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ABSTRACT  

 

The use of scrap tire derived materials (STDM) such as tire chips, shreds and powders 

has rapidly been adopted in civil engineering applications, with the objective of 

preserving our ecosystem and reducing construction costs. Considerable research has 

been devoted to explore the behaviour of sand-STDM as a conventional tire derived 

geomaterials in geotechnical applications such as lightweight fills for embankments, 

backfills and liquefaction protection layers for residential houses. However, high 

compressibility and low stiffness of mixture may lead to differential settlements and 

inadequate bearing capacity. This may undermine the serviceability of geo-structures 

built on these materials and increase construction and maintenance costs. Gravel has 

low compressibility, high permeability (same as STDM) and stiffness and can be 

considered as a suitable alternative material for sand in soil-STDM mixture. However, 

so far, no study has been conducted to investigate the physical and mechanical 

behaviour of gravel-STDM mixture as a new tire derived geomaterials. Modelling soil 

behaviour plays a key role in successful numerical simulation of the behaviour of 

geotechnical structures. Existing conventional material models are in capable of 

capturing the stress-strain behaviour of the tire derived geomaterials. Therefore, there 

is a need for developing a new suitable material model that is capable of modelling 

complex behaviour of tire derived geomaterials.  

The purpose of this study is to (1) identify important parameters affecting physical and 

mechanical behaviour of gravel-tire chips mixture (GTCM) using experimental 
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programs, (2) evaluate the effectiveness of GTCM in mitigating the earthquake 

induced liquefaction, (3) develop a constitutive material model for the reinforced soil 

using Artificial Intelligence (AI) .  

In experimental approach, a series of consolidated drained (CD) and consolidated 

undrained triaxial compression tests were conducted on gravel-tire chips mixture to 

evaluate the effect of different parameters such as tire chips size and mixing percentage 

of gravel-tire chips on physical properties, stress-strain, shear strength, and dilatancy 

behaviour of GTCM. In addition, the evolution of dynamic characteristics and 

liquefaction potential were assessed by performing a series of CU cyclic triaxial tests 

on GTCM.  

In numerical approach, an artificial neural network (ANN) model was developed to 

simulate packing density of GTCM. Furthermore, support vector machine (SVM) and 

ANN machine learning techniques were employed to predict dynamic characteristics 

of GTCM using database obtained from experimental analysis. In this thesis, a new 

ANN based constitutive material model was also introduced to capture complex stress-

strain behaviour of GTCM using laboratory test results. The model then is validated 

against independent data base and used to generalize stress strain behaviour of GTCM.  

This dissertation comprises 8 chapters. The contents of each chapter are as follows: 

Chapter 1 describes the research background and motivation. It highlights the 

environmental issues associated with scrap tires disposal. It discusses the existing 

challenges related to utilization of preceding reinforcing techniques such as sand-

STDMs and sheds light on the importance of introducing alternative materials such as 

GTCM. In addition, it discusses drawbacks of existing material models for reinforced 
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soil with STDMs and importance of developing new material model for these mixtures. 

The objective and originality of this research were also presented in the chapter.  

Chapter 2 presents physical and chemical properties of materials used in this research. 

A series of maximum and minimum void ratio tests were conducted and a new 

empirical expression was introduced to determine the void ratio characteristics of 

binary mixture of GTCM in terms of particle size ratio and volumetric fraction of 

gravel (GF). Chemical composition of gravels was also examined using x-ray 

fluorescence spectrometer test. 

Chapter 3 provides past research works on static behaviour of soil-STDMs and 

examines mechanical behaviour of GTCM using consolidated drained and undrained 

triaxial compression tests. The effects of volumetric fraction of gravel, particle size 

ratio of tire chips to gravel, relative density, and confining pressure on stress-strain and 

dilatancy behaviour of GTCM were investigated. A new formula was proposed to 

estimate initial tangent modulus and dilatancy of GTCM. It was found that the 

parameters such as GF, particle size ratio of tire chips to gravel, and confining pressure 

have significant impact on shear strength and dilatancy of GTCM.  

Chapter 4 provides a summary of the past research works related to the dynamic 

behaviour of soil-STDMs mixture and examines the liquefaction resistance and 

dynamic characteristics of GTCM determined by laboratory cyclic triaxial testing. It 

was observed that shear modulus and liquefaction resistance are significantly 

influenced by the confining pressure and volumetric fraction of gravel in mixture.      

Chapter 5 discusses issues associated with the mathematical modelling of void ratio 

characteristics of binary mixture comprises of stiff gravel and soft tire chips particles. 
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CHAPTER 1 
1 INTRODUCTION  

1.1 BACKGROUND  OF THE STUDY  

1.1.1 WASTE TIRE G ENERATION AND ENVIRONMENTAL IMPACTS   

Tires are removed from service and disposed as scrap tires when they are no 

longer suitable for use on the vehicles. Tires are considered as highly durable and non-

degradable materials. Scrap tires in large quantity and volumes may consume a large 

space when they are disposed in open landfills. Furthermore, disposal of the scrap tires 

in landfills may pose serious threat to ecosystems by providing a suitable breading 

habitat for flies and other insidious creatures and increasing the risk of fire. Japan 

currently have strict law and regulation which deal with scrap tires and bans them from 

disposing in landfills. Therefore, recycling of scrap tires considered to be ultimate 

solution to reduce the amount of tires stockpiled in landfills and help save our 

ecosystem. In 2016, 997000 tonnes in weight scrap tires were generated in Japan which 

was 0.3% less than the previous year. Fig. 1.1 shows the status on scrap tires recycling 

in Japan from 2009 to 2016. In 2016, more than 69% of these scrap tires were used as 

a fuel source for energy production in concrete and paper manufacturing companies 

and less than 17% were reused for the production of industrial and engineering 
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applications. However, thermal recycling of scrap tires can increase emission of CO2 

to the atmosphere which can cause global warming. Therefore, reusing of scrap tires 

is considered to be preferred option to prevent environmental issues created by thermal 

recycling. 

 

Figure 1.1 Scrap tires recycling status in Japan from 2009 to 2016 

 

1.1.2 APPLICATION OF SCRAP TIRE IN CIVIL ENGINE ERING  

Scrap tires have unique engineering properties such as: low unit weight, low bulk 

density, high hydraulic conductivity, and high elastic deformability (Humphrey and 

Manion 1992; Ahmed 1993; Edil and Bosscher 1994). Therefore, they can be adopted 

in civil and geotechnical applications as a whole or Scrap Tire Derived Materials 

(STDMs). STDMs are classified into several categories according to their shape and 

sizes.  
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A photograph of different types of STDMs is presented in Fig. 1.2. In general, 

granulated rubbers particle size range between 0.3mm to 10mm and tire chips 10 mm 

to 50 mm and tire shreds 50mm to 305 mm. STDMs are also categorized as three 

dimensional geosynthetic. Because they act in three dimensions when they are used as 

geosynthetics in civil engineering projects (Hazarika et al. 2010b). Examples of 

STDMs use in civil engineering applications are shown in Fig. 1.3 and include: 

retaining wall and bridge abutment backfills (Reid et al. 1998), fills for lightweight 

embankment and caissons (Humphrey and Manion 1992; Masad et al. 1996; Lee et al. 

1999; Garga and O'Shaughnessy 2000; Hazarika et al. 2008), landfill liners (Kaushik 

et al. 2015; Kaushik et al. 2017) and slope stabilization (Poh and Broms 1995). 

However pure STDMs are highly compressible and may undermine long term 

serviceability and performance of heavy geo-structures constructed on this materials 

(Humphrey and Manion 1992; Edil and Bosscher 1994). Therefore, the use of pure 

STDMs are limited to light weight and generally non-structural applications.      

 

 

 

Figure 1.2 Types of STDMs: (a) granular rubbers (b) tire chips (c) tire shreds 

(Hazarika 2012) 

 

(a) (b) (c) 
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Figure 1.3 Application of STDMs in civil and geotechnical engineering: (a) backfill 

for retaining wall (b) slope stabilization (c) lightweight fill for embankment (d) 

Landfill leachate system (CDORR 2018) 

 

In recent years, the use of soil-STDMs mixture has been promoted with the goal 

of reducing undesirable environmental impact of disposing tires, finding solution for 

drawbacks of using pure STDMs and improving physical and mechanical behavior of 

soils. It was reported that using STDMs together with soil can significantly reduce 

compressibility of STDMs. Clay- STDMs mixture as a stabilizer (Cabalar et al. 2014) 

and countermeasure for extreme shrinkage and cracks (Soltani Jigheh et al. 2014); and 

fly ash-STDM as an soil reinforcement are some of the methods that have been studied 

thoroughly so far. Recent research has focused on the use of sand and STDMs mixtures. 

(a) (b) 

(c) (d) 
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backfilled with reinforced materials comprises of sand-tire chips mixture was 

investigated by (Hazarika et al. 2007). They found out that utilization of sand-tire chips 

mixture reduces liquefaction susceptibility of backfill. Furthermore, the incremental 

dynamic earth pressure on soil structure was reduced remarkably. Despite 

aforementioned advantages of utilization of sand-tire chips mixture in civil 

engineering application, this technique suffers from many drawbacks.  

These materials are highly compressible and have a low elastic modulus which 

may cause a high differential settlement, and an inadequate bearing capacity of 

foundation. (Anvari and Shooshpasha 2016) conducted a series of model footing tests 

on reinforced sand with different sizes of granulated rubber. They found the bearing 

capacity of reinforced sand with rubber might be less than of that sand especially when 

rubber inclusion is over 10% in mixture. It has also been reported that using sand as 

host material may decrease permeability of soil-STDM system (Humphrey et al. 1993) 

and undermine stability and serviceability of structures constructed on these materials.  

Moreover, the availability and cost efficiency need to be taken into account when 

a host material is selected for the civil engineering projects. In order to avoid 

segregation of STDM and soil particles with different density, STDMs should be cut 

into smaller pieces when they are mixed with sandy soil. This may increase the 

implementation costs. Therefore, while recycling scrap tires needs to be encouraged 

by providing a ground for utilization of STDMs as environmentally friendly materials 

in civil engineering projects on the one hand, a new technique needs to be developed 

to address drawbacks of existing technique on the other hand.       
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1.1.4 GRAVEL -TIRE CHIPS MIXTURE T ECHNIQUE AS NOVEL GR OUND 

IMPROVEMENT APPROACH   

Ground improvement using Gravel-Tire Chips Mixture (GTCM) as a novel 

approach was introduced with the goal of compensating for the limitations of 

preceding methods (Niiya et al. 2012; Hazarika and Abdullah 2016). Replacing gravel 

with sand increases permeability of reinforced mixture (Kaushik et al. 2015). A series 

of 1g model shaking table tests were conducted by (Chu et al. 2016) to evaluate 

dynamic performance of an inclusion layer made of GTCM which were placed 

horizontally under the foundation of residential house model. They found out that 

when a GTCM reinforced layer with a GF=50% and thickness of 10 cm (2 m in 

prototype) is placed under the foundation of house model, the rise in the excess pore 

water pressure could be remarkably restrained. Moreover, earthquake induced 

settlement of structure was significantly reduced due to the enhanced bearing capacity 

in comparison to that of unreinforced model.  

Numerical analysis on the performance of horizontal reinforcing layer under the 

shallow foundation of residential houses revealed that the settlement of shallow 

foundation was reduced with the width ratio of reinforcement layer to foundation. 

Furthermore, liquefaction susceptibility and liquefaction induced settlements are 

reduced when a reinforced layer of 2m in thickness with gravel fraction of 50% is 

placed under the foundation (Hazarika et al. 2018).   

GTCM might be a promising replacement for STDM and sand-STDM mixtures. 

Prior to apply these materials in civil engineering projects, the mechanical behaviour 

of GTCM should be thoroughly investigated. Until now, the physical and mechanical 



 

8 

 

properties of GTCM are largely unknown.  

1.1.5 M ATERIAL MODELS FOR REINFORCED SOIL WITH STDM S 

In spite of the fact that many studies have been conducted on the behaviour of 

reinforced soil with STDMs, very limited mathematical material models have been 

developed to capture behaviour of reinforced soil. A very first material model for sand-

tire chips mixture was developed by (Lee et al. 1999) using the hyperbolic model of 

(Duncan 1980). All 7 parameters of model were calibrated against experimental data. 

However, the model was not able to capture the residual strength behaviour, plastic 

strain and volumetric strain behaviour of reinforced soil. A hypo-plasticity material 

model , based on the critical state framework was developed for sand-tire chips mixture 

by (Youwai and Bergado 2003). Their model had difficulties in capturing post peak 

shear strength and volumetric strains at higher axial strains. Because most of their 

specimens were experienced critical state even at axial strain level as high as 25%. 

Furthermore, model consisted of 10 parameters that need to determine by fitting 

the experimental data for each mixing ratio under different confining pressures. The 

large number of parameters involved in developing mathematical material model of 

reinforced soil on the one hand and unconventional stress-strain behaviour of 

reinforced soil with STDMs are some of difficulties in developing proper material 

models for these materials. Therefore, the encouraging efforts for developing material 

modelling of reinforced soil with STDMs which can address complex behaviour of 

reinforced soil such as yielding, plastic deformation, softening, volume change is still 

needed.       



 

9 

 

1.2 OBJECTIVES OF STUDY  

The aim of this research is to increase existing knowledge about the behaviour of 

Gravel-Tire Chips Mixture (GTCM) as a novel soil improvement technique and 

promote the use of STDMs in civil engineering projects by thoroughly examining 

physical, static and dynamic behaviour of these mixtures. The main objective of this 

study are as follows: 

1) To evaluate the factors affecting physical characteristics of GTCM 

2) To determine the major factors affecting static behaviour of GTCM and 

evaluate the influence of those factors on the behaviour zones of GTCM 

3) To evaluate the influence of different parameters on dynamic characteristics 

and liquefaction resistance of GTCM   

4) To model packing density of GTCM using artificial intelligence  

5) To predict dynamic properties of GTCM using artificial intelligence 

6) To model stress-strain behaviour of GTCM using artificial intelligence 

 

1.3 ORIGINAL CONTRIBUTION S TO THE KNOWLEDGE   

In the present study, physical, static and dynamic behaviour of gravel-tire chips 

mixture were thoroughly investigated which were largely unknown until now. 

Furthermore, an attempt has been made to introduce a novel artificial intelligence 

based material model as an alternative to conventional mathematical model. Two 

methods were used to achieve the goal: experimental approach and numerical 

approach. Some of the findings of this study which are considered to be original 
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contributions to the knowledge are as follows: 

1- Void ratio characteristics of binary mixture of gravel and tire chips is 

presented considering important parameter affecting physical properties of 

GTCM which was not studied before. Furthermore, a new empirical equation 

was proposed to predict void ratio characteristics of mixture.  (Chapter 2) 

2- The behaviour zones of GTCM was introduced considering different 

influential parameters affecting mechanical behaviour of GTCM. (chapter 3) 

3- A new semi-empirical formula was proposed to predict initial tangent 

modulus and stress-dilatancy relationship of GTCM, considering most 

important factor affecting mechanical behaviour of mixture (chapter 3). 

4- Liquefaction resistance of GTCM were investigated using CU cyclic triaxial 

for the first time. In addition, dynamic properties of GTCM were investigated 

at the medium to the large shear strain levels (Chapter 4). 

5- A new model was proposed to simulate packing density of binary mixture of 

soft and rigid particles using artificial intelligence approach (Chapter 5). 

6- A new model was introduced to predict shear modulus and damping ratio of 

granular mixture with STDM using artificial neural network and support 

vector machine techniques (Chapter 6). 

7- A new material model was introduced to simulate stress-strain and volumetric 

strain behaviour of granular mixture with STDM using artificial neural 

network ( Chapter 7)              
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1.4  THESIS ORGANIZATION       

This dissertation comprises 8 chapters. The contents of each chapter are concisely 

summarized as follows (Fig. 1.4): 

Chapter 1 describes the research background and motivation. It highlights 

environmental issues associated with scrap tires disposal. It discusses existing 

challenges related to utilization of preceding reinforcing techniques such as sand-

STDMs and sheds light on the importance of introducing alternative materials such. In 

addition, it discusses drawbacks of existing material models for reinforced soil with 

STDMs and importance of developing new material model for these mixtures. The 

objective and originality of research were also presented in the chapter.  

Chapter 2 presents physical and chemical properties of materials used in this research. 

A series of maximum and minimum void ratio tests were conducted and a new 

empirical expression was introduced to determine the void ratio characteristics of 

binary mixture of GTCM in terms of particle size ratio and volumetric fraction of 

gravel (GF). Chemical composition of gravels were also examined using x-ray 

fluorescence spectrometer test. 

Chapter 3 provides past research works on static behaviour of soil-STDMs and 

examines mechanical behaviour of GTCM using CD and CU compression triaxial tests. 

The effect of volumetric fraction of gravel, particle size ratio of tire chips to gravel, 

relative density, and effective confining pressure on stress-strain and dilatancy 

behaviour of GTCM was investigated. A new formula was proposed to estimate initial 

tangent modulus and dilatancy of GTCM. It was found that the parameters such as 

volumetric fraction of gravel, particle size ratio of tire chips to gravel, and effective 
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database obtained from CD triaxial tests on GTCM specimens. Comparison between 

ANN based material model prediction and the experimental data revealed the 

exceptional capabilities of the proposed methodology in mapping the very complicated 

behaviour of reinforced soil.           

Chapter 8 concludes the results and achievements of the research and presents 

recommendation for the future studies. 
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 Figure 1.4 Flow chart this thesis
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CHAPTER  2 
2 PHYSICAL PROPERTIES OF GRAVELTIRE CHIPS M IXTURE                                             

2.1 INTRODUCTION  

A comprehensive examination of physical properties of gravel, tire chips and chemical 

composition of materials are required in order to fully understand the mechanical 

behavior of granular mixtures reinforced with Scrap Tire Derived Materials (STDM) 

subjected to static and cyclic loading, This chapter presents different experimental 

investigations and testing methodologies used to examine the physical properties of 

gravel and gravel-tire chips mixtures.  

Geotechnical properties of granular mixtures would influence the stability of civil 

engineering structures built in or on these materials. The mechanical behavior of 

granular materials mixed with tire chips at the micro or macro-scale strongly depends 

on the individual characteristics of soil and tire chips and their interaction within the 

mixture. Therefore, physical and chemical characteristics of gravel and tire chips such 

as grain size distribution, specific gravity, packing density and minerology need to be 

thoroughly examined.  

In this chapter the methods used to prepare specimen for experimental 

investigations are explained in details. In addition, the procedure and equipment 

utilized to conduct each test is given along with the theoretical or empirical expression 
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Figure 2.1 Particle size distribution of gravel materials 

 

 

Figure 2.2 Gravel samples: (a) G1 (b) G2  

(a) 

(b) 





 

22 

 

 

 Figure 2.4 Tire chips samples: (a) TCH1 (b) TCH2 (c) TCH3 

(a) 

(b) 

(c) 
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Table 2.3 Chemical composition of materials G1 and G2 

Oxides G1 G2 

SiO2                    55.7 60.0 

Al2O3                    15.3  16.4 

Fe2O3                   10.3 7.7 

CaO                      9.4 6.4 

MgO                       5.3 3.9 

K2O                       1.9 3.2 

Na2O 0.0 1.0 

TiO2                      1.4 0.8 

MnO                      0.3 0.2 

SO3                       0.3 0.1 

V2O5                    0.1 0.0 

Others  0.2 0.3 

           

As is displayed in Table 2.4, G1 and G2 yield almost same Ruxton weathering 

index (R). However this index was found to be not suitable for rocks that contains 

smectite and vermiculite as weathering by-products. Comparison between the values 

of weathering indices CIA, CIW and PIA of G1 and G2 suggests that G2 is slightly 

weathered than G1.   
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CHAPTER 3 

3 M ECHANICAL BEHAVIOUR OF GRAVEL -TIRE CHIPS MIXTURE U SING 

STATIC TRIAXIAL COMPRESSION TESTS  

3.1 INTRODUCTION  

Recycling the scrap tyres as a waste material of industrial activities are highly 

encouraged recently, because it helps reduction of CO2 emission to atmosphere and 

leads to restoration of our ecosystems. Due to advantageous physical and mechanical 

characteristics of STDM, worldwide use of these materials in civil and geotechnical 

applications such as light weight backfills, drainage, and leachate layers has been 

increasing steadily. Design, construction and maintenance of structures built on these 

materials needs a proper understanding of how different parameters affect the 

mechanical behaviour of STDM and STDM soil mixtures.  

Some studies have already reported the effect of different parameters on 

monotonic behaviour of sand-tire shreds (e.g. Foose et al. 1996; Zornberg et al. 2004; 

Gotteland et al. 2005; Kaushik et al. 2015; Mashiri et al. 2015). However the main 

objective of this chapter is to understand the mechanical behaviour of GTCM that was 

introduced by Hazarika and Abdullah (2016) with the goal of compensating for the 

mechanical limitations of sand-tire chips mixture.   

This chapter presents the results of a series of consolidated drained (CD) and 
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controlling servo- electric loading systems. The schematic view of triaxial apparatus 

and equipment is shown in Fig. 3.1. The triaxial apparatus could conduct test on 

specimens of 38 to 100mm in diameters. 

 

 
Figure 3.1 Schematic view of triaxial apparatus  

3.2.3 SPECIMEN PREPARATION   

The gravel and GTCM specimens tested in the triaxial apparatus are prepared in 

a split mold with an inner diameter of 100.6mm and height of 200mm. The specimens 

are isolated from the cell fluid by a non-porous latex rubber membrane (with the 

Computer control system  

Data Acquisition system  

Triaxial Cell 

Servo-electric loading system 

C.P Transducer E.P Transducer 

Pressure regulators 
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Figure 3.2 Split mold and rubber membrane: (a) Front view (b) upper view 

 

Mixtures of desired relative densities were obtained by measuring weights of 

gravel and tire chips, then they were mixed carefully by hand, placed into the mold 

and compacted into 10 layers. Another filter paper was placed on the top of sample 

and top cap was fixed in place by three bolts. At the next stage, membrane fold over 

around the top cap and sealed in place with rubber bands and O-rings. A small vacuum 

is applied to the drainage lines to create an effective confining pressure on the 

specimen before removing the forming mold. At the next step, the dimension of 

specimen was carefully measured with resolution of 0.1 mm.  

The triaxial cell mounted on the apparatus and filled with water. Before starting 

the saturation process, CO2 was allowed to flow through with a slow rate from bottom 

of specimen and flush out air trapped in specimen. Samples were saturated by allowing 

(a) (b) 
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Figure 3.4 Effect of fraction of gravel on a) Deviatoric stress-axial strain b) 

Volumetric strain-axial strain behaviour of GTCM 

 

For GTCM with 55%<Gf<83%, transitional state where it is very difficult to 

classify whether binary mixture is tire chips dominated or gravel dominated, Samples 

sustained large deformation without exhibiting well-defined peak deviatoric stress. In 

(a) 

(b) 
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addition, this state GTCM shows slightly dilative behavior followed by clear 

contractive behavior. Deviatoric stress and volumetric strain versus axial strain curves 

of TCH 1, TCH 2 and TCH3 samples are plotted in Fig. 3.5a and Fig.3.5b. 

 

 

 

 

 

Figure 3.5 Effect of tire chips particle size on a) Deviatoric stress-axial strain         

b) Volumetric strain-axial strain behavior of GTCM 

(a) 

(b) 
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Figure 3.7 Definition of particle breakage based on the Hardin method (1985). 

 

As can be seen from Fig. 3.8, the results show that G1 had insignificant particle 

breakage in comparison to that of G2 which can be one reason why G1 exhibits high 

peak shear strength and dilative behavior (Lade et al. 1996; Shahnazari and Rezvani 

2013; Liu et al. 2016). 

The effect of confining pressure on deviatoric stress and volumetric strain of pure 

tire chips (TC1) is shown in Fig. 3.9. Pure tire chip samples exhibit nearly linear stress-

strain behaviour for the confining pressures considered in this study.  

In addition, volumetric strain decreases with increased confining pressure and 

furthermore, fully contractive and linear behavior was observed for samples under 

different confining pressure. 
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Figure 3.8 Particle size distribution curves before and after the triaxial test           

(a) G1  (b) G2 

 

Fig. 3.10 and Fig. 3.11 are the plots of deviatoric stress and volumetric strain 

against axial strain for GTCM specimens with GF=88% and GF=55% at relative 

density of Dr=50% and under different confining pressures.  

 (a) 

(b) 
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Figure 3.9 Influence of confining pressure on a) deviatoric stress-axial strain b) 

Volumetric strain-axial strain behaviour of GTCM with Gf=0% (TC1) and Dr=50%. 

 

 

 

 (a) 

 (b) 
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Figure 3.10 Influence of confining pressure on: (a) deviatoric stress-axial strain (b) 

Volumetric strain-axial strain behavior of G1TCH1 mixture at GF=87% and Dr=50%. 

 (a) 

 (b) 
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Figure 3.11 . Influence of confining pressure on: (a) Deviatoric stress-axial strain (b) 

Volumetric strain-axial strain behavior of G1TCH1 mixture at GF=55% and Dr=50%. 

 

 (a) 

 (b) 
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Pressure sensitivity of shear strength and volumetric strain behavior of GTCM 

can be investigated by considering relative movements between gravel and tire chips 

particles. Unlike rigid gravel particles, tire chips particles are highly deformable.  

In GTCM samples, grain movements are a combination of particle slippage, 

rearrangement, crushing and deformation of tire chips particles. At high effective 

confining pressures, dilatancy is considerably suppressed due to the gravel particles 

crushing and deformation of tire chips particles rather than slippage and rearrangement 

of grains, which cause an increasing tendency for compression (see Fig.3.10). 

As is evident, increases in confining pressure resulted in increased shear strength 

and deformation and consequently, an increase of axial strain at failure. GTCM 

specimens with GF=55% experienced contraction, which is followed by marginal 

dilation at higher axial strains. This contractive behavior was elevated by confining 

pressure due to deformation of tire chips particle and reduction of slippage and 

rearrangement of tire chips and gravel particles which decreased the dilatancy of 

GTCM (see Fig.3.11).  

Aforementioned results are consistent with the findings from previous studies on 

mechanical behaviour of sand-tire chips mixtures (ex. (Zornberg et al. 2004; Sheikh et 

al. 2013; Noorzad and Raveshi 2017). 

3.3.1.3 Effect of relative density 

The effect of relative density on deviatoric stress and volumetric strain against 

axial strain of GTCM with GF=100%, GF=55% and GF=0% are shown in Fig. 3.12, 

13 and 14.  
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annually. Considerable amount of those waste tires are used for energy production 

purposes. However this can increase emission of hazardous gases such as CO, CO2 

and SO2 to the atmosphere. Reusing waste tire materials as Scrap Tire Derived 

Materials (STDMs) can reduce CO2 release and help preserving our ecosystem. 

Nowadays, STDMs are being adopted in several civil engineering applications as 

alternative non-dilative geomaterials with growing advance (Lee et al. 1999; Hazarika 

et al. 2010; Kaushik et al. 2015).            

Previous studies on the use of STDM in civil and geotechnical applications have 

shown that sand-STDM can be considered as a promising ground improvement 

method for preventing seismic and liquefaction induced structural damage during 

earthquake (Hazarika et al. 2006; Hazarika et al. 2008; Tsang 2008; Hazarika and 

Abdullah 2016; Otsubo et al. 2016). 

Low hydraulic conductivity of sand and sand-STDM mixtures, high liquefaction 

susceptibility of sand, high particles segregation potential of sand and STDM in binary 

mixture, low bearing capacity of sand-STDM mixture are some of the key issues 

associated with utilization of sand-STDM mixture in geo-structures (Mashiri et al. 

2015; Anvari and Shooshpasha 2016). 

Gravel-Tire Chips Mixture (GTCM) is introduced by (Hazarika and Abdullah 

2016) with the goal of providing solution for drawbacks of existing methods. Previous 

studies have already shown that gravelly soil possess higher permeability in 

comparison to that of sandy soil (e.g. Sherard et al. 1984). In addition, footings 

constructed on gravely soil yields higher bearing in comparison to that of sand (Bowles 

1988).  







 

82 

 

controlling servo-hydraulic loading system. The schematic view of triaxial apparatus 

and equipment is shown in Fig. 4.1. The triaxial apparatus could conduct test on 

specimens of 38 to 100 mm in diameters. 

 

 

Figure 4.1 Schematic view of triaxial apparatus 
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extension region of the stress cycle causes the GTCM to undergo further deformation 

and its mean effective stress moves along failure envelope. Repetition of loading and 

unloading cycles causes a progressive increases in cyclic deformation following rapid 

loss of shear strength due to the accumulation of excess pore water pressure. This 

mechanism of the failure is similar to that of flow failure.    

In the case of GTCM specimens with GF=44% and GF=30%, the cyclic 

deformation increases progressively due to the gradual increase in pore water pressure 

without strain softening. It should be noted that the magnitude of permanent 

deformations depends on the duration of loading and for the samples subjected to the 

cyclic loadings of long duration, cyclic mobility can generate damaging levels of soil 

deformations (Kramer 1996). The medium dense and dense sandy and gravely soils 

show similar liquefaction behavior under cyclic loading. This mechanism of the failure 

is similar to that of cyclic mobility failure which is associated with medium dense to 

dense soil, where, in contrast to previous one, the stability of granular mixture is 

noticeably maintained. 

 

4.3.1.2 Effect of confining pressure 

The effect of confining pressure on the stress paths of GTCM with GF=100% and 

GF=30% at relative density of 50% is shown in Fig. 4.4 and Fig. 4.5 respectively. As 

can be seen from the Fig. 4.4, for a given cyclic stress ratio (CSR=0.35), the reduction 

in the effective confining pressure greatly enhances shear resistance of gravel. In other 

words, gravel exhibits dilative tendency during undrained cyclic shearing when it is 

subjected to low effective confining pressure. This mechanism is similar to that of 


































































































































































































































