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ABSTRACT

EFFECTS OF SITE IMPROVEMENT TECHNIQUE ON SEISMIC PERFORMANCE
OF GEOTECHNICAL STRUCTURES

Earth-retaining structures are widely used in the man-made environment and compose
the significant constituents of infrastructural systems worldwide. Besides, they have been
constructed broadly in seismically active regions. Earthquakes can cause a lot of damage to
geotechnical structures. The prevention of failures in these structures is an important issue. Cost-
effective remedies can be applied to retaining structures in order to prevent them from failing
under seismic loading. The use of lightweight materials behind the wall as a cushion layer is
one of the methods to improve the seismic performance of the retaining system. The objective
of this thesis is to investigate the effects of cushion type on the seismic performance of retaining
walls by performing shake table tests. The experiments were carried out with a 1/25 scaled
retaining wall model with or without a cushion layer. In the experimental study, the cushions
were considered as EPS geofoam and a mixture of tire crumb and sand. Additionally, various
parameters, such as cushion thicknesses, EPS geofoam densities, mixture ratios of sand-tire
crumb mixture, and input characteristics, are also evaluated. The results were examined by
comparing the cases having a cushion layer with the case without a cushion layer depending on
mentioned parameters. The evaluation of the results indicates that the seismic performance of
the retaining wall is very sensitive to cushion type. It is observed that the EPS cushions are more
effective than the sand-tire crumb mixtures to improve the seismic performance of the wall.
Additionally, the use of cushion layer with higher thickness can be an effective solution to
improve the seismic performance of the retaining wall, prevent the future failure of the retaining

structure, and mitigate earthquake hazards.
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OZET

ZEMIN IYILESTIRME TEKNIGININ GEOTEKNIK YAPILARIN SISMIK
PERFORMANSI UZERINDEKI ETKILERi

Istinat duvarlari, yaygin olarak kullanilan ve diinya capinda altyap1 sistemlerinin dnemli
bilesenlerini olusturan yapilardir. Yaygin olarak deprem bolgelerinde de insa edilirler.
Depremler bu geoteknik yapilarinda ¢ok fazla hasara neden olabilir. Bu yapilardaki hasarlarin
onlenmesi 6nemli bir konudur. Dinamik yiiklemeler altinda gogmelerini 6nlemek i¢in istinat
yapilarma uygun maliyetli ¢ozliimler uygulanmalidir. Hafif malzemelerin duvarin arkasinda
yastik tabakasi olarak kullanilmasi, istinat duvar sisteminin sismik performansini iyilestirme
yontemlerinden bir tanesidir. Bu tezin amaci, farkli tip yastik malzemelerinin istinat
duvarlarinin sismik performansi iizerindeki etkilerini sarsma masas: testleri yardimiyla
arastirmaktir. Deneyler, 1/25 6lgekli istinat duvar1 modeli ile yastik tabakasi yerlestirilmeden ve
yerlestirilerek gerceklestirilmistir. Deneysel calismada, yastik tabakasit EPS geofoam ile lastik
parcast ve kum karistmindan olugsmaktadir. Deneyler, farkli yastik kalinliklari, farkli EPS
geofoam yogunluklari, farkli kum-lastik pargasi karisim oranlari ve farkli yer hareketi 6zellikleri
ile gerceklestirilmistir. Bahsedilen parametrelere bagli olarak, yastik katmani olan deney
diizenekleri yastik yerlestirilmeden olusturulan deney diizenegi ile karsilastirilarak sonuglar
degerlendirilmistir. Sonuglarin yorumlanmasi, istinat duvarinin sismik performansinin yastik
tipine hassas oldugunu gostermistir. EPS geofoam igeren yastik tabakasi duvarin sismik
performansini iyilestirmede kum-lastik parcasi igeren yastik tabakasina gore daha etkili oldugu
gozlemlenmistir. Ek olarak, daha kalin bir yastik tabakasinin kullanilmasi, istinat duvari
sisteminin sismik performansini iyilestirilmesi, istinat yapisindaki hasarlarinin énlenmesi ve

deprem tehlikesini azaltilmasi i¢in etkili bir ¢6ziim olabilir.
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1. INTRODUCTION

1.1. General

Retaining structures are a crucial element of infrastructural and transportation systems
worldwide, including seismically active regions. Therefore, the design process of these

structures should be implemented carefully.

The design of retaining structures includes determining the static and dynamic forces
against the retaining wall. However, the determination of forces on the retaining structure is a
pretty complicated process since the designer has to deal with various uncertainties, especially
under dynamic conditions. Unfortunately, it is quite challenging to anticipate the seismic
response of the retaining wall system and the nature of the earthquakes. Additionally, apart from
the characteristics of the ground shaking, the behavior of the retaining wall system under an
earthquake depends on many factors, such as the seismic response of the foundation and backfill
soil of the retaining structure. In the literature, in order to calculate the static and dynamic forces,
simplified methods have been proposed by many researchers by conducting numerical and
experimental studies until today. The forces against the wall have been calculated using these

methods, and the structures have been designed according to the determined forces.

During the design process, the retaining wall stability is controlled against overturning,
sliding, and bearing capacity failure. Additionally, the stability of the retaining structure under
seismic conditions is also checked. When stability is not satisfied under seismic conditions,
remedies should be sought to prevent any possible future failures. The selection of solution is a
serious issue to provide stability in retaining structure. One of the significant methods to mitigate
the damage and improve the seismic performance of the wall is the installation of lightweight

materials behind the retaining structures as a cushion layer.



In this thesis, the mentioned method is evaluated by placing the cushion layer consisting
of EPS geofoam and sand-tire crumb mixture materials behind the retaining wall. In order to
conduct an experimental study, a series of shaking table tests on a 1/25 scaled wall model is
carried out. The aim of the study is to evaluate the effects of cushion type on the seismic
performance of the retaining wall. Additionally, the influence of EPS geofoam density, the
mixture ratio of sand and tire crumb, cushion thickness and input motion characteristics on the

behavior of the retaining wall under seismic loading is also investigated in this thesis.

1.2. Problem Statement

Earth-retaining structures are widely used in the man-made environment and compose
the significant constituents of infrastructural systems throughout the world. Besides, they have
been constructed broadly in seismically active regions. In history, many earthquakes have
caused damage that is sometimes negligibly small, sometimes quite significant, or even resulting
in collapse. The substantial damage that happened to retaining structures has vital and economic
consequences. Therefore, improvement methods have a significant role in the prevention or
mitigation of any type of possible damage. One of these methods is the placement of various
lightweight materials behind the wall as a cushion layer to enhance the seismic performance of
retaining walls. Generally, cushion layers are composed of materials that have advantageous
features, such as being lightweight, highly vibration absorbent, and compressible. The aim of
this study is to investigate the change in the behavior of retaining walls under seismic conditions
depending on the types of cushion layer by conducting a series of shaking table tests on the 1/25
scaled wall model. Moreover, the effects of the thickness and density of cushion layers, and

input motion characteristics on the seismic performance of the retaining structure are evaluated.

1.3. Objective of Thesis

The objective of this thesis is to investigate the effects of a cushion type on the seismic
behavior of the retaining wall system by installing the cushion behind the scaled wall model. In

this study, two types of cushion material are utilized in the experiments in order to improve the



seismic performance of the wall model. These materials are EPS geofoam and a mixture of sand
and tire crumb. The reason for the selection of mentioned materials is that they have
advantageous characteristics, such as low unit weight, high compressibility, and high vibration
absorption. By performing a series of shaking table tests, the change in seismic performance of
the retaining wall is evaluated depending on the type of cushion. Accordingly, the cushions are
designed with the same thicknesses. Additionally, in order to investigate the effects of cushion
thickness, the cushion is placed behind the scaled model in thicknesses of 2 and 4 cm. Along
with cushion types and thicknesses, the effects of the density of EPS geofoam, the mixture ratio
of sand-tire crumb mixture, and input motion characteristics are evaluated. As a result of the
shaking table tests performed on the 1/25 scaled model, the decrease in the displacement of the
wall and transmitted acceleration in front of the wall is expected due to the inclusion of the

cushion layer.

1.4. Organization of Thesis

This study includes an experimental study that investigates the effects of two different
cushion types, EPS geofoam and tire waste-sand mixtures, on the seismic behavior of the
retaining walls. For each cushion type, the effects of the thickness and density of the cushion
material and the input motions were evaluated. Firstly, information on the stability of the
retaining walls under static and seismic loadings is given. The literature review on the
engineering properties of the cushion materials and the effects of cushion layers behind the
retaining walls are summarized. By examining the results of the literature study, the parameters
such as the thickness and density of cushion layers, and input motion affecting the seismic
stability of the retaining wall were evaluated. Secondly, the design of shaking table tests setups,
the materials, the instrumentation, and the selection of input motions are explained
comprehensively. Then, the 1/25 scaled shaking table tests for eleven different cases were
conducted, and the results of the models with cushions were compared with the model without
cushion. Finally, the effectiveness of cushion materials and related parameters such as thickness,
density, and input motions on the seismic behavior of the retaining wall were evaluated and

discussed.



2. RETAINING STRUCTURES

2.1. Types of Retaining Structures

Earth retaining structures are mainly constructed in order to provide lateral support for
slopes or excavations (illustrated in Figure 2.1) and, in some cases, in order to support vertical

loads transferred from the structure above, such as bridge abutment and basement walls.

Figure 2.1. Retaining Structures [1].

Retaining structures are divided into two general categories. The first category is rigid
walls, and the other is flexible walls. Whereas the former relies on the gravity of the wall to
provide stability, the latter depends on passive soil resistance or anchored systems embedded

into backfill soil [2]. The retaining structures used commonly are illustrated in Figures 2.2.



MNate: Cells to be
filled with soil

(e) (d)
Figure 2.2. Common Types of Retaining Structures. (a) Gravity Wall; (b) Cantilever Wall; (c)

Counterfort or Buttressed Wall; (d) Crib Wall; (e) Semigravity Wall; (f) Bridge Abutment [3].

The most common types of retaining walls encountered in construction projects are
gravity walls, cantilever walls, and crib walls. Additionally, mechanically stabilized earth
(MSE) walls which have gained popularity in recent years, are included in the common retaining

structure types.

Gravity walls are generally built of mass concrete or stone masonry. The stability of
these structures relies predominantly on their massive weight; that is, the dead weight of the

wall provides support for the material behind the structure. As a result, the construction of



gravity walls is uneconomic for walls with high heights [4]. In some cases, so as to decrease the
mass of concrete and to diminish the size of the walls, reinforcing steel with small amounts
might be placed in the back of the gravity wall [4,5]. This type of wall is classified as a semi-
gravity wall.

Cantilever retaining walls are constructed of reinforced concrete, and they are built in
the shape of L, reverse L, or inverted T (in Figure 2.3). The wall comprises a stem with thin
width and a base slab, in other words, a heel. In some cases, a shear key shown in Fig 6 may be
used so as to increase sliding resistance. Additionally, this type of structure is economical to
build walls with moderate heights (about 6 to 8 meters) because the weight of the backfill

material resting on the base slab plays a crucial role in overall stability [5].

Heel Heel

- Alternative

location for
shear key

Figure 2.3. Cross-sections of the typical cantilever walls [6].

Moreover, a vertical bracket or rib connecting the stem and base of the wall might be
necessary to construct walls with a height greater than 6 meters in order to lead to a decrease in
bending moment and shear stresses in a wall stem and the base [6]. There are two types of
brackets: counterfort and buttress. The difference between them is that counterforts are
constructed at the back of the wall, which means that they are buried in the backfill material,

while buttress is constructed at the front of the wall, as depicted in Figure 2.4.



Figure 2.4. Counterfort and Buttressed [5].

Crib walls are another type of gravity wall. They consist of interlocking members with
cells that are made of timber, precast concrete, or prefabricated steel, and compacted granular
soil filled in the cells [5]. A wall with a height of about 6 to 9 meters subjected to moderate earth

pressure may be built with cribs [6].

Lastly, using reinforcement materials, such as metal strips, geotextiles, or geogrids, in
the design of retaining walls has gained popularity in recent years. These systems are identified
as mechanically stabilized earth (MSE) walls, which have reinforced soil behind the wall, as
depicted in Figure 2.5. The friction between the reinforcement material and the retained soil
provides stability of the wall. Additionally, these flexible walls tolerate large displacements in

lateral and vertical directions without significantly taking damage [4].
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Foundation Excavation
Leveling Pad Soil

Reinforcing Inclusions
Figure 2.5. Cross-section and main elements of the MSE walls [7].




2.2. Failure of Retaining Walls

The failure is an undesirable situation because the retaining wall has a significant role in
the transportation and infrastructural systems. Therefore, it is crucial to know what failure is,
why and how it occurs, what are the indications of failure, and what are the remedies for possible
failure. The failure of the retaining wall happens when it becomes unable to support the lateral
forces created by the backfill soil. However, the phare of “failure” does not directly correspond
to the total collapse of the soil-wall system. When total failure, which can be classified as
overturning, sliding, loss of bearing capacity, excessive settlement, or deep-seated shear failure
(Figure 2.6), occurs, the structure cannot be saved or rehabilitated. Total collapse happens
rarely, but when it appears, the only solution is the reconstruction of the wall. However, the wall
displays some indications before the possible future collapse, such as cracking, bulging, tilting,

or deflection. If the reasons for these signs are determined by the professional evaluation, the

possible failure can be prevented before it happens.

|

_____

=
Z

(a)

(c) d)

Figure 2.6. The failure mechanisms of retaining walls. (a) Overturning; (b) Sliding; (c)
Bearing Capacity Failure; (d) Deep-seated Shear Failure [4].

The primary causes of failure/ failure indications can be listed as follows [8]:

1. Construction errors (such as placement of reinforcement at the wrong amount or

position, or size)

2. Design errors (such as selection of insufficient wall type or size)



3. Making mistakes in calculation or using software, or detailing the project

4. The installation or design of an improper drainage system (which is not able to prevent
surface water from accumulating within the backfill) or the clogged drainage holes due
to a lack of filter layer

5. The selection of inappropriate backfill material (such as clay which can be swell and
results in an increase in forces acting on the wall)

6. The foundation problems due to the absence of ground investigation on the construction

site

Nevertheless, even if the retaining structures constructed in the seismic region are
adequately designed under static conditions, both the internal forces generated during an
earthquake and soil strength changing owing to a ground shaking might disturb the wall in the

state of static equilibrium [9].

The following precautions are commonly used in order to preserve the wall stability

against possible future failures [8]:

e Solving the surface drainage problems,

e Reduction of the wall height,

e Use of tie-backs,

o Extension of the footing size,

e Addition of the shear key,

e Removal and replacement of the backfill material with granular soils or lightweight
materials,

e Use of reinforcement on the front of the wall



2.3. Case Studies of Retaining Wall Failure

10

The examples of failures or lateral movements of retaining walls due to various

earthquakes were tabulated by Das and Ramana (2010), which are given in Table 2.1.

Table 2.1. The reported failures and movements of retaining walls # [10].

Distance
Approximate
Earthquake | Date M¢ | Harbor | from Damage
Fpi Movement
Kitaizu 25 November 1930 [ 7.1 | Shimizn | 48 kan Failure of gravity wall: ®* | 7.93 m
Shizucka 11 July 1935 Shimizn | - Retaining wall collapse® [ 488 m
Tonankai 7 December 1944 | 82 | Shimizn | 175km Shding of retaining
wall ®
Nagoya 128 kan Outward movement of 30539 m
bulkhead with relisving
platform ®
Yoldmichi | 144 kan Outward movement of 3.66m
pile-supported deck ®
Nankail 21 December 1945 | 8.1 | Nagoya 200-304 kan | Outward movement of 396 m
bulkhead with relisving
platform ®
Ogzaka 200-304 kam | Failure of retainmg wall | 427m
above relieving
platform ®
Yokkaichi | 200-304 km | Outward movement of 3.66m
pile-supported deck ®
Uno - Outward movement of 06lm
gravity wall ®
Tokachicks | 4 March 1952 7.8 | Kushoro | 1441an Outward movement of 549m
gravity wall ?
Clule 22 May 1960 84 | Puerto 112 km Complete over-turming of | =4.57 m
Momtt eravity walls ©
Outward movement of 0.60-0.90 m
anchored bulkheads ©
Niigata 16 June 1964 1.5 | Niigata 51.2km Tilting of gravity wall® [ 3.05m
Outward movement of 3.30-2.10m
anchored bulkheads 4

2 After Seed and Whitman (1970)
b Reported by Amano, Azuma, and Tshii (1936}
* Reported by Duke and Leads (1963)
4 Reported by Hayashi, Kubo, and Nakaze (1968)

* Magnitude
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Fang et al. (2003) examined three failure cases on the gravity-type retaining wall due to
Chi-Chi Earthquake that happened in Taiwan on September 21, 1999. The first case was the
failure of the retaining wall, which was constructed to withhold a steep excavation in Taiwan.
The wall was built to consist of five blocks, and two of them fell down due to sliding along the

construction joint during ground shaking, as shown in Figure 2.7.

20°

Backfill
1.0m

1.0m

"1 Construction

Joint
1.0m

(b)
Figure 2.7. (a) The picture of the failed gravity wall, (b) The cross sections of failed wall [11].

The second case was the collapse of the gravity wall which was constructed with the aim
of holding a steep slope. The wall turned about its toe after the earthquake due to bearing

capacity failure, as shown in Figure 2.8.
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Figure 2.8. (a) The picture of the failed gravity wall, (b) The cross sections of failed wall [11].

The final case was the failure of the gravity wall occurred owing to excessive fault

rupture. The gravity wall, which was built above a fault, overturned and slid during the

earthquake, as shown in Figure 2.9.

Taiwan Cinema Culture Town
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~

Che-Lung-Pu Fault

(b)
Figure 2.9. (a) The picture of the failed gravity wall, (b) The cross sections of failed wall [11].

Huang and Chen (2004) have examined two sites where the retaining walls constructed
adjacent to the embankments failed during Chi-Chi Earthquake. The damaged walls displaced
largely in both directions (horizontal and vertical) associated with tilting (comparably minor).

The failure that occurred in the two investigated sites is depicted in Figures 2.11 and 2.12. As
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can be seen in Figures 2.10 and 2.11, two failure mechanisms were observed in the incident

sites. The first one is sliding along the base, and the other is bearing capacity failure.
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Figure 2.10. (a) The picture of the failed embankment and wall belonging to Case 1, (b) and

(c) The cross sections of failed embankment and wall at different locations [12].
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Figure 2.11. (a) The picture of the failed embankment and wall belonging to Case 2, (b) The

cross-section of failed embankment and wall [12].
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Binici et al. (2010) have studied a retaining wall damaged without showing any sign in
Kahramanmaras, Tiirkiye. The main reason for the failure was the fact that the pressure due to
water was not considered during the design procedure. The heavy rainfall resulted in the
accumulation of water behind the wall. Thus, the increase in hydrostatic pressure caused a
drastic increase in lateral forces on the wall. Additionally, using an inappropriate type of
aggregate and poor-quality concrete were other reasons for failure. The damaged wall is given

in Figure 2.12.

Figure 2.12. The pictures of wall failure and collapsed wall [13].

Lim (2018) reviewed five different failure cases that occurred on retaining walls. Of the
cases examined in this study, four cases stemmed from unloading problems, while one of them

was a consequence of loading problems. The cases are tabulated in Table 2.2.
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Table 2.2. The cases investigated by Lim (2018).

Case Name Location Causes Picture of Failure
- Unloading due to
excavation
The Nicoll - Underestimation qf
. . diaphragm wall bending
1 Highway | Singapore
) moment and
Excavation .
displacement due to
overestimation of
undrained shear strength
Rebar o - Unloadlng due to
2 Broadway Taipel, excavation
. Taiwan - Failure of struts and
Excavation

diaphragm wall as well
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Table 2.2. The cases investigated by Lim (2018). (cont.)

- Unloading due to
Shipai Taipei, excavation
Excavation Taiwan - Failure of struts and

diaphragm wall as well

North - Unloadlng due to
Case A excavation
Excavation Jakarta, Absence of appropriate
Endonesia Pprop

design of excavation
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Table 2.2. The cases investigated by Lim (2018). (cont.)

High
Retaining
Wall
Failure

North
Bandung,
Endonesia

- Loading due to heavy
rain
- The usage of colluvium
backfills where water can
easily infiltrate

Cipaganti g8
river ‘_‘,{“ ;

d-ﬁ- : ‘."

(). After failure
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3. STATIC AND DYNAMIC STABILITY OF THE RETAINING WALL

3.1. Introduction

The design of the retaining wall under static and seismic conditions has always been a
significant subject in geotechnical engineering. In order to design and construct them
adequately, detailed information about the lateral earth pressure that acts between the structure
and the backfill soil has great importance. Moreover, so as to understand the seismic behavior
of the retaining wall, the static earth pressure against the wall prior to ground shaking and the
dynamic earth pressure occurring temporarily during the earthquake should be investigated [9].
Accordingly, in this section, the calculation of static and dynamic pressures on retaining walls

will be explained in order to understand the static and seismic behavior of retaining walls.

3.2. Analytical Methods for Calculation of Static Earth Pressure

The magnitude and distribution of lateral earth pressure under static loading are

functions of the following factors [4]:

e the unit weight of retained soil,
¢ the shear strength parameters of backfill soil,
e the type and amount of wall displacement,

e the drainage conditions within retained soil.

However, the wall movement largely affects the static earth pressure. When the wall tilt
is constrained, the corresponding earth pressure is referred to as at-rest earth pressure (Figure
3.1a). In addition, active earth pressure occurs when the wall deflects away from the backfill
soil (Figure 3.1b), whereas passive earth pressure occurs when the wall moves toward the

backfill soil (Figure 3.1¢) [4,9].
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Figure 3.1. The lateral earth pressures on the retaining wall [4].

Reaching active and passive state needs a wall movement that relies on the type of
backfill soil and the height of the wall, as shown in Table 3.1.

Table 3.1. The required wall movement for reaching active and passive states [15].

Soil Type Horizontal Movement Required to | Horizontal Movement Reguired to
Reach the Active Condition Reach the Passive Condition
Dense sand 0.001H 0.020H
Loose sand 0.004H 0.060 H
Stiff clay 0.010H 0.020H
Soft clay 0.020H 0.040 H

The horizontal pressure of the wall gradually increases under passive conditions, while

the horizontal thrust gradually decreases under active conditions. The change in lateral earth
pressure with wall displacement is demonstrated in Figure 3.2.



20

Earth pressure, o'

Passive pressure, 75 = e

At-rest pressure, G',

_____ Active pressure, ',

e o= o o o s o e o e = o

A]_ —
Wall tilt fe— o | —r > Wall tilt

Figure 3.2. The change in lateral earth pressure with wall movement [16].

With the aim of designing earth-retaining structures, the estimation of lateral earth thrust
was one of the first implementations of the scientific approach [15]. The pioneering theory for
lateral earth pressure against the earth retaining wall was proposed by Charles Augustin
Coulomb in 1776. In his work, the force equilibrium method was used as an approach to
calculate the magnitude of lateral forces against the wall with cohesionless granular backfill soil
having a constant friction angle and an infinite length [9,17]. Furthermore, the failure surface
was postulated as a plane, and the friction between the structure and the retained soil was taken
into consideration [16]. The critical failure surface on which the active pressure becomes
maximum and the passive pressure becomes minimum was determined by analyzing several
trial slip surfaces of failure [9,17]. In Figure 3.3, the prediction of the maximum active soil thrust

generated on the critical failure plane by Coulomb’s theory is depicted.
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Figure 3.3. Coulomb’s Active Earth Pressure, (a) Determination of the maximum active force

per unit length (P.) value, (b) The application of the force equilibrium method [4].

In 1857, William John Macqourn Rankine proposed a much simpler method to
determine active and passive earth pressures acting on the wall [9]. Rankine’s approach was
based on the stress state of the soil. While developing this approach, Rankine made the following

assumptions [2], [15], [17].

1. There is homogenous and cohesionless soil behind the wall with a plane surface.
The critical failure surface is planar.
The back of the wall is vertical.

There is no friction between the wall and the retained soil.

A

The wall has an infinite length to analyze it in two-direction and to avoid end effects (a

plane strain condition).
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By using these presumptions, the problem of lateral earth pressure became more certain,

and the static earth pressures against the wall were able to be calculated directly (Kramer, 1996).

There are other researchers who worked on the lateral earth pressure problem and who
contributed significantly to this issue. However, these works have their origins in the work of
Coulomb and Rankine [15]. One of these researchers is Culmann (1975). He presented a graphic
solution technique using Coulomb’s theory which can be applied on the wall with any friction

angle, not taking into consideration the irregularity of backfill and surcharges [16].

3.3. Analytical Methods for Calculation of Dynamic Earth Pressure

The determination of seismic behavior of even the simple form of retaining structure has
considerable complexity because of the fact that the response of the soil, wall, and ground
motion nature have an impact on the dynamic response of the wall. Moreover, owing to the
variability and uncertainty of soil properties, the dynamic response of the retaining structure
cannot be determined completely. In order to make his complicated problem simpler and easier
to solve, the estimation of earthquake-induced lateral earth pressure behind the wall is made by
a simplified method with various assumptions and approximations about soil, structure, and

ground motion [9,18].

In this study, these methods will be briefly examined into two main categories. These

categories are force-based and displacement-based methods.

3.3.1. Force-based Methods

The retaining wall is designed commonly by determining the loads acting on the wall
during the ground shaking and by controlling whether the wall can remain stable without sliding,

overturning, and bearing capacity failure. Dynamic earth pressure acting on the wall can be
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calculated by simplified methods because of the complexity of original loading conditions

during earthquake shaking [9,18].

3.3.1.1. Mononobe-Okabe Method. Okabe (1926) and Mononobe and Matsuo (1929) proposed
a method to estimate earthquake-induced lateral earth pressure under active and passive
conditions after the Great Kanto Earthquake of 1923. This method is broadly referred to as
Mononobe-Okabe (M-O) method. The M-O method is a modified form of Coulomb’s theory.
Additionally, similar to Coulomb’s theory, the M-O method utilizes the force equilibrium
method and does not establish the dynamic earth pressure distribution with depth, which means
that the total force and its acting point were evaluated [19]. Furthermore, this method considers
the seismic forces as equivalent static forces acting on the soil wedge behind the structure

(pseudo-static approach) [20,21]. The forces considered in this method are shown in Figure 3.4.

| L 4 'l
f A \ \ i 1 / Unit weight of soll = vy
& y /

[\, ‘ Friction angle = ¢

Figure 3.4. The forces against the wall evaluated by the Mononobe-Okabe [10].

This pseudo-static method was established for gravity walls with dry cohesionless

backfill material, and the following assumptions were made [19]:
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1. The wall movement is sufficient to generate minimum active pressure.

2. When the minimum active pressure is attained, a soil wedge behind the wall is at the
point of incipient failure, and the maximum shear strength is mobilized along the
potential sliding surface.

3. The backfill soil behaves as a rigid body so that the accelerations propagate uniformly
within the soil mass.

4. The equivalent static forces of the earthquake motion can be expressed as kn.W and
kv.W, where W, ay= kn.g, and a,= ky.g are the weight of the soil wedge, horizontal and
vertical components of the earthquake accelerations (g is the acceleration due to gravity),

respectively.

The total active thrust (Pag) and passive thrust (Ppg) per unit length of the wall calculated

by force equilibrium is represented as

1
Pyp = VH2(1 — ky)Kug (3.1)

T2
1
Ppgp = EVHZ(l — ky)Kpe (3.2)
where 7 is the unit weight of the backfill soil, H is the height of the wall, Kar are Kpg are the

coefficients of active and passive earth pressure under seismic loading, respectively. Kag and

Kpg are determined as

cos?(®-6-p)
Kas = L (33)
sin + sin —-0-1
cos 0 cos? B cos(5+p+6) 1+Jcos(i—B) cos(61370)
cos?(@—6+p)
KPE = 2 (34)

cos 2B cos(6—B+0)

1— sin(®-48) sin(®—-60+i)
cos(i—pB)cos(6—B+0)

in which ¢ is the internal friction angle of the backfill soil, ¢ is the angle of wall friction, 1 is the

slope of the backfill surface relative to the horizontal,  is the slope of the wall back relative to

the vertical, 0 is calculated as tan™?! (k—h) )
1-ky
Arango (1969) has proposed a method to determine the value of Kag using the standard
charts for Ka which is the active earth pressure coefficient calculated by Coulomb’s theory

under static conditions. This procedure is applicable for any slope angle of the backfill surface
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and the wall face, wall friction, internal friction of backfill soil, and earthquake acceleration

[19].

Kapila (1962) developed a method for the determination of the dynamic active and
passive earth pressure using graphical construction. This method was modified from Culmann’s

graphical method for static earth thrust [19].

Seed and Whitman (1970) have investigated the impacts of the wall friction angle, 9, the
internal friction of the backfill soil, ¢, the inclination of the ground surface behind the wall, 1,
and the vertical acceleration components of the earthquake, kv, on the value of Kag, as shown

in Figure 3.5.
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Figure 3.5. The effects of the angle of wall friction (al — a2), the friction angle of soil (b), the
backfill inclination (c), and the vertical acceleration (d) on the coefficient of lateral earth

pressure under seismic loading [19].

They noted that the total maximum earth pressure (Pag or Ppe) could be divided into a
static component (Pa or Pp) and an additional component of dynamic lateral force (APag or
APpg) due to an earthquake. Therefore, the dynamic increment of the active and passive thrust
and the dynamic earth pressure coefficients for active and passive conditions could be expressed

in a simpler manner as
1
APAE = EYHZAKAE 5 KAE = KA + AKAE (35)

1
APpgp = EYHZAKPE ; Kpg = Kp + AKpg, (3.6)
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where Ka and Kp are the coefficients of static active and passive pressures calculated by
Coulomb’s theory, respectively, AKar and AKpg are the the coefficients of dynamic pressure

increments for active and passive conditions, respectively.

The changes in AKag with the horizontal acceleration (kn.g) of the earthquake are
depicted in Figure 3.6. This graph was plotted for a vertical wall with a horizontal backfill
surface and a soil friction angle of 35° in the backfill soil. Considering Figure 3.6, the value of

AK g could be equal to 2/3ky for practical purposes.
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Figure 3.6. Dynamic increment in earth pressure coefficient, AKag [19].
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Mononobe-Okabe (M-O) analysis suggested that the point of application of the dynamic
active force should be at H/3 above the base of the wall of height, H, which is the same acting
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point of the active thrust under static conditions. Nevertheless, laboratory tests carried out on
retaining structures have demonstrated that the total dynamic earth force (Pag or Ppg) was

applied at a height greater than H/3 [1,10], as illustrated in Figure 3.7.
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Figure 3.7. The application points of static and dynamic earth thrusts [10].

Prakash and Pasavanna (1969) have proposed a theoretical method to obtain the height

of the acting point of total earth force which is calculated by the M-O method (Das and Ramana,
2010). The value of H is calculated as

H=Cp*H/3. (3.7)

Cha can be selected in Figure 3.8 as corresponding to the value of ki, on the basis of force

and moment equilibrium conditions [10,19].
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Figure 3.8. The values of Cha based on moment and force equilibrium conditions [19].

The simple procedure for the determination of M-O earth pressure against a retaining
wall which was proposed by Seed (1969) has suggested that the application point of the dynamic

increment could be at 0.6H above the base of the wall, as illustrated in Figure 3.9. Thus, the

value of H can be determined as [1], [10], [19]

PA(1/3H)+AP5g(0,6H) (3 8)
PAE ' '

H=
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Figure 3.9. The acting point of a static component and an additional increment of dynamic

forces, according to Seed (1969) [10].

Seed and Whitman (1970) reviewed experimental studies on retaining walls and
indicated that the dynamic pressure increment (APag or APpg) should act between 0,5H and
0,67H measured from the base of the unanchored retaining wall. Furthermore, the authors
suggested that the effective acceleration leading to movement on the wall could be selected as
about 85% of the peak acceleration since the duration of the PGA is not sufficient to result in
significant movement, but the effective acceleration occurs several times and is smaller than the
value of PGA. Additionally, they concluded that the retaining structure designed appropriately
under static conditions would probably display a good performance experiencing dynamic

loading.

Prakash and Saran (1966) and Saran and Prakash (1968) have developed a procedure to
calculate the total lateral earth pressure (sum of dynamic and static pressures) acting on the wall
holding c-¢ soil with a horizontal surface, as depicted in Fig 3.10. This method was established
based on the following assumptions [10], [20], [22]:



31

1. The effects of vertical acceleration of ground motion were ignored.
2. The adhesion along the soil-wall interface was assumed to equal the cohesion of the

backfill.

Das and Puri (1996) have proposed a method modified from Coulomb’s theory by
considering the effects of cohesion (c), adhesion (c’), the inclination of the ground surface
behind the wall (i), horizontal and vertical acceleration of the ground shaking (an and av),
surcharge loading (q), the inclination of the wall (a), depth of tension cracks (Hc). Figure 3.11

demonstrates the aforementioned parameters, the soil wedge, and the acting forces on it.
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Figure 3.11. The forces against the wall evaluated by Das and Puri (1996) [22].

3.3.1.2. Steedman- Zeng Method. Pseudo-static analysis (M-O method) considers the dynamic

nature of the earthquake in a very approximate manner, regardless of the effects of time and
seismic waves, and it has been assumed that the acceleration is uniform within the soil mass
retained by the wall. The assumption of uniform acceleration is only valid if the backfill soil
behaves like a rigid body and the shear wave velocity is infinite. Furthermore, both the
magnitude and the phase of the acceleration were presumed uniform [23,24]. With the aim of
eliminating these limitations, Steedman and Zeng (1990) has developed a simple pseudo-
dynamic analysis to estimate seismic earth pressure behind a fixed-base cantilever wall retaining

dry backfill material, as shown in Figure 3.12.
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Figure 3.12. The forces evaluated by Steedman and Zeng (1990).

This simple but more realistic method took into consideration the time and phase

difference owing to finite shear wave propagation within the backfill soil [9], [23], [25-26].

Steedman and Zeng (1990) proposed this pseudo-dynamic analysis based on the
following assumptions [24,27]:

1. The shear modulus is constant with depth.
2. The magnitude does not change, whereas the phase of acceleration does.

3. The critical failure surface in the backfill soil is planar.

As seen in Figure 3.13, in order to simplify the problem, the wall and the ground surface

of retained soil were assumed as vertical (i=0°) and horizontal (f=0°), respectively. In addition,
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the period of lateral shaking was defined as T=2n/®w, where o is the angular frequency. The

acceleration of harmonic base shaking at a depth z and time t can be expressed as

a(z,t) = k,g sin [w (t - HV_Z)] = ay, sin [w (t — H_Z)] , (3.9)

N ‘G

in which
a, = the horizontal acceleration of the earthquake (kyg),
H= the height of the wall,

1/2
Vs = (%) , the shear wave velocity (G and p are the shear modulus and density of the backfill

soil, respectively.).

The mass of the horizontal element of depth z is determined as

m(z) =p(H‘Z)dz=Z(H‘Z)dz, (3.10)

tana g \tana

where vy is the unit weight of the backfill soil, a is the angle of the triangular soil wedge relative

to the horizontal.

The total horizontal inertia force within the soil wedge can be expressed as

Qn(t) = fon(Z)a(Z, t)dz =

in which A is the shear wavelength propagating vertically which is calculated as 2nVy/o=T/o,

lykh
42 tan a

[2mH cos w{ + A(sinw{ — sinwt)]  (3.11)

{ is determined as t-H/V;.

If the limit of Qy (t) is solved as Vs approaches infinity due to the presumption of infinite
shear wave velocity of the pseudo-static method, the equivalent static force in the horizontal

direction assumed in the M-O method will be obtained as

. _ YH?kp _ 1 yH? _
(llm Qh) = —Ztana = Ztanakh = th (312)
max

S$—00

where W is the weight of the soil wedge OAB shown in Figure 3.13.
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When the forces acting on the soil wedge OAB were resolved by the limit equilibrium

method, the total active soil thrust was determined as

__ Qu(t) cos(a—¢)+W sin(a—¢)
Pap(t) = pevr Ry : (3.13)
Moreover, the coefficient of dynamic, active earth pressure was expressed as
2P g (t)
Kag () = =15~ (3.14)

The derivation of K4 (t) can be obtained by substituting Pag and Qn in the above equation.

In a similar manner to Seed and Whitman (1970), Steedman and Zeng (1990) have

separated the total active pressure (Pag) into static (Pas) and dynamic (Pa¢) components as

PAE(t) — aPAE(t) _yz Sin(a’_d)) + khYZ COS(a_¢) Sln [w (t _ Vis):l — PaS + Pad(t) (315)

9z  tana cos(6—a+¢) tana cos(—a+¢)

It can be observed that the dynamic earth pressure determined by the pseudo-dynamic
method increases as a nonlinear function of depth, while that determined by the pseudo-static
method increases linearly with depth. This comparison of dynamic earth pressure distributions

is depicted in Figure 3.13.
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Figure 3.13. The comparison of dynamic earth pressure distributions determined from

Mononobe-Okabe method and Steedman and Zeng method (for =33, 6=16, k,=0.20,
H/TV=0.30) [24].

The application point of the dynamic earth pressure can be determined by taking a

moment about the bottom of the wall as

2m2H? cos wl+2mAH sin w{— 2(cos w{—cos wt)

hy=H-— (3.16)

21H cos w{+mA(sinw{—sin )

Steedman and Zeng (1990) have simply considered the shear wave velocity and
horizontal acceleration of the earthquake while developing the method [27]. Choudhury and
Nimbalkar (2006) have modified this pseudo-dynamic method by taking into account the effect
of several parameters such as primary wave velocity (Vp), vertical acceleration of the earthquake
(av=kvg), wall friction angle (3), and soil friction angle (¢) in addition to those considered by
Steedman and Zeng (1990). Furthermore, the authors have made similar assumptions to
Steedman and Zeng (1990) to estimate dynamic earth pressure acting on the wall. The generated

model is depicted in Figure 3.14.
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Figure 3.14. The forces evaluated by Choudhury and Nimbalkar (2006).

In their study, they claimed that the pseudo-dynamic method gave more realistic results

on the nonlinear distribution of active earth pressure under seismic loading in comparison with

the pseudo-static method. Additionally, they concluded that the seismic active earth thrust was

influenced considerably by both horizontal and vertical components of the earthquake.

The pseudo-dynamic approach has been extended by researchers by considering the

effects of various conditions or parameters. Ghosh (2010) proposed a solution, a modification

of the method developed by Choudhury and Nimbalkar (2006), for a rigid and battered

cantilever retaining wall supporting a backfill consisting of dry and cohesionless material. The

model and the forces stated by Ghosh (2010) are given in Figure 3.15.
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Figure 3.15. The forces evaluated by Ghosh (2010).

All aforementioned approaches assume that the failure surface within the backfill is
planar. Yan et al. (2020) have assumed that the failure surface is curved, which was assumed as
a logarithmic spiral and a straight line. They proposed a method on the basis of the pseudo-
dynamic method and limit equilibrium theory to determine the total dynamic earth thrust by
taking into account the effects of various parameters such as amplification factor, soil friction
angle, wall friction angle, and horizontal and vertical components of earthquake acceleration.

In Figure 3.16, the evaluated forces, the model, and the curved failure surface are illustrated.
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Figure 3.16. The forces evaluated by Yan et al. (2020).

3.3.1.3. Wood Method for Non-yielding Walls. Mononobe-Okabe method has been developed

for the wall which is able to move sufficiently to produce minimum active or maximum passive
earth pressure. This type of wall is generally named yielding walls. Wood (1973) claimed that
the M-O method was not suitable for non-yielding walls (such as basement walls, building walls
supporting soil, or other large structures constructed on firm soil or rock layer), and the method
developed on the basis of the theory of elasticity would be more appropriate for non-yielding

walls.

Wood (1973) proposed a study that investigated the dynamic earth pressure on a

retaining wall. He made the following assumptions about ground motion and soil-wall system:

1. The earthquake motion can be selected arbitrarily as horizontal acceleration recordings

changing as a function of time which act at the base of the wall.
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2. There is no amplification, so the acceleration is constant and uniform throughout the
soil.

The retained soil is dry, homogenous, and isotropic.

The wall behaves “truly” rigid, which means that the wall is constructed on a rigid base.
The wall is smooth, which means that there is no shear stress on vertical boundaries.

The soil-wall system has a linear elastic behavior.

NS kAW

The problem satisfies the plain-strain condition.

The idealized soil-wall system evaluated by using the above assumptions is illustrated

in Figure 3.17.

Homogenous elastic soil
(Plane strain)

H 3 Y‘—B\ Uniform body

~H
R force
N u=0
N [ %0
N e
¥ N e e e T T T TR R R N
Rigid boundary -I X,u
L
i

RIGID WALL PROBLEM
Figure 3.17. The soil-wall system evaluated by Wood (1973).



41

According to Wood (1973), the dynamic thrust (APg) and the dynamic overturning

moment (AME) of the smooth rigid wall could be simply calculated as

AP = )/HZ%FP = yH?kyF, (3.17)
AMg = yH?3 %Fm = yH3k,FE,, , (3.18)

where F}, is the thrust factor, Fi, is the moment factor.

The thrust and moment factors can be selected from Figure 3.18 with corresponding

Poisson’s ratio (v) varying between 0.2 and 0.5 [9,29].

LiH L/H
Figure 3.18. The dimensionless thrust and moment factors [9].

Moreover, the height where the dynamic pressure acts above the wall base was

determined as

__ AMg
eq — APE

(3.19)

The value of heq typically equals 0.63H, and the soil pressure distribution is nearly in

parabolic shape [9,30].
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In this study, static and dynamic solutions were evaluated by the use of analytical and
numerical (finite element) methods in accordance with linear elastic theory. Wood (1973) found
that there was a good agreement between the results obtained from the analytical method and
the numerical method. Moreover, the total thrust determined by Wood’s solution was estimated

to be approximately 2-3 times greater than that obtained from the M-O method.

In the study proposed by Scoot (1973), the wall and the backfill of semi-infinite length,
shown in Figure 3.19, have been considered as a one-dimensional elastic shear beam connected

to the wall using systems of Winkler springs.

Winkler Springs
N\

\ F—u
/ : Elastic shear beam " : / x
Az P8 Ak oo b
/,// | -' ‘ ’
Rigid wall / , | /

Dby NNy
- s b

RIgd e .
foundation L >

Figure 3.19. The soil-wall system evaluated by Scoot (1973).

The springs were used to represent the interaction between the retained soil and the rigid
wall. The density, p, and the shearing stiffness, G, of the beam and the spring constant, k, change
over depth due to the properties of backfill soil such as density, shear modulus, G, Young’s
modulus, E, vary with depth. The total maximum force (Pm1) can be calculated as

Pm1 = =Poh, (3.20)
where Py is the maximum pressure acting on the wall, h is the height of the wall.
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The maximum pressure is determined as

_ 32GSy1(1-v)
0 nw.L(1-2v)

(3.21)
In this expression, v is the Poisson’s ratio, L is the distance between vertical boundaries, Svi is

the relative velocity response at the frequency, o1, and 1 is the fundamental frequency of the

Vs
2h

[1 e .

w2 (1-2v)

21Y/
(%) ] . The point at the total force acted was

system which calculated as

found as % (= 0.64h) above the base of the wall.

Another analytical method to determine the earth pressure acting on the rigid wall with
a rigid foundation under seismic loading was developed by Veletsos and Younan (1994a,
1994b). The investigated model was established with visco-elastic material, which is uniform,
semi-infinite, and free at the surface. This material was supported by vertical boundaries, one

of which is a rigid wall founded on a rigid base. The model can be seen in Figure 3.20.

y
(a)
- :
Rigid :
Wall : H

i
%, (1)
Figure 3.20. The model evaluated by Veletsos and Younan (1994b).
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Their method took into account amplification and wave propagation of the ground
motion within the backfill soil, which was not included in Wood’s method. However, this

method was complex and not easily applicable due to the absence of simple steps [30,34].

In the study of Ostadan (2005) (also Ostadan and White, 1998), the proposed method for
the estimation of the dynamic earth pressure acting on a building wall was simple and easily
applicable, unlike the method of Veletsos and Younan (1994b). This simplified method was
developed on the basis of the concept of a single degree of freedom (SDOF) system. The model
wall used in the development of this method was assumed to be rigid, non-yielding, and rested
on firm soil or rock. Additionally, several dynamic soil properties, such as the shear wave
velocity, damping, Poisson’s ratio, soil density, and nonlinearity of the soil, were taken into
consideration. Furthermore, the frequency content of the input motion, the soil-wall interaction,
and wave propagation effects were incorporated into the solution. However, the impacts of the
superstructure and its inertia on dynamic earth pressure were not considered. Ostadan (2005)
investigated the accuracy of his five-step method by using the finite element method and by

comparing it with the M-O method and Wood’s Solution.

3.3.2. Displacement-based Methods

Force-based methods determine the performance of the wall by calculating dynamic
forces acting on it. However, the wall performance is mainly connected with the displacement
of the wall occurring after the earthquake. As a result, an alternative method has been developed
to design retaining walls under seismic conditions by determining post-earthquake wall
displacement based on the selection of permissible permanent displacement. This method is

called the displacement-based or performance-based method.

3.3.2.1. Richard and Elms Method. The conventional methods to design retaining walls under

seismic loading have taken the inertial forces of the soil wedge into consideration while
neglecting those of the wall. Elms and Richard (1979) suggested that as opposed to this

conservative and unreasonable approach, the wall inertia forces should be considered because
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most of the resistance to wall movement is provided by the weight of the wall. However, the
inclusion of the inertia forces due to the wall weight results in uneconomical wall designs.
Moreover, these walls are impossible to construct in some cases. As a result, Elms and Richard
(1979) developed a new design by using an acceleration with less-than-expected peak ground
acceleration. The wall was allowed to move up to a predetermined displacement value during
the earthquake. The wall was considered to perform satisfactorily during ground shaking when
the post-earthquake displacement was below the permissible slip value [36,37]. In this method,
the earthquake-induced displacement of the retaining wall supporting dry and cohesionless soil
was predicted in a way that was an extended version of the sliding block method proposed by
Newmark (1965) used for the estimation of post-earthquake slip occurring in dams and

embankments. Additionally, the following assumptions were made for evaluating the method:

1. The gravity retaining wall is rigid.
The soil wedge behind the wall behaves as a rigid body.

Only the sliding mode of failure is considered.

Sl

The acceleration propagates uniformly within the backfill; that is, the amplification
factor of the acceleration in the field is not considered.
5. The wall starts to slip away retained soil then the horizontal acceleration (amax) exceeds

the limiting ground acceleration (yield acceleration. ay).

Elms and Richard (1979) evaluated the model and forces shown in Figure 3.21 in order

to develop the performance-based method.
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Figure 3.21. The model and forces evaluated by Elms and Richard (1979) [10].

According to the free body diagram illustrated in Figure 3.21, forces in the horizontal

and vertical directions are derived as
S = Pygcos( + B) + kW, (3.22)
N =W, — k,W,, + Pygsin(é + B) , (3.23)
in which S and N are the horizontal and vertical components of the reaction of the wall base,
respectively, Wy, is the weight of the wall, Pag is the dynamic active earth pressure calculated
by the M-O method, § is the angle of the wall friction, [ is the slope angle of the back face of
the wall relative to the vertical, ki and ky are the horizontal and vertical acceleration coefficients
of the ground motion, respectively. In sliding mode, the relationship between vertical and

horizontal forces is expressed as

S =Ntang,, (3.24)
where ¢, is the friction angle at the wall base. Therefore, if the S and N are substituted in the

equation, the expression can be written as

Pyglcos(8 + B) —sin(é + B) tan ¢y | = W, [(1 — k) tan ¢, — kp] - (3.25)
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Hence, the weight of the wall can be calculated as

WW = ClEPAE . (3.26)
Substituting Pag and 0, mentioned in the Mononobe-Okabe method, into the above equation,
the weight of the wall can also be written as

1
Wiy = Cig [5VH2(1 = ky)Kae | (3.27)

where
cos(6+B)—si (§+pB)tangy

(1—ky)(tan ¢pp—tan )

ClE = (3.28)

Regarding these mentioned equations, the analysis can be performed to calculate the

weight of the wall by following steps [18]:

1. Select a value of allowable displacement “d” of the wall (in mm)

2. Determine a design value of ky, using the following equation.

Ky, = [0.087 ”’%ﬂl]mA ,

Amax 4

where Vmax 1s the maximum ground velocity, and A is the coefficient of maximum
ground acceleration (amax=A.g). The equation of k, has been established on the basis of
Newmark (1965) and the results of the study conducted by Franklin and Chang (1977).
3. Using calculated ky and the assumption of “k,=0", determine the value of Pag
4. Determine the weight of the wall using the relationship between Pag and Wy

5. Apply the safety factor on the wall weight.

Zarrabi-Kashani (1979) has established a more realistic solution than the Richard-Elms
method. Similar to Elms and Richard (1979), he assumed that the failure occurred on the wall
by only sliding and that the ground acceleration propagated uniformly within the backfill. That
is to say, the tilting mode of failure and the amplification factor were neglected (Nadim and
Whitman, 1983; Nadim and Whitman, 1985). Additionally, the vertical acceleration of ground
motion was assumed as zero [17]. Zarrabi-Kashani (1979) has taken into account the inertia
forces of the soil wedge as well as those of the wall and developed a two-block model, which is

depicted in Figure 3.22.
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Figure 3.22. The model and forces evaluated by Zarrabi-Kashani(1979).

In this model, the equilibrium of the wall and soil wedge were considered separately
with changing horizontal acceleration coefficient and the inclination angle of the failure surface.
As a result, the two-block method proposed by Zarrabi-Kashani (1979) gave slightly lower
displacement results than the method of Richard and Elms [36].

Dissimilar to Elms and Richard (1979) and Zarrabi-Kashani (1979), Nadim and
Whitman (1983) have claimed that the amplification factor has a profound impact on permanent
wall displacement. In addition, he used the constant inclination angle of the failure surface, in
contrast to the model of Zarrabi-Kashani (1979). He modified the method proposed by Elms
and Richard (1979) by suggesting a relationship between the ratio of the estimated dominant
frequency of input motion to the fundamental frequency of backfill soil (f/f1) and the required
increment in peak acceleration and peak velocity of input motion before the calculation of

permanent wall displacement. According to this study,

1. When the value of f/f; is less than 0.25, the amplification factor should be neglected.
2. When the value of f/f; is approximately 0.5, the peak acceleration and peak velocity of
input motion should be increased by 25-30%.
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3. When the value of f/f] is between 0.7 and 1, the rate of increase should be 50%.

Different from Elms and Richard (1979) and Zarrabi-Kashani (1979), Nadim and
Whitman (1985) have considered the rotation mode of failure in their study by modifying the
method proposed by Elms and Richard (1979). With the purpose of determination of
earthquake-induced tilting and sliding movements, they have developed a model of a rigid
gravity wall with a vertical back face and with dry, cohesionless sand for simplicity, shown in

Figure 3.23, and they have ignored elastic deformations.

= Center of Gravity
0 = Center of Rocking

Figure 3.23. The model and forces evaluated by Nadim and Whitman (1985).
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Additionally, the following conditions were assumed:

1. The model is examined by the condition of plane strain.

2. The foundation soil has a constant moment capacity. There is no tilting under this
moment value. However, when the value is reached, plastic rotation occurs in the
foundation soil.

3. The rocking center is at a fixed point at the base of the wall.

4. During the active condition, there are an infinite number of parallel planes within the

failure zone, which satisfy the continuity assumption when the tilting occurs in the wall.

Nadim and Whitman (1985) have evaluated the equations of the horizontal ground
acceleration coefficient that results in plastic tilting (Nii) and causes sliding (Ngiiq¢) in which the
vertical ground acceleration equals zero. However, if vertical acceleration exists, the
coefficients of Nyt and Nii¢ should be multiplied with (1-ky). Using the minimum value of N
and Niiig, the permanent displacement (tilting and sliding) was calculated as (developed by

Wong, 1982)

D = Fvhax =94 (%) (3.29)

Amax

where amax is the peak ground acceleration, vmax is the peak ground velocity, ay is the yielding

acceleration (N is equal to the minimum value of Ny and Niiig).

Whitman and Liao (1985) published a study that pointed out the deficiencies and
required developments of the Richard and Elms method without changing its simplicity. The
deficiencies of Richard and Elms method were the consequences of simplifying the dynamic
features of the soil-wall system, such as ignoring the amplification factor, not including the
tilting mode of failure, and neglecting vertical acceleration of ground motion. In order to
compensate for these problems, the factor of safety was used. Whitman and Liao (1985) brought
together the effects which were the main causes of modeling error by considering studies on the
amplification factor [36], tilting mechanism [37], and the inertia forces of the backfill material

and soil separately [17]. Additionally, the statistical variability of earthquake characteristics and
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uncertainty of soil properties (especially friction angle of backfill soil, ¢, and the angle of wall
friction, d) were considered to evaluate the equations of the permanent displacement expressed
as a lognormally distributed random variable with mean value (d) and variance (o, ),

respectively. They can be expressed as (Kramer,1996; Whitman and Liao, 1985)

7 _ 37 Frax —944y\ 5
d = oxp ( — ) QM (3.30)
9.4g \2
otia = (2L) 02, + ofhg + tam (3:31)

in which @, is the mean value of yield acceleration defined as a random variable (calculated
with the mean value of ¢ and §), Oa, is the standard deviation of yield acceleration, Q is the

mean value of the uncertainty of statistical variability of ground motion expressed as a

lognormally distributed random variable, 0y, is the standard deviation of the uncertainty of

statistical variability of ground motion, M is the mean value of modeling error expressed as a

lognormally distributed random variable, oy, p, is the standard deviation of modeling error.

Suggested values of the above variables are given in Table 3.2.

Table 3.2. Mean and standard deviation values for gravity wall displacement analysis [9].

Factor Mean Standard Deviation
Model error M=35 oM = 0.84
Soil resistance a, = ay(¢,9) 04, = 0.004 to 0.065
Ground motion Q=1 Onq = 0.58 to 1.05

Wu and Prakash (2001) developed a realistic model in order to evaluate the post-

earthquake displacement of a rigid wall, as illustrated in Figure 3.24.
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Figure 3.24. The model and forces evaluated by Wu and Prakash (2001).

In this model, the sliding and rocking displacement of the wall, as well as the water
effects behind the wall were taken into account under plain-strain conditions. The nonlinear
properties of the foundation soil were also considered, such as soil stiffness (shear modulus-
dependent) in sliding and rocking, geometrical damping (shear modulus-dependent) in sliding
and rocking, and material damping (strain-dependent) in sliding and rocking. The proposed
model illustrated the response of the retaining wall experiencing earthquake loading and gave
quite reasonable results for the estimation of permanent displacement of the retaining wall.

Moreover, this model can be implemented in the analysis of bridge abutments.
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4. LIGHTWEIGHT MATERIALS AS A CUSHION

4.1. Introduction

The lightweight materials are utilized in order to reduce the lateral forces against the
retaining walls. This improvement method makes the wall design cost-effective because of
diminishing the material amount used for wall construction and the cost of lightweight materials
compared to conventional backfill. Additionally, these materials have advantageous
characteristics, such as low unit weight, low bulk density, and high vibration absorption. Some
materials can be used as lightweight materials, such as chipped bark, sawdust, dried peat, fly
ash, slag, cinders, shredded and chipped tire waste, and expanded polystyrene (EPS geofoam)
[39].

In this section, material properties of tire-derived materials and sand-tire waste mixtures,
and EPS geofoam will be explained briefly. The literature review on material properties and the
influence of the cushion layer consisting of EPS geofoam or waste tire-derived materials on

static and dynamic forces acting on the retaining wall will be explained.

4.2. Previous Studies on Material Properties

4.2.1. Waste Tire-derived Materials

Waste tire-derived materials are obtained by cutting scrap tire/waste tires into small
pieces using a mechanical process. According to ASTM D6270-98, the obtained materials can
be defined as ground rubber, granulated rubber, powdered rubber, tire chips, and tire shreds

based on their particle sizes. The range of particle size of these materials is given in Table 4.1.
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Table 4.1. The particle size of tire-derived materials [40].

Material name Particle size
Powdered rubber =0.425 mm

Ground rubber 0425-2mm
Granulated rubber 2-12mm
Tire chips 12 — 50 mm

Tire shreds 50 — 305 mm

Some researchers have investigated the mechanical and chemical properties of tire

shreds and tire chips. A few studies performed on these materials are briefly explained.

Humphrey and Standford (1993) and Humphrey et al. (1993) have aimed to determine the
engineering properties of tire chips which were used as lightweight fill material. The tire chips
used for tests have a size of 13-76 mm and were provided by four suppliers. As a result of

conducted tests mentioned in the two studies:

e The specific gravity of tire chips varies from 1.14 to 1.27.

e The compacted dry density of tire chips changes between 0.614 Mg/m”>.

e The shear strength parameters f tire chips determined by large-scale direct shear tests
vary from 19° to 25° for friction angle (¢) and from 8 to 11 kPa for cohesion (c).

e The compressibility of tire chips is high for initial loading; however, it becomes less
during subsequent loading/reloading cycles.

e The permeability of tire chips changes between 1.5 and 15 cm/sec.

Wu et al. (1997) have carried out a study using five tire-chips specimens with different
sources, particle shapes, and gradations, as shown in Table 4.2. According to Table 4.2, the
specific gravity of the specimen ranges from 1.08 to 1.18, and the density of tire chips changes

between 505 and 600 kg/m>. The authors performed triaxial compression tests on these five
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different specimens in order to determine the shear strength parameters of tire chips. The

determined parameters are summarized in Table 4.3.

Table 4.2. The properties of tire chips samples [43].

Pt S Maximum Particle Density Specific
size {(mm) Shape (kg/m?) gravity
1 Palmer Shredding, Inc | 38 Flat GO0 1.11
Ferrisburs, Vit.
2 Palmer Shredding, Inc_, 19 Gramular 574 1.08
Ferrisbure, Vit
3 Palmer Shredding, Inc_, 95 Elongated 505 1.18
Fernisburg, Vt.
4 Recycling Concepts 95 Granular G600 1.18
International, Ltd.,
Hickswille, N.Y.
5 The Baker Rubber Co., 2 Powder 534 1.12
Chambershurg, Pa.

Table 4.3. The determined parameters of five different specimens consisting of tire chips [43].

Volume Young's Friction Interparticle
Maximum
Product Shape strain at 55 modulus angle friction
size (mm)
kPa (%) E (kPa) @ () 91 (%)
1 Flat 38 270 580-690 37 36
2 Granular 19 265 430-380 54 53
3 Elongated a5 31.6 350-480 60 53
4 Granular a5 254 450-600 47 47
5 Powder 2 270 450-820 45 44

Humphrey (1999) has studied the use of tire shreds in various civil engineering applications.
In his study, he also investigated the properties of tire shreds which make them lightweight fill

material, thermal insulation, and drainage layer. The mentioned properties of tire chips were:

e lower unit weight (7.07 — 9.11 kN/m®) compared to the unit weight of soil (typically
19.64 kN/m?),
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e high permeability greater than 1 cm/sec,
e high temperature-isolation potential with a thermal conductivity equivalent to 0.14
Btu/hr-ft-°F (for particles smaller than 3 mm) which is seven times smaller than soil (1

Btu/hr-ft-°F).

Moo-Young et al. (2003) developed a study using physical and chemical testing methods
to evaluate the changes in material properties of tire shreds depending on particle size. The
change in specific gravity and water absorption capacity of tire shreds depending on particle
size were determined by required physical tests, as shown in Table 4.4. Furthermore, the
compaction, hydraulic conductivity, large-scale direct shear, and compression tests were
performed on tire shreds. Additionally, chemical testing procedures have been performed to
determine the effects of particle size on total organic carbon (TOC), pH, turbidity, and thermal
stability of tire shreds, as well as the effects of tire shreds on water quality. As a result, the

following conclusions have been drawn:

e The increase in the particle size of tire shreds resulted in an increase in hydraulic
conductivity, compressibility, and shear strength of tire shreds. Furthermore, TOC and
turbidity decreased, and pH increased slightly as the particle size increased.

e The tire shreds have resistance to temperatures up to 200 °C.

e Whereas the tire shreds placed above the groundwater table have a slight or no effect on
their surroundings, the one placed below the groundwater table might affect water

quality adversely.

Table 4.4. The results of specific gravity and water absorption [45].

Tire size Water absorption
Specific gravity
(mm) (%0)
<50 1.10 6.70
50-100 1.10 6.95
100-200 1.06 7.10
200-300 1.10 7.00
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Yang et al. (2002) performed two confined compression tests with an oedometer, two
isotropic compression tests with triaxial cells, and a direct shear test with varying normal stress
from 0O to 82,7 kPa on dry tire chips having a particle size between 2 and 10 mm. The aim of
their study is to evaluate the mechanical properties of tire-derived materials by analyzing the
test results and previous studies. Tire chips showed lower compressibility compared to tire
shreds due to a greater void ratio of tire shreds than tire chips and greater compressibility
capacity of tire shred particles than tire chip particles. This means that compressibility increases
as the particle size increases. The direct shear test results showed that the shear strength of
materials does not rely on the particle size but rather on normal stress changes. Additionally, the
authors listed the shear strength parameters determined using direct shear tests and triaxial tests

by the previous studies and their studies in Tables 4.5 and 4.6.

Table 4.5. Shear strength parameters of tire chips and shreds determined using direct shear

testing [46].

Unit Normal Cohesion
Maximum Friction The criterion of
Author Weight, Stress, Intercept,
Size, mm Angle, © Failure Stress
kN/m? kPa kPa
Humprey et al. {1993} 51 6,30 17-68 LT 21
76 6,08 17-63 11,5 19 Peak or at 10% disp. 2
38 6,06 17-62 2.6 25
50, 100, i :
Foose et al. (1996) NA 1-78 3 30 Peak or at 9% disp. ®
130
Gebhardt (1997) 1400 NA 3,3-28 0 38 10% dizp.
Yang et al. (2002) 10 3,73 0-83 0 iz 108 disp.

® The failure was considered to be the peak shear stress or, if no peak was reached, the shear stress ata

horizontal displacement equal to 10% (or 9% of the length of the shear box was taken.
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Table 4.6. Shear strength parameters of tire chips and shreds determined using triaxial testing

[46].
Failure criterion and shear strength
Maximum | U0t | Confining =005 in | 20% strain | Maximum NA
Author size (mm) weight | pressure
(kN/m2) | (kPa) c [ c ® c 0 c P
kPa) | (°) | (Pa) | (°) | (kPa) | (*) | (KPa)| (°)
38 5.89 35-35 0 [211 ] 35.5
19 5.62 35-35 0 |214 a 4.1
Benda = = = = =
(1995) 8.5 495 35-55 0 172 ] 312
a5 5.88 35-35 0 | 206 a 321
2 523 35-55 0 | 258 ] 36
13 6.19 316-199 227 (112 358 | 205
Ahmed 25 6.32 31-199 254 (126 373 | 227
(1993) 25 642 | 32307 | 221 | 146 332 | 253
25 6.75 32-199 246 [ 143 | 392 | 247
Masad
etal 475 6.24 150-350 70 4] 82 15
(1996)
38 5.89 35-35 0 537
15 5.62 35-35 0 54
Wu et
al. 95 4.95 35-35 a0 60
199
(1927 95 588 35-35 0 47
2 523 35-35 0 45
Breszene 51 598 NA 259 (M
(1984) ) o ’
Leeet 51 596 NA 316 | 14
al.
(1999) 30 6.3 28-193 76 | 21
Yang et
al. 10 5.73 234841 | 216 | 11.0| 37.7 | 188
(2002)

Additionally, some researchers have conducted tests on the mixture of sand and waste

tire-derived materials. A few of these studies are briefly examined as follows.
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Edil and Bosscher (1994) have presented a study in order to determine the material
properties of tire chips and soil-tire chips mixture, which were planned to use as lightweight fill
or drainage material in construction. The conducted tests and their results are listed below

briefly:

¢ Due to their vibration absorbent feature, the tire chips samples could not be compacted
by vibration. The standard and modified proctor tests were performed on the samples
consisting of tire chips and soil (sand or clay) with different mixture ratios. The soil type
and the ratio of the soil-tire chips were found to be significant parameters. Furthermore,
the unit weight decreased as the content of tire chips increased.

e Compression tests were performed on the samples consisting of tire chips and tire chips-
soil mixtures. The tire chips showed a greater vertical compression under the first
loading than that under subsequent loading cycles. Additionally, the static and dynamic
strain of the samples decreased as the volumetric percentage of soil in the mixture
increased.

e Large direct shear tests were performed on the samples with different mixture ratios.
The shear strength parameters of the tire-chips soil mixture were higher than the dense
sand.

e The hydraulic conductivity of the samples was determined under changing pressures.
The tire chips have high permeability, which was difficult to measure. Mixing tire chips
with sand of 30%-50% by volume resulted in a considerable decrease in the permeability

of tire chips. This situation was valid for the compressibility of tire chips.

Foose et al. (1996) performed a series of direct shear tests on the sample consisting of
sand and tire shreds in order to interpret the impact of various factors on shear strength.
According to the test results, the normal stress, sand matrix, unit weight, and shred content
showed a significant influence on shear strength, while shred length and shred orientation were
not determined as important as the other factors. The authors found that the initial friction angle

increased with an increase in shred content and unit weight. Furthermore, the shear strength of
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the mixture of sand and tire shreds was determined to be greater than the specimen consisting

of only sand.

Ghazavi (2004) determined the shear strength parameters of the mixture of sand and
waste garden hose grains with varying mixture ratios in order to understand the use of tire chips-
soil mixture as a lightweight material. A series of small direct shear tests were performed on the
specimens with various rubber content. The unit weight of the mixture decreased with the
increasing content of tire chips. According to the test results, an apparent cohesion was obtained
from the samples with tire chips, and the maximum value of initial friction angle was obtained
from the samples consisting of 10-20% rubber. Although the shear strength parameters did not
vary considerably depending on tire chips content, the rubber content could provide a reduction

in lateral earth pressure.

Hyodo et al. (2008) have performed undrained cyclic triaxial tests on the sample
containing tire chips and sand with various mixture ratios in order to examine the effects of the
change in mix ratio on the undrained shear behavior and strength characteristics of the tire chip-
sand mixture. Sand content of total mixture by volume (sand fraction-sf), density (ps), minimum
and maximum dry densities (pmin and pmax), maximum and minimum void ratios (€min and €max),
mean diameter (Dso), and coefficient of curvature (Uc) belonging to the mixture were listed in
Table 4.7. The specimens were prepared with an initial water content of 10%. The experimental
results showed that when the sand fraction was greater than 0.5, the characteristics of the mixture
were governed predominately by tire chips. Additionally, the specimens with sand fraction
higher than 0.5 showed the inclination to liquefy, whereas those with sf<0.5 were believed not
to display liquefaction. For the specimen consisting entirely of tire chips that have very low
stiffness, during cyclic shear loading, the excess pore pressure was not generated, the
liquefaction did not occur, and displacement was easily produced. Additionally, during shearing,

the increase in pore water pressure was controlled by tire chips.
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Table 4.7. The physical properties of tire chip-sand mixture [50].

Sand Fraction p: (2/em?) | pamin (g/cm?) | pamax (8/em?®) | emar | emin | Dz (mm) | C.
sf=1 (Soma sand) 2645 1273 1574 1.077 | 0.680| 0393 165
st=0,9 2576 - - - - 0.399 1.67
sf=0,8 2498 - - - - 0.403 167
sf=07 241 0939 1.234 1365 | 0953 | 0407 169
sf=0.6 2309 - - - - 0414 172
st=0.5 2192 0.744 0.988 1948 | 1.218 | 0423 1.15
sf=03 1.892 0.563 0.735 2361|1576 0453 19
sf=0 (Tire chips) 115 0347 0.442 2318 | L1600 0.653 272

Edingliler (2008) aimed to obtain shear strength parameters and deformation behavior
of the samples consisting of tire buffings and sand with various mixture ratios while performing
a direct shear test using large-scale test apparatus. The samples were prepared in dry condition
by mixing sand with a unit weight of 15.3 kN/m? and tire buffings with a unit weight of 5.1
kN/m?. With the experiments, the shear stress vs. displacement of the mixture with 5%, 10%,
20%, and 30% tire buffings by weight, only sand, and only tire buffings were determined at the
normal stress of 20, 40, and 80 kPa. As a result of the tests, an increase in friction angle (from
22° to 29°) and cohesion (from 3.1 kPa to 15.45 kPa) have been observed. Additionally, the
inclusion of tire buffings caused a change in the deformation behavior of sand. When the
aforementioned results were considered, tire buffing can be utilized as a fiber reinforcement

agent by mixing sand.

Edingliler et al. (2010) used the same experimental method mentioned in Edingliler
(2008) in order to determine shear strength parameters and deformation behavior of tire crumbs
having a unit weight of 5.4 kN/m? and dry sand having a unit weight of 13.8 kN/m>. The samples
were prepared by mixing sand and tire crumbs with various ratios (tire crumb-sand having 5%,
10%, 20%, and 30% tire crumb by weight, 100% sand, and 100% tire crumbs). Based on test
results, the improvement in shear strength parameters of sand has been observed as a result of
mixing with tire crumb. Additionally, the mechanical properties of sand could be enhanced with

other waste tire-derived materials (i.e., tire shreds, tire crumbs, tire buffings). The authors
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proposed a literature summary table with an addition of their results, which is given in Table

4.8.

Table 4.8. The summary of the literature review proposed by Edingliler et al. (2010).

Unit weight

Reference Material (EN/m*) Shear strength parameters
Humphrey et al. Product 1 (=76 mm tire chips-1) 1.01 c=86LkPa; p =25°
(1993) Product 2 (=76 mm tire chips-1) 6.82 c=115kPa; ¢ =19

Product 3 (<76 mm tire chips-1) 7.24 c=T7.7 kPa; ¢ = 21°

Product 3 (<76 mm tire chips-2) = c=4.3 kPa; ¢ = 26°
Abhmed and Lovell Tire shreds (Sizel.3 cm) — Stand. Comp. 4.67 ce=358kPa; ¢ = "D 5
(1993) Tire shreds (size. 2.5 cm) — Mod. Comp. | 671 c=392LkPa; ¢ =24

Tire shreds (size. 2.5 cm) — Stand. Comp. | .29 e=5332kPa; ¢ = 25 o

Tire shreds (size. 2.5 cm) — Stand. Comp. | .45 e=5373kPa; =226
Wuetal (1997) Tire chipz—product 1 (max. 38 mm-flat) 5.89 c=0kPa; ¢ =57°

Tire chips—product 2 (max. 19 mm-gran.) 5.68 c=0kPa; ¢ = 54"

Tire chips—product 3 {max 9.5 mm-elong.) | 4.95 e=0kPa; ¢ = 54°

Tire chips—product 4 (max.9.5 mm-gran.) 5.89 ce=0kPa; d=47"

Tire chips—product 5 (max.2 mm-powder) 5.69 c=0kPa; ¢ = 45°
Tatlizoz et al. {1998) 100% tire chips 5.90 c=0kPa; ¢ = 30°

100% sand 16.8 c=2kPa; ¢ =34°

0% sand + 10% tire chips 15.6 c=21kPa; ¢ = 46°

80% sand + 20% tire chips 145 c=2kPa; ¢ =530"

70% sand + 30% tire chips 13.3 c=2kPa; ¢ =352°

100% sandy silt 18.3 c=21KkPa; ¢=30°

80% sandy silt + 10% tire chips 176 c= 3§ kPa; ¢ = 53°

80% sandy silt + 20% tire chips 17 c=33 kPa; ¢ = 34°

70% sandy silt + 30% tire chip 13.9 c=3530kPa; § = 33°
Foose et al. (1998) 90% sand + 10% tire shred (13 cm-random) 168 1=379kPaiz=1235Pa)

90% sand + 10% tire shred (13 coa-vertical) 168 1=18.6kPa(c=23.5 kPa)

90% sand + 10% tire shred (13 cm-random) 147 1=8.30kPa(c=23.5kPa)

70% sand + 30% twre shred (5 cm-vertical) 147 t=372kPa(g=1235kPa)

70% sand + 30% tire shred (5 cm-random) 174 t=11.0kPa(o= 12575 kPa)

70% zand + 30% tire shred (5 cm-vertical) 168 1=20.7kPa(c=1233kPa)

70% zand + 30% tire shred (5 cm-random) 16 8 t=5332kPaic=1253kPa)

70% sand + 30% tire shred (5 cm-vertical) 147 t=324kPa(g=1235kPa)

90% sand + 10% tire shred (13 coa-vertical) 147 t=324kPaic=1575kPa)

20% sand + 10% tire shred (5 cm-random) 168 t=324kPa(c=233kPa)

90% sand + 10% tire shred (5 cm-vertical) 147 t=13.8 kPa(g=1233 kPa)

70% sand + 30% tire shred (15 cm-vertical) 168 =786 kPalo=235kPa)

70% sand + 30% tire shred (13 cm-vertical) 16 8 1=22.8kPa(c=23.5kPa)

90% sand + 10% twre shred (5 cm-vertical) 168 t=290kPa (o =235 kPa)

70% sand + 30% tire shred (15 cm-random) 147 t=421kPa (=235 kPa)

90% sand + 10% tire shred (5 cm-random) 147 =193 kPaioc=12575kPa)
Attom (2006) 100% zand A 155 ¢ =15

10% shredded tire + 90% sand A 14 @ =30

20% shredded tire + 80%: sand A 15 ¢ =37

30% shredded tire + 70% sand A 155 9 =41

40% shredded tire + 60% sand A 16 § =43

100% zand B 159 b =28

10% shredded tire + 20%: sand B 14 ¢ =35

20% shredded tire + 80%: sand B 15 @ =42

30% shredded tire + 70% sand B 159 o =47

40% shredded tire + 60%: sand B 16 @ =49

100% zand C 16.6 ¢ =36

10% shredded tire + 90% zand C 15 § =421

20% shredded tire + 80% sand C 16 ¢ =45

30% shredded tire + 70% sand C 16.5 ¢ =48

40% shredded tire + 60% sand C 16.6 =50
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Table 4.8. The summary of the literature review proposed by Edingliler et al. (2010). (cont.)

Edingliler et al_ (2004) | 100% tire buffings 5.1 c=3.1kPa; ¢=122°
100% sand 153 c=69kPa; ¢=35°
0% sand + 10% tire buffings 13.0 c=87kPa; ¢=19°

Edmchler (2008) 100% tire buffings 5.1 c=3.1kPa; ¢=1227
100% sand 15.3 c=6.9kPa; $=33°
83% sand + 5% tire buffings 152 c=104kPa; ¢ =18.2°
90% sand + 10% tire buffings 149 c=87kPa; ¢=120"
80% sand + 20% tire buffings 142 c=155kPa; ¢ = 5"
70% sand + 30% tire buffings 135 c=10.TkPa; ¢ =8.3°

Ghazavi (2004) 100% sand Y= 147145 0= 31.2937°

0% sand + 10% granular rabber

L

Y = 13/13.

Do =337

85% sand + 15% granular mbber

Yoo= 12313

o= 35.3737.6°

80% sand + 20% granular rubber Y= 11124 = 34.5%/33.57

50% sand + 30% granular mbber Yoo=1.7/8 = 33%35°

30% sand + 70% granular rubber Y= 04587 gy = 337337

100% granular rubber Y= 4751 = 317317
Edmchler et al_ (2010) | 100% tire crumb 54 c=4.6kPa; $=310°

100% sand 13.78 c=0kPa; ¢=387°

93% sand + 3% tire crumb 1338 c=13KkPa; ¢ =4112°

0% sand + 10% tire crumb 13.02 c=02kPa; ¢ =414°

80%: sand + 20% tire crumb 12.38 c=1.1kPa; p =42.6°

70% sand + 30% tire crumb 11.85 c=12KkPa; ¢ =400°

4.2.2. EPS Geofoam

Geofoam is a rigid cellular foam polymetric material, and it is produced in the shape of

a block or plane. EPS (Expanded Polystyrene) and XPS (Extruded Polystyrene) are

manufactured from geofoam. Although EPS and XPS consist of polystyrene, they are named

differently due to their manufacturing processes. EPS and XPS materials are produced by a

molding process and an extrusion process, respectively. In this study, the properties of EPS and

the studies carried out on EPS will be examined since EPS will be used in the experiments of

this study.

According to ASTM D6817,

e The dimensions commonly used for EPS production are given in Table 4.9.

e The density of EPS varies from 11.2 kg/m? to 45.7 kg/m®, which is equivalent to 0.6-2.5%

of the sand (approximately 1940 kg/m®) [54]. The densities of different EPS types are

given in Table 4.10.
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e  The compressive resistance of a 1%, 5%, and 10% strain and the flexural strength of EPS
material with varying densities were calculated as given in Table 4.10.

e The oxygen index of EPS is equivalent to 24% by volume regardless of the change in
density, as given in Table 4.10. This value, which expresses the minimum oxygen content
that will support a flaming burn in a polymer specimen, is significant as the EPS material
has a flammable nature [54].

e The values of flexure, tension, shear, and compression strength belonging to EPS

depending on a density change were evaluated, as given in Figure 4.1.

Table 4.9. The dimension of EPS that is commonly used during the manufacturing process

[53].

Dimension, mm [in.] All EPS Tvpes
Width 305 t0 1219 [12 to 48]
Length 1219 to 4877 [48 to 192]

Thickness 2510 1219 [1 to 48]

Table 4.10. The properties of EPS geofoams with different densities [53].

Type EP512 | EPS15 | EPS19 | EPS22 | EPS20 | EPS39 | EPS46

Density, min. (kg/m3) 112 144 18.4 216 | 288 384 | 457

Compressive Resistance, min

(kPa at 1% strain)

15 25 40 50 15 103 128

Flexural Strength, min. (kPa) 69 172 207 240 343 414 517

Oxygen Index, min. (volume %) | 240 | 240 24,0 240 | 240 | 240 | 240
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Figure 4.1. Different strength values of EPS based on density change [54].

Some researchers conducted studies to evaluate the material properties of EPS. A few

studies performed on EPS are given below briefly:

Elragi et al. (2001) investigated how the change in sample size influences the
determination of elastic parameters by conducting unconfined compression tests on EPS
samples. The samples have various densities (15 and 29 kg/m?) and various shapes (cubic
samples with a height of 0.05 m and 0.6 m and cylindrical samples with a diameter of 0.08 m
and with changing heights). Additionally, a stack of four 0.6 m cubic specimens was tested.
Young’s modulus and Poisson’s ratio were determined by the examination of axial and lateral
deformations of samples. According to test results, Young’s modulus of large specimens is
shown in Figure 4.2. Furthermore, Poisson’s ratio determined from the middle section of 0.6 m
cubic samples was greater than that evaluated in the lower and upper sections. Young’s modulus
and Poisson’s ratio were underestimated due to crushing and damage in the geofoam located

adjacent to the loading platens.
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Figure 4.2. Young modules as a function of EPS density [55].

Athanasopoulos et al. (1999) have performed resonant column and cyclic triaxial tests
on EPS geofoam having two different densities (12.4 and 17.1 kg/m3) by aiming to evaluate the
dynamic properties belonging to EPS and the effects of strain amplitude (varying between
0.0005 and 0.08), frequency of loading (ranging from 0.01 to 2.00 Hz) and change in sample
density. No confining pressure is applied on specimens that have a cylindrical shape with a
diameter of 36 mm and a height of 80 mm. The damping ratio, the dynamic shear modulus, and
the secant modulus of elasticity depending on cyclic shear strain amplitudes were determined
for two different EPS geofoam samples using the test results. Consequently, the following

conclusions have been drawn:

e The low amplitude shear modulus (Go) and the initial modulus of elasticity (Eo) of
EPS geofoam samples were determined as given in Table 4.11. As seen in the table
below, the density of EPS has a significant effect on the dynamic modulus of
specimens.

e The damping ratio was not significantly affected by the change in density.

e The change in loading frequency did not change the elastic modulus of EPS, whereas

an increase in frequency resulted in a decrease in the damping ratio.



67

e The Poisson’s ratios of EPS samples were calculated by using a computer program
on the basis of the test results. The determined values are given in Table 4.12.
¢ An increase in the cyclic strain amplitude brought about a decrease in the elastic

modulus and an increase in the damping ratio of EPS samples.

Table 4.11. Shear modulus and initial modulus of elasticity of EPS geofoam samples[56].

Density of Shear Modulus | Initial Modulus of Elasticity
EPS (Go) (Eo)
(kg/m?) (MPa) (MPa)
12.1 2.1 1.2
17.4 4.9 4.88

Table 4.12. Poisson’s ratio of EPS samples[56].
Density of EPS (kg/m3) 12.1 17.4
Poisson’s Ratio (v) -0.50 -0.75

The mechanical properties of EPS blocks were evaluated by performing various
laboratory tests in the study proposed by Preber et al. (1994). According to test results, an
increase in the unit weight of EPS brought about an increase in the initial and elastic modulus,
the material strength, and the punching shear strength. Additionally, while a decrease in
confining pressure results in a decrease in elastic modulus, it contributed to an increase in initial
modulus and Poisson’s ratio (up to below zero for higher confining pressures). The authors
concluded that the performance of EPS under repeated loading was satisfying, and EPS

materials were insensitive to creep due to a very low creep strain rate for a year.

Horvath (1994) has given information about the properties of EPS in this study. The
mentioned features of EPS are listed below briefly:

e The density of the EPS block varies between 10 kg/m® and 40 kg/m®. The type of
EPS commonly used in geotechnical applications as a lightweight material has a

density of 20 kg/m?.



68

EPS has no ability to decompose in nature, and it does not produce a chemical
reaction with soil or water. Additionally, additives having no effect on the EPS
properties can be used to prevent the EPS from infesting.

Despite a closed-cell form of EPS preventing water absorption, water (in a state of
gas or liquid) might go into the tiny pores in the EPS. The mechanical properties of
EPS are not affected by this situation.

The EPS should not be exposed to ultraviolet (UV) radiation for a long-lasting period
since the exposure to UV makes the surface of the EPS yellow and brittle.

The protection of EPS using geomembrane or other materials may be needed due to
its nature of dissolving in a few liquids such as gasoline and diesel fuel.

The EPS beads having additives preventing materials from quickly burning are
commonly used due to their nature of flammability and melting at a temperature
above 150°C.

The relationship between the initial tangent Young’s modulus and the density of EPS
was linear, as depicted in Figure 4.3.

The elastic limit and the compressive strength decrease as the density of EPS
reduces.

The increase in creep effect results from the decrease in EPS or an increase in
temperature at a specified EPS density.

The mean strength values vs. EPS density were evaluated in Figure 4.4.
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Figure 4.3. The correlation between the initial Young’s modulus and density of EPS [58].
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Hazarika (2006) has developed a constitutive model for large-strain applications of EPS
geofoam. The properties of EPS were determined by the unconfined compression tests for
specimens having varying sizes, shapes, and densities. The author has measured the compressive

strength at a strain of 10% for different densities, sizes, and shapes, as illustrated in Figure 4.5.

150
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Figure 4.5. The compressive strength values corresponding to density, size, and shape [59].

As it can be inferred that the 50 mm cubic sample gave the least value of compressive
strength, while the highest one was obtained from a 100 mm cubic specimen. In addition to
specimen size and shape, the other reason for higher strength is the larger contacting surface on
which the compression stress acted. Additionally, the correlation between the elastic modulus
and the density of EPS was evaluated in this study and was compared to the others proposed in

the literature previously in Figure 4.6.
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Figure 4.6. The relationship between Elastic modulus and EPS density [59].

4.3. Previous Studies on the Use of Lightweight Materials as a Cushion

4.3.1. Numerical and Experimental Studies on the Effects of Cushion Layer on Static

Conditions

Karpurapu and Bathurst (1992) have implemented a numerical study in order to evaluate
preliminary design charts used for the selection of inclusion materials placed adjacent to the
rigid wall. Using the GEOFEM program, which performs a non-linear finite element method,
the effects of inclusion layer with various thicknesses (1%, 2.5%, 5%, and 10% of the wall
height) and stiffness values and backfill soil with different compaction densities on static lateral

earth pressure were investigated. Additionally, the analyses were conducted for three different
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wall heights (3, 5, and 10 meters). As a result of a numerical parametric study, the following

inferences have been made:

e The increase in thickness of the inclusion layer led to a reduction in lateral earth
pressure. The decrease in the elastic modulus of the compressible layer also brought
about the same effect on lateral earth pressure while the inclusion thickness remained
constant.

e The lateral movement of the backfill becomes lower as the friction angle and
stiffness of the backfill increase while the inclusion thickness keeps constant.

e The inclusion layer with lower compression modulus and higher thickness had to be
utilized for denser soils which have a greater friction angle compared with loose

soils.

Based on investigated parameters, preliminary design charts have been proposed in order
to select an appropriate inclusion thickness to reduce lateral earth pressure to a minimum, as

shown in Figure 4.7.
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Figure 4.8. (a) The cross section of test setup [61] and (b) the dimensions of the steel wall

model [62].

Ertugrul and Trandafir (2011) have investigated the effects of geofoam inclusion
installed adjacent to the rigid retaining wall on static lateral earth pressure by establishing a
small-scale experimental model (Figure 4.8 (a)) and a numerical model. Concerning the 1-g
physical wall model, the steel wall model was manufactured by welding the stem with the
dimension of 700x980x8 mm on the base with the dimensions of 980x500x8 mm rigidly, as
shown in Figure 4.8 (b) and the soil placed under, and back of the wall was dry and cohesionless.
The numerical model was generated by using the experimental wall using UWLC software, and
a plane-strain finite element analysis was performed. In their study, EPS geofoam utilized as an
inclusion material has a density of 15 kg/m>. The parameters whose effects were investigated
on static earth pressure against the rigid non-yielding wall were the ratio of the thickness of EPS
to wall height (t/H=0.07, 0.14, and 0.28), the characteristics of geofoam (stiffness varying from
2 to 10), the strength parameters of retained soil (various friction angle; 30°, 35°, 40°, and 45°),
and the wall height (2.8, 3.5, and 4.2 meters). The test results showed that the change in wall
height did not have a significant effect on the efficiency of the inclusion layer. However, the
thickness and stiffness parameters had a significant effect on the reduction potential of the

compressible layer. As the relative stiffness and thickness of the inclusion layer, the internal
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friction angle of backfill soil increased, and the isolation efficiency of the geofoam layer

increased.

Ertugrul et al. (2012) conducted an experimental setup using the model depicted in
Figure 4.8 with the same aim explained in the study by Ertugrul and Trandafir (2011). The only
difference in the wall model was the thickness of the stem which was selected as 5 mm. The
EPS inclusion having a density of 16 kg/m* was installed behind the wall at 7%, 14%, and 28%
of the wall height. During the experiments, both the rigid wall and the flexible wall were used
in order to investigate the effect of wall type on the static earth pressure, accompanied by the
geofoam thickness. According to the result of experiments, the inclusion layer results in lateral
earth thrust acting on both flexible and rigid wall models. However, the reduction amount was
greater in forces against rigid walls compared to those against the flexible wall. Figure 4.9
illustrates the reduction amount in static lateral earth thrust for rigid and flexible walls depending

on the inclusion thickness.
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Figure 4.9. The static earth pressure acting along the wall depending on the thickness of EPS
inclusion (a) for the rigid wall, (b) for the flexible wall [61].

Ertugrul and Ozkan (2012) have extended the study proposed by Ertugrul et al. (2012)
by performing physical tests on the model shown in Figure 4.8. Different from Ertugrul et al.
(2012), the authors used EPS geofoam with a density of 15 kg/m? as an inclusion, they changed

the thickness of the wall stem (2, 4, 5, and 8 mm), and they selected two different inclusion
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thicknesses (7% and 14% of the wall height). Thus, the effect of the wall flexibility was also
investigated, in addition to the thickness of inclusion and wall type. The tests have indicated
that the existence of the inclusion layer caused a decrease in static lateral earth forces; however,
this reduction depended on the flexibility of the wall and the properties of the inclusion material.
Additionally, the lateral forces acting on the rigid wall decreased more than those on the flexible
wall, which was because the increase in flexibility of the wall stem brought about a decrease in
lateral thrust. It can be inferred that the increase in flexibility of the wall led to a decrease in the
load reduction efficiency of the inclusion. Moreover, the thickness of the EPS geofoam also
significantly influenced the lateral force reduction. The increase in inclusion thickness resulted

in a more attenuating effect on lateral forces.

Ertugrul and Trandafir (2013) have broadened the parameters investigated by Ertugrul
and Ozkan (2012) by conducting an experimental study on the small-scale experimental setup
illustrated in Figure 4.8. As an inclusion material, EPS15 (ps=15 kg/m?) and XPS22 (ps=22
kg/m®) were placed behind the wall model. Additionally, a numerical study has been carried out
in order to evaluate the effects of strength parameters and elastic modulus of backfill, stiffness
of inclusion material, and wall flexibility by using FLAC 2D software. In the numerical model,
two different wall heights (2 and 4 m) were used, and the wall thickness to wall height ratio was
selected as 0.05, 0.1, 0.15, and 0.2. The inclusion material used in numerical analysis was EPS18
(ps=18 kg/m?) and EPS26 (ps=26 kg/m?). The following conclusions have been drawn by taking

into account the results of both experimental and numerical analyses:

e The change in wall height did not significantly affect the reduction efficiency of the
inclusion layer on the condition that the lateral forces acting on the geofoam were
not greater than the yield stress of the inclusion.

e The increase in wall flexibility resulted in a decrease in lateral forces since the stem
of the wall could move away from the retained soil.

e The reduction in lateral thrust and earth pressure coefficient took place in various
amounts depending on the change in inclusion thickness and stiffness, wall

flexibility, and strength parameters of the retained soil.
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e The reduction potential of the geofoam layer decreased with the increase in wall

flexibility.

Hasanpouri Notash and Dabiri (2018) have carried out a numerical analysis of yielding
and non-yielding walls with heights of 3, 6, and 9 meters using the FLAC program. The aim of
the study was to investigate the effects of the geofoam layer placed behind the wall on the
behavior of the cantilever wall under static conditions. The geofoam cushions used in this study
were three different densities (15, 20, and 25 kg/m?), and they were installed adjacent to the wall
with various thicknesses (the ratio of the geofoam thickness to wall height was equal to 0.05,
0.2, and 0.4). Additionally, the change in the shape of the geofoam layer was also investigated
by using an EPS buffer in the shape of a rectangle and trapezoid. Moreover, the authors installed
two geofoam layers behind the yielding and non-yielding wall, and the distance between panels

was selected as 50, 100, 150, and 200 cm. The authors have come to the following conclusions:

e The increase in geofoam thickness resulted in a decrease in the static lateral thrust
against the wall. However, the decrease in forces acting on yielding walls was lower
than those on non-yielding walls.

e The decrease in the density of EPS caused a decrease in lateral forces and an increase
in lateral displacement.

e The static forces acting on both yielding and non-yielding walls were not affected
significantly by the placement of two geofoam layers placed at intervals behind the
wall. However, the geofoam buffer with a trapezoidal shape had more effect on the
reduction of static forces and the increase in displacement in comparison to using a
rectangular layer and two panels behind the wall.

e Whereas the geofoam layer with a thickness of 0.05H resulted in an improvement in
the overturning stability, the stability of the wall might be disturbed by the EPS
buffer having a thickness greater than 0.2H. Additionally, the safety factor against

overturning of yielding wall was reduced by using geofoam with a thickness of 0.4H.
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Adelsalam and Azzam (2016) have proposed a study with the purpose of generation of

design charts and correlation to determine the reduction of lateral forces and lateral earth

pressure coefficient under active and at-rest conditions when the EPS cushion was placed behind

the wall. Firstly, the authors conducted laboratory tests on geofoam samples to examine their

strength and interface properties with concrete and retained soil. Then, they established a

numerical model using a concrete wall with a 1-m height and EPS cushion with various

thicknesses (changing from 2 to 50 cm). The behavior of flexible and rigid walls under static

conditions was evaluated using the finite-element method implemented by PLAXIS 2D. Based

on the results of the analyses, the following inferences have been made:

e For both flexible and rigid walls, the lateral pressure decreased with an increasing

thickness of EPS inclusion. However, the amount of reduction in lateral forces

against flexible walls was 8% lower than that on rigid walls.

e For flexible walls, the inclusion thickness, interface, and flexure properties had a

significant influence on the lateral forces compared to the geofoam density.

e The design charts and correlations for the assessment of the reduction amount in

lateral earth pressure were established, as shown in Figure 4.10.

80 +
70
2
7 60 - % Reduction = 14In(t/h) + 73 .
a Trendline RZ = 0.94 Pl
a 50 - \ ,.«/
£ 7
c 40 -+ Py
o P
5 30 i
2 _ "% Reduction = 12In(t/h) + 61
¥ 20 - e Trendline R? = 0.96
2
10 +7 Rigid wall
————— Flexible wall
0 ey T
0.01 0.1 tth
(a)

Reduction factor for K

1.0
09 +———_ Factor = 1.3(t/h)2 — 1.3x + 0.9
~~~__ 1 Trendline R?=0.92
0.8 4 Working
lines S
0.7 4 g
Factor = 2.2(t/h)2 — 1.9x + 0.9
0.6 Trendline R?= 0.94
REP —>
—— ZEP
0.5 4
K (at-rest)
————— K (active)
04 —— T —
0.01 0.1 tth

(b)
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corresponding to the ratio of inclusion thickness to wall height on a logarithmic scale [66].
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4.3.2. Numerical and Experimental Studies on the Effects of Cushion Layer on Dynamic
Conditions

Ertugrul and Trandafir (2014) have carried out 1-g shake table tests using the small-scale
wall model given in Figure 4.8 in order to evaluate the effects of inclusion properties and wall
flexibility on dynamic earth pressure acting on flexible cantilever walls. The frequency (4 to 10
Hz) and peak acceleration (0.1 to 0.7g) of input motion were investigated in addition to the
parameters examined by Ertugrul and Trandafir (2013). According to the results of experiments

by taking into account various parameters, the following inferences have been made:

e The increase in amplitude and frequency of input motion caused an increase in the
horizontal displacement and vertical settlement within retained soil.

e The deformation of the inclusion material due to its compressibility resulted in an
additional surface settlement at the end of the test. This is because the surface
settlement of the model without a geofoam layer was obtained remarkably less than
those determined from the wall model with inclusion. Moreover, this additional
settlement increased with the increase in the thickness of the geofoam layer.

e The compressible layer reduced not only lateral forces against the wall but the
amount of flexural movement of the wall stem as well.

e The load reduction potential of XPS was observed to be slightly lower than those of
EPS.

e The increase in wall flexibility led to a reduction in the load and displacement
reduction potential of the deformable layer.

e The compressible inclusion resulted in a reduction in residual wall stresses occurring
under seismic shaking due to the backfill soil densification.

e Inclusion material, wall flexibility, and input motion parameter affected the
application point of maximum seismic pressure, which changes from 0.4H to 0.6H.
Additionally, the loading point obtained from experimental test results was greater

than that calculated from the Steedman-Zeng method.
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e Similar to lateral forces, deformable layer properties and wall flexibility also resulted
in a reduction in a lateral earth pressure coefficient (Kag). Additionally, Kag
considerably increased with an increase in frequency ratio (f/fy,*= the ratio of
frequencies belonging to input motion and the soil-backfill system).

e The lateral earth pressure determined by the Steedman-Zeng method and those
obtained from the experimental test were in good agreement with the model with

low flexibility.

Zarnani et al. (2005) and Zarnani and Bathurst (2005) were companion studies, both of
which investigated the reduction effect of geofoam inclusion behind the rigid wall on the lateral
earth thrust by shaking table tests. The former study was about experimental tests conducted
using EPS geofoam with six different properties, whereas the numerical study was carried out
using EPS with two different densities in the latter study. The numerical model was verified by
the data collected from the results of shaking table tests. The experimental setup contained a
rigid wall model, the inclusion material, and a dry and cohesionless backfill soil, as depicted in
Figure 4.11(a). The scaling factor was selected as 1/6 for the establishment of a small-scale test
model. The wall model was made of aluminum, and it was installed on a shaking table. The
numerical analysis has been carried out with the model shown in Figure 4.11(b), which was
similar to the experimental setup. A sinusoidal acceleration time history with a frequency of 5
Hz and with amplitude increasing gradually up to 0.8g was applied to both models, as given in
Figure 4.12. As a result of an experimental study, Zarnani et al. (2005) have observed that a
reduction in density or modulus of EPS geofoam brought about a decrease in lateral forces
occurring under seismic shaking, similar to Karpurapu and Bathurst (1992), who observed the
same trend in static forces. The load reduction amount of seismic buffer reached 60% of the
forces acting on the rigid wall without a geofoam panel. Moreover, the compressibility of EPS
decreased as the density or modulus increased. After the end of the experiments, the elastic

rebound of the inclusion layer was observed.
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Figure 4.11. (a) The experimental setup and instrumentation [67], (b) The numerical model

established using FLAC software [68].
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Figure 4.12. A sinusoidal input motion with stepped amplitudes up to 0.8 g and with a
frequency of 5 Hz [68].
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Zarnani and Bathurst (2005) have simulated the changes in wall force due to the geofoam
buffer application using FLAC software. A comparison of the results showed good agreement
between the predictions made by numerical analysis and the experimental data, as given in
Figures 4.13(a), (b), and (c¢). Additionally, the reduction in lateral earth thrust has been observed

because of geofoam inclusion, as shown in Figure 4.13(d).
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Zarnani and Bathurst (2006) have conducted a study in order to comprehend the effect
of inclusion consisting of EPS geofoam on dynamic lateral earth thrust due to earthquake. The
authors gave brief information about the experimental setup and carried out a numerical study
using FLAC software to simulate the shaking table test results. The physical and numerical
models are illustrated in Figures 4.11(a) and (b). In this study, the density values of the inclusion
material were chosen as 16, 14, and 12 kg/m> and the elastic modulus was calculated as 5.4,
2.8, and 4 MPa, respectively. Shaking table tests and numerical analyses indicated that the
application of geofoam behind the wall provided a lateral earth pressure attenuation.
Additionally, the decrease in elastic modulus of inclusion resulted in higher load reduction.
Furthermore, the load reduction amount could exceed 36% of the force acting on the wall

without inclusion, according to the results of the numerical study.

Bathurst et al. (2007) have implemented an experimental study with the aim of
comprehending whether the buffer application provided a reduction in dynamic lateral forces
acting on a rigid wall. The shaking table tests were performed on the setup given in Figure
4.11(a). The properties of the inclusion material were similar to those used in Zarnani and
Bathurst (2006). As a result of the tests, the observation of lateral thrust attenuation has been
made. The decrease in density and stiffness of buffer material caused an increase in load
reduction amount. The greatest reduction in lateral loads was observed as 31% at a peak

acceleration of 0.7g.

Zarnani and Bathurst (2007) have performed six shaking table tests on the small-scale
experimental setup depicted in Figure 4.11(a). The six different inclusion material was used
with varying elastic modulus and density. The authors investigated the load reduction potential
of EPS geofoam adjacent to rigid walls, similar to the aforementioned studies. Different from
them, buffer compression, dynamic elastic modulus of inclusion material, dynamic friction
angle between retained soil and EPS geofoam, amplification of excitation, stress relaxation, and
creep after shaking have been examined in this study. Based on the results, the following

conclusions have been made:
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e Asthe density and stiffness of the geofoam increased, the load reduction of the buffer
decreased, as given in Figure 4.14.

e The seismic buffer with the lowest stiffness reduced the lateral forces by 40%,
whereas the one with the highest stiffness led to a 15% reduction in forces against
the rigid wall.

e EPS materials compressed exceed their elastic limit provided the greatest reduction
in lateral forces.

e The stiffness of the non-elasticized geofoam material diminished as the density
decreased.

e The cohesive (or adhesive) interface shear strength parameters between retained soil
and buffer panel increased with decreasing density and stiffness of EPS.

e The stress-relax and creep could be observed in the EPS-soil system after base

excitation ceased.
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Figure 4.14. The change in horizontal forces against the wall depending on the density or

elastic modulus of EPS geofoam [72].

A numerical study has been carried out by Zarnani and Bathurst (2009). In order to

examine the effects of wall height, EPS inclusion parameters, and input motion parameters on
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the seismic performance of inclusion placed behind the rigid wall, the numerical simulations

were performed using FLAC software. The investigated parameters are tabulated in Table 4.13.

Table 4.13. The investigated parameters in numerical analysis [73].

Parameter Type or Value
Wall heaght 1. 3, 6, and 9 meters
(H)
Thickness of EPS buffer 2.5%, 5%, 10%, 20%, and 40% of wall height
(t)
Types of EPS EPS19 (p=18.4 kg/m?)
EP822 (p=21.6 kg/m?®)
EP829 (p=28.9 kg/m?)
Buffer stiffness from 1.58 to 113.8 for EPS19
(KE=E/t, the ratio of elastic modulus to from 1.92 to 138  for EPS22
thickness of EPS) from 2.70 to 195 for EPS 29
Ratios of motion frequency to the 0.3,05085 12 and 14
fundamental frequency of the soil-wall
system (£'fy;)
Frequency of excitation from 0.7 Hz to 21 Hz*

*Maximum amplitude and duration remained constant for all inputs, as 0.7g and 17 sec,
respectively.

According to the test results, the following interpretations have been made:

e The EPS geofoam layer provided a decrease in lateral forces with an increasing
thickness.

e The increase in buffer thickness and the decrease in EPS density resulted in an
increase in the isolation efficiency of EPS.

e The total force acting on the wall increased as the frequency of input motion
increased. However, this pattern was valid for frequencies lower than the natural
frequency of the soil wall system. Beyond this frequency, the wall forces reduced as
the frequency excitation increased.

e While the frequency of input motion was reaching the natural frequency of the rigid
wall (the resonance threshold, f/fi1 =1), the isolation efficiency of the buffer material

decreased. This trend was least noticeable for the buffer having greater thicknesses.



e In general, the isolation efficiency decreased as the wall height decreased.

e The isolation efficiency decreased nonlinearly as the EPS stiffness increased. The
tests show that the practical range of stiffness was K equal to or smaller than 50
MN/m? for the design of systems which was aimed to reduce seismic loads.

e Strains occurring on EPS buffer increased with a decrease in the buffer modulus, an

increase in wall height, and a reduction in the buffer thickness, with an excitation

frequency approaching the fundamental frequency of the wall.

Zarnani and Bathurst (2011) conducted a parametric study on the model shown in Figure
4.11(b) using FLAC software. The investigated parameters were the same as those given in
Table 4.13. In this study, the results of the numerical analysis were demonstrated as design
charts for the determination of buffer, as given in Figure 4.15. Considering all results and design

charts, the practical range of K was equal to or smaller than 50 MN/m? for the design of systems

using load reduction with EPS installation.
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Figure 4.15. The design charts proposed by Zarnani and Bathurst (2011).

—a— EPS22 | —&— EPS22

0.3xf, 141,

1aH=1m
—w»— EPS19 | —=— EPS19

—e— EPS29 |—O— EPS29

50 A

40

30 A

20 1

0 50 100 150 200
K = E/t (MN/m?)
0.3xf 1.4xf
c)H=6m
) —w— EPS19 |—»— EPS19
—a&— EPS22 | —&— EPS22
—e— EPS29 |—O— EPS29
0 20 40 60 80 100
K = E/t (MN/m?®)

isolation efficiency (%)

isolation efficiency (%)

70

40 4

30

20 4

03xf, 14x7

—v— EPS19 | —o— EPS19
—a— EPS22 | —A— EPS22
—e— EPS29 | —O— EPS29

b)H=3m

70

1(I)D
K = E/t (MN/m®)

50

60

0.3xf 1.4
d)H=9m - -
) —v— EPS19 | —— EPS19
1 —A— EPS22 | —— EPS22
“l —e— EPS29 | —O— EPS29
A

50 4

10 20 30 40 50

K = E/t (MN/m?)



87

Wang and Bathurst (2012) have investigated the effects of EPS geofoam cushion placed
behind rigid walls on dynamic earth pressure by conducting a numerical study which was
established based on the results of three shaking table tests performed on a small-scale model
illustrated in Figure 4.11(a). ABAQUS software, which performed Finite Element Method
(FEM), utilized numerical simulations. The wall model was similar to the model depicted in
Figure 4.11(b). The cushion layer consisted of EPS with a thickness of 0.15 m. EPS geofoam
used in this study had two different densities which were 12 and 16 kg/m?. According to a
numerical study, the compression of EPS increased as time increased. Moreover, the decrease
in density (also elastic modulus) caused an increase in the compressibility of EPS buffer. Based
on the comparison between experimental and numerical results, ABAQUS software can be a

successful program for analyzing geofoam buffers.

Hazarika et al. (2001) investigated the influence of a lightweight material placed behind
the wall instead of conventional backfill by conducting numerical analyses using the finite
element method. The replacement of backfill with EPS geofoam with a density of 20 kg/m? soil
only took place for the predicted failure zone. The rigid wall retaining a dry cohesionless soil
was modeled with a height of 10 meters, and two input motions (a sinusoidal recording having
a 3.5 Hz frequency and a 0.2g amplitude (200 gals) — North-South component of Hyogo-Ken
Nanbu earthquake) were used for analyses. Additionally, the movements of the soil-wall system
were simulated for non-yielding and yielding (for active and passive state) conditions.
Therefore, the EPS geofoam placed in lieu of retained soil resulted in approximately a 50% -
60% reduction in lateral pressure acting on the wall before the replacement of the lightweight
material. The use of lightweight material instead of soil behind the wall can be an economical
way to reduce the earthquake-induced forces causing excessive deformations in earthquake-

prone areas.

Hazarika (2001) has performed numerical analyses with the aim of assessing the effects
of the use of EPS geofoam as a compressible buffer behind the retaining wall. The model wall
had a height of 10 meters, and it was embedded 3 meters in soil, as established in Figure

4.16.The investigated conditions and the excitation used to shake the soil-wall system were
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similar to the study of Hazarika et al. (2001). Additionally, the geofoam panel with a density of
20 kg/m? was installed behind the wall at a thickness of 1 m. The result of the numerical analyses
showed that the reduction in lateral forces has occurred for both non-yielding and yielding
conditions. The compressible inclusion gave rise to a decrease exceeding 40% in lateral

pressure, as depicted in Figure 4.17.
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Figure 4.16. The model wall used in numerical analyses [77].

12 7 1.2 —r——r
: —— Active Mode i | ——— Active Mode
— — - Non-yielding Wall - 1 — — - Non-yielding Wall
£ - -~--Passive Mode e QLI ] -----Passive Mode
? ! z 1 % : !
3 e~ 3 i DT
= - s 0.6 - NG A
g ] B N PN,
% ! : % g / !
S iy 0.2 [ i R
s I ; ’ ‘
L T 0 L_J_._J_i_;...-._._...i._._.v,..,..i s deenlisal dzids
0 20 40 60 80 100 0 10 20 30 40 50
Lateral Seismic Stress (kPa) Lateral Seismic Stress (kPa)
(a) (b)

Figure 4.17. The lateral earth pressure acting along the wall; (a) before the application of

inclusion, (b) after the application of inclusion [77].
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Hazarika et al. (2008a) have conducted a series of shaking table tests to determine the
enhancement of seismic response of geotechnical structures after the placement of a cushion
layer between the backfill soil and the structure. A caisson quay wall scaled by 1/10 has been
investigated in experimental testing, as illustrated in Figure 4.18. The cushion layer with a
thickness of 0.3 m was made of tire chips, and the ratio of cushion thickness to wall height was
selected as 0.4. Moreover, the drains containing tire chips were installed within the retained soil.
As an input motion, the North-South component of the Hyogo-Ken Nanbu earthquake was used
during the testing procedure. In accordance with the test results, the buffer layer caused a
reduction in both lateral forces and permanent displacement occurring due to excitation.
Furthermore, liquefaction was prevented since the tire chips led to the dissipation of pore water

pressure quickly.
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Figure 4.18. The experimental setup [78].

Hazarika et al. (2008b) have performed shaking table tests on the model of gravity-type
caisson quay wall scaling by 1/10. The aim of the study was to investigate whether the reduction

in seismic loads was provided by the cushion layer installed between the caisson and the
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cohesionless backfill. The compressible buffer was prepared with tire chips with a grain size of
20 mm and filled in a geotextile bag to prevent tire chips from mixing with sand. Three different
earthquake recordings (two actual earthquake time histories and a synthetic acceleration time
history) were applied to the experimental setup. According to test results, the buffer layer
resulted in a reduction in seismic forces, which means that it caused the improvement of the
seismic performance of the quay wall. Additionally, the decrease in loads brought about a
decrease in the dimensions of the wall, which lowered the material cost. Moreover, the
permanent displacement is reduced due to the use of a cushion layer. Also, tire chips cushion
helped the porewater pressure to dissipate relatively faster compared to sand backfill without a

cushion.

Hazarika (2008) investigated the effectiveness of the technique called SAFETY
(Stability And Flexibility of structures during Earthquake using TYres) which provides a cost-
effective improvement on the dynamic response of the geotechnical structures. In line with this
objective, the 1G shaking table tests were performed on both small-scale and large-scale models
under underwater conditions, as depicted in Figure 4.19. The tire chips filled into a bag made of
geotextile were utilized as a cushion layer behind the quay wall. The tire chips with a particle
size of 2 mm and 20 mm were used in small-scale and large-scale models, respectively. As an
input motion, a sinusoidal record was used for the small-scale model, whereas two actual
earthquake time histories and one synthetic earthquake motion were applied to the large-scale

model. As a result, SAFETY techniques:

e reduced lateral loads and permanent displacement due to seismic loading.
e reduced wall dimensions by virtue of the decrease in loads.

e reduced project cost by virtue of the decrease in wall dimension.

e were environmental-friendly due to the use of recycled waste tires.

e could be applied not only during construction but also after the construction.
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Figure 4.19. (a) The small-scale experimental model with a scale factor of 1/35, (b) The large-

scale experimental model with a scale factor of 1/10 [80].

Hazarika et al. (2010) have explained the use of scrapped tire-derived materials
(specifically tire chips and tire shreds) in three categories which were tire shreds utilized as a
drainage layer under an embankment, tire chips and sand mixture used as a seismic buffer behind

retaining wall, and tire chips utilized as a ductility and roughness improver by mixing with
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cement-treated clay. The authors have established a caisson-type quay wall model with a scale
of 1/35 to investigate the effects of a compressible cushion installed behind the quay wall on
lateral forces. The wall model is shown in Figure 4.19 (a). Three types of the seismic cushion
have been prepared by using tire chips with a grain size of 35 mm and sand; (1) Fully tire chips
with a density of 0.611 g/cm?, (2) 75% tire chips and 25% sand mixture by volume, and (3) 50%
tire chips and 50% sand mixture by volume. As an input motion, the sinusoidal acceleration
time history with a period of 1 sec (a frequency of 20 Hz) was used. The model was subjected
to the motion in stages, in which the acceleration increased from 0.1g up to 0.6g with an
increment of 0.1g. As a result of the test, the cushion layer resulted in not only the residual
displacement but also the lateral forces acting on the wall due to the excitation. Moreover, the
seismic cushion with three different mixture percentages approximately resulted in a similar
amount of decrease in terms of wall displacement under excitation with increasing amplitude.
Consequently, as far as the project cost and wall performance were concerned, the mixture of

%050 tire chips and 50% sand could be appropriate.

In the numerical study proposed by Dabiri and Hasanpouri Notash (2020), the effects of
the geofoam layer installed behind the cantilever wall on static and dynamic earth pressure have
been investigated while considering various parameters such as wall height (6 and 9 meters),
wall type (yielding and non-yielding), and geofoam characteristics (unit weight= 0.15 and 0.2
kN/m? and thickness=10% and 20% of the wall height). The analyses have been carried out
using FLAC software, and for the dynamic analysis, two earthquake recordings (Loma Prieta
Earthquake (far-field) and Kocaeli Earthquake (near-field)) and the acceleration-scaled version
of these two motions were used as an input motion. According to the tests, as the thickness of
inclusion increased, the relative stiffness decreased. The reduction in stiffness resulted in an
increase in the compressibility of geofoam, which decreased lateral forces against the wall and
increased the lateral displacement of soil. The geofoam inclusion showed a significant impact
on lateral forces under static and dynamic loadings. However, the performance of inclusion
under static conditions was better than that under dynamic conditions. Additionally, the amount
of load reduction was greater for non-yielding walls compared to yielding walls. Moreover, the

inclusion layer under near-field earthquake recording showed better performance than under
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far-field seismic motion. The potential of displacement reduction due to inclusion might exceed
40% for yielding walls, depending on an input motion characteristic (peak acceleration,
frequency, and relative frequency), inclusion thickness, and wall height. Lastly, the height of
the application point of dynamic lateral forces above the wall base increased due to the

application of inclusion behind the wall.

Edingliler and Toksoy (2017a) have performed a finite element analysis using PLAXIS
2D with the aim of the examination of the effectiveness of the cushion layer under excitation
with different characteristics. The inclusion material was tire crumb with a unit weight of 6.5
kN/m* and the analysis was carried out with a wall with a height of 7 m. Additionally, the
numerical model was subjected to two actual earthquake recordings, which were Kobe and El-
Centro Earthquakes. Kobe earthquake has a 0.68g peak amplitude and a 2.1 Hz predominant
frequency, whereas the maximum amplitude and predominant frequency of the El-Centro
earthquake are 0.36g and 4 Hz, respectively. During the dynamic analysis, the reduction in peak
acceleration transmitted to the wall due to input motions and the decrease in the acceleration
distribution along the wall have been observed successfully. Additionally, the compressible
cushion resulted in a decrease in not only axial stress but also shear stress under both earthquake
recordings. As seen in the results, the wall performance under static and seismic loadings has

been enhanced due to using the installation of a tire crumb as a seismic buffer behind the wall.

Edingliler and Toksoy (2018) have performed a finite element analysis using PLAXIS
2D in order to investigate the optimum cushion thickness installed behind the cantilever wall to
improve the seismic performance of the structure. The wall with heights of 5 and 7 meters and
the cushion layer prepared by mixing 30% tire crumbs and 70% sand by weight were used in
the analysis. The ratio of compressible layer thickness (t) to wall height (H) was selected as 0.4
and 0.3. The numerical model was subjected to Kobe Earthquake. The results indicated that the
cushion has enhanced the seismic performance of the wall, as expected. Moreover, the t/H ratio

should be selected as 0.3 in lieu of 0.4 to increase stability.
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Athanosopoulos-Zekkos and Athanosopoulos (2012) have proposed a parametric study

using PLAXIS 2D software. The load, displacement, and rotation reduction efficiency of the

inclusion layer was examined under the influence of various parameters. These parameters were:

(1) the frequency of input motion (0.3 Hz to 3 Hz), (2) the amplitude of input motion (0.1g to

0.7g), (3) wall height (4 m and 7.5 m), and (4) the thickness of compressible inclusion. The wall

model was selected as a yielding gravity wall, and as a seismic buffer, the EPS (a unit weight of

0.20 kN/m?®) was utilized. Based on the results of the numerical parametric study, the following

conclusions have been drawn:

The presence of a cushion resulted in a decrease in not only static and dynamic earth
pressure but also displacement due to earthquake shaking.

Whereas for non-yielding walls, the load reduction efficiency of inclusion could
exceed 90%, the isolation efficiency for yielding walls reached a limit value
(approximately 30% or 40%).

Based on numerical results, the relationship between the intensity of input motion
and the load, displacement, and rotation reduction potential of the inclusion layer
could not be inferred clearly.

The isolation potential (for load, displacement, and rotation) of the cushion increased
almost linearly for lower thicknesses (t/H=5% - 15%). Further increase in the buffer
thicknesses resulted in a non-linear increasing pattern until a limit threshold.

The isolation potential of the seismic buffer relied on the frequency of the input

motion. Moreover, it is also affected by the ratio of the frequencies of shaking and

the wall (f/f1, where fi=V¢/4H).
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5. EXPERIMENTAL SETUP

5.1. General

The experimental study determines the effects of the cushion type on the seismic
behavior of the retaining wall by implementing a series of shake table tests on the 1/25 scaled
test model. EPS geofoam and the mixture of sand and tire crumb are considered as cushion
materials. Additionally, the effects of the thickness of the cushion layer, the density of EPS
geofoam, the mixture ratio of the sand-tire crumb mixture, and the characteristics of input
motions on the seismic behavior of the wall model are investigated. This section includes

materials, design of test setup, instrumentation, and selection of input motions.

5.2. Experimental Equipment and Facilities

5.2.1. Shake Table

The experimental study was carried out using the large shaking table located in Prof. Dr.
Mustafa Erdik Shake Table Laboratory, Kandilli Observatory, and Earthquake Research
Institute of Bogazi¢i University. The used shake table can apply a motion on a specimen with a
weight of up to 10 tons and with a height of up to 6.5 m. The table provides a uni-axial horizontal
movement by a servo-hydraulic actuator. It is capable of simulating real or synthetic motions

with up to an amplitude of 2g and a lateral movement of =12 cm (20cm in total).

5.2.2. Measurement Instruments

In this study, the accelerometer with a capacity of £3g was placed on the shake table,

whereas the capacity of other accelerometers was +20g. Additionally, displacement sensors
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were used in experiments to measure displacement by laser sensors. The sensors were Leuze
ODSL 96B M/V6.XL-1200-S12 optical distance sensors with a measurement range of 150 -

1200 mm and an absolute measurement accuracy of +2 %.

5.3. Materials

The experimental setup was established in a rigid-sided soil box by using a small-scale
wall model, cohesionless backfill, and inclusion material consisting of EPS geofoam and tire
waste-sand mixture. The preparation of the experimental setup started with the design of the
scaled retaining wall and the selection of material. The wall model was established using a scale
factor of 1/25 depending on the dimensions of the rigid soil box, and the backfill soil and
materials used as cushions were prepared. This section covers the shaking table, rigid-sided soil
box used in shaking table tests, design and preparation of the wall model, and the properties of

sand and cushion material.

5.3.1. Soil Box

The rigid-sided soil box that was used for shake table tests with dimensions of
900x400x500 mm is depicted in Figure 5.1. It is made of transparent plexiglass having 15 mm
thickness. The bottom of the box is made of steel. Additionally, the sides of the box were
assembled using screws. The flexibility of plexiglass is prevented with metal strips. The
plexiglass soil box was firstly used in the M.Sc. thesis by Toksoy, 2014, and the studies by
Edingliler and Toksoy, 2017b and 2017c.
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Figure 5.1. The rigid-sided plexiglass soil box.

5.3.2. Retaining Wall Model

The proportioning of the cantilever retaining wall was studied in order to implement a
preliminary dimensioning according to different codes and researchers that are shown in Figure

5.2.
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Figure 5.2. The preliminary dimensions for the cantilever retaining wall; a) TS7994 [89], b)
McCormac and Brown (2015), ¢) Azizi (1999), d) ACI 318-14.

Regarding the preliminary dimensions in Figure 5.1, the wall dimensions were selected
for this study, as given in Table 5.1 and Figure 5.3. The height of the prototype wall was

considered 6 meters.
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Table 5.1. Preliminary dimensions of the prototype wall (Hs: height of the stem, B: width of
the base, ts: the thickness of the stem, ty: the thickness of the base, Bfion:: the length of the base

in front of the wall stem).

Hs (m) B (m) ts (m) ty (m) Bfront (1’1’1)

6 3.9 0.35 0.35 0.6

Figure 5.3. The determined dimensions of the prototype wall.

The designed wall dimensions were controlled for whether they were sufficient to
remain stable under static and dynamic conditions (for amax=0.3g) by hand calculations. The
methods of Coulomb, Rankine, and Mononobe-Okabe were used. The safety factors against

overturning and sliding for each method were calculated as given in Table 5.2.
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Table 5.2. The safety factor of the prototype wall for the methods of Coulomb, Rankine, and
Mononobe-Okabe (M-0).

METHOD FS(overturning) FSsliding)

Coulomb 4.36 >1.5 1.72 >1.5
Rankine 391 >1.5 1.55 >1.5
M-O (amax=0.3g) 3.71 >1.3 1.11 >1.1

According to Coulomb and Rankine methods, the calculated safety factors should be
equal to or greater than 1.5 for stability against both overturning and sliding. However, based
on the M-O method, the factor of safety against overturning should be higher than 1.3, while
the safety factor for sliding should be greater than 1.1. As seen in Table 5.2, the wall dimensions

were satisfying according to the aforementioned conditions [3].

The wall stability was also controlled by GEOS5 software version 2021. According to the
software, when the factor of safety against overturning and sliding should be greater than 1.5,
the wall is satisfactory for slipping and overturning under static conditions. However, under
seismic conditions, the factor of safety against overturning and sliding should be higher than 1.0
for the wall to be satisfactory. The values of safety factors under static and seismic conditions
were determined. For seismic conditions, the coefficient of horizontal acceleration of ground
motion was selected as 0.3g, 0.4g, and 0.5g, while the factor of vertical acceleration was selected
as Og. The determined safety factors are given in Table 5.3. As seen in Table 5.3, the wall is

safe for overturning and sliding.

Table 5.3. The safety factor of the prototype wall determined using GEOS.

Loading Condition FS(overturning) | FS(sliding)

Static-Active 4.00 >1.5 2.56 >1.5
Seismic-Active (0.3g) | 1.52 >1.0 1.35 > 1.0
Seismic-Active (0.4g) | 1.25 >1.0 1.22 > 1.0
Seismic-Active (0.5g) | 1.05 >1.0 1.16 > 1.0
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The scaled model was established with a scale factor of 1/25. The scaling factor was
selected depending on the dimensions of the rigid-sided soil box. The scaled model dimensions
were determined using scaling relations proposed by lai (1989) and developed by Muir Wood
et al. (2002) and Muir Wood (2004).

5.3.2.1. Scaling Relations. In this study, the prototype wall was scaled to 1/25, which is

expressed by ‘n’. Many variables of the prototype wall were scaled. These relations were
obtained from the similitude method proposed by Iai (1989). The scaling factors are given in
Table 5.4.

Table 5.4. The scale factor for the 1g shaking table test [93].

Variable For 1g Model Scale Factor
Length n 25
Density 1 1
Stiffness n®s 5
Acceleration 1 1
Velocity n?? 5
Displacement n 25
Stress n 25
Strain 1 1
Dynamic Time n?3 5
Frequency 1/n?? 1/5

5.3.2.2. Determination of The Dimensions of Retaining Wall Model. The following step was

scaling the prototype wall dimensions in order to conduct a shake table test on a small-scale
model. The model wall was established by scaling the prototype wall using a scale factor of
1/25. While the material of the prototype wall was selected as concrete, the model wall was
established using aluminum because it cannot be constructed using concrete in smaller

dimensions. According to Muir Wood (2004), the thickness of the aluminum model wall can be
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calculated from the correlation depending on the prototype wall dimensions and Young’s

modulus for 1-g modeling. These scaling correlations are expressed as

1
Ep 1 )3
tm =t (im)3 , (5.1
where tn, is the thickness of the model wall, t, is the thickness of the prototype wall, En is

Young’s modulus of the model wall, E; is Young’s modulus of the prototype wall.

In this study, a was selected as 0.5 since the backfill consists of sandy materials. E, is
Young’s modulus of concrete which is equal to 20 GPa, and En is Young’s modulus of
aluminum which is equal to 70 GPa (Muir Wood, 2004). Additionally, the value of t, was
selected as 0.35, which was illustrated in Figure 5.2. When the equation was solved, tm was
determined as 5 mm. The thickness and other scaled dimensions were controlled by hand
calculations based on the methods of Coulomb, Rankine, and Mononobe-Okabe. The calculated

factor of safety values for overturning and sliding is shown in Table 5.5.

Table 5.5. The safety factors of the scaled wall model for the methods of Coulomb, Rankine,
and Mononobe-Okabe (M-O).

Method FS(overturning) FSstiding)

Coulomb 4.58 >1.5 1.72 | >1.5
Rankine 4.11 >1.5 1.54 |>1.5
M-O (amax=0.3g) 4.08 >1.3 1.11 |>1.1

The dimensions of the model wall which were used in the experimental test setup are

depicted in Figure 5.4.
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Figure 5.4. The determined dimensions of the scaled wall model.

The test setup of the retaining wall was established in the rigid-sided soil box. The
experimental setup is illustrated in Figure 5.5, and the picture of experimental setup is given in
Figure 5.6. The cushion consisting of EPS geofoam and tire crumb and sand mixture were placed
behind the wall with different thicknesses and densities in order to study the effect of inclusion
layer properties on the seismic behavior of the cantilever retaining wall with cohesionless and

dry backfill.
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Figure 5.5. The 1/25 scaled retaining wall test setup.
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Figure 5.6. The picture of the experimental setup.

5.3.2.3. Fundamental Frequency of Retaining Wall. The equations proposed by Matsuo and
Ohara (1960), Scott (1973), Richardson and Lee (1975), Richardson (1978), and Wu (1994)

were used to determine the fundamental frequency of the wall system [96].

Matsuo and Ohara (1960) have suggested a solution to evaluate the fundamental
frequency of soil-wall systems for two different presumptions (no vertical displacement, v=0,
and no vertical stress, 6y=0). The fundamental frequency (f11) was expressed as

fi1 = f1.GF (5.2)
where f1 is the frequency of infinitely long and uniform soil (1D approach) and GF is a geometric
factor for the expression of the two-dimensional effect of soil with restricted width. The
frequency of soil in the one-dimensional approach was determined as

1 G

fi = ZE’ ;. (5.3)

In this expression, H is the height of the wall, G is the shear modulus of the backfill soil, and p
is the density of the backfill soil. The geometric factor for cases i and ii was defined,

respectively, as

GFpp = J 1+ M(5)2 (5.4)

1-2v \B
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GFppeo = |1+ g(g)z (5.5)

where v is Poisson’s ratio of the backfill soil and B is the width of the backfill soil. The
fundamental frequency equation belonging to Scott (1973) was similar to Equation 5.2.
However, the geometric factor was different from the equation of Matsuo and Ohara (1960).

The geometric factor of Scott (1973) can be written as

o= 22 @) 5o

Additionally, Equation 5.2 was also used by Wu (1994). The geometric factor was written by
Wu (1994) as

GFy = \/ 1+ (ﬁ) (g)2 . (5.7)

Richardson and Lee (1975) have suggested the equation to determine the fundamental
period (T1) of the retaining wall supporting reinforced backfill soil. The fundamental period can
be written as

T, = 0.020H to 0.033H. (5.8)

Richardson (1978) has proposed the equation for the evaluation of the fundamental
frequency of the retaining wall supporting reinforced backfill soil. The fundamental frequency

can be expressed as

fi1 = % . (5.9

The aforementioned equations were used in order to determine the fundamental
frequency of the retaining wall system established for this study. The calculated fundamental
frequencies of the full-scale wall for different equations are given in Table 5.6. The fundamental
frequency of the scaled wall was determined using the scaling relations of Iai (1989), as shown

in Table 5.7.
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Table 5.6. The fundamental frequencies of the prototype wall based on different researchers.

The Method Frequency (Hz)

Matsuo and Ohara, 1960 - case (i) 10.38
Matsuo and Ohara, 1960 - case (ii) 5.59
Scott, 1973 9.50

Wu, 1994 5.84

Richardson and Lee (1975) 6.32

Richardson (1978) 6

Average 7.27

Table 5.7. The fundamental frequencies of the scaled wall based on different researchers.

The Method Frequency (Hz)
Matsuo and Ohara, 1960 - case (i) 51.91
Matsuo and Ohara, 1960 - case (ii) 27.95
Scott, 1973 47.52
Wu, 1994 29.19
Richardson and Lee (1975) 31.62

Richardson (1978) 30

Average 36.37

5.3.3. Sand

The experiments were performed using dry, cohesionless sand, which is called “Silivri
Sand.” This sand is regionally located in Istanbul. The grain size distribution of Silivri sand was
determined based on ASTM Standards of D422 and D6913, as given in Figure 5.7. The
uniformity coefficient (Cy) and the curvature coefficient (C.) were calculated as 2.68 and 1.06,
respectively. According to United Soil Classification System (USCS), Silivri sand is classified
as poorly graded sand (SP). Additionally, the bulk unit weight of sand is 16.5 kN/m?.
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Figure 5.7. The grain size distribution of Silivri Sand.

5.3.4. EPS Geofoam

In this study, EPS geofoam with densities of 10 and 20 kg/m® were used, and they were
named EPS10 and EPS20, respectively. The properties of EPS geofoam are usually determined
with correlations based on their densities. Elastic moduli of EPS geofoam were calculated by

calculating the arithmetic mean of the valued determined as [64,71]

E, = 0.45pgps — 3.0 (5.10)
E, = 16.431 — 1.645pzps + 0.061ppps> (5.11)
E, = 0.1284pgps"3°8 (5.12)
E, = 0.82pgps — 49 (5.13)
E, = 0.41pgps — 2.8 (5.14)

where Eg is elastic modulus of EPS, pgps is density of EPS.
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The correlations were proposed by Hovarth (1995), Duskov (1997a), Duskov (1997b),
Negussey and Anasthas (2001), and Hazarika (2006), respectively. The calculated elastic

modulus values and determined elastic moduli of each EPS type are given in Table 5.8.

Table 5.8. The calculated elastic modulus of EPS10, EPS20, and EPS30.

EPS Type EPS10 EPS20 EPS30
Density of EPS (kg/m?) 10 20 30
Horvath, 1995 1.5 6 10.5
Duskov, 1997a 6.1 7.9 22.0
Duskov, 1997b 3.0 7.7 13.5
Negussey and Anasthas, 2001 33 11.5 19.7
Hazarika, 2006 1.3 54 9.5
Average 3.04 7.7 15.04
Selected Elastic modulus (MPa) 3 7.7 15

The EPS geofoam was prepared by cutting with the same dimensions of the wall stem
(0.24*0.40 m), and the thicknesses of the EPS geofoam were selected as 2 and 4 cm for the
experiments, which corresponds to 50 and 100 cm at the full-scale model. The utilized cushion

layers in tests, as shown in Figure 5.8.

Figure 5.8. The EPS geofoam cushion used in experiments.
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5.3.5. Tire Crumbs

The grain size distribution of tire crumb, determined based on ASTM Standards of D422
and D6913, is given in Figure 5.9. The tire waste material is illustrated in Figure 5.10. In this
thesis, as a cushion material, the tire crumb and sand were mixed with different ratios. The tire
contents of mixtures were selected as 10%, 20%, and 30% by weight. Additionally, the mixtures
were named TC10, TC20, and TC30, according to their tire contents. The unit weights of TC10,
TC20, and TC30 were determined as 14.5 kN/m?, 13.3 kN/m?, and 12.5 kN/m?® by Cagatay
(2008), respectively. The shear strength parameters of sand-tire crumb mixtures given in Table
4.8 were evaluated by Edingliler et al. (2010). The tire waste-sand mixture was placed behind
the 1/25 scaled wall at a thickness of 2 and 4 cm. These thicknesses correspond to 50 and 100
cm at the prototype wall.
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Figure 5.9. The grain size distribution of tire crumb.
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Figure 5.10. Tire crumb used in mixtures.

The cushion layer consisting of tire waste-sand mixture was placed behind the wall using
a 1.5 mm thick solid polycarbonate plate. The polycarbonate plate was placed 2 or 4 cm behind
the wall, and the mixture was filled between the polycarbonate plate and the aluminum model
wall. After the tire crumb-sand mixture and the backfill soil were completely filled, the solid

polycarbonate plate was slowly pulled.

5.4. Input motions

The selected input motions can be divided into two groups, such as real earthquake
recordings and harmonic motions. The properties of sinusoidal motions and actual earthquake

records are tabulated in Table 5.9.
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Table 5.9. The properties of base excitations applied to a scaled model.

Name of Input PGA (g) Frequency (Hz) Duration (sec)
[zmit-F 0.124 - 6
Izmit-N 0.22 - 6
Izmir-F 0.183 - 12.5

El-Centro 0318 - 6.24
Kobe 0.823 - 9.6
Sinusoidal 0.4 5 30
Sinusoidal 0.4 10 30
Sinusoidal 0.4 15 30
Sinusoidal 0.3 10 30
Sinusoidal 0.5 10 30

The motions in the first group include varying amplitudes (0.3g - 0.5g) and varying
frequencies (5 Hz — 15 Hz). In accordance with the scaling laws of lai (1989) mentioned in
Section 5.2.1.1., the acceleration of motion does not need to be scaled, while the frequency of
harmonic excitation does. Therefore, the frequency values of harmonic base excitations (5, 10,
and 15 Hz) correspond to 1, 2, and 3 Hz, respectively, at the full-scale model, and the
acceleration values remain unchanged. It must be noted that the frequencies were selected as 1,
2, and 3 Hz for the prototype wall since the motions with frequency content between 2 and 3 Hz

represent actual earthquakes with medium and high-frequency content [104].

In the second group, there are actual earthquake recordings, such as Kocaeli Earthquake
(August 17, 1999, My=7.4), El-Centro Earthquake (May 14, 1940, Mw=6.9), Kobe Earthquake
(January 17, 1995, My=6.9), and Izmir Earthquake (October 30, 2020, My=6.9). They are time-
scaled based on the similitude laws by lai (1989). Of these acceleration-time histories, two of
them are far-field earthquakes, and the others are near-field earthquakes. The motions are

expressed using some abbreviations in Table 5.9. They can be explained as follows:

e Izmit-F= The far-field recording of Kocaeli Earthquake measured from the station

located in iznik,
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e {zmit-N= The near-field recording of Kocaeli Earthquake measured from the station
located in Izmit,
e Izmir-F= The far-field recording of izmir Earthquake taken measured the station

located in Kusadasi,

The acceleration-time histories of time-scaled actual earthquakes and scaled sinusoidal

motions are given between Figures 5.11 and 5.20.

Acceleration, g

Kocaeli Earthquake (Far-Field Recording)
| | |

0.15 T
Acceleration Measurement:Al
O Max. Acc (g):0.12416
0.1 - _
0.05 — —
0
-0.05 - n
-0.1 - m
O
-0.15 | | | |
0 1 2 3 4 5 6

Time, sec.

Figure 5.11. The acceleration-time history of Kocaeli Earthquake (far-field).
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Figure 5.12. The acceleration-time history of Kocaeli Earthquake(near- field).
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Figure 5.13. The acceleration-time history of izmir Earthquake (far-field).
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El-Centro Earthquake
| | I I

Acceleration Measurement:Al
O Max. Acc (g):0.31894

Figure 5.15. The acceleration-time history of Kobe Earthquake (near-field).
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Figure 5.14. The acceleration-time history of El-Centro Earthquake (near-field).
Kobe Earthquake
[ I [ | [ |
Acceleration Measurement:Al
O Max. Acc (g):0.82294 |
S i
1 | 1 | 1 | | | |
1 2 3 4 5 6 7 8 9 10
Time, sec.



Sinusoidal Motion (0.4g - 5Hz)
\

115

0.5

0.4

03

02

Acceleration, g

02—

-0.3—

-0.4 —

-0.5

0.1

01—

0.4

03

0.2

0.1

Acceleration, g

-0.1

-0.2

-03

-04

| | | | | |
5 10 15 20 25 30
Time, sec.
Figure 5.16. The sinusoidal motion (0.4g - 5 Hz).
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Figure 5.17. The sinusoidal motion (0.3g - 10 Hz).
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Sinusoidal Motion (0.4g - 10Hz)
\ T \

Figure 5.18

10 15 20
Time, sec.

. The sinusoidal motion (0.4g - 10 Hz).

Sinusoidal Motion (0.5g - 10Hz)
T \

25

30

04

02

o

-0.2

-04

-06

Figure 5.19

10 15 20
Time, sec.

. The sinusoidal motion (0.5g - 10 Hz).

25

30




117

Sinusoidal Motion (0.4g - 15Hz)
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Figure 5.20. The sinusoidal motion (0.4g - 15 Hz).
5.5. Shaking Table Experimental Setup and Instrumentation
This section consists of the instrumentation used, the preparation of the experimental
setup.

5.5.1. Preparation of Retaining Wall Model

In the first step, the plexiglass box was mounted on the shake table, and it was fixed
using screws and nuts. Then, the inner surfaces of the plexiglass box were covered with grease
oil in order to imitate actual field conditions adequately, eliminate the reflection of motion

waves on the box surfaces, and prevent the boundary conditions, as shown in Figure 5.21.
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Figure 5.21. The application of grease oil on the inner surface of a rigid box.

After the application of grease oil, the retaining wall system was established with or
without a cushion layer consisting of EPS geofoam and sand-tire crumb mixture on a scale of
1/25. The sand backfill was compacted to obtain a unit weight of 16.5 kN/m>. In Figure 5.22,
the experimental setup with the cushion layers was illustrated. The eleven different cases were
investigated by physical testing methods. Of the models used in experiments, one of them was
unimproved case with the sand backfill, while the others were improved cases where the EPS

geofoam and tire waste-sand mixtures were included behind the model wall as a cushion layer.
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5.5.2. Instrumentation of Test Setup

Sixteen accelerometers (A) and three displacement sensors (D) were used for the
instrumentation of the model, as demonstrated in Figures 5.23 and 5.24. The instrumented

retaining wall model is illustrated in Figure 5.25.

—»B

5 55 100 [}
RIGID BOX
= A L= B s
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(=] ] ]
8 |
D17]

“»B

Figure 5.23. The side view of the instrumented experimental setup.
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RIGID BOX

240

|

SHAKE TABLE

Figure 5.24. The cross-section (B-B) of the experimental setup.

Figure 5.25. The picture of instrumented experimental setup.
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As given in Figures 5.23 and 5.24, Al was located on the shake table which records
input motion applied to the models, and A2 was placed outside of the plexiglass box. While
eight of the accelerometers were located within the foundation and backfill soil, six of them
were installed on the front of the wall. A9, A10, and A11 were placed within the foundation soil
and at approximately the same level. A12 was placed at the same level as the base of the model
wall. A5 was positioned at nearly the same level as A15 and A13; however, A5 was placed on
the wall, while others were placed within the backfill soil. A7 was positioned near the top of the
model wall, whereas A16 and Al14 were placed close to the surface of the backfill. The
displacement sensor, D17, was placed to measure the displacement of the shake table. Two
displacement sensors were placed to measure the movements occurring at the top and half height
of the wall. Additionally, the sensors, D19 and D18, were positioned close to A7 and AS,

respectively.

After the shaking table test setup was completed, the experimental setup was vibro-
compacted by applying the sinusoidal motion with a 9 Hz frequency and a 0.2g amplitude for

90 seconds, shown in Figure 5.26, before the test setup was shaken with the input motions.

Sinusoidal Motion (0.2g - 9Hz)
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Figure 5.26. The sinusoidal motion used for vibro-compaction.
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6. EXPERIMENTAL RESULTS

6.1. Shake Table Tests

This study investigates the effects of cushion type on the seismic performance of the
retaining wall. Eleven cases were studied in this thesis. In the first case (Case 1), the backfill
consisted of only sand, which is an unimproved case. The cushion layer was not applied in this
case, while the others were built with a cushion layer behind the wall. Therefore, the cushions
were established using EPS geofoam with different densities and thicknesses and sand-tire
crumb mixture with different thicknesses and mixture ratios. The unimproved case and the cases

established with different cushion inclusion are illustrated in Table 6.1.

Table 6.1. The classification and illustration of experimental setups.

Case No Cushion Type The Picture of Cases

Case 1 -

EPS10
(=2 cm)

Case 2
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Table 6.1. The classification and illustration of experimental setups. (cont.)

T 2 S
¢ =
EPS10
Case 3
(t=4 cm)
EPS20
Case 4
(t=2 cm)
EPS30
Case 5
(t=2 cm)
TC10
Case 6
(t=2 cm)
TC10
Case 7
(t=4 cm)
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Table 6.1. The classification and illustration of experimental setups. (cont.)

| Bl AN
TC20
Case &
(t=2 cm)
TC20
Case 9
(=4 cm)
TC30
Case 10
(t=2 cm)
TC30
Case 11
(=4 cm)

The eleven different test setup was subjected to input motions with different
characteristics. The investigated parameters are given in Table 6.2. Additionally, the details of
the experimental program conducted using EPS geofoam and sand-tire crumb mixture were

given in Tables 6.3 and 6.4, respectively.



Table 6.2. The investigated parameters in this study.
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Parameters

Values of Types

Cushion Type

EPS geofoam and Sand-Tire crumb mixture

Thickness of Cushion (t.)

2 cmand 4 cm

Density of EPS Geofoam

10, 20, and 30 kg/m® (EPS10, EPS20, EPS30)

Mixture Ratio of Tire Crumb

10%, 20%, and 30% (TC10, TC20, TC30)

Input Motion Characteristics

Earthquakes

Izmit-F, fzmir-F, {zmit-N, El-Centro, and Kobe

Amplitude of Sinusoidal Motions

0.3g, 0.4g, and 0.5g

Frequency of Sinusoidal Motions

5,10,and 15 Hz

Table 6.3. The experiment program used EPS geofoam.

Case | Test Input Frequenc . Thickness of
No No Molt)ion PGA (9) ((%-Iz) ¥ | Inclusion Type Cushion
1 Sinusoidal 0.3 5 None -
2 Sinusoidal 0.3 10 None -
3 Sinusoidal 0.3 15 None -
4 Sinusoidal 0.4 10 None -
Case 5 Sinusoidal 0.5 10 None -
1 6 [zmit-F 0.124 - None -
7 [zmir-F 0.183 - None -
8 [zmit-N 0.22 - None -
9 El-Centro 0.318 - None -
10 Kobe 0.823 - None -
11 Sinusoidal 0.3 5 EPS10 2 cm
12 | Sinusoidal 0.3 10 EPS10 2 cm
13 | Sinusoidal 0.3 15 EPS10 2 cm
14 | Sinusoidal 0.4 10 EPS10 2 cm
Case 15 | Sinusoidal 0.5 10 EPS10 2 cm
2 16 [zmit-F 0.124 - EPS10 2 cm
17 [zmir-F 0.183 - EPS10 2 cm
18 [zmit-N 0.22 - EPS10 2cm
19 El-Centro 0.318 - EPS10 2 cm
20 Kobe 0.823 - EPS10 2cm
21 Sinusoidal 0.3 5 EPS10 4 cm
Case 22 Sinuso%dal 0.3 10 EPS10 4 cm
3 23 Sinusoidal 0.3 15 EPS10 4 cm
24 | Sinusoidal 0.4 10 EPS10 4 cm
25 | Sinusoidal 0.5 10 EPS10 4 cm




Table 6.3. The experiment program used EPS geofoam. (cont.)
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26 [zmit-F 0.124 - EPS10 4 cm

Case 27 ‘izm.ir-F 0.183 - EPS10 4 cm
3 28 Izmit-N 0.22 - EPS10 4 cm
29 El-Centro 0.318 - EPS10 4 cm

30 Kobe 0.823 - EPS10 4 cm

31 Sinusoidal 0.3 5 EPS20 2 cm

32 | Sinusoidal 0.3 10 EPS20 2 cm

33 | Sinusoidal 0.3 15 EPS20 2 cm

34 | Sinusoidal 0.4 10 EPS20 2 cm

Case 35 | Sinusoidal 0.5 10 EPS20 2 cm
4 36 [zmit-F 0.124 - EPS20 2 cm
37 [zmir-F 0.183 - EPS20 2 cm

38 [zmit-N 0.22 - EPS20 2 cm

39 El-Centro 0.318 - EPS20 2 cm

40 Kobe 0.823 - EPS20 2 cm

41 Sinusoidal 0.3 5 EPS30 2 cm

42 | Sinusoidal 0.3 10 EPS30 2 cm

43 Sinusoidal 0.3 15 EPS30 2 cm

44 | Sinusoidal 0.4 10 EPS30 2 cm

Case 45 | Sinusoidal 0.5 10 EPS30 2 cm
5 46 [zmit-F 0.124 - EPS30 2 cm
47 [zmir-F 0.183 - EPS30 2 cm

48 [zmit-N 0.22 - EPS30 2 cm

49 El-Centro 0.318 - EPS30 2 cm

50 Kobe 0.823 - EPS30 2 cm




Table 6.4. The experiment program used tire crumb and sand mixture.
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Case | Test Input Frequenc . Thickness of
No No Molt)ion PGA (g) ((%-Iz) ¥ | Inclusion Type Cushion
1 Sinusoidal 0.3 5 None -
2 Sinusoidal 0.3 10 None -
3 Sinusoidal 0.3 15 None -
4 Sinusoidal 0.4 10 None -
Case 5 Sinusoidal 0.5 10 None -
1 6 [zmit-F 0.124 - None -
7 [zmir-F 0.183 - None -
8 [zmit-N 0.22 - None -
9 El-Centro 0.318 - None -
10 Kobe 0.823 - None -
11 | Sinusoidal 0.3 5 TC10 2cm
12 | Sinusoidal 0.3 10 TC10 2cm
13 | Sinusoidal 0.3 15 TC10 2cm
14 | Sinusoidal 0.4 10 TC10 2 cm
Case 15 | Sinusoidal 0.5 10 TC10 2cm
6 16 [zmit-F 0.124 - TC10 2 cm
17 [zmir-F 0.183 - TC10 2 cm
18 [zmit-N 0.22 - TC10 2 cm
19 | El-Centro 0.318 - TC10 2cm
20 Kobe 0.823 - TC10 2 cm
21 | Sinusoidal 0.3 5 TC10 4 cm
22 | Sinusoidal 0.3 10 TC10 4 cm
23 | Sinusoidal 0.3 15 TC10 4 cm
24 | Sinusoidal 0.4 10 TC10 4 cm
Case | 25 | Sinusoidal 0.5 10 TC10 4 cm
7 26 [zmit-F 0.124 - TC10 4 cm
27 [zmir-F 0.183 - TC10 4 cm
28 [zmit-N 0.22 - TC10 4 cm
29 El-Centro 0.318 - TC10 4 cm
30 Kobe 0.823 - TC10 4 cm
31 | Sinusoidal 0.3 5 TC20 2cm
32 | Sinusoidal 0.3 10 TC20 2cm
33 | Sinusoidal 0.3 15 TC20 2 cm
34 | Sinusoidal 04 10 TC20 2 cm
Case 35 | Sinusoidal 0.5 10 TC20 2cm
8 36 [zmit-F 0.124 - TC20 2 cm
37 [zmir-F 0.183 - TC20 2 cm
38 [zmit-N 0.22 - TC20 2 cm
39 El-Centro 0.318 - TC20 2 cm
40 Kobe 0.823 - TC20 2 cm
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Table 6.4. The experiment program used tire crumb and sand mixture. (cont.)

41 | Sinusoidal 0.3 5 TC20 4 cm

42 | Sinusoidal 0.3 10 TC20 4 cm

43 | Sinusoidal 0.3 15 TC20 4 cm

44 | Sinusoidal 0.4 10 TC20 4 cm

Case 45 | Sinusoidal 0.5 10 TC20 4 cm
9 46 [zmit-F 0.124 - TC20 4 cm
47 [zmir-F 0.183 - TC20 4 cm

48 [zmit-N 0.22 - TC20 4 cm

49 El-Centro 0.318 - TC20 4 cm

50 Kobe 0.823 - TC20 4 cm

51 | Sinusoidal 0.3 5 TC30 2cm

52 | Sinusoidal 0.3 10 TC30 2cm

53 | Sinusoidal 0.3 15 TC30 2cm

54 | Sinusoidal 0.4 10 TC30 2 cm

Case 55 | Sinusoidal 0.5 10 TC30 2 cm
10 56 [zmit-F 0.124 - TC30 2 cm
57 [zmir-F 0.183 - TC30 2cm

58 [zmit-N 0.22 - TC30 2cm

59 | El-Centro 0.318 - TC30 2cm

60 Kobe 0.823 - TC30 2 cm

61 | Sinusoidal 0.3 5 TC30 4 cm

62 | Sinusoidal 0.3 10 TC30 4 cm

63 | Sinusoidal 0.3 15 TC30 4 cm

64 | Sinusoidal 0.4 10 TC30 4 cm

Case 65 | Sinusoidal 0.5 10 TC30 4 cm
11 66 [zmit-F 0.124 - TC30 4 cm
67 [zmir-F 0.183 - TC30 4 cm

68 [zmit-N 0.22 - TC30 4 cm

69 | El-Centro 0.318 - TC30 4 cm

70 Kobe 0.823 - TC30 4 cm

The shake table tests were performed under the input motions given in Section 5.3. The
acceleration- and displacement-time histories were measured using accelerometers from Al to
A16 and displacement sensors from D17 to D19. Therefore, the acceleration-time histories
(ATH), the Fourier Amplitude Spectra (FAS), Spectral Acceleration (SA) in the period domain,
and the displacement-time histories (DTH) are presented for each input motion. Representative
graphical results are given due to a large number of graphical outputs. As a result, among the

instruments, one accelerometer (A7) and one displacement sensor (D19) were selected. A7 and
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D19 measured the transmitted acceleration and the displacement near the top of the wall,
respectively. Additionally, one of the input motions, the near-field Kocaeli Earthquake, was
chosen as the representative results of the tests to reduce the number of test results. Furthermore,
the reason for the selection of the near-field Kocaeli Earthquake is its importance in near Turkish
Earthquake History. Apart from test results, the peak values of acceleration, spectral

acceleration, and displacement values for each instrument are tabulated.

6.2. Test Results under Kocaeli Earthquake Motion

The results of the retaining wall model with sand backfill with/without the cushion layer
are given in this section. Because of the great number of graphical outputs, in order to give
representative graphical results, the recordings of two instruments (A7 and D19) were selected
under the 1999 Kocaeli Earthquake (near-field) motion recorded in izmit Station. The input
motion was time scaled based on the similitude laws proposed by Iai (1989). The peak
acceleration, maximum spectral acceleration, and maximum displacement will be tabulated for

each input motion in the following section.

6.2.1. Case 1 under Kocaeli Earthquake (near-field) motion

The experimental setup without a cushion layer was subjected to Kocaeli Earthquake
recorded in izmit Station. The results are given in Figures 6.1 and 6.2. The PGA, SA, and

displacement for Case 1 were determined as 0.314g, 1.422g, and 1.63 cm, respectively.
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Figure 6.1. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 1).
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Figure 6.2. The displacement-time history of D19 under Kocaeli Earthquake (Case 1).
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6.2.2. Case 2 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of EPS10 having a thickness of
2 cm was subjected to Kocaeli Earthquake recorded in izmit Station. The results are given in
Figures 6.3 and 6.4. The PGA, SA, and displacement for Case 2 were determined as 0.283g,
1.203g, and 1.54 cm, respectively.
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Figure 6.3. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 2).
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Figure 6.4. The displacement-time history of D19 under Kocaeli Earthquake (Case 2).
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6.2.3. Case 3 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of EPS10 having a thickness of
4 cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.5 and 6.6. The PGA, SA, and displacement for Case 3 were determined as 0.248g,
1.006g, and 1.26 cm, respectively.
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Figure 6.5. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 3).
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Figure 6.6. The displacement-time history of D19 under Kocaeli Earthquake (Case 3).
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6.2.4. Case 4 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of EPS20 having a thickness of
2 cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.7 and 6.8. The PGA, SA, and displacement for Case 4 were determined as 0.262g,
0.938¢, and 1.49 cm, respectively.
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Figure 6.7. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 4).

5 T
—Case 4
© Max.Disp. (cm):1.4926

Displacement (cm)

| | | | |
0 1 2 3 4 5 6
Time (sec.)

Figure 6.8. The displacement-time history of D19 under Kocaeli Earthquake (Case 4).
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6.2.5. Case 5 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of EPS30 having a thickness of
2 cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.9 and 6.10. The PGA, SA, and displacement for Case 5 were determined as 0.286g,
1.191g, and 1.42 cm, respectively.
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Figure 6.9. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 5).
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Figure 6.10. The displacement-time history of D19 under Kocaeli Earthquake (Case 5).
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6.2.6. Case 6 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC10 having a thickness of 2
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.11 and 6.12. The PGA, SA, and displacement for Case 6 were determined as 0.268g,
1.089¢, and 1.59 cm, respectively.
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Figure 6.11. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 6).
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Figure 6.12. The displacement-time history of D19 under Kocaeli Earthquake (Case 6).
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6.2.7. Case 7 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC10 having a thickness of 4
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.13 and 6.14. The PGA, SA, and displacement for Case 7 were determined as 0.283g,
1.259¢g, and 1.59 cm, respectively.
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Figure 6.13. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 7).
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Figure 6.14. The displacement-time history of D19 under Kocaeli Earthquake (Case 7).
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6.2.8. Case 8 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC20 having a thickness of 2
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.15 and 6.16. The PGA, SA, and displacement for Case 8 were determined as 0.291g,
1.234¢g, and 1.54 cm, respectively.
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Figure 6.15. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 8).
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Figure 6.16. The displacement-time history of D19 under Kocaeli Earthquake (Case 8).
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6.2.9. Case 9 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC20 having a thickness of 4
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.17 and 6.18. The PGA, SA, and displacement for Case 9 were determined as 0.299g,
1.223g, and 1.57 cm, respectively.
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Figure 6.17. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 9).
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Figure 6.18. The displacement-time history of D19 under Kocaeli Earthquake (Case 9).
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6.2.10. Case 10 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC30 having a thickness of 2
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.19 and 6.20. The PGA, SA, and displacement for Case 10 were determined as 0.292g,
1.272¢g, and 1.51 cm, respectively.
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Figure 6.19. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 10).
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Figure 6.20. The displacement-time history of D19 under Kocaeli Earthquake (Case 10).
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6.2.11. Case 11 under Kocaeli Earthquake (near-field) motion

The experimental setup with a cushion layer consisting of TC30 having a thickness of 4
cm was subjected to Kocaeli Earthquake recorded in Izmit Station. The results are given in
Figures 6.21 and 6.22. The PGA, SA, and displacement for Case 11 were determined as 0.283g,
1.267g, and 1.52 cm, respectively.
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Figure 6.21. The ATH, the FAS, and the SA of A7 under Kocaeli Earthquake (Case 11).
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Figure 6.22. The displacement-time history of D19 under Kocaeli Earthquake (Case 11).
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6.3. The Results of The Shake Table Tests for All Cases

In this section, all cases are presented under tested input motions. The peak acceleration,
peak spectral acceleration, and maximum displacement recorded from all instruments are

tabulated between Tables 6.5 and 6.37.

6.3.1. Case 1 under all considered motions

In Case 1, the experimental setup was prepared with only sand backfill without the
cushion layer. This case was named an unimproved case. Additionally, it is a control case
because Case 1 showed the seismic behavior of the scaled model without a cushion layer. The
accelerometers and displacement sensors were placed as shown in Figures 5.23 and 5.24. The
same instrumental layout was used for each case. The recorded maximum accelerations and the
maximum displacements are tabulated in Tables 6.5 and 6.7. The maximum values of spectral
acceleration are also listed in Table 6.6. The results under five different earthquake motions with
different characteristics and five different sinusoidal motions with various amplitudes (0.3g,
0.4g, and 0.5g) and frequency contents (5, 10, and 15 Hz) were presented in Tables 6.5, 6.6, and
6.7. The performance of the cushion layer is evaluated by comparing the cases having cushion

layers with the control case.

As seen in Table 6.5, the acceleration at the top (A7) of the scaled model was recorded
as highest under the sinusoidal motion with 0.5g amplitude and 10 Hz frequency. Additionally,
the acceleration change within Case 1 could not be observed clearly under the far-field Kocaeli
Earthquake motion. The increase in the frequency and amplitude of sinusoidal motion resulted
in an increase in the recorded acceleration at the top of the wall. Moreover, the percentage
change between Al and A7 diminishes with the reducing amplitude and frequency of sinusoidal
motion. Among the earthquake recordings, the highest acceleration recorded from A7 was under
Kobe Earthquake. However, the amplification from Al to A7 was greatest under the far-field

Izmir Earthquake, which was 138.3% increase. When comparing the earthquake recordings and
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the sinusoidal motions, the sinusoidal motions cause more acceleration amplification throughout

the experimental setup than the real earthquake motions.

The input acceleration (A1) applied to the shake table and the acceleration recorded
outside the rigid box (A2) were very close to one another, which means that the acceleration
reached the box surface with less distortion. Additionally, the accelerometers placed at the same
level within the foundation soil (A9, A10, and Al1) recorded almost identical accelerations.
That is to say; there is not much difference in the acceleration within the foundation soil at the
same level. Moreover, the change between accelerometers placed near the bottom of the wall
(A3 and A4) was not considerable. The accelerometers installed near the top of the wall (A6,
A7, and A8) recorded peak accelerations that were in close proximity to each other. The highest
acceleration values were measured at the top of the wall. Below the ground surface, the recorded

maximum acceleration decreased as the depth increased.

Table 6.5. The peak acceleration measurements under all input motions for Case 1.

C i o £l El- 0.4g- 0.3z 0.4g- 0.5g- 0.4g-
Case | Fit¥ | bmirF | bmiN | o, | Kobe | o | 4@, | 108: | 108B: | 15H:
1 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(2) (2) () (g) (g) () (g) (2) () ()
0.124 0.183 0.220 0318 0.823 0.400 0.300 0400 | 0.500 0.400

Al

A2 0.124 0.184 0.209 0.316 0.824 0.384 0.301 0.408 0.518 0.427
A3 0.134 0.216 0.230 0.340 0.644 0.439 0.353 0.476 0.665 0.556
Ad 0.135 0.230 0.231 0.358 0.650 0.436 0.355 0.474 0.677 0.546
A5 0.146 0.301 0.247 0.428 0.741 0476 0.400 0.563 0.778 0.665
A6 0.156 0.419 0.309 0.333 0.897 0.540 0.495 0.733 1.003 0.900
AT 0.162 0.436 0.314 0.5347 0.871 0.535 0.490 0.734 0.999 0.899
AR 0.149 0.414 0.208 0.519 0.842 0.511 0.464 0.704 0.965 0.844
A9 0.128 0.194 0.223 0.330 0.858 0.409 0.315 0.426 0.542 0.434
Al0 0.128 0.193 0.222 0.329 0.857 0.408 0.314 0.423 0.536 0.430
All 0.127 0.192 0221 0.329 0.857 0.406 0.312 0.419 0.530 0.427
Al2 0.135 0.208 0.228 0.348 0.860 0.423 0.334 0.430 0.569 0.476
Al3 0.143 0.234 0.234 0.355 0.807 0.435 0.370 0.487 0.656 0.600
Al4 0.147 0.279 0.240 0.407 0.771 0.515 0.422 0.689 1.043 0.954
Als 0.143 0.285 0.23%9 0.412 0.72% 0.464 0.386 0.558 0.776 0.634
Alé 0.158 0.359 0.295 0.472 0.882 0.524 0.451 0.748 1.113 0.964

Table 6.6 showed that the spectral acceleration values for Case 1 did not change

considerably. The greatest spectral acceleration at the top of the wall was calculated under the
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sinusoidal motion with 0.4g amplitude and 15 Hz frequency. Nevertheless, the change in
spectral acceleration from A1 to A7 was the highest under the far-field izmir Earthquake, which
was determined as 119.5%. As the amplitude of sinusoidal base excitation increases, the spectral
acceleration at the top of the wall increases. However, the frequency of sinusoidal motion
change did not cause the same effect. The lowest spectral acceleration was calculated for the

sinusoidal motion with 0.4g amplitude and 10 Hz frequency.

Table 6.6. The peak spectral acceleration under all input motions for Case 1.

. A L ARA A AR
SA(g | SA(g) | SA(@ | SA(® | SA(g | SA(® | SA(® | SA(@ | SA(@ [ SA(®)
Al 0.393 0.527 0925 0.976 2.153 2465 1.157 1.609 2054 1.949
A2 0364 0.532 0918 0920 2053 2292 1.099 1.533 1.965 1971
A3 0.392 0.635 1.077 1.041 2.238 2531 1.261 1.848 2.545 2614
Ad 0.387 0.663 1.100 1.048 2.253 2501 1.255 1.858 2.525 2.554
A5 0392 0811 1.237 1.210 2472 2572 1345 2.094 2950 3.110
Ab 0393 1.108 1.407 1.569 2761 2641 1.457 2419 3555 3.992
AT 0388 1.157 1422 1.593 2753 2.604 1.442 2417 3.544 3951
AR 0371 1.089 1.350 1.523 2.656 2493 1378 2325 3409 3721
A9 0390 0.545 0.968 0983 2192 2464 1.178 1.647 2118 2.079
Al0D 0.389 0.5345 0.965 1479 2.184 2454 1.173 1.640 2.109 2072
All 0387 0545 0962 1975 2175 2444 1.168 1.633 2.100 2.064
Al2 0.389 0.610 1.029 0.997 2.163 2473 1.208 1.702 2206 2251
Al3 0.387 0.685 1.099 1.030 2.199 2.502 1.263 1.850 2.500 2.706
Al4 0374 0.733 1.165 1121 2511 2 496 1.342 2364 3.105 3415
Als 0343 0771 1.194 1.152 2362 2 496 1.298 2.059 2859 2812
Als 0395 1.048 1384 1.584 2762 2.661 1.463 2.667 3.780 3.666

When Table 6.7 is analyzed, it is observed that the maximum displacement recorded at
the top of the wall was close to the peak movement of the shaking table. The increase in the
amplitude of the sinusoidal motion causes an increase in the maximum displacement at the top
of the wall. However, as the frequency of sinusoidal recordings increases, the amount of wall
movement decreases. Additionally, the movement at the wall was recorded as the highest under
El-Centro Earthquake motion. The highest change in displacement from D17 to D19 was

determined as 18.8% under the sinusoidal motion with 0.3g amplitude and 10 Hz frequency.
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. 2 —— El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | IZmitF | lamirF | fzmieN | (o0 | Kobe | S@ | \0H | j0f, | 10Ms | 151
1 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 1.21 0.90 1.69 1.79 143 1.20 0.85 1.00 1.11 0.90
D18 1.16 0.85 1.60 1.74 1:57 1.08 0.65 0.88 1.00 0.73
D19 1.19 0.89 1.63 1.76 141 1.10 0.69 092 1.02 0.75

6.3.2. Case 2 under all considered motions

In Case 2, the cushion consisted of EPS10 with a thickness of 2 cm. The results under

five different earthquake motions and five different sinusoidal motions were given in Tables

6.8, 6.9, and 6.10.

In Table 6.8, the peak accelerations recorded from A7 were greater than Al, which

means that the acceleration amplified while reaching the top of the wall. The percentage change

in the acceleration from A1 to A7 was greatest under Izmir Earthquake, while the lowest change

in acceleration was under Kobe Earthquake. The highest change was calculated as a 137.7%

increase, and the lowest one was a 5.2% increase.

Table 6.8. The peak acceleration measurements under considered input motions for Case 2.

= = | E- 04z | 03z | 04z | 05z | 04s
Case | TzmitF | Tomic ¥ | TmitN | 0 | Kobe | S | (B | 0H, | 108 | 151

2 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(g) (@) (4] @ (2 (g) (@) (g) @ (2)

Al | 0124 | 0183 | 0220 | 0318 | 0823 | 0400 | 0300 | 0400 | 0500 | 0400
A2 | 0124 | 0194 | 0212 | 0314 | 0790 | 0383 | 0302 | 0406 | 0510 | 0426
A3 | 0134 | 0236 | 0220 | 0314 | 0588 | 0408 | 0334 | 0426 | 0554 | 0490
A4 | 0134 | 0238 | 0228 | 0312 | 0574 | 0404 | 0332 | 0425 | 0559 | 0485
AS | 0146 | 0314 | 0247 | 0385 | 0645 | 0442 | 0373 | 0494 | 0643 | 0601
A6 | 0163 | 0436 | 0283 | 049 | 0857 | 0492 | 0455 | 0608 | 0781 | 0772
A7 | 0163 | 0435 | 0283 | 049 | 0865 | 049 | 0452 | 0611 | 0781 | 0768
AS | 0153 | 0401 | 0266 | 0466 | 0833 | 0471 | 0420 | 0571 | 0744 | 0725
A9 | 0127 | 0193 | 0223 | 0327 | 0837 | 0405 | 0313 | 0419 | 0530 | 0433
A10 | 0127 | 0195 | 0222 | 0326 | 0835 | 0404 | 0312 | 0418 | 0528 | 0433
All | 0127 | 0197 | 0222 | 0326 | 0834 | 0403 | 0312 | 0417 | 0525 | 0433
Al2 | 0134 | 0226 | 0231 | 0344 | 0846 | 0417 | 0333 | 0447 | 0562 | 0484
Al3 | 0135 | 0243 | 0230 | 0344 | 0770 | 0415 | 0337 | 0452 | 0565 | 0506
Al4 | 0137 | 0270 | 0235 | 0353 | 0694 | 0473 | 0374 | 0538 | 0844 | 0836
Al5 | 0145 | 0311 | 0244 | 0385 | 0636 | 0448 | 0379 | 0511 | 0641 | 0583
Al6 | 0150 | 0412 | 0275 | 0467 | 0669 | 0526 | 0468 | 0714 | 0848 | 0880
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In Table 6.9, whereas the maximum spectral acceleration increased at a rate of 156%
from Al to A7 under izmir Earthquake, the spectral acceleration change under the far-field
Kocaeli earthquake was a 0.5% decrease. The spectral accelerations at the top of the wall were
greater than the peak spectral accelerations of input motions, except for the far-field Kocaeli

Earthquake.

Table 6.9. The peak spectral acceleration under considered input motions for Case 2.

El- Kobe 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Centro 5Hz 10 Hz 10 Hz 10 Hz 15Hz
SA(z) | SA(@ | SA(g) | SA(g) | SA(g | SA(g | SA(®) | SA(® | SA(® | SA(®
Al 0.389 0.544 0.904 0.996 2167 2467 1.156 1.601 2.030 1.963
A2 0.360 0.519 0.890 0.937 2.043 2.264 1.095 1.523 1.936 1.970
A3 0.388 0.619 0.988 1.017 2.163 2.547 1.255 1.773 2272 2387
A4 0382 0.628 0.985 1.008 2.149 2532 1.238 1.762 2.269 2.345
A5 0.389 0.911 1.081 1.118 2351 2.646 1.350 1.970 2.568 2.800
A6 0.389 1.382 1.206 1.423 2.608 2.759 1.498 2.259 2.960 3475
A7 0.387 1.392 1.203 1.431 2.608 2.755 1.484 2.252 2.964 3.447
A8 0.368 1.129 1135 1.353 2475 2621 1.392 2123 2.800 3.193
A9 0.387 0.549 0.928 0.999 2171 2462 1.170 1.626 2.070 2.078
Al0 0.385 0.547 0.928 0.996 2.165 2453 1.167 1.621 2.065 2.073
All 0.383 0.546 0.927 0.993 2.159 2444 1.163 1.617 2.060 2.069
Al2 0.385 0.588 0.978 1.013 2195 2474 1.199 1.676 2.145 2.246
Al3 0373 0.643 0.983 0.994 2.069 2417 1.186 1671 2197 2.395
Al4 0.362 0.746 1.005 1.025 2248 2523 1.261 2.050 2.835 3.069
AlS 0.383 0.885 1.070 1.110 2310 2.664 1.362 2.014 2587 2.667
Al6 0.390 1.364 1.183 1.461 2.646 2921 1.650 2.710 3.154 3442

Case | Izmit-F | Izmir-F | Izmit-N
2

In Table 6.10, the amount of wall movement at the wall top was lower than the maximum
displacement of the shake table. The highest reduction in displacement was obtained under {zmir
earthquake. However, the lowest reduction was under the near-field Kocaeli Earthquake. The

greatest and the lowest change in displacement were 38.9% and 8.9%, respectively.

Table 6.10. The peak displacement under considered input motions for Case 2.

25 2 i s El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | IzwitF | ImirF | BmitN | 0 | Kobe | S | y0F | 10mH, | 108 | 15H:
2 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 121 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
D18 0.84 0.52 1.50 1.35 1.09 093 0.64 0.86 095 0.71
D19 0.87 0.55 1.54 1.38 1.17 095 0.68 0.88 098 0.74
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In Case 3, the cushion was composed of EP10 with a thickness of 4 cm. The results

under five different earthquake recordings and five different sinusoidal motions were tabulated

in Tables 6.11, 6.12, and 6.13.

In Table 6.11, the percentage change in the acceleration from Al to A7 was greatest

under the sinusoidal motion with 0.4g amplitude and 15 Hz frequency, while the lowest change

in acceleration was under Kobe Earthquake. The former was calculated as a 75.2% increase,

and the latter was a 12.8% decrease. The peak accelerations recorded from A7 were greater than

A1, which means that the acceleration amplified while reaching the top of the wall, except for

the Kobe Earthquake.

Table 6.11. The peak acceleration measurements under considered input motions for Case 3.

Case | TomitF | bomicF | bmitN | copery | Kobe | ST | 1R, | 10t | 108 | 1555

3 PGA PGA PGA PGA PGA PGA PGA PGA PGA PGA

(2 (2 (@ (2 (2) (2) (@ (2 (2) (2

Al 0.124 0.183 0.220 0318 0.823 0.400 0.300 0.400 0.500 0.400
A2 0.123 0.178 0.208 0317 0.792 0.387 0.302 0.404 0.499 0.412
A3 0.130 0.203 0.227 0322 0.582 0.415 0.331 0.434 0.572 0.477
A4 0.129 0.203 0.225 0319 0.567 0.411 0.328 0.434 0.573 0.473
AS 0.137 0244 0.236 0328 0.620 0.436 0.355 0.463 0.653 0.570
A6 0.155 0317 0.253 0.364 0.732 0.486 0.415 0.569 0.788 0.715
A7 0.156 0318 0.248 0.361 0.718 0.475 0.407 0.554 0.774 0.701
A8 0.154 0311 0.239 0.351 0.695 0.454 0.395 0.530 0.745 0.670
A9 0.127 0.187 0.221 0328 0.840 0.408 0.313 0.416 0.518 0.420
Al0 0.127 0.187 0.221 0327 0.837 0.407 0.312 0.414 0.516 0.421
All 0.127 0.187 0.220 0.326 0.835 0.406 0.311 0.413 0.514 0.421
Al12 0.133 0.200 0.226 0.343 0.850 0.422 0.333 0441 0.549 0.469
Al3 0.137 0227 0.231 0.348 0771 0.437 0.353 0.463 0.590 0.331
Al4 0.137 0.263 0.233 0341 0.662 0.497 0.403 0.602 0.979 0.868
Al5 0.150 0.293 0.243 0.354 0.645 0.480 0.398 0.578 0.768 0.672
Al6 0.167 0.339 0.257 0.395 0.691 0.537 0.453 0.709 1.011 0.897

In Table 6.12, whereas the maximum spectral acceleration increased at a rate of 61.9%

from Al to A7 under izmir Earthquake, the spectral acceleration change under the far-field

Kocaeli earthquake was 1.7% decrease. The spectral accelerations at the top of the wall were
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greater than the peak spectral accelerations of input motions, except for the far-field Kocaeli

Earthquake.

Table 6.12. The peak spectral acceleration under considered input motions for Case 3.

Case | frmitF | fomieF | it | Copg | Kob | S5 | 108 | 108 | 10 | 1588

SA(2) | SA(@) | SA(2) | SA(g | SA(») | SA(z) | SA(z) | SA(® | SA(») | SA(®)
Al 0425 | 059 | 0828 | 0989 | 2216 | 2446 1.194 1630 | 2052 1.955
A2 0.393 0568 | 0816 | 0932 | 2.101 2275 1137 1555 | 1.963 1.961
A3 0424 | 0619 | 0887 1005 | 2152 | 2522 1.260 1770 | 2302 | 2304
A4 | 0418 | 0614 | 0882 | 0991 | 2130 | 2496 1.252 1762 | 2299 | 2293
A5 0423 0717 | 0936 1031 | 2295 | 2594 1319 1931 | 2605 | 2635
A6 | 0425 | 0970 1.019 1078 | 2540 | 2712 1416 | 2198 | 3.082 | 3205
AT 0418 | 0965 1.006 1060 | 2489 | 2663 1.391 2158 | 3.027 | 3142
A8 0401 0950 | 0973 1021 | 2392 | 2561 1342 | 2080 | 2917 | 3.037
A9 | 0422 | 0601 0850 | 0992 | 2231 2441 1.210 1657 | 2.095 2.062
A10 | 0420 | 0600 | 0849 | 0989 | 2225 | 2432 1.207 1653 | 2.091 2.060
All | 0419 | 0598 | 0849 | 0987 | 2220 | 2424 1.204 1650 | 2087 | 2.058
A12 [ 0421 0616 | 0.89%4 1006 | 2268 | 2454 1.242 1711 | 2179 | 2228
A13 | 0418 | 0661 0.927 1014 | 2160 | 2485 1271 1777 | 2335 2512
Al4 | 0404 | 0795 | 0944 1022 | 2372 | 2646 1349 | 2279 | 3146 | 3204
Al5 | 0419 | 0868 | 0980 1056 | 2424 | 2699 1390 | 2188 | 3.083 3.076
Al6 | 0426 1.050 1.038 1101 | 2664 | 2885 1.493 2639 | 3767 | 3.69%

In Table 6.13, the amount of wall movement at the top was lower than the maximum

displacement of the shake table. The highest reduction in displacement was obtained under the

sinusoidal motion with 0.3g amplitude and 10 Hz frequency; however, the lowest reduction was

under the sinusoidal motion with 0.5g amplitude and 10 Hz frequency. The greatest and the

lowest change in displacement were 52.9% and 15%, respectively.

Table 6.13. The peak displacement under considered input motions for Case 3.

. o . El- 0.4g- 0.3g- 0.42- 0.5g- 0.4g-
Case | [mitF | fomirF | bomieN | | Kobe | S | yoq | 10w, | 10H: | 13B
3 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 1.21 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
DIRB 0.81 046 122 1.32 1.08 (.88 0.38 0.83 0.86 0.64
D19 0.84 048 1.26 1.35 1.13 0.91 0.40 0.85 0.89 0.67
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6.3.4. Case 4 under all considered motions

In Case 4, the cushion was composed of EPS 20 with a thickness of 2 cm. The results
under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.14, 6.15, and 6.16.

In Table 6.14, the peak accelerations recorded from A7 were greater than A1, which
means that the acceleration amplified while reaching the top of the wall, except for the Kobe
Earthquake. The percentage change in the acceleration from A1l to A7 was greatest under the
sinusoidal motion with 0.4g amplitude and 15 Hz frequency, while the lowest change in
acceleration was under Kobe Earthquake. The former was calculated as an 82.3% increase, and

the latter was a 2.8% decrease.

Table 6.14. The peak acceleration measurements under considered input motions for Case 4.

. s & e El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | fmitF | bmirF | mitN | 0 | Kobe | 5o | j0mz | 108z | 10H: | 150
4 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(2) (2 (2 () () (2 (2 (2) (2) (2)
0124 | 0.183 0.220 0.318 0.823 0.400 0.300 0.400 0.500 | 0.400

Al

A2 0.122 0.176 0.205 0314 0.793 0.387 0.295 0.391 0.494 0.403
A3 0.133 0.203 0.225 0.315 0.678 0.420 0.329 0.439 0.595 0.486
A4

AS

0.133 0.207 0.223 0312 0.578 0.411 0.323 0.431 0.573 0.479
0.143 0.250 0232 0326 0.639 0.451 0.365 0.482 0.688 0.585
A6 0.153 0.296 0.251 0.349 0.843 0.494 0.413 0.580 0.862 0.716
A7 0.156 0.313 0.263 0.359 0.800 0.502 0.427 0.594 0.846 0.729
A8 0.151 0.305 0.256 0.349 0.736 0.482 0.413 0.565 0.809 0.705
A9 0.127 0.186 0.220 0.327 0.843 0.408 0.308 0.412 0.515 0421
Al0 0.127 0.186 0.219 0327 0.841 0.407 0.307 0.411 0.513 0.419
All 0127 0.185 0219 0.326 0.839 0.406 0.305 0.409 0.510 0.418
Al2 0.132 0.193 0222 0.337 0.858 0.416 0.320 0421 0.534 0441
Al3 0.134 0.211 0.220 0.338 0.754 0.422 0.331 0.430 0.557 0.491
Al4 0.137 0.252 0.223 0.334 0.662 0.482 0.381 0.638 0.990 0.909
Al5 0.139 0241 0225 0.318 0.623 0.447 0.360 0.494 0.631 0.545
Al6 0.154 0.307 0.255 0.355 0.647 0.511 0.421 0.668 0.959 0.857

In Table 6.15, The spectral accelerations at the top of the wall were greater than the peak
spectral accelerations of input motions, except for the far-field Kocaeli Earthquake. Whereas

the maximum spectral acceleration increased at a rate of 67.4% from Al to A7 under the
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sinusoidal motion with 0.4g amplitude and 15 Hz frequency, the spectral acceleration change

under the far-field Kocaeli earthquake was a 1.9% decrease.

Table 6.15. The peak spectral acceleration under considered input motions for Case 4.

Case | femitF | fomirF | fomitN | copry | Kobe | ST | 108, | 108 | 108 | 158

SA(g) | SA(®) | SA(g | SA(® | SA(® | SA(») | SA(z) | SA(g) | SA(z) | SA(g)
Al 0399 | 0614 | 0776 | 0993 | 2181 2455 1.188 1608 | 2062 1.932
A2 | 0369 | 0584 | 0.765 0935 | 2068 | 2285 1.131 1.535 1.972 1.940
A3 0398 | 0637 | 0834 1007 | 2168 | 2540 1.260 1753 | 2318 | 2315
A4 | 0393 0.631 0820 | 0999 | 2115 | 2489 1.246 1736 | 2304 | 2284
A5 0397 | 0.703 0.883 1.035 | 2307 | 259 1.326 1942 | 2663 2677
A6 | 0398 | 0828 | 0931 1068 | 2549 | 2708 1402 | 2200 | 3106 | 3.184
AT 0.391 0869 | 0.938 1.062 | 2507 | 2660 1404 | 2211 | 3121 3.235
A8 0.375 0844 | 0905 1.024 | 238 | 2543 1354 | 2127 | 2998 | 3.105
A9 | 039 | 0620 | 0798 | 0997 | 2196 | 2452 1.204 1636 | 2105 | 2042
Al0 | 0395 | 0618 | 0797 | 0994 | 2180 | 2443 1.201 1631 | 2100 | 2037
All | 0393 0616 | 0795 | 0990 | 2.182 | 2434 1.198 1627 | 2094 | 2.033
Al2 | 0394 | 0627 | 0823 1001 | 2219 | 2449 1.222 1665 | 2150 | 2142
Al13 | 0383 0.623 0.833 0985 | 2069 | 2415 1.221 1682 | 2215 | 2328
Al4 | 0367 | 0715 | 0848 | 0991 | 2363 2578 1314 | 2224 | 3234 | 3283
Al5 | 0387 | 0677 | 0860 1.008 | 2233 2.551 1.296 1936 | 2.723 2457
Al6 | 0398 | 0847 | 0936 1078 | 2498 | 2775 1439 | 2394 | 3652 | 3332

In Table 6.16, the amount of wall movement at the top was lower than the maximum

displacement of the shake table. The highest reduction in displacement was obtained under Izmir

Earthquake; however, the lowest reduction was under the sinusoidal motion with 0.4g amplitude

and 10 Hz frequency. The greatest and the lowest change in displacement were 33.3% and 9%,

respectively.

Table 6.16. The peak displacement under considered input motions for Case 4.

& e e - El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | LzmitF | bomicF | IomitN | o0 | Kobe | S | G0F | 10, | 10H | 15T
4 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 121 0.90 1.69 1.79 143 1.20 0.85 1.00 111 0.90
D18 0.88 0.57 145 1.37 131 1.03 0.63 0.87 0.95 0.72
D19 0.90 0.60 149 1.41 1.15 1.06 0.65 091 0.99 0.74
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In Case 5, the cushion was composed of EPS30 with a thickness of 2 cm. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.17, 6.18, and 6.19.

In Table 6.17, the percentage change in the acceleration from Al to A7 was greatest

under the sinusoidal motion with 0.4g amplitude and 15 Hz frequency, while the lowest change

in acceleration was under Kobe Earthquake. The former was calculated as a 102.7% increase,

and the latter was a 6.8% decrease. The peak accelerations recorded from A7 were greater than

A1, which means that the acceleration amplified while reaching the top of the wall, except for

the Kobe Earthquake.

Table 6.17. The peak acceleration measurements under considered input motions for Case 5.

Case | lomitE | lomivF | lmitN | copery | Kobe | ST | 108, | 1005 | tome | 15

5 PGA PGA PGA PGA PGA PGA PGA PGA PGA PGA

(2) () (2) (2) (2) (2) (2) (=) (2) (2)

Al 0.124 0.183 0.220 0318 0.823 0.400 0.300 0.400 0.500 0.400
A2 0.123 0.181 0.209 0.313 0.800 0384 0.299 0.400 0.507 0.420
A3 0.133 0.208 0232 0322 0.575 0.430 0.346 0.461 0.585 0.500
A4 0.131 0.206 0.229 0318 0.637 0422 0339 0.453 0.567 0.487
AS 0.140 0.231 0.247 0.376 0.658 0.458 0382 0.524 0.681 0.612
As 0.165 0.276 0.287 0.457 0.784 0.523 0.462 0.697 0.886 0.845
AT 0.167 0.278 0.286 0.458 0.767 0.520 0.449 0.668 0.845 0.811
AS 0.153 0.253 0.262 0.422 0.738 0.480 0.396 0.593 0.760 0.708
A9 0.127 0.189 0222 0327 0.843 0.407 0314 0.415 0.528 0.431
Al0 0.127 0.189 0.221 0.326 0.842 0.406 0312 0.413 0.524 0.429
All 0.126 0.189 0.221 0.325 0.841 0.404 0311 0.411 0.520 0.428
Al2 0.130 0.197 0.225 0.336 0.849 0.416 0327 0.433 0.546 0.461
Al3 0.137 0.226 0.241 0.368 0.643 0.465 0.388 0.544 0.721 0.652
Al4 0.135 0.218 0.236 0.351 0.650 0.486 0391 0.643 0.987 0.882
AlS 0.133 0.207 0.228 0341 0.713 0.436 0351 0.458 0.585 0.536
Al6 0.155 0.255 0.268 0.420 0.724 0.529 0.449 0.717 1.011 0.934

In Table 6.18, whereas the maximum spectral acceleration increased at a rate of 73.8%

from Al to A7 under the sinusoidal motion with 0.4g amplitude and 15 Hz frequency, the

spectral acceleration change under the far-field Kocaeli earthquake was 0.4% decrease. The
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spectral accelerations at the top of the wall were greater than the peak spectral accelerations of

input motions, except for the far-field Kocaeli Earthquake.

Table 6.18. The peak spectral acceleration under considered input motions for Case 5.

2L i L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
C;“ EmitF | bmirF | ImitN | 0| Kobe | Sy | 108z | 108z | 108z | 15H:

SA(® | SA(@ | SA(@ | SA(@) | SA(® | SA(@ | SA(@ | SA(@ | SA(® | SA(
Al 0.407 0.561 0.905 1.006 2.148 2.456 1.171 2.018 2.047 1.966

A2 0.377 0.534 0.892 0.947 2.033 2.283 1.111 1.917 1.953 1.963
A3 0.407 0.588 1.004 1.036 2.154 2.550 1.249 2220 2342 2374
A4 0.401 0.581 0.996 1.023 2.160 2.528 1.234 2.188 2.308 2.330
AS 0.406 0.653 1.083 1.084 2357 2.640 1.316 2.418 2.651 2772
A6 0.408 0.769 1.197 1311 2.651 2.768 1.425 2,737 3.138 3.477
AT 0.405 0.764 1.191 1.300 2.643 2952 1.409 2.708 3.098 3.417
ASB 0.385 0.701 1.109 1.192 2493 2.602 1.306 2.504 2.844 3.072
A9 0.404 0.566 0.932 1.010 2.164 2.452 1.187 2.051 2.090 2,075
Al0 0.403 0.564 0.931 1.006 2.153 2443 1.182 2.044 2.084 2.067

All 0.401 0.562 0.929 1.003 2.143 2433 1.178 2.037 2.077 2.060
Al2 0.402 0.573 0.965 1.015 2.166 2.450 1.203 2.085 2.136 2171
Al3 0.397 0.633 1.055 1.060 2.315 2.637 1.313 2501 2.871 2.867
Al4 0.387 0.616 1.027 1.032 2288 2.642 1.295 2.663 3.102 3.306
AlS 0.394 0.589 1.000 1.014 2.066 2.469 1.228 2.213 2.353 2.535
Al6 0.409 0.715 1.151 1.263 2.587 2.876 1.460 2.984 3.616 3.39%

In Table 6.19, the amount of wall movement at the wall top was lower than the maximum
displacement of the shake table. The highest reduction in displacement was obtained under Izmir
Earthquake. However, the lowest reduction was under the sinusoidal motion with 0.4g
amplitude and 5 Hz frequency. The greatest and the lowest change in displacement were 28.2%

and 10%, respectively.

Table 6.19. The peak displacement under considered input motions for Case 5.

-, . ., El- - 0.4g- 0.3e- 0.42- 0.5¢- 0.4¢g-
Case | mitF | TomicF | TomieN | (0 | Kobe | S5 | 0w | 10H: | 108 | 15He
5 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cmm) (cm) (cm) (cmm) (cm) (cmm) (cm) (cm) (cm) (cm)
D17 1.21 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
D18 0.90 0.61 1.40 1.45 1.18 1.05 0.58 0.85 0.96 0.68
D19 0.95 0.63 142 1.51 1.24 1.08 0.61 0.88 0.99 0.73
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In Case 6, the cushion consisted of TC10 with a thickness of 2 cm. The cushion was

placed behind the wall using the method explained in Section 5.2.6. The results under five

different earthquake recordings and five different sinusoidal motions were given in Tables 6.20,

6.21, and 6.22.

In Table 6.20, the percentage change in the acceleration from Al to A7 was greatest

under the sinusoidal motion with 0.4g amplitude and 15 Hz frequency, while the lowest change

in acceleration was under Kobe Earthquake. The former was calculated as a 143.1% increase,

and the latter was a 5.4% decrease. The peak accelerations recorded from A7 were greater than

A1, which means that the acceleration amplified while reaching the top of the wall, except for

the Kobe Earthquake.

Table 6.20. The peak acceleration measurements under considered input motions for Case 6.

casg | 2R | e ot Y Cfnléro Kok [5“1‘331 10 usﬁz 1['0%: 100 Tz Iuiééz
6 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(2 (2 () (2 (2 (2 (=) (=) (2 (=)
Al | 0124 | 0183 | 0220 | 0318 | 0823 | 0400 | 0300 | 0400 | 0500 | 0400
A2 | 0118 | 0186 | 0207 | 0312 | 0794 | 0382 | 0297 | 0401 | 0503 | 0417
A3 | 0126 | 0212 | 0228 | 0332 | 0596 | 0427 | 0339 | 0443 | 0585 | 0514
A4 | 0124 | 0213 | 0226 | 0324 | 0592 | 0421 | 0339 | 0437 | 05% | 0516
A5 | 0133 | 0266 | 0240 | 0345 | 0632 | 0458 | 0387 | 0507 | 0698 | 0668
A6 | 0152 | 0343 | 0258 | 039 | 0792 | 0523 | 0461 | 0645 | 0897 | 0964
A7 | 0161 | 0364 | 0268 | 0410 | 0778 | 0526 | 0469 | 0661 | 0885 | 0972
AS | 0153 | 0347 | 0255 | 0387 | 0728 | 0495 | 0446 | 0624 | 0833 | 0909
A9 | 0125 | 0192 | 0221 | 0327 | 0840 | 0407 | 0313 | 0419 | 0528 | 0435
A0 | 0124 | 0193 | 0221 | 0326 | 0838 | 0405 | 0312 | 0417 | 0524 | 0434
A1l | 0124 | 0193 | 0220 | 0325 | 0835 | 0404 | 0311 | 0415 | 0519 | 0433
A12 | 0125 | 0206 | 0224 | 0335 | 0834 | 0415 | 0326 | 0436 | 0546 | 0476
A13 | 0128 | 0224 | 0229 | 0346 | 0751 | 0437 | 0350 | 0467 | 059 | 0609
Al4 | 0126 | 0246 | 0230 | 0346 | 0669 | 0486 | 0398 | 0588 | 0953 | 00941
A15 | 0128 | 0255 | 0234 | 0339 | 0628 | 0458 | 0380 | 0521 | 0713 | 0611
Al6 | 0154 | 0351 | 0258 | 0400 | 0757 | 0561 | 0463 | 0825 | 1248 | 0860

In Table 6.21, the spectral accelerations at the top of the wall were greater than the peak

spectral accelerations of input motions, except for the far-field Kocaeli Earthquake. Whereas

the maximum spectral acceleration increased at a rate of 100.4% from Al to A7 under the
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sinusoidal motion with 0.4g amplitude and 15 Hz frequency, the spectral acceleration change

under the far-field Kocaeli Earthquake was a 0.3% decrease.

Table 6.21. The peak spectral acceleration under considered input motions for Case 6.

L L P El- 0.4g- 0.3g- 0.4g- 0.5g- 0.d4g-
C‘;S“' Lzmit F | Izmir F | TmitN | o o, | Kobe | 5o | 108 | 100 | 100 | 150
SA(g) | SA(g) | SA(g | SA(g) | SA(g) | SA(g | SA(g | SA(g | SA(g) | SA(g

Al 0.404 0.541 0.849 1.008 2.156 2.461 1.185 1.634 2.060 1.960

A2 0374 0.540 0.834 0.949 2.036 2.285 1.122 1.547 1.955 1.965
A3 0.404 0.596 0.923 1.035 2.161 2.547 1.258 1.790 2.356 2.454
Ad 0.398 0.596 0.917 1.023 2122 2.514 1.249 1.781 2.373 2471
A5 0.404 0.758 0.994 1.075 2.354 2.631 1.346 2.004 2.792 3.037
Ab 0.405 0.992 1.074 1.138 2.663 2.755 1.459 2.325 3.382 3.896
A7 0.403 1.045 1.089 1.157 2.652 2.744 1.467 2.340 3.419 3.927
AS 0.383 0.997 1.030 1.100 2.506 2.604 1.394 2218 3.250 3.679
A9 0.402 0.552 0.875 1.013 2.170 2.457 1.201 1.661 2.105 2.094
AlD 0.400 0.552 0.874 1.009 2.163 2447 1.197 1.655 2.098 2.083
All 0.398 0.552 0.872 1.006 2.156 2438 1.193 1.650 2.090 2072
Al2 0.399 0.589 0.904 1.018 2172 2.453 1.218 1.690 2.153 2229
Al3 0.401 0.632 0.943 1.036 2.098 2.511 1.258 1.771 2.354 2.678
Al4 0.386 0.696 0.951 1.028 2292 2.616 1324 2.208 3.188 3.556
AlS 0.396 0.721 0.970 1.053 2.266 2.614 1.318 2.002 2.896 2.818
Al6 0.407 1.000 1.070 1.142 2.789 2.899 1.507 2.922 4.317 3.574

In Table 6.22, the amount of wall movement at the top was lower than the maximum
displacement of the shake table. The highest reduction in displacement was obtained under the
sinusoidal motion with 0.3g amplitude and 10 Hz frequency. However, the lowest reduction was
under izmir Earthquake. The greatest and the lowest change in displacement were 24.7% and

4.4%, respectively.

Table 6.22. The peak displacement under considered input motions for Case 6.

= = R El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | EzmitF | brmir-F | ImitN | copery | Kobe | Sg | 10W, | 10Hz | 10Hz | 15H:
6 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 1.21 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
D18 1.13 0.84 1.534 1.61 1.29 1.02 0.61 0.87 0.98 0.66
D19 1.10 0.86 1.59 1.63 132 1.05 0.64 0.90 1.00 0.69
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In Case 7, the cushion was composed of TC10 with a thickness of 4 cm. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.23, 6.24, and 6.25.

In Table 6.23, the percentage change in the acceleration from Al to A7 was greatest

under Izmir Earthquake, while the lowest change in acceleration was under Kobe Earthquake.

The former was calculated as a 174.1% increase, and the latter was a 2.8% decrease. The peak

accelerations recorded from A7 were greater than Al, which means that the acceleration

amplified while reaching the top of the wall, except for the Kobe Earthquake.

Table 6.23. The peak acceleration measurements under considered input motions for Case 7.

SR E R T 0dg. | 03z | 04z | 05z | 0dg
Case | TzmitF | TomieF | fomieN | (0 | Kobe | S | 0B | 10m, | 10H | 13He

7 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(2 (=) () (2) (g) (g) (g) (2) (g) (2

Al | 0124 | 0183 | 0220 | 0318 | 0823 | 0400 | 0300 | 0400 | 0500 | 0400
A2 | 0122 | 0191 | 0207 | 0313 | 0794 | 0382 | 0299 | 039 | 0500 | 0418
A3 | 0130 | 0222 | 0224 | 0334 | 0659 | 0427 | 0334 | 0440 | 0580 | 0404
A4 | 0130 | 0220 | 0222 | 0329 | 0675 | 0423 | 0336 | 0444 | 0580 | 04%
A5 | 0143 | 0327 | 0237 | 038 | 068 | 0468 | 0395 | 0517 | 0708 | 0628
A6 | 0171 | 0480 | 0276 | 0492 | 0798 | 0545 | 0505 | 0673 | 0894 | 0862
A7 | 0178 | 0502 | 0283 | 0505 | 0800 | 0553 | 0520 | 0684 | 0880 | 088l
AS | 0169 | 0480 | 0267 | 0477 | 0778 | 0523 | 0495 | 0648 | 0836 | 0838
A9 | 0126 | 0191 | 0220 | 0327 | 0838 | 0406 | 0312 | 0417 | 0524 | 0429
Al0 | 0126 | 0192 | 0220 | 0326 | 0836 | 0405 | 0311 | 0415 | 0521 | 0428
All | 0126 | 0193 | 0219 | 0326 | 0834 | 0403 | 0310 | 0414 | 0519 | 0426
Al2 | 0120 | 0212 | 0222 | 0338 | 0834 | 0414 | 0325 | 0433 | 0584 | 0458
A3 | 0132 | 0234 | 0223 | 0346 | 0765 | 0422 | 0336 | 0447 | 0562 | 049
Al4 | 0133 | 0276 | 0223 | 0350 | 068 | 0455 | 0364 | 0503 | 0747 | 0676
Al5 | 0140 | 0320 | 0237 | 0394 | 0694 | 0484 | 0399 | 0566 | 0742 | 0640
Al6 | 0154 | 0413 | 0252 | 0448 | 0729 | 0547 | 0480 | 0758 | 1039 | 099

In Table 6.24, the spectral accelerations at the top of the wall were greater than the peak

spectral accelerations of input motions. However, the maximum spectral acceleration recorded

by Al and A7 were the same under the far-field Kocaeli Earthquake. The maximum spectral

acceleration increased at a rate of 161.2% from A1l to A7 under izmir Earthquake.
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Table 6.24. The peak spectral acceleration under considered input motions for Case 7.

e i bt [ | o | e | 905 | ok, | o, | e | o

SA(g) | SA(g) | SA(g) | SA(g) | SA(g) | SA(g | SA(g) | SA(@ | SA(® | SA(g
Al 0420 0.587 0.879 1.006 2163 2453 1176 1.645 2052 1966
A2 0.389 0.575 0.865 0.947 2.043 2278 1114 1.559 1.950 1.950
A3 0419 0.657 0967 1.043 2157 2.542 1254 1.814 2357 23719
Ad 0414 0671 0971 1.037 2155 2523 1254 1.818 2381 2380
A5 0420 0.884 1.091 1.128 2416 2.668 1376 2.105 2873 2988
Af 0422 1.419 1.241 1.462 2775 2.830 1.527 2.510 3.573 3.940
7 0420 1.534 1.239 1.506 2.790 2.824 1.538 2532 3.607 3975
AR 0.399 1493 1.197 1.442 2661 2685 1467 2402 3425 374
A9 0417 0.593 0.904 1.010 2171 2448 1.190 1.669 2.092 2.068
Al0 0416 0.592 0.905 1.007 2.164 2437 1.187 1.663 2084 2.063
All 0414 0.592 0.905 1.003 2156 2426 1.184 1658 2075 2059
Al2 0415 0.641 0941 1.017 2181 2445 1.208 1.699 2140 2172
Al3 0410 0.696 0.970 1.019 2.093 2446 1221 14727 2210 2.296
Ald 0.401 0.733 1.002 1.042 2.200 2527 1.271 1.944 2.693 2791
Als 0415 0.860 1.081 1.128 2423 2692 1370 2172 3113 2919
Als 0413 1.193 1.155 1346 2695 2825 1498 2711 3.990 3846

In Table 6.25, the highest reduction in displacement was obtained under the sinusoidal

motion with 0.3g amplitude and 10 Hz frequency. However, the lowest reduction was under

Kobe Earthquake. The greatest and the lowest change in displacement were 27.1% and 2.8%,

respectively. The amount of wall movement at the wall top was lower than the maximum

displacement of the shake table.

Table 6.25. The peak displacement under considered input motions for Case 7.

2 2 L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | TzmitF | TmicF | bomitN | o0 | Kobe | S | (0H, | 10H | 10H: | 15H
7 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 121 0.90 1.69 1.79 143 1.20 0.85 1.00 111 0.90
D18 1.14 0.84 1.57 1.65 1.37 1.04 0.59 0.86 097 0.67
D19 1.16 0.86 1.59 1.68 1.39 1.06 0.62 0.89 1.00 0.71

6.3.8. Case 8 under all considered motions

In Case 8, the cushion was composed of TC20 with a thickness of 2 cm. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.26, 6.27, and 6.28.
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In Table 6.26, the percentage change in the acceleration from Al to A7 was greatest
under Izmir Earthquake, while the lowest change in acceleration was under Kobe Earthquake.
The former was calculated as a 133% increase, and the latter was a 1.8% decrease. The peak
accelerations recorded from A7 were greater than Al, which means that the acceleration

amplified while reaching the top of the wall, except for the Kobe Earthquake.

Table 6.26. The peak acceleration measurements under considered input motions for Case 8.

i P S El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | ZmitF | bmirF | ImitN| (| Kobe | 5 | 10Hz | 10H: | 108z | 15H:
8 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(g (g (2 (g (] (g (g (g (g (2
0124 | 0183 | 0220 | 0318 | 0823 | 0400 | 0300 | 0400 | 0500 | 0400

Al

A2 0.124 0.181 0.210 0.310 0.797 0.382 0.297 0.399 0.500 0.407
A3 0.133 0.216 0.233 0.327 0.625 0.432 0.348 0.440 0.592 0.499
A4 0.132 0.213 0.229 0.318 0.580 0.426 0.345 0.438 0.582 0.519
AS 0.147 0.290 0.252 0.394 0.628 0.463 0.397 0.513 0.695 0.652
A6 0.177 0.412 0.288 0.496 0.823 0.530 0.495 0.663 0.882 0.904
AT 0.184 0.426 0.291 0.507 0.809 0.535 0.496 0.666 0.861 0.920
A8 0.173 0.402 0.273 0.480 0.756 0.508 0.466 0.628 0.807 0.864
A9 0.128 0.190 0.223 0.326 0.841 0.407 0.314 0.418 0.525 0.429
Al0 0.127 0.190 0222 0.326 0.840 0.406 0.313 0.416 0.522 0.426
All 0.127 0.189 0221 0.325 0.839 0.404 0.311 0.414 0.518 0.423
Al2 0.131 0.199 0.227 0.338 0.847 0.416 0.327 0.435 0.543 0.455
Al3 0.133 0.220 0.229 0.342 0.722 0.429 0.347 0.451 0.573 0.562
Al4 0.135 0.249 0.233 0.352 0.662 0.456 0.371 0.509 0.771 0.829
Al5 0.146 0.307 0.253 0.416 0.639 0.477 0.406 0.585 0.813 0.753
Al6 0.160 0.355 0.27 0.452 0.662 0.534 0.4539 0.735 1.038 0.936

In Table 6.27, whereas the maximum spectral acceleration increased at a rate of 165%
from Al to A7 under izmir Earthquake, the spectral acceleration change under the far-field
Kocaeli Earthquake was a 0.3% decrease. The spectral accelerations at the top of the wall were
greater than the peak spectral accelerations of input motions, except for the far-field Kocaeli

Earthquake
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Table 6.27. The peak spectral acceleration under considered input motions for Case 8.

Case | bomitF | fomic | BomitN | copry | Kobe | SH | 100, | 100 | 100 | 150

SA(@ | SA(® | SA(g | SA(@ | SA(g | SA(® | SA(® | SA(g | SA(@® | SA(®
Al 0.408 0.520 0.878 1.027 2.155 2.467 1.169 1.615 2.047 1.957
A2 0.377 0.508 0.861 0.966 2.033 2.290 1.106 1.530 1.942 1.949
A3 0.407 0.592 0.980 1.063 2.163 2.336 1.253 1.809 2.389 2.391
A4 0.402 0.590 0.968 1.047 2.128 2.529 1.244 1.793 2.385 2476
A5 0.407 0.835 1.082 1.149 2.350 2.645 1.345 2.048 2.826 3.016
A6 0.409 1.303 1222 1.448 2.650 2.770 1.474 2405 3.446 3.866
A7 0.406 1.378 1.234 1.481 2.639 2.760 1.474 2.406 3.454 3.939
A8 0.386 1.304 1.164 1.403 2495 2.621 1.398 2277 3.273 3.731
A9 0.405 0.526 0.906 1.032 2.168 2462 1.186 1.643 2.088 2.080
Al0 0.403 0.525 0.905 1.028 2.160 2452 1.181 1.636 2.080 2.070
All 0.402 0.524 0.903 1.025 2152 2.443 1.176 1.630 2071 2.060
Al2 0.402 0.563 0.940 1.037 2175 2458 1.201 1.670 2.134 2.187
Al3 0.392 0.599 0.964 1.027 2.051 2453 1.212 1.732 2316 2.583
Al4 0.387 0.662 0.993 1.052 2.168 2.523 1.249 1.934 2.737 3242
Al5 0.400 0.881 1.085 1.192 2381 2.681 1.351 2.206 3.276 3.204
Al6 0.406 1.113 1.153 1.367 2.602 2.823 1.444 2.670 3.931 3.697

In Table 6.28, the highest reduction in displacement was obtained under the sinusoidal

motion with 0.3g amplitude and 10 Hz frequency. However, the lowest reduction was under El-

Centro Earthquake. The greatest and the lowest change in displacement were 28.2% and 3.9%,

respectively. The amount of wall movement at the wall top was lower than the maximum

displacement of the shake table.

Table 6.28. The peak displacement under considered input motions for Case 8.

- L L, El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-

Case | lzmitF | lomirF | bmieN | 00 | Kobe | @ | 0B | 0B, | 108z | 15H

] Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.

(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

D17 121 0.90 1.69 1.79 1.43 1.20 0.85 1.00 111 0.90

D18 1.12 0.77 1.50 1.70 1.28 1.02 0.60 0.87 0.95 0.67

D19 1.14 0.79 1.54 172 1.33 1.06 0.61 (.90 0.98 Q.70
6.3.9. Case 9 under all considered motions

In Case 9, the cushion was composed of TC20 with a thickness of 4 cm. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.29, 6.30, and 6.31.
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In Table 6.29, the percentage change in the acceleration from Al to A7 was greatest

under Izmir Earthquake, while the lowest change in acceleration was under Kobe Earthquake.

The former was calculated as a 140.5% increase, and the latter was a 1.5% decrease. The peak

accelerations recorded from A7 were greater than Al, which means that the acceleration

amplified while reaching the top of the wall, except for the Kobe Earthquake.

Table 6.29. The peak acceleration measurements under considered input motions for Case 9.

R N R > & 0dg- | 03z | 04z | 05z | 04z
Case | fmitF | TomicF | TmitN | 0 | Kobe | S| (0H | 10H, | 10H: | 15H:

9 PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA | PGA

(2 (2 (2 (2 (2 (g (2 (2 (=) (3]

Al | 0124 | 0183 | 0220 | 0318 | 0823 | 0400 | 0300 | 0400 | 0500 | 0400
A2 | 0120 | 0178 | 0207 | 0314 | 0796 | 0385 | 0297 | 0400 | 0499 | 0403
A3 | 0120 | 0209 | 0228 | 0313 | 0640 | 0427 | 0339 | 0442 | 0595 | 0497
A4 | 0128 | 0206 | 0225 | 0312 | 0621 | 0418 | 0332 | 0436 | 0579 | 049
A5 | 0137 | 0288 | 0242 | 0370 | 0655 | 0461 | 0392 | 0500 | 0726 | 0624
A6 | 0156 | 0435 | 0294 | 0498 | 0842 | 0537 | 0514 | 0653 | 0970 | 0856
A7 | 0157 | 0440 | 0299 | 0496 | 0811 | 0531 | 0505 | 0643 | 0943 | 0864
AS | 0148 | 0410 | 0280 | 0460 | 0743 | 049 | 0459 | 0589 | 0867 | 0802
A9 | 0126 | 0188 | 0221 | 0328 | 0843 | 0408 | 0312 | 0417 | 0524 | 0421
A10 | 0126 | 0187 | 0220 | 0328 | 0841 | 0407 | 0311 | 0415 | 0521 | 0420
All | 0126 | 0187 | 0219 | 0327 | 0838 | 0405 | 0310 | 0414 | 0518 | 0419
A2 | 0129 | 0194 | 0222 | 0341 | 0848 | 0417 | 0326 | 0434 | 0543 | 0446
A3 | 0133 | 0218 | 0227 | 0349 | 0731 | 0439 | 0352 | 0472 | 0617 | 0558
Al | 0130 | 025 | 0223 | 0355 | 0675 | 0487 | 0401 | 0624 | 1023 | 0877
Al5 | 0134 | 0305 | 0238 | 0398 | 0669 | 0491 | 0422 | 0624 | 085 | 0758
Al6 | 0140 | 0352 | 0248 | 0432 | 0698 | 0533 | 0464 | 0747 | 1065 | 0951

In Table 6.30, the maximum spectral acceleration increased at a rate of 136.4% from Al

to A7 under izmir Earthquake. The peak spectral acceleration of A1 and A7 were identical under

the far-field Kocaeli Earthquake. The spectral accelerations at the top of the wall were greater

than the peak spectral accelerations of input motions, except for the far-field Kocaeli Earthquake
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Table 6.30. The peak spectral acceleration under considered input motions for Case 9.

Case | lomitF | frmic ¥ | bomitX | oy | Kobe | S35 | 168 | i | 108 | 15

SA(g) | SA(g) | SA(® | SA(r) | SA(g) | SA(g | SA(g) | SA(@ | SA(® | SA(»
Al 0.399 0.575 0.857 0.985 2.187 2.455 1.192 1.653 2.075 1.942
A2 0.369 0.560 0.842 0.927 2.070 2.280 1129 1.571 1.974 1.934
A3 0.398 0.648 0.946 1.023 2.188 2.547 1.282 1.849 2414 2.389
A4 0.392 0.638 0.932 1.007 2.134 2.510 1.260 1.805 2.363 2.354
AS 0.399 0.810 1.054 1.093 2.386 2.647 1386 2.095 2.841 2.938
A6 0.401 1321 1.221 1.368 2.729 2.795 1.555 2.500 3.519 3.858
A7 0.399 1.360 1223 1.368 2.696 2.776 1.541 2471 3.482 3.844
AS 0379 1.270 1.151 1272 2522 2.625 1.445 2.300 3.236 3.530
A9 0.396 0.581 0.883 0.990 2.206 2451 1.209 1.682 2.118 2.055
Al0 | 0394 0.579 0.881 0.987 2.197 2441 1.205 1.676 2.110 2.047
All | 0393 0.578 0.880 0.984 2187 2432 1.200 1.670 2.103 2.039
Al2 | 0393 0.622 0.913 0.996 2215 2.448 1.226 1712 2.163 2.155
Al3 | 0395 0.686 0.960 1.014 2.140 2,510 1.243 1.825 2448 2572
Al4 | 0374 0.716 0972 1.032 2350 2.623 1336 2.277 3311 3.397
Al5 | 0388 0.844 1.043 1.095 2473 2.706 1419 2.358 3474 3.247
Al6 | 0393 1.027 1.103 1.231 2.660 2.817 1.491 2.714 4.011 3.813

In Table 6.31, the highest reduction in displacement was obtained under the sinusoidal

motion with 0.3g amplitude and 10 Hz frequency; however, the lowest reduction was under El-

Centro Earthquake. The greatest and the lowest change in displacement were 30.6% and 5%,

respectively. The amount of wall movement at the wall top was lower than the maximum

displacement of the shake table.

Table 6.31. The peak displacement under considered input motions for Case 9.

e : -. El- 0.4z | 03g- 0.4g- 05g- 0.4g-
Case | TZmitF | fomirF | TmitN | 0 | Kobe | ¥ | 0B | 108 | 108z | 15He
9 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

DI7 | 121 0.90 1.69 179 143 1.20 0.85 1.00 111 0.90
DIR | 111 0.82 154 162 124 1.03 0.57 085 0.95 0.68
DIO | 113 0.85 157 170 129 105 0.59 088 097 0.72

6.3.10. Case 10 under all considered motions

In Case 10, the cushion was composed of TC30 with a thickness of 2 cm. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.32, 6.33, and 6.34.
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In Table 6.32, the percentage change in the acceleration from Al to A7 was greatest

under Izmir Earthquake, while the lowest change in acceleration was under Kobe Earthquake.

The former was calculated as a 126.7% increase, and the latter was a 4.3% decrease. The peak

accelerations recorded from A7 were greater than Al, which means that the acceleration

amplified while reaching the top of the wall, except for the Kobe Earthquake.

Table 6.32. The peak acceleration measurements under considered input motions for Case 10.

Case | TomitF | fomicF | bomitN | oy | Kobe | S | 108, | 108 | 108 | 15%
10 PGA PGA PGA PGA PGA PGA PGA PGA PGA PGA

(2 (2 (@ (2 (2 (@ (2 (2 (@ (2
Al 0.124 0.183 0220 0318 0.823 0.400 0.300 0.400 0.500 0.400
A2 0.122 0.182 0211 0314 0.803 0380 0.297 0.398 0.502 0.418
A3 0.131 0.219 0.232 0.334 0.605 0.424 0.336 0.433 0.586 0.503
Ad 0.130 0223 0231 0331 0.592 0.422 0337 0431 0.593 0.494
A5 0.136 0292 0251 0.367 0.622 0.452 0.375 0.495 0.732 0.622
A6 0.159 0.405 0.288 0.450 0.785 0.508 0.435 0.638 0.959 0.830
A7 0.162 0.415 0292 0.455 0.788 0.512 0.439 0.651 0.961 0.819
AB 0.154 0.389 0.276 0.427 0.747 0.484 0.416 0.615 0.921 0.772
A9 0.127 0.191 0221 0329 0.847 0.406 0.314 0.417 0.527 0.432
Al0 0.126 0.191 0220 0327 0.843 0.404 0312 0.415 0.522 0.429
All 0.126 0.190 0219 0325 0.838 0.402 0.310 0.412 0518 0.426
Al2 0.130 0.204 0227 0337 0.853 0.412 0.325 0431 0.543 0.457
Al3 0.131 0.224 0232 0.342 0.767 0.420 0337 0.442 0.553 0.485
Al4 0.131 0.248 0234 0.344 0.680 0.448 0.374 0.531 0.868 0.739
Al5 0132 0.290 0.245 0371 0.615 0.445 0.368 0.533 0.714 0.637
Ale 0.138 0.336 0.255 0.399 0.638 0.468 0.390 0.625 0918 0.864

In Table 6.33, the spectral accelerations at the top of the wall were greater than the peak

spectral accelerations of input motions, except for the far-field Kocaeli Earthquake. The

maximum spectral acceleration increased at a rate of 138% from Al to A7 under Izmir

Earthquake. The peak spectral acceleration of A1 and A7 were virtually identical under the far-

field Kocaeli Earthquake.
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Table 6.33. The peak spectral acceleration under considered input motions for Case
Case fzmitF | fzmirF | fzmitN | 2 | Kobe | 33E | & | e | e | Dl
SA(g | SA(@ | SA(@ | SA(g) | SA(@® | SA(9 | SA(@ | SA(® | SA(® | SA(9

Al | 0406 | 0537 | 0945 | 0990 | 2109 | 2467 | 1170 | 1609 | 2030 | 1961
A2 | 0375 | 052 | 0928 | 0932 | 1990 | 2201 | 1108 | 1523 | 1928 | 1940
A3 | 0405 | 0591 | 1036 | 1015 | 2003 | 2506 | 1234 | 1753 | 2333 | 2308
A4 | 0399 | 0593 | 1032 | 1004 | 2003 | 2481 | 1228 | 1756 | 2345 | 2380
A5 | 0405 | 0827 | 1134 | 1078 | 2268 | 2551 | 1302 | 1943 | 2757 | 2949
A6 | 0406 | 1233 | 1266 | 1306 | 2503 | 2615 | 1393 | 2237 | 335 | 3.884
A7 | o404 | 1279 | 1272 | 1318 | 2507 | 2603 | 1392 | 2247 | 3368 | 3855
As | 0383 | 1200 | 1202 | 1240 | 2381 | 2474 | 1322 | 2133 | 3191 | 3503
A9 | 0403 | 0544 | 0976 | 0995 | 2123 | 2462 | 1186 | 1637 | 2075 | 2069
A0 | 0401 | 0542 | 0973 | 0991 | 2113 | 2451 | 1181 | 16290 | 2064 | 2056
All | 0399 | 0540 | 0969 | 0987 | 2103 | 2440 | 1175 | 1620 | 2053 | 2043
A12 | 0400 | 0574 | 1007 | 1000 | 2132 | 2456 | 1198 | 1658 | 2111 | 2150
A13 | 0393 | 0605 | 1033 | 0996 | 2035 | 2432 | 1204 | 1682 | 2181 | 2269
A4 | 0381 | 0662 | 1052 | 0988 | 2201 | 2427 | 1244 | 2137 | 2041 [ 2890
A15 | 0390 | 0802 | 1103 | 1066 | 2240 | 2472 | 1263 | 1977 | 2995 | 2808
Al6 | 0390 | 0995 | 1152 | 1173 | 2396 [ 2518 | 1313 | 2239 | 3579 | 3460

In Table 6.34, the greatest and the lowest change in displacement were 23.5% and 3.3%,

respectively. The highest reduction in displacement was obtained under the sinusoidal motion

with 0.3g amplitude and 10 Hz frequency. However, the lowest reduction was under Izmir

Earthquake. The amount of wall movement at the wall top was lower than the maximum

displacement of the shake table.

Table 6.34. The peak displacement under considered input motions for Case 10.

L L L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | IzwitF | TzmirF | fomieN | o0 | Kobe | S | 0w | jom, | 10H: | 15Hs
10 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
D17 1.21 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
D18 1.05 0.83 1.45 1.60 121 1.01 0.61 0.86 092 0.69
D19 1.11 0.87 1.51 1.64 127 1.04 0.65 0.89 095 0.72

6.3.11. Case 11 under all considered motions

In Case 11, the cushion was composed of TC30 with a thickness of 4 cm.. The results

under five different earthquake recordings and five different sinusoidal motions were given in

Tables 6.35, 6.36, and 6.37.
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In Table 6.35, the percentage change in the acceleration from Al to A7 was greatest
under Izmir Earthquake, while the lowest change in acceleration was under Kobe Earthquake.
The former was calculated as a 144% increase, and the latter was a 0.3% decrease. The peak
accelerations recorded from A7 were greater than Al, which means that the acceleration

amplified while reaching the top of the wall, except for the Kobe Earthquake.

Table 6.35. The peak acceleration measurements under considered input motions for Case 11.

R . - El- 0.dg- 0.3g- 0.4g- 0.5g- 0.4g-
i | ikl | amcl: s | o | Kobe 5Hz 10Hz | 10Hz | 10Hz | 15Hz
11 PGA PGA PGA PGA PGA PGA PGA PGA PGA PGA

@ () (2 (2 (2 (2) (2 (2) (2 ()
0.124 0.183 | 0220 | 0318 | 0823 0400 | 0300 | 0400 | 0.500 0.400

0.119 0.181 0.207 0314 0.797 0.382 0.299 0.401 0.499 0.409
0.128 0.212 0.228 0.308 0.569 0.417 0.338 0.434 0.594 0.503
0.127 0217 0.227 0.305 0.567 0.414 0.341 0.435 0.595 0.493
A5 0.132 0.295 0.246 0.370 0.619 0.456 0.388 0.520 0.752 0.613
A6 0.156 0.436 0.280 0.486 0.829 0.529 0.497 0.679 1.016 0.825
A7 0.161 0.447 0.283 0.489 0.820 0.531 0.503 0.680 1.007 0.813
A8 0.155 0.425 0.269 0.462 0.773 0.503 0.479 0.647 0.950 0.753
A9 0.126 0.187 0.221 0.330 0.846 0.407 0314 0.421 0.525 0.424
Al0 0.125 0.187 0.220 0329 0.842 0.405 0313 0.418 0.521 0.422
All 0.125 0.187 0.220 0.328 0.838 0.404 0.311 0.416 0.517 0.420
Al2 0.127 0.204 0.223 0341 0.852 0.414 0.327 0.435 0.541 0.450
Al3 0.125 0222 0.224 0.341 0.718 0.422 0.337 0.443 0.559 0.490
Al4 0.127 0.251 0.232 0333 0.666 0.473 0.376 0.534 0.833 0.779
Al5 0.131 0312 0.246 0.396 0.620 0.491 0.410 0.587 0.773 0.656
Alé 0.135 0.371 0.261 0.433 0.683 0.550 0.482 0.803 1.048 0.958

Z|&BE

In Table 6.36, the spectral accelerations at the top of the wall were greater than the peak
spectral accelerations of input motions, except for the far-field Kocaeli Earthquake. The
maximum spectral acceleration increased at a rate of 107.3% from Al to A7 under Izmir
Earthquake. The peak spectral acceleration of Al and A7 were in really close proximity under

the far-field Kocaeli Earthquake.
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Table 6.36. The peak spectral acceleration under considered input motions for Case 11.

cl;.]se fzmit F | fzmir-F | Tzmit-N Cil;m Kobe ';"l‘lzg' 106351_: 106451_2 1"65&‘: 1']5'41?1'2

SA(®) | SA(® | SA(® | SA(® | SA(® | SA(® | SA() | SA( | SA@® | SA(®
Al 0.396 0.598 0.879 0.993 2.143 2464 1207 1.649 2.056 1.957
A2 0367 0.568 0.862 0.933 2.024 2287 1.141 1.563 1.953 1.936
A3 0396 0.640 0.964 1.013 2123 2552 1297 1827 2.280 2392
Ad 0.391 0.636 0.967 1.006 2.106 2528 1.299 1.830 2265 2386
A3 0.396 0.826 1.086 1.082 2295 2.642 1415 2.087 2.648 2886
A6 0.398 1.186 1254 1378 2.548 2.767 1571 2443 3.193 3.689
A7 0.396 1.240 1267 1397 2.541 2757 1575 2.451 3.184 3.668
AS 0376 1.190 1.206 1324 | 2407 2619 1.500 2328 3.006 3.438
A9 0394 | 0605 0.907 0.998 2.161 2460 1226 1.680 2.098 2.068
Al0 | 0392 0.603 0.905 0.994 2152 2.450 1.220 1672 2.088 2.057
All | 0391 0.601 0.903 0.990 2.144 2.440 1215 1.665 2.079 2.045
A12 | 0391 0.622 0.939 1.003 2173 2.456 1.241 1.705 2133 2153
A13 | 0379 0.667 0.954 0.985 2.020 2423 1238 1.717 2216 2322
Al4 | 0378 0.729 0.993 1.020 2.191 2,580 1329 2,045 2763 2.999
Al5 | o03ss 0.834 1.085 1117 2369 2.729 1.456 2306 3226 2.940
A16 | 0392 0.998 1.166 1.335 2.598 2.906 1.586 2.858 4067 3.765

In Table 6.37, the greatest and the lowest change in displacement were 27.1% and 4.4%,

respectively. The highest reduction in displacement was obtained under the sinusoidal motion

with 0.3g amplitude and 10 Hz frequency; however, the lowest reduction was under Izmir

Earthquake. The amount of wall movement at the wall top was lower than the maximum

displacement of the shake table.

Table 6.37. The peak displacement under considered input motions for Case 11.

. o L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
Case | FmitF | IowirF | LwitN | o0 | Kobe | S | 0w, | 10W: | 10H | 15H:
11 Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp. Disp.
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)

D17 121 0.90 1.69 1.79 1.43 1.20 0.85 1.00 1.11 0.90
D18 1.08 0.84 1.48 1.62 1.18 1.00 0.58 0.83 091 0.66
D19 1.13 0.86 1.52 1.66 1:23, 1.03 0.62 0.86 0.94 0.71
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7. DISCUSSION

7.1. General

The experimental study was performed on the 1/25 scaled retaining wall model with
sand backfill by using the shake table. The tests were carried out in order to investigate the
effects of the cushion type. Two different cushion materials, EPS geofoam and tire crumb-sand
mixture, were studied in this thesis. The cushion thickness, EPS geofoam density, the mixture
ratio of sand and tire crumb, earthquake characteristics, and frequency and amplitude of
sinusoidal motions were investigated. In this section, the change in the transmitted accelerations,
spectral accelerations, and displacement values are evaluated depending on investigated
parameters listed in Table 6.2. The accelerometer, A7, and the displacement sensor, D19, were
selected to evaluate the results because they measured acceleration and displacement at the top
of the retaining wall. The percentage change in accelerations and displacements is tabulated.
Additionally, the cases where the effect of the cushion layer was observed as the most and the
least effective on the seismic behavior of the wall are compared by giving the graphical results

side by side.

In the tables, the negative values represent a percentage decrease, and the positive values
express a percentage increase in maximum acceleration, maximum spectral acceleration, and
maximum displacement. The percentage changes are calculated by comparing the improved

cases with Case 1. For all cases, the percentage changes were determined as

Percentage (%) change = 100 * (ReSponse of Casen ) (7.1)

Response of Case 1

In this expression, n expresses the case number which varies from 2 to 11.
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7.2. The Effects of Cushion Type

Two different materials were used as a cushion layer behind the scaled wall model. The
first material was EPS geofoam with various densities, and the other one was a sand-tire crumb
mixture having various mixing ratios of sand and tire crumb. The cushion layers were designed
with two different thicknesses, such as 2 and 4 cm. The effects of cushion type are investigated
by comparing improved cases with the control case. The comparison is made for five different
real earthquake recordings and five different sinusoidal motions with various amplitudes and

frequencies.

7.2.1. The Cushion Layers with a Thickness of 2 cm

In this section, the cushions having a thickness of 2 cm were examined. The cushion of
Cases 2, 4, and 5 were composed of EPS geofoam with 10, 20, and 30 kg/m’ density,
respectively, and Cases 6, 8, and 10 were established with the cushions consisting of sand-tire
crumb mixture having 10%, 20%, and 30% tire crumb by weight. The improved cases (Cases 2,
4,5, 6,8, and 10) were compared with Case 1 in order to calculate the percentage change due

to the inclusion of cushion layers with a thickness of 2 cm.

The percentage change in acceleration recorded by A7 is given in Table 7.1. The cushion
with EPS geofoam performed better than the other type of cushion in general. Under Izmir and
El-Centro Earthquakes, the EPS geofoam cushion decreased the acceleration at the top of the
wall by 36.3% and 34.4%, respectively. However, under near-field Kocaeli Earthquake and El-
Centro Earthquakes, TC10 cushion (Case 6) caused more reduction in acceleration than EPS30
cushion (Case 5). Consequently, it is indicated that the cushion consisting of EPS geofoam
resulted in more enhancement in the seismic performance of the wall model than the tire waste-

sand cushion, considering the percentage changes in acceleration.



166

Table 7.1. The percentage change in PGA of A7 (Case 1 to Cases 2, 4, 5, 6, 8, and 10).

Input L o | E- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
molll]jon it | Temick | PawitN | o0 o | ol 5 ﬁq'z 10 éz 10 éz 10 l§z 15 éz
Casel-2 +05 02 99 94 07 73 77 -16.7 218 145
Casel-4 37 283 162 344 82 62 129 1191 153 189
Casel-5 429 363 87 1163 | -120 29 83 9.0 15.4 98
Casel-6 1.0 165 146 251 | -107 A7 42 100 114 +82
Casel-8 +133 22 74 74 ) 01 +13 92 138 24
Casel-10 0.0 49 69 168 96 45 1104 112 33 89

A comparison of the cases that caused the greatest and lowest reduction in acceleration

at the top of the wall for each input motion is given between Figures 7.1 and 7.10. The

improvement in seismic performance due to cushion layer was clear in Figure 7.2.
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Figure 7.1. The ATH of Case 8 and Case 4 under the far- field Kocaeli Earthquake.
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Figure 7.2. The ATH of Case 8 and Case 5 under the far- field Izmir Earthquake.
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Figure 7.3. The ATH of Case 10 and Case 4 under the near- field Kocaeli Earthquake.
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Figure 7.4. The ATH of Case 8 and Case 4 under El-Centro Earthquake.
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Figure 7.6. The ATH of Case 8 and Case 2 under the sinusoidal motion (0.4g - 5 Hz).

05 T T 05 T T
—Case 8 Case 4

o PGA (g) = 0.49603 o PGA(g)=042678
04 - 1 04| b

Acceleration(g)
Acceleration(g)

06 I 1 I 06 I | I
0 10 20 30 40 0 10 20 30 40

Time (sec.) Time (sec.)

Figure 7.7. The ATH of Case 8 and Case 4 under the sinusoidal motion (0.3g - 10 Hz).
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The percentage changes in spectral acceleration calculated from the acceleration

recordings of A7 are given in Table 7.2. In general, EPS geofoam cushions caused a more

significant reduction in spectral acceleration than cushions made of a sand-tire crumb mixture.

Under the near-field Kocaeli, Izmir, and El-Centro Earthquakes, the EPS geofoam cushion

brought about a reduction in spectral acceleration at the top of the wall by 34%, 33.9%, and

33.4%, respectively. Additionally, Case 6 resulted in more reduction in spectral acceleration

than Case 5 under El-Centro and near-field Kocaeli Earthquakes. Under the far-field Kocaeli

Earthquake, the effects of cushion on spectral acceleration could not be observed.

Table 7.2. The percentage change in SA of A7 (Case 1 to Cases 2, 4, 5, 6, 8, and 10).

Tnput - . .A L 043 03z | 04g. | 05z | 04g
motion | 17mitF | fzmirF | fzmitN | (oo | Kobe | JH i | dos | ok | ik
Casel-2 02 203 154 | 102 | 53 158 129 63 164 | -128
Casel 4 109 | 249 | 340 | 334 | 89 122 26 35 119 | -181
Casel s 144 | 339 | -162 | -184 | 40 157 23 120 | 126 | -135
Casel-6 139 96 234 | 274 | 37 154 7 32 35 06
Casel-8 147 | +191 | -132 71 41 16.0 122 04 25 03
Casel-10 140 | +105 | -105 | 173 | 89 0.0 35 70 50 24
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For each input motion, the comparison of the cases in which the reduction in spectral
acceleration at the top of the wall was the greatest and lowest is given between Figures 7.11 and

7.20. The improvement in seismic performance due to cushion layer was clear in Figure 7.12.
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Figure 7.11. The SA of Case 8 and Case 2 under the far- field Kocaeli Earthquake.
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Figure 7.12. The SA of Case 2 and Case 5 under the far- field izmir Earthquake.




Figure 7.13. The SA of Case 10 and Case 4 under the near- field Kocaeli Earthquake.
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Figure 7.16. The SA of Case 2 and Case 10 under the sinusoidal motion (0.4g - 5 Hz).
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Figure 7.17. The SA of Case 2 and Case 10 under the sinusoidal motion (0.3g - 10 Hz).
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Figure 7.18. The SA of Case 5 and Case 4 under the sinusoidal motion (0.4g - 10 Hz).
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Figure 7.19. The SA of Case § and Case 2 under the sinusoidal motion (0.5g - 10 Hz).
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The percentage change in displacement recorded by D19 is given in Table 7.3. The
cushions composed of EPS geofoam resulted in more decrease in the displacement of the wall
than the ones consisting of sand-tire crumb mixture. Under Izmir Earthquake, the reduction
amount in displacement was determined 38.2% and 32.6% for Case 2 and Case 4, respectively.
The EPS geofoam cushions showed better performance under Izmir Earthquake than other
motions. The change in displacement was observed more clearly under real earthquake motions

than sinusoidal motions.

Table 7.3. The percentage change in maximum displacement of D19 (Case 1 to Cases 2, 4, 5,

6, 8, and 10).

motign | 12mitF | i E | lmicN | o | Kobe | | y0h, | a0t | 106 | 158
Casel2 | 269 | 382 | 55 | 216 | 170 | 136 | 14 | 43 | 39 | 13
Caseld | 244 | 326 | 86 | 199 | -184 | 36 58 | 11 | 2 13
Casels | 202 | 202 | 1290 | 142 | 121 | -18 | 116 | 43 | 29 | 27
Casel 6 76 | 34 | 25 | 74 | 64 | 45 72 | 22 | 20 | 80
Casel 8 42 | 112 | 55 | 23 | 57 | 36 | 16 | =2 39 | 67
Casel-10 | 67 | 22 | 74 | 68 | 99 | 55 58 | 33 | 69 | 40

For each base excitation, the cases that resulted in the greatest and lowest decrease in
wall movement at the top of the wall were compared between Figures 7.21 and 7.30. The

improvement in seismic performance due to cushion layer was clear in Figure 7.22.
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Figure 7.21. The DTH of Case 8 and Case 2 under the far- field Kocaeli Earthquake.
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Figure 7.22

Figure 7.23. The DTH of Case 6 and Case 5 under the near- field Kocaeli Earthquake.

Figure 7.24. The DTH of Case 8 and Case 2 under El-Centro Earthquake.
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Figure 7.25. The DTH of Case 8 and Case 4 under Kobe Earthquake.
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Figure 7.26. The DTH of Case 5 and Case 2 under the sinusoidal motion (0.4g - 5 Hz).
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Figure 7.28. The DTH of Case 4 and Case 2 under the sinusoidal motion (0.4g - 10 Hz).
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Figure 7.29. The DTH of Case 6 and Case 10 under the sinusoidal motion (0.5g - 10 Hz).
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7.2.2. The Cushion Layers with a Thickness of 4 cm

In this section, the compressible layers having a thickness of 4 cm were examined. They
were composed of EPS geofoam with 10 kg/m?® density and tire waste-sand mixture with 10%,
20%, and 30% tire crumb by weight. The improved cases (Cases 3, 7, 9, and 11) were compared
with Case 1 in order to calculate the percentage change due to the inclusion of cushion layers

with a thickness of 4 cm.

The percentage change in acceleration recorded by A7 is given in Table 7.4. The EPS
geofoam cushion caused a greater reduction in acceleration than the other type of cushion. Under
El-Centro Earthquake, the EPS geofoam cushion (Case 3) resulted in a 34% reduction in peak
acceleration at the top of the wall; that is, the EPS geofoam cushion improves the seismic
performance of the model compared to the sand-tire crumb cushion. Under EI-Centro
Earthquake, the cushion of Case 2 resulted in the greatest reduction in peak acceleration at the
top of the wall, comparing the other cases. On the other hand, under far-field Kocaeli

Earthquake, the effects of cushion type on transmitted acceleration were not clear.

Table 7.4. The percentage change in PGA of A7 (Case 1 to Cases 3, 7,9, and 11)..

morion | 1MItF | TamicF | omitN | ey | Kobe | S3E | 0hy | a0 | a0t | 1sh
Casel 3 37 | 271 | 209 | 340 | 176 | 14 | 170 | 245 | 22 220
Casel 7 95 | +150 | 99 80 | 82 133 6.1 67 | 119 | 20
Casel9 3.0 09 48 93 | 70 09 31 | 123 | 56 39
Casel-11 1.0 +24 99 | 106 | 59 038 26 74 08 95

The comparison of the cases that caused the greatest and lowest reduction in acceleration
at the top of the wall for each input motion is given between Figures 7.31 and 7.40. The

improvement in seismic performance due to cushion layer was clear in Figure 7.32.
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Figure 7.31. The ATH of Case 7 and Case 3 under the far- field Kocaeli Earthquake.
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Figure 7.32. The ATH of Case 7 and Case 3 under the far- field izmir Earthquake.
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Figure 7.35. The ATH of Case 11 and Case 3 under Kobe Earthquake.
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Figure 7.36. The ATH of Case 7 and Case 3 under the sinusoidal motion (0.4g - 5 Hz).
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Figure 7.37. The ATH of Case 7 and Case 3 under the sinusoidal motion (0.3g - 10 Hz).
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Figure 7.39. The ATH of Case 11 and Case 3 under the sinusoidal motion (0.5g - 10 Hz).
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The percentage change in spectral acceleration calculated from the acceleration

recordings of A7 is given in Table 7.5. The cushion consisting of EPS geofoam showed better

performance than the cushions made of a sand-tire crumb mixture, considering the spectral

acceleration changes. Under El-Centro Earthquake, the EPS geofoam cushion caused a 33.5%

decrease in spectral acceleration. Nevertheless, under the far-field Kocaeli Earthquake, the

effects of cushion on spectral acceleration could not be observed for 4 cm thick cushions.

Additionally, the impact of the cushion layer on the seismic performance of the retaining wall

was not clear under the sinusoidal motions for Cases 7, 9, and 11.

Table 7.5. The percentage change in SA of A7 (Case 1 to Cases 3, 7,9, and 11).

motlon | 120ICF | TamirF | BmitN | conro | K% | ST | 1or, | 108 | 108 | 158
Casel-3 +7.6 -16.6 -293 -33.5 9.6 $£2:3 -3.6 -10.7 -14.6 -20.5
Casel-7 +8.3 +32.6 -12.8 -5.5 +1.4 +8.5 +6.7 +4.7 +1.8 +0.6
Casel-9 +2.7 e ] -14.0 -14.1 -2.1 +6.6 +6.8 122 -1.7 2.7
Casel-11 +2.1 +i12 -10.9 -12.3 -1.7 50 +9.2 +1.4 -10.1 =12

For each input motion, the comparison of the cases in which the reduction in spectral
acceleration at the top of the wall was the greatest and lowest is given between Figures 7.41 and

7.50. The improvement in seismic performance due to cushion layer was clear in Figure 7.42.
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Figure 7.46. The SA of Case 7 and Case 3 under the sinusoidal motion (0.4g - 5 Hz).
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The percentage change in displacement recorded by D19 is given in Table 7.6. The EPS
geofoam cushion resulted in more reduction in the wall movement than the ones consisting of
tire waste-sand mixture. The reduction in displacement due to EPS geofoam reached 46.1%;
however, for the cases with tire waste-sand mixture, the reduction amounts were not

considerable.

Table 7.6. The percentage change in maximum displacement of D19 (Case 1 to Cases 3, 7, 9,

and 11)..
m— . : | EL 0.4z 03z | 04z | 05z | Odg
motion | FZmitF | fomirF | TomitN | | Kobe | g 0H: | 10H: | 108z | 154
Cascl-3 294 | 461 227 | 233 | 199 | -173 42.0 76 | 127 | -107
Caslel 25 34 25 45 14 36 10,1 33 20 53
Casel-9 5.0 45 37 34 | 85 45 145 43 49 40
Cascl-11 50 34 &7 57 | 135 64 101 65 78 53

For each base excitation, the cases that resulted in the greatest and lowest decrease in
movement at the top of the wall were compared between Figures 7.51 and 7.60. The

improvement in seismic performance due to cushion layer was clear in Figure 7.52.
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7.3. The Effects of Cushion Thickness

Four different cushion layers were installed in order to interpret the impact of cushion
thickness on the seismic performance of the retaining wall. One of them was an EPS geofoam
layer with a density of 10 kg/m®, and the others were sand-tire crumb mixtures having 10%,
20%, and 30% tire crumb by weight. The cushions designed with two different thicknesses (2
and 4 cm) were chosen. The cases with the cushion layer were compared with the control case.
The comparison is made for five different real earthquake motions and five different sinusoidal

motions with various amplitudes and frequencies.

7.3.1. EPS10 Geofoam Cushion

In this section, the compressible layer consisting of EPS10 was examined. The
thicknesses of the cushions were 2 and 4 cm. The improved cases (Cases 2 and 3) were compared
with Case 1 in order to calculate the percentage change due to the inclusion of the EPS10

cushion.
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The percentage change in acceleration recorded by A7 is given in Table 7.7. As the
thickness of the EPS geofoam cushion increases, the acceleration recorded at the top of the wall
model decreases for all input motions. Due to the placement of the EPS10 cushion with 4 cm
thickness, the maximum decrease in acceleration at the top of the wall is 34% under El-Centro
Earthquake. When the acceleration recordings are taken into account, the 4 cm thick EPS10
cushion layer performed better under El-Centro and izmir Earthquakes than the other real
earthquakes. Moreover, the seismic performance of the EPS10 cushion layer with 4 cm
thickness is better under the sinusoidal motion having 0.4g amplitude and 10 Hz frequency than
the other sinusoidal motions. Under the far-field Kocaeli Earthquake, the effects of both cushion

layers are not significant.

Table 7.7. The percentage change in PGA of A7 (Case 1 to Cases 2 and 3).

Input - L. o El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
o | omtl | baxk TmieN') ol | Kobe | gof” | qome | deEs | 0m | 08
Casel2 | 105 02 99 04 07 | I3 77 | -167 | 218 | -145
Casel3 | 37 271 | 209 | 340 | 176 | 114 | 170 | 245 | 225 | 220

The percentage change in spectral acceleration calculated from the acceleration
recordings of A7 is given in Table 7.8. The percentage reduction in maximum spectral
acceleration increases with the increase in the thickness of the EPS10 cushion under all base
excitations. The maximum reduction spectral acceleration caused by the EPS10 cushion with 4
cm thickness is 33.5% at the top of the wall under El-Centro Earthquake. Regarding spectral
acceleration, the thicker EPS10 cushion performed better under El-Centro and izmir

Earthquake.

Table 7.8. The percentage change in SA of A7 (Case 1 to Cases 2 and 3)..

Input S . S El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
e | ok k | ToerE| N p o | Bl | o | e | e | 0 | 35E
Casel 2 02 +203 154 102 53 158 429 68 164 | -128
Casel-3 176 166 293 335 96 123 36 107 | 146 | 205
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The percentage change in displacement recorded by D19 is given in Table 7.9. The
increase in thickness of the EPS geofoam cushion results in an increase in the percentage
reduction in the displacement at the top of the wall model. The EPS10 cushion with a 4 cm
thickness reduced the maximum displacement by 46.1% at the top of the wall. The cushion
performed better under izmir Earthquake and the sinusoidal motion having 0.3g amplitude and

10 Hz frequency.

Table 7.9. The percentage change in maximum displacement of D19 (Case 1 to Cases 2 and

3).
Input T - o El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion | PotE | Tmir ¥ | Tmit N o . | Kobe | oW | jom | a0me | 10 | 15
Casel-2 | -269 382 55 216 170 | 136 | -14 43 39 i
Casel-3 | 294 46 1 997 3 199 | 173 | 420 | 76 | -127 | -107

7.3.2. TC10 Cushion

In this section, the cushion layers consisting of TC10 with a thickness of 2 and 4 cm
were examined. The improved cases (Cases 6 and 7) were compared with Case 1 in order to

calculate the percentage change due to the inclusion of the TC10 cushion.

The percentage change in acceleration recorded by A7 is given in Table 7.10. The
increase in thickness of the TC10 cushion results in an increase in acceleration measured at the
top of the wall model. This situation is not for sinusoidal motion with 0.4g amplitude and 15 Hz
frequency. The TC10 cushion with a 2 cm thickness reduced the maximum acceleration by
25.1% at the top of the wall under El-Centro Earthquake. The TC10 cushion performed better

under El-Centro and izmir Earthquakes when the acceleration recordings are considered.

Table 7.10. The percentage change in PGA of A7 (Case 1 to Cases 6 and 7).

Input . . . El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion | ZmitF | IzmirF | IrmitN | o | Kobe | S | yom, | 108z | 108 | 15K
Casel-6 10 165 146 251 107 17 42 100 | -114 +82
Casel-7 95 +15.0 99 8.0 82 433 +6.1 6.7 119 20
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The percentage change in spectral acceleration calculated from the acceleration
recordings and A7 are given in Table 7.11. As shown in the table, the spectral acceleration
increases with the increase in cushion thickness in general. The TC10 cushion with 2 cm
thickness resulted in a reduction in the maximum spectral acceleration at rates of at rates of
23.4% and 27.4% at the top of the wall under Izmir and El-Centro Earthquake, respectively. The

effects of thickness on spectral acceleration were not observed clearly under sinusoidal motions.

Table 7.11. The percentage change in SA of A7 (Case 1 to Cases 6 and 7)..

Input _— — _— El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
e | tE | Tooic¥ | DR | o | B | sw | dom | oy | dome | sEe
Casel 6 | 30 06 B34 | 214 37 | +54 | +#17 | 32 | 35 06
Casel7 | +83 | +326 | 128 55 114 | 485 | +67 | +47 | +18 | +06

The percentage change in displacement of D19 is given in Table 7.12. The TC10 cushion
with 4 cm thickness reduced the maximum displacement by 10.1% at the top of the wall under
the sinusoidal motion with an amplitude of 0.3g and a frequency of 10 Hz. In general, the
increase in thickness of the cushion results in a decrease in the percentage reduction in the
displacement of the model wall. Nevertheless, the percentage changes in displacement were not

significantly high enough.

Table 7.12. The percentage change in maximum displacement of D19 (Case 1 to Cases 6 and

7).

Input _— _— L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion | ZmitF [ IzmirF | IrmitN [ . | Kobe | S0 | yom; | 108z | 1082z | 158
Casel-6 76 34 25 74 64 45 00 22 20 80
Casel-7 25 34 25 45 14 36 101 33 20 53

7.3.3. TC20 Cushion

In this section, the compressible layer consisted of TC20 with a thickness of 2 and 4 cm.
The improved cases (Cases 8 and 9) were compared with Case 1 in order to calculate the

percentage change due to the inclusion of the TC20 cushion.
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The percentage change in acceleration recorded by A7 is given in Table 7.13. The direct
relationship between the thickness of the TC20 cushion and the reduction in acceleration
transmitted in front of the wall cannot be developed. The TC20 cushion with a thickness of 2
cm resulted in a reduction in the maximum acceleration at a rate of 13.8% at the top of the wall

under the sinusoidal motion having 0.5g amplitude and 10 Hz frequency.

Table 7.13. The percentage change in PGA of A7 (Case 1 to Cases 8 and 9).

Input _— - o El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion | PoitE | T ¥ | Tmit N o0 | Kobe | o | om | aome | 1em | 158
Casel-8 | +133 22 74 4 T3 0.1 13 92 | -138 | +24
Casel 9 30 09 48 93 70 09 B1 | 123 | 56 39

The percentage change in spectral acceleration calculated from the acceleration
recordings of A7 is given in Table 7.14. The TC20 cushion with a 4 cm thickness reduced the
maximum spectral acceleration by 14% and 14.1% at the top of the wall under the near-field
Kocaeli and El-Centro Earthquake, respectively. The cushion performed better under El-Centro
Earthquake. Under sinusoidal motions, the effects of cushion thickness cannot be considered for

the TC20 cushion.

Table 7.14. The percentage change in SA of A7 (Case 1 to Cases 8 and 9).

Input _— — — El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
ot | EmatE | Towic ¥ | Dl | oo | Kb | cq | dom | i | 10 | s
Casel 8 | 7 | 191 | 132 71 a1 | 60 | w22 | 04 | 25 03
Casel® | +27 | +175 | 140 | 14l . 66 | +68 | w22 | 17 | 27

The percentage change in displacement recorded by D19 is given in Table 7.15. The
TC20 cushion with 4 cm thickness reduced the maximum displacement by 14.5% at the top of
the wall under 0.3g amplitude and 10 Hz frequency. The change in wall displacement and the

thickness of TC20 cushion cannot be correlated.
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Table 7.15. The percentage change in maximum displacement of D19 (Case 1 to Cases 8 and

9).
Input _— . L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
wotion | PoitE | lmir ¥ | Temit N o o | Bobe | cpr | jome | anme | 188 | I15Be
Casel-8 42 ETE. 55 94 57 36 116 2 [0 67
Casel9 50 45 37 39 85 45 145 43 49 40

7.3.4. TC30 Cushion

In this section, the TC30 with a thickness of 2 and 4 cm (Cases 10 and 11) were

compared with Case 1 in order to calculate the percentage change.

The percentage change in acceleration recorded by A7 is given in Table 7.16. The
relationship between the cushion thickness and acceleration reduction cannot be related for the
TC30 cushion. However, in general, the decrease in thickness of the TC30 cushion caused an
increase in the percentage reduction in peak acceleration. The cushion performed better under
El-Centro Earthquake. Due to the inclusion of the 2 cm thick cushion layer, the acceleration

decreased at a rate of 16.8% at the top of the wall under El-Centro Earthquake.

Table 7.16. The percentage change in PGA of A7 (Case 1 to Cases 10 and 11).

Input _— L L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
mation | on-E | L ¥ | Temit N o) o | Bobe | opn | jeme | a0 | eEe | OsEe
Casel-10 | 00 49 69 16,8 96 45 104 | 112 | 38 89
Casel-11 | -10 2.4 99 106 59 08 126 74 308 95

The percentage change in spectral acceleration of A7 is given in Table 7.17. In the table,
the TC30 cushion with 2 cm thickness diminished the maximum spectral acceleration by 17.3%
at the top of the wall under El-Centro Earthquake. The effects of cushion thickness of TC30

cushion cannot be correlated with the percentage change in spectral acceleration.
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Table 7.17. The percentage change in SA of A7 (Case 1 to Cases 10 and 11).

Input T - L El- 0.4g- 03g- 0.4g- 0.5g- 0.4g-
motion | PoitE | lmir ¥ | Temit N o0 0 | Kobe | o | jome | aome | 108 | 15Ee
Casel-10 | +4.0 105 | -105 173 890 0.0 55 70 5.0 2.
Casel-11 | +21 72 109 123 77 59 | 92 | +14 | 101 72

The percentage change in displacement of D19 is given in Table 7.18. The TC30 cushion
with a 4 cm thickness reduced the maximum displacement by 13.5% at the top of the wall under
Kobe Earthquake. The effect of the cushion thickness changes depending on input motion

characteristics.

Table 7.18. The percentage change in maximum displacement of D19 (Case 1 to Cases 10 and

11).

Input _— — L El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
wition | etk |l F Tait N ool 0 | Kobe | oop | pm | d0E | 9B | 5E
Casel-10 | 67 o 74 638 99 55 58 33 6.9 4.0
Casel-1l | 5.0 34 67 57 135 | 64 | -101 | 65 78 53

7.4. The Effects of EPS Geofoam Cushion Density

EPS geofoam cushions with densities of 10 kg/m?, 20 kg/m?, and 30 kg/m® were installed
behind the model wall with the aim of investigation the impact of EPS density on the seismic
performance of the retaining wall system. The EPS geofoam cushion was placed with a
thickness of 2 cm. The improved cases (Cases 2, 4, and 5) were compared with Case 1 in order
to calculate the percentage change due to the inclusion of EPS geofoam. The comparison is
made for five different earthquake recordings and five different sinusoidal motions with various

amplitudes and frequencies.

The percentage change in acceleration recorded by A7 is given in Table 7.19. The
relationship between EPS geofoam density and acceleration reduction cannot be considered.
However, Table 7.19 indicates that the effects of the density change depending on input motion

characteristics. The peak acceleration diminished at a rate of 34.4% under El-Centro Earthquake
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in Case 4. In Case 5, the cushion reduced the maximum acceleration by 36.3% at the top of the

wall under Izmir Earthquake.

Table 7.19. The percentage change in PGA of A7 (Case 1 to Cases 2, 4, and 5).

Input C - | EL 0.4g- 03z | 04z | 05z | 0O4s
motion | \ZmitF | ImirF | fzmitN | o | Kobe | P 100z | 108 | 100 | 158
Casel-2 105 02 99 94 07 73 77 167 | 218 | -145
Casel 4 37 283 | 162 | 344 | 82 62 120 | 191 | 153 | -189
Casel-5 129 363 87 163 | -12.0 29 33 90 154 98

The percentage change in spectral acceleration of A7 is given in Table 7.20. The effects
of cushion density relied on the characteristics of base excitation. The highest SA change
occurred under the near-field Kocaeli Earthquake. The 2 cm thick EPS20 cushion decreased the

maximum spectral acceleration by 34% at the top of the wall.

Table 7.20. The percentage change in SA of A7 (Case 1 to Cases 2, 4, and 5).

Tnput T | & 04z | 03g | 04z | 05z | 0dg
motion | PZMitF | TzmirF | TamitN | o 0 | Kobe | g 10H: | 10H: | 108z | 13H
Casel-2 02 | +203 | -154 | -102 | 53 528 129 68 | -164 | -128
Casel 4 109 | 249 | 340 | 334 | -89 122 26 85 119 | -181
Casel s 44 | 339 | -162 | -184 | 40 57 23 | +120 | 126 | 135

The percentage change in displacement of D19 is given in Table 7.21. The increase in
cushion density resulted in a decrease in wall displacement in general. The 2 cm thick cushion
with 10 kg/m? density reduced the maximum displacement at a rate of 38.2% at the top of the
wall under izmir Earthquake. The effects of cushion layer observed better under real earthquakes

compared to harmonic motions.

Table 7.21. The percentage change in maximum displacement of D19 (Case 1 to Cases 2, 4,

and 5).

Input A _ s El- 0.4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion HeE| konick | TN | gonly | Kabe SHz 10Hz | 10Hz | 10Hz | 15He
Casel-2 269 382 55 216 | -17.0 136 14 43 39 a9
Casel4 244 326 86 -199 | -184 36 5.8 11 2 113
Casel-5 202 292 129 142 | 121 18 116 43 29 29
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7.5. The Effects of Mixture Ratio of TC

TC10, TC20, and TC30 mixed with the sand were installed behind the model wall in
order to investigate the impact of the mixture ratio of sand-tire crumb mixture on the seismic
performance of the retaining wall. The cases with the cushion layer were compared with the
control case. The effects of the mixture ratio were evaluated for the 2 and 4 cm thick cushion
layers. The comparison is made for five different real earthquake recordings and five different

sinusoidal motions with various amplitudes and frequencies.

7.5.1. The TC Cushion Layers with a Thickness of 2 cm

In this section, the compressible layer consisted of TC10, TC20, and TC30-sand mixture
with a thickness of 2 cm. The improved cases (Cases 6, 8, and 10) were compared with Case 1
in order to calculate the percentage change due to the inclusion of tire waste-sand mixture with

2 cm thickness.

The percentage change in acceleration recorded by A7 is given in Table 7.22. The impact
of the sand-tire crumb mixture ratios depends on input motion characteristics, and the direct
relationship between mixture ratio and reduction in acceleration cannot be obtained. The 2 cm
thick cushion consisting of TC10 material reduced the maximum acceleration by 25.1% at the

top of the wall under El-Centro Earthquake.

Table 7.22. The percentage change in PGA of A7 (Case 1 to Cases 6, 8, and 10).

Tt TR 7 L 04z | 03z | 0dg | 05z | 0dg
motion | ZmitF | TomirF | TmitN | 0 | Kobe | S | 0 | 10m, | 10H: | 15H
Casel 10 165 | 146 | 251 | -107 17 42 | -100 | -114 | +82
Casel-8 133 | 22 74 74 | 72 01 113 92 | 138 | w24
Casel 10 0.0 49 69 | 168 | 96 45 04 | 112 | 38 29
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The percentage change in spectral acceleration of A7 is given in Table 7.23. The 2 cm
thick TC10 cushion reduced the maximum spectral acceleration at a rate of 27.4% at the top of
the wall under El-Centro Earthquake. Under sinusoidal motions, a significant reduction in

maximum spectral acceleration could not be observed.

Table 7.23. The percentage change in SA of A7 (Case 1 to Cases 6, 8, and 10).

Tapuit T | & 04g- | 03g- | 04z | 05z | 0dg
motion | PZMitF | TzmirF | TamitN | o | Kobe | S| 0R | 10H, | 108z | 15H:
Casel-6 139 96 234 | 274 | 37 154 7 32 EY: 06
Casel -8 47 | w91 | 132 | 71 | 41 6.0 122 04 25 03
Casel-10 40 | 4105 | 105 | 173 | =89 0.0 A5 70 5.0 24

The percentage change in displacement recorded by D19 is given in Table 7.24. The 2
cm thick TC20 cushion reduced the maximum displacement by 11.6% at the top of the wall

under the sinusoidal motion with 0.3g amplitude and 10 Hz frequency.

Table 7.24. The percentage change in maximum displacement of D19 (Case 1 to Cases 6, 8,

and 10).

Input s L P El- 0.d4g- 0.3g- 0.4g- 0.5g- 0.4g-
motion HE | k| e | ooy | Eebe 5Hz 10Hz | 10Hz | 10Hz | 15Hz
Casel-6 76 34 25 T 6.4 45 A9 3 3 8.0
Casel-§ 42 T2 55 2 57 3.6 116 B 3.9 6.7
Casel-10 67 B 74 63 99 55 58 33 69 4.0

7.5.2. The TC Cushion Layers with a Thickness of 4 cm

In this section, the cushion layer consisted of TC10, TC20, and TC30-sand mixture with
a thickness of 4 cm. The improved cases (Cases 7, 9, and 11) were compared with Case 1 in
order to calculate the percentage change due to the inclusion of tire waste-sand mixture with 4

cm thickness.
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The percentage change in acceleration recorded by A7 is given in Table 7.25. The 4 cm
thick TC20 cushion reduced the maximum acceleration by 12.3% at the top of the wall under
the sinusoidal motion with 0.4g amplitude and 10 Hz frequency. The relationship between the
mixture ratio and acceleration reduction cannot be established, and the influence of tire crumb

content differs depending on the characteristics of input motion.

Table 7.25. The percentage change in PGA of A7 (Case 1 to Cases 7,9, and 11).

Tnput e . = L 0.4z 03z | 04z | 05z | 04z
motion | PZmitF | TomirF | TmitN | 0 ] Kebe | gpf W0H: | 108z | 10H: | 158
Casel-7 95 | 1150 99 80 82 133 +6.1 67 119 20
Casel 9 30 +0.9 48 93 7.0 00 31 123 56 39
Cacl=11 1.0 124 Y 106 | 59 08 126 74 +08 95

The percentage change in spectral acceleration of A7 is given in Table 7.26. The 4 cm
thick TC20 cushion reduced the maximum spectral acceleration 14% and 14.1% at the top of
the wall under the near-field Kocaeli and El-Centro Earthquakes, respectively. The percentage

change in spectral acceleration cannot be correlated with the effect of the mixture ratio.

Table 7.26. The percentage change in SA of A7 (Case 1 to Cases 7, 9, and 11).

Taput T | EL 0.4g. 03z | 04z | 05z | 0dg
motion | PZmitF | TzmirF | TmitN | (o | Kobe | E; 10Hz | 108z | 10Mz | 15H:
Casel-7 +83 | 326 | -128 55 | +14 85 +6.7 +4.7 18 +0.6
Casel 9 27 | 175 | 140 | 141 | 21 166 168 122 17 2
Casel-11 21 +72 109 | 123 | 77 5.9 192 | +14 | -101 ]

The percentage change in displacement of D19 is given in Table 7.27. The TC20 cushion
with a thickness of 4 cm reduced the maximum displacement by 14.5% at the top of the wall

under the sinusoidal motion with 0.3g amplitude and 10 Hz frequency.

Table 7.27. The percentage change in maximum displacement of D19 (Case 1 to Cases 7, 9,

and 11).

Input — _— . El- 0.4g- 0.3g- 0.4g- 0.5g- 0.42-
motion it | hmnic B | et N | oo | Eshe 5Hz 10Hz | 10Hz | 10Hz | 15Hz
Cacl 7 25 34 25 45 14 36 101 39 53 53
Casel-9 5.0 45 ay 34 85 45 145 43 49 4.0
Casel-11 5.0 34 6.7 57 | -135 6.4 10.1 65 78 53
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7.6. The Effect of Earthquake Characteristics

The experimental setup was subjected to five different earthquake recordings in order to
investigate the impact of earthquake characteristics on the seismic performance of the retaining
wall system. The change in acceleration and displacement values were obtained by comparing

all improved cases with the unimproved case.

The percentage change in acceleration recorded by A7 is given in Table 7.28. The 2 cm
thick cushion consisting of EPS geofoam with a density of 30 kg/m’ reduced the maximum
acceleration by 36.3% at the top of the wall under Izmir Earthquake. Generally, the cushion
layers performed better under izmir and El-Centro Earthquakes. Under the far-field Kocaeli

Earthquake, the performance of the cushion layer was not observed clearly.

Table 7.28. The percentage change in PGA of A7 under real earthquake recordings.

;];I:::L fzmit.F | IzmirF | Izmit-N | EL-Centro | Kobe
Casel-2 105 02 99 94 i
Cazel3 a7 271 209 340 176
Casel4 37 283 162 344 82
Casel-5 129 363 87 163 120
Casel-6 10 165 146 251 107
Casel-7 195 +15.0 99 80 82
Casel 8 +133 22 74 74 72
Casel9 30 +09 48 93 7.0
Casel-10 0.0 49 69 168 96
Cagel-11 10 24 99 106 59

The percentage change in spectral acceleration calculated from the acceleration
recordings of A7 is given in Table 7.29. The 2 cm thick cushion consisting of EPS geofoam
with a density of 30 kg/m? (Case 5) reduced the maximum spectral acceleration at a rate of
33.9% at the top of the wall under izmir Earthquake. Under Kocaeli Earthquake recorded in
Iznik Station, the effects of the cushion layer were not clear when the decrease in spectral
acceleration is considered. The cushions consisting of EPS geofoam performed better under
Izmir, near-field Kocaeli, and El-Centro Earthquakes. The compressible layer composed of

sand-tire crumb mixture showed better performance under El-Centro Earthquake.
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Table 7.29. The percentage change in SA of A7 under real earthquake recordings.

HIIT::JL fzmitF | fzmirF | fzmit-N | E-Centro | Kobe
Casel2 02 203 154 102 53
Casel 3 116 166 293 335 96
Casel-4 +0.9 249 340 334 89
Casel-s 44 339 162 184 40
Casel s 139 96 234 274 37
Casel-7 183 1326 128 55 +14
Casel-8 47 191 132 1 41
Casel-9 127 175 140 141 21
Cascl-10 | +40 105 105 473 89
Casel-11 121 +72 109 123 59

The percentage change in displacement recorded by D19 is given in Table 7.30. When
the table is examined, the maximum displacement decreased at a rate of 46.1% at the top of the
wall under Izmir Earthquake, owing to the 2 cm thick cushion consisting of EPS geofoam with
a density of 10 kg/m® (Case 2). In general, the cushions performed better under Izmir

Earthquake.

Table 7.30. The percentage change in maximum displacement of D19 under real earthquake

recordings.
nll’;‘t’:i Lt | el | Tamen [Ecwts:| Kabe
Casel-2 269 382 55 216 170
Casel 3 294 461 227 233 199
Cascl4 244 326 86 199 184
Casel-5 202 292 129 142 121
Casel-6 16 34 25 74 64
Casel-7 25 34 25 45 14
Casel-8 42 112 55 23 57
Casel-9 50 45 37 34 25
Casel-10 67 22 74 68 99
Casel-11 50 34 67 57 135

7.7. The Effect of Sinusoidal Motions with Different Frequencies

The experimental setup was subjected to three different sinusoidal base excitations with
0.4g amplitude and various frequencies in order to investigate the effect of the change in the

frequency content of sinusoidal motions on the seismic performance of the cushion layer. The
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change in acceleration and displacement were obtained by comparing the case with all improved

cases with the control case.

The percentage change in acceleration recorded by A7 is given in Table 7.31. When the
cases are compared with each other based on the change in acceleration, the best performance
has been observed in the case with the EPS10 cushion having 4 cm thickness under the
sinusoidal motion with 0.4g amplitude and 10 Hz frequency. The reduction amount in Case 3
was 24.5% at the top of the wall under the sinusoidal motion with 0.4g amplitude and 10 Hz

frequency.

Table 7.31. The percentage change in PGA of A7 under the sinusoidal motions with 0.4g

amplitude and various frequencies.

nilzfj‘;tn 04g-5Hz | 0.4g-10Hz | 0.4g-15Hz
Casel-2 13 -16.7 -145
Casel-3 -11.4 245 220
Casel-4 6.2 -19.1 -18.9
Casel-5 29 9.0 98
Casel-6 17 -10.0 +8.2
Casel-7 433 6.7 2.0
Casel-8 0.1 92 2.4
Casel-9 09 -12.3 39
Casel-10 45 112 -89
Casel-11 08 14 95

The percentage change in spectral acceleration calculated from the acceleration
recordings of A7 is given in Table 7.32. The 4 cm thick cushion consisting of EPS geofoam
with a density of 10 kg/m? (Case3) reduced the maximum spectral acceleration by 20.5% at the
top of the wall under the sinusoidal motion with 0.4g amplitude and 15 Hz frequency. When the
comparison is made among eleven cases according to the reduction in spectral acceleration, in
general, the cushions showed better performance with an increase in frequency content of

harmonic motion.
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Table 7.32. The percentage change in SA of A7 under the sinusoidal motions with 0.4g

amplitude and various frequencies.

nﬁ“’j‘;; 04g-5Hz | 04g-10Hz | 0.4g-15Hz
Casel-2 +58 68 128
Casel-3 423 -10.7 205
Casel-4 +22 85 -18.1
Casel-5 +57 +12.0 -135
Casel-6 +54 32 06
Casel-7 +85 +47 +06
Casel-8 +6.0 04 -03
Casel-9 +6.6 +22 27
Casel-10 0.0 7.0 24
Casel-11 459 +14 45

The percentage change in displacement recorded by D19 is given in Table 7.33. The 4
cm thick cushion consisting of EPS10 (Case 3) reduced the maximum displacement by 17.3%
at the top of the wall under the sinusoidal motion with 0.4g amplitude and 5 Hz frequency.
However, when the cases are compared with each other on the basis of the reduction in
displacement, the relationship between the change in frequency of sinusoidal motion and the

performance of the cushion layer could not be obtained.

Table 7.33. The percentage change in maximum displacement of D19 under the sinusoidal

motions with 0.4g amplitude and various frequencies.

i‘;‘;‘; 0.4g-5Hz | 0.4g-10Hz | 0.4g-15Hz
Casel-2 136 43 3
Casel-3 -173 76 -10.7
Casel-4 3.6 B -13
Casel-5 -18 43 27
Casel-6 45 22 -8.0
Casel-7 3.6 33 53
Casel-8 3.6 23 6.7
Casel-9 45 43 40
Casel-10 5.5 33 4.0
Casel-11 6.4 6.5 53
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7.8. The Effects of Sinusoidal Motions with Different Amplitudes

The experimental setup was subjected to three different sinusoidal base excitations with
10 Hz frequency and various amplitudes in order to investigate the influence of the change in
amplitude of base excitation on the seismic performance of the retaining wall. The change in
acceleration and displacement were obtained by comparing the case having the cushion layer

with Case 1.

The percentage change in acceleration of A7 is given in Table 7.34. As a result of the
comparison among all cases, the EPS10 cushion with 4 cm thickness under the sinusoidal
motion with 0.4g amplitude and 10 Hz frequency is shown the best performance behind the
wall. In Case 3, the cushion reduced the maximum acceleration by 24.5% at the top of the wall

under the sinusoidal motion with 0.4g amplitude and 10 Hz frequency.

Table 7.34. The percentage change in PGA of A7 under the sinusoidal motions with 10 Hz

frequency and various amplitudes.

nll‘;"’i';tn 0.3g-10Hz | 0.4g-10Hz | 0.5g- 10 Hz
Casel-2 77 167 218
Casel-3 170 245 225
Casel-4 129 191 153
Casel-5 83 90 154
Casel-6 42 -10.0 114
Casel-7 +6.1 67 119
Casel-§ +13 92 1138
Casel-9 +3.1 123 56
Casel-10 104 112 38
Casel-11 26 74 +0.8

The percentage change in spectral acceleration calculated from the acceleration
recordings of A7 is given in Table 7.35. The 2 cm thick EPS geofoam cushion with a density of
10 kg/m* (Case 2) reduced the maximum spectral acceleration at a rate of 16.4% at the top of

the wall under the sinusoidal motion with 0.5g amplitude and 10 Hz frequency. When all cases
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are compared with each other based on the reduction in maximum spectral acceleration, the

increase in the amplitude of the motion resulted in a decrease in maximum spectral acceleration.

Table 7.35. The percentage change in SA of A7 under the sinusoidal motions with 10 Hz

frequency and various amplitudes.

i‘:]f'j';tn 0.3g-10Hz | 0.4g-10Hz | 0.5g-10 Hz
Casel-2 +2.9 6.8 -16.4
Casel-3 3.6 -10.7 -14.6
Casel-4 26 -8.5 -11.9
Casel-5 23 +12.0 -12.6
Casel-6 +17 R a5
Casel-7 +6.7 +4.7 +1.8
Casel-8 +2.2 04 25
Casel-9 +6.8 +22 17
Casel-10 35 7.0 5.0
Casel-11 +9.2 +1.4 -10.1

The percentage change in displacement recorded by D19 is given in Table 7.36. Due to
the application of the 4 cm thick cushion consisting of EPS geofoam with a density of 10 kg/m?,
the maximum displacement diminished at a rate of 42% at the top of the wall under the
sinusoidal motion with 0.3g amplitude and 10 Hz frequency. When the reductions in
displacement for all cases are compared, the movement of the wall reduces with the decrease in

amplitude of the sinusoidal excitation.

Table 7.36. The percentage change in maximum displacement of D19 under the sinusoidal

motions with 10 Hz frequency and various amplitudes.

nﬁ?}.‘;‘n 0.3g-10Hz | 0.4g-10Hz | 0.5g-10Hz
Casel-2 -14 43 39
Casel3 420 -1.6 127
Casel-4 5.8 8K 29
Casel-5 -116 43 29
Casel-6 222 23 2.0
Casel-7 -10.1 33 2.0
Casel-8 -116 22 3.9
Casel-9 145 43 49
Casel-10 538 33 6.9
Casel-11 -10.1 6.5 48
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8. CONCLUSIONS

The effects of the cushion type on the seismic performance of the retaining wall were

investigated by conducting a series of shaking table tests. The shaking table experiments were

performed on a 1/25 scaled retaining wall model with the sand backfill. The model was

constructed in a rigid-sided plexiglass soil box, and the tests were carried on without/with a

cushion layer behind the wall model with the purpose of determining the effects of the cushion

layers on the seismic performance of the cantilever retaining wall. The cushion layer was

prepared using two different materials with thicknesses of 2 and 4 cm. EPS geofoam with three

densities and tire waste-sand mixture with three mixture ratios were used to prepare the cushion.

Additionally, the experimental setup was subjected to five real earthquake motions having

different characteristics and five sinusoidal motions having various amplitudes and frequencies.

As a result, the following conclusions have been obtained:

1.

The highest reduction amount in acceleration went up to 36.3% at the top of the wall

under Izmir Earthquake for Case 5.

. Among actual earthquake recordings, the improvement was observed better under

El-Centro Earthquake. The best seismic performance of the cushion was observed in
Cases 3 and 4. The acceleration reduction amounts at the top of the wall in Case 3
(34%) were virtually identical to Case 4 (34.4%). Case 3 has EPS10 geofoam
cushion with 4 cm thickness while Case 4 has EPS20 geofoam cushion with 2 cm

thickness.

. Under far-field Kocaeli Earthquake motion, the reduction in acceleration at the top

of the wall was relatively lower than under other earthquake motions.

The effect of the cushion layer on the transmitted acceleration was observed more

effective under sinusoidal motion with a 0.4g amplitude and 10 Hz frequency. The
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maximum reduction in acceleration under input motions was determined as 24.5%
at the top of the wall due to the cushion layer consisting of EPS10 geofoam with a

thickness of 4 cm.

As the thickness of the EPS cushion increases, the performance of the inclusion to
reduce acceleration increases. However, the change in density of EPS did not directly
affect the seismic performance of the retaining wall. The EPS geofoam cushion with
a 10 kg/m® density and 4 cm thickness resulted in the greatest reduction in recorded

acceleration values.

Among the cases with the cushion layer consisting of tire crumb-sand mixture, the
cushion showed the best improvement under real earthquake motions (except far-
field Kocaeli Earthquake) was the TC10-sand mixture with a thickness of 2 cm. The
effects of the cushion layer consisting of sand and tire-crumb mixture were observed

clearly under El-Centro Earthquake motion.

Among the cases with the TC-sand mixtures, the cushion showed the best
performance under sinusoidal motions was the TC20-sand mixture with a thickness
of 2 cm. The effects of the change in thickness and tire crumb content relied on the
motion characteristics. Therefore, the direct relationship between the cushion

performance and the mixture ratio or cushion thickness cannot be found.

Among all cushion types, the best improvement has been observed in the case with
the EPS geofoam cushion with a 10 kg/m? density and 4 cm thickness, regarding the

change in recorded acceleration on the wall.

The reductions in spectral acceleration went up to 34% at the top of the model wall

due to the inclusion of the cushion layer behind the wall under all input motions.

The greatest reduction in the maximum spectral acceleration was observed under the

near-field Kocaeli Earthquake.
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. Under the far-field Kocaeli Earthquake, the reduction in spectral acceleration was

relatively low, and the effects of cushion on spectral acceleration could not be

observed clearly.

Under sinusoidal motions, generally, the increase in peak acceleration of harmonic
motions resulted in a reduction in maximum spectral acceleration. Additionally, the

increase in frequency caused the same effect on spectral acceleration.

Among the sinusoidal motions, the highest reduction in spectral acceleration was

obtained under 0.4g amplitude and 15 Hz frequency.

EPS geofoam cushion layer with a 20 kg/m® density and 2 cm thickness led to a
greater reduction in spectral acceleration compared to other cushion layers. The
higher density of EPS geofoam considered in this thesis resulted in more reduction
in spectral acceleration. In other words, as the EPS geofoam cushion thickness
increased, the calculated spectral acceleration decreased. The effects of the cushion
layer consisting of sand and tire crumb mixture were not observed clearly in the

spectral acceleration comparison.

The reduction in maximum displacement at the top of the model reached 46.1% due

to the application of the cushion.

Among the real earthquake motions, the highest reduction in the maximum

displacement of the model wall was observed under Izmir Earthquake.

Among the harmonic motions, the highest reduction in displacement was observed

under the sinusoidal motion with 0.3g amplitude and 10 Hz frequency.

EPS geofoam cushions resulted in more reduction in displacement compared to tire

crumb-sand mixture cushions.
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19. The increase in the thickness of the EPS geofoam cushion resulted in a higher
reduction in the displacement of the model wall. EPS geofoam cushion with a 10
kg/m? density and 4 cm thickness performed better under the considered seismic

loadings.

20. The cushions consisting of tire crumb-sand mixture did not significantly affect the
amount of wall movement considering the comparison of the improved cases with

the control case.

The contributions of this thesis to the literature are given in Table 8.1. Literature studies
showed that placing the cushion layer behind the retaining wall can improve the performance of
the retaining wall under static and dynamic loads. This study shows that placing a cushion layer
behind the retaining wall can improve the seismic performance of the wall by up to 36.3% for
acceleration, 36% for spectral acceleration, and 46.1% for displacement of the wall. Also, this
study indicated that cushion thickness, cushion density, and characteristics of input motions are
very important factors in the seismic performance of the retaining wall. In other words, the
seismic behavior of the wall with a cushion is sensitive to the parameters considered in this
study. It has been clearly seen that the most important parameter affecting the seismic

performance of retaining walls with cushion is the cushion type.

To sum up, the cushion layer consisting of EPS geofoam and sand-tire crumb mixture
can result in an improvement in the seismic performance of the retaining wall. The vibration
absorption capacity and compressible nature of EPS geofoam and tire crumb material caused a
decrease in the transmitted acceleration to the wall, spectral acceleration, and displacement
values of the wall. The EPS geofoam layer with a density of 10 kg/m? and a thickness of 4 cm
showed better improvement performance than the other cases. Similar to the literature studies,
this study showed that the inclusion of a cushion layer behind the retaining wall can be used as

an improvement method to mitigate earthquake-induced failures.
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. . Loading Analysis/ Box Type and . . Cushion .
Reference Aim of the Study Analysis Type Conditions Software Dimensions ‘Wall Type ‘Wall Dimensions Parameters Material Input Motion Results
Thickness of the
To evaluate preliminary mclusmg layer A preliminary design chart has been
K: d | design charts used fi Wall with heights of | Al height Mentioned d o select fat
arpurapu an esign Ci ﬂ S US.C Ol’. Numerical Static GEOFEM ~ ngld all wi €1ghts O Inclusion stiffness ent lOﬂC' asa ~ Propose 0 select an appropriate
Bathurst (1992) the selection of inclusion 3, 5, and 10 meters Backfill soil with compressible layer inclusion thickness to reduce lateral
materials . . earth pressure at a minimum
different compaction
densities
Wall having a stem Thickness of the As the relative stiffness and thickness of
Ertugrul and T luate the effects of with the dimension of inclusion layer th ble 1 5 d‘ th
rlugru an 0 cvatuate the eliects Of | \p herical and ) Stiff sand box . 700x980x8 mm anda | Wall height N © compressible layer increased, the
Trandafir geofoam layer on lateral . Static UWLC Rigid 3 N EPS (15 kg/m?) - friction angle of backfill soil increased,
Experimental (2x1x1 m) base with the EPS stiffness . . .
(2011) pressure . . and the isolation efficiency of geofoam
dimensions of Strength parameters laver increased
980x500x8 mm of backfill soil 4 .
Wall having a stem .
To evaluate the effects of with the dimension of ;l;ll:lil;?:;sl:;e‘?e The provided reduction amount by EPS
Ertugrul et al. inclusion properties, wall . . Stiff sand box Rigid and 700x980x5 mm and a 3 inclusion was greater in forces against
(2012) flexibility on lateral earth Experimental Static : (2x1x1 m) flexible base with the Wall type EPS (16 kg/m’) : rigid walls compared to those against a
ressure dimensions of Strength parameters flexible wall
P 980x500x8 mm of backfill soil
Wall having a stem o . .
To evaluate the effects of with the dimension of . The ﬂexlblllt)-' of the wa-ll increased; the
- . . . . .. Thickness of the load reduction efficiency of the
Ertugrul and inclusion properties, wall . . Stiff sand box Rigid and 700x980x (2,4,5 and . . 3 . . d .
- e Experimental Static - . inclusion layer EPS (15 kg/m?) - inclusion decreased. The increase in
Ozkan (2012) flexibility on lateral earth (2x1x1 m) flexible 8) mm and a base oo . R N .
. N . Wall flexibility inclusion thickness resulted in a more
pressure with the dimensions " i fect on lateral f
of 980x500x8 mm attenuating effect on lateral forces.
. In the
Wall having a stem Thlckpess of the experimental The reduction in lateral thrust and earth
To evaluate the effects of with the dimension of inclusion layer study, EPS (15 pressure coefficient took place in
Ertugrul and . . . . . i Wall height 3 . )
inclusion properties, wall Numerical and . Stiff sand box Rigid and 700x980x(2,4,5 and s kg/m’) and XPS various amounts depending on the
Trandafir e . Static FLAC 2D . Wall flexibility 3 - Lo . .
flexibility on lateral earth Experimental (2x1x1 m) flexible 8) mm and a base (22 kg/m?) change in inclusion thickness and
(2013) . N . EPS types and . . S
pressure with the dimensions densities (or In the numerical stiffness, wall flexibility, and strength
of 980x500x8 mm study, EPS (18 parameters of the retained soil.
modulus) 3
and 26 kg/m?)
Thickness of the The decrease in forces acting on
To investigate the effects inclusion layer yielding walls was lower than those on
Notash and of the geofoam layer on Numerical Static FLAC 2D _ Yielding and Wall with heights of Wall height EPS (15, 20, and _ non-yielding walls. The decrease in the
Dabiri (2018) the behavior of the non-yielding 3, 6, and 9 meters EPS densities (or 25kg/m?) density of EPS caused a decrease in
cantilever wall modulus) lateral forces and an increase in lateral
Inclusion shape displacement
. The amount of reduction in lateral
To generate design . X
. forces against flexible walls was 8%
charts and correlations to lower than that on rigid walls. For
Adelsalam and detem}me.the amount of Numerical Static PLAXIS 2D - ngl.d and Wall with a height of Thlckpess of the EPS (20 kg/m®) - flexible walls, the inclusion thickness,
Azzam (2016) reduction in lateral flexible 1 meter inclusion layer

forces and lateral earth
pressure coefficient

interface, and flexure properties had a
significant influence on the lateral
forces compared to the geofoam density
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Thickness of the The increase  in amplltude and
) inclusion layer ) ) ) frequency of input motion caused an
Wall having a stem Lo Sinusoidal with increase in the horizontal displacement
B . . Wall flexibility . . S .
- To evaluate the effects of with the dimension of 5 frequency varying and vertical settlement within retained
Ertugrul and . . . . L EPS types and EPS (15 kg/m’) R .
inclusion properties, wall . . Laminar box Rigid and 700x980x(2,4,5 and I 4 to 10 Hz and soil. The compressible layer reduced not
Trandafir e Experimental Dynamic - . densities (or and XPS (22 . .
flexibility on lateral earth (1x1.5x1 m) flexible 8) mm and a base 3 with peak only lateral forces against the wall but
(2014) . y . modulus) kg/m’) : .
pressure with the dimensions Input motion amplitude varying the amount of flexural movement of the
of 980x500x8 mm pu 0.1t00.7g wall stem as well. The load reduction
frequency and .
amplitude po_tenual of XPS was observed to be
slightly lower than those of EPS.
A reduction in the density or modulus of
EPS geofoam brought about a decrease
To examine the EPS (varying 16 to Sinusoidal record :ll:;itizral _flf;::eliggcrl::rdrigigzd:;zi?‘n;%
Zarnani et al. reduction influence of . . Plexiglas box .. Wall with a height of EPS densities (or 1.32 kg/m3 - (5 Hz - stepped shaking.
. . Experimental Dynamic - Rigid . X seismic buffer reached 60% of the
(2005) geofoam inclusion on the (1.3x1.4x2 m) 1 meter modulus) varying 4.7 to 0.32 amplitude . L .
. forces acting on the rigid wall without a
lateral pressure MPa) excessing 0.8g)
geofoam  panel.  Moreover, the
compressibility of EPS decreased as the
density or modulus increased.
A comparison of the results showed
To examine the Sinusoidal record ;grf a%ia%;ee:f:ezi:’;e:z;g iire::;m:;::
Zarnani and reductmn.mﬂue.nce of Numerical Dynamic FLAC 2D R Rigid Wall with a height of EPS densities (or EPS (312 and 16 6 H.z - stepped experimental data taken from Zamani et
Bathurst (2005) geofoam inclusion on the 1 meter modulus) kg/m?) amplitude up to 1. (2005). The reduction in 1. 1 carth
Tateral pressure 0.79) al. ( ). The reduction in lateral eart]
. thrust has been observed because of
geofoam inclusion.
. EPS with densities . . The decrease in the elastic modulus of
To examine the of 12, 14,and 16 | Sinusoidal record | oy Gon resulted in higher load
Zarnani and reduction influence of . . . Wall with a height of EPS densities (or S (5 Hz - stepped . '8
. . Numerical Dynamic FLAC 2D - Rigid kg/m3 (elastic . reduction. The load reduction amount
Bathurst (2006) geofoam inclusion on the 1 meter modulus) amplitude 5 .
lateral pressure modulus of 4, 2.8, excessing 0.8g) could exceed 36% of the force acting on
and 5.4 MPa) . the wall without inclusion.
The decrease in density and stiffness of
To examine the EPS (12, 14, and Sinusoidal record buffer material caused an increase in
Bathurst et al. reduction influence of Experimental Dynamic Plexiglas box Ricid Wall with a height of EPS densities (or 16 kg/m? (elastic (5 Hz - stepped load reduction amount. The greatest
(2007) geofoam inclusion on the P th : (1.3x1.4x2 m) & 1 meter modulus) modulus of 4, 2.8, amplitude up to reduction in lateral loads was observed
lateral pressure and 5.4 MPa)) 0.8g) as 31% at a maximum acceleration of
0.7g
EPS densities (or As the density and stiffness of the
modulus) geofoam increased, the load reduction
Buffer compression of the buffer decreased. The seismic
Dynamic friction buffer with the lowest stiffness reduced
To examine the between wall and EPS (varying 16 to Sinusoidal record the lateral forces by 40%, whereas the
Zarnani and reduction influence of Experimental Dynamic Plexiglas box Ricid Wall with a height of EPS 1.32 kg/m’® - (5 Hz - stepped one with the highest stiffness led to a
Bathurst (2007) geofoam inclusion on the P Y : (1.3x1.4x2 m) 8 1 meter EPS dynamic elastic varying 4.7 to 0.32 amplitude up to 15% reduction in forces against the rigid
lateral pressure modulus MPa) 0.8g) wall. The cohesive (or adhesive)
Amplification of interface shear strength parameters
excitation between retained soil and buffer panel
Stress relaxation and increased with decreasing density and
creep stiffness of EPS
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The increase in buffer thickness and the
decrease in EPS density resulted in an
increase in the isolation efficiency of
Sinusoidal record EPS. The total force acting on the wall
Thickness of EPS with a frequency increased as the frequency of input
To examine the ‘Wall Height varying from 7 to motion increased. The isolation
Zarnani and reduction influence of Numerical Dynamic FLAC 2D Ricid Wall with heights of EPS densities (or EPS (18.4, 21.6, 21 Hz and with efficiency decreased as the wall height
Bathurst (2009) geofoam inclusion on the th : & 1, 3, 6, and 9 meters modulus) and 28.9 kg/m?) constant maximum decreased. Strains occurring on EPS
lateral pressure EPS stiffness amplitude (0.7g) buffer increased with a decrease in the
Excitation frequency and duration (17 buffer modulus, with an increase in wall
sec) height, a reduction in the buffer
thickness, and an excitation frequency
approaching the fundamental frequency
of the wall.
1o camin s S rg | Tt gl sl o
Zarnani and reduction influence of . . - Wall with heights of el EPS (18.4, 21.6, (5 Hz - stepped N . s
. . Numerical Dynamic FLAC 2D - Rigid EPS densities (or 3 . of systems using load reduction with
Bathurst (2011) geofoam inclusion on the 1, 3, 6, and 9 meters and 28.9 kg/m’) amplitude up to N .
lateral pressure modull.xs) 0.82) EPS installation. The results were
EPS stiffness . demonstrated as design charts.
The decrease in density (also elastic
. . . modulus) caused an increase in the
To examine the Sinusoidal record compressibility of EPS buffer. Based on
Wang and reduction influence of . . . Wall with a height of EPS densities (or EPS (12 and 16 (5 Hz - stepped pressibility -
. . Numerical Dynamic ABAQUS - Rigid 3 X the comparison between experimental
Bathurst (2012) geofoam inclusion on the 1 meter modulus) kg/m’) amplitude .
. and numerical results, ABAQUS
lateral pressure excessing 0.8g)
software can be a successful program
for analyzing geofoam buffers.
512‘1:::1605:5?:3 the Sinusoidal record The EPS geofoam placed in lieu of
Hazarika ctal. | lightweight material Finite Yielding and | Wall with a height of (.5Hzand 0.2g) | retained sofl resulted in approximately a
: & g Numerical Dynamic Element - ng 3 & Wall type EPS (20 kg/m®) — Hyogo-Ken 50% - 60% reduction in lateral pressure
(2001) placed behind the wall . non-yielding 10 meters .
instead of conventional Modeling Nanbu earthquake acting on the .wall -before .the
backfill (NS) replacement of the lightweight material.
To assess the effects of Sinusoidal record The reduction in lateral forces has
. o Finite - . . (3.5 Hz and 0.2g) occurred for both non-yielding and
Hazarika EPS geofoam as a . . Yielding and Wall with a height of 3 o L. N
2 . Numerical Dynamic Element - Lo Wall type EPS (20 kg/m?) — Hyogo-Ken yielding conditions. The compressible
(2001) seismic buffer behind a . non-yielding 10 meters : . .
retaining wall Modeling Nanbu earthquake mclusu_)n gave rise to a decrease
(NS) exceeding 40% in lateral pressure
To determine the The buffer layer caused a reduction in
enhancement of seismic both lateral forces and permanent
Hazarika et al. response of geotechnical Experimental Dynamic Steel box tcaiessonua Eizr(;hieps rain size Hyogo-Ken Nanbu gj:(g:::izl:em The0 CCTir rilne%"actig:e w::;
(2008a) structures after P th : (4.0x1.25x1.5 m) ype- quay : ° 8¢ 8 earthquake (NS) C . queta
lacement of cushion wall of 20 mm) px.'event.ed since the tire chips led to the
Fa or dissipation of pore water pressure
Y quickly




Table 8.1. The results of this study and comparison with similar studies. (cont.)

220

SAFETY techniques.
For a small-scale
X 3 -reduced lateral loads and permanent
model; Sinusoidal displacement  caused b, seismic
For the small-scall (0.1g t0 0.7g) P Y
K For a small-scale loading.
. . model; Steel box . For large-scale . . .
To investigate the . model; a wall witha . . R -reduced wall dimensions by virtue of
. . (0.85x0.36x0.55 Caisson 5 Tire chips model; Hyogo- .
Hazarika effectiveness of the . . height of 200 mm N . the decrease in loads.
. Experimental Dynamic - m) type- quay - (particle size of 2 Ken Nanbu . .
(2008) technique called For a large-scale -reduced project cost by virtue of the
For large-scale wall A " mm and 20 mm) earthquake (NS), . . .
SAFETY R model; a wall with a Lo decrease in wall dimension.
model; Steel box 5 Tokachi-oki . .
height of 700 mm -was environmental-friendly due to the
(4.0x1.25x1.5 m) Earthquake (NS), .
. use of recycled waste tires.
and a synthetic . .
carthquake -could b_e applied not only du?mg
construction but also after construction.
The buffer layer resulted in a reduction
To investigate whether Hyogo-Ken in seismic forces, which means that it
the reduction in seismic Caisson Tire chips Nanbu earthquake caused the improvement of the seismic
Hazarika et al. loads was provided by a Experimental Dynamic Steel box tyn6- quar Wall with a height of (erain iil;e of 20 (NS), Tokachi-oki performance of the quay wall. Tire
(2008b) cushion layer installed P Y N (4.0x1.25x1.5 m) ype- quay 700 mm - gran s Earthquake (NS), chips cushion helped the porewater
. wall mm) . - .
between the caisson and and a synthetic pressure to dissipate relatively faster
the cohesionless backfill earthquake compared to sand backfill without a
cushion.
o o
(1). 100% tire The cushion layer resulted in not only
chips, N .
. . the residual displacement but also the
(2) 75% tire chips .
. o lateral forces acting on the wall due to
To explain the use of . and 25% sand P~ N 3 .
. . . Steel box Caisson . . . - the excitation. The seismic cushion with
Hazarika et al. scrapped tire-derived . . Wall with a height of mixture by Sinusiodal (0.1g to . N
! X Experimental Dynamic - (0.85x0.36x0.55 type- quay - three different mixture percentages
(2010) materials (specifically 200 mm volume, and 0.6g) . . P
. N . m) wall o) 1 . approximately resulted in a similar
tire chips and tire shreds) (3) 50% tire chips N
amount of decrease in terms of wall
and 50% sand . L N
. displacement under excitation with
mixture by X N 5
increasing amplitude.
volume.
As the thickness of inclusion increased,
the relative stiffness decreased. The
reduction in stiffness resulted in an
. increase in the compressibility of
Loma Prieta .
geofoam, which decreased lateral forces
. Earthquake (far- X I
. . Thickness of EPS . and increased lateral displacement of
To investigate the effects Wall Height field), Kocaeli soil. The performance of inclusion
Dabiri and of the geofoam layer . Static and Yielding and Wall with heights of cight EPS (0.15and 0.2 Earthquake (near- o P o 3
. . Numerical . FLAC - Lo EPS unit weight 3y under static conditions was better than
Notash (2020) installed behind the wall Dynamic non-yielding 6 and 9 meters L kN/m?) field), and the . R
Excitation N that under dynamic loading. The
on lateral earth pressure L acceleration- . .
characteristics . inclusion layer under near-field
scaled version of .
these two motions carthquake recording showed better
N N performance than under far-field
seismic motion. The potential of
displacement reduction due to inclusion
might exceed 40% for yielding walls
(—f;ﬁl;ﬁ;ncgj;;igf 30% tire crumbs The cushion has enhanced the seismic
Edingliler and . . . . _ Cantilever Wall with heights of Thickness of tire o performance of the wall. t/H ratio
Toksoy (2018) thickness to improve the Numerical Dynamic PLAXIS 2D wall 5 and 7 meters chips-cushion and 70% sand Kobe Earthquake should be selected as 0.3 in lieu of 0.4

seismic performance of
the structure

mixture by weight

to increase stability.
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The compressible cushion resulted in a
. decrease in not only axial stress but also
To examine the -
X Excitation shear stress under both earthquake
- effectiveness of the . . . . - Kobe and El- .

Edingliler and R . Static and Cantilever Wall with a height of characteristics . recordings. The wall performance under
cushion layer under Numerical . PLAXIS 2D - . Tire crumbs Centro N L .

Toksoy (2017) e P dynamic wall 7 meters (amplitude and static and seismic loadings has been
excitation with different Earthquakes . R .
characteristics frequency) enhanced due to using the installation of

h tire crumb as a seismic buffer behind the
wall.
The presence of a cushion resulted in a
decrease in not only static and dynamic
To examine the load. Thickness of EPS earth pressure but also displacement due

Athanosopoulo displacement, and ? Wall height Harmonic record to earthquake shaking. The isolation

s-Zekkos and rotation reduction Numerical Dynamic PLAXIS 2D ~ Yielding Wall with heights of Excnauol} ) EPS (0.2 kN/m?) (varying (?.3 to3 potegtlal (for load, dlsplacement, and

Athanosopoulo . 4 and 7.5 meters characteristics Hz - varying 0.1g rotation) of the cushion increased
efficiency of the . . .

s(2012) inclusion layer (amplitude and to 0.7g) almost linearly for lower thicknesses

Y frequency) (t/H=5% - 15%). The isolation potential
of the seismic buffer relied on the
frequency of the input motion.

The cushion layer resulted in a decrease
Thickness of the EPS (10, 20, and . in the transmitted acceleration, spectral
. 3 Five real . !
cushion layer 30kg/m’), carthquake acceleration, and displacement of the
To investigate the effects L Density of the Sand-tire crumb " model wall. The EPS cushion with a 10

" . . . 1/25 scaled retaining . . motions and five . .

. of the cushion type on . . Plexiglas soil box Cantilever | cushion layer mixture . . . kg/m3 density and 4 cm thickness

In this study L Experimental Dynamic - wall model with a N N e sinusoidal motions N . N
the seismic performance (90x40x50 cm) wall height of 24.5 cm Mixture ratio of sand- (consisting of (varying 5 to 15 provided better improvement in the
of the retaining wall & : tire crumb mixture 10%, 20%, and Hzryvag ing 0.3 seismic performance of the wall. In this

Excitation 30% tire crumb by © 0-5 )ry 8.8 study, the seismic behavior of the wall
characteristics weight) -8 with a cushion is sensitive to the type of
the cushion.
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