder and s3 and s;, were used to measure the
settlements of the backfill behind the quay wall. In
addition, a fifth LVDT, i.e., &, was used to record the
horizontal displacement at the top of the quay wall.

To study the distributions of the lateral earth
pressures, four miniature earth pressure cells, pl, p2, p3
and p4, were installed along the back of the quay wall at
various depths (see Fig. 2a). They were located at 0.35H,
0.55H, 0.75H and 0.95H, where H is 150 mm. from the

ground surface.

3 Interpretation of test results

3.1 Typical deformation mode of the quay wall
Since it is extremely difficult to install any

submerged instrumentation to measure horizontal

displacement of the lower part of the embedded cylinders

in the model, there are not enough data about the

horizontal movement of the cylinder to describe its

lateral displacement behavior in detail. However, the

general displacement mode can be characterized in terms
of the normalized horizontal displacement at the top
front of the cylinder, &/H, and the wall tilt, (s,-52)/ds1-52,
where dj.,» is the distance between locations s, and s>
(refer to Figs. 2a and 2b).

Fig. 4 shows the development of normalized
vertical settlements at four locations (i.e., 5y, §2, 53 and s4)
whereas Fig. 5 depicts the normalized horizontal
displacement at the top of the wall (&,) and the wall tilt
(i.e., (51752)/d;)1.52)), where ds.s> is the distance between
s; and s, with normalized acceleration for a typical
model test, M4. It can be seen that the magnitude of the
vertical movements (i.e., the heave at s; and s, but the
settlement at s; and s;) and the forward horizontal
displacement (&) of the wall increases with the
normalized acceleration. The heave and forward
horizontal displacement at the top of the wall and the
settlement of the soil behind it seems to indicate a
complex and combined translational and counter
clockwise rotational motion (or tilt) of the quay wall, as
a result of the increasing body weight due to the
increased gravity. Similar behavior was also observed in

other tests.
2.0
15
1.0
05
0.0 by
-05
-10

-1.5 | 1 1
0 50 100 150 200
Normalized acceleration, ¢/g

s1H 1%

Fig. 4 Variations of settlement with acceleration (M4)
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Fig. 5 Variations of horizontal displacement and rotation with
acceleration (M4)
3.2 Effects of h/H, D/H, and tang* on the horizontal
displacement of the quay wall
From Equation (5), it is obvious that the horizontal

displacement at the top of the quay wall is a function of
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three DGs, h/H, D/H and tang*(=/*) for a given soil. Fig.
6 shows the variations in the normalized horizontal
displacement at the top of the wall (8/H) with the three
DGs at 164g. In the test series with different #/H values
(see Table 2), &/H decreases significantly with an
increase in the A#/H ratio. An excessive lateral movement
occurs when there is no embedment in front of the quay
wall (i.e., #/H = 0). However, as the depth of the soil
increases, the lateral movement of the wall is greatly
reduced and it even approaches zero when h/H is close to
0.5. This suggests that an increase in the soil embedment
depth in front of the wall will be a very effective

measure in reducing lateral wall displacement.

—e— WH(D1H=0.73, [ =0.49)
—o—/)/H(hiH=0.73, /'=0.49)
—e— *(WH=0.73,1)1 1{=0.49)

-

0.0 02 0.4 0.6 0.8 1.0 1.2
Dimensionless groups, h{Hor]3fHor[*

0.00

Fig. 6 Variations of normalized horizontal displacement with

DGs at 164g

In the test series with different D/H values (see
Table 2), an approximate linear relationship between
&/H and D/H can be found in Fig. 5. As expected, &/H
decreases as D/H increases, resulting from an increase in
the base shearing resistance and lateral stability for a
given wall height. In the figure, the influence of the
interface friction coefficient, ff*=tang*, on &/H can also
be identified. As f* increases, the lateral active earth
pressure decreases whereas the passive earth pressure
increases, leading to a reduction in the horizontal

displacement of the wall. The results of deformation

characteristics at 164g for all three test series are
summarized in Table 3.

In order to investigate the relative importance (or
three DGs to

displacement of the wall quantitatively, a multiple linear

sensitivity) of the the horizontal
regression analysis (Ang & Tang, 1975) was carried out.
The results of the analysis are given in the following

equation:

% =0.055- 0.050i - 0.0252 -0.020tang" (8)

H H H
It should be noted that since the data for M1 is estimated
by interpolations, they are not included in the regression
analysis. By comparing the coefficients in Equation (8),
it is obvious that the horizontal wall displacement is
most sensitive to the #/H ratio since it has the largest
regression coefficient. In fact, the horizontal wall
displacement is 50% less sensitive to D/H than to A/D
and it is most insensitive to interface friction between the
soil and the wall among the three DGs.
3.3 Distributions of dimensionless earth pressure

along the back of the quay wall

Based on the results from DA given by Equations (4)

and (7), for the given soil and test conditions, the
dimensionless variable, aj,(z)/(psaz), which essentially is
a lateral earth pressure coefficient, should be a function
of &/H. Figs. 7 and 8 show the variations of
dimensionless lateral earth pressure with normalized
horizontal displacement for a smooth (M7) and a rough
(MS8) wall, respectively. It can be seen from Fig. 7 that
when the quay wall and soil are loaded by an increasing
centripetal acceleration (a), the wall moves away from
the retained soil and ay(z)/(paz) at each pressure cell
changes from its initial value. For pressure cell pl at
z/H= 0.35, oy(2)/(p.az) appears to reach a peak value of
0.93 at &/H about equal to 0.2% &/H and then reduces

Table 3 Summary of displacement characteristics at 164g

Series Model DGs Dependent variables (characteristic of displacement) (s1-s)dey. ol %
No. WH  DIH  tang* O/ HI% s1/HI% so/HI % sy/H% syl HI% P2l
MI 000 073 049 3.70
1.hH M2 030 073 049 1.23 -0.17 -1.29 2.36 1.63 1.78
M3 050 073 049 0.20 -0.45 -0.73 1.81 1.80 0.43
M5 0.30 0.57 0.49 1.73 -0.14 -1.06 247 1.15 1.97
2.DIH M2 030 073 049 1.23 -0.17 -1.29 2.36 1.63 1.78
M4 030 1.07 049 0.41 -0.27 -0.86 1.74 1.62 0.93
3. tang* M7 030 073 036 1.35 -0.02 -1.12 2.07 1.49 1.74
M2 030 073 049 1.23 -0.17 -1.29 2.36 1.63 1.78
M8 030 073 058 0.87 -0.23 -0.61 1.75 1.05 0.59

Note: (1). &— forward movements being taken as positive; sy, 53, 53 and s;—downward settlements being taken as positive. (2). The

distance between s, and s» is 95 mm, and that between s; and s3 is 215 mm; but for M 15, the distance between s, and s, is 70 mm only. (3).

The data of &, for M11 is obtained by interpolating.
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toward an approximate constant value of 0.75 at about
0.6% or larger. For p3 at z/H = 0.75, however, ai(z)/(psaz)
increases with the g-level initially and it reaches a
constant value of 1.0 at &/H=0.3% or larger. Similar
behavior is observed at p4 (i.e., z/H = 0.95) and the
dimensionless earth pressure coefficient reaches an
almost constant value of 0.93 at 8/H= 0.3% or larger.
However, the behavior at p2 (i.e., z/H = 0.55) is very
different from the other three. oj(z)/(psaz) is very high
initially, probably due to the low shear strength of the
clay at the location of p2, i.e., z = 82 mm (see Fig. 3). As
&/H increases with the centripetal acceleration, the
dimensionless earth pressure coefficient decreases between
but at a much reduced rate and it finally reaches an
ultimate value of 0.8 at &/H=1.35%. All four earth
pressure cells show consistent dimensionless earth
pressure coefficients varying from 0.75 to 1.0 and they
remain almost constant at large &/H values, typically
0.4%, suggesting that the wall reaches the “active” state.
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20 —e—z/H=075(P3) —o— z/H=095 (p4) J200
——afg
= - 150
=
o
Z 100 ¥
g
- 50
0
0000  0.003 0.006 0.009 0012 0015

SwlH
Fig. 7 Variations of dimensionless earth pressure with
normalized horizontal displacement (M7)

Fig. 8 depicts the development of oy(z)/(paz) with
&/H at three locations of a rough wall (M8). Though pl
ceased functioning during the test, it can be seen that the
retained soil reaches the active state at &/H=0.4%. The
measured active earth pressure coefficients are 1.0 for p2
and 0.9 for p3 and p4. The small difference between the
measured coefficients in M7 and M8 tests suggests that
the roughness of the wall has a limited influence on the
lateral earth pressures and hence it has little influence on
the stability of this type of quay wall.

Based on the total stress analysis, Rankine’s active
lateral earth pressure, p, acting on the wall can be
calculated using the following equation (Padfield and
Mair, 1984):

p. =Ko, -2, ,Kﬂ(]+%) )

where ¢,, is wall adhesion, o, is total vertical stress and

K,=1.0 for ¢,=0.
25 —#—21H=055 (P2)  —e—z/H=0.75 (P3) 250
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Fig. 8 Variations of dimensionless earth pressure with
normalized horizontal displacement (MS8)
Using the above equation, the calculated
distributions of the active lateral earth pressure with
depth for three assumed c, cases are compared with
measured values at 164 g and they are shown in Fig. 9
and Fig. 10 for M7 and M8, respectively. It can be seen
that the measured values are generally consistent with
computed results, irrespective of the wall texture
(roughness), indicating that the clay behind the wall
essentially behaves in an undrained manner. The
influence of the wall texture on the lateral earth pressure
is not significant for this type of quay wall. Rankine
earth pressure theory seems to be able to capture the

behavior of the quay wall.
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Fig. 9 Distribution of lateral pressures along the back wall of
cylinder (M7)
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Fig. 10 Distribution of lateral pressures along the back wall of

cylinder (M8)

4  Conclusions
(1) By dimensional analysis, the dimensionless
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groups (DGs), which determine the performance of the
soil-structure interaction in an embedded quay wall using
large-diameter bottomless cylinders, are identified. In
centrifuge tests using the same model soil and model
wall materials, the performance of quay wall is mainly
governed by three dimensionless groups, i.e., the
diameter to the height of the cylinder, (D/H), the depth of
the soil in front of the wall to the height of the cylinder,
(h/H), and the interface wall friction between the soil and
the wall, (tang™*).

(2) Based on 7 centrifuge model tests, a similar
deformation mechanism is observed, in which the upper
part of the wall tilts away from the retained soil and the
ground behind it settles. As expected, the larger the
values of #/H, D/H and tang*, the smaller the horizontal
displacement, (&/H), the wall tilt ((s,—s2)/d;;.2), and the
ground settlement (s3/H).

(3) From multiple linear regression analysis, it is
found that the relative horizontal displacement of the
quay is 50% more sensitive to the ratio of A#/H than to
D/H. Relatively, the influence of the texture (roughness)
of the wall (i.e., tang*) on the horizontal displacement is
limited.

(4) From the measured lateral earth pressures in the
centrifuge model tests, it appears that the retained clay
behind the quay wall reaches its active state when &/H
approaches 0.4% in all 7 tests. Since the influence of the
roughness/adhesion of the wall is limited, the measured
lateral earth pressures can be predicted by using
Rankine’s

active earth pressure theory with the

undrained assumption in the short-term.
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