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ABSTRACT The embedded cantilever retaining walls are often required for excavation to construct the underground
facilities. Significant numbers of numerical and experimental studies have been performed to understand the behavior of
embedded cantilever retaining walls under static condition. However, very limited studies have been conducted on the
behavior of embedded retaining walls under seismic condition. In this paper, the behavior of a small scale model
embedded cantilever retaining wall in dry and saturated sand under seismic loading condition is investigated by shake
table tests in the laboratory and numerically using software FLAC2D. The embedded cantilever walls are subjected to
sinusoidal dynamic motions. The behaviors of the cantilever walls in terms of lateral displacement and bending moment
are studied with the variation of the two important design parameters, peak amplitude of the base motions and excavation
depth. The variation of the pore water pressures within the sand is also observed in the cases of saturated sand. The
maximum lateral displacement of a cantilever wall due to seismic loading is below 1% of the total height of the wall in dry
sand, but in case of saturated sand, it can go up to 12.75% of the total height of the wall.
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1 Introduction

Embedded cantilever retaining walls are frequently used
for carrying out excavation work to install utility pipelines
or to construct building foundations in an urban setting. A
cantilever wall embedded in a soil is a sand-structure
interaction problem and the behavior of such a wall during
seismic conditions is not fully understood. The horizontal
displacement of a retaining wall induces settlement at the
adjacent ground surfaces [1,2] and it may cause damages to
the nearby structures. Various researches are conducted to
study the damage of such brittle material by various
researchers [3–7]. The failure of sand under seismic
loading can also be investigated by applying a recently
popular method called phase field method [8–12].
The dynamic responses of an embedded wall depend on

the properties of the adjacent sands, properties of the wall,
nature of the ground motions, etc. One of the popular
methods to obtain earth pressures behind a retaining
structure under seismic condition is Mononobe-Okabe

method [13,14]. This method is a pseudo-static method
based on Coulomb’s wedge theory. The design of retaining
structures based on pseudo-dynamic analysis [15] and the
displacement based sliding block method [16] are also
used for the seismic design of retaining walls. A
performance based design of a flexible cantilever retaining
wall is proposed by Callisto and Soccodato [17]. It is found
that the seismic performance of an embedded cantilever
retaining wall is mostly related to the strength of the sand-
wall system. Conti et al. [18] performed centrifuge tests on
small scale models on a pair of retaining walls in dry sand.
It is seen that for maximum accelerations, which are
smaller than the critical limit equilibrium value, the
retaining walls experience a significant permanent defor-
mation under increasing structural loads. For larger
accelerations, the walls rotate under constant internal
forces. It is also observed that no significant deformation is
measured, if the present earthquake motion is less severe
than the earthquakes motions previously experienced by
the wall. Khosrojerdi and Pak [19] performed a numerical
analysis using finite element program (PISA) on the
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found that the pore pressure generation is more in loose
sand than in dense sand. Numerical investigations have
also showed that increasing 20% relative density of a sand
can lead to 15% reduction in horizontal displacement of a
quay wall. Tricarico et al. [20] carried out experimental
analysis under sinusoidal dynamic loadings by centrifuge
model tests on cantilever and propped retaining wall
considering saturated sand. Their results have shown that
as far as amplification of wave is concerned, there is a
significant difference in sand structure system in dry sand
as against in saturated sand. It is found that liquefaction of
sand occurred in case of loose sand and accumulated
displacement is higher in saturated sand due to the
generation of pore water pressures in the sand. Studies
are conducted on seismic behavior of strutted or braced
structures considering sand-structure interaction [21,22].
Apart from these studies there are many significant

studies [23–32] on a retaining structure or wall under
seismic condition, which have shown the vulnerability of
these types of structure during earthquake. The presence of
water in the sand where these types of structures are
located increases the vulnerability of these structures. The
reason behind this is the generation excess pore water
pressures in the sand due to the dynamic forces. The excess
pore pressures reduce the effective stresses in the sand as
well as the strength of the sand. Although a number of
studies, as discussed above, have been conducted in the
past but still the behaviors of an embedded cantilever wall
under seismic loading are yet to be fully understood. This
paper presents a series of numerical and experimental
analyses on a small scale model of a pair of cantilever
retaining walls embedded in a sand to understand its
performances under different seismic loadings. A two
dimensional numerical model is developed by using a
commercial software, FLAC2D. In this numerical study, a
pair of cantilever walls embedded in a dry and a saturated
sand is subjected to sinusoidal seismic accelerations. The
responses of the walls under different peak amplitudes of
base motions and excavation depths are studied.

2 Experimental setup

A small scale physical model of a pair of cantilever walls,
made of plexiglass material and embedded fully in local
sand, is tested in the laboratory on a shake table. The
experimental setup (refer to Figs. 1 and 2) consists of a
shake table which essentially comprises of a 1 m � 1 m
steel table mounted on rails. The table is attached to an
actuator which vibrates the table in a uniaxial horizontal
direction. The servo hydraulic actuator has a capacity of
+/- 50 kN. It has a stroke length of+/-100 mm. The
actuator is driven by a controller which has a capability of
accepting an actual earthquake (random, cyclic) loading as
input and generating it between 0.01 and 50 Hz
frequencies. The actuator has the capability to hold and
restart the loading during a test. It also allows one to
increase the base motion’s frequency and amplitude during
a test. The tests are performed in a rigid plexiglass tank,
fixed to the shake table, with inside dimensions of 885 mm
(length) � 800 mm (width) � 400 mm (height). The edges
of the 16 mm thick plexiglass test tank are reinforced with
steel angles. A thick layer of absorbing pad is placed on the
three inner sides of the tank to reduce reflection/refraction
of waves at the ends in the model test [33]. Each of the
model cantilever walls are 200 mm in height, 2.4 mm in
thickness, and 885 mm in length and made of plaxiglass
material with density and modulus of elasticity of
1010 kg/m3 and 6.3� 109 Pa, respectively. The small scale
test is designed according to the 1-g scaling law proposed
by Meymand [34]. The test chamber is initially filled up to
a depth of 200 mm with dry sand in two lifts of 100 mm
each, maintaining a uniform density of 1600 kg/m3 (unit
weight = 15.7 kN/m3). The paired walls with the remo-
vable support system at the top to maintain a gap (B) of
160 mm between the two walls are then placed over the
sand bed in the middle of the test tank and the sand filling is
continued as before. The sand filling and the subsequent
compaction is done in four layers with the thickness of
each layer being 100 mm. In case of the model tests in

Table 1 List of laboratory shake table tests on dry and saturated sand

sand condition test De (mm) Db (mm) De/H tw (mm) Z (mm) B (mm) maximum amplitude of the base acceleration

dry sand CW1 80 120 0.4 2.4 400 160 0.1g

CW2 80 120 0.4 2.4 400 160 0.15g

CW3 80 120 0.4 2.4 400 160 0.2g

CW4 60 140 0.3 2.4 400 160 0.1g

CW5 100 100 0.5 2.4 400 160 0.1g

saturated sand CWU1 80 120 0.4 2.4 400 160 0.1g

CWU2 80 120 0.4 2.4 400 160 0.15g

CWU3 80 120 0.4 2.4 400 160 0.2g

CWU4 60 140 0.3 2.4 400 160 0.1g

CWU5 100 100 0.5 2.4 400 160 0.1g

Note: CW = cantilever wall, CWU = cantilever wall in undrained condition.
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saturated sand, after the compaction and the filling with dry
sand are complete, the required amount of water is added
for complete saturation of the sand. The density and the
water content of the sand are maintained almost uniform
with the depth. In all the experiments under saturated
condition, the water table is maintained at the top of the
sand surface. Once the filling and the compaction
processes are over, the support system at the top of the
walls are removed. Next, the sand between the two
embedded cantilever walls is excavated up to a depth of
80 mm (CWU1 test) from the top. Then, in cases of the
tests with water table maintained at the top, the water
within the excavation between the two walls is dewatered
to maintain the water table within the excavation at the

excavation level (De). The responses of the right cantilever
wall are only considered in this study. Six numbers of
strain gauges (SG1-6) are attached to the right cantilever
retaining wall at different depths. Two numbers of linearly
variable differential transformers (LVDTs) are also
attached at different heights of the wall to directly measure
the displacements at those locations as shown in Fig. 1.
The LVDTs used in the experiments have a least count of
0.01 mm and have maximum measuring capacity of
20 mm. The lateral displacements of the retaining wall
after a dynamic event are calculated from the LVDT
measurements (these are also used as boundary conditions
during the integration to obtain displacement.) and by
double integrating the obtained equation of the curvature

Fig. 1 Schematic diagram of laboratory test set up for the embedded cantilever walls in (a) dry sand and (b) saturated sand under
dynamic loading condition.
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with length of the deflected wall (obtained from the strain
gauge readings). The bending moments in the retaining
wall are back calculated from the strain gauge readings. An
accelerometer (AC) is attached at the bottom of the sand
layer to measure the motions at the bottom of the sand
layer, as shown in Fig. 1. In case of tests with saturated
sand, three numbers of pore pressure transducers (PP1,
PP2, and PP3) with per second data recording capabilities
are placed at different depths in the sand for measuring the
pore water pressures generated in the sand during a shake
table test. No pore pressure transducers are used for tests in
dry sand. In the reference test, CWU1 (refer to Table 1),
PP1 is placed at 200 mm (1H) from the top sand surface
and 100 mm (0.5H) away from right wall (Fig. 1). The pore
pressure transducers, PP2 and PP3 are placed 120 mm
(0.6H) and 220 mm (1.1H) below the excavation level,
respectively, and in the middle of the excavation width (B),
as shown in Fig. 1. Sinusoidal motions of specified
amplitude, frequency and number of cycles are applied to
the test tank so that the effect of these parameters on the
walls may be studied. In the present paper, the performance

of the cantilever embedded walls are presented for a 4 s of
sinusoidal motions at different peak amplitudes and at a
constant frequency of 2 Hz. Figures 3(a), 3(b), and 3(c)
show the sinusoidal motions applied to the shake table with
the peak amplitude of 0.1g, 0.15g, and 0.2g, respectively.
The used sinusoidal motion is a dynamic loading.
However, it can be used to represent a seismic load and
has been used to study the effect amplitude of a motion. An
earthquake motion contains a large number of frequencies
and it is not convenient for the parametric study. Seed and
Idriss [35] have given a procedure to convert an actual
earthquake motion into equivalent cycles of sinusoidal
motions with constant amplitude and frequency, which has
been also used by Banerjee et al. [36].

3 Sand properties

The sand utilized in all the shake table tests is obtained
locally from Kasai River and is henceforth referred to as
Kasai River sand. The grain size distribution of the sand is

Fig. 2 Laboratory model test setup with cantilever walls embedded in (a) dry sand (b) saturated sand.
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shown in Fig. 4. It is classified as poorly graded sand (SP),
according to the Unified Soil Classification System
(USCS). The specific gravity of the sand is 2.67. The
maximum dry unit weight γd(max) is 16.7 kN/m3 and the

minimum dry unit weight γd(min) is 14.13 kN/m3. The
uniformity coefficient and coefficient of curvature of the
sand are found to be 2.84 and 0.87, respectively. Tsuchida
[37] proposed the boundaries of potentially liquefiable
sand and most liquefiable sand which are also shown in
Fig. 4. It may be seen from the figure that the Kasai River
sand is within the range of most liquefiable sand. In all the
model tests, the bulk unit weight of the sand is maintained
as 15.7 kN/m3 (at a relative density of 65%). The drained
triaxial shear tests are performed on the sand samples to
find its shear strength parameters. The effective angle of
friction (f′) of the sand for this study is 38°. The
coefficient of lateral earth pressure for the sand is 0.38 as
calculated by the well known formula [Kh = (1–sinf′)].

4 Numerical modeling

The behaviors of the small scale plexiglass cantilever walls
embedded in sand under dynamic conditions, as tested on
the shake table, are also analyzed by a two dimensional,
plane strain, finite difference commercial software called
FLAC 2D [38]. The liquefaction problem itself is quite
complicated to model. In a braced excavation the length to
width ratio is very large and as such it can be properly
represented as a 2-D plane-strain problem without any
significant error. A 3-D analysis is time consuming and
may not be worth pursuing. Similar 2-D studies are also
conducted by various researchers for similar type braced
excavation problems [17,21,39–42].
Each of the 200 mm high and 2.4 mm wide model

cantilever walls is discretized by 10 two-dimensional beam
elements. The published properties of a plexiglass material
are adopted to model the cantilever walls. For the present
plane strain analyses, the Young’s modulus of the walls are
calculated using Epp = Ep/(1 – mp2) [38] where the Young’s
Modulus of plexiglass (Ep) and the Poisson ratio (mp) are
taken as 6.3 � 109 N/m2 and 0.35, respectively. A mesh
size of 20 mm � 20 mm is adopted for the walls. The
800 mm � 400 mm foundation sand within which the
cantilever walls are embedded is discretized by 760
rectangular 4-noded grids. Figure 5 shows the numerical
discretization of the whole system. The actual construction
sequences of the walls are not modeled. The seismic
analysis is performed after the completion of final stage of
excavation between the walls and the responses of the
cantilever walls are reported for the seismic loading
conditions only.
Three different depths of excavation (De), 60, 80, and

100 mm, between the embedded cantilever walls have
been considered here as in the laboratory model tests as
well as in the numerical analyses. In case of saturated sand,
as in the laboratory experiments, the water table is kept at
ground surface outside the excavation and it is lowered to
excavation level within the excavation. In the numerical
analysis, the bottom boundary is considered to be fixed,

Fig. 3 Sinusoidal motions applied at the bottom of the sand in
the laboratory experiments and numerical analyses with peak
amplitude of (a) 0.1g, (b) 0.15g, and (c) 0.2g.
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that is, the movements in both x and y directions are
restricted. The nodes on the two extreme side boundaries
are on roller, that is, the movements in the horizontal
direction are restricted. In the dynamic analyses, the free
field conditions are applied to the two vertical side
boundaries in order to minimize the reflection/refraction
of waves at these boundaries. Material parameters used in
the numerical model are presented in Table 2.
In the numerical analyses, the sand is assumed to be an

elastic, perfectly plastic (Mohr-Coulomb) material. The
Mohr-Coulomb model has been found to be simple but
accurate enough to represent the constitutive behavior of
sand under dynamic condition [17,18,21,39–42]. Under
dynamic loading, undrained behavior (no volume change,
only pore water pressure generation) of sand prevails.
Thus, there is no good reason to use advanced sophisti-
cated models which are more applicable to sand with
volume change. The elastic modulus of the sand have been

Fig. 4 Grain size distribution of Kasai River sand used in the present study and the boundaries of the liquefaction susceptible sand.

Fig. 5 Numerical discretization of the cantilever walls embedded in sand.

Table 2 Material parameters used for the numerical analyses

sand
condition

unit weight of sand
(kN/ m3)

friction angle (f′)
(degree)

shear modulus (G)
of sand (kPa)

Poisson’s ratio (μs)
of sand

stiffness (EI) of cantilever
wall (N$m2/m)

dry 15.7 38° 2.1 � 103 0.3 7.29

saturated 19.7 38° 1.66 � 103 0.3 7.29
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found from the Janbu [43] expression as

Es ¼ PrefKd
ð�cÞ
Pref

� �n
, (1)

where Pref = 100 kPa, σc = confining pressure. The values
of Kd and n are obtained from the laboratory drained
triaxial tests on the sand and are 402 and 0.5, respectively,
for the Kasai River sand. To model the dynamic
(mechanical) behavior of Kasai River sand, a modulus
degradation curve is suggested. The resonant column (for
low strain) tests and the cyclic triaxial tests (for high strain)
data for Kasai River sand given by Chattaraj and Sengupta
[44] at 100 kPa confining pressure are considered in the
present study. A curve is fitted through the test data for 100
kPa using Eq. (2a) developed by Hardin and Drnevich [45]
with constant a = 1.3 and b = 1.0 (refer to Aggour and
Zhang [46]). The modulus reduction curve has been scaled
for the average confining pressure existing in the small
scale model using Eq. (2b).

Me ¼ G=Gmax ¼ 1=½1þ aðγe=γrÞb�, (2a)

where γe is the cyclic shear strain and γr is reference shear
strain of the sand. Considering the combined effects of
plasticity index and different confining pressures, Ishibashi
and Zhang [47] have proposed Eq. (2b) for the modulus
reduction curve of a general sand (refer to Kramer [48]). PI
value is taken as zero and an average confining pressure is
considered for the present study to obtain the modulus
reduction curve for the present sand from Eq. (2b).

Me ¼ G=Gmax ¼ Kðγe,PIÞð�0mÞmðγe,PIÞ –m0 , (2b)

where

K γe,PIð Þ ¼ 0:5 1þ tanh ln
0:000102þ nðPIÞ

γe

� �0:492� � ��
,

and

m γe,PIð Þ –m0 ¼ 0:272 1 – tanh ln
0:000556

γe

� �0:4� � ��

expð – 0:0145PI1:3Þ,
when PI = 0 then, n(PI) = 0, where PI is the plasticity index
of the sand and σ′m is the effective mean confining
pressure. Figure 6 shows the curves obtained for 100 kPa
confining pressure developed from Chattaraj and Sengupta
[44] and Hardin and Drnevich [45]. Figure 6 also shows
the curves for average confining pressure of the present
study obtained from Hardin and Drnevich [45] and
Ishibashi and Zhang [47].
The “Sigmoidal (sig4)” model available in FLAC2D

[38] expresses the degradation of the modulus of a sand
with the shear strains by Eq. (2c). The model simulation in
FLAC2D using the “Sigmoidal” model for present

confining pressure is shown in Eq. (6).

Me ¼ y0 þ
a0

1þ exp½ – ðL – x0Þ=b0�
, (2c)

where L is the logarithmic strain and given by L =
log10(γe), where γe is the cyclic shear strain in the sand. The
parameters a’, b’, x0, and y0 are the curve fitting parameters
whose values are 0.96, -0.4, -2.0, and -0.03, respectively,
corresponding to the best fit curve shown in Fig. 6. The
sand behavior under cyclic loading can be represented by
the relationship betweenMe and γe [38]. Under plane strain
condition, the shear stress (t), and the shear strain (γe) can
be related as:

τ
G0

¼ GsðγeÞ
G0

γe ¼ MeðγeÞ$γe, (3)

where Gs(γe) is the secant shear modulus which is a
function of γe. G0 is the small strain shear modulus and Me

is the normalized secant shear modulus.
In the present model, the test box is not considered. A

very thin gap is maintained between the test box and the
plexiglass cantilever walls to avoid any interaction
between them at the edges. However, the sand-structure
interaction between the foundation sand and the walls is
modeled by using a shear and a normal spring at each node
of the structures. The normal and shear stiffness (Kn and
Ks) are estimated [38] as:

Kn ¼ Ks ¼ 10max
K þ 4

3
G

� �

Δzmin

2
664

3
775, (4)

where K is the bulk modulus of the sand, G is the shear
modulus of the sand, and Δzmin is the smallest width of the
adjoining zone in the normal direction to the interface. The
interface friction angle between the plexiglass walls and
the sand is estimated to be 20°. The coefficient of lateral
earth pressure for the sand is taken be 0.38 for the sand as
mentioned earlier.
In the numerical analysis, the ‘Finn model’ model is

used to generate the excess pore water pressures for the
dynamic conditions in case of saturated sand. Martin et al.
[49] proposed ‘Finn model’ and later this model is
modified by Byrne et al. [50]. In the ‘Finn model’, the
change in the pore water pressure is given by

Δu ¼ M sΔεp, (5)

where Du is the change in the pore water pressure,Ms is the
constrained modulus of the sand. Δεp is the change in
volumetric strain and is given by γsC1exp(–C2εvd/γs),
where, εvd is the change in the volumetric strain, C1 is a
constant and given as 7600(Dr)

–2.5, C2 is another constant
and given by 0.4/C1, Dr is the relative density of the sand
and γs is the shear strain in the sand. As mentioned earlier,
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the relative density (Dr) is maintained at 65% in the tests.
The values of C1, C2 used in this analysis are 0.2231 and
1.79, respectively.
In the numerical analyses, a parametric study on the

effect of the peak amplitude of the base motions and the
excavation depth (De) are performed. The numerical
results are compared with the corresponding experimental
results for both dry and saturated sand conditions. The
performances of the embedded cantilever walls in terms of
the lateral displacements (u) of the wall, the bending
moments (M) in the wall and the ground surface
settlements (v) in the vicinity are obtained from these
analyses.

5 Results and discussions

All the laboratory model shake table tests mentioned in
Table 1 are conducted with identical sand in dry and
saturated conditions. Similarly, numerical analyses for all
the cases mentioned in Table 1 are also performed for the
same conditions. The obtained results from these studies
that are for the dynamic loading conditions only and they
are presented in non-dimensional forms for the conve-
nience. The lateral displacement (u) of the right hand
embedded cantilever wall obtained from the laboratory
model tests and the numerical analyses are normalized with
respect to the total depth of wall (H), i.e., u/H. The bending
moments (M) in the wall are normalized with respect to
γ'H3, i.e.,M/γ′H3, where γ′ is the effective unit weight of the
sand. The depth from the ground surface, d is normalized

with respect to total height of the wall, H. The excavation
depth, De is also normalized with respect to the total depth
of the wall (H). The total height (H) of the cantilever wall
and width of the excavation (B) are kept identical for all the
cases. It is a well know that in the case of saturated sand,
excess pore water pressures (Du) are generated under
dynamic loadings. The reduction of effective stresses in a
sand is caused by this generation of excess pore water
pressures (Du) which ultimately weakens the sand strength
and may lead to large deformations and failure in the
embedded structures. The developed excess pore water
pressures (Du) in the sand divided by the initial vertical
effective stress (σ′v0) in the sand is defined as the pore
water pressure ratio, ru. If ru reaches unity then the sand
fully liquefies and the strength of the sand becomes zero.
The pore water pressures developed during the shake table
tests in saturated sand are measured by PP1, PP2, and PP3,
three pore water pressure transducers which are located at
three different locations in the sand. As mentioned earlier
in CWU1 test (Table 1), the pore pressure transducer PP1 is
placed at 1H below from the top sand surface and 0.5H
away from the right cantilever wall. The transducers, PP2
and PP3 are placed at 0.6H and 1.1H below the excavation
level, respectively, where H is total height of the retaining
walls. In the numerical analyses, the pore water pressures
are also obtained at the same locations for comparison with
the experimental results. Figures 7(a), 7(b), and 7(c) show
the variations of ru with time in the CWU1 test. From the
results of the corresponding numerical analysis, it may be
observed that the maximum value of ru is 0.6 (refer to
Fig. 7(a)) for PP1 which is 0.5H away from the wall and

Fig. 6 Modulus of degradation curve for Kasai River sand.
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1H depth below the ground surface. But from Fig. 7(b), it
may be seen that this ru reaches 0.8 for PP2 which is
located 0.6H below the excavation level. The development
of excess pore water pressures in the sand is more below
the excavation level than those in the adjacent to the walls.
Higher values for ru imply lower effective stresses which
ultimately causes reduction in the strength of the sand
below the excavation level leading to greater damages to
the cantilever walls in a saturated sand than in a dry sand.
The values obtained from the pore pressure transducers are
in reasonably good agreement with the numerical results.
Since the data acquisition system for the pore pressure
transducers have per second data recording capabilities, the
exact variation pore pressure variations with time is not
obtained in the laboratory model tests.
Figures 8(a) and 8(b) show the comparison of the

normalized lateral displacement (u/H) in dry and saturated
sand for 0.1g peak amplitude of base motions. Figure 8(a)
shows the responses of the cantilever wall at the end of the
dynamic loadings. The numerical results are found to be in
reasonable agreement with the experimental results. It may
be seen from the figure that the maximum lateral
displacement occurs near the ground surface in both dry
and saturated sands, but the lateral displacements in case of
saturated sand are significantly higher. The variations of
the lateral displacements of the wall (u/H) with time are
presented in Fig. 8(b) for the dry and the saturated sand. It
shows that the maximum lateral displacement occurs at the
end of the dynamic loading event. From the numerical and

the experimental analyses, it is observed that when the
normalized excavation depth (De/H) is 0.4 and the peak
amplitude of the base motion is 0.1g, the maximum
normalized lateral displacement (u/H) is 0.0033 and 0.004,
respectively, in dry condition. In the saturated sand, they
are 0.0501 and 0.041, respectively. The present of water in
the sand causes the huge lateral displacements in
embedded cantilever walls under seismic loading due to
the reduction in strength or weakening of sand.
The normalized bending moment (M/γ'H3) distribution

along the cantilever wall over the time are presented in
Figs. 9(a) and 9(b) for the walls embedded in the dry and
the saturated sand, respectively. From the numerical
analyses and the experiments, it is found that that the
maximum bending moment (M) occurs below the excava-
tion level in both dry and saturated sand. But there is an
increase in the bending moments (M) in the wall in case of
wall embedded in the saturated sand. The maximum
normalized bending moment (M/γ'H3) in the wall is 0.0042
and 0.0036, respectively, in the wall embedded in the dry
sand, and 0.091 and 0.0086, respectively, in the wall
embedded in the saturated sand. Figure 9(b) shows that the
maximum bending moment in the cantilever wall occurs at
the end of the cyclic loading for the dry sand. Whereas for
the wall embedded in the saturated sand, the maximum
bending moment occurs during the shaking. In the
experimental and the numerical studies, the peak ampli-
tudes of the base motions and the excavation depth are
varied to find their effects on the performance of the

Fig. 7 Variation of pore pressure ratios (ru) for (a) PP1, (b) PP2, and (c) PP3 with time for CWU1 test.
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flexible embedded cantilever wall in the dry and the
saturated sand.

5.1 Effect of peak amplitude of base motions

Several tests (CW1, CW2, CW3, CWU1, CWU2, CWU3)
are conducted with different peak amplitude of the base
motions keeping the excavation depth constant at De =
0.4H in both dry and saturated sand. All the other
parameters are kept identical for these tests. In this study,
the amplitude of 0.1g, 0.15g, and 0.2g are considered for
the sinusoidal base motions. These base motions are shown
in Figs. 3(a), 3(b) and 3(c). Larger amplitude of motions
imparts larger forces on the walls and causes larger damage
to the walls in both dry and saturated sand. In case of walls
embedded in the saturated sand, due to the increase in the

pore pressures and subsequent reduction in the effective
stresses in the sand, the lateral displacements of the
cantilever walls embedded in saturated sand is much more
as compared to those for the walls in dry sand under the
same amplitude of base motions. In Fig. 10, it may be seen
that the values of pore pressure ratios (ru) corresponding to
PP3 increase with increase in peak amplitude of the base
motions. A complete liquefaction of the sand occurs when
the pore water pressure ratio (ru) reaches unity or close to
it. In this study, the pore water pressure ratios (ru) are not
reaching unity, therefore a complete liquefaction is not
observed. In case of 0.1g base motions, the maximum pore
water pressure ratios (ru) are close to 0.5, which is less that
the pore water pressure ratios (ru) of 0.68 and 0.8
developed during the 0.15g and 0.2g base motions,
respectively. The generation of more pore water pressures

Fig. 8 Comparison of lateral displacements (u/H) of wall: (a) at
the end of the cyclic loadings; (b) during cyclic loadings in the dry
and the saturated sand.

Fig. 9 Comparison of the bending moments (M/γ′H3) in the wall:
(a) at the end of the cyclic loadings; (b) during the cyclic loadings
in the dry and the saturated sand
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in the sand for higher amplitudes of motions cause more
reduction in the effective stresses in the surrounding sand
and the embedded structures become more vulnerable.
The variations of normalized lateral displacements (u/H)

under different peak amplitude of base motions are shown
in Figs. 11(a) and 11(b) for the dry and the saturated sand,
respectively. It is found that in the case of dry sand, for
peak amplitudes of 0.1g, 0.15g, and 0.2g, the maximum
(normalized) lateral displacements (u/H) are 0.0033,
0.0061, and 0.0096, respectively, in the numerical
analyses. The corresponding values are 0.004, 0.0069,
and 0.0095 for the peak amplitude of 0.1g, 0.15g, and 0.2g
in the laboratory experiments. When the amplitudes of the
base motions are increased from 0.1g to 0.15g and 0.15g to
0.2g, the lateral displacements (u/H) of the walls have
increased by 85% and 57%, respectively, as per the
numerical analyses. The lateral displacement (u/H) of the
wall is increasing with the amplitude of the base motions
but the rate of increment is decreasing. These results are
also showing that for all the cases considered in this study
for the dry sand, the maximum lateral displacement of the
walls obtained from the experiments and the numerical
analyses is less that 1% of the total height of the cantilever
of the walls.
In saturated sand, for the peak amplitude of the base

motions of 0.1g, 0.15g, and 0.2g, the maximum (normal-
ized) lateral displacements (u/H) are 0.0501, 0.0710 and
0.0836, respectively in the numerical analyses. They are
found to be 0.041, 0.069, and 0.1022, respectively in the
corresponding laboratory experiments. From the numerical
analyses, the lateral displacements (u/H) increase by 42%
and 18%, for the increment of the peak base motions from
0.1g to 0.15g and 0.15g to 0.2g, respectively. Thus, similar
to the cases for the walls embedded in dry sand, the lateral
displacements (u/H) are increasing with the amplitudes of

the base motions, but the rate of increment is decreasing. In
the cases of the saturated sand, the maximum lateral
displacement (u) of the embedded cantilever wall is 10% of
the total height of the wall (H) as the peak amplitude of the
base motion reaches 0.2g. This value is only 1% in case of
walls embedded in dry sand.
The normalized bending moment (M/γ′H3) under

different amplitude of the base motions is presented in
Figs. 12(a) and 12(b) for the dry and the saturated sand,
respectively. It may be observed that the maximum
bending moment occurs below the excavation level for
all the cases. In case of the walls embedded in the saturated
sand, the location of the maximum bending moment in the

Fig. 10 Variation of pore water pressure ratios (ru) at PP3 with
time for different peak amplitudes of the base motions.

Fig. 11 Lateral displacements of the embedded cantilever wall
under different peak amplitudes of the base motions in (a) dry sand
and (b) saturated sand.
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wall shifts downward as compared to it in case of the dry
sand. The normalized bending moment (M/γ′H3) for 0.1g,
0.15g, and 0.2g peak amplitude of base motions in case of
dry sand are 0.0042, 0.0061, and 0.0087, respectively,
from the numerical analyses and these values are 0.0036,
0.0077, and 0.0102, respectively, from the experimental
study. The maximum bending moment (M/γ′H3) has
increased by 45% and 43% in the numerical analyses,
when the amplitude of the base motions is increased from
0.1g to 0.15g and 0.15g to 0.2g, respectively. In case of
saturated sand, the normalized bending moments (M/γ′H3)
in the embedded walls are 0.0091, 0.0115, and 0.0127

from the numerical analyses and 0.0086, 0.0130, and
0.0152 in the laboratory experiments for 0.1g, 0.15g, and
0.2g base motions, respectively . When the amplitude of
the base motions increases from 0.1g to 0.15g and 0.15g to
0.2g, the maximum bending moment (M/γ′H3) in the
embedded cantilever walls has increased by 26% and 10%,
respectively, in the numerical analyses. The maximum
bending moment (M/γ′H3) in the walls is increasing with
the amplitude of the base motions but the rate of increment
is decreasing.
It is clearly observed from the above discussions that the

peak amplitude of the base motions is an important
parameter and it influences the performances of a
cantilever wall embedded in both dry and saturated sand.
It is also observed from the results that the maximum
lateral displacements and the maximum bending moments
are increasing with the increment of the peak amplitude of
the base motions but the rate of increment is decreasing
subsequently.

5.2 Effect of excavation depth (De)

The experimental and the numerical analyses are per-
formed on the cantilever walls embedded in dry and
saturated sand with different depth of excavation (De)
between walls. The maximum normalized lateral displace-
ment (u/H) and the normalized bending moment (M/γ′H3)
along the wall depth, for different excavation depth are
obtained from the numerical analyses and the laboratory
model tests. The total height of the wall (H) is kept same
for all the cases but the excavation depth (De) is changed.
The amplitude of the base motions is also kept same at 0.1g
as shown in Fig. 3(a) for the all these tests (CW1, CW4,
CW5, CWU1, CWU4, CWU5). It is found that the value of
u/H reduces with the reduction of the excavation depth
(De/H) in both dry and saturated sand as the embedment
depth (Db) of the wall increases. When embedment depth
(Db) is increased, the passive resistances in the sand are
also increasing which help resist the lateral displacements
of the wall. It may be seen from Fig. 13 that the value of
pore water pressure ratio (ru) is increasing with De/H
increasing. When De/H is 0.3, the pore water pressure ratio
(ru) is closed to 0.4. But when De/H is increased to 0.4 and
0.5, the pore pressure ratio (ru) in the sand becomes almost
0.6 and 0.7, respectively. For the case of higher De/H
values, more damages are expected for the walls. The
values of the pore water pressure ratios (ru) have not
reached unity for all the cases considered, so complete
liquefaction of the sand are not occurring.
The lateral displacements of the right cantilever wall

(u/H), at the end of the cyclic loadings for the excavation
depths (De/H) of 0.3, 0.4, and 0.5, are presented in
Figs. 14(a) and 14(b) for the dry and the saturated sand,
respectively. In the case of the walls embedded in the dry
sand, the maximum lateral displacements of the right
cantilever wall (u/H) for the excavation depth (De/H) of

Fig. 12 Bending moments in the embedded cantilever wall
under different peak amplitude of base motions in (a) dry soil, (b)
saturated soil.
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0.3, 0.4, and 0.5 are found to be 0.0018, 0.0033, and
0.0074, respectively, from the numerical analyses. These
values are 0.0019, 0.0040, and 0.0087, respectively, from
the corresponding laboratory model tests. The maximum
lateral displacement of the embedded cantilever wall is
below 1% in dry sand. It is also observed that whenDe/H is
reduced from 0.5 to 0.4, u/H gets reduced by 55% in the
numerical analyses. But whenDe/H is further reduced from
0.4 to 0.3, the value of u/H reduces by 45%.
In case of cantilever wall embedded in saturated sand,

the maximum lateral displacements of the right cantilever
wall (u/H), with the excavation depth (De/H) of 0.3, 0.4
and 0.5, are found to be 0.014, 0.0501, and 0.1275,
respectively, in the numerical analyses and 0.0094, 0.041,
and 0.0912, respectively, in the corresponding laboratory
experiments. It is observed in the numerical analyses that
when De/H is reduced from 0.5 to 0.4, u/H reduces by
61%. But whenDe/H is further reduced from 0.4 to 0.3, the
value of u/H reduces by 72% in the numerical analyses.
Therefore, the rate of reduction in the value of u/Hwith the
reduction of De/H is increasing in saturated sand. It is also
observed that the maximum lateral displacement of the
embedded cantilever wall is below 1% in dry sand but it
goes up to 12.75% in saturated sand.
The variations of bending moments (M/γ′H3) at different

excavation depth (De/H) in the dry and the saturated sand
are shown in Figs. 15(a) and 15(b), respectively. In case of
dry sand, the maximum bending moment in the cantilever
wall (M/γ′H3) at the excavation depths (De/H) of 0.3, 0.4,
and 0.5 are found to be 0.0016, 0.0042, and 0.0087,
respectively, from the numerical analyses. These values are
0.0024, 0.0036, and 0.0077, respectively, from the
corresponding laboratory experiments. When De/H is
reduced from 0.5 to 0.4, the maximum M/γ′H3 reduces
by 52%. But when De/H is further reduced from 0.4 to 0.3,

the maximum M/γ′H3 reduces by 62% in the numerical
analyses. So, the rate of reduction in the maximum
moment in the cantilever embedded wall is increasing with
the further reduction in the excavation depth (De/H). If
there is any restriction of the maximum moment then
reduction of depth can be helpful but it will be uneconomic
design. Therefore according to the permissible criteria
proper depth of excavation can be chosen.
In case of saturated sand, the maximum bending

moment in the right cantilever wall (M/γ′H3) for the
excavation depth (De/H) of 0.3, 0.4, and 0.5 are found to be
0.0063, 0.0091, and 0.0178, respectively, in the numerical
analyses. The corresponding values are 0.0059, 0.0086,
and 0.0151, respectively, from the laboratory experiments.

Fig. 13 Variation of pore pressure ratios (ru) at PP3 with time for
different excavation depths (De/H).

Fig. 14 Lateral displacements of the embedded cantilever wall at
different depth of excavation in (a) dry sand and (b) saturated sand.
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In case of walls embedded in saturated sand, when De/H is
reduced from 0.5 to 0.4, the maximum M/γ′H3 reduces by
49%. When De/H is further reduced from 0.4 to 0.3, the
maximum value of M/γ′H3 reduces by 31% in the
numerical analyses. The rate of reduction in moments in
the walls is decreasing with the further reduction in De/H.
Thus, one may conclude that the depth of excavation
(De/H) between the embedded cantilever walls influences
the performance of the walls significantly under cyclic
loading.

6 Conclusions

The dynamic performances of a pair of cantilever walls
embedded in dry and saturated sand and subjected to
sinusoidal loadings have been studied using small scale
model tests on the shake table and numerically using
FLAC2D. The numerical results are found to be in good
agreement with the corresponding shake table test results.
Based on the results of the present study, the following
conclusions can be made.
1) It is observed that the maximum lateral displacement

(u) of an embedded cantilever wall occurs at the top of the
wall in both, dry and saturated sand, while the maximum
bending moment (M) in the wall occurs below the bottom
of the excavation.
2) In case of saturated sand, the generation of pore

water pressures within the sand is higher under the
excavation level as compared to the other places within
the sand. This makes the sand below the excavation level
weaker in strength.
3) The maximum lateral displacement of the cantilever

walls is noticed at the end of the seismic events in both dry
and saturated sand. The maximum bending moment in the
wall also occurs at the end of the seismic event in the dry
sand. But, in the saturated sand, the maximum bending
moment in the walls occurs during the motions.
4) From the numerical studies with different excavation

depths, it is found that when the depth of excavation
between the cantilever walls (De/H) reduces from 0.5 to
0.4, the maximum (normalized) lateral wall displacement
(u/H) reduces by 55% and 61%, while the maximum
moment in the walls (M/γ'H3) reduces by 52% and 49% in
the dry and the saturated sand, respectively. But when
(De/H) reduces from 0.4 to 0.3, the maximum lateral
displacement (u/H) of the walls reduces by 45% and 72%,
and the maximum moment,M/γ′H3, in the walls reduces by
62% and 31% in the dry and the saturated sand,
respectively. So the depth of excavation plays an important
role on the performance of an excavation supported by
flexible cantilever walls.
5) The maximum lateral displacement of the embedded

cantilever walls due to dynamic loadings is below 1% of
the wall height in the dry sand. But, due to the influences of
pore water pressure generation within saturated sand
during the dynamic loadings, the maximum lateral
displacement of the walls can go up to 12.75%.
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