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ABSTRACT

Earth retaining structures represent an essential component of many civil engineering works. These
structures are used in numerous infrastructure projects and are often exposed to a differential settlement
problem in the backfill area of the structures because of the different characteristics of the settlement
between the structures and backfill soils. However, seismic mitigation techniques are becoming matters
of interest of reducing the lateral earth pressures of the earth retaining structures, lightweight
(compressible) novel materials have entered the practice that effectively serves the purpose where civil

engineering projects can positively subscribe to a sustainable society.

This thesis presents the finite element program PLAXIS 2D investigating the performance of the
seismic behavior of two retaining wall types — a cantilever retaining wall, made up of compressible tire
shreds as a cushion between the wall and the backfill, and connected and unconnected back-to-back

mechanically stabilized earth walls.

The use of recycled tire shreds as a compressible inclusion behind cantilever retaining wall is one of
the novel ways to reduce the seismic earth pressures acting on the wall. The response of a typical
cantilever retaining wall, consisting of compressible tire shreds (CTS) as a cushion, under earthquake
ground motion applied at the wall base. The numerical model was first validated against experimental
shake table test results available in the literature. To quantify the benefit of CTS cushion, a comparison
was made in the behavior of wall without and with cushion in terms of horizontal displacement and
rotation, the maximum shear force and bending moment, the seismic earth thrust, and its point of
application on the wall. The results from the analysis indicate that the dynamic earth thrust against the

wall reduced considerably due to the presence of cushion made up of compressible tire shreds.

The behavior of connected and unconnected back-to-back mechanically stabilized earth walls under
earthquake loading is also analyzed. The numerical model was first validated with the results from the
full-scale dynamic centrifuge tests on reinforced soil retaining walls. The behavior of connected and
closely-spaced unconnected walls (BBMSE) were compared in terms of tensile forces mobilized in
geogrids, and the lateral earth pressures and maximum displacements of the wall. The total seismic earth
thrusts at the end of the reinforced zone and at the facing of BBMSE walls and their points of application
were presented. These results were compared with the widely used Mononobe-Okabe method. The
connected walls were found to significantly reduce the dynamic loads on the walls compared to those

on unconnected walls.

Keywords: Seismic earth pressure; Reinforced soil; Geogrid; Back-to-back walls; Tire shreds;

Compressible inclusion; Retaining walls; Finite element analysis.



RESUME

Les structures de souténement en terre représentent une composante essentielle de nombreux travaux
de génie civil. Ces structures sont utilisées dans de nombreux projets d'infrastructure et sont souvent
exposées 4 un probléme de tassement différentiel dans la zone de remblai des ouvrages en raison des
différentes caractéristiques de tassement entre les ouvrages et les sols de remblai. Cependant, les
techniques d'atténuation sismique deviennent des sujets d'intérét pour réduire les pressions latérales de
la terre des structures de souténement de la terre, de nouveaux matériaux légers (compressibles) sont
entrés dans la pratique qui sert efficacement 1'objectif ot les projets de génie civil peuvent souscrire

positivement a une société durable.

Cette thése présente le code é1éments finis PLAXIS 2D pour étudier la performance du comportement
sismique de deux types de murs de souténement — un mur de souténement cantilever, composé de pneus
déchiqueter (lambeaux de pneus) compressibles comme coussin entre le mur et le remblai, et connectés

et non connectés des murs a double parement en sol renforcé par géosynthétique.

L'utilisation de lambeaux de pneus recyclés comme inclusion compressible derriére le mur de
souténement en porte-a-faux est I'un des nouveaux moyens de réduire les pressions sismiques de la terre
agissant sur le mur. La réponse d'un mur de souténement cantilever, constitué de lambeaux de pneus
compressibles (CTS) comme coussin, sous un mouvement du sol sismique appliqué & la base du mur.
Le modéle numérique a d'abord été validé par rapport aux résultats des tests expérimentaux sur table
vibration disponibles dans la littérature. Pour quantifier le bénéfice du coussin CTS, une comparaison a
été faite dans le comportement du mur sans et avec coussin en termes de déplacement horizontal et de
rotation, la force de cisaillement maximale et le moment de flexion, la poussée sismique de la terre et
de point d'application sur le mur. Les résultats de I'analyse indiquent que la poussée dynamique de la
terre contre la paroi s'est considérablement reduite en raison de la présence d'un coussin constitué de

lambeaux de pneus compressibles.

Le mur de souténement en sol renforcé & double parement (murs opposés) des connectés et non
connectés est également analysé. Le comportement des murs non reliés connectés (BBMSE) et a été
comparé en termes de forces de traction dans les géogrilles, et les pressions latérales de la terre et les
déplacements maimaux de la mur. Les poussées sismiques totales de terre a l'extrémité de la zone
renforcée et au parement des murs BBMSE et points d'application ont été présentés. Ces résultats ont
été comparés a la méthode Mononobe-Okabe largement utilisée. On a constaté que les murs connectés
réduisaient considérablement les charges dynamiques sur les murs par rappoit a ceux des murs non
reliés.

Mots clés: pression sismique de la terre; Sol renforce; Geogrid; murs a double parement; Lambeaux de

pneus; Inclusion compressible; Murs de souténement; Analyse des éléments finis.
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GENERAL INTRODUCTION

GENERAL INTRODUCTION

The problem of earthquake-induced lateral earth pressures on retaining structures has
received considerable attention from researchers over the years. Lateral earth pressures were
originally calculated using the methods of Coloumb (1776) where an active wedge was
mobilized in order to generate an active pressure, the value of which could be computed using
geometric properties and basic equations of equilibrium. Lateral seismic pressures for retaining
walls originated using this approach, Okabe (1926) and Mononobe and Matsuo (1929) did a
pioneering work to propose by these authors and currently known as the Mononobe-Okabe (M-
O) method. This theory used primitive shake table experiments, to calculate seismic earth
pressures for displacing retaining walls founded in cohesion less soils. This theory has since
been applied to numerous different wall conditions, and apart from modifications to the original
coefficients by Seed & Whitman (1970), has remained largely unchanged since its inception.
Subsequent studies provided design methods primarily based on analytical, numerical, and
experimental methods and solutions to understand the development of seismic earth pressure

behind retaming structures.

Among numerous parameters that need to be considered in the design of retaining structures,
lateral earth pressures and horizontal displacements resulting from the supported backfill are
the most effective and the same are the influencing parameters on the performance of retaining
walls under static and seismic loading conditions depends on the kind of backfill soil. However,
the increased thrust of the backfill on the retaining walls can be mitigated by a lightweight,
compressible material with high vibration absorption capacity, such as scrap tire derived)STD(
materials)tire shreds, tire chips(, and geosynthetics (e.g., Ahmed and Lovell 1993; Humphrey
and Sandford 1993; Tweedie et al. 1998; Ghazavi and Sakhi 2005; Balunaini et al. 2009; Xiao
et al. 2012; Reddy and Krishna 2015; Mashiri et al. 2016; Shrestha and Ravichandran 2018;
Reddy and Krishna 2019; Dhanya et al. 2019; Li et al. 2020; etc.). The earthquake mitigation
techniques are becoming matters of interest, to achieve stability. It has been found that these
tire shreds often at a great benefit to engineers and society as a whole. Many studies have been
reported a reduction of lateral earth pressures against retaining walls under dynamic loads

through the inclusion of compressible material between the wall and the backfill, and
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geosynthetic soil reinforcement, which are being examined as a reinforcement technique for
retaining wall structures. These materials are beneficial in reducing the earth pressures and

lateral displacements of the retaining walls.
RESEARCH OBJECTIVES

The main objective of this thesis is the finite element analysis based on PLAXIS 2D was
used to study the different types of retaining walls viz., a cantilever type retaining wall, and
back-to-back mechanically stabilized earth walls under earthquake loading. The first type of
recycled tire shreds 1s used as a compressible inclusion behind the cantilever retaining wall to
investigate the performance of the retaining wall against dynamic loading. For the second type,
a numerical model was developed to study the seismic performance of connected and

unconnected back-to-back walls under seismic loading using real-time earthquake data.
ORGANIZATION OF THE THESIS

The thesis titled “Estimation of dynamic earth pressures on retaining structures” consists of

five Chapters. The thesis outline is presented below:

Chapter 1 presents a thorough literature review of past studies pertinent to the present research.
The major focus of this chapter is on the many analytical, numerical and experimental

methodologies that have been developed for the seismic analysis of retaining walls.

Chapter 2 details literature review discusses the work performed previously in the field of
scrap tire-derived in civil engineering applications. This chapter also includes the literature
available back-to-back walls, related to the estimation of lateral pressures which is mostly

presented here.

Chapter 3 deals with the numerical model developed using the finite element software PLAXIS
2D was validated against the shaking table tests available in the literature reported by Kloukinas
et al. (2015). The effects of the thickness of cushion made up of compressible shredded tires
behind the retaining wall under cyclic harmonic motion and the backfill friction angle on the

seismic performance of the retaining walls were analyze.

Chapter 4 details the results and discussion of the finite element-based numerical model were
developed to study the seismic response of acantilever wall without and with a cushion
composed of compressible tire shreds (CTS) between the wall and the backfill. To quantify the

benefit of CTS cushion, a comparison was made in the behavior of wall without and with
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cushion in terms of horizontal displacement and rotation, the maximum shear force and bending
moment, the seismic earth thrust, and its point of application on the wall and draw important

and unique conclusions.

Chapter 5 describes the results of the seismic response of reinforcement in back-to-back walls
for both connected and unconnected BBMSE walls under seismic loading was investigated
through numerical modeling. The model was validated with the centrifuge test results reported
in the literature )Takahashi et al. 1999(. The effect of earthquake ground motion on seismic
earth pressures, total seismic earth thrust coefficients)K iz), incremental seismic earth thrust
coefficients (4K ), the locations of the pomt of action of resultant seismic earth thrust )P.z),
and the acceleration amplification at the end of the reinforcement zone and the facing of the
wall were mainly analyzed. The findings reported in the study can provide a rational and
economical design of back-to-back mechanically stabilized earth walls (MSE) in earthquake-

pronec areas.
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Chapter 1

Approaches for estimating dynamic pressures on retaining walls

1.1 Introduction

This chapter presents a review of the literature of previous studies proposed to study the
seismic performance of retaining walls. It provides a discussion of previous analytical,
numerical, and experimental methods related to dynamic earth pressure and force-displacement
design methods of retaining walls. This chapter summarizes research carried out by highlighting

only some relevant work for this study.

1.2 Retaining Walls

Retaining walls are the structures that are built to retain vertical or nearly vertical earth banks
or any other materials (Murthy, 2002). Some of the earliest and fundamental principles of soil
mechanics were developed to allow the rational design of retaining walls as the problem of
retaining soil is one of the oldest in geotechnical engineering (Kramer, 1996). Retaining walls
are usually constructed of masonry or sheet piles and may retain water or earth and also the
earth retained may be natural or fill. The different types of retaining walls generally used are
shown in Figure 1.1. These walls have to withstand the lateral pressure either from earth or any
other materials on the face regardless of whatever may be the type of wall. The pressure due to
the soil acting on the wall tries to move the wall away from its position, hence the wall should

be designed in such a way that the wall remains stable in the place and do not move from its

position (Murthy, 2002).

Gravity wall Cantilever wall Cantilever wall Reinforced soil wall
I_I
I ' = [ e,
Basement wall Bridge abutment wall Anchored bulkhead Tieback wall

Figure 1. 1. Different types of retaining walls (Kramer, 1996).
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1.3 Methods for determining dynamic earth pressure

After the pioneering work of Mononobe and Matsuo (1929) and the analytical work of
Okabe (1926), researchers developed a variety of analytical and numerical models to predict
the dynamic behavior of retaining walls or performed various types of experiments to study the

mechanisms under the development of seismic earth pressures on retaining structures.

1.3.1 Analytical methods

Great work was performed using an analytical approach to estimate seismic earth pressure.
Retaining walls that can move sufficiently to develop minimum active and/or maximum passive
earth pressures are referred to as walls. The analytical approach can be divided into pseudo-

static and pseudo-dynamic methods.

1.3.2 Pseudo-static methods

The most common approach based on limit state methods is pseudo-static analysis in which
the effects of the seismic action are expressed by a constant horizontal and vertical acceleration
attached to the mass. The common form of pseudo-static analysis estimates the effects of
earthquakes by pseudo-static accelerations that produce inertial forces, the horizontal inertial
force (F5) and vertical inertial force (F,) act at the center of the failure mass, and the magnitudes

of these forces are:

F=2" W (L1)
g

R (1.2)
g

Where, Fj and F, are horizontal and vertical pseudo-static forces; ah and av are horizontal and
vertical pseudo-static accelerations; £ and &, are dimensionless horizontal and vertical pseudo-

static coefficients; W 1s weight of the failure mass.

Related to static limit equilibrium design methods, pseudo-static analyzes provide a safety
factor against failure. The vertical pseudo-static force has less effect on the safety factor, it can
reduce or increase (depending on the direction) both the driving force and the resistance force.
Thus, the influence of vertical acceleration 1s ignored in pseudo-static analysis (Kramer, 1996).
The most commonly used rigid plastic methods are the Mononobe-Okabe (1929) and
Steedman-Zeng (1990) methods.
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1.3.2.1 Mononobe-Okabe (M-O) method:

The “General Theory of Earth Pressure” proposed by Mononobe and Matsuo (1929), and Okabe
(1926). The experiments were carried out using a shake table. results of these experiments and
Okabe (1924) analysis led to the development of the Mononobe-Okabe method (M-O). The M-
O method is an extension of Coulomb’s static earth pressure theory to include the inertial forces
due to the horizontal and vertical backfill accelerations. In the M-O method, the total seismic
active and passive earth pressure are computed by applying pseudo-static acceleration forces
on the static forces acting on the soil wedge in both the horizontal and vertical directions. The
magnitude of these pseudo-static forces depends on the acceleration level in the horizontal and
vertical directions and the mass of the soil wedge.

Seismic active earth pressure: Figure 1.2 shows the forces acting on the dry cohesionless

backfill wedge. In addition to the static forces, the wedge 1s also under the effect of the pseudo-
static forces that are a function of the mass of the wedge and pseudo-static accelerations (a;=
kn x g and av=kixg). where, k; = ratio between the horizontal seismic acceleration (az) and
gravity acceleration (g), and & = ratio between the vertical seismic acceleration (a,) and gravity
acceleration (g). The total seismic active earth pressure force can be computed similarly to that

calculated by the Coulomb method:

Pu =5 Ko (1K) (13)

AE

where, y = unit weight of the soil, and A = height of the wall. The total (static plus dynamic)

earth pressure coefficient (K4£) is calculated using the Mononobe-Okabe equation given by:

(1+k,)cos’(p— 60— p) (1.4)

sin(d + @)sin(p—a — ) ’
cos(o+ 6+ f)cos(6 —a)

P, =05yH

cos’ @ cos fcos(5+ 0+ ff) {1 +\/

where, ¢ = peak soil friction angle, a = backfill surface slope angle from the horizontal, 6 =
interface friction angle at the back of the wall-soil (or back of the reinforced soil zone), f =
seismic inertial angle given by g = tan! (kn/I=ky), and ky and k&, are the peak horizontal and

vertical seismic coefficients, respectively.
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.f{‘, “"

Figure 1. 2. Forces acting on a soil wedgr for an case in the M-O analysis.

Seismic passive earth pressure: Figure 1.3 shows the forces acting on the dry cohesionless

backfill wedge. The total seismic passive earth pressure force can be computed by:

]. 2
5 ZEKPE)/H‘(I—-kV) (1.4)

where, Kpr = seismic passive earth pressure coefficient and it can be calculated by:

cosz(ga+6’—,8)
Ky =

(15)
cos’ @ cos fcos(5 —0+ ff) {1—\/

sin(o + @) sin(p+a — ) ’
cos(d —8+ B)cos(@—a)

Figure 1. 3. Forces acting on soil wedge for a passive case in the M-O analysis.

The M-O method gives the total active thrust acting on the wall and the point of application

of the thrust is assumed to be at H/3 above the base of the wall.
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1.3.2.2 Seed and Whitman (1970) (S-W) method:

Seed and Whitman (1970) proposed modifications to M-O theory based upon their
parametric study performed to evaluate the lateral earth thrust acting on the retaining wall. They
reported that the total seismic earth pressure, P4z, consisted of two parts: the static earth
pressure and interment of dynamic earth pressure due to seismic load, AP, as follows:

P, =P, +AP, (1.6)

K=k, +AK,, .

Where the changes in dynamic pressure are calculated as:

3

AK 522k (1.8)
1 , 3

APy =—yH' 2k, (1.9)

Seed and Whitman (1970) suggested that the resultant pressure due to both seismic and static
thrusts be moved from the initial value calculated by Mononobe (1929), based on the triangle
distribution assumed by Coulomb Theory, the point of application should be at 1/3 the height
of the wall above the base to a value approximately 0.6 of the total height of the wall above the
base of the retaining wall (refer Figure 1.4). Thus, the point of application of the total thrust

under seismic conditions is calculated using the subsequent equation:

PH

; +P, (0.6H) .
= P (1.10)
\_: 3 LD .:3'":{ N\
~ Pﬂ' F:l SBN h
L \ \§ N\ N ok
\\( A H
Qo u‘\\\ i3 \ l

kn
»0

. AP

P, (-’}) + B * (0.6H)

Fle

Figure 1.4. Forces considered in Seed-Whitman analysis.
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1.3.3 Pseudo-dynamic methods

In the pseudo-static approach, the progress over the previous approach is that the dynamic
nature of the seismic load 1s considered in an approximate and simple way. The phase difference
and the amplification effects within the mass of the soil are considered along with the

accelerations to the mertia.

1.3.3.1 Steedman-Zeng (1990) method:

Steedman and Zeng (1990) proposed an analytical solution to estimate the seismic active
earth pressure considering finite shear wave propagation within backfill soil. A fix-base vertical
cantilever wall of height A is assumed to support a cohesionless backfill material with definite
soil friction, as shown in Figure 1.5. The backfill soil is considered horizontal in the analysis.
The base of the backfill soil 1s assumed to be subject to harmonic horizontal acceleration of
amplitude a;. The horizontal seismic acceleration acting in the backfill soil is not constant, but
it is dependent on the time, frequency and phase difference in a shear wave (vs) propagating in
the vertical direction within the backfill soil (Bakr, 2018). The horizontal seismic acceleration

at any depth = below soil surface and time can be expressed as:

a,(z ,t)=a, sinw [I—H_d} kL1

v.'i

where, ¢ = time elapsed, @ = frequency of sinusoidal earthquake acceleration and v; shear wave
velocity. The planar rupture surface, inclined at an assumed angle a to the horizontal, is
considered in the analysis along with the seismic force and weight of failure block. The total

seismic active force on the wall , as shown below:

O, (D) cos(a—@)+W sin(a — )

Prlt)= 1.12

4z (1) cos(0+¢—) ( )
Aya, : :
0,(t) =——"—[27H cosw{ + A(sinw{ —sin ax)] (1.13)
Ar gtana
Where,
2= and ¢ =1-2 (1.14)
® Ve

The point of application of the total seismic active force is hd from the base of the wall and

given by,
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2n°H* coswl +2mAH sin ol + A% (cos ol —cos ar)
27 H cos @l + 7 (sin @l —sin ot )

hy=H— (1.15)
This point of application of the seismic force for very low frequency motions (small H/4, so the
backfill moves essentially in phase) is at his = H/3. For higher frequency motions, hd moves
pwards from base of the wall. This solution accounts for non uniformity of acceleration within

the soil mass but disregards dynamic amplification.

More recently, the Steedman and Zeng method was extended by Choudhury and Nimbalkar
(2005 and 2006), Ghosh (2010), and Bellezza et al. (2012). Choudhury and Nimbalkar (2005)
modified the pseudo-dynamic method by considering seismic vertical acceleration and
extended for determining seismic passive earth pressure. Choudhury and Nimbalkar (2006)
include vertical acceleration, showing the effects of various factors such as the shear resistance
angle and the soil-wall friction angle on the distribution of seismic active soil pressure. Ghosh
(2010) proposed a solution for the seismic active thrust acting on a battered retaining wall
supporting a dry, cohesionless, inclined backfill. Bellezza et al. (2012) applied the pseudo-
dynamic method to submerged backfill including both horizontal and vertical acceleration and

amplification effects.

The pseudo-dynamic method was also extended to passive case (Choudhury and Nimbalkar
2005; Ghosh 2007) and the same framework was utilized to estimate seismic displacements
(Choudhury and Nimbalkar 2007, 2008) and design retaining structures also with reinforced
backfill (Ahmad and Choudhury 2008a, b, 2009; Choudhury and Ahmad 2008; Nimbalkar and
Choudhury 2007; Nimbalkar et al. 2006).

K'Y

77.

an(t)

Figure 1. 5. Wall geometry con sidered in the Steedman and Zeng (1990) model.
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1.4 Numerical methods

Numerical modeling efforts have been applied to verify the seismic design methods in
practice and to provide new insights to the problem. A variety of numerical codes have been
used to analyze the problem of the retaining structure numerically like PLAXIS, ABAQUS,
FLAC, ANSYS, etc. Thus, it is necessary to discuss some remarkable numerical research on
the seismic response of retaining walls. This section discusses the numerical methods that have
been adopted to investigate the problem of earth seismic pressure.

Wood (1973) used finite elements to study the static and dynamic response of non-yielding
walls and the effects of bonded walls and non-uniform soil stiffness. Recently, a combination
of theoretical, numerical and experimental studies on engineering matters has been a dominant
research trend, as shown in Figure 1.6. He showed that the smooth and bonded wall contacts

had no significant influence on the frequency response or the earth pressure distributions.

Homogenous elastic soil
(Plane strain)

oy=0 u=0
E‘Y=O ix,':o

| u=0
Rigid | /_ .
| wall ] i =
N v Uniform body
force

N v=0

N

Y,V
3

L

Figure 1.6. Wood (1973) rigid problem.

Aggour and Brown (1973) performed 2D plane strain analyzes on a 20-ft-tall cantilever
retaining wall to investigate the effects of wall flexibility and backfill length and shape. On the
dynamic distribution of soil pressure. Siddharthan and Maragakis (1989) suggested a finite
element model to investigate the seismic response of a flexible cantilever retaining wall. They
used an incrementally elastic approach to model soil nonlinear hysteretic behavior and validated
their model by comparing its results to recorded responses from a dynamic centrifuge
experiment. This study investigated the effect of wall flexibility and relative density of soil on

the dynamic response of the wall.

Estimation of dynamic earth pressures on retaining structures p. 11



Chapter 1: Approaches fo estimating dynamic pressures on retaining walls

Green et al. (2002) studied the seismic response of a cantilever retaining wall with
cohesionless backfill using the finite difference code FLAC (ITASCA, 2001). For low intensity
ground accelerations, they calculated earth pressure coefficient comparable to the M-O method;

however, they suggested an upper bound closer to Wood’s (1973) solution (Candia, 2013).

Green et al. (2003) performed a series of nonlinear dynamic response analyzes of the
cantilever retaining wall-soil system using FLAC modeling. The M-O method was evaluated
for estimating the seismic earth pressure induced on the shank of the wall. The results of the
analysis show that the computed seismic earth pressures were in general agreement with those
predicted by the M-O method at low acceleration levels. However, when the acceleration level
increased, the computed seismic earth pressures were larger than those predicted by the M-O
method. Gazetas et al. (2004) used finite elements to model the seismic behavior on several
types of flexible restraint systems subjected to moderately strong excitations. They found that

the dynamic ground pressures are lower than M-O.

To investigate the characteristics of the lateral seismic soil pressure on building walls,
Ostadan (2005) performed a series of soil-structure interaction analyses using SASSI Using
the concept of a single degree-of-freedom, Ostadan (2005) proposed a simplified method to
predict maximum seismic soil pressures for building walls resting on firm foundation material.
This proposed method resulted in dynamic earth pressure profiles comparable to or larger than
the Wood (1973) solution, with the maximum earth pressure occurring at the top of the wall

(Al Atik and Sitar , 2008).

Pathmanathan (2007) conducted a series of finite element models to determine the seismic
earth pressure on a flexible diaphragm, a flexible cantilever wall and gravity wall. It was
concluded that the magnitude of the earth pressure resultant matched predictions by the M-O
method when the levels of shaking were small. When the levels of shaking were large, the
magnitude of the earth pressure resultant was lower than that predicted by the M-O method and
the point of application of the dynamic increment was around 0.6H as proposed by Seed &

Whitman (1970).

Green et al. (2008) used the same finite difference dynamic analysis to investigate the
structural and global stability of the cantilever retaining wall under seismic condition, as shown
in Figure 1.7. It was found that at very low levels of acceleration, the induced pressures were

in general agreement with those predicted by the MononobeOkabe method. However, as the
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accelerations increased to those expected in regions of moderate seismicity, the induced

pressures are larger than those predicted by the Mononobe-Okabe method.

Jung & Bobet (2008) performed a parametric study to assess the effects of the relative
stiffness of a retaining structure and the base constraint on the pressure distribution. They
conclude that the wall flexibility has a large effect on the magnitude and ddistribution of the
dynamic earth pressure, whereas the base rotation has a large effect on the magnitude of the

pressure and a modest effect on the distribution.

- 7.6 M —fe— 153 m ——

- i
E z ok
e
= F—E FHH
on éi i::l::i _l_
| 229m >

Figure 1.7. Finite difference model of a retaining wall proposed by Green et al. (2008).

Al Atik and Sitar (2008) developed a 2D nonlinear finite element model by using the
OpenSees program to evaluate the ability of a numerical model to simulate the seismic
response of retaining structures observed in centrifuge experiments. The finite element
model was developed to estimate seismic earth pressure behind two U-shaped cantilever
retaining walls, one flexible and one stiff. The result shows that the seismic earth
pressure depends on the magnitude and intensity of the shaking and flexibility of the
retaining wall. The distribution of dynamic earth pressure can be approximated to a
triangular shape. The dynamic earth pressure and inertial forces did not act in the same
phase. The seismic earth pressure can be neglected at acceleration levels below 0.4g.
The finite element analysis for denser soil backfill soil shows that the seismic earth
pressure reduced by about 23-30% (Bakr, 2018). Al Atik & Sitar (2010) used finite elements
and Mikola & Sitar (2013) used finite differences to model displacing and non-displacing walls
on a sand foundation with a sand backfill, and calibrated the models with centrifuge
experiments. Also, Candia & Sitar (2013) used finite differences to model the same walls as
Mikola & Sitar (2013) on a clay foundation with a clay backfill to investigate the effects of

cohesion on the dynamic earth pressure. These studies concluded that a numerical model can

Estimation of dynamic earth pressures on retaining structures p. 13



Chapter 1: Approaches fo estimating dynamic pressures on retaining walls

capture essential responses of a soil-wall system provided that a constitutive model calibrated

against experimental data is used for the soil model.

Geraili et al. (2016) presented a finite difference analysis by using FLAC 2D to simulate two
centrifuge experiments. The retaining walls were modelled to simulate the basement wall type
and cantilever retaining wall type to support dry medium-dense sand backfill. The data show
that seismic earth pressure increments increase with depth consistent with the static earth
pressure distribution and consistent with that implicit in the M-O solution which forms the

upper bound for the experimental results.

Bakr and Ahmad (2018) presented a finite element PLAXIS 2D model to investigate the
relationship between the seismic active earth pressure and the movement of a rigid retaining
gravity wall. They observed that the seismic active earth pressure is independent of the seismic
input motion and hence does not depend upon the wall movement during an earthquake, while
on the contrary the seismic passive earth pressure is significantly affected by it. Comparison of
the results of the present study with the Mononobe-Okabe and pseudo-dynamic methods (see

Figure 1.8) clearly highlights that the latter overestimates the seismic earth pressure.
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3.8s, (c) seismic passive earth pressure at t =4.5s, and (d) seismic residual earth pressure at t

=30 s (Bakr and Ahmad, 2018).
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After that, Bakr and Ahmad (2019) used the same finite difference dynamic analysis to
investigate the deformation mechanism of the cantilever-type retaining wall under the effect of
seismic loading. A new and robust approach is proposed to compute the seismic earth pressure
behind the stem and along a virtual plane passing the heel of the wall, as shown in Figure 1.9.
The results show that under different earthquake characteristics and wall geometries, the

seismic earth pressure forces may be out of phase, leading to different seismic responses of the

wall.
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Figure. 1.9. Typical cantilever-type retaining wall—soil system (Bakr and Ahmad (2019).

Salem et al. (2020) performed a series of twodimensional finite element methods for
analyzing the seismic response of cantilever retaining walls. The sensibility of the system
response to the soil constitutive model was studied. A Rigid perfectly plastic (M-C) and an
advanced nonlinear elastoplastic model (HSSMALL) were used. Results of the analysis
quantified seismic earth pressure in terms of magnitude and point of application. A relationship
has also been proposed to relate the horizontal seismic inertial coefficient with a representative

lateral seismic active earth pressure coefficient.
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1.5 Experimental methods

Two types of experimental tests have been used for evaluating the dynamic response of
retaining walls the first type is performed under the shaking table experiments (1g model test)
and dynamic centrifuge experiments of the second type. They are generally considered a very
useful method to identify important phenomena and verify numerical and analytical models.
The focus of this review is to identify the previous experimental studies conducted using a

force-based design method.

1.5.1 Shaking table tests

Following the great Kwanto earthquake of 1923, Mononobe and Matsuo (1929) conducted
experimental shaking table studies of seismic earth pressures acting on retaining walls. The
shaking table experiment consisted of a rigid base box mounted on rails and driven by a conical
drum winch connected through a crankshaft to the base of the box (Figure 1.10). The seismic
loads measured in the experiments were in agreement with Okabe’s (1926) analytical work.
Also, verify the analytical method proposed by Okabe (1926).

The results of various later experimental programs aimed at determining the dynamic
pressures on retaining walls have been reported in the literature. The results from the 1-g
shaking table experiments were reported by Matsuo (1941), Matsuo and Ohara (1960), Bolton
and Steedman (1982), Steedman (1984), Bolton and Steedman (1985) and Ishibashi and Fang
(1987). Generally, all of these experiments report seismic loads similar to the M-O method, but
the general observation was that the earth pressure distribution was non-linear and the resultant

was applied at a point much higher than H/3.
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Figure 1.10. Shaking table arrangement used by Mononobe and Matsuo (1929).
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Watanabe et al. (2003) and Watanabe et al. (2011) developed a three part gravity wall
consisting of two outer sections and a central section of plates attached to load cells to interpret
the earth pressure distribution along the entire depth of the wall. The backfill was sand and the
foundation soil was either sand or a thin layer of gravel (to force sliding failure before
overturning failure). The inertia loads from the plates were explicitly measured and accounted
for in the analysis of the load cell data when computing the dynamic earth pressure resultant.
Based on the results of the experiments, an analysis procedure was proposed wherein a critical
yield acceleration was computed for stability (either sliding or overturning) using a pseudo-
static analysis. This yield acceleration was then used as an input for the M-O equation to
calculate a maximum total seismic load. Higher total seismic loads due to higher accelerations
would be “capped” at this maximum value, essentially prescribing design loads based on the

stability of the wall instead of the input motion characteristics (Wagner (2016)).

Kim et al (2004) evaluated the force components acting on gravity type quay wall during
earthquakes by using analytical and experimental studies. Modified Mononobe-Okabe method
and Westeergard method as analytical studies are used to define dynamic forces and small and
large scale shaking table tests as experimental studies are performed to compare the results.
They tried to obtain the forces with low and high excess pore pressure ratio and they found that
the modified Mononobe-Okabe method could not simulate the phase relationship between the

wall inertia force and the dynamic thrust.

Kloukinas et al. (2015) conducted a shaking table experiment and theoretical analyzes to
investigate the seismic response of a cantilever retaining wall conducted at the University of
Bristol (EERC-EQUALS). The shaking table experiment was conducted by scaling the
retaining wall model and assuming the retaining wall has a compliant base under different
geometries of the wall and input shaking, as shown in Figure 1.11. The backfill and foundation
soil was considered to be dry silica sand. The shaking table results show that the rotation of the

retaining wall is more sensitive to the strong seismic shaking than the sliding mechanism.
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Figure 1.11. Geometry and instrumentation of the shaking table model used by Kloukinas et
al. (2015).

1.5.2 Centrifuge tests

Ortiz et al. (1983) performed a centrifuge test to investigate the seismic response of a
cantilever retaining wall supporting medium-dense sand, as shown in Figure 1.12. The results
of the tests show that the total seismic pressure is in reasonable agreement with those computed
by the M-O method but the bending moment can be different. The seismic earth pressure
distribution along the height of the wall is nonlinear.

Steedman (1984) conducted centrifuge experiments of micro concrete cantilever walls
retaining a dry cohesion less backfill. Sinusoidal excitation with amplitude up to 0.22 g was
applied, and the dynamic pressure resultant was observed to act at one-third of the wall height
in agreement with M-O predictions. They also suggested that the dynamic earth pressures act
at H/3 and that the wall inertial forces must be taken into account in addition to M-O earth

Pressures.

Nakamura (2006) performed a series of dynamic centrifuge experiments to study the seismic
behavior of gravity retaining walls in order to assess the M-O method (Figure 1.13). Centrifuge
acceleration of 30 g was applied, horizontal shaking was performed using different types of
base earthquake acceleration. He observed that when the walls are excited in the active direction
the ground motion was transmitted instantly to the wall and then to the backfill. Moreover, the

distribution of earth pressures was nonlinear and changed with time.
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o
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Figure 1.13. Nakamura (2006) test configuration.

Al Atik and Sitar (2008) conducted two sets of dynamic centrifuge tests to estimate the
magnitude and distribution of seismic earth pressure induced behind two U-shaped cantilever-
retaining structures, one flexible and one stiff, which were constructed to support dry sand
backfill material. The result shows that the seismic earth pressure depends on the magnitude
and intensity of the shaking and flexibility of the retaining wall. The distribution of dynamic

earth pressure can be approximated to a triangular shape. The dynamic earth pressure and
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inertial forces did not act in the same phase. The seismic earth pressure can be neglected at
acceleration levels below 0.4g (Bakr, 2018). After that, Al Atik and Sitar (2010) and Mikola
and Sitar (2013) (see Figure 1.14), used the centrifuge to model the behavior of fixed base U-
shaped walls, basement walls and freestanding cantilever walls supported in medium dense
sand. The experiments used a flexible shear beam container that deforms horizontally with the
soil. They concluded that the M-O method was conservative, especially at high accelerations
above 0.4g. They also observed that earth the seismic pressures increase approximately linear
with depth, and that the Seed and Whitman method (Seed and Whitman, 1970) with the
resultant applied at 0.33H is a reasonable upper bound to the total seismic earth pressure

increment.
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Figure 1.14. Centrifuge experiment set up of Mikola and Sitar (2013).

Mikola et al. (2016) recorded distribution of the seismic earth pressures on cantilever
retaining structures using centrifuge tests. Jo et al. (2017) carried out two dynamic centrifuge
tests were designed and conducted to evaluate the magnitude and distribution of the dynamic
earth pressure and the inertial effect of the wall itself on an inverted, T-shape, stiff retaining
wall with a dry medium sand backfill. Results from two sets of dynamic centrifuge experiments
show that the dynamic earth pressure has a triangular shape for critical states during the
earthquake and that the mertial force of the wall significantly influences the structural moment.
Moreover, the deformation pattern, the rigidity of the retaining wall, and the frequency contents
of the input motions cause the phase difference between the wall and the soil. Correspondingly,

this phase difference influences the dynamic earth pressure.
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1.6 Displacement-based methods

A retaining structure subjected to earthquake motion will vibrate with the backfill soil and
the wall can easily move from the original position due to an earthquake. An effort has been
made to suggest design methods for predict the permanent retaining wall displacement and
design a retaining wall based on the allowable displacement. This design technique is called the
‘displacement-based method’. Several analytical, numerical and experimental methods have

been proposed in the literature to estimate the permanent displacement of the retaining wall.

1.6.1 Analytical methods
Several analytical methods have proposed to estimate the displacement-based methods are
generally developed for retaining walls and are mainly based on different concepts such as one

block analysis concept.

1.6.1.1 Richards-Elms method (1979):

The model proposed by Richards and Elms (1979) is based on the basic Newmark’s model,
developed originally for evaluation of seismic slope stability, modified for the design of gravity
retaining walls, as shown in Figure 1.15. Richards and Elms recommended that the dynamic

active earth force calculated using Mononobe-Okabe method, and it can be expressed as:
(1+k,)cos’(p—6— )

cos” @cos fcos(d + 6 + ﬂ){l +Jsin(5+ pjsinfp—a—f)
cos(6+ 8+ B)cos(6—a)

P, =05yH’ (1.16)

The level of acceleration that 1s required to cause the wall to slide on its base is the yield

acceleration, and it can be expressed as:

B cos(5+ﬁ)—Pﬂsm(5+ﬁ)}g (1.17)

a,= [tangzﬁb - =

where, ya = yield acceleration, W = weight of the wall, and Pae = seismic active earth pressure
and 1s calculated using the M-O method as recommended by Richards and Elms. They also

proposed the following formula to calculate permanent block displacement:

2 3
oo = 0,087 meT mes (1.18)

d'J__

where vmax = peak ground velocity, ame = peak ground acceleration, and a, the yield

acceleration for the wall-backfill system.
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Figure 1.15. Forces acting on a wall-soil system proposed by Richards and Elms (1979).

Similar to sliding block methods, Nadim and Whitman (1983), Steedman (1984), Whitman
and Seed (1984) proposed a procedure using a one-block method to compute the displacement
of the retaining wall. Zarrabi (1979) improved this method by taking into account vertical
acceleration: this normally renders a slightly lower displacement value than the R-E model.
Zeng and Steedman (2000) established a method for a rotational displacement of gravity
retaining walls. Corigliano et al. (2011) have proposed a novel procedure to improve the
applicability of the Newmark method in computing the permanent displacement of gravity
earth-retaining structures induced by earthquake loading introducing the effects of the double-
support seismic excitation in the foundation layer and backfill retained soil. The results
predicted from the modified Newmark procedure show that the standard Newmark method

underestimates residual displacement (Bakr, 2018).

1.6.2 Numerical methods

Several numerical methods have been proposed to estimate the seismic response of retaining
structures using the displacement-based design method. A variety of numerical codes has been
used to analyze the problem of the retaining structure. The main results of the numerical models
based on the displacement-based design method will be discussed as follows.

Madabhushi and Zeng (1998) carried finite element analysis to investigate the seismic
response of a rigid retaining wall under earthquake loading. Special slip elements were used at
the interface between the quay wall and soil body to improve the numerical predictions. They
found that the numerical modeling results agreed quite well with the experimental data for the

dry and saturated tests.
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Moghadam et al. (2009) conducted a finite difference analysis to investigate the seismic
response of caisson quay walls under harmonic base motions are used with constant frequency
and amplitude. The mitigation results show that the deformable panels can significantly
decrease the seaward movement, settlement, and inclination of a wall as well as the total
pressure recorded behind the caisson wall. Bhattacharjee and Krishna (2009) proposed that a
gravity retaining wall be modeled using FLAC 3D, to study the dynamically induced
displacement, as shown in Figure 1.16. The results obtained from the numerical model were
compared with the results obtained according to the analytical model of Richard and Elms
(1979). Notice that the displacement of the model increase with acceleration and acceleration

decreases with an increase in damping of the material.

Backfill Soil
Retaining wall
| 3H
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o ™
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Figure 1.16. Numerical grids of retaining wall model proposed by Bhattacharjee and
Krishna (2009).

Tiznado and Rodriguez-Roa (2011) carried out a series of two-dimension finite element
analyses by using PLAXIS software to investigate the seismic behavior of a gravity retaining
wall. The results showed that seismic amplification effects in the soil foundation and backfill

have a significant role in determining the permanent displacements of these walls.

Ibrahim (2015) conducted finite-element analyses were carried out to study the seismic
behavior of gravity retaining walls on normally consolidated granular soils. It is also found that
seismic wall displacement is directly proportional with the positive angle of inclination of the

back surface of the wall, soil flexibility, and with the earthquake maximum ground acceleration.

Jadhav and Prashant (2020) carried out a series of two-dimension finite element analyses

of cantilever retaining wall with different locations of the shear key has been performed in
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Chapter 2

Scrap tire-derived and geosynthetic geomaterials for geoengineering
applications

2.1 Introduction

In the construction of a retaining wall, the backfill material has a significant impact on the
behavior and proper functioning of the structure. For this, innovation in technology requires
judicious consideration of cost-saving and the mitigation capability of materials that do not affect
the performance of retaining walls under static and seismic loading conditions. The materials used
in these techniques are scrap tire-derived (STD) geomaterials and geosynthetics for retaining walls.
The literature review is presented in two parts: a) Geoengineering applications with the use of scrap
tire-derived recycled materials. b) back-to-back geosynthetic reinforced soil retaining walls. This

chapter presents the literature review according to the general objective of the study.

2.2 Geoengineering applications with the use of scrap tire-derived recycled materials

The rapid expansion of the transportation industry around the world has produced a huge amount
of waste tires generated yearly. The annual production rate of scrap tires has been reported to be
200-300 million in the United States, 104 million in Japan, 112 million in India. Most of these used
tires are stored, dumped in landfills, or thrown away illegally, creating serious fire, health, and
environmental hazards. The making safe disposal of this waste material a dire necessity and
extreme challenge, thus, alternative approaches to using large quantities of scrap tires have

captured the attention of the engineering community.

The use of scrap tires in civil engineering projects is an encouraging method to recycle this
waste. Scrap tires can be used in geotechnical engineering applications in lieu of soils as namely
lightweight fill material. good insulation properties, high vibration absorption capacity. good long-
term durability, and high elastic compressibility. Scrap tires are shredded for use in these
applications,used alone, or mixed with soil. The grain size and distribution of shredded tires may
differ. These materials are called geomaterials scrap tire derived (STD). However, American

Society for Testing and Materials ASTM D6270-08 (2012) (ASTM 2008) and Yasuhara (2007)
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suggests using the terms based on the particle sizes: granulated rubber (maximum size of 12 mm),
tire chips (between 12 and 50 mm) and tire shred (between 50 and 305 mm) as depicted in Figure
2.1.

Many researchers have explored the use of waste tires in various civil engineering applications
(e.g., Ahmed and Lovell 1993; Humphrey and Sandford 1993; Tweedie et al. 1998; Ghazavi and
Sakhi 2005; Balunaini et al. 2009; Xiao et al. 2012; Reddy and Krishna 2015; Shrestha and
Ravichandran 2018; Reddy and Krishna 2019; Li et al. 2020; etc.).

Scrap tires

Granulated rubber Tire chips Tire shreds
(maximum size of 12mm) (between 12 and 50 mm)  (between 50 and 305 mm)

Figure 2. 1. Scrap tire derived geomaterials (Modified afier Hazarika and Yasuhara (2007)).

2.2.1 Use of (STD) in retaining wall backfill

Cecich et al. (1996) used tire chips alone as a backfill in retaining structures and obtained high
factors of safety against sliding and overturning compared to that when sand was used as backfill.
Tweedie et al. (1998) constructed and instrumented a full scale 4.88 m high retaining wall with tire

shreds as backfill. A cross-section of the retaining wall i1s shown in Figure 2.2. They observed that
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the lateral pressures with tire shreds as backfill were reduced by about 45% and 35% compared to

conventional granular backfill at at-rest and active conditions.
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Figure 2. 2. Longitudinal cross section of retaining wall at umiversity of maine proposed by

Tweedie et al. (1998).

Humphrey et al. (1997) constructed a 300 m long abutment using the STD geological materials
for a bridge in Tubham. Four types of instruments were installed to monitor lateral earth pressure
against the abutment wall (Figure 2.3). It was observed that the total compression of the tire shred
fill was 520 mm, which was 13% greater than the 460 mm that was anticipated based on laboratory
compression ftests. Xiao et al. (2012) used shake table experments to evaluate the seismic
efficiency of geogrid-stabilized retaining walls constructed with Tire Derived Aggregate (TDA)
(Figure 2.4), noted that wall displacements, accelerations, and dynamic backfill stresses were

reduced noticeably by the use of TDA compared to that of conventional sand backfill.
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Hazarika et al. (2008) conducted induced model studies using a mixture of tire chips and sand
as backfill for retaining walls in order to study the effect of sand and sand-tire aggregate mixtures
on the seismic behavior of caisson walls. They observed that the use of sand mixed with tire chips
reduces soil liquefaction. The additional dynamic ground pressures on soil structures have been

reduced by about 60% as shown in Figure 2.5.
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Figure 2. 5. Incremental seismic earth pressure proposed by Hazarika et al. (2008).

Reddy and Krishna (2015), and Dammala et al. (2015) investigated the static and the seismic
behavior of retaining wall backfilled with sand-tire aggregate mixtures (STC) as backfill matenals.
Reddy and Krishna (2019) conducted a shaking table experiment to investigate the seismic
response of retaining wall models backfilled with different types of sand—tire chips (STC) mixtures.
The STC mixtures with different tire chip proportions, such as STC10, STC20, STC30, STC40,
STCS50, and STCO (control test) were considered as backfill materials, as shown in Figure 2.6.
They concluded that the tyre chips content in sand, up to 50% to 65% reduction in wall
displacements and 70% to 80% lowering of dynamic earth pressures were observed compared with

the control test (STCO0) conventional backfill model wall.

Based on full-scale shake table testing, Ahn and Cheng (2014) reported that TDA backfill
experienced significant shear deformation; however, the dynamic earth pressures exerted on the

wall due to TDA backfill were considerably less than those compared to soil backfill.
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Numerical studies and field tests of concrete culverts backfilled with tire chips and expanded
polystyrene by Lee and Roh (2007) showed that the use of tire combination resulted in a lower
dynamic earth pressure due to its lower modulus of elasticity and its higher damping ratio can
efficiently reduce the dynamic earth pressure induced by the compaction load due to the effects of
wall movement and enhance the characteristics of compacted soils compared to expanded
polystyrene. I.ee and Roh (2007) compared the performance of tire chips and expanded polystyrene
(EPS) boards as cushions materials in reducing the dynamic earth pressures acting on the culvert
walls. Based on numerical modeling and field studies, they showed that the dynamic earth pressures
on the culvert reduced by 70% due to cushion made up of tire chips compared to a reduction of
23% for the case of EPS board. This 1s because of low modulus of elasticity and high damping

ratio of tire chips compared to those of EPS material.

Ravichandran and Huggins (2014), and Shrestha et al. (2016) performed a numerical
mvestigation on the seismic behavior of cantilever retaining walls backfilled with tire shreds and
clean sand using a finite element software (PLAXIS 2D). Figure 2.7 shows the PLAXIS model
with mesh. The studies showed a significant decrease in the maximum bending moments, shear
forces, and displacements of the walls when the tire aggregate backfill was used. The maximum
bending moments and shear forces, for sand and tire chips backfills were compared in Figure 2.8.
Sand backfill had undergone maximum bending moments and shear forces of 1105.4 kNm/m, and
421.78 kNm/m while that of tire chips was 790.93 kNm/m, and 224.01 kN/m. It was reported that
the reduction in maximum bending moments and shear forces was due to the absorption of
acceleration by the tire chips. After, Shrestha and Ravichandran (2018) studied the static and
dynamic behaviors of a retaining wall backfilled with tire aggregate using finite element
simulations. They found that the geotechnical designs and computer simulations show significant
reductions m structural demand in terms of maximum shear force and bending moment, and
construction cost in terms of excavation behind the wall, material required for constructing a
retaining wall, and the volume of backfill material when tire aggregate 1s used as the backfill. The
results of a parametric study indicate that the economic advantage is significant even with the

highest and the lowest values of the key properties and the parameters of input motion.
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Figure 2. 7. Simulation domain with sample finite element mesh.
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Figure 2. 8. Comparison of computed maximum shear force and bending moment.

Djadouni et al (2019) studied a cantilever retaining wall (CRW) with different STC mixtures,
as lightweight backfill materials were evaluated and analyzed numerically using the finite element
software, RS2. It was found that cases with STCO and cases with STC100, as presented in Figures
2.9, the use of sand alone or pure tire chips as backfill materials influences the response of the wall
significantly resulting in a complex interaction between wall and backfill. In both cases, the vertical
joint section was turned red indicating that this entire section of the joint has slipped, and this is

the opposite of what happened in the cases with sand—tire chips mixture in which a small failure

p35
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was observed; this suggests that the STC mixture is successfully preventing slip/separation from

occurring.

(a). Case with STCO mixture backfill (sand alone). (b). Case with STC16.5 mixture backfill.

(c). Case with STC29.16 mixture backfill.

Figure 2. 9. Total displacements of the soil and the retaining wall for each case proposed by
Djadouni et al (2019).
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2.2.2 Compressible Inclusion (Cushion) Behind Retaining

The use of 1.00 m wide tire shreds behind the rigid frame structure has been reported by
Humphrey et al. (1997). slope indicators, soil strain meters, pressure cells, and temperature sensors
were installed to monitor the lateral pressures of the earth on the wall, as well as the temperature
and movement inside the tire shred area (Figure 2.10). They observed that the presence of tire

shreds in the backfill reduced the pressure to less than half the pressure with the soil backfill.
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Figure 2. 10. Rigid frame structure with three-foot wide vertical strip of tire shreds proposed by
Humphrey et al. (1997).

Field tests were carried out by Hazarika et al. (2004) using a 1.5 m high rigid retaining wall
against which the variation of static at rest pressure was measured for a week (refer to Figure 2.11).
Figure 2.12 shows the results of the earth pressure distribution tests for two cases; conventional
retaining wall and retaining wall with compressible tire shreds cushion (thickness = 30 cm). It can
be observed from the figure that the soil pressure is very reduced by using tire chips as a
compressible inclusion. Kaneda et al. (2008) performed a numerical investigation onretaining wall
by using compressible tire chips between the wall and backfill. The numerical simulation results
show that the static at-rest earth pressure against the retaining wall could be brought to a quasi-

active state by using compressible inclusion behind the wall.
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Shaking table tests have been conducted by Hazarika et al (2008) on gravity-type model caisson
shielded by cushioning tire chips. The caisson model was made 700 mm high and the compressible
thickness layer was considered 300 mm using tire slats average size of tire chips 20 mim as shown
in Figure. 2.13. The soil structure system was subjected to three different seismic loads and
measured the respective responses. The results showed that the earthquake load against the caisson
quay wall was reduced using the cushion. However, the presence of the tire chip cushion

considerably reduced the displacement of the caisson quay wall.
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Figure 2. 11. Field-tests: (a) Sand alone, (b) Tire chips as compressible inclusion (after Hazarika

et al. 2004).
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Figure 2. 12. Reduction of earth pressure (after Hazarika et al. 2004).
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Reddy and Krishna (2017) investigated using tire chips as a compressible inclusion between
wall and backfill under different dynamic excitations. A diagram of the model wall with a
compressible inclusion is shown in Figure 2.14. reported using their experimental investigation
that the horizontal displacements and lateral earth pressures were reduced to about 70-80%,

compared to those without compressible inclusion.
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Figure 2. 13. Cross section of caisson model proposed by Hazarika et al (2008).
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Figure 2. 14. Schematic diagram of the model wall proposed by Reddy and Krishna (2017).
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2.3 Back-to-back geosynthetic reinforced soil retaining walls

Bak-to-back mechanically stabilized earth (BBMSE) walls are widely used in various projects.
In the Federal Highway Administration (FHWA) design guidelines on reinforced soil walls (Berg
et al. (2009)), recommendations on the lateral earth pressures against BBMSE walls under static
loading were highlighted. However, numerical model studies on the seismic behavior of BBMSE

are very limited or nonexistent.

2.31 Back-to-back retaining walls
Back-to-back walls are often used for highway ramps. For walls which are built back-to-back
as shown in Figure 2.15, a modified value of lateral pressure influences the external stability

calculations. As indicated in Figure 2.15, two cases can be considered and are discussed below.

Case I: For Case I, the overall base width is large enough so that each wall behaves and can be
designed independently. In particular, there 1s no overlapping of the remforcements. Theoretically,
if the distance, D, between the two walls is shorter than D = H; tan (45° - ¢°/2) where H; 1s the
taller of the parallel walls, then the active wedges at the back of each wall cannot fully spread out

and the active thrust 1s reduced. However, for design it is assumed that for values of D > H; tan

(45°- ¢°/2) = 0.5H; then full active thrust is mobilized (Berg et al. (2009)).

Case II: For Case IL there is an overlapping of the reinforcements such that the two walls interact.
When the overlap, Lg, 1s greater than 0.3/, where H> is the shorter of the parallel walls, no active
earth thrust from the backfill needs to be considered for external stability calculations.
For mtermediate geometries between Case I and Case II, the active earth thrust may be linearly

mterpolated from the full active case to zero (Berg et al. (2009)).

For Case II geometries with overlaps (Lz) greater than 0.3H>, the following guidelines should be

used:

e [LI1/HI > 0.6 where L; and H; 1s the length of the reinforcement and height, respectively, of
the taller wall.

e [ H>> 0.6 where L, and H- 1is the length of the reinforcement and height, respectively of
the shorter wall.

e Wp/H;> 1.1 where WD is the base width as shown in Figure 2.15 and A is the height of the

taller wall.
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The above guidelines are valid for static load conditions or in areas where the seismic horizontal
accelerations at the foundation level are less than 0.05g (Berg et al. (2009)). Back-to-back walls in
seismically active areas should be designed based on a more detailed analysis that includes effects

of potential non-uniform distribution of seismic and inertial forces within the wall.
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Figure 2. 15. Back-to-back MSE walls.

Ling et al. (2003) had simulated an overpass in Turkey, using FLAC. Tensions in reinforcements
and lateral displacements were computed for seismic loading. However, the model was basic which
may simulate the exact field conditions. Hardianto and Truong (2010) had studied the effect of the
aspect ratio of back-to-back walls on tensile forces under seismic loading. Lower aspect ratios were
also analyzed using FLAC 6.00. However, the study was elementary as it did not consider the

staged constriction and compaction stresses (Mouli and Umashankar (2019)).

Han and Leshchisnskv (2010) studied back-to-back MSE retaining walls using FLAC and
ReSSA (limit-equilibrium-method based software). The effects of the ratio of the distance between
the walls to the height of the walls (W/H ratio) and quality of backfill on the critical failure surface
required the tensile strength of reinforcement, and lateral pressures at the end of the reinforced zone
were analyzed. The analysis was performed at limit state condition using FLAC. Limit equilibrium
analysis was performed for only single walls and results were comparerd with the back-to-back
walls. Walls of 6-m height were simulated. The angle of shearing resistance of the backfill (¢) of
25° and 34° and W/H ratio of 1.4, 2.0, and 3.0 were considered for the study. The critical failure
surface was dictated to pass through the toe of the walls by providing the weaker bond strength at

the bottom blocks of the facing. The shape and location of critical failure surfaces were analyzed
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for various W/H ratios and various angle of shearing resistance of the backfill. The critical failure
surface of one wall interferes into the reinforced zone of the other wall in low W/H ratios. Figure
2.16 shows the interaction of critical failure surfaces in W/H = 1.4 and 2.0 for ¢ = 25° and 34°. It
was observed that the interference of failure extended to the greater depths as the angle of shearing
resistance was decreased. In W/H = 1.4, and ¢ = 25°. the interaction between the failure surfaces
extends up to about half the depth of the walls. As per FHV VA guidelines, for ¢= 34°, walls with
W/H = 2.0 should behave independently. However, the interaction of critical slip surfaces was
observed for this configuration. In W/H = 1.4, lateral force at the end of the reinforcement zone
reduced to about 70% mid 85% of theoretical active Kankine lateral force in ¢ = 25°. and ¢ = 34°
respectively. The percentage reduction of lateral force with W\H ratio is more significant in ¢ =
25° than ¢ = 34°. The distribution of maximum tension in reinforcements with the depth of the wall
in the unconnected walls was reported as linearly increasing up to a certain depth and then constant
till the bottom of the wall. However, in connected walls maximum tension was constant all through
the depth of the wall. A limit state, connected walls mobilize lesser tensions than that of
unconnected walls. The value of maximum tension in reinforcement increases with a decrease in
the angle of shearing resistance of the backfill. The maximum reinforcement tensions in walls with
¢ =25° were 67% and 100% higher than those of walls with ¢ = 34° in connected and unconnected
walls respectively. However, the model had not simulated staged construction and compaction

stresses (Mouli and Umashankar (2019)).

Katkar and Viswanadham (2011) analyzed back-to-back walls using finite element. software-
PLAXIS 2D. the study aimed in examining the effect of distance between the ends of the
reinforcements of the walls (D) and angle of shearing resistance of backfill on the lateral
displacements and maximum tensions in the remforcements. A wall of 6-m height was considered.
Four cases were considered with different D/H ratios ranging from 0 to 1.6. The connection of
reinforcements was also studied. Lateral displacements and the maximum tension in the
reinforcements were studied. Lateral displacements reduced drastically in the case of connected
reinforcements. However, the maximum tension in the remforcement in the connected case was
found to be higher than that for the unconnected case. However, the model was a basic model

which did not consider staged construction (Mouli and Umashankar (2019)).
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Figure 2. 16. Influence of angle of shearing resistance of backfill on ceitical failure surface in

back-to-back walls in (a) W/H =1.4, and (b) W/H=2.
Anubhav and Basudhar (2011) studied the response of footing placed on a double-faced, wrap-

around reinforced walls using numerical modeling in PLAXIS 2D. Authors have presented the
influence of number of reinforcing layers and overlap length on load-deformation behavior, the
ultimate bearing capacity of footing, and lateral deformations. The numerical results were validated
using experimental data. Experiments were conducted in a small-scale tank. The numerical model

could predict the experimental data with minimum error. However, the numerical and experimental
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model was simulated a wall of height 0.5m and the results might be affected with full-scale wall

(Mouli and Umashankar (2019)).

Katkar and Viswanadham (2012) conducted centrifuge model tests to study the behavior of
single vertical wall, and back-to-back geogrid reinforced walls constructed using the wrap-around
technique. The effect of reinforcement connection in the middle of the wall was also analyzed. In
this study, three cases were considered. Single reinforced wall, back-to-back walls with
unconnected reinforcement, and back-to-back walls with reinforcement connected in the middle
were considered. Lateral deformations, strains in the reinforcements, and surface settlements were
studied. Loading was given from 10g to 60g. It was found that the connected walls had lesser lateral
deformations than those of unconnected walls. However, the peak strains in the reinforcements

were highest in the connected walls at 45g (Mouli and Umashankar (2019)).

El-Sherbiny et al. (2013) used the finite element method (PLAXIS) to simulate a back-to-back
walls model. Effect of distance between the walls on the lateral pressures, lateral displacements,
and the maximum tensions in the reinforcement was studied under working-stress condition. The
formation of the critical slip surface and overall factor of safety of the back-to-back walls were
analyzed under limit-state condition. It was found that as the distance between the walls decreases
from 0.5H to zero, the lateral earth pressures decreases by approximately 25% and the maximum
tensile force in the reinforcement reduces by 5% -10%. The length of reinforcement was also varied
to mvestigate the effect in reducing the length to less than 0.7H. The reduction in the length of
reinforcement mcreased the horizontal deformation and the maximum tensile forces. However, the
study did not mention about the interfaces used and the study did not consider the compaction

stresses (Mouli and Umashankar (2019)).

Benmebarek et al. (2016) modeled back-to-back walls incorporating staged construction using
Finite Element Program (PLAXIS). Critical failure surfaces, lateral pressures at the end of the
reinforcement zone, lateral displacements and maximum tension profile along the height of the
wall were mvestigated for various W/H ratios. The study concluded that iteraction between the
walls exist even when the W/H ratio is more than two for an internal angle of shearing resistance
of backfill of 35° (as per FHWA guidelines, both the walls should behave independently for W/H
> = 1.93). W/H ratio had a significant mfluence on the lateral pressures at the end of the

reinforcement zone. Influence of cohesion in the backfill material was also analyzed. A small
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reduction m the lateral pressures was observed Djabri and Benmebarek (2016) analyzed back-to-
back walls using limit state approach. Effect of W/H ratio on the lateral carth pressures, maximum
tension profiles and critical failure surface was dealt. Djabri and Benmebarek (2016) analyzed W/H
ratio effect on lateral displacements and the maximum tension line. In both the above studies, the
effect of reinforcement stiffness was not considered. Model did not consider the surcharge loads

also (Mouli and Umashankar (2019)).

Balunaimi et al. (2017) studied the effect of compaction and surcharge loads on both connected
and unconnected BBMSE walls. Benmebarek and Djabri (2017a) investigated the effect of overlap
length in the back-to-back walls using PL. AXIS (refer to Figure 2.17). The influence of overlapping
length on the factor of safety, lateral displacements, maximum tension in the reinforcement,
potential failure surface for internal stability was studied. It 1s found that the factor of safety was
increasing by 50% with an increase in overlapping length from 0.1Lz/H to 0.4Lz/H. Lateral
displacements decreased by more than 20% when overlapping length increases. Reinforcement
tension had minimal effect with the overlap length. The effect of the height of the walls was also
studied. However, the interface between the facing panel was simulated as hinges which might not

simulate the exact interaction of the facing panels.

Benmebarek and Djabri (2017b) investigated for simple cyclic harmonic loading i back-to-
back MSE walls. It concluded that the lateral deformations and maximum tensile force in the
reinforcements were affected by the variation of W/H ratios in this loading condition. When the
W/H ratio is decreased, the amplitude displacement decreases drastically. The stability of back-to-
back walls significantly depended on peak ground acceleration and frequency of loading. The study
concluded that lateral displacements and maximum reinforcement tension forces were not linearly
related to the characteristics of loading. However, a detailed study in back-to-back walls with
respect to the compaction stresses and surcharge loads was required. The reinforcement stiffness

effect was not studied in any of the above studies (Mouli and Umashankar (2019)).
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Figure 2. 17. The geometry of the basic model proposed by Benmebarek and Djabri (2017a).

Djabri and Benmebarek (2020) used the finite element method PLAXIS 2D to simulate a back-
to-back (BBMSEWSs) walls model. The effect of backfill type, wall facing type, reinforcement
stiffness, and distance between opposing walls was studied under the static and dynamic response
of an idealized 6 m high BBMSEW with 12-m width. It is found that by decreasing the distance
between opposing walls to zero, the reinforcements from both sides would meet in the middle and
the magnitude of the displacement has been significantly reduced. also, it was revealed that
connecting two opposing walls reduces only the maximum horizontal displacement, while the

effect of axial rigidity of reinforcement was found to be negligible.

Sravanam et al. (2019) studied the back-to-back MSE walls with full-length panel facing are
modeled using finite difference-based software (Fast Lagrangian Analysis of Continua). presented
the lateral pressures at the facing and at the end of the reinforcement zone under compaction and
surcharge loads on BBMSE walls 1n various configurations ( W/H ratios). The nfluence of these

loads on the maximum tensile loads in the reinforcement was also analyzed. Both connected and
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unconnected BBMSE walls were analyzed to study the various design parameters (mainly tensile
profiles of reinforcement) under working stresses (Sravanam ct al. (2020)). The effect of the

stiffness of the remforcement was also examined.

2.4 Summary

This chapter described the properties of different materials (sand, tire chips, and STC mixtures)
used on laboratory model tests numerical simulations and field studies, and discussed briefly in
order to provide critical insight into various behavioral aspects of these structures. Generally, scrap
tire-derived geomaterials and their mixtures showed excellent performance benefits when
compared to conventional sand fills. By observing the variation of void ratio and shear-strength
values of various mixtures. Which can reduce the demand for a huge volume of sand material in
any geotechnical application. This optimum shredded tire and mixture will provide better
compressibility characteristics due to the lesser void ratio and high load-carrying behavior due to
high shear strength. In addition, the results showed that the dynamic load against the structure
retaining can be considerably reduced through the proposed techniques in the field of shredded tire

backfills and compressible mclusion just behind the retaining wall.

A review of numerical, and experimental methods proposed to investigate the seismic response
of back-to-back mechanically stabilized earth (BBMSE) walls was presented. The literature on
back-to-back walls for different parameters like reinforcement stiffness, types of wall facia, loading
conditions, and battered angle of the facia was limited. Hence, an extensive study on back-to-back
walls 1s needed to study the mtricacies of the problem. However, there are very limited numerical
modeling and experimental studies on the behavior of back-to-back mechanically stabilized earth

walls 1n seismic conditions.

The next chapter will discuss the finite element method that will be adopted for this research.
All steps required for building up the numerical model will be presented in detail in order to fill

the knowledge gaps discussed previously.
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Chapter 3

Performance of retaining walls with compressible inclusions under seismic

loading

3.1 Introduction

This chapter present investigates the possible application of recycled tire shreds as compressible
inclusion behind retaining walls under dynamic loading. A numerical model to analyze the
behavior of retaining walls with compressible cushion was developed in PLAXIS 2D, a two-
dimensional finite element analysis-based software. The results were validated by comparison with
experimental findings from physical models. A parametric study is also presented in order to the
effects of the thickness of the compressible cushion and the friction angle of the backfill on the
seismic performance of retaining walls. The following sections discuss the effect of each of these
parameters on the seismic response of the wall models in terms of horizontal displacements, lateral

earth pressures to bring out the effectiveness of tire chips as compressible inclusions.

3.2 Development and Validation of Numerical Model
3.2.1 Details on Physical Model Study

Physical model tests conducted in the container by Kloukinas et al. (2015) were adopted as the
reference case models for developing the numerical model. The target physical model wall was
4.8m long x1 m wide and 1.15 m deep, constructed in a flexible laminar container. The apparatus
was kept on the shake table of aluminium of 3 x 3 m size and a payload capacity of 3.8 tons were
used 1n the tests. The shaking can be equipped with various frequencies from 1 Hz to 100 Hz. The
overall device is provided with 21 1-D accelerometers to determine accelerations, 4 LVDT (linear
variable differential transducer) to capture dynamic response and permanent displacement, and 32
strain measures to observe the wall bending. Figure 4.1 shows the dimensions of the model and the
position of instrumentation used in the experiment. The model comprised of L-shaped retaining
walls with a 0.6 m deep backfill resting on a 0.4 m deep soil layer. Configuration 1 comprised of
wall heel of 300 mm with 50 mm toe. In Configurations 2 and 3, the wall heel was shortened by 50

mm making it 250 mm in both cases and the toe was removed after increasing the frictional
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resistance of the base interface from 23.5° to 28°, by gluing with a rough sandpaper. The interface
friction angles were measured in-situ through static pull tests on the wall. The foundation layer and
backfill were both made up of Leighton Buzzard (LB) sand (Fraction B) prepared at different
compaction levels. Based on the relative densities, Dy, of sand prepared, the peak friction angles of
the foundation layer and the backfill were estimated from empirical correlations as 42.5° and 33.5°,
proposed by the experimental work of Cavallaro et al. (2001). Figure 4.2 shows the overall sand
layers specified in two different sections with different frequencies (f1») and a shear modulus (Go).
The retaining wall model was made of alummium alloy 5083 plates of thickness 32 mm with
properties: unit weight y = 27kIN/m’, Young’s modulus E = 70 GPa and Poisson’s ratio v =0.3. The
harmonic acceleration was loaded by a sinusoidal excitation composed of 15 stable cycles. An
excitation frequency of 7 Hz was then chosen for a series of sinusoidal seismic excitations with

increasing amplitude Kloukinas et al. (2015).
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Figure 3. 1. Geometry and instrumentation of shake test table (2015) (dimensions in mm).
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Figure 3. 2. Frequencies and shear modulus for different sand layers (2015).

3.3 Numerical modelling

In this study, same size as the physical shaking table test model 4.8 m wide and 1 m high, was
simulated numerically using PLAXIS 2D. The size of a retaining wall was taken for Configuration
3 with height of 600 mm and a base width of 250 mm. Three node points D1, D2 and D3 along the

height of the wall were taken to record the displacement histories of the wall (refer to Figure 3.3).

4.8m

1.87m 2.93m

A A

.
o
L
>

0.4m I: £ ; :

Figure 3. 3. Finite element mesh used in the numerical model in PLAXIS for shake table test.

3.3.1 Case analysis

Figure 3.4 shows the two series of analyses carried out in the study. In first series (Case A), a
retaining wall model with a medium dense backfill was used (Control case). In another series (Case
B), tire shreds were placed vertically in the form of compressible mclusions with three different
thicknesses, chosen as follow: 25 mm, 50 mm and 100 mm (#/H = 0-04, 0.08 and 0-16), behind the
model wall as a buffer cushion, in which # denotes thickness of tire shreds and H denotes the wall
height. To better comprehend the behavior of compressible inclusions under harmonic cyclic

loading conditions, parametric studies were conducted on different models (as presented in Table
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4.1), which expresses the dynamic response of each model in terms of the lateral earth pressures

and displacements.

Table 3. 1. Parameters of the different models for finite element analysis.

Thickness of Code t/H Input acceleration Excitation
compressible (g)

inclusion (7) (mm)

0.00 0.00 (Control Case) 0.1
25 0.04 0.2
50 0.08 3
100 0.16
Backfill ¢ (30, 40°) Sinusoidal, 7 Hz 15
cycles
0.00 0.00 (Control Case)
25 0.04 0.3
50 0.08
100 0.16

3.3.2 Materials models used

The numerical study was performed for 15 nodes elements and plane deformation condition. The
material parameters for the sand and retaining wall have been taken similar to those from the shake
table test. In this research, the Mohr-Coulomb elastoplastic model was used to illustrate the stress-
strain behavior of foundation, soil and backfill materials, especially when subjected to dynamic

loads (see Table 3.2).

The tire shreds material was modelled as a linear elasto-plastic material. The cushion layer
consisted of pure tire shreds (grain size 50—150 mm). The tire shreds properties obtained are shown

i Table 3.2, which are in the range of the results reported by Shrestha et al. (2016).
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(a) Case A

Retaining wall

Backfill
\A

Foundation ’_|I Foundation under backfill

Tyre Shreds Cushion
-

(b) Case B

Retaining wall \\ Backfill

Foundation rl—r Fonudation under backfill

Figure 3. 4. Model cases considered: (a) Case A: sandy backfill, and (b) Case B: compressible
cushion used between sandy backfill and retaining wall.

3.3.3 Properties of structural components

The retaining wall was modelled as a linear-elastic material. In PLAXIS input, the properties of
the wall are defined by its elastic stiffness (E4), flexural rigidity (E7), unit weight (), Poisson ratio
(v) and its weight (7). The properties utilized in the modelling are shown in Table 3.3.

Table 3. 2. Material properties used in numerical simulations [Shrestha et al. (2016) and Shrestha
et al. (2016)].

Material y E c d(®) v Riter
(kN/m?  (kN/m?)  (kN/m?)
Foundation (dense sand) 16.14  53.3x103 1 42 0.3 0.6
Foundation (dense sand) under 16.14 104x103 1 42 03 06
backfill
backfill (medium dense sand) 15.11 52x103 1 34 03 0.6
Tire shreds 6.313 1363 6.8 23 029 0.6
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Table 3. 3. Material properties of the retaining wall.

Parameter Symbol Value Unit
Elastic stiffness E4 2.24 %10 (kN/m)
Flexural rigidity EI 191 (kN/m?/m)

Unit weight y 27 (kN/m?)
Weight of wall w 086 (kKN/m/m)
Poisson ratio v 0.3 -

3.34 Dynamic analysis
3.34.1 Damping

In PLAXIS, the dynamic calculations depend on the fundamental equation of the movement of
a volume as a function of time under the influence of a dynamic load (2017). The relative damping

of mass and stiffness is computed as given in Eq. (3.1).
C =M + K 3.1
where C, M, and K are the damping matrix, the mass matrix, and the stiffness matrix,

respectively. a and f are the Rayleigh coefficients. Given the Rayleigh damping, a relationship can

be established between the damping ratio ¢ and Rayleigh damping parameters a and f:

oty + P = 20, with & =27f 3.2)

In Eq. (3.2). w 1s the angular frequency [rad/s] and f the frequency [Hz]. Resolving (3.2) for two

different target frequencies and corresponding target damping ratios give the required Rayleigh

damping coefficients:
wé —w,t
@, =2 o il 33
R = (.3)
B8 a)lélz_al_’fi (3.4)
a1

In PLAXIS 2D, the target frequencies and damping ratios can be specified after the Rayleigh
coefficients are automatically calculated through Egs. (3.3) and (3.4), where £ 1s the target damping
of 5.0 %. Hudson and Beirkae (1994) and Hashash and Park (2002) explain that the first target
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frequency can be taken as the first natural frequency f; and the second target frequency is taken as
the closest odd integer larger than the ration £/, the ratio of the predominant frequency of the input
motion to the natural frequency of the soil. The natural frequency of soil deposition of thickness A

is related to its geometry and its stiffness by this equation:
v v

R A 3.5
4H 5 A\ p 3.5)

fi=

where, v; 1s the shear wave velocity m the soil deposition, a function of the shear stiffness
modulus G. The values of the Raleigh damping coefficients and the dynamic soil properties were

calculated using Eqgs. (3.4-3.5) and are shown in Table 3.4.

Table 3. 4. Rayleigh damping coefficients for backfill and foundation materials.

Soil H Vs fi(Hz) «a b
(m) (w/s)
Foundation (dense sand) 04 1159 72438 4.103 0.0001524
Foundation (dense sand) under 04 111.6 69.750 3.997 0.0002074
backfill
backfill (medium dense sand) 0.6 113.8 47416 3.832 0.0002925
Tire shreds 06 28.65 11.937 2.772 0.0008404

3.3.5 Element size

For the finite element model, the size of the mesh elements discretizing the soil profile of the
dynamic calculation is a major importance to ensure a correct propagation of the waves in the
model. The maximum element size can be determined according to Kuhlemeyer and Lysmer
(1973). In this theory, the maximum size of the elements in a layer is limited by the maximum

frequency and the shear wave velocity of a layer as given in Eq. (3.6):

VS nmn

Average Element size < A = (3.6)
8Xf
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3.3.6 Interface properties

In order to model the interaction between soil and structural units, it is necessary to identify
interfaces. This is done to specify a lower resistance between a stiuctured surface and the soil.
Without interface elements, no slipping or gapping is allowed, which in most cases is a non-
physical assumption for the interaction between structure and soil. Strength and stiffness reductions
are introduced through the use of interfaces, by the parameter Ry The interface strength was

reduced by using the strength reduction factor of 0.60 < 1 in these analyses.

3.3.7 Boundary conditions

A standard absorbent boundary applied to the model as suggested in the user’s manual (2017)
for dynamic analysis. The absorbent boundaries are applied at x-min and x-max of the model to
absorb the increments of stress on the boundaries due to the dynamic loading and the base of the
model domain against translation in both x and y directions. The fixed base has been applied with

a horizontal prescribed displacement to the numerical model.

3.3.8 Excitation

The finite element model was subjected to a basic excitation representing a harmonic motion of
variable amplitude. The frequency of the applied harmonic input base acceleration was the agent
of a typical predominant frequency of medium-to-high frequency content earthquake as suggested
by Bathurst and Hatami (1998) and Matsuo et al. (1998). The constant frequency cyclic load was
modelled by employing the prescribed displacement feature of the program at the base of the wall,
as shown i Figure 3.3. The varied-amplitude harmonic excitation was chosen so that the gradual
increase and then decrease in amplitude with a specified frequency makes this loading system
similar to a genuine earthquake. The harmonic excitation is represented by Eq. (3.9) and shown in

Figure 3.5:

”?m 1t sin(27ft) [Ir < %]

(3.9

a, (1) =14y, SIN(277f1) [ <t -<3.35?1

2]
5

A
aﬂ“3.357+£—r}}/ain(2xﬂ) {3.35? grs3.357+3|
5 S S

where, 7 is time, f 1s the frequency, and amax 1S the acceleration amplitude. The baseline model

was subjected to a reference cyclic harmonic load with increasing amplitude of the input
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acceleration for a frequency of 7 Hz applied at equal time intervals of 5 s, its accelerogram was
obtained using Eq. (3.9). The resulting acceleration time history was used as an input excitation in

the numerical model.

3.3.9 Fundamental frequency of analysed walls
Based on one and two-dimensional (2-D) elastic theory of vibration, the fundamental frequency
of a linear-elastic media of width 'B' and height 'H' contained between two rigid vertical boundaries

and a rigid base which is subjected to excite the horizontal base, is given by Bathurst and Hatami

(1998):

1[G 2 YHY
'f_ﬁ Z\(H(EJ(EJ (3.10)

where, fis the frequency, G is the shear modulus, p is density and v is the Poisson ratio of the

soil medium. For the present model, the height of wall A was 0.6 m and the width B was 4.8 m.
Considering soil density (p) of 1.540 kN/m?, a shear modulus (G) of 20,000 kKN/m* and a Poisson
ratio (v) of 0.3, the fundamental frequency of the wall was calculated as 48.53 Hz. This value is
close to the frequency of the mput harmonic acceleration recording (f= 7 Hz) used in the numerical

simulation.

1.0

0.5+ ‘

054 ‘ ‘

Acceleration (mfsz)

104

Time (5)

Figure 3. 5. Input sinusoidal motion with 7 Hz frequency and amplitude 0.1 g.

3.4 Model validation
The comparison of the finite element analysis with the shake table tests was firstly done for the
maximum dynamic wall displacement as a function of time, at the end of 15 cycles of harmonic

excitation of 0.19 g and 0.23 g accelerations at 7 Hz frequency. Figure 3.6 shows the actual response
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in terms of the wall displacement time history from the shaking table test. D1, D2 and D3 represent
the output points taken at the top, the middle and the bottom of the wall, respectively. The figure
demonstrates an acceptable comparison between the results from the numerical and physical
models to validate the numerical model in simulating the physical model shaking table tests on

retaining walls.

05 - T - T v T v T
|[a]
h
00 .f.; p .
] _;. ;
AEIL '
_~ L T N E R -‘- A -
g 05 LEEE ,,:
R O R T P
< TR TR
510 b Ty !A x
W | 1 ! U H i:l I..l .........
g VoUW f Al
g AL
E-15F R i # h It 1
z BRI
= |
20 -
Configuration No3, 0.19 g, 7 Hz
_2.5 | —— D1 (PLAXIS ID Sinmulation) - - - - D1 (Experimental) =
—— D2 (PLAXIS 2D Sinmlation) - - + - D2 (Experimental)
| —— D3 (PLAXIS 2D Sinmlation) - - - - D3 (Experimental)
230 . I . I . I ) 1 .
0 1 2 3 4 3
Time (s)
0.5 ¥ T g T ¥ T Y T
[b]
0.0 A A . A
| ii RIER
= 05} T ] | |
=2 g i 1 g . ).
g AR
g -lof A0 B E L 7 T  — -
E R i In K ! 1 |!|
™) 0 N-AFE e R i [ .
g -15 UM R
8 A8t ELE R -
b iy =
8 ‘11”“
20 AL -
Configuration No3, 023 g, THz ¥ l"
_2 5 |. —— D1 (PLAXISD Simulation) - - - - D1 (Experimental) A
D2 (PLAXISID Simulation) = =+ < D2 (Experimental)
| —— D3 (PLAXISID Simulation) - - - -D3 (Experimental)
30 ) 1 R L i 1 . I ;
D 1 2 3 4 5
Time (5)

Figure 3. 6. Comparison of results from numerical and physical model tests on
Configuration N°3 under sinusoidal-harmonic excitation (a=0.19 g, 0.23 g, and f=7
Hz): Horizontal displacement time-histories on the cantilever wall stem.
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3.5 Results and Discussions

The time histories of measured horizontal dynamics operating at different elevations for the wall
during smusoidal motion excitation for bothmodel cases (Cases A and B) are compared with Figure
3.7. The displacements at D1, D2, and D3 correspond to the elevations of 50 min, 300 mm and 550
mm from the base, respectively. It can be seen in the figure that the direction of the displacements
increases non linearly with the increase of a number of cycles. The maximum displacement
recorded at the end of cycles to model without the cushion (#/H = 0) was about 3 mm, 241 mm and
1.80 mm at elevations of 550 mm, 300 mm and 50 mm, respectively. In the presence of
compressible cushion (#7H = 0.16), the maximum displacements of about 1.36 mm, 1.31 mm and
1.26 mm were obtained at elevations of 550 mm, 300 mm and 50 mm, respectively. At the end of
the simulation time, it was found that the wall reinforced with tire shreds had lower displacements

in the horizontal direction as compared to the control case without the cushion.

3.5.1 Efiect of base acceleration on base excitation (Case A)

The model wall subjected to end of 15 cycles of sinusoidal motion excitation with accelerations
of 0.1g, 0.2g and 0.3g at a frequency of 7 Hz was considered to examine its influence on the
performance of retaining walls. Figure 3.8(a) shows the influence of base acceleration on the
permanent displacement response of the wall without the cushion (#H = 0). The maximum
displacements were observed at the top of the wall in all simulations. The maximum displacements
were equal to 0.84 mm, 1.54 mm and 3.08 mm at input acceleration for 0.1, 0.2 and 0.3 g base
acceleration, respectively. Figure 3.8(b) shows that the horizontal earth pressures are seen at the
end of dynamic excitation with the height of the wall in different models. It can be seen that
horizontal earth pressure showed an increasing trend for the control case (7ZH = 0) with an increase
in the base acceleration of 0.1g, 0.2¢g, and 0.3g, respectively. However, it was observed that the

peak horizontal earth pressures occur at the bottom in the model wall.
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Figure 3. 7. Time histories of horizontal displacements at different elevations for Cases. A and

B after 15 cycles of 0.3g at 7 Hz dynamic motion.
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Figure 3. 8. Response of the walls under different harmonic loads for control case: (a).

Permanent displacement, and (b) Horizontal earth pressure.

3.5.2 Efiect of tire shreds compressible inclusion (Case B)

To study the effects of compressible inclusion, thickness on the model wall response is examined
by employing different input base motions. The responses of the model wall with various
compressible inclusion thicknesses were compared to those of the controlled case (+/H = 0) model

wall at similar excitation levels.

Figure 3.9 (a) shows the displacement wall that was excited with a sinusoidal motion of 0.1 g

acceleration and 7 Hz frequency, at the end of 15 cycles, showing the influence of compressible
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inclusion on the permanent displacement response. It can be seen that the permanent displacements
are significantly reduced with the mncrease m the thickness of the compressible mclusions just
behind the retaining wall. The maximum displacement of 0.84 mm with the model #H = 0 was
reduced to 0.69 mm, 0.59 mm and 0.49 mm for models using #/H =0.04, 0.08 and 0. 16, respectively.
A reduction of 16.9 %, 28.9 % and 40.9 % in the permanent displacements as compared to control
case (#/H = 0) were obtained. Figure 4.9 (b) shows that the horizontal earth pressures decreased
with an increase of compressible inclusion thickness along wall height for #/H ratios of 0.04, 0.8
and 0.16 models (¢ = 0.1 g and /= 7 Hz). The maximum horizontal earth pressure 3 kN/m? is
noticed for the model #/H = 0 and the corresponding values for the models #/H =0.04, 0.8 and 0.16
are 1. 4kN/m?, 1.11 kN/m? and 0.70 kN/m?, respectively. A reduction of about 52.9 % to 76.5 % in

earth pressure compared to the control case (#/H = 0) were observed.

Figure 3.10 (a) shows the base acceleration (a) of 0.2g, dynamic motion is applied to the model
wall at frequency f= 7 Hz. The maximum values of the permanent displacements were recorded
for #/H ratios of 0.04, 0.8 and 0.16 at the end of 15 cycles. The model results were 1.19 mm, 1.04
mm and 0.94 mm indicating a reduction of 22 44%, 32.1% and 38.9%, respectively. compared to
the control case (#H = 0) with a displacement of 1.54 mm. In Figure 3.10 (b), it was observed that
horizontal earth pressures exhibit a decreasing trend with an increase in compressible inclusion
thicknesses (i.e., #/H ratios of 0.04, 0.8 and 0.16). The maximum earth pressures are observed in
the model results were 1.66 kN/m?, 1.29 kN/m? and 0.88 kIN/m? which corresponds to a reduction
of 46.4%, 58.2% and 71.6%, respectively, compared with the model control case with 3.10 kN/m?

corresponding to 0.2g acceleration and 3 Hz frequency of base motion.

Figure 3.11 shows the effect of compressible inclusions on the model response in terms of
permanent displacements and horizontal earth pressures. The base accelerations of 0.3 g and 7 Hz
frequency have been applied on different model walls. As predicted, it is seen that the responses
for 0.3 g acceleration are higher than of 0.2 g and 0.1 g acceleration excitation responses. From
Figure 3.11(a), maximum values of the permanent displacement of 3.08 mm for the control case
and the corresponding values for #/H= 0.04, 0.8 and 0.16 models are 2.51 mm, 2.02 mm and 1.55
mm, respectively. A 49 % reduction in the permanent displacements as compared with the control
case (#/H=0). Figure 3.11(b) shows the cushion material effectively reduces the dynamic horizontal

earth pressures acting on the wall. The horizontal earth pressures of 3.25 kN/m? is observed for
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model #/H= 0 and the corresponding values for models using #/H = 0.04, 0.08 and 0.16 are 42.1%,
47 2% and 62.0%, respectively.
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Figure 3. 9. Effect of compressible inclusion thickness under sinusoidal-harmonic excitation

of 0.1 g at 7 Hz: (a) Permanent displacement, and (b) Horizontal earth pressure.
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0.2 g at 7 Hz: (a) Permanent displacement, and (b) Horizontal earth pressure.
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Figure 3. 11. Effect of compressible inclusion thickness under sinusoidal-harmonic excitation

of 0.3 g at 7 Hz: (a) Permanent displacement, and (b) Horizontal earth pressure.

3.5.3 [Effect of Backfill Friction Angle

To find the effect of friction angle of backfill soil on the harmonic response from retaining wall,
dynamic horizontal earth pressure and permanent displacement of the retaining wall were tested for
different friction angles of the backfill soil. It is possible to have backfill materials with possibly
higher or lower friction angle than 34°, a parametric study was carried out considering the friction

angles of 30° and 40°.
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Figure 3. 12. Response of the walls with backfill friction angles 30° and 40° subjected to

dynamic excitation (e = 0.3 g, f= 7 Hz) for control models: (a) Permanent displacement, and (b)

Horizontal earth pressure.

The dynamic response of the retaining wall model with two different backfill friction angles of
30° and 40° were considered. The comparative results after harmonic excitation (a = 0.3 g, f=7
Hz) for t/H = 0 cases (no inclusion). The effect of friction angle on the response of model walls
without the cushion (#H = 0) is shown i Figure 3.12. Figure 3.12(a) presents the maximum
horizontal at the wall top of 3.5 mm and 2.68 mm with backfill friction angles of 30° and 40°,

respectively.
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The permanent displacements decrease with an increase in friction angles of the backfill soil. Figure
3.12(b) shows that the horizontal earth pressures have no appreciable variation in the wall
corresponding to different friction angles of the backfill at the end of dynamic excitation. However,
the horizontal earth pressures in the model without the cushion of 3.37 kIN/m? and 2.99 kN/m? with

backfill friction angles of 30° and 40°, respectively.

To evaluate the effects of the cushion, various thicknesses of compressible inclusions were used
to analyses the effect of soil friction angle on the dynamic response is compared (o the control case.
As expected, an increase in the backfill soil friction angle increased the resistance of the soil. Figure
3.13(a) shows that the maximum displacements in the case of backfill friction angles of 30° and
40° for models with #/H = 0.16 are 1.67 and 1.45, indicating a reduction of 52.8% and 45.9%,
respectively, compared to the control case (#/H = 0). As shown i Figure 4.13(b), the lateral earth
pressures are reduced with increased thickness (#/H) of tire shreds cushion with different backfill
friction angles of 30° and 40°. A reduction of approximately 55.8% to 65.7%, respectively, in earth
pressures for the model #H = 0.16 compared to the control case (#/H = 0) is observed. However,
maximum displacements and earth pressures are decreased with an increasing thickness (#/H) of

tire shreds cushion despite a change in the various friction angles of the backfill soil.

The results presented above indicate that recycled tire shreds acted well as compressible
inclusions in reducing permanent displacements and horizontal earth pressures on the wall, of the
three various thicknesses, considered the lowering is larger in the thicker compressible layer due to
the lightweight and compressible nature of the tire shreds. Its absorbance characteristic can also be
considered as additional damping. The calculated maximum values of the permanent
displacements, horizontal earth pressures, and percentage reduction were summarized up in Table
3.5. From the table, it can be concluded that the permanent displacements were reduced in the range

of 38% to 52% and horizontal earth pressures were reduced by about 55% to 76%.
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Chapter 4

Seismic performance of cantilever retaining walls with tire shreds as
compressible inclusion

4.1 Introduction

This chapter discusses the use of recycled tire shreds as a compressible inclusion behind
cantilever retaiming wall 1s one of the novel ways to reduce the seismic earth pressures acting on
the wall. The finite element method has been applied to analyze the response of a typical cantilever
retaining wall, consisting of compressible tire shreds (CTS) as a cushion, under earthquake ground
motion applied at the wall base. The parametric study is set out in this chapter to analyze and study
the benefit of compressible tire shreds (CTS) as a cushion, a comparison was made in the behavior
of wall without and with cushion in terms of horizontal displacement and rotation, the maximum
shear force and bending moment, the seismic earth thrust, and its pomnt of application on the wall.

This chapter ends with a summary highlighting the new outcome of the current study.

4.2 Problem description

Most of the studies on the behavior of cantilever retaining wall with compressible cushion are
based on experimental investigations on model retaining walls or full-scale testing on retaining
walls of limited heights. Very limited studies are available on numerical modeling and analysis of
cantilever walls under seismic loading with the inclusion of a cushion made up of compressible
tire shreds. Additionally, the effects of various parameters on the behavior of cantilever retaining
wall with the cushion in place should be clearly understood, as shown in Figure 4.1. In this study,
a finite element-based numerical model was developed to study the seismic response of a cantilever
wall without and with a cushion made up of compressible tire shreds between the wall and the
backfill. Firstly, the behavior of cantilever walls under a strong earthquake ground motion without
and with cushion were compared. Next, the influence of different factors, namely, thickness of
compressible cushion, amplitude of earthquake acceleration and frequency of sinusoidal

acceleration on the behavior of cantilever walls of three different heights (3 m, 6 m and 9 m) with
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cushion in place was systematically studied. The maximum horizontal displacement and/or
rotation, the maximum bending moment and shear force, and the total seismic earth pressure and
its pomnt of application on walls were proposed for various conditions. The results reported in the
study can provide a rational and economical design of a cantilever type retaining walls in

earthquake-prone areas.
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Figure 4.1. Schematic of a typical soil-retaining wall system.

4.3 Numerical modeling

In the present study, a finite element-based program, PLAXIS 2D (2018), was used to develop
a plane-strain model to perform the dynamic analysis of the cantilever-type retaining wall subjected
to a strong earthquake motion. In the first step, the model developed was validated by comparing
the results from the present study with the experimental shake table test results reported by
Kloukinas et al. (2015). A detailed parametric study was then carried out using the model
developed. The effects of various parameters including (a) thickness of compressible cushion, (b)
amplitude of earthquake acceleration, and (¢) frequency of sinusoidal acceleration on the maximum
horizontal displacements/rotations, maximum bending moments and shear forces, and seismic

earth thrust on the wall were quantified.
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Figure 4. 2. Finite element model of a cantilever retaining wall with CTS cushion between sandy
backfill and retaining wall.

4.3.1 Model geometry
Figure 4.2 shows the extents of boundaries expressed in terms of the height of wall, H. The
selected boundary extents considered in the study were found to produce minimal interference

effects [Kloukinas et al. (2015)].

The backfill, the foundation soil, and the compressible cushion as well as the retaining wall were
modeled using 15-noded triangular elements in PLAXIS 2D (2018) (refer to Figure 4.2). The
seismic analysis included the generation and propagation of shear waves through the wall, backfill,
foundation soil, and compressible cushion. Absorbent boundaries were suitably selected to avoid
distortions in numerical results (Kuhlemeyer and Lysmer (1973)). The maximum size of the
element was directly inked to the maximum frequency of the wave, fyqr, Which propagates through
the mesh used in the model. The maximum size of the element must not be greater than 1/8 to 1/5

of the shortest wavelength, Amin, of the shear wave propagating through the soil.

4.3.2 Constitutive model and material properties

Backfill (medium dense sand) and foundation soil (dense sand) considered in the study were
represented using the material properties reported by Kloukinas et al. (2015). The elastoplastic
Mohr-Coulomb material model was used to represent the backfill, the foundation, and the tire
shreds materials. The parameters required to define this model include cohesion (¢), friction angle
(p). dilatancy angle (w). Poisson's ratio (v), and deformation modulus (E) (Table 4.1). Tire shreds
material was modeled as a linear elastoplastic material. The compressible cushion consisted of pure
tire shreds (particle size ranging from 50 to 150 mm). Table 4.1 gives the properties of tire shreds
according to Shrestha et al. (2016).
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The retaining wall was modeled as a linear elastic material. In the finite element model, the
properties of the wall are defined by its elastic stiffness (E4), flexural rigidity (EI), unit weight (y),
Poisson’s ratio (v), and its weight (/7). Table 4.1 gives the properties of the materials considered

in the study.

Table 4. 1 Soil and retaining wall parameters considered in finite element model [ Shrestha et al.
(2016) and Kloukinas et al (2015)] .

Parameter Symbol Unit Simulation for the Soil and retaining wall properties and
shake table by other parameters used for the present
Kloukinas et al study [Shrestha et al. (2016) and
(2015) Kloukinas et al (2015)].
Backfill Foundation Backfill Foundation Tire

; soil shreds
soil

Relative D, % 22 60 22 60 -

density

Void ratio e - 0.72 0.61 0.72 0.61 -

Unit weight Vs kN/m? 15.1 16.1 15.1 16.1 6.3

Effective ¢ degrees 34 42 34 42 23

friction angle

Dilatancy 7 degrees 4 12 4 12 0

Cohesion c kPa 1 1 1 1 6.8

Deformation E kPa 52x103 104103 52%103 104x10° 1363

meodulus

Poisson's ratio v - 0.3 0.3 0.3 0.3 0.29

Interface Rier - 0.67 0.6 0.67 0.6 0.64

Rayleigh 7 ) ) ) 2.68 9.18 7.40

coefficients B ] ] ] 335%10%  9.80x10°  122x107

Retaining wall Simulation for the Soil and retaining wall properties and
shake table by other parameters used for the present
Kloukinas et al study [Shrestha et al. (2016) and
(2015) Kloukinas et al (2015)].

Unit weight Yuwall kN/m? 27 27

Modulus of Ewall kPa 70x10° 70x10°

elasticity

Poisson’s ratio Vall - 0.3 0.3

Elastic EA4 KN/m 2.24x10° 22.4 x10°

stiffhess

Flexural EI KN/m¥m 191 191x10°

rigidity

Thickness d m 0.032 0.32

Weight ofwall W kN/m/m 0.86 2.280
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4.4 Validation of the Model

The finite element model developed in the study was validated against the measured data from
physical model testing reported in literature. The shake table tests performed by Kloukinas et al.
(2015) were selected as validation experiments to compare the seismic behavior of a cantilever
retaining wall from the present study. Kloukinas et al. (2015) used a 600 mm high retaining wall
of 250 mm base width (Figure 4.3). The soil material used in the preparation of foundation soil and
backfill consisted of dense and medium dense beds made up of Leighton Buzzard (L.LB) sand BS
881-131, Fraction B (average size, Dso = 0.82 mm, specific gravity, Gs = 2.64, and the minimum
and the maximum void ratios, emm= 0.486, enaxr = 0.78). The seismic load was simulated by
applying equivalent sinusoidal harmonic excitation time histories near the top, middle and bottom

of the model with two accelerations of 0.19 g and 0.23 g at a frequency of 7 Hz (Figure 4.4).

Table 4.1 gives the properties of soil and retaining wall used in the model. Figures 4.5(a) and
(b) compare the horizontal displacements measured from the shake table tests of Kloukinas et al.
(2015) and from the numerical model of the present study. A close agreement i the results were
observed. The horizontal displacements from the model were found to be within 10% of those
measured from shake table experimental test results for both 0.19g and 0.23g. The validated model
was further used to study the response of a typical cantilever retaining wall with and without
compressible tire shreds (CTS) cushion under earthquake ground motion applied near the wall

base.
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Figure 4. 3. Geometry and instrumentation during shake table testing of Kloukinas et al. (2015)
(all dimensions are in mm).
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Figure 4. 4. Input sinusoidal motions corresponding to accelerations of 0.19 g and 0.23g at 7 Hz
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Figure 4. 5. Comparison of horizontal displacement-time histories of the retaining wall from the
present study with those of Kloukinas et al. (2015) corresponding to (a) 0.19 g, and (b) 0.23 g.
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4.5 Results and discussion

The acceleration recorded in East-West (E-W) direction of the Imperial Valley 1940 earthquake
for the first 20 seconds was applied to the base of the model, as shown in Fig. 6, having a peak
ground acceleration (PGA) of 0.28g [Fig. 6(a)] and the predominant frequency was found to be
approximately 1.46 Hz [Fig. 6(b)]. The record of Imperial Valley was chosen based on its
broadband frequency content which allows the submission of the model to a large range of
frequencies and hence proves its robustness against broadband records. This earthquake strong-
motion record was downloaded from strong-motion database of The Pacific Earthquake
Engineering Research Center (PEER 2018). For the case of harmonic excitations, the applied input
motion mvolved 10 cycles of sinusoidal acceleration, having frequencies of 1, 3and 5 Hz and

amplitude 0of 0.2 g, 0.4 g, and 0.6g.
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Figure 4. 6. Imperial Valley 1940 earthquake acceleration-time history.
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4.5.1 Responses of cantilever wall with and without CTS cushion
4.5.1.1 Horizontal displacement and rotation of the retaining wall

The profile of maximum normalized horizontal displacements and the normalized horizontal
displacement-time histories near the top of the stem during the Imperial Valley earthquake loading
were analyzed for both (a) sandy backfill with CTS cushion, and (b) sandy backfill without cushion.
The results show that the CTS cushion produces lower maximum displacements compared to that
of the control case for the assumed seismic loading (Figure 4.7). The maximum displacement of
wall with CTS cushion (#H = 0.05) was reduced by about 35% when compared to the control case
(/H=0).

To fully understand the mechanism of deformation of a cantilever retaining wall during the
applied seismic loading, the rotation of the stem was calculated around a vertical axis, passing

through the midline of the stem, expressed as

™

Orpem = tan™ ( S ~ D J (4.1)
H
where, Oster 1s the rotation of the stem, Atopis the horizontal displacement at the top of the retaining
wall, and Avase 1 the horizontal displacement at the base of the retaining wall. Figure 4.8 shows the
rotation of the stem of the cantilever wall at the end of the motion. It was observed that G..emreduced
from 0.012 radian for the case without CTS cushion to 0.005 radians (about 58% decrease) for the
case with CTS cushion, respectively. Therefore, it can be concluded that under the induced seismic
ground motion, the tire shreds as compressible inclusion can particularly be effective in reducing

the forward rotation of the cantilever retaining wall.
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Figure 4. 7. Displacements and rotations during seismic loading with and without compressible
tire shreds (CTS) cushion: (a) maximum normalized horizontal displacement profiles along the
wall, and (b) normalized horizontal displacement-time history near top of stem.
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Figure 4. 8. Comparison in rotations of retaming wall with and without CTS cushion.

4.5.1.2 Bending moment and shear force

The variation in the maximum shear force and bending moment along the stem were also studied
for both the conditions. The maximum values were found at the bottom of the retaining wall. The
results show that the cantilever wall with CTS cushion shows a lower maximum shear force and
bending moment along the stem compared to those without cushion. The shear force and bending
moment (N and M) were normalized with respect to 0.5*K..* yH> and 1/6*K..* yH® (i.e, N
=N .5*Ke*yH and M =M/(1/6*K,.* yH). Figure 4.9 shows that the normalized maximum shear
force and the bending moment reduce from 1.041 and 0.813 (for the case of without cushion) to
0.613 and 0.635 (for the case with CTS cushion). Reductions of about 41% and 22% in the

maximum shear force and the bending moment were observed due to inclusion of CTS cushion.

Estimation of dynamic earth pressures on retaining structures p. 80



Chapter 4: Seismic performance of cantilever retaining walls with tire shreds as compressible inclusion

L0 T T T T T
[a] = Backfill without cnshion
i ==+ = Backfill with CTS cushion
0.8 -\ 1l
\
.% .
e h\
= o - -
- \
3 A\
] k
F04p N -
5 \
Z .
hY
02 “ B
N
N\
u‘“ L L L L
X1} 0l b4 (X [ E.1 0 11
Normalized max shear foree (N=N/AL5K m;vH'z}
1.0 T T

T T T
[b] ——— Backfill without cushion
=+ = Backfill with CTS cushion

0.8

F
=

Normalized height (z/H)
=

=
e

(K] 0.2 .4 LX] L8 Lu 12

Normalized bending moment (M =M/0.5K, 7 H/3)

Figure 4. 9. Comparisons i the normalized maximum bending moment and normalized shear
force with and without CTS cushion.

4.5.1.3 Seismic earth pressure

Figure 4.10 depicts the normalized seismic earth pressure-time histories at the mid-height
behind the stem and the vertical section through the heel for with and without CTS cushion cases.
The seismic earth pressure was normalized with respect to yH (i.e., o = =on/ yH). It can be seen that
the seismic earth pressure behind the stem and the vertical section through the heel were
considerably reduced due to the presence of compressible inclusions. Figure 4.10(a) shows that the
normalized maximum seismic earth pressure at the mid-height of the stem reduced from about

0.239 for the case without CTS to 0.168 for the case with CTS cushion, reduction of about 30%.
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Likewise, the normalized maximum seismic earth pressure at mid-height of the section through the

heel, ¢ seer, reduced from 0.248 to 0.231, a relatively small 7% reduction [Figure 4.10(b)].
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Figure 4. 10. Normalized seismic earth pressure-time histories at mid-height of (a) stem portion,
and (b) section through the heel portion.

4.5.1.4 Distribution of seismic earth pressure

Figures 4.11(a) and (b) show the variations of the seismic earth pressures at the end of the
earthquake across the stem and section through the heel. Figure 4.11 clearly shows that the
inclusion of CTS cushion between the wall and the soil backfill provided a significant reduction in

the lateral pressure distribution, especially near the wall base (i.e., at z/H=0). It was observed that
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the seismic earth pressures with CTS cushion were very close to the Coulomb’s earth pressure, and
the earth pressures were significantly less than the earth pressures on the wall without CTS cushion
behind the wall. Additionally, the dynamic earth pressures obtained were found to be less than
those obtained from M-O method. The maximum value of ¢)/ov near the wall base was found to
decrease from 0.39 without cushion (#H = 0) to about 0.22 in the presence of a compressible

inclusion with #/H = 0.05 (about 44% reduction). The reduction was about 11% across the section

through the heel.
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Figure 4. 11. Distribution of lateral dynamic pressures along the height of retaming walls across
(a) the stem portion, and (b) the section passing through the heel.
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The results presented in this section indicated clearly that recycled tire shreds acted well as a
compressible cushion in improving the performance of the cantilever retaining wall under seismic
loading. The effects of different parameters on the response of cantilever wall with CTS cushion

are detailed in the following section.

4.52 Influence of various parameters on response of cantilever wall with CTS cushion

To study the influence of various factors, namely, thickness of compressible cushion, amplitude
of earthquake acceleration, and frequency of sinusoidal motion, the behavior of cantilever walls
was systematically studied with cushion in place. In the analysis, cantilever wall heights of 3m,
6m, and 9m and thicknesses of CTS cushion of 75mm, 150mm, and 300mm were considered.
These typical values were chosen according to the studies available in the literature [Hazarika et

al. (2008); Reddy and Krishna (2017); Lee and Roh (2007) and Kim et al. (2018)].

4.5.2.1 Effect of height of retaining wall

Three heights of retaining walls equal to 3 m, 6 m, and 9 m were considered. The maximum
displacements mcrease with the increasing height of the retaining wall, and the rotations of the wall
decrease with the increasing height of the retaining wall (Table 4.2). The maximum shear force
and bending moment of the retaining wall, and the seismic earth pressure thrusts for each case were
found to mcrease significantly with an increase in the height of the retaining wall. In addition, it
was noted that the M-O method over predicts the seismic earth pressure thrusts for all the heights
of the retaining wall. It can be seen that the inclusion of CTS cushion leads to a significant decrease
in displacements and rotations of the wall. The values given in the parenthesis of Table 4.2 present
the percent differences in values with respect to the control case. The seismic earth thrust across
the stem was found to reduce by about 13% to 33% for #/H ranging from 0.033 to 0.1 for the three
heights considered in the study while the maximum reduction across the section through the heel

was about 8%.
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Table 4. 2. Effect of the height of the retaining wall on the wall behavior™®.

Case (mm) Maximum Rotation Maxinmm Maximum Seismic earth thrust from present Seismic earth
displacement (degrees) shear moment  study (kIN/m) thrust on stem
(m) force (kKNm/my) Stem Heel from M-O
(kN/m) theory (KN/m)

Petem h/H Pheel hH Puo WH

Height of the retaining wall=3 m

=0 0.14 1.44 35.65 28.08 25.03 0.29 2488 036

=300 0.1 0.69 2571 24.39 211 028 22091 0.34 3259 033
(HH=0.1)  (28.6%) (52.1%) (27.9%) (13.1%)  (15.7%) (7.9%)

Height of the retaining wall = 6 m

=0 0.16 0.67 1355 2116 92.53 0.29 8134 037

t=300 0.11 0.29 79.8 165.2 61.6 0.33 7851 036 130.34 0.33
(#/H=0.05) (31.3%) (56.7%) (41.1%) (21.9%) (33.4%) (3.5%)

Height of the retaining wall=9m

=0 0.22 0.94 270.1 681.6 209.6 0.3 196.6  0.34

=300 0.15 0.62 2145 623.3 181.8 0.31 198 0.34 29327 0.33
(t/H=0.033) (31.8%) (34.0%) (20.6%)  (8.6%) (13.3%) (-0.7%)

* Values in the parenthesis give the differences in values with respect to the control case

4.5.2.2 Effect of thickness of compressible cushion

The effect of the thickness of compressible cushion on the response of the wall were examined
for three heights of the wall (3 1, 6 m, and 9 m) corresponding to the Imperial Valley earthquake
loading. Table 4.3 gives the results obtained from the finite element analysis. It was observed that
the horizontal displacement and the maximum rotation were considerably reduced with the increase
in the thickness of the compressible cushion for all the wall heights compared to the control case.
It was observed that the seismic earth thrust behind the stem, Psem, and seismic earth thrust at the
vertical section through the heel, Preer, €xhibit a decreasing trend with increase in compressible
cushion thickness. For instance, the reduction in seismic earth thrust across the stem t/H increasing

from 0.012 to 0.05 was about 27% and 33% for a wall height of 6m.
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Table 4. 3. Effect of tire shreds compressible inclusion of different thicknesses on the wall

behavior corresponding to various wall heights.

Case (mm)  Maxmmum Rotation  Maximum Maximum  Seismic earth thrust from present study Setsmic earth
displacement  (degrees) shear moment (kM/m) thrust on stem
(m) force (kNm/m) from M-O
(k0/'m) theory (kIN/m)
Stem
" - WH Piagt WH Puo WH
Height of the retaining wall= 3 m
=0 0.14 144 3565 28.08 2503 029 24388 036
=75 0.13 112 2815 2588 23.00 031 25.16 035
(t/H=0.025) (7.1%) (22.2%)  (21.0%)  (7.8%) (8.1%) (-1.1%)
=150 0.11 116 2586 25.73 2273 024 2342 035 32,59 0.33
(tH=005)  (21.4%) (194%)  (27.5%)  (8.4%) (9.2%) (5.9%)
=300 0.1 0.69 2571 2439 211 028 2291 034
(tH=01)  (28.6%) (52.1%)  (27.9%)  (13.1%)  (15.7%) (7.9%)
Height of the retaiming wall = 6 m
=0 0.16 0.67 1355 211.6 9253 029 §1.34 037
=75 0.15 052 9822 188.8 67.06 032 8043 037
(t/H=0.012) (63%) (224%)  (275%)  (108%)  (27.5%) (1.1%)
=150 0.13 048 9207 1833 6587 032 78.85 036 13034 033
(t/H=0.025) (18.8%) (284%)  (32.1%)  (134%)  (28.8%) (3.1%)
=300 0.11 0.29 798 165.2 616 033 78.51 036
(t/H=0.05) 31.25% (56.7%) (41.1%) (21.9%) (33.4%) (3.5%)
Height of the retaining wall=9 m
=0 022 094 2701 65816 209.6 03 1966 034
=75 0.18 078 2277 6540.4 1852 031 1998 034
(+/H=0.083) (18.2%) (17.0%)  (15.7%) (6.0%) (11.6%) (-1.6%)
=150 0.18 0.74 2335 635.1 184 0.3 1974 035 293.27 0.33
(t/H=0.017) (18.2%) (21.3%)  (13.6%) (6.8%) (12.2%) (-0.4%6)
=300 0.15 0.62 2145 6233 181.8 031 198 034
(/H=0.033) (31.8%) (34.0%)  (20.6%) (8.6%) (13.3%) (-0.7%%)

* Values in the parenthesis give the differences in values with respect to the control case
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4.5.2.3 Effect of amplitude of earthquake acceleration

To study the effect of amplitude of earthquake acceleration, the seismic input motion of the
actual earthquake from the Imperial Valley earthquake (1940) was scaled between 0.1 and 0.6 g.
These acceleration levels were applied to all the three heights of the retaining walls considered. As
shown in Table 4.4, it was observed that the maximum displacements and rotations increase
significantly with increase in the acceleration level for all the three wall heights. It was seen that
the presence of the compressible CTS cushion leads to a decrease in displacement and rotation
despite an increase in the level of acceleration, compared to the control case. On the other hand,
the maximum shear and the moment along the stem increase drastically for acceleration levels up
to about 0.5g. A noticeable decrease in the maximum shear and the moment were observed with
the application of the compressible cushion. The seismic earth pressure thrust remains almost
constant with a change in the acceleration level, the opposite of what the M-O theory suggests-an
icrease 1n the seismic earth pressure thrust with an mcrease in the acceleration level. It can be
observed that the inclusion of compressible layer results in reduction of the seismic earth pressure
thrust behind the stem and across a section through the heel with an increase in the acceleration
level for the three heights of the retaining wall; however, the increment in the seismic earth pressure

thrust was insignificant.

Table 4. 4. Effect of the amplitude of seismic input motion on the wall behavior for different

wall heights.
Case (mm) a Maximum Rotation ~ Maximmum  Maximum — Seismic earth thrust from present study — Seismic earth
(g) displacement (degrees) shear moment (kMN/m) thrust on stem
(1) force Nm/m) from M-O theory
(kN/m) kN/m)
Stem Heel
D hH Phast WH Pyo WH
Height of the retaining wall =3 m
0.1 0.04 013 26.47 22,61 21.18 0.31 22.75 0.34 21.57
=0 02 0.09 0.65 30.96 2547 23.75 03 2511 0.35 27
03 016 17 37.67 2876 2518 029 2473 036 34 09
06 069 801 43 44 3284 26.61 029 2343 033 82.26
0.1 0.03 007 20.91 20.5 18.47 0.31 23:18 0.33 21.57
(25.0%) (46.29%) (21.0%) (9.3%) (12.8%) (-1.9%)
=300 0.z 007 032 23.58 23.61 20.28 0.31 247 0.35 27
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(#H=01) (22.2%) (50.8%)  (23.8%) (73%) (14.6%) (1.6%)
03 o011 079 25:72 246 21.82 031 2524 036 34.09
(31.3%) (53.5%) (31.7%) (145%)  (13.3%) (-2.1%) 033
06 04 425 34.29 2926 24.41 0.28 23.82 034 82.26
(42.0%) (469%) (21.1%) (10.9%)  (8.3%) (-1.7%)
Height of the retaining wall = 6 m
01 006 014 8§7.43 1424 69.39 031 68.72 036 86.29
02 o011 036 1175 189.6 83.25 0.3 78.63 036 108.03
=0 03 018 076 1381 2149 93.15 0.28 80.97 038 13637 033
06 053 33 1559 2337 107 4 0.28 9042 038 329.05
01 004 006 582 1101 51.31 036 64 98 035 8629
(33.3%) (57.1%)  (33.4%) (227%)  (26.0%) (5.4%)
02 008 016 70.14 1418 57.31 036 6498 036 108.03
(27.3%) (55.6%)  (40.3%) (25.2%)  (31.2%) (17.4%) 0.33
=300 03 011 03 81.69 1703 62.25 038 783 0.37 136.37
(£/H=0.05) (38.9%) (60.5%)  (40.9%) (20.8%)  (33.2%) (3.3%)
06 025 137 97.96 202 74.25 038 8763 0.39 329.05
(52.8%) (58.5%)  (37.2%) (13.6%)  (30.9%) (3.1%)
Height of the retaining wall = 9 m
01 006 017 200.9 5467 177.1 032 192.7 033 194.15
02 013 055 244 4 637.6 1957 031 196.7 034 243.06
=0 03 024 103 2753 6923 213 031 1975 034 30683 033
06 063 278 3214 Tna 243 0.29 2024 035 74035
01 005 012 177.1 502.6 166.1 031 197.6 034 194.15
(16.7%) (29.4%)  (11.8%) (8.1%) (6.2%) (-2.5%)
02 01 034 201 582.6 176.7 031 196.5 034 243.06
(23.1%) (382%)  (17.8%) (8.6%) 09.7% (0.1%) 033
=300 03 016 067 216.9 631 4 1828 031 199.9 034 306.83
(#/H=0.033) (33.3%) (349%)  (21.2%) (8.8%) (14.2%) (-1.2%)
06 044 189 237.4 700.8 197 031 196.4 036 74035
(30.2%) (32.0%)  (26.1%) (9.2%) (18.9%) (3.0%)
* Values in the parenthesis give the differences in values with respect to the control case
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4.5.2.4 Effect of frequency of sinusoidal motion

To evaluate the effect of frequency on the performance of the wall of height 6m with and without

cushion, the wall was subjected to 10 cycles of excitation of sinusoidal motion with amplitudes of

0.2 g, 0.4 g and 0.6g at three frequencies of 1, 3and 5 Hz. It was observed that for the three chosen

acceleration amplitudes, the maximum displacements and rotation of the retaining wall decrease

with an increase in the frequency of the sinusoidal input motion (Table 4.5). However, the results

show that the CTS cushion produces lower maximum displacements and rotations with an increase

in the frequency and acceleration amplitudes compared to that of the control cases. It was also

observed that the seismic earth pressure thrust behind the stem and at the vertical section through

the heel reduced with the frequency of seismic acceleration for both cases for a given acceleration

amplitude.

Table 4. 5. Effect of the frequency of seismic input motion on the wall behavior for different
amplitudes corresponding to 6 m-high wall.

Case FfHz) Maximum Rotation Mamnmm  Maminum — Seismic earth thrust from present Setsmic earth thrust
(mm) displacemernt (degrees) shear force  moment study (kKIN/m) on stem from M-O
() (kMN/m) (EMNm/m) theory (KN/m)
Stem Heel
Prien WH  Phaa MH Puo hH

Seismic input motion amplitude, a=0.2g

1 0.18 1.04 1095 164.3 614 029 6008 D36

3 0.05 0.32 1145 198.7 67.75 036 7658 037 10803 033

5 0.02 0.15 86.97 164.9 70.84 034 6918 04

Setsmic wnput motion amphimde, a=04g

1 0.56 3.26 1482 209.1 61.38 026 599 D34
=0 3 0.15 1.02 1520 2526 73.61 038 8972 042 1749 033

5 0.05 0.40 1194 2286 847 037 7786 D43

Setsmic wnput motion amphimde, a=0.6g

1 0.95 541 1773 2373 615 028 3594 D33

3 0.24 1.72 168.7 268.8 74.95 038 1010 D44 32905 033

5 0.09 0.67 1444 2627 95.41 036 §1.02 D44

Seismic wput motion amplhitude, a=02g

1 0.11 0.55 7273 1448 50.12 029 6174 D36

(38.9%) (47.1%) (33.6%) (119%) (184%) (-2.8%)
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Chapter S

Earthquake response of connected and unconnected back-to-back
geosynthetic reinforced soil walls

5.1 Introduction

There are very limited numerical modeling and experimental studies on the behavior of back-
to-back mechanically stabilized earth (BBMSE) walls in seismic conditions. This chapter critically
discusses the results of the seismic responses of reinforcement in back-to-back walls for both
connected and unconnected BBMSE walls were investigated under seismic loading using real-
time earthquake data. The parametric study presented in this chapter includes investigating the
effect of earthquake ground motion on seismic earth pressures, total seismic earth thrust
coefficients (K4£), mcremental seismic earth thrust coefficients (4K z), the locations of the point
of action of resultant seismic earth thrust (P.4z), and the acceleration amplifications at the end of
the reinforcement zone and the facing of the wall were mainly analyzed. These results were
compared with the results from the analytical methods. The findings reported in the study can
provide a rational and economical design of back-to-back mechanically stabilized earth walls

(MSE) in earthquake-prone areas.

5.2 Numerical modeling

In the present study, a finite element-based program, PLAXIS 2D (2018), was used to develop a
plane-stramn model to perform the dynamic analysis of the BBMSE walls subjected to strong
earthquake motion. A 6 m-high wall resting on a 2 m-thick soil foundation was considered. Figure
5.1 represents a finite element model of connected and unconnected back-to-back MSE walls. The
length of the reinforcements for the two walls was considered as L = 4.2 m (the typical
reinforcement length recommended by the FHW A design guidelines (FHWA 2009), 1.e., L=0.7H).
In the unconnected walls, the ends of reinforcement of both the walls were considered very near
each other with D = (.1 m. Reinforcements in the connected back-to-back walls case extend from
one wall facing to the other wall facing (i.e., D = 0). Thus, the distance between the facing of the

walls was 8.4 m. The foundation soil was modeled as Mohr-Coulomb material with very high
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deformation modulus (£=200 MPa) to simulate it as a rigid material. The model involves six input
parameters, namely, deformation modulus (E), Poisson ratio (v), cohesion (c). friction angle (@),
and dilatancy angle (). Table 1.6 presents the values of the material properties considered in the
study. The soil-reinforcement interaction was modeled by relating the nonlinear elastic behavior
of the soil to the linear elastic response of the reinforcement. For this purpose, the geogrids are
selected from the elastoplastic elements with stiffness and tensile strength. The interaction between
the geogrid and soil was simulated using interface element. In PLAXIS, interface can be specified
as strength reduction factor (R;.). This factor relates the interface strength to the backfill strength.
Strength reduction factor was given as 0.6 for the interaction between soil and reinforcement. Table
5.2 gives the properties of the reinforcement - uniaxial geogrid (UX-1400 type) -considered in the
study [Benmebarek et al. (2016)]. Geogrids were placed at typical pacing of 0.75 m (AASTHO
2012). The well-known segmental precast concrete panels were considered i the current study to
simulate the wall. Each wall contains 4 segmental concrete panels of 1.5 m in width and height
and 0.14 m in thickness. The concrete panel facia was modeled as a linear-elastic material. In the
present model, the facing panel was hinged to a horizontal plate which is 0.5m embedded in the
foundation soil. Hence the panel had the flexibility to move in horizontal direction. Therefore, in
the both wall cases (unconnected and connected) lateral displacements were observed at the bottom
of the walls for the seismic loading condition. However, the panel cannot be moved in vertical
direction. The boundary condition applied in the model, simulates the real situation of embedment
with nominal footing at the bottom of the concrete panel. Hence, nominal lateral displacements
can be expected in the real time scenario for the seismic loading. In the finite element model, the
properties of the facing panel were defined by its Young’s modulus, £ = 25 GPa and the unit
weight y~ 23.5 kN/m® (Benmebarek et al. (2016)). Table 3.6 gives the properties of the facia

considered in the study.
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Table 5. 1. Material properties used in numerical simulations (Benmebarek et al. 2016).

Material Symbol Unit Reinforced backfill  Foundation soil
Unit weight Vs KN'm?® 18 22
Angle of shearing resistance @ degrees 35 30
Dilatancy angle w degrees 5 0
Deformation modulus E kPa 30<10° 200x10°
Cohesion c kPa 0 200
Poisson's ratio v - 0.3 0.2
Rayleigh coefficients a ) 1,87 L
- 4.82x10" 1.98x10"
Table 5. 2. Reinforcement properties.
Identification Model Ultimate tensile Allowable tensile strength,  Axial stiffness
strength T
Uniaxial Elastoplastic 70 kN/m 25.6 kN/m 1,100 kN/m
geogrid

Table 5. 3. Material properties of concrete panel facing elements.

Identification Elastic stiffness Flexural rigidity ~ Thickness  Weight of panel  Poisson ratio

(E4) (ED (d) ) (ve)
Concrete 35106 kN/m  5.717 kN/m®/m 0.14m 3.29 kN/m/'m 0.2

panel facia
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Figure 5.1 Finite element models of back-to-back MSE walls: (a) connected case; and (b)
unconnected case.

5.3 Validation of the Model

The finite element model was validated against the measurements from centrifuge tests of
geosynthetic-reinforced retamning walls conducted using facilities available at the Tokyo Institute
of Technology (Takahashi et al. 1999; Takemura and Takahashi 2003). Figure 5.2(a) shows the
geometry and mstrumentation of the model wall. The physical models in the centrifuge testing
simulated prototype wall of height equal to 7.5m. They considered five tests with different

reinforcement lengths and spacing of geogrid reinforcements. For validation, results from two
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Tests designated as Test 3 and Test 4 with reinforcement lengths of 0.6H and 0.8H with
reinforcement spacing’s as 0.2H and 0. 1 were considered. Rubber boards were placed at the front
and back ends of the test walls for absorbing reflective waves. Figure 5.2(b) shows the finite
element model developed. The model walls were subjected to 20 cycles of sinusoidal seismic

excitation of 0.2 g base acceleration for a period of 12 s, as reported by Ling et al. (2004).

Figure 5.3(a) shows the comparison between the results from present model and measured
horizontal displacements of the wall facing at the end of shaking. Through the validation
assessment, it can be inferred that the results from the numerical model of the present study agree
quite well with the measured displacements from centrifuge testing, although only two

experimental values were given for each wall.

Crest settlements of the backfill (refer to Figure 5.3(b)) were also compared 1n this study. The
validation results from two Tests designated as Test 3 and Test 4 with reinforcement lengths of
0.6H and 0.8H with reinforcement spacing as 0.2H and 0.1H were considered. Validation of Test
3 wall crest settlements was not satisfactory, which might be due to soil densification and also due

to the sliding out of the reinforced soil mass behind the reinforced zone.
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Figure 5.2. Model details: (a) layout and instrumentation details of centrifuge model (Takahashi
et al. 1999; Takemura and Takahashi 2003), and (b) dynamic finite element model used to
simulate Test 4.
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Figure 5.3. Comparison between the numerical model results and measured values for (a)
horizontal wall facing displacements, and (b) wall crest settlements.
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5.4 Results and Discussions

Using the validated numerical model, a detailed parametric study was carried out for lateral
displacements of the wall, seismic earth pressures, and tensile forces mobilized in the
reinforcements of connected and unconnected BBMSE walls under acceleration-time history of
the 1995 Kobe CUE90 earthquake (Pacific Earthquake Engineering Research Center (PEER)
Strong Motion Database) at the foundation level in the model (Figure 5.4). The peak ground
acceleration (PGA) of this ground seismic motion was 0.345g. The acceleration history shown in
Figure 5.4 1s the baseline corrected and frequency filtered using the program SeismoSignal
(Seismosoft 2013).

0.4 H T

Kobe CUE90

0.3

02 |

0.1

0.0

Acceleration (g)

-0.1

-0.2

03

_0.4 . | i H H
0 5 10 15 20

Time (s)

Figure 5.4. Input acceleration time history for Kobe CUE 90.

In order to check whether the input motion is consistent with the time history of the original
Kobe earthquake motion, Figure 5.5 shows the comparison between the acceleration and
displacement time histories of the original mput motion and the acceleration and displacement
histories obtained from the numerical simulation at the base of the model. The comparisons show

that a significant agreement between the two-time histories can be observed; therefore, it can be
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concluded that the proposed model was able to represent the behavior of the numerical simulations

under earthquake loading reasonably and reliably.
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Figure 5. 5. Comparison of the ground response analyses obtained with input and output
acceleration and displacement time histories.

The baseline correction was conducted to make sure the integral of earthquake acceleration time
history, velocity, and residual displacement to be zero for frequency filtering. Next, the elastic
simulation was made without damping to estimate the dominant the frequency range for the natural
response of the system and the maximum cyclic shear strains for the given site conditions. Velocity
was recorded at different locations in the model to calculate frequencies. The frequency range for
the natural response of the system was observed to be relatively uniform throughout the model.
Figure 5.6 presents a typical power spectrum of velocity for this simulation, the predominant
frequency was found to be approximately 0.6 Hz. After that, a series of simulations with
representative damping were carried out focusmg on maximum displacements of the wall, tensile

forces mobilized in geogrids and lateral earth pressures.
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Figure 5. 6. Response spectrum from velocity history of predominant frequency model.

5.4.1 Lateral displacements of the wall

Figure 5.7 shows the variations of the maximum normalized displacements at the facing and the
normalized horizontal displacement - time histories of the middle point of the wall in both
connected and unconnected walls for the case of W/H=1 4 during the Kobe earthquake motion. As
expected, maximum displacement, Axmav/FH, occurred in the middle, not at the top of the walls as
the maximum displacement values for both connected and unconnected walls about 0.021 and
0.026, respectively. It can be observed that the maximum displacements due to seismic loading in
the connected walls were 19% less compared with those of unconnected walls. On the other hand,
studies reported in the literature showed that the effect of the distance between the ends of the
reinforcement for the two walls has a significant influence on the maximum displacements of the
wall models under seismic conditions (Benmebarek and Djabri (2017a)). In addition, in the case
of comnected walls, bottom displacement is higher than the top displacement. From the
displacement profile, it is observed that bulging of the walls is seen near the bottom of the walls.
Due to higher lateral pressures at the bottom of the wall than that of the top of the walls, the lateral
displacements were also high at the bottom. However, at the top of the walls, the lateral

deformations were constrained by the tie back effect of the reinforcement.
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Figure 5. 7. Lateral displacements of connected and unconnected walls showing (a) the
maximum normalized displacement profiles, and (b) history of normalized horizontal
displacements at middle point of the walls.
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Figure 5. 8. Time-histories of total earth pressures at mid-height of walls at the (a) facing and (b)
end of reinforcement zone.
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5.4.2 Seismic earth pressures behind the wall and end reinforcement zone

Based on the FHWA design guidelines (Berg et al. 2009), the lateral earth pressures behind the
end of the reinforced zone for the external stability analysis depend on the D/H ratio; no active
earth trust from the backfill needs to be considered for external stability calculation for connected
reinforcement. In this section, normalized lateral earth pressures at mid-height of the wall behind
the wall facing and at the end of the reinforcement zone were evaluated in terms of time history in
both connected and unconnected walls under earthquake motion (Figure 5.8). The results in terms
of the normalized lateral earth pressures were compared with the widely used Mononobe-Okabe
method. It can be seen from Figure 5.8(a) that the maximum peak of total earth pressures behind
connected and unconnected walls were approximately 0.56 and 0.44, respectively. In
addition, the peak of normalized earth pressures in connected walls were close to the M-O method,
and slightly higher than the normalized earth pressures in the unconnected walls. It should be noted
that the dynamic loading increases lateral pressures for both cases compared to the static state.
However, i the middle of the comnected and behind end reinforcement zone (Figure 8.6(b)),
differences in response can be observed particularly at the last part of dynamic loading. The case
of comnected reinforcement displays an increase of the normalized lateral earth pressures
conversely to the case of unconnected where no increase was noted. Clearly, the M-O method was

found to be conservative for both connected and unconnected BBMSE walls.

5.4.3 Tensile forces mobilized in geogrids

Figure 5.9 shows the tensile forces along the geogrid layers i connected and unconnected walls
at the end of the dynamic analyzes subjected to Kobe seismic loading. The tensile forces at the
time of peak ground acceleration were presented as maximum tensile forces (7may). These tensile
forces correspond to the maximum forces in the entire time history of the earthquake. The
maximum tensile forces in the geogrid layers were normalized with the product of soil unit weight
(7). the geogrid vertical and horizontal intervals (S and Sz) and the wall height (). The results
indicate that, near the wall facing, the tensile forces in both connected and unconnected
reinforcement increased with depth due to the effect of the overburden stress. Furthermore,
connected reinforcement exhibited slightly higher tensile force than unconnected reinforcement
due to the tie-back effect of the other wall. At the free end of all unconnected reinforcements, the

tensile forces were attenuated as inspected. However, the tensile forces in connected walls were
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uniform in the top reinforcements (/4 = 0.81 and z/H= 0.56). This means that in the top wall, the

connection limited the divergence of facing walls and allowed a uniform lateral expansion of the

backfill without generating a sliding surface. At the bottom reinforcement, -/H = 0.31, the tensile

forces for connected and unconnected walls were close. The tensile force where a peak was

observed near the facing for connected and unconnected walls decreased to null tension at the

middle. The null tensile force in connected case affirms the absence of deformation in the middle

bottom of the connected walls. The same behavior was reported in Sravanam et al. (2020) for static

loading cases.
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Figure 5.9. Distribution of maximum tensile forces along the reinforcements under seismic

excitations.
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5.4.4 Distribution of seismic earth pressure
The calculations for active earth thrust against mechanically-stabilized earth walls under
earthquake loads used in internal and external stability design checks is typically obtained from

the Mononobe-Okabe method (an extension of Coulomb’s approach), given by the following

expression:
1 .
Py =K p7H (1-K,) (5.1)

where, y = unit weight of the soil, and A = height of the wall. The total (static plus dynamic) earth

pressure coefficient (K 4£) 1s calculated using the Mononobe-Okabe equation given by:

e o cos’(p—0— ) (52)

AE : ‘ :
cos” Gcos fFcos(d+6+ ) {H Jsm(5+ p)sin(g—a—p) }

cos(d +8 + B)cos(6—a)

where, ¢ = peak soil friction angle, a = backfill surface slope angle from the horizontal, § =
interface friction angle at the back of the wall-soil (or back of the reinforced soil zone), f = seismic
inertial angle given by # = tan™’ (kn/I=k,), and ky and &, are the peak horizontal and vertical seismic

coefficients, respectively.

Equation (5.1) denotes the total active thrust on the wall during seismic loading and the point
of application of the resultant thrust to beat 1/3A from the bottom of the wall. Seed and Whitman
(1970) (S-W method) simplified the calculation by separating the total thrust (static and dynamic),
P.g, into two components representing the static earth force component, P, and the incremental
dynamic earth thrust due to seismic load, 4Psz, where Pue=Ps+APsr, Kir = Ks+AK r, and
AK z=3/4k,. However, the S-W method uses 0.6H from the base of the wall for dynamic thrust as
the point of application. Thus, the point of application of the total thrust under seismic conditions

1s calculated using the subsequent equation:

4

P (%JMPAE (0.6H )
hi=

P (5.3)

AE
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Figure 5.10 shows the variations in the normalized total earth pressure thrust (K. = P4£/0.57/°)
and the normalized incremental seismic earth pressure thrust (4K = AP4#/0.5vh°) at the facing
and at the end of the reinforcement zone in both connected and unconnected walls. The results
were also compared with those of conventional methods (Mononobe-Okabe (1929) and Seed and
Whitman (1970) earth pressure methods) with peak ground accelerations (PGA) was scaled
between 0.1 and 0.6 g. Numerical results show that the variations of K4z and AK zwith the PGA
for both at the facing and at the section passing through the end of the reinforcement zone were
higher at connected compared to unconnected walls. Kz and 4K 4z at the end of reinforcement
zone were not affected by PGA in the uncomnected walls. Hence, the values for the total and
incremental dynamic earth pressure coefficients, Ky and 4K, at the facing for connected walls

are in a linear trend and were found to be closer to those of S-W prediction.

5.4.5 Location of the point of application of the dynamic earth thrust

Figure 5.11 shows the effect of the application point of the dynamic thrust, //H, with various PGA
for both connected and unconnected walls at the facing and end of the reinforcement zone of the
walls. The results were compared with the M-O method which uses one-third of the wall height
and with the S-W method which uses 0.6 A for the point of application of dynamic thrust. For
comnected and unconnected walls for both facing panel and end of the reinforcement zone for
walls, the point of action of the resultant remains approximately constant at one-third of the height
of the wall for various PGA. At the end of the reinforcement zone for connected and unconnected
walls, the point of action of Pz progressively shifts from 0.33H to 0.2H when PGA varies from 0
to 0.1 g. With the further increase in PGA from 0.1 g to 0.6 g, the point of action reaches the

constant value which is approximately one-third of the height of the wall.
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5.4.6 'Wall acceleration response

The amplification studies of horizontal and vertical accelerations during seismic loading play an
important role in the estimation of the seismic performances of reinforced soil retaining walls.
Figure 5.12 shows the horizontal and vertical acceleration responses along the wall height ratio
(h/H) for both the connected and unconnected walls at the facing and at the end of the reinforced
zone. Responses at the end of the reinforced zone implies that acceleration responses were
considered at a horizontal distance of 4.2m from the facing. This i1s the zone at which the
reinforcement ends in the unconnected walls. However, the reinforcement does not end in the
comnected walls. It was noted that the walls recorded similar values for horizontal accelerations at
the facing and at the end of the reinforced zone. However, unconnected walls tend to give greater
amplification of about 0.48 at the bottom compared to the connected walls of 0.37 at the facing
wall, respectively. It was also observed that the vertical acceleration at the end of the reinforced
zone was amplified roughly linear along the height of both the connected and unconnected walls.
However, no amplification was noted as expected at the facing due to the high vertical stiffness of

the wall.

5.4.7 Mechanisms of potential failure

Figure 5.13 shows the distribution of plastic points and of shear strain increment contours in both
connected and unconnected walls at the end of the dynamic analyzes subjected to Kobe seismic
loading. The Mohr-Coulomb plastic points indicate that the Coulomb failure is reached for these
points. Shear strain increment contours visualize more clearly the localization of potential failure
mechanism than the distribution of plastic points. For both cases, shear strain bands were
developed from the bottom of the two facings and spread with angle close to the angle of shearing
resistance of the backfill. Therefore, a trapped triangular soil, observed in the middle bottom of
the BBMSE walls, was not affected by shear strain bands. This state is in perfect agreement with
the reduction until zero of the tensile force in the connected reinforcement layers in this area
(Figure 5.9). In the case of unconnected walls, the interception of shear bands from the two walls
created a triangular failure zone in the middle top of the BBMSE walls. However, in the case of
connected walls, the tie back effect hampered the spread of shear strain bands to the top of the
reinforced backfill. In fact, the connection of remforcements in the middle ensures the mobilization

of the full strength and length of the reinforcement and reduces the maximum required tensile
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GENERAL CONCLUSIONS

The main aim of this thesis was to investigate the seismic performance of a cantilever-type
retaining wall and back-to-back mechanically stabilized earth walls with the addition of lightweight
and compressible materials with a high vibration absomption capacity. In order to achieve this aim,
numerical models were developed and validated to simulate the studies on retaining walls using
the PLAXIS 2D geotechnical finite element software. The validation of our models is considered

a major step that can only be carried out from real experimental data.
This thesis consists of two main parts:

The first part is devoted to a bibliographic summary containing two chapters, the first behavior
of estimating dynamic pressures on retaining walls, and the second generality of scrap tire-derived

and geosynthetic geomaterials for geoengineering applications.

The second part consists of three numerical applications were presented. The first application
1s on the behavior of cantilever retaining walls with a compressible inclusion of waste tire shreds
placed behind the retaining wall under harmonic excitation. The seismic response of wall models
was studied in terms of horizontal displacement and lateral earth pressures to demonstrate the
effectiveness of tire chips as compressible inclusions. The second application is a numerical
mvestigation of response of a typical cantilever retaining wall, consisting of compressible tire
shreds (CTS) as a cushion under earthquake ground motion. To quantify the benefit of CTS
cushion, a comparison was made in the behavior of wall without and with cushion in terms of
horizontal displacement and rotation, the maximum shear force and bending moment, the seismic
earth thrust and its point of application on the wall. Finally, an application on the behavior of

connected and unconnected back-to-back BBMSE walls in soil reinforced with geogrids.
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The bibliographical study carried out by the first part made it possible to highlight the following

points:

The most common methods used for the design of retaining structures under seismic
conditions are force-based design methods; pseudo-static analysis (Mononobe-Okabe
1926, 1929), pseudo-dynamic analysis (Steedman and Zeng 1990), and Displacement-
based design method on the sliding block method (Richards and Elms 1979).

Scrap tire-derived fills showed excellent performance benefits when compared to
conventional sand fills.

The use of scrap tire-derived are low-cost, lightweight, recycled and this research combined
with previous studies and field trials shows that they are as alternative materials in civil
engineering applications, especially in geotechnical applications, has been practiced on
several occasions.

There are very limited numerical modeling and experimental studies on the behavior of

back-to-back mechanically stabilized earth walls in seismic conditions.

The first two numerical applications are made to cantilever retaining walls with a compressible

inclusion made up of waste tire shreds placed behind the retaining wall. The main conclusions of

this study are:

The horizontal displacements and earth pressures are low when compressible tire shreds as
a cushion were provided behind the wall.

The horizontal displacements and earth pressures were decreased with an increase in the
thickness of the cushion made up of compressible tire shreds.

The rotation of the stem of the cantilever retaining wall was reduced as compared to the

control case.

It was found that the maximum shear force and bending along the stem reduced significantly

when a compressible cushion was provided behind the wall.

It is also noted that the seismic earth thrust at the stem and along a section through the heel
showed a reduction in the seismic earth pressure thrusts, due to the inclusion of 300 mm-

thick cushion compared to the control case.
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An increase in the thickness of the cushion showed a favorable effect on the dynamic

behavior of walls of different heights with the inclusion of compressible tire shreds cushion.

The compressible cushion led to a decrease in results despite an increase in the acceleration

level, compared to the control case.

The behavior of three different heights of the retaining wall considered in the study showed
that the dynamic carth thrust against the retaining wall can be considerably reduced using
the proposed method, which justified that the wall with the shredded compressible cushion

of the tires could work well during earthquake loading of different magnitudes.

The results from numerical model proposed in the study can be very helpful to design
cantilever retaining walls of different heights without and with a compressible cushion of
tire shreds of varying thicknesses and subjected to different amplitudes of earthquake

acceleration and frequencies of sinusoidal acceleration.

The numerical model was used to quantify the effects of friction angle on the dynamic
response in terms of the horizontal displacements and earth pressures and showed much

superior performance to that of a granular backfill.

The parametric study of the friction angle variation of the granular backfill material showed
that a decrease in friction angle a more positive effect on performing compressible

inclusions.

The third numerical study conducted, provides information on the behavior of reinforcement in

back-to-back walls for both connected and unconnected BBMSE walls were investigated under

seismic loading using real-time earthquake data. The followmg points emerged from the present

mvestigation:

The maximum displacements in the connected walls were lower than those of the
unconnected walls.

The total earth pressure the facing and at end reinforcement zone in connected walls were
found to be slightly more than the total earth pressure obtained in unconnected walls under
seismic loading. Also, the peak of normalized earth pressures in connected walls was close

to the M-O method.
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e Results showed that the maximum tensile forces in connected walls were slightly higher
and uniform than those for the unconnected walls. In addition, high tensile forces were
observed in the reinforcements near the base.

e At the facing, the values of the total and the increased dynamic ground pressure parameters
(K4£ and AK 4r) for both the connected and unconnected walls were under predicted by S-
W and M-O methods. At the end of the reinforcement zone, the K sz and AK 4z for connected
walls with the increased PGA followed the linear trend of S&W prediction compared to the
connected walls.

e The point of application of dynamic thrust obtained was approximately constant located at
the one-third of the height from the base with the increase in the PGA in both connected
and unconnected walls.

e [t was observed that the horizontal and vertical accelerations increase with the increase in
the amplitude of peak acceleration. Also, the most acceleration amplification occurred at
the facing and at the end of the reinforced zone for both connected and unconnected walls,
respectively.

e The results of the lateral wall displacements, distribution of maximum tensile forces along
the reinforcements, and shear strain increment contours demonstrate that connection of
reinforcement is more beneficial than the case of unconnected in limitation of lateral

displacement at the top of the walls and spread of potential failure to backfill surface.
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