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ABSTRACT

KEYWORDS: rubber-sand mixture; rubber-fly ash mixture; shear strength; liquefaction; post-

liquefaction; modeling.

Increase in the generation of scrap tires necessitates wide engineering applications to ease out the
stockpiling. Researchers have examined the mixtures of shredded scrap tire mixed with sand for
various engineering applications such as embankments, retaining wall backfill, buried pipe
backfill, and base isolation. It is reported that the larger size of shredded scrap tire mixed with
sand is prone to segregation. On the other hand, the mixtures of smaller size shredded scrap tire
mixed with sand possess lower shear strength. Further, it is also evident that there is no proven

study on the suitable method to determine the maximum density of the mixtures.

An alternative material for sand in the rubber-sand mixture is required considering the
scarcity of sand and natural resource depletion required. In the present study fly ash is examined
as an alternative material for sand. River sand and class F fly ash from Ennore thermal power
plant Chennai are chosen for the present study. The shredded scrap tire rubber size less than
2mm, classified as particulate rubber, is mixed with sand and fly ash. The present study
examines the pure rubber, sand and fly ash along with the two mixtures termed as rubber-sand

mixtures and rubber-fly ash mixtures with 10%, 30% and 50% gravimetric proportion of rubber.

The maximum unit weight of the mixtures was determined using the vibratory table, Proctor
compaction, and mini compaction method. The standard surcharge of 13.8kPa in vibratory table
test is increased to examine the maximum unit weight changes. Two different tests such as
standard and modified tests were carried out in Proctor compaction and mini compaction
method. Further, the segregation resistance of the mixtures was examined using vibratory table

tests without surcharge.

The shear strength of the rubber-sand mixture and rubber-fly ash mixture is determined using
direct shear tests. The samples are prepared at a relative density of 85% and the normal pressures
of 50, 100, and 150kPa were adopted for the tests. The tests results are shown that the rubber-fly
ash mixtures possess higher shear strength than that of rubber-sand mixtures with the rubber

content more than 10%. The increase in the shear strength is attributed to the increase in the
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inter-particulate contact between the fly ash and rubber. Further, the concrete and sand interface
shear strength of the mixtures was examined using interface direct shear tests. The tests were
carried out with the relative densities of 30, 60 and 85% and the effective normal pressure of 50,
100, and 150 kPa. It is found that both the interface shear strength rubber-fly ash mixtures are
more than that of rubber-sand mixtures. The undrained shear strength of the mixtures was
examined using consolidated undrained tests in triaxial apparatus (Make: VI Tech, UK). The
samples were prepared at the relative density of 50 and 75% and the confining pressure of

100kPa is adopted.

The liquefaction and post-liquefaction behaviour of the rubber-sand mixture and rubber-fly
ash mixtures were examined using cyclic triaxial apparatus (Make: VJ Tech, UK). The samples
were prepared for the relative density of 50 and 75% using Ladd’s under compaction method.
The confining pressure of 100kPa is used for the present study. The samples were subjected to
stress controlled cyclic loading with the cyclic stress ratio (CSR = 64/20.) of 0.1 to 0.23. Multi-
stage cyclic triaxial tests were carried out to examine the liquefaction and post-liquefaction
behaviour of the mixtures. The post-liquefaction behaviour is examined immediately after stress
controlled cyclic loading by applying the undrained strain controlled static loading. It is observed
that the excess pore water pressure of the mixtures is reduced with an increase in the rubber
content. Further, the mixture does not show the initial liquefaction and the liquefaction failure
occurs only by reaching the certain axial strain criterion. The rubber-sand mixtures with the
rubber content between 10% and 50% do not liquefy with the CSR less than 0.2. The
liquefaction strength of the rubber-sand mixtures with rubber content 10% to 50% is observed to
be equal to sand. The post-liquefaction behaviour of the mixtures is identified as the elastic
hardening. The elastic and hardening modulus is observed to decrease with increase in the rubber
content. Further, the post-liquefaction strength of the rubber-fly ash mixture is observed to be

more than that of rubber-sand mixtures with the rubber content more than 30% in the mixture.

The liquefaction behaviour of the mixture is modeled using the hyperbolic relation and the
Masing’s rule. The pore pressure development is indirectly modeled using degradation index.
The model is validated using the experimental data reported in a literature. It is found that the
model is capable of predicting the liquefaction behaviour of the mixtures with the rubber content

between 10% and 50%.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Generation of scrap rubber tire is being increased worldwide which leads to stockpiling. The
stockpiling of scrap tires is prone to fire hazard and it serves as the breeding place for rodent and
mosquitoes which are often dangerous to human health. To reduce the stockpiling of the scrap
tire, in the recent years, it is being utilized as various engineering resources, such as fuel in
cement kilns, synthetic running track, and sound barrier. However, these applications are not
adequate to utilize the large number of scrap tires. In the early 1990’s researchers have examined
the whole scrap tires and shredded scrap tires for the field applications such as embankments and
retaining wall backfill to ensure the bulk usage of scrap tire in engineering applications and to
ease out the stockpiling (e.g., Bosscher et al. 1992; Edil and Bosscher 1994; Garga and
Shaughnessy 2000). It is found that the mixture of rubber and sand possess desirable properties
such as high hydraulic conductivity, ductility, and light weight for the geotechnical engineering

applications.

1.2 RUBBER-SAND MIXTURES

The field application of the scrap tire has been examined with whole tires and the shredded tire
mixed with soil. Figure 1.1 shows the field applications of the whole tire and the rubber-soil
mixtures. The pure rubber recycled from the scrap tire possesses ductility and lightweight.
However, the stiffness and shear strength of the pure rubber is not adequate for engineering
applications because of its significant settlement and larger rebound after the removal of the
surcharge. Therefore sand has been identified as an additive material to rubber for improving the
property such as stiffness, shear strength, and compressibility (Edil and Bosscher 1994; Masad et

al. 1996). In the recent years, shredded scrap tire of different sizes mixed with sand has been
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examined to evaluate its properties such as shear strength, compressibility, stiffness,
permeability, dynamic properties such as shear modulus and damping ratios and liquefaction
potential (Anastasiadis 2011; Mashiri 2014). These properties were examined to assess the
suitability of the mixtures for the applications such as embankments, retaining wall backfill,
buried pipeline backfill, and base isolation (Bosscher et al. 1992; Hope 1998; Yoon et al. 2006;
Indraratna et al. 2017; Meguid et al. 2018).

- A

o o

Figure 1.1: Field application of the scrap tire (a) rubber-sand mixtures (Yoon et al. 2006) (b) use

of whole tire in embankment (Garga and Shaughnessy 2000)

In general, the larger size rubber (size > 20mm) mixed with sand increases the shear strength.
However, the mixture of sand and larger size rubber is prone to segregation because of the
incompatibility in the particle size. Conversely, the mixture of smaller size rubber and sand
possess lower shear strength and it has segregation resistance. In addition, the mixtures
associated with structures would have two interface behaviours such as mixture-concrete

interface and mixture-soil interface.

1.3 LIQUEFACTION

Liquefaction is a phenomenon majorly occurs in saturated cohesionless soil subjected to random
excitation. The increase in pore water pressure causes the reduction in the shear strength of the
cohesionless soil. The complete loses of shear strength is known as liquefaction failure. The
progressive liquefaction failure of the cohesionless soil is schematically shown in Figure 1.2.

Eventually, the liquefaction will lead to the failure of structures which are associated to the
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cohesionless material. Therefore, it is important to analyze the liquefaction resistance of

saturated cohesionless materials which would be used in earthquake-prone areas.

Figure 1.2: Schematic representation of the reduction in the contact force between particles due

to liquefaction (Source: https://slideplayer.com/slide/4378090/)

1.3.1 Liquefaction Hazards and Mitigation

Liquefaction is a catastrophic phenomenon majorly occurs in cohesionless sandy soil subjected
to random excitation. Figure 1.3 shows the failure of structures such as buildings, dams, and

bridges due to the liquefaction in the past earthquakes.

The consequences of the liquefaction can be reduced by employing many techniques. The
some of the available techniques to reduce the liquefaction resistance are: improving the soil by
means of densification or stone column, building the liquefaction resistance structures, replacing
the liquefaction susceptible soil, adding additives such as cement and fibers, and reinforcing the

soil with help of geosynthetics.

1.3.2 Liquefaction Susceptibility of Rubber Mixed with Sand

The addition of shredded rubber to sand does not change its cohesionless characteristics since the
rubber is a non-cohesive material. In addition, the stiffness of the sand reduces with the addition
of the rubber. The reduction in the stiffness would cause the strain accumulation during the
cyclic loading. In general, liquefaction failure is identified based on the two criteria: one is the
excess pore water pressure reaching the effective confining pressure and the other is reaching of

certain percentage of double amplitude axial strain, whichever occurs earlier. Since the rubber



mixed with sand is cohesionless and possess stiffness less than sand, the liquefaction
susceptibility of rubber-sand mixtures need to be evaluated considering both the pore pressure

criterion and axial strain criterion.

Figure 1.3: Liquefaction failure of structures (a) apartments (Niigata, 1964) (b) bridge (Niigata,
1964) (c) bridge (Kobe, 1995) (d) dam (San Fernando 1971) [Sources:

https://geomaps.wr.usgs.gov/sfgeo/liquefaction/image_pages/niigata_apts_bw.html,
https://www.usgs.gov/science-explorer-results?es=liquefaction, and

https://depts.washington.edu/liquefy/html/what/what1.html]



1.4 MOTIVATION

As mentioned earlier, the worn out vehicles tires are being stockpiled in huge quantities which
are undesirable for a healthy environment. The available engineering solution to ease out the
stockpiling of scrap tires is not enough for the bulk usage. The shredded scrap tire mixed with
sand has been examined for many applications in the geotechnical engineering field. Utilization
of scrap tires in geotechnical engineering field ensures the bulk and sustainable usage of the
scrap tires. Many studies have been carried out on the mixture of different size shredded scrap
tire and sand in the field and laboratory. In general it is found that the mixture of larger size
rubber and sand is prone to segregation and the mixture of smaller size rubber and sand shows
lower shear strength. Further, an alternative material needs to be studied for the potential use of
rubber considering the scarcity of sand and natural resource depletion. In addition, the alternative
material for sand should possess the tendency to increase the shear strength of mixtures with the

smaller size rubber.

Fly ash is a by-product from the thermal power plant which is being utilized in many
applications including embankments and retaining wall backfills. It possesses specific surface
area higher than that of sand which is desirable to increase the shear strength of the smaller size
rubber. The interaction between rubber and fly ash would be more than that of sand and fly ash.
Also, usage of fly ash with shredded scrap rubber is a sustainable solution to reduce the bulk

amount of stockpiling of both scrap tire and fly ash.

The mixtures of shredded scrap tire and sand or fly ash are cohesionless in nature which is
prone to liquefaction. The liquefaction resistance not only depends on the development of pore
pressure but also depends on the axial strain. In general, the stiffness of the mixtures decreases
with increase in the rubber content since the stiffness of rubber is lower than that of sand.
Therefore, the liquefaction potential of these mixtures needs to be evaluated considering pore
pressure criterion and axial strain criterion for the safer design of the structures associated with

these mixtures.



1.5 OBJECTIVES AND SCOPE OF THE PRESENT STUDY

The main objective of the present study is to find an alternative material for sand to mix with
small size rubber (particulate rubber). The alternative material should improve the shear strength

of the rubber and also possess adequate liquefaction resistance.

The specific objectives of the present study are given below:

v' To assess the suitable methods to estimate the maximum density of particulate rubber-

sand mixtures and particulate rubber-fly ash mixtures.

v To determine the shear strength and interface shear strength of the particulate rubber-sand

mixtures and particulate rubber-fly ash mixtures.

v" To determine the liquefaction resistance and post-liquefaction behaviour of particulate

rubber-sand mixtures and particulate rubber-fly ash mixtures.

v" To develop a semi-empirical constitutive model for the liquefaction behaviour of the

mixtures.

The scopes for the objectives are as follows:

v’ Carrying out the vibratory table method and compaction methods to assess its suitability

for the the mixtures.

v Carrying out consolidated undrained (CU) triaxial and direct shear tests to evaluate the

shear strength of particulate rubber-sand mixtures and particulate rubber-fly ash mixtures.

v Carrying out CU cyclic triaxial tests to determine the liquefaction resistance and post-
liquefaction behaviour of particulate rubber-sand mixtures and particulate rubber-fly ash

mixtures.



v Formulation of a semi-empirical constitutive model for the liquefaction behaviour of the

mixtures and validating the model using an experimental study in literature.

1.6 ORGANIZATION OF THE THESIS

Chapter 1 gives the brief about the waste tire and the problems associated with it. Further, the
need for utilization of scrap tire in the geotechnical engineering field is discussed. It is followed

by the motivation, objectives, and scope of the present study.

Chapter 2 presents the various literature related to density, shear strength, interface shear
strength, liquefaction resistance and modeling the mixture behaviour. Based on the

comprehensive literature review, the research gaps for the present study are identified.

Chapter 3 discusses characterization of the mixtures. In this the materials used in the present
study and its index properties are presented. Further, it presents the maximum density of the
mixtures determined using three different technique such as vibratory table method, Proctor
compaction method and mini compaction method. In this chapter the suitable method to
determine the density of the mixtures are also presented. Segregation is possible to occur when
two different materials mixed together. Further, it is also evident from the literature that the large
size rubber mixed with sand is prone to segregation. Therefore, the segregation resistance of the

mixtures is examined in this chapter using the vibratory table without placing the surcharge.

Chapter 4 deals with the static and engineering properties of the mixtures. The shear strength of
the particulate rubber-sand mixtures and particulate rubber-fly ash mixtures are examined using
direct shear tests. The test results are substantiated with the micro structural study using scanning
electron microscope. The undrained behaviour of the mixtures using the triaxial tests is reported.
Further, the influence of the partial replacement of sand with fly ash on the shear strength is also
presented in this chapter. The interface behaviour of the mixtures determined using interface

direct shear tests are also presented.

Chapter 5 discusses the liquefaction and post liquefaction behaviour of the mixtures. The multi-

stage cyclic triaxial tests results for the particulate rubber-sand mixtures and particulate rubber



fly ash mixtures are discussed. The pore pressure response, axial strain response and the stress
path of the different mixtures are presented. The liquefaction strength curve of the particulate
rubber-sand mixture and particulate rubber-fly ash mixture considering pore pressure criterion
and axial strain criterion is presented. The post-liquefaction behaviour of the mixtures is also
presented in this chapter. Further, the post-liquefaction modulus of the mixtures is compared
with the static modulus. In addition, a semi-empirical model based on the hyperbolic relation and

Masing’s rule is proposed for the mixtures.

Chapter 6 summarizes the experimental tests conducted in the present study. Further, the
summary of the findings and the major conclusions drawn from the present study are also
discussed. In addition, the limitations, major contributions and the future scope of the present

study are presented at the end of this chapter.



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

Since the early 1990’s the shredded scrap tire mixed with sand has been used in geotechnical
engineering applications. The previous studies were carried out to mainly examine the shear
strength, compressibility, permeability, dynamic soil properties such as shear modulus and
damping ratios. However, limited studies have been reported on the determination of the density
of the mixtures while the most of the previous studies have mainly concentrated on the
engineering properties. Furthermore, the liquefaction resistance of the mixtures, which is crucial
phenomenon majorly occurs in saturated cohesionless materials, are limited in the literature. In
the present chapter, the literature mainly focuses on the density, shear strength, liquefaction

resistance and modeling the mixture behaviour are discussed.

122 STUDIES ON THE CHARACTERIZATION OF RUBBER-SAND MIXTURES

2.2.1 Density

The maximum density of the mixtures is determined widely using vibratory table method. It is
found that the density of the different size of rubber mixed with sand is decreased with increase
in the rubber content (Bali Reddy et al. 2015; Mashiri 2014). Ahmed and Lovell (1993) is
reported that the vibratory table method [ASTM D4253 (ASTM 2016a)] is suitable to determine
the density of the rubber-sand mixtures while Proctor compaction method [ASTM D698 (ASTM
2012a) and ASTM D1557 (ASTM 2012b)] is suitable for the rubber mixed with cohesive soil.
Conversely, Edil and Bosscher (1994) reported that the vibratory table method is not suitable for
rubber-sand mixtures because of the vibration absorbent nature of the rubber. In spite of that
claim by Edil and Bosscher (1994), many researchers have been used the vibratory table method
to determine the maximum density of the mixtures. Others have used different approaches to

represent the density of the mixtures since there is a lack of studies on a suitable method to
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determine the density of the mixtures. The different methods used in the literature to represent

the density and their difficulties are given in Table 2.1.

The influence of water content on the density of the rubber-sand mixture is reported as
difficult to determine. It is observed that the oozing of liquid from the mixtures when it was kept

in the oven temperature greater than 40°C (Hyodo et al. 2007; Kawata et al. 2007; Hong et al.
2015).

T T T T T T 15
== Fly ash
8r gt T E 1 —-—T7C=1%
[ Lo14 ] —eTC=2% %

161 ]l E P %

E '/' ~

Ea | — T ) ~.

2 14 o E ; 13 4§ =—=TC=20%

Z " T 5 = + = ZAV-Fly ssh

2 12f 1l 5 ..

S T =B 3
g 10+ v v . { B . Sy
g I —oO— Sand = k‘*_’/\\x

g 8r —o— Rubber:Sand=30:70 A 11 m

'% —4— Rubber:Sand=40:60

= 6F —<v— Rubber:Sand=50:50

O———0——= | —— Rubber Shredded Tire 10 1
4 L 1L 1 1
0 2 4 6 3 10 2 14 16 0 10 20 30 40
Tator o 0y
Water Content (%) Water content (%)

Figure 2.1: Influence of water content on the density of (a) rubber-sand mixtures (Youwai et al.

2004) (b) rubber-fly ash mixtures (Priyadarshee et al. 2015)

In addition, it is evident from Figure 2.1a that the density of the rubber-sand mixtures does
not show any peak with increase in water content rather it is a flat curve (Youwai et al. 2004;
Uchimura et al. 2007). It shows that the density of the mixtures is independent of the water
content. Further, it is evident from Figure 2.1b that the density of the rubber-fly ash mixture is
also independent of water content when the rubber content is more than 5% by weight

(Priyadarshee et al. 2015)
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Table 2.1: Different methods in the literature to represent the unit weight of the mixtures

Methods in

the literature

Description of the

method

Difficulties in adopting the method

References

Sand matrix

unit weight

Relative
densities
based on the
index density

methods

Wet and dry

tamping

It is the unit weight
of the sand present

in the matrix.

Material density is
described as a
percentage  based
on minimum and

maximum density.

Applying

energy to

equal

the
sample of different
rubber content
mixtures by hand

compaction.

It is not the intrinsic unit weight of the mixtures. In
addition, it is difficult to measure and maintain the

sand matrix unit weight in site execution.

The maximum density is determined using vibratory
table method as per ASTM D4253 (ASTM 2016a).
Because the rubber particle present in the mixture
offers energy absorption, the measured maximum
dry unit weight is not a true maximum dry unit
weight.

Applying same energy to the different mixtures
results in the different degree of compaction or it
gives the degree of compaction in the wid