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Abstract In recent years, various studies have been undertaken on how to use waste materials in
civil engineering projects. Among waste materials, waste rubber has been highlighted to be used for
different purposes such as reinforcing of soil and making of reinforced slopes. To investigate the
properties of granulated rubber-soil mixture and its application in making of slopes behind retaining
walls, some series of cyclic triaxial tests and numerical analyses were carried out. In the former,
dynamic properties of granulated rubber-soil mixture such as shear modulus and dynamic behavior
were obtained and in the latter the effect of using granulated rubber-soil mixture on dynamic
pressures and displacement of retaining walls during earthquake was investigated. The results of the
present study showed that for all the confining pressures, with an increase in rubber percentage, shear
modulus decreases while for any percentage of rubber inclusion, shear modulus increases as the
confining pressure increases. In addition, new relations were introduced to define maximum shear
modulus (G, and Normalized shear modulus as functions of confining pressure and granulated
rubber percentage. Regarding the dynamic analyses of the retaining wall, with an increase in rubber
percentage, a decrease in dynamic pressure and residual displacement was observed.

Keywords Retaining walls, Dynamic properties, Horizontal forces, Granular soil, Granulated
rubber, Earthquake.
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1. INTRODUCTION researchers to pay due attention on reducing the
earthquake caused damages on geotechnical
Highly  destructive  earthquakes  damaging structures.

geotechnical structures such as transportation
routes, retaining walls, high rise structures and
other infrastructures plus their side effects on
social and economical crises are matters of concern
for authorities. All the above has encouraged
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The problem of waste materials such as waste
tires of airplanes, trucks, and other motor vehicles
and how to deal with them have been primarily
concerned by people all around the world. In the
recent years different studies have been undertaken

Vol. 24, No. 4, December 2011 - 337



by many researchers to tackle this problem.

In these studies, some key parameters such as
shear modulus, bearing capacity, permeability,
shear strength, Poisson ratio, compaction
characteristics, swelling and compressibility have
been considered [1-13].

Various studies have been also conducted
concerning the high applications of these mixtures
in making of geotechnical engineering structures.
Trevor et al. [14], Youwai and Bergado [15]
carried out researches on granulated rubber as
filling materials behind retaining walls in active
and passive states using numerical analysis. These
showed that there would be a reduction in residual
displacement and the earthquake caused forces
while using reinforced soil. Edil and Bosscher
[16], Benson [17] and Edincliler et al. [18] carried
out some large scale direct shear and cyclic triaxial
tests on rubber-soil mixture. The results showed
that shear modulus and damping ratio of the soil
reinforced by granulated rubber increased. They
suggested that the stated mixture can be used as
light filling material on constructing of the fillings
of highway subbases and those behind retaining
walls.

To investigate stress-strain relation and to
determine the strength of the shredded rubber-sand
mixture, a triaxial test was undertaken by Lee et al.
[19]. They modeled a retaining wall using the
related literature of the obtained results, and
numerical method with and without geosynthetics.
The results regarding the shredded tire, especially
the one mixed with sand showed that this mixture
can be used behind the retaining wall effectively.

Cristine Castro Fontenla Sieira [20] in his
research made a retaining wall with the length of
60m and the height of 4m of waste tires tied
together filled with compacted alluvial soil and
then investigated the behavior of the wall. The
results showed the existence of tire reduced not
only the displacement but also the expenses.
Meanwhile, Tweedie et al. [21] made a retaining
wall with the height of 4.88m using soil- shredded
rubber mixture and reached this result that the
horizontal stress during the wall rotation is 35%
less than that of the traditional walls.

Naik and Siddique [22] and Cao [23] added
shredded tire to concrete slurry and asphalt
respectively and found that despite a reduction in
compressive strength and concrete density, its
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flexibility, torsion
increased.

Hazarika et al.2008 [24] performed a series of
large-scale underwater shaking table test on a
gravity type model caisson protected by a
cushioning technique using tire chips. The results
showed that the seismic load against, and the
residual displacement of the caisson quay wall
reduced using the proposed technique.

A review of the literature regarding lateral
forces on the retaining walls caused by earthquake
shows that there have been considerable theoretical
and practical studies in this respect. Despite all the
various researches undertaken and the theoretical
and practical data concerning the properties of the
soil located behind the retaining walls and its
influence on the lateral forces created by
earthquake, the authors of this article have not
found large scale experiments on the mixture of
soil and granulated rubber. So any large scale
experiments may be fruitful for dynamic analysis
of soil-granulated rubber mixture which is behind
the retaining walls, railways, around buried pipes,
foundation of vibrating equipment, and foundation
of the structures at risk of earthquake, and soil
slopes. In addition, the new findings may be
helpful in understanding the dynamic behavior of
these materials especially in engineering projects
in which these granular materials are used.

One of the main objectives of this research was
to determine the dynamic properties of the granular
soil-rubber mixture using the cyclic triaxial tests.
Then, we use the found properties as a lightweight
fill in performing of the fills of the retaining
structures and the same goals. In other word, due
to the special features of the mixture such as
flexibility, and energy absorbing capacity, this
research aims at offering a suitable method to
strengthen the retaining walls against the forces.
These forces caused by earthquake which are
themselves because of changes in dynamic
properties of the soil behind the wall.

Generally, due to the difficulties of the
experiments, researchers have not undertaken large
scale tests. Accordingly, the large size particles
have to be separated from the base material and the
experiments are performed on the materials that
are finer than the base ones and as a result show a
different behavior. Considering all the above, it
seems that large scale experiments cause more

durability and strength
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logical results.

To this end and in order to determine the
dynamic properties of granular soil mixed with
granulated rubber, in this research a series of cyclic
triaxial tests have been carried out on samples with
15 and 30 cm diameter and height, respectively.
Then with respect to the found properties, these
materials were used as a lightweight fill behind the
retaining wall. To analyze the performance of this
wall, the applied pressure and displacement of the
wall were considered under the effect of forces
caused by earthquake using FLAC software. This
study is of two main parts: the first part contains
the results of cyclic triaxial tests, and the second
part includes modeling of the retaining wall using
the results of the first part.

2. EXPERIMENTAL PROGRAM

A series of large scale cyclic triaxial tests were
undertaken to get the dynamic properties of
granular soils mixed with granulated rubber. The
explanation is as follows:

2.1. Material Properties The soil materials were
river granular soil obtained from a huge mine
situated in Ekhtiar Abbad, Kerman site and were
sieved based on ASTM D 422 - 63 (Reapproved
2002) [25]. The particle size distribution curve is
shown in Figure (1). This curve shows that 100%
of the soil materials are of a diameter less than
25mm. Accordingly, with respect to the samples
dimensions (diameter: 150mm and height: 300mm)
the clause No. 7.1 of ASTM D 3999 -
91(Reapproved 2003) [26] has been observed. The
sand equivalent, plasticity index and classification
of the tested soil were determined based on ASTM
Test Methods of D 2419-02, D 4318-00 and D
2487-10 respectively [27- 29]. The soil
characteristics obtained are specified in Table (1).
The granulated rubber used in the test samples was
supplied by Behzist Factory located in Orumieh
City, north-west of Iran. Based on ASTM D 6270 -
08°' [30], it was composed of waste tires that had

been mechanically chopped using multiple
chopping steps and were sieved with mesh
numbers of 3/8", No.4, No.10, No.40 and No.100.
The particles which passed sieve 3/8" and
remained on sieve No.100 were used. These
particles had nonspherical shapes with dimensions,
from 0.15mm to 9.5mm. The particle size
distribution curve for the granulated rubber is
shown in Figure (1). A magnet was used to extract
the steel wires from granulated rubber. The
specific gravity of the granulated rubber was
determined 1.10 based on ASTM Test Method for
Specific Gravity of Soils (D 854 - 02) [31].

2.2. Specimen Preparation Procedure Based on
the standard laboratory procedures ASTM D 4253
- 00 [32] and ASTM D 4254 - 00 [33], relative
density expresses the degree of compactness of the
tested mixture with respect to the loosest and
densest conditions. ASTM D 4253 - 00 [32]
suggests that, for some soils containing between 5
and 15% fines, the use of impact compaction (Test
Methods ASTM D 698 - 00a°' [34] and ASTM D
1557 - 02°' [35]) may be useful in evaluating
appropriate maximum unit weight. By this
consideration, the soil was mixed with 0%, 8%,
10% and 14% granulated rubber by weight with
the same grain size distribution. Then, to determine
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Figure 1. The Particle Size Distribution for
Granular Soil and Granulated Rubber

TABLE 1. The tested soil properties

Coeficient of Coeficient of  Passed sieve

Sand

uniformity curvature No. 200 Spem.ﬁc equivalent Plasthty index 1 Ul.ltlvﬁeq
(c)) () (%) gravity (%) (%) classification
Soil 77.77 1.29 8.5 2.65 51 4 GW-GC
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the maximum dry unit weight and optimum water
content, the compaction tests were carried out
based on ASTM D 1557 - 02°', method C [35].
The optimum water content, maximum and
minimum dry unit weights, and specific gravites of
the mixtures are presented in Table (2).

The test specimens were prepared in such a way
that, the cyclic test results will be consistent,
repeatable, and less influenced by the specimen
preparation. In the specimen preparation first the
amount of granular soil and granulated rubber plus
the required water were determined based on the
specimen volume and optimum water content. To
prepare test specimens, undercompaction method
developed by Ladd [36], provids a highly uniform
specimen. This method was also used by Feng and
Sutter [5]. was applied. The samples were
sequentially compacted in eight layers from the
bottom to top of the mould. Each layer was
compacted to a selected percentage of the required
dry unit weight of the specimen. This procedure
differs from the application of a constant
compactive effort to each layer required by ASTM
Tests for Moisture-Density Relations of Soils,
using 5.5-Ib (2.5-kg) rammer and 12-in. (304.8-
mm) drop [35] and ASTM Tests for Moisture-
Density Relations of Soils, using 10-1b (4.5-kg)
rammer and 18-in. (457-mm) drop [36]. The

compaction of each layer was initiated using
Harvard tamping device [37], having a spring force
of 18-kg (40-Ib) and with a compaction foot
having a diameter equal to about 1/2 the diameter
of the specimen. Finally, the split mould was
removed, and the sample was placed in a triaxial
cell and covered with rubber membrane. The
prepared sample properties are presented in Table

3.

2.3. Test Procedure All the samples were tested
with a large-scale cyclic triaxial apparatus
manufactured by Wykeham Farrance in United
Kingdom. The samples diameters and heights were
15 cm and 30 cm, respectively.

Based on ASTM D 3999 - 91 (Reapproved
2003) [26], clauses 10.3, 10.4, and 10.5, all the
samples were saturated, and pore water pressure
parameter, B, (B=Au/Ac) reached over 95%. Then
each sample was consolidated isotropically under
50, 100, 200 and 300 kPa pressures.

Then the consolidated undrained cyclic triaxial
tests (CU) with 1" frequency and under stress
controlled condition with 40 cycles were
undertaken.

As suggested by Kokusho [38], the 11™ cycle
output data was used for calculation and diagram
layout.

TABLE 2. The specifications of soil-granulated rubber mixtures

Optimum water

Granulated rubber
content

Maximum dry unit
weight

Minimum dry unit

weight Mixture specific

(%) (%) (KN/m?) (KN/m?) gravity
0.0 6.6 21.68 13.63 2.65
8.0 7.8 19.42 12.85 2.38
10.0 8.4 19.03 11.38 232
14.0 9.2 18.05 10.98 221

TABLE 3. The prepared sample properties

Granulated rubber ~ Moisture unit weight Dry unit weight . . Relative density, D,
(%) (kN/m®) (kN/m®) void ratio, e (%)
0.0 22.00 20.64 0.259 91.47
8.0 20.14 18.68 0.250 92.25
10.0 19.47 17.96 0.266 91.14
14.0 18.67 17.10 0.267 91.37
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2.4. Test Results and Discussion  The shear
modulus-shear strain amplitude curves for the soil-
granulated rubber mixtures are presented in Figure
(2) for the confining pressures of 50, 100, 200, and
300 kPa and 0.0, 8, 10, and 14% of granulated
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Figure 2. Shear Modulus versus Shear Strain
Amplitude for the Confining Pressures of 50, 100,
200 and 300 kPa and the Variation of Granulated
Rubber Percentages.
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Figure 3. Shear Modulus versus Shear Strain
Amplitude for 0.0, 8, 10 and 14% Granulated Rubber
and the Variation of Confining Pressures.
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rubber additive. The results indicate that at a
constant confining pressure, with an increase in
granulated rubber percentage, shear modulus
decreases. This result was predictable by
comparing the stiffness of rubber and soil grains.
Also, by replacement of the soil grains with
granulated rubber the mixture becomes more softer
and the shear modulus decreases.

The shear modulus-shear strain amplitude
curves for the soil-granulated rubber mixtures are
presented in Figure (3) for addition of 0.0, 8, 10,
and 14% granulated rubber and the confining
pressures of 50, 100, 200, and 300 kPa. It can be
observed that, for the soil with or without rubber,
with an increase in confining pressure, shear
modulus increases. This phenomenon is due to
increasing intergranular friction as a result of an
increase in confining pressure which leads to an
increase in stiffness.

Figure (3) also shows that, with an increase in
granulated rubber percentage, the effect of the
confining pressure on shear modulus decreases.
This coincides with the results obtained by Feng
and Sutter [5], who worked on sand-granulated
rubber. They showed that, in soil-rubber mixtures
containing high percentage of rubber, the material
tends to behave more elastic, and also the influnce
of confining pressure on the material’s stiffness is
insignificant.

2.5. Maximum Shear Modulus (Gpay)s
Reference Shear Strain (y,) and Normalized
Shear Modulus (G/ G,.x) The general trend
observed in Figures (2) and (3) shows that the
stated curves follow the well-known Hyperbolic
model used by Hardin and Drnevich in 1972 [39].

max 1+ l (1)
yr

where G, is the maximum shear modulus and y,

is known as the reference shear strain.

Using regression analysis on obtained
laboratory experimental data (G and y), and
Equation (1), the values of G,, and y, are
evaluated and the results are plotted in Figure (4)
and Figure (5).

Figure (4) shows that as rubber percentage
increases, both the values of G, and difference
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between its values in different confining pressures
decrease. This result is compatible with the results
obtained by Feng and Sutter [5].

Figure (5) shows that, with an increase in
rubber inclusion, the reference shear strain (y,)
increases. This can be explained that, as the rubber
inclusion increases, the mixture becomes more
flexible and softer. Therefore, the slope of stress-
strain diagram decreases and causes an increase in
v, values.

It seems that the predicted values for maximum
shear modulus and reference shear strain follow a
logical and acceptable trend. So in the absence of
experiments in low strains (e.g. resonant column
test), the predicted values presented in Figures (4)
and (5) may be used as maximum shear modulus
and reference shear strain for the tested material in
this study, and as a result these values will be used
for calculations.

To reach a continuous and experimental
relation between physical and mechanical
properties and stress conditions applied to soil-
granulated rubber mixtures, Equation (2) has been
used. It is the experimental relationship which
predict the G, values and offered by Kokusho
[40].

G = A-Fle).(5)" @)

where F(e) is known as the void ratio function,
[41], and is determined as follows:

(2.17 —e)’

Fre) = I+e

3)

By replacing F(e) in Equation (2) with that of
Equation (3), Equation (4) is obtained.

2
G 217-9

max

(o;)" 4)

+e

Investigation into the properties of rubber/sand
mixtures carried out by Feng and Sutter 2000 [5]
suggests that the rubber inclusion may be
approximated and equated to the void ratio of the
soil (i.e., R~e).

In this research, further studies were carried out
to clarify the approximation, to examine the
applicability and suitability and to present a new
model. Considering Equation (4), the current
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model is suggested to predict G,, values as
follows:

_ 2
Gmszx(i)—lzxaj" (5)
+

Equation (5) is the same as Equation (4)
making us to approximate G, values
continuously based on rubber percentage and
confining pressure. The constants 4, a and b as
well as n in Equation (5) are obtained by

300

—— 50k

—+—100kPa
——200%Fs
—8—300%Pa

IvTaxirorn S hear Ivlodulus, Groax (IwWIPa)
=

Rubber ()

Figure 4. Maximum Shear Modulus versus
Granulated Rubber Percentage for the Variation of the
Confining Pressures.

13
—&—50kPa
¥ 03 —+—100kPa
=
E 04 —e—200kPa
—8—300%Pa
7
d 0,
-
i
L]
£ [
g
ol
é .

Rabber (%)

Figure 5. Reference Shear Strain versus Granulated
Rubber Percentage for the Variation of Confining
Pressures.
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regression analysis and are presented in Table (4).

Figure (6) shows the graphical comparsion of
variation of G, predicted by Hyperbolic model
(Equation 1) and those obtained by Equation (5)
using constant values presented in Table (4).

It is understood that the values of G,,,, obtained
from Equation (5) have an acceptable correlation
with those values predicted by Hyperbolic model.
So the maximum shear modulus of the soil-
granulated rubber mixture can be calculated using
Equation (5) and constants stated in Table (4).

Considering the values of G, predicted by
Hyperbolic model (Equation 1), the non-
dimensional values of G/G,, are determind in
terms of R and o3 as functions of y. It is understood
that y,, itself, is dependent on R and o3; hence,
Equation (1) was expanded to examine such
dependancy. Trial and error functions were used to
reach the following relation:

G 1
Groe  1+[Ax05" x(1+R)" ] xy

(6)

Using the values of G/G,,,, and y and regression
analysis, the constants of 4, m and n are calculated
and presented in Table (5).

It may be noted that Equation (6) is in fact the
expansion of Hyperbolic model (Equation 1), so
the term in bracket in Equation (6) is equated to an
equation for y,. Therefore,

i:A><a3”><(I+R)’” (7)
%

Figure (7) shows the graphical presentation of
reference strain values (y,) against rubber inclusion
predicted by Hyperbolic model (Equation (1)) and
those defined by Equation (7) using constant
values presented in Table (5).

Considering Figure (7) it is understood that,
there is a good correlation between reference
strains predicted by Hyperbolic model and those
predicted by Equation (7). So Equation (7) can be
used to calculate the reference shear strain of the
soil-granulated rubber mixture.

Finally, the values of G/G,,. were calculated
using Equation (6) and regression analysis
constants presented in Table (5) and were plotted
in Figures (8) to (11).

In Figures (8) to (11), the symbols are the
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TABLE 4. Determined regression analysis constants
A, a, b and n for Equation (5)

Constant Value
A 39847.7
a 0.275
b 0.53
n 0.67

4 S0KPa (Hyperholi) v 100 KPa (Hyperol)
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Figure 6. Maximum Shear Modulus versus
Graulated Rubber Percentage Obtained from
Hyperbolic Model (equation 1) and Equation (5)
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Figure 7. Reference Shear Strain (y,) versus
Granulated Rubber Percentage Obtained from
Hyperbolic Model (equation 1) and Equation (7).
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values of G/G,. 1In which the maximum shear
modulus is predicted by Hyperbolic model
(Equation (1)), and the curves represent the values
of G/G,,, calculated by Equation (6) and constants
in Table (5).

The effect of the confining pressure on G/G,,..

TABLE 5. Determined regression analysis constants
A, m and n for Equation (6)

Constant Value
A 207.65
m -13.70
n -0.41

4 S0kPa(Hypehohs) ¢ 100kPa(Hypethole)  © 200 kPalHypemolic]
v 00kPa(Hypethelie) o S0%Pa(Eq.§)  ----- 100 kPa(Eq.6)
— = 200kFa(Eq.6) ——300kPa(Eq.6)
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Figure 8. Normalized Shear Modulus versus Shear
Strain Amplitude for 0.0% Granulated Rubber and the
Variation of the Confining Pressures.
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Figure 9. Normalized Shear Modulus versus Shear
Strain Amplitude for 10.0% Granulated Rubber and
the Variation of the Confining Pressures.
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values for the various rubber inclusion percentages
is presented in Figures (8) and (9). It can be
observed that, for a given percentage of rubber, as
confining pressure increases, the values of G/G,,
increases. This phenomenon results from an
increase in material stiffness due to an increase in
confining pressure.

Figures (10) and (11) show the impact of rubber
incluion on G/G,,, for the variation of confining
pressures. It can be observed that, at a given
confining pressure, the values of G/G,,, increase
with an increase in rubber percentage. This
phenomenon shows more elastic and flexible
behavior (uniform behavior) of the mixture by
increasing the rubber percentage.

& 0%(Hypetbolic) +  B%(Hypetbolic) o 10%(Hypedalic)
n 14%(Hypebeli) - 0%(Eq.8) ----- 8% (Eq.8)
— = 10%(Eq.8) 14%(Eq.8)
b ! e r— ¥
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Figure 10. Normalized Shear Modulus versus Shear
Strain Amplitude for the Confining Pressure of 50 kPa
and the Variation of Granulated Rubber Percentages.
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Figure 11. Normalized Shear Modulus versus Shear
Strain Amplitude for the Confining Pressure of 300 kPa
and the Variation of Granulated Rubber Percentages.
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The summary of the test results for Shear
modulus and Normalized shear modulus are
presented in Table (6).

TABLE 6. The summary of test results for shear
modulus and Normalized shear modulus

Increase in Increase in
Confining Rubber
Pressure Inclusion
Shear Modulus increase decrease
Normalized increase increase
Shear Modulus

3. THE RETAINING WALL ANALYSIS

Using the experimental results and relations
reached in the first section and in order to
investigate the influence of using these mixtures as
a lightweight fill behind the retaining wall on the
horizontal pressure and displacement during
earthquake, a retaining wall was modeled using
FLAC software.

The dimensions of the model are presented in
Figure (12). In this model the properties of the
natural soil and fill behind the wall were in
accordance with the properties specified in Table

(.

3.1. Static Analysis In order to make the loading
conditions in the model more real, 100 kPa
uniform load was applied to the earth on the two
sides of the wall. After static analysis, the values of
the stress in the three main directions were
obtained for each element. So the confining
pressure for each element was defined using the
Equation (8).

_0,t0,+0;

3

o

m

®)

3.2. Dynamic Analysis The Hysteresis damping

TABLE 7. The Soil Characteristics

" B Concrele Wall

3
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Figure 12. The Retaining Wall Model

was used for dynamic analysis. Different models
such as Default model, Sigmoidal models and
Hardin/Drnevich model have been defined for this
kind of damping in FLAC software. And
considering the relations obtained in the first
section, the Hardin/Drnevich model was used to
determine the dynamic behavior of the material. In
Hardin/Drnevich model in FLAC software,
reference shear strain (y,) is used as Hardin number
to determine the dynamic behavior of the material.
In the present study, for the natural soil, only the
changes in the confining pressure were viewed,
and for the soil behind the wall, the changes in
confining pressure and granulated rubber
percentage were taken into consideration.

To analyze and determine dynamic response of
the model the basic parameters G, and y, are
required. So, these parameters have to be defined
as continuous functions of confining pressure and
rubber percentage for the natural soil and the fill
behind the wall.

3.2.1. Determination of Max. Shear Modulus
and Reference Shear Strain for Natural Soil
To define the value of G, for the natural soil, the
characteristics stated in Table (7) and Equation (9)
offered by Braja M. Das in 1993 [42] are used.

. Yd Vsat Estatic

Soil PI e G (kN/m’) (kN/m’) v (kN/m?)
Natural 20 0.7 277 17.9 19.33 035 8622
0% 4 0.2 2.65 21.68 233 0.30 70884
10% i 0.286 2.495 19.03 2121 0.40 11940
14% : 0.322 2.433 18.05 20.44 0.40 4135
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3230
=

oy & 1/2 )
297 ef'(OCR) (o)

where e is void ratio, OCR is over consolidation
ratio, and &, is the average confining pressure in
kPa. By applying the characteristics of Table (7) to
Equation (9), this equation is summarized to
Equation (10) which defines max shear modulus
according to confining pressure for natural soil.

G, =97905(,)" (10)
To determine the reference shear strain (Hardin

No.) for the natural soil as a continuous function of

confining pressure, the Hyperbolic model

(Equation (1)) is used. In Equation (1), the

reference shear strain can be expressed as Equation

(11).

1

—=40," 11
Y, (D

So the Hyperbolic model (Equation (1)) changes to
Equation (12) as follow:

G 1
Gox l1+40)y

(12)

To get the constants, A and n, in Equation (12),
the relations offered by Darendeli in 2001 [43] are
used in a way that G/G,,.. and y, were obtained for
the different confining pressures, and then the
above stated constants presented in Table (8) were
determined using Equation (12) and regression
analysis.

TABLE 8. Equation (12) Constants

Constant Value

A 84.394
n -0.337

Figure (13) shows the comparison between the
values obtained from the relation offered by
Darendeli [43] and those determined using
Equation (12).

Figure (13) demonstrates an acceptable
compatibility between the two values stated above.
Accordingly, the values of vy, for the natural soil
are determined using Equation (11) as a continuous
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function of confining pressure.

As a result, after static analysis and
determination of main stresses for each element,
the values of G..x and vy, are calculated using
Equations (8), (10) and (11) and the constants of
Table (8) and accordingly the properties of each
element are also obtained.

0 WRR(E1] & L0KR(Egl?) o N0KP(EQLY)  » 300KPa(Eg 1Y)
—— S0P (Darendeli) —— 100 kP (Diendeli) —— 200 kP (Daperde) —— 300 kP (Disdel
1 ERmil

ne +
ng +
07t
06 +
03+
04 +
03+
IV
0t
0
(10000 1000 1ot o 11 |

ShearStain Amgkiude, %)

T

Mormalized shear roodulus, S840,

Figure 13. The Values of G/G,,,, obtained from the
relation offered by Darendeli and those determined
by Equation (12)

3.2.2. Determination of Maximum Shear
Modulus and Reference Shear Strain for the
Mixture of Soil and Granulated Rubber With
respect to Equations (5) and (7) it is understood
that the values of G, and y, can be obtained as
continuous functions of confining pressure and
rubber percentage. So, after static analysis and
determination of the main stresses, G, and vy, are
determined for each element using Equations (5),
(7) and (8) with due consideration of rubber
percentage.

3.2.3. Input Motions Input motions include two
strong earthquakes, El Centro (California, 1940)
and Tabas (Iran, 1978). The acceleration of these
two earthquakes is presented in Figures (14) and

(15).

3.2.4. Dynamic Analysis Result To investigate
the effect of using soil-granulated rubber mixture
behind the retaining wall on its dynamic response
during the earthquakes, the values of horizontal
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Figure 15. Acceleration-Time Diagram Earthquake
(Tabas, 1978)

pressure and displacement were analyzed in three
points of the wall (up, middle, down). The values
in the following diagrams are just the results of the
dynamic analysis, and static results are omitted.

Figure (16) is an output sample of the FLAC
software for the displacement time history of the
middle of the wall for different rubber percentages.
This figure shows that the value of residual
displacement in the wall after earthquake reduces
with an increase in rubber percentage. In this
figure, the negative and positive values are
indications of the wall movement towards the fill
and backwards, respectively.

Figure (17) is an output sample of the FLAC
software for the pressure time history of the down
point of the wall for different rubber percentages.
This Figure shows that the values of Maximum
horizontal pressure applied to the wall reduced as
rubber percentage increased. In this Figure, the
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Figure 17. Pressure-Time History (down point, El
Centro)

negative and positive values are indications of
pressure and tension on the wall respectively.

The summary of the obtained wvalues for
residual displacement and maximum horizontal
pressure applied to the wall during the two
earthquakes, (Tabas and El Centro) for different
rubber percentages in the three points of the wall
are shown in Figures (18), (19), (20), and (21).

Figures (18) and (20) show that the residual
displacement of the wall (backwards the fill)
decreases with an increase in rubber percentage.
This indicates that an increase in rubber percentage
causes less displacement in the wall at the end of
the earthquakes. This result is compatible with the
results obtained by Hazarika et al. [24].

Figures (19) and (21) show that, with an
increase in rubber percentage, the maximum
horizontal pressure applied to the wall decreased.
This coincides with the results obtained by
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Figure 19. Maximum Horizontal Pressure Values
Applied on the Wall for Different Rubber
Percentages in the El Centro Earthquake

Hazarika et al. [24]. A decrease in the forces
caused by an earthquake lead to a decrease in
design forces applied to the retaining wall. This
results in a decrease in wall dimensions and
construction expenses which all optimize the wall
building.

4. CONCLUSIONS

In the present research a series of large-scale
consolidated undrained cyclic triaxial tests was
carried out using granular soil-granulated rubber
mixtures. Based on the tested materials, the
following conclusions are made:
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Figure 21. Max Horizontal Pressure Values Applied
on the Wall for Different Rubber Percentages in the
Tabas Earthquake

The residual displacement of the wall
(backwards the fill) decreased with an
increase in rubber percentage. This
contribution indicates that an increase in
rubber percentage causes less displacement
in the wall at the end of the earthquakes.

2. The maximum horizontal pressure applied to

the wall decreased with an increase in
rubber percentage. A decrease in the forces
caused by an earthquake lead to a decrease
in design forces applied on the retaining
wall.

3. Shear modulus decreased with an increase in

rubber inclusion for all the -confining
pressures.
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4.  Shear modulus increased with an increase in
the confining pressure for any percentage of
rubber inclusion.

5. A model was introduced to predict G,,, for
the various confining pressures and rubber
inclusion percentage.

6. A model was established to evaluate the
Normalized shear modulus (G/G,.,) versus
shear strain amplitude (y) for the various
confining pressures and rubber inclusion
percentage.

7. For a given percentage of rubber, with an
increase in confining pressure, the values of
G/G,,.. Increased.

8. At a given confining pressure, the values of
G/G,.. Increased with an increase in rubber
inclusion percentage.

5. ACKNOWLEDGMENTS

The authors would like to express their thanks and
appreciations to the management and staff of the
“Technical and Soil Mechanic Lab Co.” in Tehran,
Iran for their generous assistance and valuable
comments during the experimental works
conducted in this research.

We are also grateful to Ehsan Mehrabi Kermani
for editing the English text, Siamak Sani and
Salehe Jamshidi Jam for their assistance in this
research.

6. REFERENCES

1. Foose, G. J., Benson, C. H. and Bosscher, P. J., “Sand
Reinforced with  Shredded Waste Tires”, J.
Geotechnical Engineering, (ASCE), Vol. 122, No. 9,
September, (1996), pp. 760-767.

2. Wu Wei, Y., Benda, C. C. and Cauley, R. F., “Triaxial
Determination of Shear Strength of Tire Chips”, J.
Geotechnical and Engineering, (ASCE), Vol. 123, No.
5, (1997).

3. Bosscher, P. J., Edil, T. B. and Kuraoka, S., “Design of
Highway Embankments wusing Tire Chips”, J.
Geotechnical and Geoenvironmental Engineering,
(ASCE), Vol. 123, No. 4, (1997), pp. 295-304.

4.  Heimdahi, T. C. and Drescher, A., “Elastic Anisotropy

of  Tire Shreds”, J. Geotechnical and
Geoenvironmental Engineering, (ASCE), Vol. 125,
No. 5, (1999).

5. Feng Zheng-Yi. and Sutter, K. G., “Dynamic Properties
of Granulated Rubber/Sand Mixtures”, Geotechnical
Testing Journal, GTJODJ, Vol. 23, No. 3, September

IJE Transactions B: Applications

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

(2000), pp. 338-344.

Warith, M. A., Evgin, E. and Benson, P. A. S,
“Suitability of Shredded Tires for Use in Landfill
Leachate Collection Systems”, J. Waste Management,
(Elsevier, Ltd.), Vol. 24, (2004), pp. 967-979.
Gotteland, P., Lambber, S. and Balachowski, L,
“Strength Characteristics of Tire Chips-Sand Mixtures”,
Studia Geotechnical et Mechanica, Vol. XXVII, No. 1-
2, (2005).

Hataf, N. and Rahimi, M. M., “Experimental
Investigation of Bearing Capacity of Sand Reinforced
with Randomly Distributed Tire Shreds”, Construction
and Building Materials, (Elsevier, Ltd.), Vol. 20,
(2005), pp. 910-916.

Ghazavi, M. and Amel Sakhi, M., “Influence of
Optimized Tire Shreds on Shear Strength Parameters of
Sand”, Int. J. Geomech. (ASCE), Vol. 5, No. 1, March,
(2005), pp. 58-65.

Attom, M. F., “The Use of Shredded Waste Tires to
Improve the Geotechnical Engineering Properties of
Sands”, J. Environmental Geology, Vol. 49, No. 4,
February, (2005), pp. 497-503.

Ozkul, Z. H. and Baykal, G.”Shear Behavior of
Compacted Rubber Fiber-Clay Composite in Drained
and Undrained Loading, (ASCE)”, J. Geotech. and
Geoenvir. Engrg., Vol. 133, No. 7, (2007), pp. 767-781.
Attom, M., Khedaywi, T. and Sameer, A. M., “The
Effect of Shredded Waste Tire on the Shear Strength,
Swelling and Comprssibility Properties of the Clayey
Soil”, J. of Solid Waste Technology and Management,
Vol. 33, No. 4, (2007).

Naeini, S. A. and Sadjadi, S. M., “Effect of Waste
Polymer Materials on Shear Strength of Unsaturated
Clays”, Engineering Journal of Geotechnical
Engineering, (EJGE), (2008).

Trevor, G. D., Rowland, R. and Kuang-Hsiang, C.,
“Passive Pressure during Seismic Loading”, J.
Geotechnical and Engineering, (ASCE), Vol. 112,
No.4, (1986).

Youwai, S. and Bergado, D. T., “Numerical Analysis of
Reinforced Wall Using Rubber Tire Chips-Sand
Mixtures as Backfill Material”, J. Computers and
Geotechnics, (Elsevier, Ltd.), Vol. 31, (2004), pp.103-
114.

Edil T. B. and Bosscher, P. J., “Engineering Properties
of Tire chips and Soil Mixtures”, Geotechnical Testing
Journal, Vol. 17, No. 4, (1994).

Benson, C. H., “Using Shredded Scrap Tires in Civil
and Environmental Construction, Source: Department
of Civil and Environmental Engineering, University of
Wisconsin-Madison, (1995).

Edincliler, A., Baykal, G. and Delgili, k.,
“Determination of Static and Dynamic Behavior of
Recycled Material for Highways”, J. Conservation and
Recycling, (Elsevier, Ltd.); Vol. 42, (2004), pp. 223-
237.

Lee, J. H., Salgado, R., Bernal, A. and Lovell, C. W.,
“Shredded Tires and Rubber-Sand as Lightweight
Backfill”, J. Geotechnical and Geoenvironmental
Engineering, (ASCE), Vol. 125, No.2, (1996).

Cristine Castro Fontenla Sieira A.: Behaviour of
Gravity Retaining Wall Using Scrap Tires, Puc-Rio in

Vol. 24, No. 4, December 2011 - 349



21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

collaboration with University of Ottawa and Geo —Rio,
(1996).

Tweedie, J. J., Humphery, D. N. and Sandford, T. C.,
“Tire Shreds as Lightweight Retaining Wall Backfill:
Active Conditions”, J. Geotechnical and
Geoenvironmental Engineering, (ASCE), Vol. 124,
No.11, (1998).

Naik, T. R. and Siddique, R., “Properties of Concrete
Containing Scrap Tire Rubber-an Overview, Dept. of
Civil Eng. and Mechanics College of Engineering
Applied Science, The University of Wisconsin-
Milwaukee, Report No. CBU-2002-06., REP-459.

Cao, W., “Study on Properties of Recycled Tire Rubber
Modified Asphalt Mixtures Using Dry Process”, J.
Science Direct, Construction and Building Materials,
(Elsevier, Ltd.), Vol. 21, (2006), 1011-1015.

Hazarika, H., Kohama, E. and Sugano, T., “Underwater
shake table on waterfront structures protected with tire
chips cushion”, J. Geotechnical and Geoenvironmental
Engineering, (ASCE), Vol. 134, No.12, (2008).

ASTM D 422-63 (Reapproved 2002), Standard Test
Method for Particle-Size Analysis of Soils.

ASTM D 3999 — 91 (Reapproved 2003). Standard Test
Methods for the Determination of the Modulus and
Damping Properties of Soils Using the Cyclic Triaxial
Apparatus’

ASTM D 2419-02, Standard Test Method for Sand
Equivalent Value of Soils and Fine Aggregate'.

ASTM D 4318-00, Standard Test Methods for Liquid
Limit, Plastic Limit, and Plasticity Index of Soils'.
ASTM D 2487-10 Standard Practice for Classification
of Soils for Engineering Purposes (Unified Soil
Classification System)'.

ASTM D 6270-08°", Standard Practice for use of Scrap
Tires in Civil Engineering Applications'.

ASTM D 854-02, Standard Test Methods for Specific
Gravity of Soil Solids by Water Pycnometer'.

ASTM D 4253-00, Standard Test Methods for
Maximum Index Density and Unit Weight of Soils
Using a Vibratory Table'.

350 - Vol. 24, No. 4, December 2011

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

ASTM D 4254-00, Standard Test Methods for
Minimum Index Density and Unit Weight of Soils and
Calculation of Relative Density".

ASTM D 698-00a%!, Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using
Standard Effort (12,400 ft-Ibf/ft’ (600 kN-m/m’))".
ASTM DI1557-02°!, Standard Test Methods for
Laboratory Compaction Characteristics of Soil Using
Modified Effort (56,000 ft-1bf/ft> (2,700 kN-m/m>))".
Ladd, R. S., “Preparing Test Specimens Using
Undercompaction, Geotechnical Testing Journal”,
GTJODJ, Vol. 1, No. 1, (1978), pp. 16-23.

Wilson, S. D., “Suggested method of test for moisture-
density relations of soils using Harvard compaction
apparatus, in special procedures for testing soil and rock
for Engineering purposes, STP 479, American Society
for Testing and Materials, Philadelphia, (1970), pp. 101-
103.

Kokusho, T., “Cyclic Triaxial Test of Dynamic Soil
Properties for Wide Strain Range”, Soils and
Foundations, Vol. 22(1), (1980), pp. 45-60,.

Hardin, B. O. and Drnevich, V. P., “Shear Modulus and
Damping in Soils: Design Equations and Curves,
Journal of the soil Mechanics Foundations Division”,
ASCE, Vol. 98, No. SM7, (1972), pp 667-692.
Kokusho, T., “In situ Dynamic Soil Properties and Their
Evaluation, Proceedings of The 8" Asian Regional
Conference on Soil Mechanics and Foundations
Engineering, Koyoto, Vol. 2, (1987), pp. 215-435.
Kokusho, T., Esashi, Y., “Cyclic Triaxial Test on Sands
and Coarse Materials, Proceedings of The 10"
International Conference on Soil Mechanics and
Foundation Engineering, Stockholm, Vol. 1, (1981).
Das, B.M., “Principles of Soil Dynamics”, PWS-KENT
Publishing Company, Boston, (1993), pp. 158-163.
Darendeli Mehmet, B., “Development of a New Family
of Normalized Modulus Reduction and Material
Damping Curves, Ph.D Thesis, The University of Texas
at Austin, (2001).

IJE Transactions B: Applications



