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Abstract. An increase in failure of geotechnical structures is a significant concern in seismic-prone areas. The purpose of the
study is to propose a closed-form solution for the seismic active pressure acting on a retaining wall with backfill subjected to
uniform surcharge considering the propagation of both shear and primary waves. The proposed study considers the damping
ratio by assuming soil as Kelvin-Voigt material. The proposed methodology satisfies boundary conditions at the surface of the
backfill due to surcharge. The deduced acceleration profile is considered for the estimation of inertial forces due to critical
wedge and surcharge. The study reveals that the maximum seismic active pressure coefficient occurs when the normalized input
frequency is equal to 7/2. It is observed that the surcharge magnitude does not affect both horizontal and vertical acceleration
profiles. The parametric study presents the influence of various static and dynamic properties of the backfill soil on the
distribution of seismic pressure acting on the wall. The coefficient of earth pressure obtained from the proposed method is in
good agreement with the existing pseudo-static methods. It is concluded that the effect of shear wave propagation on earth
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pressure is relatively dominant as compared to that of primary wave propagation.
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1. Introduction

The important criterion for the design of a retaining wall
is its stability against overturning and sliding of the wall.
The predominant force causing the overturning and sliding
is total active thrust acting on the wall due to retained
backfill soil. The safe design of the retaining wall requires
the precise estimation of lateral earth pressure acting on the
wall and it leads to complexity when additional seismic
forces are applied.

A very simple and linear approach has been in practice
for estimating lateral earth pressure under seismic
conditions. In this method, the seismic load is approximated
as an additional static load in the free body diagram of a
critical wedge. Therefore this method is termed as pseudo-
static method (Okabe (1924) and Mononobe and Matsuo
(1929)). This method is the pioneering method that solved
problems related to seismic earth pressure for decades due
to its simplistic nature of the solution. Considering the
pseudo-static method, many variants of the studies have
been present by the researchers (Richards and Elms (1979),
Zhang et al. (2019), Huang and Liu (2016)). Besides a
simplistic methodology, the pseudo-static method has
various approximations. The dynamic load due to seismic
action is considered a simple time-invariant load. The
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propagation of shear and primary waves in backfill media
has been neglected. The method results in a linear earth
pressure distribution for both static and seismic cases.

In an attempt to include the dynamic nature in the earth
pressure-related problems, Steedman and Zeng (1990)
proposed a pseudo-dynamic method. The uncertainties in
the pseudo-static method have been addressed and time-
dependent seismic inertial force is considered. Choudhury
and Nimbalkar (2006) improvised the pseudo-dynamic
method considering vibrations in both horizontal and
vertical directions by considering a finite shear wave
velocity and primary wave velocity. A linear acceleration
amplification is also considered as the seismic wave
propagates in the backfill. Different researchers have
studied various variants of the pseudo-dynamic method.
Kolathayar and Ghosh (2009), Ghosh (2008), Ghosh
(2010), Ghanbari and Ahmadabadi (2010) proposed the
effect of acceleration amplification on the earth pressure
acting behind a battered retaining wall. Baziar et al. (2013),
Nimbalkar and Choudhury (2007), Choudhury and
Nimbalkar (2007) adopted the pseudo-dynamic method to
estimate the stability of the retaining wall and compared the
study with the pseudo-static method. The study concluded
that the pseudo-dynamic method is an advisable method for
the higher seismic coefficients. Qin and Chian (2018) have
applied the same methodology to analyze the reinforced
retaining wall. The efficacy of the analysis can be optimized
by performing a reliability analysis (Hu and Huang (2019)).
Various researchers also employed the Finite Element
Method (FEM) to capture the dynamic behavior of
cantilever retaining wall (di Santolo and Evange- lista
(2011), Evangelista et al. (2010), Cakir (2013), Cakir
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(2014a), Cakir ~ (2014b), Kloukinas et al. (2015)). Finite
element analysis is applied to take advantage of applying
both harmonic and transient excitation (Veletsos and
Younan (1994a), Cakir and Livaoglu (2013)). It is evident
that the flexibility of retaining wall plays an important role
in seismic design of retaining walls as the point of
application of seismic lateral thrust changes with the
flexibility of retaining wall (Psarropoulos et al. (2005),
Giarlelis and Mylonakis (2011), Gazetas et al. (2004),
Madabhushi and Zeng (2007)).

The pseudo-dynamic method has many advantages over
that of a pseudo-static approach and it also has demerits.
The Pseudo-dynamic method does not satisfy the zero-
stress condition at the surface of the backfill. The pseudo-
dynamic method considers the shear wave velocity of the
backfill material but fails to consider the damping resistance
offered by the backfill material to the applied seismic wave.
For the problems related to dynamic loading, it is
appropriate to model soil as a visco-elastic material
(Veletsos and Younan (1994b), Veletsos and Younan
(1997)). Bellezza (2014) proposed a modified pseudo-
dynamic method based on the analysis proposed by Veletsos
and Younan (1994b), Veletsos and Younan (1997). The
boundary conditions due to propagating seismic waves in
the backfill at rigid base and surface are satisfied. Different
variants have been proposed by the researchers based on the
modified pseudo-dynamic method (Annapareddy and Pain
(2019), Pain et al. (2018), Pain et al. (2017)). Pain et al.
(2017) applied the modified pseudo-dynamic method to
check the stability of the retaining wall against
rotation for dry backfill conditions. Cakir (2017), Taravati
and Ardakani (2018) performed numerical analysis to study
the behavior of retaining walls for the applied dynamic
loading.

The presence of surcharge on the surface of the backfill
is a common practical scenario. Seismic analysis of
retaining wall with the surcharge on the backfill is
presented by various researchers. Motta (1994) had
proposed a limit equilibrium analysis to estimate the earth-
pressure coefficient considering the seismic effect by the
pseudo-static method. Choudhury and Rao (2002) have
proposed passive resisting force acting on the wall with
surcharged backfill by considering the negative soil-wall
friction. Kumar and Chitikela (2002) and Santhoshkumar
and Ghosh (2018) proposed method of stress characteristics
to estimate total lateral earth pressure from a coupled
solution of surcharge component and unit weight
components. However, Santhoshkumar and Ghosh (2020)
had proposed the decoupled effect to surcharge and unit
weight components, assumed a negligible effect of
surcharge on horizontal and vertical acceleration profiles.
Greco (2006) extended Coulomb’s solution to the backfill
subjected to line surcharge. Caltabiano et al. (2000) have
proposed the modified limit equilibrium analysis of
retaining wall with surcharged backfill by considering the
presence of the wall in equilibrium equations. Mylonakis et
al. (2007) had proposed a stress plasticity solution wherein
a single closed-form solution gives both active and passive
pressures. In practical applications of the retaining wall, the
most common observation is that the retaining wall is

subjected to seepage forces. Wang et al. (2008) investigated
the passive earth pressure acting on the retaining wall
subjected to seepage pressure due to the upward and
downward flow of water in the surcharged backfill. Apart
from this, Shukla (2013) had proposed a closed-form
solution to estimate the effect of cohesion on the lateral
earth pressure acting on the retaining wall with surcharged
backfill. Sahoo and Ganesh (2017) have proposed a limit
analysis considering a composite collapse mechanism for
the analysis of retaining wall with backfill subjected to an
inclined surcharge. The limit analysis is adopted by
Aminpour et al. (2017) to estimate the permanent
displacement of soil slope with a surcharge for both
translation and rotation modes of failure. Srikar and Mittal
(2020) proposed modified pseudo-dynamic method to
estimate the seismic coefficient of lateral earth pressure
considering uniform surcharge. Motlagh ef al. (2018) has
proposed a new procedure to estimate the effect of
surcharge on tensile strength and length of the
reinforcement for a slope under pseudo-static conditions.

The available literature shows that the pseudo-static
method is considered to study the effect of surcharge on
lateral earth pressure distribution under dynamic conditions,
which leads to multiple limitations: 1. The effect of
amplification of shear wave and primary wave on lateral
pressure distribution in the presence of surcharge is not
explored. 2. The boundary stress condition due to the
presence of surcharge on the surface of the backfill is
neglected by the propagating wave. 3. The time and
frequency-dependent inertial forces induced due to
surcharge at the surface of the backfill are neglected. These
limitations are addressed by proposing a closed-form
solution to estimate total active thrust acting on an inclined
retaining wall. Novelty in the study majorly lies in
satisfying the boundary condition due to the presence of
surcharge and considering time-dependent inertial forces
due to surcharge. The influence of different seismic
properties (input frequency of the shear wave and primary
wave, damping ratio horizontal and vertical seismic
coefficient) and static properties (angle of shearing
resistance, soil-wall friction, wall-inclination) on lateral
earth pressure distribution is pre sented. The effectiveness
of the present study is established by comparing the results
obtained from the proposed study with that of the existing
pseudo-static and pseudo-dynamic methods

2. Methodology

Fig. 1 shows a retaining wall of height H with backfill
subjected to a uniform surcharge of intensity q from the
face of the wall. It is assumed that the retaining wall is
battered at an angle ‘¢’ with vertical. The backfill material is
assumed to be cohesion-less soil with an angle of internal
friction ‘¢’. It is assumed that the soil-wall system is resting
on the rigid bedrock, ensuring that no failure is induced due
to the base.

The bedrock is subjected to harmonic excitation. In
existing pseudo-static or pseudo-dynamic methods, the soil
is considered a linear-elastic material. But real materials
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Fig. 1 Free body diagram of potential failure wedge
adjacent to the wall

dissipate the energy due to the propagation of seismic
waves due to the damping phenomenon. Therefore, instead
of assuming soil as a linear elastic material, it is reasonable
to assume it as visco-elastic material for dynamic problems.
So, the backfill material is modeled as Kelvin-Voight visco-
elastic material where some part of shearing deformation is
resisted by elastic component and the other by viscous
component. The present study considers the propagation of
both the shear wave and the primary wave. Vs, V), be the
shear wave velocity and primary wave velocity of the
backfill material, respectively.

For a Kelvin-Voight material, the governing equations
of motion are as follows Kramer (1996)

2 2 3
ou, .0, ou,
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Eq. (1) and Eq. (2) are the differential equations in
terms of horizontal displacement and vertical displacement,
respectively. The general solution in terms of displacement is
obtained by satisfying the

boundary conditions due to surcharge at the surface of the
backfill and displacement due to horizontal and vertical
components of the shaking due to bed-rock motion.

Displacement in terms of shear wave velocity (V5) and
damping resistance (&) of backfill due to horizontal
harmonic excitation with frequency (ws) is obtained by
considering boundary constraint as shear stress at backfill
surface 1=qtan(¢), the horizontal component of the
vibration at the base as Uny=unoCOS(st).

up (z,t)=X+
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The acceleration of upward propagating shear wave is
obtained by double differentiating Eq. (3) in the time
domain as shown in Eq. (4).
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Similarly, the acceleration of propagating primary wave
is also obtained by considering appropriate boundary
conditions. The constraints adopted are normal stress at
backfill surface o,=q, displacement due to harmonic
excitation at the base rock uys=uy,*cos(mpt).

U, (24) =Y+ (U,U,,4V,V,, )ooso,t+(V,U,,-U,V,, )sinoyt ] (5)
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The acceleration of upward propagating primary wave is
obtained by double differentiating Eq. (5) in the time
domain as shown in Eq. (6).

a,(2t)= Uaiv[(upup;vpvm)cosm t+(VU,,-U,V,, )sinoyt] (6)

The terms used in horizontal displacement and
horizontal acceleration are presented in Appendix A.1. The
terms used in vertical displacement and vertical acceleration
are presented in Appendix A.2.

In contrast to conventional methods, the obtained
expressions for acceleration (horizontal and vertical) are the
functions of shear wave velocity (V;), primary wave
velocity (V,), Damping ratio of backfill material (&, &),
frequency of shear wave (w;) and primary waves (w,) as
shown in Egs. (4) and (6). It also incorporates the effect of
amplification without introducing any other factor, unlike
existing pseudo-dynamic methods (Steedman and Zeng
(1990)).

Fig. 1 shows a critical failure wedge assumed with a slip
surface making an angle o with the horizontal. A small
elemental strip of thickness ‘dz’ is considered at depth z
from the surface of the backfill. This element is subjected to
the horizontal inertial force due to the shear wave and the
vertical inertial force due to the primary wave. The inertial
forces are obtained by integrating that of the elemental strip,
as shown in Egs. (7) and (8). The obtained equations
depend on the inclination of the failure plane and time.

H

Q. (t,a)—j{ah(z ) r(H )(tang+cota)}dz (7)

0
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Application of surcharge on the backfill results in the
inertial force due to amplified shear wave and primary
wave. Unlike existing pseud-static studies, the present study
allows estimating time-varying inertial forces due to
surcharge. To estimate the amplification of the shear and
primary waves, the acceleration is estimated at the surface
of the backfill using Eqs. (4) and (6) and the obtained
acceleration is multiplied to surcharge force as shown in
Egs. (9) and (10).

(U cosw, t+V, sina,t)
Qu =hyoH (tan & +coter) —=—-5-0 ©)
s sh
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Fig. 3 Seismic active pressure for varying surcharge magnitudes

Positive magnitude is assumed when horizontal inertial
force is pointed left and vertical inertial force is pointed
upwards. Here, it is worth mentioning that the assumption
of linear failure surface is not appropriate but, the present
study emphasizes the proposed methodology in the
presence of uniform surcharge. However, this assumption is
adopted by many researchers, more importantly, for active
earth pressure cases (Caltabiano et al. (2000), Motta
(1994), Shukla (2013)). The forces exerted on the critical
wedge are self-weight of the wedge, uniform surcharge,
inertial force due to failure wedge and surcharge. The total
active force (static and seismic) acting on the retaining wall
is obtained from the equilibrium of forces as shown below

(W +qH (tan & +cot ) )sin (e — )

+(Qu +Qy Jcos(a —¢) (11)
—(Qy +Qu)sin(a —¢)

1
- cos(S—a+p+e¢)
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The obtained seismic active thrust is the function of time
and angle made by the rupture plane. Similar to pseudo-
static and pseudo-dynamic methods, the total active thrust is
normalized by considering the coefficient of seismic earth
pressure, as shown in Eq. (12). Lateral seismic pressure
distribution acting on the wall is determined by

differentiating active thrust expression with respect to the
varying depth z, as shown in Eq. (13).

3. Results and discussion

In this section of the paper, results related to the
magnitude of the surcharge are presented. This section also
presents a detailed study of parameters that influence lateral
earth pressure. MATLAB script is developed to optimize
the seismic coefficient of active thrust with respect to the
angle made by failure plane and time (#/7) by varying from
1° to 89° and 0.0 to 1.0 respectively. In the present analysis,
the primary wave velocity is assumed to be 1.87 times the
shear wave velocity, which is appropriate for geological
materials (Das (1993), Kramer (1996)) and equal damping
ratio of backfill due to shear wave and primary wave (& =
& =90).

Fig. 2 shows a plot between the normalized input
frequency and the seismic coefficient of active thrust for
different surcharge coefficients (n, = 2¢g/yH) varying from
0.0 to 0.3. The other parameters considered for the study are
the base acceleration coefficient &, = 0.1, friction angle ¢ =
35°, soil-wall friction 0 = 0.5¢, w,/w; = 1.0. As expected, the
value of the coefficient increases with an increase in
surcharge magnitude. An important observation in the plot
is that there is a sudden increase in the lateral coefficient at
input frequency w H/Vy = n/2, i.e., at the first mode of
vibration. The peak value of the coefficient reached depends
on the magnitude of the uniform surcharge.

Fig. 3 shows lateral earth pressure acting on the wall for
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Fig. 6 Variation of Amplification factor for the
normalized height of the retaining wall

different surcharge coefficients (n,) varying from 0.0 to 0.3.
Invariant parameters considered in the analysis are
horizontal base acceleration coefficient k,, = 0.1, vertical
base acceleration coefficient k&, = 0.5k, damping
resistance ¢ = 10%, soil friction angle ¢ = 35°, soil-wall
friction d/¢ = 0.5, normalized input frequency of shear wave
wsH/Vs = 2.0, the ratio of the frequency of the shear wave to
primary wave wp/w; = 1.0.

The plot shows a non-linear pattern of variation of
pressure distribution. As the surcharge coefficient increases,
earth pressure acting on the wall also increases without any
change in the non-linearity in the curve.

Fig. 4 and Fig. 5 show the variation of normalized
inertial force mobilized due to the surcharge and weight of
the soil wedge with time (#/T ), respectively, for kw, =
0.1, ko = +0.5kno, and kvo = —0.5kno.

The other parameters used in the analysis are soil
friction angle ¢ = 35°, soil-wall friction Jd/¢ = 0.5,
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Fig. 7 Earth pressure distribution for different horizontal
base acceleration coefficients
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Fig. 8 Failure planes generated for different horizontal
base acceleration coefficients

surcharge coefficient n, = 0.2, wH/Vy = 2.0, wylws

1.0 and damping resistance ¢ = 10%. From the plots, it is
evident that the vertical inertial force and horizontal inertial
force reach a maximum at different times. The obtained
curves for inertial force due to surcharge and weight of the
soil wedge are almost identical as the average value of
wedge inertial force is considered in Fig. 5.

Fig. 6 shows the variation of amplification factor
throughout the depth of the retaining wall. The
amplification factor is the ratio of the acceleration obtained
from Eq. 4 and 6 to the respective base accelerations. In the
present variation, base horizontal accelerations k;, is taken
as 0.1 and base vertical acceleration is taken as 0.5k,. It is
evident that the amplification due to horizontal acceleration
is about 1.65 i.e., the base horizontal acceleration is
increased by about 1.65 times on reaching the surface of the
backfill. Similarly, the vertical acceleration is increased by
1.14 times as it reaches the surface of the backfill. In the
present study, the amplification is directly obtained for the
considered shear wave velocity, damping ratio of the
backfill soil, input frequency of shear and primary waves.
Fig. 6 also presents unit amplification for the case of the
pseudo-static method, which implies that a constant value
of the seismic coefficient is assumed throughout the height
of the backfill.

3.1 Parametric study

In the present study, the effect of various parameters like
horizontal base acceleration, vertical base acceleration,
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Fig. 11 Effect of Damping ratio on the formation of peak

friction angle, soil-wall friction and wall inclination have
been studied as follows.

Influence of horizontal bedrock acceleration

In this section, the effect of ki, on the seismic active
thrust is presented in terms of the pressure distribution
diagram and the angle made by the failure plane. Fig. 7
shows the influence of the base-acceleration coefficient on
lateral earth pressure distribution.

It is observed that as the horizontal base acceleration
increases, the non-linearity in the distribution plot increases,
including an increase in the magnitude of the pressure. It is
observed that the horizontal acceleration coefficient also
influences the angle made by the failure plane.

Fig. 8 shows the failure planes generated for different
values of the base horizontal acceleration coefficient. The
soil mass involved in the failure wedge increases with an
increase in kj, as the angle made by the failure plane with
vertical increases resulting in an increase in active seismic
thrust acting on the wall.

Influence of vertical bedrock acceleration

As the present study considers the propagation of the
primary wave, a vertical component of acceleration is
assumed at the base, which further amplifies as it reaches
the surface of the backfill. Fig. 9 shows the influence of
both vertical base acceleration, normalized frequency on the
coefficient of seismic earth pressure. In-various other
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Fig. 14 Seismic earth pressure distribution for different
soil-wall friction angles

parameters considered are ¢ = 35°, d/¢p = 0.5, kno = 0.1, ny =
0.1, = 10%, wp = ws.

The normalized frequency is varied through a range
from zero to 37/2. Similar to Fig. 2, there is a formation of
the localized peak in the value of K4z when wH/V; is close
to 7z/2. The formation of the first peak is evident irrespective
of the value of the vertical acceleration coefficient. But,
there is a formation of the second localized peak that
depends on the vertical acceleration coefficient. Second
localized peak forms when the wH/V; is close to
2.93(167°), i.e., when w,H/V,= /2 which is obtained from
the assumptions (V, = 1.87V,; w, = ws).  Similar to the
first peak, the second peak is also formed as the frequency
of the primary wave is close to the fundamental frequency.

The magnitude of the second peak is relatively less as it is a
known fact that the effect of the shear wave is more
compared to that of the primary wave in earth pressure-
related problems.

Fig. 10 shows the effect of the vertical base acceleration
coefficient on the horizontal earth pressure acting on the
height of the retaining wall. The plot considers ky./kno
values ranging from 0 to 1 with friction angle ¢ = 35°, soil-
wall friction d/¢ = 0.5, base acceleration coefficient ki, =
0.1, normalized frequency of shear wave = 2.0, frequency
of primary wave w,= frequency of shear wave @, and
damping resistance of soil & = 10%. It is observed that as
the ratio k./kn, increases, the value of seismic earth
pressure also increases. This increase in pressure values is
much noticeable at a normalized height (z/H) equal to unity
that is at the base of the backfill. At a normalized depth of
1.0, as kw/kno ratio changes from 0.0 to 0.5, seismic earth
pressure increases by 4.5% and for k./kn, changing from
0.5 to 1.0, the seismic earth pressure increases by 4.3%.

Influence of damping ratio

The major advantage of the present study over existing
pseudo-static and pseudo-dynamic methods is the
consideration of the damping ratio. Fig. 11 shows the
variation of Kyr with normalized input frequency for
different values of damping ratio. The other parameters
considered for the plot are ¢ = 30°, 6/¢ = 0.5, ki, = 0.1, kyo =
0.5kpo. It is evident from Fig. 11 that the maximum values
of the coefficient are observed when the normalized input
frequency of the shear wave is equal to 1.57 and 2.93. For
the considered range of input frequency, the damping ratio
is effective at these normalized frequencies. Lower the
value of the damping ratio, the higher is the peak formed.

Fig. 11 shows the clear formation of peaks at wH/V, =
7/2(1.5) and wH/V; = 2.9 as explained in previous section.
The effect of the damping ratio of backfill to these input
frequencies is shown in Fig. 12. It is evident that the
damping ratio of backfill soil plays an important role during
the formation of the first localized peak compared to that of
the second peak as Kz is much sensitive to damping ratio at
wsHIVy=1.5

Influence of internal friction of backfill

Fig. 13 shows the effect of friction angle on seismic
earth pressure acting on the wall for the considered values
of soil-wall friction d/¢ = 0.5, base horizontal acceleration
coefficient £k, = 0.1, base vertical acceleration coefficient
kvo = 0.5kp, normalized frequency of shear wave = 2.0,
frequency of primary wave w,= frequency of shear wave w;
and damping resistance of soil & = 10%. Initially, the lateral
pressure at the surface is almost the same for all the
considered magnitudes of the friction angle. This initial
value mainly depends on the magnitude of the uniform
surcharge acting on the surface of the backfill. The value of
seismic pressure increases with an increase in the depth of
the retaining wall individually for different values of
friction angle. As expected, it is evident that as the soil
friction angle increases, the seismic pressure decreases. For
discussion, as the internal friction angle increases from 25°
to 40°, there is a decrease of about 41% in seismic earth
pressure at mid-height of the wall and a decrease of about
42.5% at the base of the retaining wall.
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Table 1 Comparison of seismic earth pressure coefficient
with limit equilibrium approach with & = 10%, wH/V; =
2.356, wy/ws=1.0, ¢ =35°,0/¢=0.5

Present  Motta  Shukla Present study Motta Shukla
kho _Study ~ (1994)  (2013) (1994) (2013)
ng=0.0 ng=0.1
0.0 0.2461 0.2461 0.2461 0.2707 0.2707 0.2707
0.1 03237 03091 0.2936 0.3598 0.3400 0.3230
0.2 04085 0.3987 0.3589 0.4576 0.4385 0.3948
03 0499  0.5358 0.4554 0.5635 0.5893 0.5009
n,=0.2 n,=0.3
0.0 0.2953 0.2953  0.2953 0.3200 0.3200 0.3200
0.1 0.3958 03709 0.3523 0.4319 0.4018 0.3817
0.2 0.5069 04785 0.4306 0.5562 0.5184 0.4665
03 0.6276  0.6429  0.5465 0.6920 0.6965 0.5920

Table 2 Comparison of seismic earth pressure coefficient
with limit analysis with & = 10%, wH/V; = 2.356, w,/ws =
1.0, =30, 0/¢=0.5

ng=0.0 ng=0.2 nq=0.3
kho Sahoo and Present Sahoo and Present Sahoo and Present
Ganesh stud Ganesh stud Ganesh stud
(2017) Y (2017) Y (2017) Y
0.1 03650 03912 04375 04778  0.5100  0.5644
02 04535 04893  0.5425  0.6062  0.6325  0.7235
03  0.5701 0.5952  0.6840  0.7466  0.7950  0.8990

Influence of soil-wall friction

Fig. 14 shows the seismic active pressure distribution on
the normalized height of the wall for different values of
soil-wall friction angle J ranging from 0.0 to 1.0 times the
friction angle. The other parameters considered are friction
angle of soil ¢ = 35°, horizontal base acceleration
coefficient k;, = 0.1, vertical base acceleration k,, = 0.5k,
normalized frequency of shear wave w,H/V; = 2.0, damping
ratio & = 10%. It is evident that there is a very marginal
decrease in the earth-pressure is observed with an increase
in soil-wall friction. At the base of the wall (z/H = 1.0), as
0/¢ changes from 0.0 to 1.0, there is a decrease in earth
pressure by 2.5%.

Fig. 15 Seismic earth pressure distribution for different
inclinations of the wall back
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Fig. 16 Comparison of present method with the existing
pseudo-dynamic method

Influence of angle made by wall back

The present study includes the effect of non-vertical
wall-back on the lateral earth pressure distribution. Fig. 15
shows the pressure distribution on wall varying back-
inclination from 0° (vertical) to 20° with vertical. It is
observed that as the wall-inclination increases, the
magnitude of lateral earth pressure acting on the wall
increases. For explanation, when ¢ is varied from 0° to 20°,
normalized earth pressure is increased from 0.3795 to
0.6165. This results in an increase of 62.5%. In comparison,
this percentage is observed to be 43.4% when the € is varied
from 0" to 15°.

3.2 Comparison with existing methods

In this section, the present study is first compared with
the existing studies on the pseudo-static method. According
to the authors’ knowledge, a very limited study was
conducted on the effect of surcharge magnitude on the
seismic analysis of retaining wall.

The present study is validated using both limit
equilibrium analysis and limit analysis. It is found that the
proposed study yields an excellent comparison, as shown in
Tables (1 and 2). As shown in Table 1, the present study is
compared to Motta (1994), Shukla (2013). In comparison, it
is observed that at static conditions, the three studies yield
the same results. It is observed that though the present study
overestimates K4 s when compared to Shukla (2013), Sahoo
and Ganesh (2017), the values are comparable. Though
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there is no specific trend observed when compared to Motta
(1994), the obtained values are almost the same. This
confirms that the proposed study is valid with its own
advantages over existing methods.

An attempt has been made to compare the proposed
method with the existing pseudo-dynamic method. Fig. 16
shows a comparison of the coefficient of earth pressure
obtained from the existing pseudo-dynamic study and the
present study. The set of parameters considered for the
comparison are friction angle ¢ = 30", d/¢ = 0.5, & = 10%,
wHVs = 2.0, 0, = ws, ko = 0.5kp,. Due to the lack of
pseudo-dynamic studies that dealt with the surcharge on the
surface of the backfill, first, it is compared with a no
surcharge case (n, = 0), after which a very negligible
magnitude of surcharge (n, = 0.05) is considered.

Similar to results obtained from the pseudo-static
method, the pseudo-dynamic method also yielded lower
values compared to that of the present method for the
considered input parameters. The rationale for the higher
values of K4z from the present method can be attributed to
the non-linear amplification of the acceleration. In the
available methods, the amplification is completely
neglected (in pseudo-static method) or assumed a linear
value (in pseudo-dynamic method). But, in the present
methodology, the acceleration amplification is estimated
precisely using Eq.(4) and Eq. (6). Apart from the non-
linear acceleration profile, another important advantage of
the present study is the consideration of damping ratio,
which is not considered in pseudo-static and pseudo-
dynamic methods. Further, with a small increase in
surcharge coefficient, a small increase in K4z is observed, as
shown in Fig. 16.

The present study advances the concept of seismic
analysis of rigid retaining walls by considering the time
dependency, amplification of acceleration in the backfill
considering dynamic properties of soil, input frequency of
the shear wave, primary wave, and uniform surcharge over
the surface of the backfill. This methodology can also be
extended to other types of retaining walls like cantilever
retaining walls where the corresponding failure mechanism
(Kamiloglu and Sadoglu (2017), Alper Kamiloglu and
Sadoglu (2019), Greco (2001)) is assumed with proposed
acceleration profiles to estimate inertial forces. The present
study also has some limitations for the application. The
proposed study considers linear values of damping ratio and
shear modulus, whereas, in reality, the damping ratio
increases and shear modulus decreases with increasing
shear strain during dynamic action (Seed and Idriss (1970)).
Therefore the present study is applicable for low to medium
seismic acceleration coefficients (kz, and k). For higher
seismic coefficients, the non-linearity plays a crucial role
and present values may not be suitable. The present study is
applicable for a uniform surcharge on the horizontal backfill
surface. The boundary constraints have to be changed
accordingly for the inclined surcharge case. The proposed
study is applicable when the soil-wall system is resting on a
rigid base. In some cases, the soil-wall system rests on a
foundation soil, where the amplification of acceleration
should also be considered. The basic soil properties like
friction angle.

4. Conclusions

The present study proposes a more generalized modified
pseudo-dynamic method to estimate active seismic pressure
acting on the retaining wall with surcharged backfill. The
amplification of shear wave, primary wave are considered
in estimating the inertial force due to potential soil wedge
and surcharge.  The boundary constraints due to uniform
surcharge at the surface of the backfill are satisfied. In
addition, the proposed method is found to be in good
agreement with the existing pseudo-static and pseudo-
dynamic methods. Apart from the mentioned advantages,
the study yields the following conclusions:

1. The deduced acceleration equations show that the
amplification of the upward propagating shear wave and
primary wave depends on the dynamic properties of the
backfill soil and is not affected by the magnitude of the
uniform surcharge.

2. It is observed that the maximum value of the seismic
active pressure coefficient is obtained when normalized
input frequency wsH/Vs is equal to n/2. For the assumed
velocity and frequency of the primary wave, the second and
relatively smaller peak is formed when w,H/V), is equal to
/2.

3. The maximum horizontal inertial force and vertical
inertial forces acting on the potential failure wedge and
uniform surcharge occur at different times of the seismic
event.

4. For the considered input frequency, the present
method yields a higher coefficient of seismic earth pressure
compared to that of the pseudo-static and pseudo-dynamic
methods. This can be attributed to a non-linear
amplification of acceleration considered in the present
study. In pseudo-static methods, the amplification is totally
neglected, whereas a linear acceleration is considered in
pseudo-dynamic methods.

The proposed methods can definitely answer the
question related to seismic earth pressure with sur- charged
backfill and yield a reliable value of K,r for a safe design of
retaining wall against destructive earthquakes.
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Appendix

A.1 Terms used in horizontal acceleration and
horizontal displacement
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M, =-sin(y,z/H)cosh(y,,z/H) (18)
U,,=cos(y,z/H)cosh (y,,z/H) (19)
V,,=sin(y,z/H)sinh (y,,2/H) (20)
U, =cos(y,,)cosh(ys, ) @1
V,=-sin(y,,)sinh(y,, ) (22)
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A.2 Terms used in vertical acceleration and vertical
displacement
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