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Behavior of braced wall embedded in saturated liquefiable sand under 
seismic loading
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Abstract: It is well known that the generation of excess pore water pressure and/or liquefaction in foundation soils during 
an earthquake often cause structural failures. This paper describes the behavior of a small-scale braced wall embedded in 
saturated liquefiable sand under dynamic condition. Shake table tests are performed in the laboratory on embedded retaining 
walls with single bracing. The tests are conducted for different excavation depths and base motions. The influences of the 
peak magnitude of the ground motions and the excavation depth on the axial forces in the bracing, the lateral displacement 
and the bending moments in the braced walls are studied. The shake table tests are simulated numerically using FLAC 2D 
and the results are compared with the corresponding experimental results. The pore water pressures developed in the soil are 
found to influence the behavior of the braced wall structures during a dynamic event. It is found that the excess pore water 
pressure development in the soil below the excavation is higher compared to the soil beside the walls. Thus, the soil below 
the excavation level is more susceptible to the liquefaction compared to the soil beside the walls.
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1  Introduction

In congested modern cities, deep vertical excavation 
is done quite frequently for the construction of 
underground transportation tunnels, laying out utility 
pipe lines and for the construction of the foundation and 
the basements for a high-rise building. A deep vertical 
excavation is often supported by retaining walls and 
the horizontal member or bracing system is provided 
to resist the lateral thrust on the walls. The sheet pile 
walls are often used as retaining walls for temporary 
construction or they might be reinforced concrete walls, 
if the construction is permanent in nature as in the 
case of an underground metro rail station. The bracing 
system often consists of wales and struts. The wales 
are steel beams designed to transfer the loads coming 
from the soil to the steel struts through the retaining 
wall. The struts are steel or concrete beams designed 
to resist longitudinal compression, which can be used 
to maintain the opening/ excavation between two 
retaining walls. Extensive research has been conducted 
on braced walls and excavations under static condition 

through numerous theoretical and/or physical models 
(Finno et al., 1991; Finno and Harahap, 1991; Bose 
and Som, 1998; Nakai et al., 1999; Long, 2001; Liu et 
al., 2005; Karlsrud and Andresen, 2005; Wang et al., 
2005, Tefera et al., 2006; Kung et al., 2007; Hsiung, 
2009; Chowdhury et al., 2013, 2016, 2017). The seismic 
performance of this type of wall, being temporary in 
nature most of the time, is not investigated thoroughly. 
However, presently, due to complications arising from 
land acquisition, litigations, etc., these constructions go 
on for years and their performance during earthquake 
conditions need to be reviewed, if located in a seismic 
prone area. Several numerical and experimental analyses 
on braced excavations in dry sand have been performed 
considering seismic loading conditions (Callisto et 
al., 2008; Conti et al., 2012; Chowdhury et al., 2015, 
Konai et al., 2017, 2018). Very recently, studies are 
also performed by various researchers on retaining or 
embedded wall, excavation and other types of structures 
under seismic condition (Chen et al., 2017; Pain et al., 
2017; Zhou et al., 2017; Zhao et al., 2017; Aminpour 
et al., 2018; Xie et al., 2018; Gu et al., 2018; Gu et al., 
2018; Tavakoli et al., 2019; Konai et al., 2020). Zeng 
(2005) conducted centrifuge tests on soil liquefaction 
on anchored sheet pile walls. The stiffness of the soil-
wall system is found to decrease due to soil liquefaction, 
which in turn could cause amplification of the seismic 
vibration. Zekri et al. (2015) investigated the seismic 
behavior of anchored sheet pile wall in liquefiable soil. 
A remediation method involving soil compaction is used 
to improve the behavior of the anchored sheet pile wall 
in dynamic conditions. Tricarico et al. (2016) carried 
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out centrifuge model tests on flexible propped and 
cantilever retaining walls in saturated sand subjected to 
sinusoidal dynamic loadings. Their results showed that 
as far as amplification of wave is concerned, there is 
significant difference if the sand is dry or saturated. It 
may be observed that the accumulated displacement is 
higher in the saturated sand due to the generation of pore 
water pressures. It is noticed that most of the studies 
on flexible retaining structures or bracing systems are 
conducted under static conditions. The studies under 
seismic conditions are conducted mainly on dry sand. 
Very limited studies are conducted on braced walls 
embedded in saturated liquefiable sand under seismic 
loadings. The development of pore water pressures and 
lateral earth pressures, and their influences on a braced 
wall subjected to seismic loadings, is still not properly 
understood and a detailed investigation is required to 
understand the behavior of a braced wall under dynamic 
load conditions, if the surrounding soil is saturated and 
liquefies during a seismic event. The endeavor of the 
present investigation is to understand the performance 
of a braced wall embedded in fully saturated liquefiable 
sand under cyclic loading conditions. A number of shake 
table tests with a pair of small-scale model braced walls 
with a single bracing are conducted in the laboratory. 
In the experimental studies, the peak magnitude of the 
base motions and the depth of excavation are varied 
and the deformation, strain and forces acting on the 
structure along with the development of pore water 
pressures in the soil are measured. A numerical analysis 
using commercial software, FLAC 2D (Itasca, 2005), 
is also performed to understand the performance of 
the small-scale braced walls under the same sinusoidal 
seismic loadings. The results from the numerical and the 
experimental analyses are compared and presented in 
this paper.

2   Experimental program

The dynamic performance of a braced excavation in 
saturated sand supported by a pair of model braced walls 
with one level of bracing is investigated by laboratory 
shake table tests. Several researchers (Iai, 1989; Qiao et 
al., 2008; Ye et al., 2013; Ha et al., 2011) have utilized 
shake table tests to understand the behaviors of saturated 
sand under dynamic loading conditions. The tests are 
also utilized to study the soil-structure interaction under 
dynamic conditions (Koseki et al., 1998; Matsuo et 
al., 1998; Moghadam et al., 2011; Giri and Sengupta, 
2009). The shake table comprises a rail mounted 1 m×  
1 m steel table. The table is shaken in the horizontal 
direction only by a servo hydraulic actuator. The 
present model tests are done within a 0.8 m×0.885 m×
0.6 m (length×breadth×height) rigid plexiglass tank. 
The 16 mm thick plexiglass sheets are fixed in a steel 
frame with steel angles. The absorbing pads, made of 
thermocol sheets, are glued to the boundary walls of the 
test tank to prevent reflection of waves at the boundaries. 

Figure 1 shows a schematic diagram of a standard 
braced excavation problem (where H is the total depth of 
the retaining walls, Z is the total depth of the soil layer, 
B is the excavation width, s is the depth of the strut from 
the ground surface, tw is the thickness of the retaining 
walls, and d is the depth from the ground line). In all 
the tests, the total depth of the retaining wall (H) is kept 
as 200 mm and the total depth of the soil layer (Z) is 
400 mm. The excavation width (B) is kept constant at 
160 mm for all the tests as it may affect the performance 
of the braced walls (Callisto and Soccodato, 2007). The 
embedded braced walls are modeled by two 2.4 mm 
thick plexiglass sheets. The two walls are kept apart by 
one level of bracing or strut located between the walls. 
The bracing or strut is a beam made of plexiglass and 
with a cross section of 12 mm × 12 mm. The values of 
the elastic modulus and the density of the plexiglass are 
6.3×109 Pa and 1010 kg/m3, respectively. The retaining 
walls and the strut are pin-jointed. 

All the model tests are 1-g in nature (Iai, 1989) 
(small-scale model), where the values of the prototype 
and the model accelerations are kept same. The density 
of the model soil and that of the prototype soil is also the 
same. To convert the results from the model scale test 
to the prototype scale, 1-g scaling laws governing the 
dynamic problems can be used. The details regarding the 
1-g scaling laws can be found in Meymand (1998), Wood 
(2004), Moghadam et al. (2011), and Bandyopadhyay et 
al. (2015). Considering a scale factor of 50 and using 
the 1-g scaling laws proposed by Meymand (1998), the 
representative prototype excavation depth is found to 
be 5 m. The length and the thickness of the prototype 
concrete (M25) braced wall are 10 m and 300 mm, 
respectively. A prototype strut may be a 200 mm thick 
continuous slab or a concrete beam (M25) of cross 
section 0.8 m ×0.8 m, if the plan distance or spacing 
between the two props or struts is 3 m.

The sand utilized in the tests is collected from a 
local river (Kasai River) near Kharagpur (West Bengal, 
India). The sand is uniformly grained and classified 
as poorly graded sand (SP) as per the Unified Soil 
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laboratory test setup. This whole setup is then subjected 
to horizontal shaking by specifying the amplitude and 
the frequency of a predetermined motion to the actuator 
attached to the shake table.

In this study, six strain gauges (SG1-6) are attached 
to the right retaining wall at 15 mm, 60 mm, 95 mm, 
110 mm, 150 mm and 170 mm from the top of the wall 
and two strain gauges (SG7, SG8) are attached to one of 
the struts. Two linearly variable differential transformers 
(LVDTs) (LV1 and LV2) are attached at 15 mm and 60 mm 
from the top of the wall as shown in Fig. 1. The LVDTs 
used in the experiments have a least count of 0.01 mm 
and have a maximum measuring capacity of 20 mm 
(±10 mm). The lateral displacements of the retaining 
wall after a dynamic event are calculated from the LVDT 
measurements and by double integrating the obtained 
equation of the curvature along the length of the wall. 
The equation of curvature is obtained from the readings 
of the strain gauges, which are attached to the wall 
(SG1-6). The LVDT measurements are used as boundary 
conditions during the integration to determine the lateral 
displacements of the wall. The bending moments in the 
retaining wall are back calculated from the readings of 
the strain gauges. The axial forces in the struts, that is, 
the strut forces (F), are also calculated from the readings 
of the strain gauges, SG7 and SG8. The developed strains 

Classification System (USCS). Figure 2 shows the grain 
size distribution of the sand along with the boundaries 
proposed by Tsuchida (1970) for potentially liquefiable 
soils and most liquefiable soils. It may be seen from 
Fig. 2 that the Kasai River sand used in this study is 
located within the range of liquefiable soil. Thus, the 
sand used in this study is susceptible to liquefaction. The 
specific gravity of the sand (Gsand) is measured as 2.67. 
The maximum dry unit weight, γd(max), and the minimum 
dry unit weight, γd(min), are 16.7 kN/m3 and 14.13 kN/m3, 
respectively. The coefficient of curvature (Cc) and the 
uniformity coefficient (Cu) of the sand are found to be 
0.87 and 2.84, respectively. To obtain the shear strength 
parameters of the sand, laboratory drained tri-axial tests 
are performed under different confining pressures. The 
effective peak and the constant volume angle of friction 
(φ′) are 38° and 33°, respectively. The effective cohesion 
of the sand is 0. 

In the model tests, the density and the water content 
of the sand are kept uniform with depth. This is very 
necessary as the liquefaction of a soil depends on the 
soil preparation method (Mullins et al., 1977). The 
preparation of a saturated soil bed is a difficult process in 
such testing, and that soil fabric may be locally remolded, 
disturbing the initial target state (relative density, etc.). 
Moreover, some air bubbles may appear (and remain) 
and the soil may locally not be fully saturated. Thus, 
a saturated soil sample is prepared very carefully. The 
dry sand is poured in the test chamber in four layers of 
100 mm each and compacted maintaining a density of 
1600 kg/m3 (15.7 kN/m3) and a relative density, Dr, of 
65%. Initially, the dry sand is poured in two layers and 
compacted up to 200 mm height. After this, the model 
braced walls with the struts are placed and the sand filling 
and the compaction continued until the top of the braced 
walls (400 mm in height) is reached. The sand around the 
braced walls and within the two walls is hand compacted 
(tampered) to the same density. After the compaction 
and the filling are complete, the required amount of 
water is added to the soil for complete saturation. 
Considering the degree of saturation (S) as unity, the 
required water content (w) is found to be 25.09% to 
achieve the full saturation of the soil (using wGsand =eS, 
where e is the void ratio of the sand=0.67). The density 
and the void ratio of the sand bed are rechecked from 
the random samples obtained from the sand bed after 
its construction. The soil in between the two retaining 
walls is then removed up to a depth, De, from the top. 
During the tests, the phreatic level is maintained just 
below the excavation level by a continuous dewatering 
process (by pumping out the water) from the excavated 
area. At the same time, a continuous supply of water is 
also fed into the ground surface to keep the phreatic level 
at the top surface outside the excavation area. A steady 
state, static pressure is maintained before the shaking. 
Three pore water pressure transducers are utilized to 
monitor the development of pore water pressures in the 
sand bed during the shaking. Figure 3 shows the whole 
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in the struts during an event are multiplied with Ep A of 
the strut to obtain the strut forces where Ep is the Young's 
modulus and A is the cross-sectional area of a strut. The 
accelerometers, AC1and AC2, are placed at the bottom 
and the top of the soil layer (see Fig. 1). Three pore 
pressure transducers (PP1, PP2 and PP3) are attached 
to the model tank for measuring the pore pressures that 
developed within the soil during a test. PP1 is placed 
200 mm (1H) from the top soil surface and 100 mm 
(0.5H) away from right wall (as shown in Fig. 1). PP2 
and PP3 are placed 100 mm (0.5H) and 200 mm (1H) 
below the level of excavation, respectively, and in the 
middle of the excavation width (B) (refer to Fig. 1). The 
bottom stability of the excavation between the braced 
walls and the stability (kick out) of the toe of the walls 
are important concerns during liquefaction. Thus, the 
pore water pressure transducers are placed below the 
excavation and at the toe of the wall. The pore water 
pressures measured during the model tests also indicate 
that the initiation of liquefaction starts from the bottom 
of the excavation. Two accelerometers, AC1 and AC2, 
are recorded at 20 data per second during shaking. The 
pore pressure measurements at PP1, PP2 and PP3 are 
recorded at one data per second. The readings from the 
LVDTs (LV1 and LV2) and the strain gauges (SG1-6 
for wall and SG7-8 for strut) are taken at the beginning 
(initial data) and at the end (final data) of the shaking. 
The net post seismic responses of the right braced wall 
are studied to show the performance of the braced 
excavation only due to the seismic loading. 

3   Selected motions

In all the shake table experiments, sinusoidal motions 
are imparted to the table and the test set up with the 
magnitude of the acceleration between 0.15 g to 0.35 g 
(refer to Table 1) to cover for most of the common cases. 
As per the seismic zonation map of India (IS:1893, 2002) 
and other published (Dasgupta et al., 2000) seismic 
maps of India, most of the seismically active part of the 
Indian plateau may experience an earthquake with peak 
ground acceleration between 0.15 g and 0.35 g. Thus, 
the magnitude of acceleration between 0.15 g to 0.35 g 
is selected in the present study to cover for most of the 
major cities within India.The 14 cycles of sinusoidal 
motions at a frequency of 2 Hz are applied for each 
test. A typical sinusoidal motion considered in the study 
(for the case of BW2) is shown in Fig. 4. The applied 
motions to the actuator are found to be almost same as 
those measured at AC1. Thus, the motions specified to 
the actuator are also specified as the base motions for the 
numerical analysis. BW2 is considered as the reference 
test for this study, which is conducted with 0.25 g peak 
amplitude of base acceleration and De/H = 0.5. Then, 
keeping the other properties and conditions identical, 
peak acceleration is varied from 0.15 g to 0.35 g for the 
BW1 and BW3 tests. Similarly, keeping all the other 
conditions identical, De/H is varied from 0.4 to 0.6 for 

the BW4 and BW5 tests. These parametric studies are 
carried out understand the effects of peak amplitude 
of base accelerations and depth of excavations on the 
behavior of braced excavation. 

4  Numerical analysis

The shake table tests are numerically simulated using 
the commercial program FLAC 2D (Itasca, 2005). FLAC 
2D is based on the finite difference method assuming a 
2D plane strain condition. The small-scale 2-D model of 
the braced walls along with the surrounding soil with the 
width in the horizontal direction of 800 mm and the depth 
(Z) of 400 mm is considered in the numerical analyses. 
The bottom boundary is considered immovable in both 
the x and y directions. The side boundaries are considered 
to be fixed in the horizontal direction and for the dynamic 
load cases, a free field condition is assumed as absorbing 
pads made of thermocol sheets and are glued to the walls 
of the test container. It is true that this absorbing pad is 
not 100% effective in eliminating the wave reflection, 
but Lombardi et al. (2015) have shown that the use of 
such soft material as an absorbing pad in the boundaries 
in a dynamic test can significantly reduce the reflection 
of waves at the boundaries. In the numerical analyses, 
the two extreme vertical boundaries are attached to the 
free field with the help of a viscous dashpot to obtain the 
boundaries. Figure 5 shows the numerical discretization 
of the braced excavation. A hyperbolic relationship is 
used to determine the Young's modulus of the soil (for 
1-g model) with depth from the laboratory tri-axial test 
data as (Janbu, 1963): 
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where Pref=100 kPa, σ'm = effective mean confining 
pressure. Kd and n are the two hyperbolic material 
parameters whose values are 402 and 0.5, respectively, 
obtained from the laboratory tri-axial test data. The shear 
modulus (G) and the bulk modulus (K) of the sand used in 
the numerical analyses are obtained from the well-known 
relationships G=Es/2(1+μs) and K=Es/3(1-2μs), where μs 
is the Poisson's ratio (=0.3) of the sand. The coefficient 
of lateral earth pressure at rest (K0) is computed using 
the well-known relationship K0 =1-sinφ′ and found to 
be 0.38. The retaining walls and the struts are modeled 
by elastic beam elements and the connections between a 
strut and the retaining walls are considered as pin-jointed 
in the numerical analyses. For the plane strain analyses, 
the elastic modulus of the plexiglass walls used in the 
shake table tests is computed as Epp=Ep/(1-μp

2), where 
the elastic modulus of the plexiglass (Ep) is taken as 
6.3 × 109 N/m2 and the Poisson ratio (μp) of the material 
is taken as 0.35. The interface elements are assumed 
in the numerical discretization between the structural 
(walls) elements and the soil elements to maintain the 
compatibility. The interface angle between the soil and 
the walls is assumed as 20°. The normal and the shear 
stiffnesses (Kn and Ks) at the soil-structure interfaces play 
a major role for predicting the behavior of the braced 
walls in a numerical analysis (Hsiung, 2009). The value 
of these stiffnesses, used in the analyses, is 3.3×109 Pa, 
which is calculated using Eq. (2) (Itasca, 2005) as:

n s
min

4
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K K

z
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where K, G and Δzmin are bulk and shear modulii of 
the soil and the smallest width of the adjacent zone in 
the soil (20 mm) in the perpendicular direction to the 
interface, respectively. As per Itasca (2005), the values 
of interface stiffnesses, Kn and Ks are considered to be 
equal. A similar method is also followed to find Kn and 
Ks for interface modeling of such problems in FLAC 2D 
by Chowdhury et al. (2013, 2015). Table 2 summarizes 
all the parameters and their values. The shear modulus 
value shown in Table 2 is the average value of the 200 mm 
soil layer (surrounding the wall). The G value of 1.66 MPa 
is calculated for the 1-g model under very low confining 
pressures. Thus, a low value of stiffness is considered in 
the numerical analyses.

The shear wave velocity (Cs) of the soil is determined 
as 29 m/s from Eq. (3), where the values of the small 
strain shear modulus (G0), unit weight (γ) of soil are 
taken from Table 2. According to FLAC-2D (Itasca,  
2005), the wavelength (λ) may be calculated using Eq. (5). 
The value of Δl, the spatial element size (or mesh size) 
is 0.02 m. The value of the maximum frequency fmax 
with which a seismic wave propagates through a soil is 
obtained as 145 Hz from Eq. (5). For the present study, 
the applied seismic motions have a frequency of 2 Hz 
for all the cases, which is far lower than the value of fmax. 
This ensures that the applied seismic wave propagates 
smoothly through the soil. In addition, the maximum 
lateral displacement of a wall for different mesh sizes 
(0.04 m, 0.02 m and 0.01 m) is also studied. The change 
in the maximum lateral displacement of the wall is less 
than 1%, when the mesh size is reduced from 0.02 to 
0.01 m. Thus, in the present study, the surrounding soil is 
discretized by square elements of 20 mm × 20 mm in size.
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Table 1   List of shake table tests on braced excavation in saturated sand

Test
Name

Excavation
Depth

De (mm)

Embedment 
depth

Db (mm)

Normalized 
excavation 

depth
De/H

Depth of 
the strut 
from top
s (mm)

Wall 
thickness
tw (mm)

Total depth 
of the soil 

layer
Z (mm)

Excavation 
width

B (mm)

Maximum  
amplitude 
of the base 
acceleration

BW1 100 100 0.5 40 2.4 400 160 0.15 g
BW2 100 100 0.5 40 2.4 400 160 0.25 g
BW3 100 100 0.5 40 2.4 400 160 0.35 g
BW4 80 120 0.4 40 2.4 400 160 0.25 g
BW5 120 80 0.6 40 2.4 400 160 0.25 g

Note: BW means braced wall
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10 lλ = ∆                                 (4)

s
max

Cf
λ

=
                                 

(5)

where Cs is the shear wave velocity, ρ is the density of 
the soil, γ is the unit weight of the soil, G0 is the small 
strain shear modulus, g is acceleration due to gravity, λ 
is the wavelength, Δl is the spatial element size (or mesh 
size) and fmax is the maximum frequency of the seismic 
wave that can propagate through the soil.

For the initial stages in the static simulations, the 
engineering behaviors of the sand are modeled by the 
Mohr-Coulomb constitutive model and a static analysis 
is performed where the gravity force is turned on and 
the whole system is allowed to equilibrate under its own 
(gravity) load. The actual construction sequences of the 
braced wall installation in the field are not followed in 
the laboratory model tests. The braced walls and the 
struts are assumed to be in place. Only the excavation 
of the soil and the dewatering between the braced walls 
are considered in this study. Thus, to get the response 
of the excavation due to seismic event only (to simulate 
the experimental condition), all the responses generated 
during the static condition are nullified. However, the 
stresses generated by the Mohr-Coulomb model remain 
at the dynamic stage. 

The ‘Finn Model’ is used to simulate the transient 
pore pressure generation properly within the soil during 
a dynamic loading as suggested by FLAC-2D (Itasca, 
2005). The ‘Finn model’ is widely utilized to generate 
pore water pressure during liquefaction (Byrne, 1991; 
Martin et al., 1975). The ‘Finn model’ has been shown 
to capture the liquefaction of Kasai River sand by 
Banerjee et al. (2017). In the present analyses, undrained 
simulation is carried out where the mechanical responses 
are allowed under no flow condition. The changes in the 
pore water pressures are due to the volumetric strains only. 
Coupled, effective-stress analysis (with pore pressure 
measurements) approach is adopted in the numerical 
study, where all the drained properties of the sand are 
used (Itasca, 2005). The effective strength parameters 
(effective friction angle) are taken as the same in both 
drained (CD) and undrained (CU) conditions (Holtz and 
Kovacs, 1981). The changes in the pore water pressures 
in the ‘Finn model’ may be determined as (Banerjee et 
al., 2017):

s
pu M ε∆ = ∆                              (6)

where Δu is the change in the pore water pressures, Ms 
is the constrained modulus of the sand, Δεp is the change 
in volumetric strains and 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 soil 
and γs is the shear strain in the soil. As discussed earlier, 
the relative density (Dr) of the soil is maintained at 65% 
in the model test. The corresponding values of C1, C2 are 
calculated as 0.2231 and 1.79, respectively. For the ‘Finn 
Model’, the soil strength parameters are also kept the 
same as presented in Table 2. To check the performance 
of the ‘Finn model’ in accurately predicting the dynamic 
pore water pressures generated during the laboratory 
shake table test, a sinusoidal base acceleration of 0.2 g 
is applied to a uniform sand bed with the same spatial 
dimensions (800 mm ×  800 mm with 400 mm height) 
and the pore water pressures are measured at 200 mm 
and 300 mm below the top. The pore water pressures 
predicted by the ‘Finn model’ are found to be close to the 
experimental data (as shown in Fig. 6).

The dynamic (mechanical) behavior of Kasai River 
sand is modeled by the modulus of the degradation 
curve. The cyclic tri-axial test (high strain) and the 
resonant column (low strain) test data for Kasai River 
sand obtained by Chattaraj and Sengupta (2016) at 
100 kPa confining pressure are curve fitted using 
Eq. (7a) proposed by Hardin and Drnevich (1972) with 
the adjusting constants given by a=1.3 and b=1.0 (See 
Aggour and Zhang, 2006). Using Eq. (7a),the modulus 
degradation curve for Kasai River sand is obtained for 
the effective mean confining pressure of 1.16 kPa (for 
the small-scale model).

Table 2   Material parameters used for the numerical analyses of the braced excavation

Saturated unit weight 
of soil (kN/ m3)

Friction angle 
(ϕ') (Degree)

Shear Modulus (G) 
of soil (kPa)

Poisson's ratio (μs) 
of soil

Stiffness of braced 
wall (EI) (N.m2/m)

Stiffness of strut
(EA) (N/m)

19.7 38° 1.66 × 103 0.3 7.29 9.12 × 105
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Fig. 6   Comparison of pore water pressures obtained from the 
       numerical (using Finn Model) and the experimental  
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where γe  is a cyclic shear strain and γr is a reference shear 
strain in the soil. Ishabashi and Zhang (1993) have also 
proposed an equation (Eq. (7b)) for modulus reduction 
of soil considering the combined effect of plasticity 
index (PI) and different confining pressure (See Kramer, 
1996). For Kasai River sand, the PI value is taken as 
zero. For an effective mean confining pressure (σ'm) of 
1.16 kPa, the modulus reduction curve for the present 
soil is given by Eq. (7b).

e 0( , )
e max e m/ ( , ) ( ' )m PI mM G G K PI −= = ⋅ γγ σ       (7b)
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−

The “Sigmoidal (sig4)” model available in FLAC 
2D (Itasca, 2005) expresses the degradation of the 
modulus of a soil with the shear strains by Eq. (7c). 
Figure 7 shows the model simulation in FLAC 2D using 
the “Sigmoidal” model for present confining pressure.

( )e 0
0

'
1 exp / '

aM y
L x b

= +
 + − −              

(7c)

where L is the logarithmic strain and given by L=log10 (γe), 
where γe  is the cyclic shear strain in the soil. The 
parameters a′, b′, x0 and y0 are the parameters with 
the values of 0.96, -0.4, -2.0 and -0.03, respectively, 
corresponding to the best fit curve shown in Fig. 7. The 
soil behavior under cyclic loading can be represented by 
the relationship between Me and γe (Itasca, 2005). The 
shear stress (τ) and the shear strain (γe) may be related 
under plane strain conditions as:  
       

( ) ( )s e
e e e e

0 0

G
M

G G
γτ γ γ γ= = ⋅

                
(8)

where Gs (γe) is the secant shear modulus, G0 is the small 
strain shear modulus and Me is the normalized secant 
shear modulus. 

5   Results and discussions

The responses of the instrumented braced wall, 
strut and the surrounding soil obtained from numerical 
analyses are compared with the corresponding shake 
table results. To measure the horizontal motions during 
a dynamic event in the experiments, accelerometers are 
attached to the shake table and also placed on the top of 
the ground surface behind the braced wall. For a given 
case, the same base motions, applied to the shake table, 
are also specified in the numerical analysis. Figure 4(b) 
shows a comparison between the base motions recorded 
at the base of the model test setup by accelerometer 
AC1 and those applied numerically in the numerical 
analysis for the case, BW2. The motions obtained from 
the accelerometer (AC2) at the top surface of the soil 
beside the braced excavation are also compared with the 
corresponding numerical results and presented in Fig. 4(a). 
As may be observed from Fig. 4, the ground motion is 
amplified by about 1.24 times at the top soil surface for 
a sinusoidal motion of 0.25 g with a frequency of 2 Hz 
and applied for 7 s. The numerically obtained motions 
are found to be comparable with the motions recorded 
during the tests. However, from the acceleration time 
histories at the top soil surface (both experimentally 
and numerically), no significant effect of liquefaction is 
observed.

Table 3 shows the measured (experimentally and 
numerically) static pore water pressures for different tests. 
No separate analytical values for pore water pressures 
are determined. However, the numerical values can be 
interpreted as analytical values. In the present study, 
as mentioned before, the proper construction sequence 
is not followed for the braced excavation construction. 
Therefore, the change in strain or deflection of the walls 
due to the excavation is not measured. Thus, static 
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Fig. 7  Modulus of degradation curve for Kasai River sand
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bending moment, lateral deformation and strut force 
are not measured. All the LVDTs, strain gauges data are 
recorded at the beginning and the end of the motions. 
The net bending moments, lateral deformations and 
strut forces are computed from the strain data after the 
motions. Note that the densification of the sand during 
saturation before the dynamic model test is ignored since 
the model test dimensions are small.

In saturated sand, excess pore water pressures 
develop during a seismic loading, which often cause soil 
liquefaction. The excess pore water pressures reduce the 
effective stresses in a soil, which may lead to greater 
damage to the structures located on the soil. When excess 
pore pressures developed in a soil are equal to the initial 
vertical effective stresses, a soil is considered to be fully 
liquefied. Three pore water pressure transducers (PP1, 
PP2 and PP3) are attached in three different positions in 
the test tank to measure the absolute pore water pressures 
developed during the model tests. Figure 8 shows the 
pore water pressure ratio, ru, recorded with time by the 
transducers PP1, PP2 and PP3 during the test BW2. These 
values are compared with the corresponding numerically 
obtained values. The pore water pressure ratio is defined 
as the excess pore water pressure (Δu) developed in a 
soil divided by the initial vertical effective stress. It is 
found that the maximum values of pore water pressure 
ratios (ru) in the soil below the excavation (at PP2, PP3) 
are much higher than those (PP1) values recorded by the 
sides of the walls and below the soil surface. Thus, in a 
braced excavation, the soil located below the excavation 
level is more susceptible to liquefaction. The soil below 
the excavation level bears the loads from the braced 
walls and provides stability to the excavated portion. 
Thus, higher values of pore water pressure below the 
excavation level could cause serious damage to the 
braced walls. In the small-scale test, the application of 
dynamic loading with peak amplitude 0.15 g to 0.35 g 
has caused generation of excess pore pressure from the 
initial loading stage itself, which has been reported by 
others as well (Wang et al., 2015; Khosrojerdi and Pak, 
2015). However, for much smaller amplitude of loading, 
a gradual generation of the pore water pressure could 
have been observed, but such small amplitude of loading 

was not of interest in the present study. No significant 
change in the acceleration time history at the soil surface 
is observed corresponding to the changes in the pore water 
pressures in case of peak ground acceleration of 0.25 g. 
In the numerical modeling, the properties at the soil-
structure interfaces are based on the recommendations 
provided by the FLAC 2D manual. These are general 
recommendations and may not accurately represent the 
actual interface behavior in the present situation. It is 
very difficult to estimate the properties at the actual soil-
structure interface. In the present case, the guidelines 
provided by FLAC 2D are adopted to come up with the 
interface properties. The use of the hyperbolic model 
and the pore water pressure generation model also has 
some shortcoming in modeling the complications arising 
during soil liquefaction. Under a dynamic condition, 
fluctuations in the pore water pressures are normal. 
However, this fluctuation in the pore water pressures in 
the soil is not captured in the shake table tests as the 
pore water pressures are measured at 1s intervals due to 
the limitation of the data acquisition system. Thus, the 
pore water pressures measured during the model tests 
give a general trend of its variations. However, in the 
numerical analyses, the chosen time step is 2.56×10-5 s 
to ensure convergence. Thus, 39062 data points per 
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Table 3  Static pore water pressures (in Pa) obtained from the numerical and the experimental studies before the seismic event

Pore pressure transducers Case
Normalized excavation depth (De/H)

0.4 0.5 0.6

PP1 Numerical 1647 1589 1507
Experiment 1710 1662 1605

PP2 Numerical 1107 864 607

Experiment 1080 918 778
PP3 Numerical 2286 2109 1929

Experiment 2012 1762 1529



second are taken for the pore water pressures in the 
numerical analysis. The numerical results show the 
fluctuations in the pore water pressures in the soil with 
the dynamic loadings as depicted in Figs. 8–10. Due 
to these various reasons, the differences between the 
experimental observations and the numerical results 
have been observed in the present study.  

To observe the effects of peak amplitude of the 
ground motions on the generation of the pore pressures 
in soil around a braced excavation, development of 
the pore water pressure ratios (ru) at PP3 with time as 
observed in the shake table tests and the corresponding 
numerically obtained values are compared in Fig. 9. The 
depth of the excavations is kept the same at De/H = 0.5 
for all the cases, where De is the excavation depth and 
H is the height of the retaining walls. Figure 9 shows 
that the pore water pressure ratios (ru) developed in the 
soil are greater when the amplitudes of the motions are 
increased. For the 0.15 g motion, the developed pore 
pressures in the soil are less than unity and the soil does 
not liquefy. However, for the peak amplitudes of 0.25 g 
and 0.35 g, the soil is close to the liquefaction state near 
the excavation bottom. 

The changes in the pore pressures ratios (ru) are also 
investigated for different excavation depths (De/H). In 
these cases, the amplitude of the base motions is kept 
the same at 0.25 g. The different normalized excavation 
depths (De/H) considered in this study are 0.4, 0.5 and 
0.6. The pore water pressure values with time at PP3 for 
different normalized excavation depths (De/H) are shown 
in Fig. 10. The figure shows that the pore water pressure 
ratios (ru) increase with the increase in De/H. For De/H = 0.4, 
the soil does not liquefy. However, for De/H = 0.5, the 
soil is closer to liquefaction. For De/H = 0.6, the soil is 
liquefied as the pore water pressures ratio (ru) reaches 
close to the unity. Throughout the model tests, the water 
table outside the excavation is maintained by pumping 
water into the test chamber from the top. Within the 
excavated portion between the two braced walls, the 

water table is maintained just below the excavation level 
by pumping out water from the excavation. Thus, as 
the depth of excavation increases, the effective stresses 
within the soil below the excavation decrease, increasing 
the potential of liquefaction in the sandy soil below the 
excavated portion. Thus, the liquefaction potential of 
a soil (below the excavation) increases as the depth of 
excavation between the braced walls increases, provided 
the soil is liquefiable as in the present case.

The displacement of a wall at the end of a seismic 
event is one of the performance indicators for a retaining 
wall (Richards and Elms, 1979). The lateral displacements 
of the right wall observed in the shake table tests are 
compared with the corresponding numerically obtained 
values for different base motions and different excavation 
depths (De), and presented in Fig. 11. It is found that 
these two parameters have great influence on the lateral 
displacements of a braced wall embedded in saturated 
sand. The lateral displacements (u) of the right wall 
obtained from the experimental and numerical studies 
under different peak amplitudes (0.15 g, 0.25 g and 0.35 g) of 
the base motions and for a given excavation depth, 
De/H=0.5, are presented in Fig. 11(a). The numerical 
results show significant lateral displacements of the wall 
at the top, with the hinge point (point of rotation of the 
wall) around 0.32 d/H for the peak acceleration of 0.35 g. 
However, experimental results show that the hinge point 
is developed nearly at 0.15 d/H for the same case. For 
the cases of 0.15 g and 0.25 g, the hinge points are close 
to the top surface from both experimental and numerical 
studies. For peak acceleration 0.35 g, the soil below the 
excavation liquefies as the pore pressure ratio (ru) at PP2 
reaches unity (as shown in Fig. 9). In this liquefied state, 
a soil has very small shear strength and it flows like 
fluid which causes large deformation and rotation of the 
walls. Thus, differences between the experimental and 
the numerical results are observed at this stage due to 
involvement of approximations in the numerical analyses 
to model the complications and unpredictability arising 
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during soil liquefaction. The soil below the excavation 
provides passive earth pressures on the wall which act 
as resistive forces against the wall movement. Thus, the 
shear strengths of the soil below the excavation level 
control the behavior of the braced wall. In the case 
of small peak amplitude of base acceleration, the soil 
below the excavation level does not liquefy, hence gives 
more resistance against the rotation and/or displacement 
of the wall. Thus, small lateral displacement and a small 
amount of rotation are observed in the wall. However, in 
the case of higher peak amplitude of base motion (0.35 g), 
the soil below the excavation liquefies and it provides 
less resistance against rotation and/or deformation. 
Therefore, large displacement and rotation in the wall is 
observed for these cases and the hinge point shifts in the 
downward direction.  

The lateral displacements (u) of the right wall 
obtained from the experimental and numerical studies 
under different normalized excavation depths (De/H) of 
0.4, 0.5 and 0.6 are presented in Fig. 11(b). The peak 
amplitude of the motions is kept the same at 0.25 g in these 
cases. From the numerical analyses, it may be seen that in 
all these cases, the maximum lateral displacements of the 
walls occur near the bottom. The maximum normalized 
lateral displacement (u/H) of the right wall at different 
normalized excavation depths (De/H) of 0.4, 0.5 and 
0.6 is 0.0327, 0.0432 and 0.1578, respectively. For the 
case of De/H = 0.4, the lateral displacement of the wall 
is less with the increment of the depth of embedment as 
greater resistance is offered by the wall against the lateral 
displacement. For the case of De/H =0.4, the developed 
pore water pressures within the soil are less than that 
for the case of De/H =0.5 and 0.6 (see Fig. 10). Thus, 
the larger excavation depth (De/H) is not only decreases 
the embedment depth of the walls, but also increases 
the possibility of liquefaction of the soil. Large lateral 
displacements of the walls are observed as the depth of 
excavation and the amplitude of the base motions are 
increased simultaneously.

The distributions of the bending moment (M) 
(expressed in the normalized form as M/γ'H3, with 
γ'= effective unit weight of the sand used in these 
experiments and H= total depth of the braced walls) on 
the right braced wall under different peak amplitudes 
of the base motions and different excavation depths, 
obtained from the numerical analyses and the shake 
table tests, are compared in Figs. 12(a) and 12(b). It 
is found that for a single strut braced excavation, the 
maximum bending moment develops near the bottom of 
the excavation. It is also observed from the numerical 
analyses that as the magnitude of the base motions is 
increased from 0.15 g to 0.25 g, the maximum moment 
(M/γ'H3) increases by 67%. However, the maximum 
moment (M/γ'H3) in the wall is changed by only 23% as 
the magnitude of the motions is increased further from 
0.25 g to 0.35 g. Due to the increase in the amplitude 
of the base motions, a larger force is applied to the 
braced wall, which produces larger moments until the 

surrounding soil liquefies. However, as the magnitude 
of the base motions is increased further from 0.25 g 
to 0.35 g, the soil liquefies and the braced walls start to 
float in the liquefied soil. At this stage, the braced walls 
undergo large deformations due to rotations, but at the 
same time, the local strains are not increased significantly 
causing less increment of moments. Similarly, when the 
depth of excavation, De/H, is increased from 0.4 to 0.5, 
the maximum moment (M/γ'H3) in the wall is increased 
by 51%. However, as the depth of excavation between 
the walls (De/H) is increased further from 0.5 to 0.6, the 
maximum moment (M/γ'H3) in the wall increases by 
about 54%. The increase in the excavation depth (De/H) 
between the braced walls induces liquefaction at a faster 
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Fig. 11  Lateral displacements (u/H) of the braced wall for 
        (a) different peak amplitude of the base motions, 
                (b) different excavation depths (De/H)
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rate and as explained above, as the surrounding soil 
liquefies, the braced walls undergo large rotations.

In the shake table experiments, only one level of 

struts are used. A number of strain gauges are glued to 
the struts to obtain the axial force on the strut during the 
dynamic loadings. The strut force (F), in a normalized 
form (F/EpA) is reported here, with Ep= elastic modulus 
of the strut material (plexiglass) and A= cross-sectional 
area of the strut. The value of EpA is 9.12×105 N/m. The 
strut forces obtained from the numerical analyses and 
the corresponding shake table tests are shown in Table 4. 
The numerical results indicate that the strut forces 
(F/EpA) increase by 52%, when the magnitude of the base 
motions is increased from 0.15 g to 0.25 g. However, 
they decrease by 12% when the amplitude is increased 
further from 0.25 g to 0.35 g. For the amplitude of the 
base motions as 0.35 g, the surrounding soil liquefies and 
the bracing system fails completely releasing the forces 
in the struts. The strut forces are increasing by 18% and 
42% as the excavation depth (De/H) is increased from 
0.4 to 0.5 and 0.5 to 0.6, respectively.

Figure 13 shows the changes in the pore water 
pressures with time when the applied base motion is 
stopped. It is observed that due to a higher value of 
permeability of the sand, the pore pressures developed 
during the motions dissipate as soon as the base 
motion ceases. The residual bending moments, lateral 
deformations are not measured during this short duration. 
However, studies (Boulanger et al., 2003; Moghadam et 
al., 2011) show that the structural responses after the 
dissipation of the pore water pressures are not critical 
and do not change with time. The numerically obtained 
responses of the braced excavation during the dynamic 
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Table 4  Normalized strut forces (F/EpA) (×10-5) with varying peak amplitudes of the base acceleration and normalized 
                       excavation depths (De/H)

Case
Peak acceleration (g) Normalized excavation depth (De/H)

 0.15 0.25 0.35 0.4 0.5 0.6

Numerical 3.50 5.33 4.69 4.50 5.33 7.57
Experimental 4.46 6.06 6.00 5.17 6.06 7.40
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event are presented for different peak magnitudes of 
the base motions and different excavation depths. The 
bending moments and lateral deformations in the wall 
and the strut forces during the motions are presented in 
Figs. 14(a), 14(b) and in Figs. 15(a), 15(b). It is observed 
that for lower depth of excavation (0.4 and 0.5) and lower 
peak amplitudes of base motions (0.15 g and 0.25 g), 
the bending moments increase with time (see Figs.14(a) 
and 14(b)). However, in the case of peak acceleration of 
0.35 g (see Fig. 14(a)), a sudden change in the value of 
the bending moment over the time is observed. A sudden 
rise in the bending moment during the very early stage 
of the loading is also observed for De/H=0.6. From 
Figs. 15(a), it is observed that the lateral displacements 
of the wall gradually changes with duration for different 
values of peak accelerations. For lower acceleration 
amplitudes, large variation in strut force with time is not 
observed, but as the liquefaction occurs in higher peak 
acceleration, significant variation in strut force with time 
is observed (see Fig. 15(b)).

6  Conclusions

The performance of a braced wall embedded in 
saturated sand is investigated experimentally on a shake 

table and numerically at different amplitudes of the 
base motions and for different excavation depths. One 
layer of bracing is considered in the study. The material 
properties of the structures and the soil, excavation 
width and relative density of the soil are kept identical 
in all the cases. The experimental and numerical results 
are compared and show reasonably good agreement for 
all the cases. Higher excess pore water pressures are 
found to develop in the soil below the excavation as 
compared to those on the sides and away from the braced 
walls. This indicates that the soil below the bottom of 
the excavation is more susceptible to liquefaction due 
to a high gradient of seepage pressures that develope 
due to dewatering of the excavated area. Thus, during 
the design process, one needs to pay more attention to 
the liquefaction prevention and/or prevention of built-
up of pore water pressures near the bottom of a braced 
excavation. It is also found from the study that the pore 
water pressure ratios (ru) increase with increasing peak 
amplitude of the base motions. The increase in the depth 
of excavation (De) also helps in initiating liquefaction 
in a braced excavation. For a given depth of excavation 
(De/H), the lateral displacements (u) and the bending 
moments (M) in the braced walls increase with the 
magnitude of the base motions. However, when the soil 
liquefies due to the increase in the magnitude of the base 
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motions, the braced walls undergo large deformations 
due to rotations without a significant increment in 
the local strains, causing less increment of bending 
moments. For a given amplitude of the base motions, the 
lateral displacements (u) and the bending moments (M) 
in the braced walls increase with the depth of excavation 
(De/H). For both higher and lower amplitudes of base 
accelerations, the lateral displacements during and at the 
end of the dynamic events remain the same.
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