
CYCLIC PERFORMANCE OF
RUBBER-SOIL MIXTURES TO ENHANCE

SEISMIC PROTECTION

by

JUAN BERNAL SANCHEZ

A thesis submitted in partial fulfilment of the requirements of

Edinburgh Napier University, for the award of

Doctor of Philosophy

School of Engineering and the Built Environment

Edinburgh Napier University

January 2020



Declaration

I hereby declare that this thesis is my own work and that, to the best of my knowledge
and belief, is my work that I solely carried out at Edinburgh Napier University, except
where due acknowledgement is made, and that neither the thesis nor the original work
contained therein has been submitted to this or any other institution for a degree.

SIGNED: .................................................... DATE: ..........................................

i



Acknowledgements

It would be impossible to thank each and every one of those relatives, friends, colleagues,

acquaintances, teachers, or students who have supported me throughout my life, but

do not worry, that is why I have you all in my mind. This thesis is also yours.

Firstly, I would like to recognise the enormous effort provided by my two supervisors,

Dr. John McDougall and Dr. Daniel Barreto. I feel privileged to have been supervised by

such dedicated and caring human beings. I have learnt so many things in these four

years but, without any doubt, I will always remember being part of your team. Thanks

for not giving up on me.

I would like to acknowledge the help received from my colleagues, Dr. Marina

Miranda, Dr. Aikaterini Marinelli and Dr. Aamir Khokhar, who were always there to

offer guidance and comfort me in the difficult days. I also need to acknowledge the

invaluable assistance offered by Willie Laing, who had the patience to spend weeks

repeating relentlessly each one of tests included in this document.

To Dr. Kenny Leitch, who has been a model and who did not doubt in trusting me

since the moment I moved into E52. I cannot express with words how grateful I feel

to be part of the Graduate Apprenticeship programme with you. I wish I had met you

before then, but I am sure this is just the beginning of a beautiful friendship.

This thesis is specially dedicated to the Bernal Sanchez family, including my parents,

Maria Del Carmen Sanchez Caballero and Jose Maria Bernal Martinez, and to my

ii



ACKNOWLEDGEMENTS

brothers, Jose Maria Bernal Sanchez and David Alcaraz Garcia. You gave me everything

and I am here today is because of you, so the least I can do is make you be parte of all

my success. I hope I make you proud.

I would like to give a special mention to the E21 gang. We spent many years suffering

together so that we could eventually achieve the final and desired goal: becoming

doctors. This is a long and winding road, with its highlights and lowlights, that not many

are capable of imagining. I would also like to take this opportunity to thank Edinburgh

Napier University for placing their trust in me and offering me this PhD.

Last but not least, I have to express all my gratitude to Dr. Clare McTigue, who has

completely changed my life. You are everything I could ask for, so please, never change.

I met you the same day I initiated this adventure and here you are at the end of the same

journey. However, this is not the end of our thesis. Many chapters are still to be written.

Yet with all its difficulties, and if I went back in time,

I would not regret travelling this path again

iii



Abstract

The disposal of scrap tyres has become a major environmental problem around the

world. For its recovery, a geomaterial has been used as part of civil constructions,

commonly known as Rubber-Soil mixture (RSm). The use of RSm has the potential to

be used as geotechnical seismic isolation system and hence provide protection against

earthquakes. However, the static and dynamic behaviour of RSm is not well understood.

Various bulk (macro), particle (micro) properties, and the test conditions affect its

characterisation. Whilst addressing this knowledge gap, the aim of this study was to

understand the response of RSm under cyclic loading and evaluate its effectiveness in

attenuating accelerations when used to retrofit a soil foundation.

An experimental programme was chosen for this research and is divided into three

scales; particle, element and 1g model scales. Plain strain visualisations, oedometer,

and x-ray tomographic tests were performed to elucidate RSm particulate behaviour.

To understand RSm dynamic behaviour, the evolution in stiffness and damping of the

mixture was analysed from small-to-large deformations whilst altering rubber content

and number of cycles. A sweep analysis was also performed via 1g shaking table tests to

evaluate the cyclic performance of a scaled foundation-modified soil with RSm.

The findings in this thesis revealed that the macro behaviour of RSm is highly

influenced by the particle properties, including rubber mass, size, shape, stiffness and its

interaction with sand particles. Tests showed a greater change in void ratio of mixtures

containing shredded rubber compared to crumb rubber. 3D x-ray tomographic images

revealed an increase in contact and a decrease in rubber volume of RSm under loading.
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ABSTRACT

This demonstrated that the high RSm compressibility is the result of both particle

re-arrangement and rubber distortion. At an element scale, liquefaction resistance

increased and mixtures did not liquefy by adding 20% rubber. The addition of rubber

led to a reduction in soil stiffness whilst it increased the mixture resilience against cyclic

loading, ameliorating the cyclic effect on stiffness and damping degradation. Material

damping increased with rubber content at small-to-medium strains, whereas an upper

value was revealed by adding 10% rubber at larger deformations. Test results supported

the basis that energy dissipation in RSm is generated through particle sliding and rubber

deformation, which takes over the dissipation mode after several cycles. Altering a host

soil system by adding vertical discrete zones with RSm showed a lower amplification

ratio and as a result mitigated part of the incident vibrations. The increase in damping

capacity at a model scale was postulated to be the result of combining geometrical and

material damping. The vertical disposition of the soft zone herein proposed could allow

its application to both existing and new infrastructure.
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; Chapter One <

Introduction

1.1 Background

The disposal of scrap tyres has become a major environmental problem in many coun-

tries around the world. The high durability in addition to the strength of the vulcanised

rubber has made the recovery of the material difficult, hence used tyres typically end up

in landfills or stockpiles (ETRMA, 2015). However, a new landfill directive was approved

in 2006 in Europe prohibiting both whole and shredded tyres in landfills which led to

achieve a 96% recovery rate by 2013 (European Communities, 2006).

Preferred routes for used End Life Tyres (ELT) are energy and material recovery. As a

consequence of their high organic component, energy recovery has gained importance

in the past twenty years for heating purposes in cement kilns, commonly known as tyre

derived fuel. There is the risk that it becomes the single solution to deal with ELT due to

being considered the cheapest as well as the quickest processing option.

As for the material recovery, recycled whole scrap tyres have been used as drainage

layer material in solid waste landfills, for constructing roads, admixture in bituminous

concrete, bridge abutments, light rail, and septic systems. A geomaterial has been

alternatively produced since the early 90’s by combining a proportion of rubber particles

with a mineral, typically sandy soil or gravels, commonly known as a Rubber-Soil

mixture (RSm). RSm has been used in lightweight material applications due to its low

unit weight, high shear strength, high hydraulic conductivity and very high resilience.
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However, its implementation in civil engineering applications is relatively new and the

use of such a complex material in permanent long-term constructions is still questioned.

The mechanics of soil have always presented difficulties of observation and inter-

pretation primarily because of their particulate nature. However, whilst conventional

soils are assumed to be incompressible, RSm have the complexity of containing par-

ticulate rubber that are compressible and distort under loading. In addition to this,

the behaviour of RSm is affected by the large range of tyre derived aggregates. Hence,

particle properties such as stiffness, content, shape or size of rubber make understand-

ing the behaviour of RSm a significant challenge. A conceptual framework is therefore

required to understand the role of system variables, bulk, particle (micro) properties

and test conditions, and their influence on the bulk parameters which characterise the

macro-behaviour of the mixture.

Major previous earthquakes have evidenced that soil deposits can be subjected to

larger strain amplitudes with the appearance of prolonged aftershock conditions. Under

large deformations, saturated soils have been shown to undergo a significant stiffness

and damping degradation. RSm have been proposed to modify the ground soil and thus

partially mitigate the seismic hazard. However, most existing research has studied the

cyclic response of RSm at relatively small deformations. Additional experimental testing

is required to assess the evolution in the dynamic behaviour of RSm from small-to-large

strain amplitudes and elucidate its effect on the soil response under cyclic loading.

1.2 Scope of this thesis

Earthquakes are one of the deadliest natural disasters, accounting for just 7.5 % of

such events between 1994 and 2013 but causing 37 % of deaths. As with other natural

disasters, it is not the countries that suffer the most earthquakes that see the biggest

losses. Instead, the number of people who die in an earthquake is inversely related to

the wealth of the country (Guha-Sapir et al., 2016). More generally, low quality buildings

and inadequate town planning are held to be the two main reasons why seismic events

are more destructive in developing countries. A problem with conventional solutions
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such as base isolation systems is their high cost as well as the inability to be retrofitted

in existing infrastructure.

Geotechnical seismic isolations systems (GIS) have shown to successfully mitigate

part of the horizontal and vertical accelerations at the surface level by introducing

sliding systems or wave barriers. The literature highlights, however, that two major

issues still need to be addressed when using this approach; a limiting maximum vertical

load due to the excessive static settlement, and the preclusion of the system from

existing buildings, which currently occurs with typical structural base isolation systems.

This work seeks to investigate the viability of a low-cost, easy deployment GIS

capable of mitigating the seismic vibrations and thus protect both new and existing

structures from collapsing during an earthquake. The key aspect of the system herein

investigated relies on the addition of particulate rubber, obtained from scrap tyres, to

give the soil a higher level of deformability.

Within the theme of this investigation, one objective is to explore the feasibility of

using retrofitted vertical soft zones consisting of rubber-sand mixtures that introduced

in the ground might alter the cyclic response of the foundation and the superstructure.

Introducing rubber-soil mixtures offers the opportunity to control natural ground

frequencies in such a way that offset the vibrations so that the resonance phenomenon

does not occur. To prove its effectiveness, the modified soil needs to be tested using

scaled models where particle, element and field scale aspects need to be considered.

1.3 Aim, objectives and research questions

The aim of this research is to understand the response of RSm under cyclic loading,

identifying those factors that influence its dynamic behaviour, and evaluate its effect-

iveness in improving the structural response when used to retrofit the soil. This will be

achieved through the completion of the following objectives:

i) Define the mechanics of RSm to establish the relationship between bulk parame-

ters with its micro and macro-structure.
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ii) Characterise the compressibility of RSm whilst assessing the effect of rubber

particle shape.

iii) Study the evolution of the bulk parameters that define the dynamic behaviour of

RSm whilst assessing the effect of particle properties as well as test conditions.

iv) Understand the dynamic response of a lumped mass-foundation system laterally

modified by adding vertical installations of RSm.

v) Elucidate the energy dissipation mechanisms developed in RSm from a particu-

late, to an element and a lab scale level.

The following research questions will facilitate in addressing the aim and objectives

of the study:

1. What is the relationship between the micro and macro-structure of RSm and how

does this correlate to the mechanics of RSm during particle shear and compression?

2. How do the particle properties and test conditions influence the cyclic perform-

ance and energy dissipation mechanisms of rubber-soil mixtures under cyclic loading?

3. Can the introduction of vertical soft zones, comprising of particulate rubber, to

the ground enhance the resistance of soil foundations against cyclic loading?

1.4 Structure of the thesis

Chapter 1 explains the contextual background. It outlines the core issues related to the

research topic and the motivation for undertaking this study. It sets out the aims and

objectives of this research, as well as the research questions to achieve these outcomes.

Chapter 2 introduces a description of the technical information to underpin the

understanding of the following chapters. It includes a review of the concepts to analyse

the response of soils under static and dynamic loading through stress-strain analysis.

Chapter 3 provides a review of the literature. It establishes a conceptual framework

which will set out the main aspects considered in the study of the mechanics of RSm. It

includes the recent developments in the investigation of the response of RSm under

both static (monotonic) and dynamic loading. It explores the interaction between rigid

and deformable soils at a particulate level and its effect on the macrostructure.
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Chapter 4 discusses the particle compression and re-arrangement in RSm under

one-dimensional conditions and plain strain visualisations. It describes the material

properties of Leighton Buzzard sand and particulate rubber tested in this thesis. It covers

the particle scale interaction at a microscopic level using mini-oedometer samples in

x-ray tomographic tests. A conceptual framework is introduced to explain the evolution

in one-dimensional compressive behaviour of RSm. Findings and conclusions from

this chapter have been peer reviewed and published in Fonseca et al. (2019).

Chapter 5 provides the results from undrained consolidated strain controlled cyc-

lic triaxial tests at medium-to-large strain amplitudes. It includes experimental data

obtained from resonant column tests at very small-to-medium strains. It analyses the

stress-strain behaviour and liquefaction potential of RSm varying material properties

and test conditions.

Chapter 6 discusses the feasibility of using retrofitted RSm modified soil for isol-

ating vibrations and analyses the experimental data obtained using the shaking table

apparatus. It includes a brief description of the structural and geotechnical seismic

isolation systems and the potential use of RSm in soil foundations for vibration isolation.

It assess the energy dissipation mechanisms found in a foundation-soil system from

the lab scale perspective. It provides the results on the horizontal acceleration at the

surface level by modifying material properties and test conditions.

Chapter 7 covers the stiffness and damping degradation strain curves which are

studied from very small to large strain amplitudes. It discusses the resilience of shredded

rubber - sand mixtures by analysing the stiffness and damping degradation in relation

to the number of cycles. The energy dissipation mechanisms in RSm are discussed by

comparing the results from a particulate to a 1g scale model level. It characterises the

dynamic behaviour of RSm by adjusting analytical expressions provided in the literature

to the experimental results from this study.

Chapter 8 consists of conclusions, contribution to the knowledge, recommendations

and provides a summary of the main findings. It highlights the limitations of the

research and identifies areas for further research.
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Background information

2.1 Introduction

This chapter presents the engineering and scientific basis on which this thesis is foun-

ded. A conceptual framework is proposed to elucidate the interaction between variable-

parameter-property of soils and its interdependencies. Soils studied in this thesis are

classified in accordance with the phase relationships as established in the field of Soil

Mechanics. The typical response of soils under static (monotonic) and dynamic loading

is examined within the context of oedometer tests, cyclic triaxial and resonant column

tests. Expressions adopted for the evaluation of cyclic behaviour, liquefaction potential

and soil stiffness are reviewed.

Stress wave attenuation is examined through evaluation of the different forms of

damping. This includes viscous and non-linear hysteretic damping, as material damp-

ing, and geometrical damping, accounting for radiation damping and wave scatter-

ing. The evaluation of the energy dissipation and the dynamic response of a scaled

foundation-modified soil system is also discussed. For that, both time and frequency

domain analyses are adopted to study the evolution of sinusoidal harmonic motions

transmitted by means of shaking table testing.
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2.2 Variable-parameter-property scheme

The mechanics of soil have always presented difficulties of observation and interpret-

ation primarily because of the particulate nature of the material and the disturbance

experienced by those particles under loading. In dry soil particles, testing assemblies

are subject to external or boundary stresses while displacements are monitored. In a

saturated soil, the stress state is complicated by the presence of a water phase, the ’seat’

of which is the internal (or pore) structure of the soil. The role of the pore water and its

intrinsic pressure have been well-known since 1930s (Craig and Knappett, 2012).

It is important to understand the role of system variables and material properties by

which soil behaviour can be interpreted. Indeed, such conceptual framework is essential

to the development of soil models. In this thesis, a rubber-soil mixture (RSm) is the

object of study, which introduces an additional complexity to the conceptual framework;

the presence of an amount of rubber particles that are measurably compressible and

distort under the action of loading. Soil particles are, on the other hand, as usual,

assumed to be incompressible.

For this reason, it is essential to understand the conceptual framework within which

the mechanics of RSm and this thesis exist. In other words, to define explicitly the

distinction between i) system variables, ii) test conditions, iii) material (micro) prop-

erties and iv) bulk (macro) properties and their interdependencies. This is important

when considering RSm under static (monotonic) loading regimes and more so under

dynamic (cyclic) loads when additional test and material property conditions, including

frequency and material damping, have to be considered.

The variable-parameter-property scheme presented in Figure 2.1 has been devised

to make clear the context and focus of previous studies on RSm behaviour:

• A variable represents the evolving state of the system and is usually an intensive

quantity, i.e. its dimensions are normalised.

• A parameter defines a relationship between variables; it cannot be measured

directly but needs to be deduced by experiment, e.g. stiffness or strength. Its value may
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change during the test.

• A property describes a characteristic; may be influential in the evolution of system

variables but its value remains fixed during the course of a test. May be measured dir-

ectly from the macro-scale, e.g. mass, volume, density, particle size distribution (PSD).

Or at a particle level: shape (AR ), size ratio (SR ), coefficient of friction, rubber/mineral

stiffness.

Figure 2.1: Framework defining variable-parameter-property scheme
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This variable-parameter-property scheme can then be applied to any conventional soil

in order to elucidate the factors influencing the response of the material under loading.

The bulk parameters, focus of this study, are for instance the shearing resistance and

shear modulus; which define the soil static (monotonic) behaviour, and damping ratio;

that characterises the soil dynamic behaviour. These bulk parameters then represent

the soil behaviour at an element scale level and they vary with both stress (τ) and

volumetric (γ) state variables.

In accordance with Figure 2.1, the bulk parameters can be influenced by the macro-

structure of the soil, characterised by the bulk properties, i.e. volume, mass or density,

and respectively, by the particle properties. The latter would account for the micro-

structure of the soil, considered in this study as the particulate scale level, which in-

cludes properties such as coefficient of friction, fabric and particle stiffness. A review of

the literature on the bulk parameters that characterise the static and dynamic behaviour

of RSm is undertaken in Chapter 3. This includes the study of the bulk (macro) and

particle (micro) properties as well as the test conditions which may have an influence

in the externally defined bulk parameters.

This Chapter provides the scientific basis on which this thesis is found. In Section 2.3,

the phase relationships are described to classify the soils and thus allow the comparison

between different mixtures. The stress-strain analysis, result of the response of soils

under loading, is covered in Section 2.4. It presents the main parameters and equations

used for the study of soil compressibility, via oedometer tests, and dynamic behaviour

of RSm, using cyclic triaxial and resonant column testing. The evaluation of damping in

soils and the expressions adopted for its determination are discussed in Section 2.5.

9



CHAPTER 2. BACKGROUND INFORMATION

2.3 Phase relationships

The classification of sand and RSm has been undertaken based on their mass and

volume, the relation between those properties (specific gravity, soil density and unit

weight), the volumetric state of the samples (void ratio) and the normalisation of this

volumetric state (relative density). A soil consists of solid particles and voids filled with

air and/or other fluids. That is why a soil is commonly classified as a tree-phase material

(Craig, 2013).

Intrinsic properties of material - Mass and volume

The mass of soil (m) is a measure which accounts for the amount of matter of that soil.

Based on the three-phase soil model, the mass of a wet soil is divided into mass of soil

particles (ms) and mass of water (mw ); the air does not posses any mass.

The volume of a soil (V ) corresponds to the amount of space occupied by the soil. The

total volume of soil comprises the volume of soil particles (Vs), volume of water (Vw )

and the volume of air (Va). Hence, the volume of voids (Vv ) consists of combining the

volume of water (Vw ) and the volume of air (Va).

Mass/volume relationship - Density, specific gravity and unit weight

The ratio of the total mass of soil in a given volume determines the soil bulk density (ρ):

ρ = m

V
(2.1)

If only the dry mass of the soil is considered, the relationship between the mass of soil

particles ms and the total volume V is denoted as the dry density of soil ρd :

ρd = ms

V
(2.2)

Minimum dry density of a soil ρdmi n is obtained from the loosest state of packing in

which dry particles can be found in a granular soil. On the other hand, maximum dry

density ρdmax corresponds to the densest state of packing of a granular soil.
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Particle density (ρs) is obtained from the ratio between mass of soil particles (ms) and

volume occupied by those particles (Vs):

ρs = ms

Vs
(2.3)

Specific gravity (Gs) represents the ratio between particle density (ρs) and density of

water (ρw ):

Gs = ρs

ρw
(2.4)

Dry unit weight of a soil (γd ) is obtained from the product of dry density of soil (ρd ) and

gravity (g = 9.81m/s2) as follows:

γd = ρd g (2.5)

Volumetric state - Void ratio (e)

Void ratio e defines a volumetric state of a soil as the ratio of the volume occupied by

voids Vv to the volume of soil particles Vs .

e = Vv

Vs
(2.6)

Void ratio is not an intrinsic soil property but it varies depending on how packed the

particles are within the soil. Void ratio can also be expressed as a function of soil specific

gravity Gs , dry density of soil ρd and density of water (ρw ):

e = Gsρw

ρd
−1 (2.7)

Normalised volumetric state - Relative density (Dr )

The relative density defines the degree of compaction of a soil specimen. This is de-

termined by comparing the current value of the soil void ratio with the minimum and

maximum void ratio as follows:
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Dr (%) = emax −e

emax −emi n
100 (2.8)

Table 2.1 shows the relative density descriptors of soil materials depending on the degree

of packing. It ranges from very loose to very dense in accordance with the classification

created by (Lambe and Whitman, 2010).

Table 2.1: Relative density descriptors (Lambe and Whitman, 2010)

Description Relative density (%)

Very loose 0-15

Loose 15-35

Medium 36-65

Dense 65-85

Very dense 85-100

2.4 Stress and strain analysis

This section reviews the stress and strain analysis of soils under the action of vertical,

cyclic triaxial and torsional resonant loading. Due to the wide range of experimental

testing covered in this investigation, a summary is herein added to set out the main

features of each set of experiments, which will be individually developed:

• Vertical loading (Chapter 4); the one dimensional compressive behaviour is ana-

lysed, via oedometer tests, and discussed by comparing the evolution in vertical strain

versus the vertical stress of RSm. Other stress-strain parameters, including compres-

sion/swelling index, plastic strain or constrained modulus are also covered.

• Triaxial loading (Chapter 5); the stress-strain response of soils under cyclic triaxial

loading is discussed for specimens tested under saturated, undrained conditions. This

analysis is adopted to evaluate the cyclic behaviour and the liquefaction potential of

RSm from medium-to-large shear strain amplitudes.

• Torsional resonant loading (Chapter 5); the dynamic behaviour is studied in the

small-to-medium range by vibrating the top of soil specimens using a resonant shear

column apparatus. The maximum shear strain and shear modulus are also determined,

enabling the creation of stiffness and damping degradation curves (Chapter 7).
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2.4.1 One-dimensional vertical loading

One-dimensional compressive behaviour of RSm specimens is studied in Chapter 4

through the performance of conventional oedometric tests. In this test, the sample

is held in a rigid confining ring which prevents the lateral displacement but allows to

compress or swell vertically in response to vertically applied loading. Main stress and

strain variables for oedometer tests are herein discussed. Vertical stress (σv ) is obtained

from the ratio between applied vertical load (F ) and area of oedeometer plate (A).

σv = F

A
(2.9)

Effective vertical stress (σ ′
v ) is then determined by subtracting pore water pressure u to

the total value of vertical stress (σv ).

σ ′
v =σv −u (2.10)

In this study, oedometer tests were conducted under dry conditions therefore the

effective vertical stress was equal to the vertical stress, i.e. σ ′
v = σv .

Axial strain (εa) is obtained from the relationship between vertical displacement de-

veloped in the soil (δh) and sample initial height (H0):

εa = δh

H0
(2.11)

With the change in height due to the vertical load, the volume of voids (Vv ) decreases

whilst the volume of soil particles (Vs) remains the same. This results in a change in void

ratio (∆e). Due to the variable initial void ratio with rubber content, the compressibility

is evaluated in this study by calculating the normalised change in void ratio, i.e. ∆e/e0.

The plastic strain (εp ) refers to the irrecoverable plastic deformation experienced by a

soil after unloading. εp has been calculated by reporting the maximum value of axial

strain, with respect to the initial height, recorded for every cycle.

The change in one dimensional compression and swelling is evaluated in this study

through the determination of compression (Cc ) and swelling indices (Cs). These two

13
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values describe the slope of the load and unload line, respectively, and it gives an

indication of the rate of compression under applied vertical stress and swelling after

unloading the soil. Cc and Cs can be calculated as follows:

Cc = ∆e1

log
σ ′

v1
σ ′

v0

(2.12)

Cs =− ∆e2

log
σ ′

v2
σ ′

v1

(2.13)

where ∆e1 is the change in the void ratio with the first loading, ∆e2 is the change in void

ratio when unloading soil, σ ′
v0 is the initial vertical stress, σ ′

v1 is the vertical stress after

loading, and σ ′
v2 is the vertical stress after unloading.

One dimensional compression and swelling behaviour is non-linear under the ap-

plication of high vertical stresses. Thus, the change in the apparent stiffness of a soil

in one-dimensional compression is also studied by using the constrained modulus

(M) which depends on stress state, i.e. stress history and load increase. Constrained

modulus is given by:

M = ∆σ
′
v

∆εa
(2.14)

where ∆ σ ′
v is change in effective vertical stress and εa is change in axial strain.

Shear stress - shear strain

The assessment of the shear strength of a particular soil involves the determination of

both shear stress (τ) and shear strain (γ), which cannot be obtained by means of the

oedometer due to not allowing lateral deformation. This study has, however, calculated

shear stress and strain with the change in vertical strain obtained through the oedomet-

ric tests. This was done to enable the comparison in stress-strain behaviour between

mixtures containing different rubber shape, i.e. crumbs or shreds, and rubber in its

bulk state, via unconfined compression tests. Whilst not pretending to be a rigorous

quantitative analysis, this approach was preliminary undertaken to understand the
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hysteretic behaviour of bulk and particulate rubber under cyclic loading. For that, a

series of assumptions have been made:

Due to the type of loading in oedometer tests, i.e. one-dimensional vertical, soils cannot

fail due to shearing as it occurs in triaxial testing. Moreover, only the vertical stress

can be recorded, hence it cannot be distinguished between principal major (σ1) and

principal minor (σ3) stresses. However, this study has assumed that the principal major

effective stress σ ′
1 is equal to the vertical effective stress, which stays as:

σ ′
1 =σv = F

A
(2.15)

To estimate the magnitude of the shear stress and shear strain of soils, an assumption of

the earth pressure at rest (K0) would be required. For that, the value corresponding to the

angle of internal friction (φ), which refers to the angle at which the shear failure occurs,

is needed. However, the angle of internal friction is commonly determined by means of

shear box and triaxial tests. The graphs created in Chapter 4 on shear stress against shear

strain do not intend to show the absolute magnitude of the hysteresis in RSm. Instead,

the nature of the energy dissipation in RSm and a comparison between the effect of

the rubber particle shape are presented. Thus, the shear stress has been determined in

Chapter 4 by assuming a value of internal friction for the different contents as:

τ= σ ′
1

2
si nφ ′ (2.16)

When testing the one-dimensional compression via oedometer tests, only the axial

strain (εa) is recorded. As a result of the lateral constraints in oedometric tests, the

radial strain εr is equal to zero due to not allowing the lateral deformation of the soil,

i.e. εr = 0. The shear strain (γ) is then assumed to be the difference between the axial

and the radial strain. Since εr = 0, the value of the shear strain has been assumed to be

calculated from:

γ= 2

3
(εa −εr ) = 2

3
εa (2.17)
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2.4.2 Triaxial loading

The response of soils under triaxial loading is discussed by presenting the stress-strain

analysis of samples subjected to cyclic triaxial tests. This is then used as the basis to

explain the response of soils under the action of cyclic loading from medium-to-large

strains, using cyclic triaxial equipment. A triaxial test involves testing a soil specimen

with the application of stresses in different axes, one being perpendicular to the vertical

direction. Due to the axial symmetry found in triaxial tests, σ2 = σ3 = σr . Consequently,

from these experiments two principal stresses, axial (vertical), i.e. σ1, and radial (ho-

rizontal), i.e. σ3, have been considered in accordance with the assumption that the

specimen deforms uniformly as a circular cylinder.

Principal major stress (σ1) is obtained from combining the principal minor stress (σ3)

and the applied vertical force (D) divided by the radial area (A):

σ1 = D

A
+σ3 (2.18)

Principal major effective stress (σ ′
1) and principal minor effective stress (σ ′

3) are determ-

ined by subtracting pore water pressure (u) from σ1 and σ3, respectively.

The deviatoric stress invariant (q) recorded due to the triaxial loading causes shearing

within the sample and its magnitude is independent of pore water pressure. Due to the

axial symmetry, i.e. σ2 = σ3, the equation for the deviatoric stress reduces to:

q =σ ′
1 −σ ′

3 =σ1 −σ3 (2.19)

The mean stress invariant (p ′) is the result of combining the three principal stress

components, and it only induces volumetric change, it does not induce shear change

as it occurs with the deviatoric stress. Since σ2 = σ3, p ′ is calculated by obtaining an

average value between principal major effective and principal minor effective stress as:

p ′ = σ ′
1 +2σ ′

3

3
(2.20)
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Consolidated Undrained (CU) conditions

Saturated specimens of RSm were tested under consolidated undrained conditions in

Chapter 5. The specimen drainage is permitted with a specified confining pressure

before the consolidation is complete. Then, the principal stress difference is applied

and drainage is not longer permitted. The pore water pressure measurements are

recorded whilst loading the soil and thus, the strength parameters are determined in

terms of effective stresses. A graph representing typical total and effective stress failure

envelopes, i.e. Mohr circles, is shown in Figure 2.2. Under undrained conditions, total

stress are translated in the stress state representation due to the presence of pore water

pressure, i.e. σ = σ ′ + u, whilst the magnitude of the diameter of both total and effective

Mohr circles is the same. Hence, σ1 - σ3 = σ ′
1 - σ ′

3.

Figure 2.2: Mohr circles for CU triaxial test (Craig and Knappett, 2012)

Based on Figure 2.2, the shear stress (τ) is obtained from the effective internal friction

angle (φ ′), which represents the angle where the effective stress failure envelope lies,

and the effective normal stress as:

τ=σ ′t anφ ′ (2.21)

Under undrained consolidated conditions, the maximum shear stress is obtained from

the diameter of the total or effective Mohr circle. In practice, this is calculated as the

difference between principal stresses, and equal to the deviatoric invariant stress as:
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τmax = (σ ′
1 −σ ′

3)/2 = (σ1 −σ3)/2 = q/2 (2.22)

With regards to Mohr circle of strain, volumetric strain is considered to be zero in

undrained conditions due to not allowing the change in soil volume:

εv = ε1 +ε2 +ε3 = εa +2εr = 0 (2.23)

Radial strain (εr ) is the result of the change in the volumetric strain and the axial strain:

εr =
−δv

V0
+ δh

H0

2
(2.24)

where δv is the change in volume, V0 is the initial soil volume, and δh
H0

is the axial strain.

In undrained case, the change in volumetric strain is zero and the radial strain remains

as equal to half the value of the axial strain:

εr =−1

2
εa (2.25)

The application of deviatoric stress (q) to the specimen induces strain in the soil which

is known as triaxial shear strain (εq ). Given that the test is conducted under undrained

conditions, i.e. no volume change, the deviatoric shear strain stays as:

εq = 2

3
(εa −εr ) = εa (2.26)

This is useful to determine the value of shear modulus, given that the ratio between

the deviatoric stress and the deviatoric shear strain describes a slope equal to three

times the shear modulus of a soil. Instead, the shear modulus can be directly obtained

from the slope between the shear modulus (τ) and shear strain (γ). Under undrained

conditions, εq = γ = εa . The relationships to determine the soil shear modulus are:

3G = q

εq
(2.27)

G = τ

γ
(2.28)
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Cyclic behaviour

The response of soils under the action of cyclic triaxial loading results in a series of

hysteretic loops which represent the cyclic stress-strain behaviour. The dynamic be-

haviour of RSm has been studied in the medium-to-large strain range, i.e. 0.05-1%, by

determining the change in deviatoric stress (q) or shear stress (τ) versus shear strain (γ)

when subjecting the specimen to cycling regimes. Stress-strain analysis of every speci-

men has been calculated and plotted as observed in Figure 2.3. The ratio stress/strain

represents the soil stiffness or, in other words, the resistance of the soil to deform under

shear forces increases as the slope of the ratio increases. As observed in Figure 2.3, the

evolution in the soil stiffness is non-linear and this is expected to vary with the level of

deformation and the properties of the soil tested.

Figure 2.3: Evaluation of cyclic behaviour from hysteresis loop

Another form to analyse the cyclic behaviour of a soil is via stress paths. As observed in

Figure 2.4, these lines describe the evolution in deviatoric stress (q), i.e. induces shear,

against the effective mean stress (p ′), i.e. induces volume change. As deviatoric stress is

independent of u, any excess in pore water pressure may induce a change in the mean

stress. The stress path represents the successive states of stress, and it is considered to

be an easier representation than Mohr circles under cyclic loading. In this study, the

effective mean stress is calculated, hence the effective stress path is described.
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Figure 2.4: Effective stress path of a soil under cyclic loading

Liquefaction potential

Liquefaction potential of soils is evaluated by measuring the change in the pore water

pressure (∆u), as pore pressure ratio (ru), with number of cycles (N ). A soil specimen

liquefies when the value of pore pressure ratio is equal to 1. This occurs when there is

an increase in the value of the change in pore water pressure and the effective confining

pressure drops to 0. Pore pressure ratio is defined as:

ru = ∆u

σ ′
3

(2.29)

Where, ∆u = change in pore water pressure, σ ′
3 = principal minor effective stress

Change in pore water pressure (∆u) is obtained from recorded pore water pressure

during the cyclic triaxial test and it is defined as:

∆u = ui −u0 (2.30)

Due to the fluctuation in ∆u, liquefaction potential of RSm is evaluated by taking the

average value of 1000 data points, i.e. one value per second or per loading cycle. The

cyclic effect on RSm liquefaction potential is studied in Chapter 5 by applying a constant

amplitude through strain controlled cycles. The liquefaction potential is then analysed

by plotting the value of pore pressure ratio against number of cycles (N ).
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Shear modulus

Shear modulus (G) describes the soil stiffness or the resistance of a material to deforma-

tion under cyclic loading regimes. It can be defined as initial tangent shear modulus;

also known as Gmax or G0 which represents the maximum soil stiffness, and secant

shear modulus; that indicates the soil stiffness at certain strain amplitude (Figure 2.3).

The latter is adopted to determine shear modulus at deformations in the medium-to-

large strain range. As the hysteretic loops are not always centred, G is calculated for

each hysteretic loop when plotting shear strain (τ) against shear strain (γ) as follows:

G = τmax −τmi n

γmax −γmi n
(2.31)

Where γmax and γmi n are maximum and minimum shear strain and τmax and τmi n are

maximum and minimum shear stress.

2.4.3 Torsional resonant loading

Dynamic behaviour of soils is evaluated at very small-to-medium strains (γ = 0.0001 -

0.05%) by means of resonant column experiments. The principle of this experiment is

to excite one end of a cylindrical confined soil specimen under the action of a torsional

single-degree of freedom oscillation. Once the resonance condition is established, then

measurements are taken to establish the maximum strain amplitudes. Shear modulus

and damping capacity determined at very small strains correspond to the elastic dy-

namic properties of a given soil. Thus, these are commonly denoted as maximum shear

modulus (G0) and minimum damping ratio (ξ0), which are determined for every RSm in

Chapter 5 and used to establish stiffness and damping degradation curves in Chapter 7.

The low level of deformation undergone by the specimen implies different proced-

ures to determine the variation in soil shear modulus with the level of strain amplitude.

To proceed with the determination of shear stiffness and damping, a sinusoidal tor-

sional motion is applied on top of the soil specimen with a constant amplitude, whilst

varying the range of frequencies between 10 Hz and 1 kHz. Then, the soil response is

measured and plotted against the frequency to elucidate the peak deformation of the
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specimen with a given torque force (Figure 2.5). The torque is then increased in order

to calculate the soil stiffness at higher strain amplitudes.

Figure 2.5: Determination of maximum shear strain versus frequency with resonant column
test

Shear modulus is determined from the value of shear wave velocity, measured in the

first-mode of resonant frequency, and soil density. The expressions adopted to calculate

shear strain and shear modulus are described here:

Shear strain

When subjected to resonant torsional tests, shear strain (γ) reached by a soil cylindrical

specimen varies from zero, at the center of the specimen, to maximum deformation, at

the outer edge of the same. Hence, maximum shear strain for a given torque force is

determined as follows:

γmax = rmaxθmax

L
(2.32)

Where, rmax is the maximum radial distance from the soil column axis, θmax is max-

imum angle of rotation from center line and L is specimen length.

Shear modulus

A fixed-free resonant column test is undertaken to determine the maximum shear

modulus of RSm. In this case, the base of the specimen is fixed whilst the drive system is
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idealised to be a lumped mass. A sinusoidal torsional motion is applied on top of the soil

cylinder which induces the propagation of shear waves and the twist of the specimen.

The solution corresponding to the wave equation for the first mode of vibration stays as:

I

I0
= wnL

VS
tan(

wnL

Vs
) (2.33)

Where, I0 = mass of polar moment inertia of the system including the top cap, I =

mass polar moment of inertia of the soil column, wn = is the circular frequency of the

torsional model of vibration, L = specimen length and Vs = shear wave velocity.

If the linear isotropic elasticity is assumed, shear modulus of a soil tested can be calcu-

lated from the shear wave velocity (Vs) and soil density (ρ) as:

G = ρVs
2 (2.34)

According to ASTM D4015 (2015), this equation is broken down into sub-expressions

which depend on a dimensionless modulus factor (Fa):

G = ρ(wL)2Fa (2.35)

Where ρ is density of soil specimen, L is specimen length, w is system resonant circular

frequency and Fa is a dimensionless modulus factor.

The only unknown variables in the expression are w and Fa . w is obtained by finding

the minimum frequency at which the applied torque is 90 degrees out of phase with

respect to rotational displacement. On the other hand, Fa has to be obtained from the

active-end inertia factor (Ta), calculated with Equation 2.36, which is directly related to

the moment of inertia recorded in the soil cylinder (J):

Ta = Ja

J
[1− fa

fr

2

] (2.36)

Where Ja is rotational inertia of active-end platen system, J is specimen rotational

inertia, fa is apparatus resonant frequency and fr is system resonant frequency.

Dimensionless factor (Fa) and, in last instance, shear modulus were determined when

knowing Ta , using the table of equivalences provided by ASTM D4015 (2015).
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2.5 Evaluation of damping

This section reviews the different forms of damping which are of interest for under-

standing the dynamic behaviour of RSm when subjected to cyclic loading regimes.

The scope of this study focuses on the vibration waves generated as a result of the

application of cyclic loading such as the ones generated in seismic events. From the

moment the rupture of a fault occurs and a seismic event is triggered, vibration waves

propagate through the soil until they reach the surface. Within the seismic waves there

are two types, body and surface waves. From the point of view of the seismic structural

design, the body waves are the most important attributed to the damage occasioned

when striking structural elements (Towhata, 2014).

It has been proven that energy and, in turn, stress of body waves can be amplified

or attenuated when they move through the soil deposit until they reach the surface.

When attenuation occurs, the dissipation of energy associated with the transmission of

body waves through the ground soil is attributed to two main causes; (i) mechanical

properties of the soil in which the wave is transmitted and (ii) geometrical characteristics

of the medium (Kramer, 1996). Within the first group, two types of damping or energy

dissipation mechanisms are distinguished: material viscous and non-linear hysteretic

damping. The latter is associated with wave scattering and radiation damping, which

has been denoted as geometrical damping.

2.5.1 Material damping

Linear viscous and hysteretic non-linear damping correspond to the most common

forms of material damping:

Non-linear hysteretic damping

Hysteretic damping is commonly related to the soil non-linear behaviour. This is

defined as the mechanical energy lost due to dry friction and sliding at inter-particle

contacts, which is represented by the area within the stress-strain loop (Fig. 2.6) of
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a viscoelastic material (Ashmawy et al., 1995; Thorby, 2008). Hysteretic damping is

typically calculated from stress-strain loops obtained during cyclic triaxial tests.

Figure 2.6: Evaluation of stored and dissipated energy (Shamy and Denissen, 2012)

A common metric of energy loss is the specific damping capacity (ψ) which represents

the lag between soil response, i.e. displacement or strain, and input, i.e. force or stress,

when subjected to dynamic loading. Loss coefficient (δ) represents the loss/phase angle

by which strain lags stress under loading, in other words, it represents the delay in the

response of the soil with respect to the applied stress. The tangent of the loss coefficient

(δ) coincides with the value of hysteretic damping and it is estimated to be equal to two

times the viscous damping under resonant conditions.

The expression of specific damping capacity was initially expressed by Read and Dean

(1998) in terms of time domain analysis. Thus, ψ is equal to 2π the tangent of the

phase angle. However, for simplicity purposes, ψ is commonly calculated in terms of

work/energy done. This is obtained from the relationship between energy dissipated

during a loading cycle (WD ) and maximum elastic energy stored during that cycle (WS):

ψ= WD

WS
= 2π tanδ (2.37)

Another common way of defining dissipation of energy in a soil material, which includes

energy dissipation capacity expression, is damping ratio ξ. This is defined by Brennan

et al. (2005) as the average damping capacity of a soil per radian during a loading cycle

at medium-to-large strains:
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ξ= ψ

4π
= WD

4πWS
(2.38)

To determine both specific damping capacity ψ and damping ratio ξ, dissipated energy

WD and absorbed energy WS in a loading cycle need to be defined.

Maximum stored energy is also known as the total work done on the material W +

(Figure 2.7a) comprising of energy dissipated by the material in the form of heat and

energy stored in the material (Shamy and Denissen, 2012). It can be determined from

the area under the loading branch of a stress-strain loop when passing from zero to the

maximum stress as seen in Figure 2.7a. However, for simplicity, the maximum elastic

energy stored WD is commonly calculated as the bounded triangular area under the

secant stiffness at the maximum stress-strain amplitude (Fig. 2.6).

During the unloading branch, the released energy W − is identified as work done

by the material. This is calculated as the area under the stress-strain loop during the

unloading sequence when passing from maximum to zero shear stress (Fig. 2.6).

The energy dissipated WD is commonly determined as the area enclosed within

the loading-unloading branch by means of stress-strain behaviour resulting from the

inter-particle friction at a macroscopic level (Thorby, 2008; Verruijt, 2010), as observed

in Figure 2.6. Following the previous assumptions, energy dissipated WD can then be

defined as the difference between the work done on the material (W +) and the work

released or done by the material (W −).

Equation 2.38 has been used to evaluate the hysteretic (non-linear) material damp-

ing of RSm from medium-to-large deformations. For that, the values of maximum

elastic energy stored and energy dissipated have been determined for each one of the

stress-strain loops obtained from the response of the mixtures under cyclic loading.

The evolution in material damping capacity has then been analysed in Chapter 7 from

small-to-large deformations as a function of particle properties and test conditions, in

order to understand the dynamic behaviour of RSm.
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(a) (b)

Figure 2.7: Representation of a) maximum stored energy, and b) energy released under dynamic
loading according to Shamy and Denissen (2012)

Viscous damping

The value corresponding to hysteretic damping developed by a soil is almost negligible

at small strains. This underestimates the overall material damping evaluated experi-

mentally, as established in the literature (Ashmawy et al., 1995). A different material

damping is therefore introduced in linear analysis, or materials that experience a linear

behaviour, which is known as material viscous damping.

Viscous damping is originated in a soil through the vibration of a material which

posses viscosity. Unlike it occurs with the hysteretic damping, the viscous damping is a

velocity and, consequently, frequency proportional damping. Rayleigh damping is the

most common form used to represent viscous damping of a soil given that it is easy to

measure. Thus, Rayleigh damping is dependent on both soil mass and stiffness as well

as loading frequency (Yoshida, 2015).

The usual practice to define material damping of a soil in the range from very small

to medium strains comes by adopting an equivalent material viscous damping, i.e.

ξ. Equivalent viscous damping accounts for the amount of damping that provides

the same bandwidth in the frequency-response curve as it would be experimentally

obtained. Thus, this procedure is commonly known as half-power bandwidth method,

i.e. frequency domain, for calculating damping ratio using a torsional resonant column.
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Viscous damping ratio is calculated considering as if the soil cylinder was equal to

a single degree of freedom and it is subject to a harmonic force applied by the rotor

(Papagiannopoulos and Hatzigeorgiou, 2011). For that, a transfer function X (w) needs

to be calculated, obtained then from the non-dimensional frequency response as:

X (w) = 1

1− ( w
wn

)2 +2ξ( w
wn

)i
(2.39)

Where, wn = is natural frequency of the system, w = is current loading frequency, and

X (w) is amplitude of the transfer function and i =p−1 .

From Equation 2.39, the modulus of the maximum value of the transfer function, i.e. at

resonant frequency (Xr (w)), is calculated as:

|Xr (w)| = 1

2ξ
√

1−ξ2
(2.40)

For small values of ξ, wr
∼= wn , i.e., w

wn
= 1. In other words, when small values of

damping ratio are considered, natural frequency wn and resonant frequency wr can be

considered to have approximately the same value. Thus, it is obtained from Equation

2.39 that the modulus of the transfer function at the natural frequency is |Xn(w)| = 1
2ξ ,

similar the transfer function calculated at resonant frequency (Equation 2.40). However,

even when the value of ξ is very close to zero, the values of |Xn(w)| and |Xr (w)| are not

exactly the same. This is even more evident at greater values of damping ratio, reason

why the alternative method for determining ξ, i.e. free vibration procedure, is only

used at very small strains (Papagiannopoulos and Hatzigeorgiou, 2011). Two frequency

points X1 and X2 are used instead on either side of |Xn(w)| (See Figure 2.8):

|X(w1)| = |X(w2)| = 1p
2
|Xn(w)| = 1p

2
(

1

2ξ
) (2.41)
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Figure 2.8: Half power bandwidth based on (Papagiannopoulos and Hatzigeorgiou, 2011)

The two frequency points are commonly denoted as half-power frequency points and

the bandwith comprised between them is known as half-power bandwith. By substi-

tuting the modulus of the transfer function |Xn(w)| with the final value obtained in

Equation 2.41, the Equation 2.39 becomes:

(
w

wn
)4 −2(1−2ξ2)(

w

wn
)2 + (1−8ξ2) = 0 (2.42)

Solution for Equation 2.42 leads to:

(
w

wn
)2 = 1−2ξ2 ±2ξ

√
1+ξ2 (2.43)

Finally, the value of ξ can be determined by introducing a binomial expansion of√
(1+ξ2) and maintaining the first two terms. This expression is accurate when

ξ5 0.353 and states as:

(
w2 −w1

wn
) ∼= 2ξ (2.44)

Equation 2.44 is used in this study to calculate the viscous (linear) material damping of

RSm from small-to-medium deformations.
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2.5.2 Geometrical damping

Geometrical damping includes those form of stress wave attenuation due to the interac-

tion between incident vibration waves with either the geometry of the area (radiation

damping) or change in properties of the medium (wave scattering):

Radiation damping

Radiation damping accounts for dissipation of energy over a large volume of material.

Although energy conservation states that energy should remain the same over time,

energy released from the fault rupture propagates in all directions and results in a

subsequent reduction of the earthquake waves. This is observed in both body and

surface, i.e. Rayleigh, waves and it can be clearly observed in Figure 2.9, where the cyclic

loading is applied on top of the ground surface.

The geometric attenuation will cause body waves to decay with distance at a rate

1/r within the soil medium. This attenuation is much larger if the body waves travel

along the surface. On the other hand, the Rayleigh waves are attenuated at a lower rate

(1/r 0.5), reason why more surface wave motions are detected in comparison with body

motions (Woods, 1968). If the attenuation of the incident wave energy is considered in

conjunction with the dissipative properties of the material, the amplitude stays as:

A1 = A
r

r1
exp

− w
2Q f Vs

(r1−r )
(2.45)

where Vs is shear wave velocity, w is the input circular angular frequency, Q f is the

quality factor influenced by the damping ratio and r1 - r is the considered distance.
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Figure 2.9: Distribution of elastic waves (Towhata, 2014)

The geometrical damping can be of great importance when the distance between the

fault rupture or the different stratum and soil foundation are large enough, being in

occasions more relevant than soil non-linear damping. Radiation damping is, however,

complex to estimate and it is commonly added to the boundary conditions as additional

dashpots. In other investigations, additional internal damping is added so as to include

the possible geometrical damping (Kramer, 1996). Due to the small size of the scaled

model tested in this investigation, radiation damping has not been accounted to prove

the stress wave attenuation.

Attenuation by wave scattering

Wave scattering refers to the wave reflection and diffraction as a result of the difference

in the mechanical properties of two elastic media. This concept was adopted by previous

studies to design wave screening barriers and thus reduce ground-borne vibrations

(Woods, 1968; Gao et al., 2006; Mahdavisefat et al., 2017) and it has been lately proposed

for seismic protection (Kirtas et al., 2009; Brennan et al., 2019).

It is important to stress that the travel path of body waves through the soil deposit

is not straight but curved as a consequence of soil stratification. This phenomenon

is described in Snell’s law (Figure 2.10), which establishes that when a body wave

reaches an interface with another elastic medium, it will be partially reflected into the
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first medium and partially transmitted into the second medium (Yoshida, 2015). The

relationship between incident θ1 and refracted angle θ2 is:

si n(θ2)

si n(θ1)
= V2

V1
(2.46)

Where V1 = shear wave velocity of stratum 1, and V2 = shear wave velocity of stratum 2.

As observed in Equation2.46, the ratio between the refracted and incident wave depends

directly on the shear wave velocity (V), i.e. soil stiffness, of the two elastic media.

(a) (b)

Figure 2.10: Incident and refraction angle at a soil boundary (Yoshida, 2015)

In accordance with the theory of elastic energy, it is also established that part of the

energy coming from the incident wave is reflected and part of it is refracted. This theory

states that at the interface there is not only a change in the direction of propagation,

but also in the amplitude of the body wave (Lombardi et al., 2014).

Generally speaking, the disposition of the soil deposit is a combination of numerous

layers located at different depths and with variable inclinations. As a consequence, a

complex process of reflecting and refracting waves occurs as these pass through the

material with different approaching angles (Yoshida, 2015). This study considers that the

incident waves travel vertically as they approach the surface based on the assumption

that the ground soil is characterised by a lower stiffness when it is closer to the surface.

This leads to the calculation of shear wave transmission in a one-dimensional problem

in which both reflected and transmitted waves are propagated with the same angle.
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The continuity and compatibility of amplitudes and stresses of an incident shear wave

approaching an interface must satisfy:

Ai + Ar = At ;σi +σr =σt (2.47)

Where Ai , Ar , At is displacement amplitude of incident, reflected and transmitted

waves, and, σi , σr , σt is stress amplitude of incident, reflected and transmitted waves.

To evaluate the effect that the change in soil stiffness between two soil media has on the

stress wave transmission, the dynamic impedance α is commonly calculated and this is

defined as:

α= ρ2V2

ρ1V1
(2.48)

In this case, ρ1 V1 are density and shear wave velocity of the soil medium where the wave

comes from and ρ2 V2 of them medium where it is transmitted. Stress and displacement

amplitudes are directly influenced by the dynamic impedance ratio (Figure 2.11). That

said, dynamic impedance ratio presents a higher value when the shear wave passes

from a soft material into a very hard rock. In this case, the displacement amplitude

corresponding to the transmitted wave is nearly zero, and most of the wave is reflected.

On the other hand, when a body wave goes from a very hard rock to a soft upper

layer, the transmitted amplitude displacement doubles its value (Figure 2.11a). In terms

of stress amplitude, when the dynamic impedance ratio is either very high or very low,

the transmitted stress wave tends to zero, and most of the wave energy is reflected.

This is, for instance, the case of free end boundaries (α = 0), where the totality of the

incident wave energy is reflected (Figure 2.11b). This is the reason why some studies

have proposed the sub-soil intervention by creating open trenches or introducing soft

vertical and horizontal soil layers. Although the stiffening of soil layers might in theory

create the same effect on the stress wave transmission, this has been demonstrated not

to be as feasible as the former option, given that it would imply the inclusion of rather

expensive materials such as glass, steel or iron (Lombardi, 2012).
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(a) (b)

Figure 2.11: Attenuation of a) displacement and b) stress amplitude of shear waves through
medium (Yoshida, 2015)

2.5.3 Energy dissipation at a lab scale

At a particulate and element scale, energy dissipation is measured in soils through the

evaluation of material damping, i.e. viscous and hysteretic damping. When it comes

to understanding the response of a soil foundation-building, however, this does not

provide sufficient information to predict the dynamic response of the entire system. This

is due to the fact that such a complex system consists of combining the energy dissipated

by various materials, characterised with different dynamic properties. Moreover, there

are other factors involved in the stress wave attenuation due to geometrical aspects

including wave scattering or radiation damping, difficult to individually quantify. On

the other hand, seismic motions are accounted to be non-periodic motions which

consist of a broad range of frequencies, making it difficult to evaluate the site response.

Numerical simulations have been typically used to evaluate the dynamic response of

complex soil deposits adopting the ground response analysis. To undertake this analysis

the soil dynamic behaviour needs to be fully understood. Adopting an average stiffness

or damping ratio for an entire soil deposit can then become a challenge in order to

accurately simulate its response under the action of cyclic vibration waves.
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Harmonic sinusoidal motions

One way to experimentally study the dynamic response of a structure is by subjecting it

to a series of forced harmonic motions with a constant amplitude whilst varying the

input frequency (Chopra, 2011). This is the approach followed in Chapter 6 to study the

structural response of a small-scale foundation system subject to cyclic loading using a

scaled shaking table. For that, both time and frequency domain analysis are considered

to assess the correlation between output/input motions.

Time domain analysis is adopted in this study to show the evolution in acceleration

histories with the input frequency. This approach can help elucidate when the steady

state is reached by supported configurations of the foundation-modified soil. The

expressions to calculate peak displacements (u), velocities (u̇) and accelerations (ü) are

obtained in accordance with evolution of a sinusoidal vibratory motion over time:

u(t ) = Asi n(w t ) (2.49)

u̇(t ) = w Acos(w t ) (2.50)

ü(t ) =−w 2 Asi n(w t ) (2.51)

Where, A is the displacement (mm), w is the circular frequency (rad/sec) and t is the

time (sec).

Figure 2.12 represents the evolution in acceleration over time of a single degree of

freedom before reaching the steady state. This provides an example of the sinusoidal

motions recorded with the accelerometer from 1g shaking table tests. Analytical; based

on damped forced vibration expressions, and experimental results; as according to

shaking table experiments, are shown in Figure 2.12 at 4.25 Hz frequency. Figure

2.12 reveals similar trends and amplitude in acceleration histories when comparing

empirical with analytical results. Hence, the small-scaled box tested in this investigation

is assumed to mimic the behaviour of a single-degree of freedom lumped mass system.
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Figure 2.12: Time domain analysis on horizontal accelerations of a single degree of freedom
system

The acceleration response of the output motion has also been compared to the input

motion by determining the phase lag or loss angle between two peaks. As established

by Chopra (2011), the maximum response of a system is reached when the loss angle

between the output and input is around 90 degrees. This approach has been used to

establish when the building-foundation system is under resonance. The phase lag is

calculated as follows:

φ= (t/T )360 (2.52)

Where, φ (deg) is the phase angle, t (sec) is time difference between the input and

output peak and T (sec) is the period of the sinusoidal wave.

Time domain analysis, using log decay methods, rely on the analysis of a unique signal

whilst decreasing strength and, it is postulated (Signes et al., 2017) more difficult to

isolate from other dynamic effects, i.e. boundary reflections. This is not seen as an

optimal approach for unbound granular materials, such as the case of RSm, which

could introduce additional wave reflections and subsequent high frequency noise due

to the change in the soil stiffness with respect to the host soil. This is the reason why

test data has been analysed in the frequency domain to provide a steady dynamic state,

from which to observe and extract peak acceleration amplitudes as the representative

measure of dynamic behaviour.
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Amplification ratio

The key aspect for the estimation of the response of a structural system stems from the

determination of the dynamic properties that characterise its cyclic behaviour. Thus,

natural frequency, dependent on system stiffness, and damping ratio of the building-

foundation have been analysed in this study whilst altering the support conditions.

The maximum response of the studied structure, in terms of acceleration, is com-

pared to the base excitation and this is plotted in a graph in conjunction with the

corresponding value of the studied frequency ratio (Figure 2.13). The result accounts

for the resultant amplification and it is commonly known as amplification ratio or trans-

missibility. The damping capacity reported at a lab scale is then determined adopting

the half power bandwith method as determined in Section 2.5.1. The energy dissipation

mechanisms in RSm are been evaluated in this study at different levels:

• Particle scale (Chapter 4); using x-ray tomographic images, the particle-to-particle in-

teraction within RSm and its effect on the energy dissipation under loading is discussed.

• Element scale (Chapter 5); the material damping of RSm is evaluated from small-to-

large deformations via torsional resonant and cyclic triaxial apparatus.

• 1g scaled model (Chapter 6); a small-scale shaking table is employed to evaluate the

energy dissipation mechanisms at a larger scale, with the inclusion of vertical soft zones.

Figure 2.13: Structural response of a system to harmonic excitations (Chopra, 2011)
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2.6 Summary

A review of the engineering and scientific basis required to aid the understanding of the

thesis has been discussed:

• A variable-parameter-property scheme is introduced to explicitly define the dis-

tinction between system variables, test conditions, material (micro) properties, and

bulk (macro), and thus interpret the behaviour of soils.

• The bulk parameters that characterise the behaviour of soils, interest of this study,

are stress-dependent. A review of the stress-strain analysis of soils subject to the action

of vertical, triaxial and torsional resonant is undertaken.

•The compressibility of soils is evaluated through the performance of one-dimensional

vertical loading tests, using oedometer apparatus. The nature of one dimensional com-

pression is studied through the determination of plastic strain, constrained modulus,

compression and swelling indices.

• Soil response of soils under cyclic triaxial dynamic loading is covered by describing

both stress and strain definitions of saturated specimens under undrained conditions.

The cyclic behaviour is represented in the form of hysteretic loops and stress paths.

• The dynamic behaviour of soils is evaluated in the small-to-medium strain range

by means of torsional resonant column tests. A fixed-free resonant column has been

idealised for the determination of both maximum shear strain and shear modulus.

• Attenuation in transmission of body waves when moving through a soil is attrib-

uted to: (i) mechanical properties and (ii) geometrical characteristics of the medium.

Material damping is represented by non-linear hysteretic and linear viscous damping,

while geometrical damping accounts for both radiation damping and wave scattering.

• Cyclic performance of a small-scale model is examined through the application

of sinusoidal harmonic motions via 1g shaking table tests. The amplification ratio is

adopted to determine the maximum response of the system and thus calculate the

energy dissipation mechanisms at a larger scale.
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Literature review

3.1 Introduction

Since the early 90’s, there has been a growing interest in using recycled tires as geoma-

terial combined with soil in civil engineering applications. This is due to its mechanical

properties including low unit weight, very high resilience and durability, in addition

to its hydraulic conductivity. This chapter reviews the work done on the soil mechan-

ics of RSm under both static (monotonic) and dynamic loading on which the current

understanding of this thesis rests.

Traditional base isolation systems have successfully mitigated earthquake building

damage but their use has been limited to developed regions due to sophisticated design.

Based on the concept of soft zone, RSm have emerged as a potential geotechnical

seismic isolation system to be used as part of the soil foundation. However, the influence

of particle properties and test conditions on the dynamic behaviour of RSm is not well

understood. RSm behaviour is reviewed in this chapter from a micro to a macro scale.

3.2 Mechanics of RSm

In accordance with the variable-parameter-property scheme established in Section 2.2

(Chapter 2), the bulk parameters of soils can be influenced by the macro-structure of the

soil, characterised by their bulk properties, i.e. volume, mass or density, and respectively,

by their particle properties. The latter would account for the micro-structure of the soil,
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considered in this study as the particulate scale level, which includes properties such as

coefficient of friction, fabric and particle stiffness. The complexity of understanding

the response of RSm under loading stems from adding "soft" particulate rubber. This

implies the study of additional particle properties such as rubber mass, size, shape, or

stiffness and its interaction with stiffer sand particles. The binary skeleton of RSm can

then be studied as a combination of rigid-soft particles which interact at a microscopic

level and may influence the macroscopic behaviour depending on aspects such as the

rubber amount or size ratio between sand/rubber (Kim and Santamarina, 2008).

A broad view of how RSm behaves in comparison with a conventional (incompress-

ible) soil points unambiguously to an increase in compressibility (Lee et al., 2007). With

regards to the strength, the picture is less clear: considering only the static case, shear-

ing resistance may increase or decrease due to the addition of rubber depending on

the particle properties including particle size, shape, amount and mean stress (Sheikh

et al., 2012). The existence of such a vast number of factors leads to a scenario where

the evaluation of both static and dynamic behaviour becomes a real challenge. A review

of the influence of bulk (macro) and particle (micro) properties on the compressibility

and shear strength of RSm is discussed in Section 3.3.

The test conditions to consider, i.e. frequency and number of cycles, added to the

non-linearity commonly found in the evaluation of the bulk parameters that charac-

terise the dynamic behaviour of soils complicate their evaluation (Mashiri, 2014). A

review of the studies focused on the degree of influence of particle properties and test

conditions on the dynamic behaviour of RSm is undertaken in Section 3.4.

At a larger scale, some investigations have proposed the use of "soft" zones, con-

sisting of materials with low stiffness and density, which in contact with geological

sediments can attenuate the transmission of body waves through the medium and

thus minimise the earthquake building damage (Nappa, 2014). Section 3.5 reviews the

literature on the used of geotechnical seismic isolation systems, including the use of

RSm, and the influence of macro and micro particle properties on its effectiveness.
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3.3 Response of RSm under static loading

Static behaviour of RSm has been widely studied by introducing recycled scrap tires as

lightweight material in the form of either tyre derived aggregates (TDA), i.e. tire shreds

and rubber chips, or particulate rubber, i.e. granulated/ground rubber and rubber

fibres. Table 3.1 summarises the current knowledge on the material response of RSm

under the action of static (monotonic) loading regimes. Studies are herein reviewed in

accordance with aspects including: apparatus or test conducted, rubber content (RC)

as gravimetric (χ) or volumetric (V ) proportion, type and size of sand (D50s) and rubber

(D50r ), size ratio between deformable and rigid particles (SR = D50r /D50s), mean stress

level (σm), in addition to the main remarks.

Amongst the characteristics that define the static behaviour of RSm, shear strength

has been discussed in greater depth based on the experimental results gathered from

the existing research (Figures 3.1a-3.3b). A review of the change in the vertical strain of

RSm under monotonic loading, i.e. compressibility, has been undertaken. A distinction

has been proposed in this thesis between mixtures containing various rubber shapes as

a means of classifying the studies dedicated to the static behaviour of RSm, as visualised

in Table 3.2 in accordance with ASTM D6270 (2017):

• Tyre derived aggregates are characterised by a basic geometrical shape commonly

observed in a rectangular form. Two types of particles can be found within this group.

Firstly, tyre shreds, which are found in its crudest form by maintaining the metallic parts

and with irregular sizes of between 50 mm and 305 mm. Secondly, rubber chips, which

have a smaller size (12-50 mm) and do not contain metallic elements.

• Scrap tyre-sand mixtures have also been tested in the form of small rounded tyre

crumbs and, alternatively, elongated rubber fibres obtained from the devulcanisation

and shredding after removing the steel belt. Thus, a higher variety in the rubber shape

and size was available to investigate when mixed with soil materials. That said, due to

the addition of smaller rubber particles, the main characteristic of these mixtures is that

they present a lower size compared to TDA.
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CHAPTER 3. LITERATURE REVIEW

3.3.1 Shear strength

A review of the existing research on shear strength of RSm is presented in Table 3.3.

Humphrey et al. (1993) Edil and Bosscher (1994) and Foose et al. (1996) were the first

studies to focus on the material response of RSm when subject to monotonic loading.

The common feature of all these investigations was combining large tire shreds with

small sand particles, i.e. D50R /D50S » 1. These studies evaluated RSm shear strength by

using a large shear box apparatus. Tyre shreds with irregular shape, characterised by an

aspect ratio (AR ) of between 2 and 4, were tested with two different distributions; vertical

and random orientation. Edil and Bosscher (1994) performed a series of shear tests

using 305 mm diameter shear rings by means of displacing the sample horizontally up

to 15 mm. They demonstrated that when the tire shreds are randomly allocated, these

can reinforce to a greater degree than the sand specimens at its densest state. On the

other hand, Foose et al. (1996) studied the evolution in shear strength of RSm by testing

the mixture at three unit weights (14.7, 15.5, 16.8 kN /m3) and increasing the mean

stress level up to 100 kPa. The study highlighted the improvement in shear strength

due to three different factors: addition of up to χ = 30% (Figure 3.1a), application of

higher stress levels and increase in unit weight, i.e. denser state. This improvement was

attributed to the reinforcing effect due to the length of rubber particles and the way of

transmitting loads through the inter-particle contacts.

Zornberg et al. (2004), Ghazavi and Sakhi (2005), and Mashiri et al. (2015b) con-

ducted a series of experiments from oedometer to triaxial tests to evaluate the static

behaviour of rubber chips-sand mixtures. Compared to previous investigations, these

rubber chips had a smaller size than tire shreds, yet their size ratio was greater than 1

when combined with sand particles. Zornberg et al. (2004) is still today considered one

of the most relevant investigations into the static behaviour of RSm. They recognised

that RSm of about χ = 20% may not reach a peak within the allowable strain range of a

typical triaxial rig. In this case, they chose to report shear resistance values at 15% axial

strain. This complicates the comparison of strength parameters obtained from different

test programmes since at high aspect ratio, the RSm continues to mobilise shearing
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resistance at 15% axial strain.

Zornberg et al. (2004) studied volumetric, stress-strain behaviour and evolution in

strength of RSm. Large-scale triaxial tests were performed dry in a 153 mm diameter

by 305 mm height specimen, at four mean stress values ranging between 48.7 kPa and

207 kPa. Rubber chips with nominal widths between 12.7 mm and 25.4 mm and aspect

ratios from 1 to 8 were prepared. Mixtures of up to χ = 100% were sheared, testing the

sample to 20% axial strain. The results showed that the stress-strain and the volumetric

strain behaviour of the mixture are highly influenced by the rubber content. On one

hand, mixtures with χ < 35% exhibited an initial reduction in the volumetric strain,

i.e. contractive behaviour, which resulted in an increase of the specimen volumetric

strain, i.e. dilative behaviour, after 2.5% axial strain. At higher rubber contents χ > 35%,

a fully contractive behaviour was found as a consequence of the gradual reduction in

the specimen volumetric strain. This was argued to be due to the significant capacity

of rubber to deform under shearing loading, more prominent with the application of

higher mean stress values. The mixture appeared to be, however, less dependent on

the relative density of the matrix. In terms of shearing resistance, the friction angle

increased with both the rubber content and the aspect ratio, more evident at contents

around χ = 35% and AR = 4-8. Although these observations were also found at high

stresses, this phenomenon was more pronounced at low confining pressures.

To elucidate the effect of the rubber content on the shear strength of RSm, Figure

3.1 shows the evolution in both the friction angle and the maximum deviator stress.

These graphs depict the experimental results gathered from previous studies, presented

in Table 3.3. In line with other investigations, Rao and Dutta (2006) and Mashiri et al.

(2015a) reported an increase in φ with rubber chips characterised by an AR = 2. For

the cases of Ghazavi and Sakhi (2005) and Attom (2006), large shear box tests were

conducted on 40 mm x 80 mm tyre chips and tire shreds to evaluate the change in

the initial friction angle, resulting in an optimum value in the range χ = 30-50%. As

established by Zornberg et al. (2004), the material properties, including rubber content

and size ratio, may lead to an improvement of the material shear strength. The aspect

ratio arises to be another material property that controls the evolution in soil strength.
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(a) (b)

Figure 3.1: Studies on a) calculation of friction angle and b) maximum deviator stress by adding
tyre derived aggregates

Another group of studies (Masad et al., 1996; Youwai and Bergado, 2003; Sheikh et

al., 2012) evaluated stress-strain and volumetric strain behaviour of RSm comprising

granulated/ground rubber with relatively similar mean particle sizes, i.e. SR = 1.

Youwai and Bergado (2003) was one of the first studies focused on studying the stress-

strain behaviour of tyre crumbs-sand mixtures. Eighteen confined drained triaxial tests

were performed on a standard 100 x 200 mm triaxial cell. Tyre crumbs were characterised

by AR = 1 and D50 = 7 mm. The samples were confined at three different pressures (50

kPa, 100 kPa, and 200 kPa). In line with the results presented by Masad et al. (1996), the

application of higher confining pressures resulted in greater deviator stresses at any

rubber content. A distinction was observed between low rubber, i.e. χ < 20%, and high

rubber contents, i.e. χ > 20%, in relation to the stress-strain behaviour. Whilst sand-like

soils reached the peak deviator stress at relatively small axial strains, rubber-like soils

reached the peak stress at large strains, similar to the behaviour observed in loose sands.

With regards to the volumetric strain behaviour, the sample passed from a fully dilatant

behaviour without rubber to a fully contractive behaviour with only tyre crumbs. Unlike

the improvement in the shear strength observed when adding TDA (Figure 3.1), Youwai

and Bergado (2003) concluded that the shear strength decreases with tyre crumbs.

Sheikh et al. (2012) studied the effect of rubber content, confining pressure and size

ratio on the static behaviour of rubber crumbs combined with sand particles. Triaxial
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tests in dry conditions were conducted on samples prepared at a constant void ratio

(e=0.655) at four different rubber percentages (χ = 10, 20, 30, 40%). The mixtures were

prepared at confining pressures ranging between 17 and 483 kPa. The study confirmed

the reduction in the peak deviator stress when adding greater rubber contents. The

drop in shear strength was, however, minimised when adding bigger rubber crumbs,

leading to a higher size ratio (SR = 7), on the basis that there was a higher number of

contacts between smaller sand particles.

Within the group of studies that investigated particulate rubber, Edincliler et al.

(2010), Fu et al. (2014) and Fu et al. (2017) compared the use of different rubber shape

by introducing tyre crumbs and small elongated rubber fibres. Edincliler et al. (2010)

demonstrated that an increase in the aspect ratio of rubber fibres enhances the shear

strength by addingχ = 20%. Fu et al. (2017) showed how tyre crumbs do not contribute to

the rise in the peak shear strength and only 30% of rubber fibres can lead to higher values,

which was attributed to the reinforcing effect of elongated particles. The development

in shear strength when adding particulate rubber, i.e. crumbs or fibres, has been

represented in Figure 3.2 based on experimental results gathered from existing research.

It can be observed that both friction angle and maximum deviator stress remain nearly

similar or decrease when adding small rubber crumbs. According to Sheikh et al. (2012)

and Fu et al. (2017), this can be minimised when altering rubber size, either by increasing

length, i.e. aspect ratio, or with bigger rubber particles.

(a) (b)

Figure 3.2: Studies on a) calculation of friction angle and b) maximum deviator stress by adding
particulate rubber
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CHAPTER 3. LITERATURE REVIEW

3.3.2 Compressibility

The study of the evolution in the vertical deformation of RSm under monotonic loading

regimes was initially investigated by Humphrey et al. (1993) and Edil and Bosscher

(1994). Compression tests were performed in a 6’ Proctor mold applying vertical pres-

sures of up to 690 kPa. At the highest vertical stress, Edil and Bosscher (1994) showed

a reduction in the initial height of above 35% at high rubber contents (χ > 30%). They

also revealed, through the application of loading-unloading-reloading cycles, that mix-

tures containing TDA experience an important plastic deformation at rubber contents

greater than 10%. They concluded that the high compressible behaviour of tyre chips is

attributed to two different mechanisms; the bending and the re-orientation of rubber

into a more compact state.

Rao and Dutta (2006) studied the change in vertical strain of RSm containing tyre

chips by means of oedometer tests. Tests were conducted in a 15.2 cm x 17.8 cm rigid

mould and the samples were prepared at rubber contents ranging at χ = 0 - 100%,

considering three different types of rubber chips (Type I; 10 mm x 10 mm, Type II;

20 mm x 20 mm, Type III; 20 mm x 10 mm). Twenty-eight compressibility tests were

performed at vertical stresses up to 1300 kPa. The results corresponding to the rubber

type I are depicted in Figure 3.3a. Vertical strain is clearly related to rubber content

where the addition of rubber leads to a more compressible behaviour. This was also

attributed to the higher number of contacts between deformable rubber particles when

increasing the rubber content. Rao and Dutta (2006) also demonstrated that the change

in the vertical strain is less prominent when increasing the aspect ratio of rubber chips.

Various investigations (Lee et al., 2007; Kim and Santamarina, 2008; Lee et al., 2010;

Fu et al., 2017) have also investigated the one-dimensional compression of RSm con-

taining particulate rubber. Figure 3.3b shows the results presented by Lee et al. (2010) to

compare the influence of rubber content and size ratio by testing two configurations SR

= 0.5, 4.8. As occurred with the use of bigger rubber particles, i.e. TDA, rubber amount

has a significant effect on the compressibility during the loading stage. A larger vertical

deformation was also found in specimens containing smaller rubber particles, which
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CHAPTER 3. LITERATURE REVIEW

was suggested to be a result of the greater number of contacts between deformable

(rubber) particles. This was more evident at χ > 20%, as observed with the decay in

strength parameters depicted in Figures 3.2a-3.2b. Interestingly, the effect of the rubber

size on the compressive behaviour of RSm can also be elucidated when comparing the

evolution in the vertical strain of mixtures containing TDA (SR > 20), which goes up to

23% in vertical strain, and particulate rubber (SR = 0.5), with a reduction of up to 40% of

the initial height at similar vertical stress (400 kPa).

(a) (b)

Figure 3.3: Vertical strain versus vertical stress by adding a) tyre chips (Rao and Dutta, 2006)
and b) particulate rubber (Lee et al., 2010)

3.3.3 Micro-mechanics of RSm

The interaction at a particulate scale has been studied between rubber-sand particles at

different sizes and contents and its effect on the packing and skeleton.

Lee et al. (2007) was the first study that tried to explain the macroscale small-to-large

strain deformation behaviour based on the deformation moduli due to particle-level

mechanisms. For that, RSm with granulated rubber particles (D50R = 0.09 mm) and

characterised by a SR = 0.25 were subjected to oedometric tests. The change in vertical

strain was monitored whilst applying loading-unloading cycles with a vertical stress

moving up from 10 kPa to 556 kPa. The results revealed a change in the compressibility

response of the mixture depending on particle properties and test conditions, i.e. rubber

content and stress amplitude. The concepts of sand-like behaviour, characterised for
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CHAPTER 3. LITERATURE REVIEW

presenting higher small-to-large stiffness, and rubber-like behaviour, defined as a

mixture that presents lower shear moduli and deforms more easily under loading, were

established to explain the evolution in the macro-scale parameters of RSm. The study

postulated that load carrying chains were created along the stiff sand skeleton, whilst

the addition of rubber resulted in a reduction of the peak strength. Although the soft

rubber particles played a secondary role in the load carrying, it prevented buckling

effect, otherwise observed in sands.

Kim and Santamarina (2008) used large rubber chips mixed with sand (SR = 10)

to investigate the effect of rubber content and size ratio on small-strain stiffness and

the underlying mechanisms. Oedometric tests were conducted at mean stress values

between 10 kPa and 1111 kPa with bender elements mounted on top of the oedometer

cap and bottom. Sand-like behaviour arose at 0 < χ < 30%, then a gradual transition was

found with additional rubber until χ = 60%, at when rubber dominated. In contrast with

Lee et al. (2007), no transition between sand-like and rubber-like behaviour was found

at higher stresses. This was on the basis that rubber particles were highly deformed

and behaved as a bulk material at this stage. Both shear wave velocity and constrained

modulus increased with the rise in the applied vertical stress as a result of the higher

number of contacts between particles. However, this was more predominant in sand-

like soils, reaching a peak at χ = 10-20%, attributed to the friction between sand-to-sand

particle contacts, more prominent with the deformation of particulate rubber.

Lee et al. (2010) studied the influence of a variable size ratio between rubber and

sand particles (SR = 0.35 - 4.7) on the small and intermediate strain shear modulus by

varying rubber content. Tests were performed dry in a 74 mm diameter, 63 mm high,

oedometer cell with bender elements attached. The results showed that constrained

modulus and small strain shear modulus decrease with the inclusion of rubber or

decrease in sand fraction (sf) at any size ratio (Figure 3.4). This was explained on

the basis that the mixture stiffness is controlled by load chains created along the sand

skeleton. Atχ > 60%, there was a predominant rubber-like behaviour, where the stiffness

was controlled by the rubber skeleton, and the change in size ratio had no influence. At

χ < 60%, load-carrying chains were created between sand particles, as a consequence
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CHAPTER 3. LITERATURE REVIEW

of the significant rubber deformation, and there was an increase in small strain shear

modulus at size ratios higher and lower than unity. This rise in the soil stiffness was,

however, more evident with big rubber particles (SR » 1) (Kim and Santamarina, 2008).

Figure 3.4: Small strain shear modulus with size ratio of RSm (Lee et al., 2010)

Platzer et al. (2018) presented a model to predict the evolution in the vertical com-

pression of RSm. The size distributions of both rigid (Leighton Buzzard and Hostun

RF sands) and deformable particles (granulated rubber) were similar and the rubber

content studied ranged between χ = 0 - 50%. Although the study assumed that both

sand and rubber particles are incompressible, it postulated that volumetric changes in

RSm are a consequence of particle re-arrangement and rubber deformation, hence a

fraction of the porous spaces are filled by the deformed rubber particles under isotropic

loading. The model accurately predicted the evolution in void ratio and maximum

deformed fraction of rubber undergone by RSm specimens. Some limitations were,

however, found at χ = 30% due to not being able to simulate the transitional behaviour

in which both the sand re-arrangement and rubber deformation were underestimated.

Based on these studies, the interaction between rigid and deformable particles defines

the fabric of the binary skeleton, i.e. RSm, and this influences the stiffness of the mixture.

It can be stated that sand-like, rubber-like and transitional behaviour are influenced

by the soil micro-structure, including rubber content, size, shape, size ratio, and test

conditions defined by the stress level.
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Although existing research has tried to explain the interaction between rubber and sand

at a particulate level, these results are based on macroscopic experiments. No previous

studies have assessed the effect of rubber shape on the one-dimensional compression

behaviour of RSm from a qualitative or quantitative point of view. For this reason, a

series of experiments on RSm have been conducted by means of plain strain mod-

els and more accurately with 3D x-ray tomographic experiments on mini-oedometer

specimens and compared with macroscopic experiments through the conduction of

oedometer tests. The results of these are presented and analysed in Chapter 4 in order

to quantitatively evaluate the number of contacts at a particle scale.

3.4 Response of RSm under dynamic loading

The dynamic behaviour of soils is characterised by shear modulus (G) and damping

ratio (ξ). As covered in the property-variable-parameter scheme (Sections 2.2, 3.2), the

bulk parameters may be influenced by bulk properties, particle properties and test

conditions as a function of either stress (τ) and strain (γ) state variables. Compared to

the bulk parameters that define the static (monotonic) behaviour of soils, additional

test conditions need to be considered including frequency or cyclic number.

Dynamic bulk parameters of RSm have been typically represented as a function

of the deformation undergone by the specimen. That said, two main groups can be

found within the existing research; studies focused on small-to-medium deformations

through bender element (BE) tests (Lee et al., 2010), and resonant column (RC) tests

(Anastasiadis et al., 2012a; Senetakis et al., 2012a) and those focused on medium-to-

large strains by means of cyclic triaxial (CT) tests (Nakhaei et al., 2012; Mashiri et al.,

2017; Pistolas et al., 2018).

A review of existing literature on the dynamic behaviour of RSm is presented in

Table 3.4. These studies have been chronologically ordered and classified by a series

of features including: apparatus, rubber content (RC), specimen state, level of state

variable (strain (γ) or stress (τ) controlled), D50s and D50r , SR , relative density (Dr ),

number of cycles (N), and mean stress (σm).
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The stiffness and damping strain curves are typical representations that show the

alteration in the bulk parameters in relation to the deformation experienced by the

specimen. Tracing accurately these curves is important to understand the degradation

of the bulk parameters and thus, characterise the soil non-linear behaviour so that it

can be adopted in numerical simulations. The review undertaken has been split into

two groups: i) medium-to-large strains and ii) small-to-medium strains.

3.4.1 Dynamic properties at medium-to-large strains

The majority of the recorded seismic events are of a magnitude lower than seven

(Kramer, 1996). That said, when an earthquake of this magnitude strikes the ground

surface, this suffers from a deformation which may vary within the small-to-medium

strain range (i.e., γ = 0.0001-0.1%). Major past earthquakes (M > 7) have reflected that

the ground soil may be subjected to larger strain amplitudes (γ > 0.2%) for durations

over ten seconds (Nazari et al., 2014; Towhata, 2014). Moreover, RSm have been proven

to be more susceptible to suffer from greater deformations under the action of similar

seismic events due to adding highly deformable rubber particles in the mixture. It is

consequently important to evaluate the alteration of the dynamic bulk parameters and

study the influence of material aspects and test conditions at these strain amplitudes.

Nakhaei et al. (2012) was the first investigation to determine the bulk parameters of

fully saturated RSm specimens at medium-to-large strains. A river type granular soil

(Ds50 = 4.85 mm) and particulate granulated rubber of smaller size (Ds50 = 2 mm), with

SR < 1, were used for the preparation of the specimens. The samples composed of eight

layers using the undercompaction method whereby a high relative density was reached

(Dr = 91%). Up to χ = 14 % of granulated rubber was added to the soil and samples were

subjected to various confining pressures σm = 50 - 300 kPa. Forty cycles were applied

to the specimens under stress controlled conditions by maintaining a test frequency

of 1 Hz. The experimental results showed that stiffness degradation decreases with

rubber content and confining pressure. This is also observed in Figures 3.5a, 3.6a and

3.7a where the value of γr e f , which expresses the deformation level at which G/G0 =
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0.5, increases representing a more linear soil behaviour. In terms of damping capacity,

the study presented a distinction in the evolution of damping ratio depending on the

stress level. At σm < 100 kPa, damping ratio decreased with rubber content whereas the

opposite trend was observed at σm > 100 kPa.

Ehsani et al. (2015) tested the influence of size ratio on the dynamic behaviour

of saturated RSm from small-to-large amplitudes. Firoozkooh sand (Ds50 = 0.22 mm)

and two types of granulated rubber; fine (Dr 50 < 1 mm) and coarse size (Dr 50 = 4.75

mm), were used with a SR = 2.13, 11.07. Specimens were subjected to forty cycles

under stress controlled conditions by means of a multi-stage procedure until failure

was reached. Mixtures were formed by adding rubber contents at V = 10 - 30% and

consolidated to a unique mean stress value, σm = 300 kPa. The study established that

although a clear reduction in soil stiffness occurs with rubber content, the inclusion

of larger rubber particles (SR ) results in a lower stiffness degradation when compared

to mixtures comprising similar particles’ size. On the other hand, although damping

capacity increased with content at medium strain amplitudes, 10% RSm presented

higher damping capacity values than 30% RSm at large strain amplitudes. The size ratio

did not appear to have a significant effect on damping capacity at large deformations.

Li et al. (2016) conducted a similar investigation but a comparison was undertaken

between mixtures in two configurations: similar rubber-sand particle size with SR <

1. Fujian standard sand (Ds50 = 0.80 mm) and two sizes of granulated rubber (Dr 50

= 0.20, 0.80 mm) were used. Thirty samples were prepared adding rubber up to V =

20% and applying isotropic confinement pressures at σm = 50, 100, and 200 kPa. The

experimental programme was performed via stress-controlled cyclic triaxial tests. In

accordance with the results obtained by Ehsani et al. (2015), damping was not signific-

antly influenced by size ratio at high stresses (σm > 200kPa). The opposite trend was

found at lower confining pressures where damping capacity increased by introducing

smaller rubber particles. Moreover, greater damping was observed in the medium strain

range adding V = 10%.

Pistolas et al. (2018) focused on the determination of soil stiffness and damp-

ing at medium-to-large strains. The samples contained river sand with rounded-to-

59



CHAPTER 3. LITERATURE REVIEW

subrounded particles (Ds50 = 0.40 mm) and granulated rubber of two sizes (Dr 50 =

1.50, 3.40 mm), with a size ratio SR = 3.7 - 8.5. The specimens were fully saturated

and prepared adding up to χ = 60% and applying isotropic pressures at σm = 25 - 200

kPa. Twenty-two specimens were tested under undrained conditions applying strain-

controlled cycles at γ = 0.05% to 2%. In line with previous studies, Pistolas et al. (2018)

confirmed that the rubber-like behaviour appears primarily by increasing rubber con-

tent and reducing D50r /D50s . This led to an increase in γr e f and a more linear behaviour

of both stiffness and damping strain curves. This study established that sand only spe-

cimens present greater damping than RSm at medium strains, whereas introducing

10-20% rubber results in higher damping at large strains (γ = 1%). This was explained

on the basis that the limiting strain reference (γl i m), defined as the strain at which

higher damping ratio arises, increases with the addition of rubber due to interlocking

mechanisms between rigid-deformable particles. As shown in Li et al. (2016), this study

found that size ratio has an effect on RSm damping. Thus, mixtures with a SR < 1 can

have a damping ratio higher than sand only specimens at medium-to-large strains.

However, this phenomenon is more evident in mixtures with χ < 20% and a SR > 1, when

there are more contacts between rigid particles.

A comparison has been undertaken between the studies to compare the damping

ratio at different stress levels and rubber content (Figures 3.5b,3.6b and 3.7b). It can

be observed that despite the results presented by Nakhaei et al. (2012) showing an

increment with the mean stress, in general, damping ratio decreases with confining

pressure (Figure 3.6b). Moreover, at relatively similar stress level (σm = 100 kPa), the

addition of rubber (χ > 10%) results in reduction of damping capacity (Figure 3.7b).

Unlike the review on the static behaviour of RSm, the studies dedicated to the

dynamic behaviour of RSm have mainly focused on specimens consisting of rounded

granular rubber. Kaneko et al. (2013), Mashiri et al. (2016) and Mashiri et al. (2017) with

tyre chips, are the only investigations that have proposed the stiffness and damping

characterisation curves by adding elongated rubber. The curves that characterise RSm

dynamic behaviour have been included in the graphs presented in Figures 3.5, 3.6 and

3.7. Whilst damping degradation curves of RSm shown in these studies fit into the
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existing research (Figures 3.5b-3.6b-3.7b), normalised shear modulus (G/G0) shows a

slightly higher stiffness degradation for the case of RSm containing tyre chips (Mashiri

et al., 2017), as visualised in Figures 3.5a-3.6a-3.7a.

(a) (b)

Figure 3.5: a) Normalised shear modulus and b) damping ratio of rubber soil mixtures atχ= 10%
and σm = 100 kPa

(a) (b)

Figure 3.6: a) Normalised shear modulus and b) damping ratio of rubber soil mixtures atχ= 10%
and σm = 200 kPa
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(a) (b)

Figure 3.7: a) Normalised shear modulus and b) damping ratio of rubber soil mixtures atχ= 30%
and σm = 100 kPa

Test conditions

Amongst the various test conditions which may have an influence on the alteration of

soil non-linear bulk parameters in the medium-to-large strain range, only mean stress

has been described in the previous section. Excitation frequency, number of cycles or

state of the specimen are some other test conditions to consider.

The majority of the specimens tested with cyclic triaxial have been performed at

low-frequencies (1-10 Hz). This is the frequency spectrum at which the fundamental

frequency of seismic motions is typically found. Within this frequency range, however,

the dynamic bulk parameters do not appear to be significantly influenced by excitation

frequency (Towhata, 2014; Kumar et al., 2017). On the other hand, torsional resonant

column increases the testing frequency to trigger resonance in the soil element with

the defined torque and thus, apply a small-to-medium deformation. It is implicit that

the frequency needs to be increased so that the maximum shear strain is applied to the

sample. This test condition is therefore not included as part of the scope of this study.

Based on the literature review, the number of cycles are not commonly considered

for the evaluation of soil stiffness and damping at small-to-medium strains. This is on

the basis that soil elements experience a relatively small deformation when predom-

inately tested in the linear elastic zone. As a consequence, there is a small effect on

62



CHAPTER 3. LITERATURE REVIEW

bulk parameters of conventional soils and RSm when applying multi-cyclic loading.

However, the cyclic effect has a bigger influence as the strain amplitude increases (γ

> 0.1%) given that the soil is subject to greater disturbances. That is why the majority

of the studies found in the existing research evaluate the alteration in stiffness and

damping up to a maximum of 10 loading cycles, either under stress or strain controlled

conditions. This testing procedure is based on the assumption that bulk parameters that

define the dynamic behaviour of soils remain nearly constant at N > 10, as established

in the literature (Kokusho, 1980; Ehsani et al., 2015; Kumar et al., 2017).

This assumption has been widely proven to be valid for soils tested under dry

conditions where the bulk parameters that define the dynamic behaviour remain nearly

constant after ten loading cycles. This is for example the case of Madhusudhan et al.

(2019) who studied the response of RSm under cyclic loading in dry and saturated

conditions. The samples contained river sand (Ds50 = 0.75 mm) and granulated rubber

(Ds50 = 1.25 mm), and various specimens were prepared adding up to χ = 50% at a

relative density of between 65 and 80 %. Cyclic triaxial tests were then conducted on 50

mm by 100 mm samples under drained conditions by means of strain-controlled cycles,

applying up to twenty strain controlled cycles. Shearing strain amplitude increased

with the number of cycles (γ = 0.1 - 2 %) and confining pressure was kept at the same

level, σm = 100 kPa. The results corresponding to the values of G and ξ with N of both

sand and 30 % RSm in dry conditions are shown in Figure 3.8. No significant change on

the two bulk parameters was found due to the number of cycles, which is in line with

results obtained testing mineral soils (Kumar et al., 2017).

Investigations in the literature (Brennan et al., 2005; Okur and Ansal, 2007; Wicht-

mann and Triantafyllidis, 2016) have demonstrated the increase in stiffness and damp-

ing degradation of mineral soils under saturated conditions when subject to several

strain controlled cycles. Amongst the various studies on RSm, only Mashiri et al. (2016)

has discussed the cyclic effect on the dynamic behaviour of sand-tyre chip mixtures

(STCh). Specimens were prepared with poorly graded sand (Ds50 = 0.35 mm) and 6 x

18 mm rectangular shaped tyre chips at a relative density of 50 %. Various samples

were formed adding up to χ = 40 % and they were all consolidated to a unique mean
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stress level, σm = 69 kPa. Cyclic triaxial tests were performed on 100 mm by 200 mm

specimens under undrained conditions by means of strain controlled cycles ranging at

γ = 0.15, 0.23, 0.38 and 0.5 %. Figure 3.8 shows the variation in stiffness and damping of

sand and 30 % STCh with number of cycles. The study established that there is a decay

in the damping of the mixtures but, more importantly, there is a significant reduction in

soil stiffness up to N = 15. This was attributed to the build-up in the pore water pressure

and the loss of inter-particle contacts. As shown in Figure 3.8, there is a discrepancy in

the evolution of RSm dynamic properties in relation to the state of the specimen, i.e.

dry or saturated.

(a) (b)

Figure 3.8: a) Normalised shear modulus, and b) damping ratio, with N of RSm in dry
(Madhusudhan et al., 2019) and saturated (Mashiri et al., 2016) conditions

This study has undertaken a comprehensive experimental testing on the response of

RSm comprising shredded rubber particles under undrained saturated conditions. The

results of G and ξ and its alteration by studying effect of particle properties and test

conditions, including cyclic effect, will be analysed and discussed in Chapters 5 and 7.
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3.4.2 Dynamic properties at small-to-medium strains

The study of the dynamic behaviour of soil materials start by evaluating G and ξ at

minimum disturbance or, in other words, when soils experience a very small deform-

ation, i.e. γ = 0.0001%. At this strain level, dynamic bulk parameters are regarded as

maximum shear modulus, or maximum soil stiffness (G0), and minimum damping ratio,

or capacity to dissipate energy at very small strains (ξ0). These parameters are required

to understand the response of soils under cyclic loading and, more importantly, to

elucidate the evolution in the stiffness and damping strain curves.

Zheng-Yi and Sutter (2000) was the first study that proposed expressions to predict

stiffness and damping degradation curves for RSm at small-to-medium strains, as

depicted in Figures 3.5a-3.5b, by modifying expressions initially postulated by Hardin

(1978). Torsional resonant column tests were performed on dry specimens consisting

of Ottawa sand and tyre shreds with SR = 4-6. Samples were isotropically consolidated

at σm = 69, 207, 345, 483 kPa. The rubber content varied between V = 0 - 100 % and the

initial void ratio at 69 kPa ranged between 0.35 and 0.57, hence, the samples were highly

compacted. The results showed an improvement in damping capacity and a gradual

reduction in soil shear stiffness with rubber content. Increasing confining pressure led

to a development in soil stiffness whilst damping decreased at any rubber percentage,

except for rubber only specimens.

Anastasiadis et al. (2012a) evaluated the evolution in G and ξ as function of shear

strain on samples consisting of gravel-rubber and sand-rubber mixtures in a very

dense state (Dr = 91 - 100%). These mixtures were formed combining seven granular

soils (D50 = 0.27 - 7.80 mm) and four uniform particulate granular rubber (D50 = 0.35

- 3.00 mm). Forty-two torsional resonant column tests were conducted on dry soil-

rubber mixtures adding rubber up to χ = 35% and at mean confining pressures ranging

between 25 and 400 kPa. The study sought to assess the effect of rubber content,

size ratio and confining pressure on dynamic bulk parameters at small-to-medium

strains. Anastasiadis et al. (2012a) established that small-strain damping increases

at any size ratio, lower or higher than unity. However, the greatest improvement is
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shown when the rubber-like behaviour arises; more prominent with i) adding more

rubber, ii) smaller particle (D50r /D50s < 1), and iii) lower confining pressures. In line

with Zheng-Yi and Sutter (2000), the addition of rubber led to a reduction in the overall

shear modulus of RSm from small-to-medium strains. On the other hand, normalised

shear modulus (G/G0) decreased at a lower rate and reference strain (γr e f ) increased, i.e.

lower stiffness degradation, when the rubber-like behaviour arose. Whilst the increase

in confining pressure resulted in greater values of stiffness, this was less evident on

damping, revealing lower damping.

The results presented in Figures 3.9a-3.9b and Figures 3.9c-3.9d show a collection of

various studies dedicated to the study of G0 and ξ0, respectively, including the results

gathered by Anastasiadis et al. (2012a). It is evident that G0 decreases with rubber

content attributed to the capacity of rubber to deform under loading. It can be also

observed that G0 increases with confining pressure at any rubber percentage in the

stress level studied, i.e. σm = 69 - 250 kPa. This increase in stiffness is, however, more

prominent during the appearance of sand-like behaviour. As established in Section 3.3.3,

sand-like behaviour presents stiffer characteristics and it arises at relatively low rubber

contents (χ< 35%), when size ratio is higher than one and at relatively high stress levels.

In line with findings obtained by Kim and Santamarina (2008) and Anastasiadis et al.

(2012a), this occurs as a consequence of the higher number of contacts between sand

particles and because the response is controlled by soil matrix instead of soil-rubber

matrix, otherwise observed at higher rubber contents. Minimum damping ratio also

increases when adding more rubber at any stress level, as depicted in Figures 3.9c-3.9d.

This is on the basis that material damping generated by RSm is the result of combining

friction between sand, and deformation of soft rubber particles under isotropic loading

(Zheng-Yi and Sutter, 2000). By comparing the few studies which have evaluated the

minimum damping via torsional resonant column tests, the increasing trend appears to

be, however, more marked at σm = 100 kPa (Figure 3.9c).
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(a) (b)

(c) (d)

Figure 3.9: Maximum shear modulus and minimum damping ratio at a,c) σm = 100 kPa, and
b,d) σm = 200 kPa

Senetakis et al. (2012a) and Senetakis et al. (2012b) proposed generic normalised shear

modulus and damping ratio curves for dry gravel-rubber and sand-rubber mixtures

using results gathered by Anastasiadis et al. (2012a). Two soils; a fluvial sand (Ds50 = 0.27

- 1.33 mm) and quarry sandy gravel (Ds50 = 2.90 - 7.80 mm), and four uniform granulated

rubber materials (Ds50 = 0.34 - 2.80 mm) were used to form mixtures with a size ratio

ranging between 0.1 and 5. Specimens contained different rubber contents, adding up

to χ = 35%, in fourteen layers with a high relative density. Torsional column tests were

performed in a shearing amplitude going from γ = 0.0002% to γ = 0.3%, on samples

subject to isotropic pressures at σm = 25 - 400 kPa. A series of curves were then fitted to

the experimental data to predict the evolution in the dynamic bulk parameters. The

modified hyperbolic model postulated by Darendeli (2001) was adopted to determine

the change in the soil stiffness. Although the results did not show a clear correlation
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between material aspects or test conditions and the curvature of coefficient (a), refer-

ence strain (γr e f ) was altered by rubber content, size ratio, confining pressure and grain

size distribution. The expressions showed how rubber-like, sand-like behaviour as well

as the transition could be clearly distinguished and correlated to rubber content and

size ratio. Expressions proposed by Senetakis et al. (2012b) to predict the variation in

minimum stiffness and damping for RSm are covered in Chapter 7 of this investigation.

A common trend can be observed in the evolution of shear modulus at various shearing

strain amplitudes, i.e. soil stiffness decreases with rubber content and adding smaller

rubber particles (SR < 1). Moreover, reference strain increases and normalised shear

modulus decreases at a lower rate, which leads to a more linear behaviour and a reduced

rate of stiffness degradation. This phenomenon is accentuated with the application of

higher confining pressures, as visualised in Figures 3.5a, 3.6a and 3.7a.

In terms of damping ratio, the evolution in the value changes in relation to the deforma-

tion undergone by the specimen. From small-to-medium strains, an improvement in

damping was found in the transition from sand-like to rubber-like behaviour, as estab-

lished by Anastasiadis et al. (2012a) and presented in Figures 3.9. The opposite effect was

found when increasing confining pressure, which resulted in lower damping. Although

many studies have evaluated the minimum damping ratio, no previous study has tried

to explain how this dissipation occurs in terms of the interaction between particles at a

microscopic level and its correlation to the bulk parameters. This will be further covered

in Chapter 4, by means of testing RSm specimens using x-ray tomographic tests, and

Chapters 5, through resonant column and cyclic triaxial tests.

3.5 Geotechnical seismic isolation systems

The concept of seismic isolation system was first used in the late 60’s in New Zealand to

enhance the capacity of a structure against seismic motions by increasing its ductility

(Jangid and Datta, 1995). Base isolation is widely recognised as a design approach

whereby a flexible or sliding interface is introduced between a structure and its found-

ation to alleviate potential vibrations coming from an earthquake and thus mitigate
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the earthquake building damage (Xu, 2009; Tsang, 2008). The objective is to decouple

the horizontal motions of the structure from the ground motions by adding structural

elements which enhance the energy dissipation and/or alter the mode of vibration

(Naeim and Kelly, 1999). The most typical base isolators are natural rubber bearings,

high-damping rubber bearings, friction-pendulum systems and resilient-friction sys-

tems. These base isolation systems have been successfully implemented and tested

in bridges, nuclear power plants and residential buildings (Yegian and Kadakal, 2004).

A description with the main references, advantages/disadvantages, as well as images

of most common structural elements employed as isolator systems, including active,

semi-active, passive and hybrid devices, is presented in Table 3.5.

The biggest issue found with the use of base isolation systems is that they are best

implemented in new constructions. This creates the inconvenience of precluding their

installation to those buildings whose capacity cannot be modified or where the integrity

of the building needs to be preserved, e.g. historical buildings (Dolce et al., 2000).

Most of these devices are also sophisticated systems that require advanced technical

knowledge for their design and subsequent installation.

Since the 90’s, different approaches have emerged in civil engineering to handle

the seismic hazard by attenuating the acceleration or displacement before it reaches

the superstructure (Nappa, 2014). These are known as Geotechnical Seismic Isolation

(GIS) systems which seek to modify the soil by means of introducing flexible or sliding

interfaces directly in contact with geological sediments (Tsang, 2009). These have also

been defined by several authors as "soft" zones, which enable the incorporation of

a layer that creates a discontinuity within the soil (Brennan et al., 2019). The main

difference with typical structural base isolation systems stems from the fact that GIS are

physically separated from the superstructure. A comparison of various systems within

GIS is given in Table 3.6 including vibration isolation devices using a) wave barriers, and

b) rubber-soil mixtures.
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3.5.1 Wave barriers

The concept of wave screening accounts for the mitigation of ground-borne vibrations

coming from different sources such as blasts, heavy vehicles, or railway traffic by intro-

ducing wave barriers (Gao et al., 2006; Babu et al., 2011; Mahdavisefat et al., 2017). This

type of vibration isolation system is based on the theory of wave diffraction and can

be either active, when located close to the source, or passive, when installed near the

protected area. The theory behind the use of this mechanism relies on Snell’s law, as

explained in Chapter 2, which establishes that when incident body or surface waves

reach an interface with another medium, part of this wave will be reflected back into

the first medium and part will be transmitted into the second medium. This can be

achieved through the installation of open or in-filled trenches, sheet pile walls or tubular

piles in the soil (Alzawi, 2011; Mahdavisefat et al., 2017).

Woods (1968) and Woods et al. (1974) are two comprehensive studies on vibration

isolation by wave barriers. These studies involved a series of scaled field experiments

performed to evaluate the screening effect of open trenches, adopting both active and

passive designs. Woods (1968) demonstrated that the energy coming from the traffic is

transferred to the ground as surface, i.e. Rayleigh, and body waves. In a homogeneous

half space medium, whilst body waves are attenuated due to the geometrical damping

(1/r), Rayleigh waves are transmitted through the soil surface and thus less influenced

by geometrical damping (1/r 0.5). This is the reason why Rayleigh surface waves become

the primary concern, being 67% of the total energy for foundation isolation problems.

From the results gathered, the experimental investigation showed that the trench width

has little influence on the reduction of the vibration amplitude. On the other hand,

it was demonstrated that a trench depth of between 0.6 and 1.3 times the excitation

wavelength is required to reduce up to 75% of vertical ground vibrations. By comparing

the implementation of different configurations, sheet wall barriers were proven not to

be as effective in wave scattering as open trenches. This is based on Snell’s law, which

states that when an incident wave approaches a free end boundary, i.e. at the surface,

the totality of the wave stress and amplitude are reflected and there is no transmission.
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(a) (b)

Figure 3.10: a) Active and b) passive isolators using wave barriers (Mahdavisefat et al., 2017)

This last conclusion has also been confirmed in the past years by other authors (Bo

et al., 2014; Ulgen and Toygar, 2015) who stated that open trenches provide a better

performance than in-filled designs. However, these wave barriers are impractical due to

the instability of their construction, the safety hazard for people passing over the trench

or the environmental issues related to potential run-off waters. To overcome this issue,

existing research have considered the use of geofoam materials in trenches to attenuate

the magnitude of stress waves propagated based on numerical investigations (Wang

et al., 2009) and experimental tests (Murillo et al., 2009; Alzawi, 2011).

Murillo et al. (2009) used a centrifuge model to address the factors influencing a

geofoam isolation barrier. The geofoam was an expanded polystyrene (EPS) and this was

utilised to construct isolation barriers injected as embedded walls within a container full

of Fontainebleau sand (Ds50 = 0.3 mm). Geometrical aspects including barrier depth,

width and distance from the source of excitation were investigated whilst changing

excitation input frequency between 50 and 2000 Hz. The results showed amplitude

reduction ratios of between 0.2 and 1.8 when changing depth and distance to the source.

Half the wavelength of the excitation frequency was adopted as the minimum distance

between wave barrier and vibratory origin to mitigate incident surface waves.

Mahdavisefat et al. (2017) was the first study that proposed to fill open trenches

with RSm to evaluate its effectiveness in screening incident Rayleigh waves. Nearly

similar particle size distributions were prepared for both sand and rubber particles

with SR = 1. Four different rubber contents were introduced into the barrier. Excitation

frequency varied between 10 and 400 Hz and the electric vibrator was placed at various
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distances ranging between 2.5 and 10 m. To establish a comparison with previous

studies, the results corresponding to barriers containing RSm were compared with

previous no-trench and open-trench configurations. Due to the reflection of waves, the

study showed that there is magnification of vibrations in front of the wave barrier. The

results suggested that adding χ = 30 % can attenuate between 60 and 70% of incoming

surface waves, similar to the values obtained with open trenches. This supported the

idea that alternative materials can have the same impact on wave scattering as open

trenches whilst overcoming issues related to installation and maintenance.

The successful attenuation of surface waves together with the feasibility of their

installation and maintenance has granted the wave barriers to be a commonly preferred

vibration isolation system option. Existing research has proposed over the last decade

to transfer the concept behind this systen and construct soft or stiff barriers for seismic

protection to mitigate body waves transmitted through the soil.

Kirtas et al. (2009) and Kirtas and Pitilakis (2009) studied the seismic performance

of soil isolating configurations by means of centrifuge testing and numerical analysis

on a single degree of freedom structure (Figure 3.11a). Harmonic and earthquake based

excitations were applied to the model whilst varying excitation frequency between

0.6 Hz and 1 Hz as well as amplitude between 0.07 g and 0.37 g. The results revealed

that stiffening the subsoil or introducing stiff diaphragm walls does not reduce the

seismic hazard. Alternatively, the creation of soft zones, by introducing soil materials

which present lower shear modulus than the surrounding soil, resulted in reduction of

the structural response. This was undertaken by introducing deformable diaphragm

walls as vertical walls or a combination of both horizontal and vertical deformable

elements, i.e. soft caisson. The reduction in the horizontal acceleration was also

explained on the basis that the fundamental period of the system was elongated. This

was demonstrated to be more evident in the case of soft caisson whereby the soil-

structure loading and the overall accelerations were significantly reduced at periods

lower than the fundamental of the system. The main limitation addressed in the study

was related to the displacement at base and top of the superstructure, greater than in

the rest of the soil model.
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(a) (b)

Figure 3.11: Geometrical configurations of isolating layers a) Kirtas et al. (2009) b) Nappa (2014)

In line with these investigations, Lombardi (2012) and Nappa (2014) proposed to inject

grouting to modify the physical properties of the soil to be protected from seismic

events. This was possible with super absorbent polymer that would reduce the shear

modulus, creating soil layers characterised by low stiffness. Thus, the dynamic imped-

ance was increased to create a "filtering" zone capable of reflecting the incident waves.

Nappa (2014) and Nappa et al. (2016) studied the effectiveness of soft barriers to reduce

the amplification during seismic events by means of centrifuge testing. The model

container, of dimensions 500 mm x 250 mm x 300 mm, was filled with dry Houston sand

and compacted to a relative density of 85 %. To create the soft zones, latex balloons

were filled up with super absorbent polymer (VS = 20 m/s) and these were introduced

in two different configurations: horizontal and a v-shaped form. Harmonic sinusoidal

motions were applied to the container with fundamental frequency excitation ranging

between 0.375 and 1 Hz and amplitudes varying between 0.025 g and 0.24 g. The results

demonstrated that despite being less practical for its installation, the horizontal barrier

is more effective in attenuating incident waves. The study also showed that the reflec-

tion caused an amplification of the acceleration in front of the barriers, as established

by Mahdavisefat et al. (2017). An important finding was that the system appeared to be

more effective in screening body waves and reducing resultant acceleration in stronger

events, attributed to the beneficial role of yielding shown by non-linear materials.

Flora et al. (2018) proposed the use of a parametric analysis as benchmark to evaluate

soft barriers. In line with the results obtained by Kirtas et al. (2009), this study proposed
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two configurations using absorbent polymer: soft caisson and v-shaped. Stiffness and,

in consequence, dynamic impedance ratio of absorbent polymers, were modified to

assess their influence in transmitted accelerations. The study showed a reduction in

natural frequency of the foundation with softer materials contained within the caisson.

Although the v-shaped configuration was less effective, both systems screened the

incident waves. However, the system appeared to be more effective for "squat" low

storey building, characterised by a higher fundamental frequency, in comparison with

the "slender" buildings, known for having a lower fundamental frequency.

Brennan et al. (2019) investigated the effect on wave transmission of soft caisson

containing dessert jelly by means of centrifuge model testing. A laminar model con-

tainer was employed wherein Houston S28 silica sand was poured and compacted to a

relative density of 80%. A structure was installed on top of the model, with a distributed

mass of 65.6 kg, where horizontal accelerations were recorded. Harmonic sinusoidal

motions with a fundamental period of 1 s were applied to the container. The results

supported evidence from existing research and demonstrated the filtering effect due to

the addition of soft zones. Although the amplitude at the fundamental period remained

constant, the deformable material attenuated acceleration at frequencies higher than

the predominant frequency of the input motion.
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3.5.2 RSm for seismic isolation

Research to date has demonstrated that artificial barriers can be created within the

soil to mitigate potential vibrations either transmitted along the surface, as Rayleigh

waves, or transmitted throughout the medium, as body waves. The literature highlights,

however, that two major issues need to be addressed; (i) the static stability of the

soft material and (ii) the use of a suitable material for which the dynamic response

is understood. Rubber-soil mixtures are considered by some studies as a possible

candidate to be added in the soft zones given that it has a relatively high damping

capacity and low shear modulus. A distinction is herein made between experimental

and numerical investigations:

Experimental studies

A review of the literature on the seismic performance of RSm, via experimental testing,

has been undertaken as presented in Table 3.8.

Hazarika et al. (2006), Hazarika et al. (2008a) and Hazarika et al. (2008b) were the

first investigations focused on the seismic performance of RSm at modelled field scale.

These studies proposed the use of tyre chips as backfill soil at waterfront structures.

The main aim was to reduce the action of horizontal loads during strong motions such

as earthquakes, whilst adopting a cost-effective design by introducing recycled rubber

tyres. Hazarika et al. (2008a) performed large-scale underwater shaking table tests on

a steel container of dimensions 4 m x 1.25 m x 1.5 m which included a bedrock layer,

a layer of dense compacted sand, foundation rubble and a 0.85 m high backfill. Tests

were performed in two configurations; one with only sandy backfill and second with

0.3 m thick layer of tyre chips compacted to a relative density of 46-49 %. A reduction

of between 25 and 75% of the earth pressure was revealed attributed to the rubber

deformability. An important decay in generated pore water pressure was also found,

that in conjunction with the high capacity of rubber to recover the initial shape, resulted

in a decay of the permanent horizontal displacement. Rubber ductility contributed

thus to the stability of the backfill-soil system.
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Kaneko et al. (2013) assessed the seismic response of soil foundations containing

tyre chips - sand mixtures by using the online pseudodynamic response test, which

consists of performing laboratory element tests and seismic response analysis at the

same time. Element experiments were undertaken using a simple shear test apparatus

whilst the soil was represented as a lumped-mass system in which seven soil layers

are interconnected, with a specific mass and stiffness. Specimens were prepared by

adding granulated rubber (Dr 50 = 0.7 mm) and silica sand (Ds50 = 0.4 mm) at rubber

contents ranging between χ = 0 - 100 %. Various configurations were set by changing

the amount of rubber and the depth at which it was introduced, simulated to be 14

m below groundwater level. Effective isolation from wave propagation together with

the mitigation of liquefaction potential were achieved when adding greater rubber

contents. This was the result of combining high hysteretic damping and filtering effect

of long period components obtained with the addition of horizontal soft barriers. The

screening effect was more significant when increasing the thickness of RSm layers and

introducing it at lower depths. In contrast with Hazarika et al. (2008b), the maximum

horizontal displacement increased with rubber, attributed to its low stiffness.

Xiong and Li (2013) studied the acceleration response of a soil-foundation-structure

model containing RSm. A soil container of 0.3 m x 1.4 m x 1.3 m was used for the

experimental testing in which a horizontal RSm layer was added as the soil foundation.

A superstructure was then placed on top simulating a vertical pressure equivalent to

50 and 100 kPa. RSm horizontal layer had a thickness of 100-200 mm and a rubber

content χ = 35 - 50 %. The input motion selected for the test was El Centro with a

maximum amplitude of 0.5 g. The outputs from this study were in line with Kaneko

et al. (2013) establishing that the efficiency of the system increases as the thickness of

the deformable layer increases. A greater isolation of the input motion was achieved at

higher stress amplitudes attributed to the non-linear behaviour experienced by RSm.

A negligible difference in isolation effectiveness was found at high rubber contents.

Hence, an upper limit of χ = 35% was limited to reduce the static settlement.

In the literature, only Bandyopadhyay et al. (2015) evaluated the dynamic response

of the mixture by applying harmonic sinusoidal motions using a shaking table. A
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model container of 1 m x 1 m x 0.5 m was filled up to 200 mm with Kansai river sand

compacted to a relative density of 65 %. A surcharge load was then placed on top of

the sand box representing a typical isolated building of 2 to 5 stories. The foundation

with a unique RSm horizontal layer, containing χ = 50 % of shredded rubber tyre, was

placed underneath the surcharge load. Input motions applied to the container varied

in amplitude between 0.15 and 1 g as well as excitation frequency; 1.5 Hz, 3.5 Hz, 4 Hz

and 4.5 Hz. The study established that peak accelerations on top of the footing follow

peak base accelerations until an amplitude (0.4 g) from where there is a decay. This

phenomenon was more evident at χ > 20 % and at greater excitation amplitudes.

Table 3.7 shows the ratio between output and input accelerations, also known as system

efficiency, of structure-soil foundation modified with the addition of RSm horizontal

layers. Although a limited number of studies can be found on this topic, similar trends

can be observed in terms of seismic isolation efficiency. That said, the efficiency of

the system appears to increase, i.e. the ratio decreases, when adding more rubber

as well as altering geometrical aspects such as layer thickness or depth introduced

within the soil. Consequently, the increase in deformability of the host soil by adding

particulate rubber appears to play an important role in the attenuation of the input

motion. Further testing is required to better understand the effect of rubber content on

energy dissipation capacity and, subsequently, on the natural frequency of the ground

soil and its cyclic performance under cyclic loading.
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Table 3.7: Efficiency of seismic isolation systems with RSm

Reference Configuration Input (g) Output (g) Ratio

Kaneko et al. (2013)

SSS

TSS

STS

SST2m

SST4m

SST6m

TTT

0.51

0.26

0.17

0.14

0.14

0.11

0.09

0.09

0.51

0.33

0.27

0.27

0.22

0.18

0.18

Xiong and Li (2013)

35%RSm-100mm

35%RSm-200mm

50%RSm-100mm

50%RSm-200mm

0.52

0.32

0.3

0.35

0.25

0.61

0.58

0.67

0.49

Bandyopadhyay et al. (2015) 50%RSm-40mm

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1

0.15

0.23

0.32

0.43

0.48

0.52

0.54

0.56

0.75

0.76

0.8

0.86

0.8

0.74

0.68

0.56

Note: SSS = Sand-sand-sand; TSS = tyres-sand-sand; STS = Sand-tyres-sand; SST2m = sand-sand-2m

of tyres; SST4m = sand-sand-4m of tyres; SST6m = sand-sand-6m of tyres; TTT = tyres-tyres-tyres

With regards to the study of the liquefaction potential of mixtures containing rubber,

existing research has demonstrated that introducing tyre derived aggregates (Hazarika

et al., 2006; Kaneko et al., 2013; Mashiri et al., 2016) leads to a significant reduction

in the accumulation of pore water pressure and, as a result, an improvement in the

liquefaction resistance of sand specimens. Bahadori and Manafi (2015) and Bahadori

and Farzalizadeh (2018) tested the liquefaction resistance of sand and RSm specimens

using shaking table tests. Although the addition of tyre shreds showed an improvement

in the damping capacity and mitigation of pore water pressure, the study established

that the addition of tyre powder is a more effective solution to control the pressure build-

up. On the other hand, Promputthangkoon and Hyde (2007), testing mixtures with tyre

chips, and Shariatmadari et al. (2018), that performed mixtures with granulated rubber,

found that liquefaction resistance of RSm decreases by adding rubber on the basis

that specimens were prepared at a very high density (Dr = 90%). Further experimental

testing is required to elucidate the effect of particulate rubber on the accumulation of

pore water pressure with the number of strain controlled cycles.
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CHAPTER 3. LITERATURE REVIEW

Numerical studies on RSm

Tsang (2008), Xu (2009) and Tsang et al. (2012) focused on the design of soil foundations

consisting of recycled scrap tyre/sand to mitigate the action of seismic motions on

low-to-medium rise buildings in developing countries. In Tsang et al. (2012), 2D finite

element simulations were conducted to calculate the soil-foundation-structure interac-

tion in response to input seismic motions. An equivalent linear approach was adopted

to simulate dynamic soil properties adopted from experimental testing undertaken

by Zheng-Yi and Sutter (2000) and Xiong and Li (2013). The parameters considered

for evaluating the effectiveness of the system were a) thickness of RSm foundation, b)

building width, c) number of building storeys and d) type of seismic motion. A typical

residential building was used as reference, with 10 stories and 40 m width, whilst the

soil foundation was replaced by RSm layers with a minimum thickness of 10 m. On

average, a reduction of between 40 and 60% of horizontal accelerations at the roof and

floor were attained adding χ = 75%. The horizontal layer thickness was the main factor

influencing the wave scattering, as observed in Table 3.7. A correlation between period

lengthening and average reduction in horizontal accelerations was established. Hence,

the increase in RSm thickness would lead to a rise in the soil natural period, which led

to a greater reduction in the horizontal accelerations.

Brunet et al. (2016) studied the response of RSm soil foundations by simulating the

inelastic soil behaviour of RSm. Poorly graded dry sand at various sizes were combined

with particulate granular rubber. Specimens containedχ = 0 - 35 % at a unique confining

pressure of 100 kPa and compacted to a high relative density. A two story building with

an inter-story height of 2.5 m was simulated on top of the modified soil foundation. The

effectiveness of the system did not arise until peak ground accelerations were higher

than 0.2 g, from where transmitted accelerations were highly attenuated. The study thus

confirmed that it is a combination of rubber deformation and the resultant non-linear

behaviour of RSm, under the action of strong ground motions, that mitigates the input

motions. A limiting thickness of 2-3 m and 25 % of rubber were suggested to achieve

large reductions in the structural response and minimize the settlement of rubber. An
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enhancement in cyclic performance was observed with larger sand particles, i.e. SR < 1.

Tsang and Pitilakis (2019) is the last known study on RSm to investigate the inter-

action soil-foundation-structure. A lumped-mass parameter model was adopted to

idealise the response of a superstructure embedded within a viscoelastic half-space that

represented a shallow foundation. The superstructure was then modelled as a SDOF

represented by a mass-spring-dashpot system which accounts for both the horizontal

and the rocking stiffness as well as radiation and material damping. The dynamic soil

properties of both sand and RSm were simulated based on the results presented by

Senetakis et al. (2012b) and a five-story building was built on top of the modified RSm

foundation. Following the limiting aspects accounted by Brunet et al. (2016), a 2 m

RSm layer was simulated to be placed underneath the structure, adding up to 30 % of

rubber and with size ratio greater than 1, subjected to a mean confining pressure of 70

kPa. The novelty of this study stems from combining the experimental testing gathered

in the past twenty years with the dynamic soil-structure-foundation interaction and

the concept of rocking isolation. An augmented rocking isolation was revealed with

reversible effects, attributed to the high elasticity of rubber, that enhanced the overall

energy dissipation. An average reduction of 50-60 % of the resultant displacement,

total acceleration and base moment were observed. The idea behind the mechanism

presented in this study relies fundamentally on the foundation response represented by

its translational and rotational displacement.

The only few experimental studies that have studied the seismic hazard at the sur-

face level have demonstrated the successful reduction of both horizontal and vertical

accelerations when incorporating RSm. However, a unique design configuration has

been proposed in existing research whereby RSm horizontal layers are constructed

before the superstructure. This construction design incurs, however, two issues: a) a

limiting vertical load on top of the foundation due to the potential static settlement

of the highly deformable rubber and b) the nature of the concept precludes its imple-

mentation to existing constructions, as occurs with typical base isolation systems. An

alternative design is proposed in this investigation as part of Chapter 6 to retrofit the

soil foundation and thus, alter its cyclic response.
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3.6 Summary

The classification of system variables, parameters and material properties has been

utilised to clarify the various comparisons of constitutive frameworks through which to

more rigorously describe the behaviour of RSm. With the aim of this scheme, these are

the main findings:

• Bulk parameters are influenced by bulk properties (macro-structure) and particle

properties (micro-structure) of the binary RSm skeleton. The presence of rubber, that

deforms and bends under loading, introduces an additional complexity to the concep-

tual framework to explain the soil behaviour under static and dynamic loading.

• Adding tyre derived aggregates point to an increase in soil strength whereas roun-

ded tyre crumbs do not have a significant effect on its strength. RSm present a higher

compressibility with rubber content and addition of smaller particles.

• Particle properties, e.g. rubber content and size ratio, and test conditions, e.g.

confining pressure, appear to have a significant effect on the dynamic properties of

RSm comprising particulate rubber.

• Although existing research has extensively demonstrated the increase in liquefac-

tion resistance by adding rubber, there are discrepancies in relation to the cyclic effect

on the evolution of shear modulus and damping ratio of saturated specimens.

• Ground-borne vibrations can be mitigated with the addition of wave barriers

within the soil deposit. The concept of soft zones was proposed to attenuate seismic

motions through the creation of low stiffness layers within the soil foundation.

• Existing literature has proposed the use of RSm as a geotechnical isolation system

due to its high flexibility and damping capacity. The efficiency of the system is found to

improve with rubber amount and increasing thickness or depth of RSm layer.

• The majority of previous investigations rely, however, on the design of horizontal

layers placed underneath the structure. This solution precludes its installation to

existing buildings and limits the maximum vertical load due to potential settlement.
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Micro to macro behaviour of RSm

4.1 Introduction

RSm differ from conventional soils due to the presence of deformable particles. An

extensive research on the static (monotonic) behaviour and bulk parameters of RSm

has been undertaken. However, the micromechanics of RSm is not well understood

and the research done on this field is scarce. Whilst not pretending to be a fully-fledged

micromechanical analysis, this chapter presents some early and simple experiments

devised to reveal in a heuristic way the behaviour of RSm under cyclic loading. The ob-

jective is to understand how the micromechanics of a rigid (sand) deformable (rubber)

mixtures influences the compressible and stress-strain behaviour.

The properties of both mineral soils, rubber particles and the mixtures are con-

sidered. The mixture composition, i.e. gravimetric and volumetric proportion, is also

described to establish the common grounds for comparison between specimens with

different rubber contents. The testing done includes plain strain visualisations of com-

bined stiff and deformable particles, representing RSm specimens, where the effect of

deformable particle shape is studied. One-dimensional compressive behaviour of spe-

cimens containing crumb and shred particulate rubber is evaluated through constant

and varying amplitude tests performed in the oedometer. 3D x-ray tomographic tests

are analysed to quantitatively determine the evolution in contact area and void ratio of

RSm to understand the energy dissipation mechanisms at a particle level.
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4.2 Plain strain visualisations

Plain strain visualisations were carried out in an attempt to understand qualitatively

the interaction between a combination of soft versus stiff particulate materials under

one-dimensional load and lateral deformation constraint. Rubber particles were shaped

into shred and crumb form whereas acrylic discs were used to represent sand particles.

A compressive normal load was applied to be the upper boundary. Samples were

manually formed before applying the uniaxial compression. Figures 4.1a and 4.1b show

two tests: first corresponding to elongated rubber shreds and second to rubber crumbs.

4.2.1 Equipment, materials and methods

Rubber crumbs had an aspect ratio between 1.0 and 1.5 while size ratio between rubber

and acrylic discs was approximately 1.0. Rubber shreds had an aspect ratio between 5

and 6 while size ratio between shreds and acrylic discs varied between 2 and 3. Both

samples were prepared at a rubber percentage equivalent to 30%, in terms of volumetric

proportion. The samples were held in plane strain condition by apparatus used for the

experiments consisting of an A4-size acrylic sheet with PVC flat bars used as lateral

boundaries (Figure 4.1a). Two vertical flat bars made of PVC of 20 mm width and 2 mm

thickness were fixed to the sides of the acrylic base. A similar PVC flat bar was fixed

horizontally to the bottom to provide a fixed base. Loading in the normal direction

was carried out by moving an additional "top" PVC bar attached to a sliding slot along

the lateral (fixed) boundaries that enabled accurate control of the specimen’s vertical

dimension. Due to the geometry of rubber and acrylic particles, any deformations in

the out of plane direction were prevented and plane strain conditions were guaranteed.
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(a) (b)

Figure 4.1: Plain strain test on sand with a) shredded rubber particles and b) crumb rubber
particle

4.2.2 Results and discussion

Research to date (Edil and Bosscher, 1994; Sheikh et al., 2012) has demonstrated that

the combination of sand particles with tire shreds can lead to a shear strength improve-

ment. This is attributed to an increase in the apparent cohesion due to the interlocking

between particles as it occurs in fibre reinforced soils. However, this has only been

demonstrated through experimental investigations where particle interaction cannot

be visualised (Zornberg et al., 2004). This experiment shows the development in the

particle re-arrangement from a visual point of view:

Elongated particles

Figures 4.2a and 4.2b show one-dimensional compression tests on ShR-acrylic discs

before and during loading, respectively. Figure 4.2a illustrates large initial voids between

rubber and stiff particles due to the elongated nature of rubber particles and the initial

low stress condition. Two main processes can be observed during the sample compres-

sion (Figure 4.2b): a) particle rearrangement and b) bending and deformation of rubber

particles. In other words, due to high stiffness of acrylic particles, the compression in-

creases the particle interlocking and increases contact surface areas. It is also observed

there is more inter-particle sliding on acrylic discs than in rubber particles which leads

to a reduction in the size of voids. Under high vertical stress, rubber particles become

trapped between rigid sand particles, deform and store energy.
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During loading, it can be observed that rubber wraps around acrylic particles in the

same way as a tensile reinforcement. This would be consistent with an improvement in

the shear strength as well as the reduction in the shear stiffness of RSm when adding

more rubber, e.g. Zheng-Yi and Sutter (2000) and Ehsani et al. (2015).

(a) (b)

Figure 4.2: Plain strain test with shredded rubber a) before and b) during loading

Crumb particles

Figures 4.3a and 4.3b illustrate the plain strain compression of crumb rubber and acrylic

discs before and during loading. Initially, loose, the size of voids compared to the shred

rubber test (Figure 4.2a) appears lower which can be attributed to the rounded rubber

shape and the relatively similar size ratio between stiff and soft particles (Figure 4.3a).

The compression of the sample causes a reduction in voids due to the high deformability

of rubber (Fig. 4.3b). Increased contact areas are also observed but to a lesser extend.

The similar particle size ratio restricts the extension of crumb material, in contrast

with the shred particles shown in Figure 4.2b, resulting in less deformation of rubber

particles. Additional tensile reinforcement is therefore not significant. This would

corroborate the statements made by Masad et al. (1996), Youwai and Bergado (2003)

and Sheikh et al. (2012) who addressed a reduction in the peak shear strength with the

addition of tire crumbs. Elastic stored energy is expected to be lower due to the smaller

deformation undergone by rubber crumbs in comparison to shred particles (Fig. 4.2b).

In this case, the stored energy under deformation of particulate rubber can be associated

with both the bending and the isotropic compression. Due to the simplicity of the test,
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it is not possible to quantify which type of compression has a greater contribution to

the stored energy. However, and based on the visual observations, it can be said that

more bending and thus more energy is expected to be stored in mixtures containing

rubber shreds, whilst a higher isotropic compressions should be observed in mixtures

containing rubber crumbs.

(a) (b)

Figure 4.3: Plain strain test with crumb rubber particles a) before and b) during loading

Consequently it can be stated that from a visual point of view that rubber shape has

an effect on the one-dimensional compression. Compared to crumb rubber particles

(Section 4.3b), rubber shreds seem to contribute more towards stress transmission as

evidenced by the change in shape of the particles and the increase in the contact area.

The compression of the sample is shown through plain strain tests to be a consequence

of both the particle rearrangement and deformation of particulate rubber.

On the other hand, the acrylic discs, that represent the incompressible particles, do

not suffer from any deformation. Signs of tensile elongation and tensile reinforcement

are observed in shredded rubber particles, whereas a lesser deformation and bending

is found in crumb particle, possibly as a consequence of the relatively similar mean

size. These observations are in line with results from previous studies using oedometer

tests, shear tests or triaxial tests which demonstrate the increase in the shear strength

when using elongated tyre derived aggregates (Edil and Bosscher, 1994; Zornberg et al.,

2004) in contrast to those which showed a reduction in the shear strength when adding

rubber crumbs (Youwai and Bergado, 2003; Sheikh et al., 2012).
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4.3 Materials

The materials used during the experimental programme of this study, which results are

analysed in Chapters 4 to 7, are discussed in this section. This includes a description of

both Leighton Buzzard sand and the particulate rubber, obtained from recycled scrap

tyres, contained within the rubber-soil mixtures. The composition of RSm, showing the

determination of both minimum and maximum density, is also reviewed to establish

the main methods for comparison and evaluation of the results adopted in every set of

experiments.

4.3.1 Sand

The rigid incompressible particulate soil used in this study was a coarse rounded to

sub-rounded Leighton Buzzard sand (Figure 4.4). The specific gravity of this material,

Gs = 2.68, was determined in accordance with ASTM D854 (2014). Results of a sieve

analysis conducted using ASTM C136 (2006) are illustrated in Figure 4.5. The coefficient

of uniformity (Cu) and coefficient of curvature (Cc ) have been calculated and presented

in Table 4.1. Based on these results, LBS is poorly graded. A coefficient of friction µ =

0.24 is attributed to LBS as determined in the literature (Senetakis et al., 2013; Lopera

Perez et al., 2016).

Figure 4.4: Microscopic image of Leighton Buzzard sand

Table 4.1 presents a summary of the material properties corresponding to LBS and the

particulate rubber used in this investigation. The aspect ratio, equivalent to the ratio
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between length and width, is approximately 1. The particle shape, i.e. sphericity and

roundness, has been determined in accordance with the expressions adopted by Cho

et al. (2006). The diameter of the inscribed and circumscribed spheres was measured

using © ImageJ. As a consequence of the uniformity in the particle sizes, a total of ten

measurements were sufficient to calculate the sphericity and roundness with an overall

variation of ± 5% in the average value.

Figure 4.5: Particle size distribution of Leighton Buzzard sand, crumb and shredded rubber

Table 4.1: Material properties of sand and rubber particles

Material properties LBS ShR CrR

Effective size, D10 (mm) 0.71 1.05 0.63

D30 (mm) 0.8 1.31 0.88

Mean size, D50 (mm) 0.86 1.62 0.93

D60 (mm) 0.89 1.78 1.15

Size ratio - 1.88 1.08

Aspect ratio 1 2-6 1

Sphericity 0.65 0.18 0.69

Roundness 0.78 0.82 0.79

Coefficient of uniformity, Cu 1.25 1.44 1.83

Coefficient of curvature, Cc 1.01 1.78 1.08

Specific gravity 2.68 1.12 1.12

Coefficient of friction, µ 0.24 1 1
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4.3.2 Rubber

Scrap tyres are composed of vulcanised rubber, steel belts and wire-reinforced rubber

beads. One of the main elastomers available in a typical rubber tyre, synthetic rubber,

commonly known as styrene butadine, accounts for 55% of the total weight, and other

natural rubbers make up the remaining 45 % (Danon and Görgens, 2015).

From the composition of rubber tyres (Table 4.2), an important content comes from

the carbon black, used to increase the resistance to abrasion and strengthen the rubber.

Acetone extract and other oils are a mixture of aromatic hydrocarbons commonly added

to increase the compressibility and thus the workability of the material. Sulphur is the

vulcanising agent employed to cross-link the polymer chains within the natural and

synthetic rubber in order to reduce the excessive deformation at elevated temperatures.

The resulting combination of all these elements gives rise to a highly durable and

resistant material ideal for use as a road transport tyre (South et al., 2001).

Table 4.2: Composition of scrap tyres used in this study (South et al., 2001)

Ingredient Minimum Content (%)

Polymer content (natural

and synthetic rubbers)
55

Acetone extract 5-20

Carbon black 25-35

Sulphur 1-3

Zinc Oxide 2.5

The recycled rubber used in this thesis was obtained from car tyre sidewalls. Once all

steel belts were removed, the rubber was devulcanised and subsequently mechanically

shredded to the desired particle size range. Two particle forms, elongated and rounded,

have been used in this study to investigate the effect of rubber shape on the particle

interaction between rigid (sand) and deformable (rubber) particles. Both rubber shapes

have the same specific gravity due to being obtained from the same scrap tyres (Edil and

Bosscher, 1994; Sheikh et al., 2012). In terms of coefficient of friction, µ = 1 is attributed

to the two particles (Valdes and Evans, 2008; Lopera Perez et al., 2016), which is around

four times higher than the value obtained for LBS.
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Elongated particulate rubber presents an average particle size D50= 1.62 mm (Figure 4.5)

and an aspect ratio between 2 and 6. Due to the small size of these particles compared

to traditional tyre shreds or chips, they are classified as rubber fibres in accordance with

ASTM D6270 (2017). These are the resultant particles after producing large tyre shreds,

reason why they exhibit the shape of small elongated particles (Figure 4.6a). This is

also demonstrated based on the low sphericity presented by these particles, i.e. 0.18.

Hence, this study has decided to denote them as shredded rubber (ShR) in order to be

differentiated from granular rubber. The ShR thickness has been limited to 1 mm. On

the other hand, rounded rubber particles have an average particle size D50= 0.83 mm.

Based on the results shown in Table 4.1, crumb particles present a high sphericity and

roundness and they are classified as ground rubber (ASTM D6270, 2017). Hence, crumb

rubber (CrR) is the name adopted in this study to refer to these rounded particles. CrR

is characterised by an aspect ratio of approximately 1.

(a) (b)

Figure 4.6: Microscopic images of a) shredded rubber and b) crumb rubber particles

Rubber soil mixtures differ from more conventional soils in the fact that they are es-

sentially binary mixtures, in which nature and form of the mixture components can

be exhibit a higher variability. For this reason, it is important to consider and distin-

guish between size and aspect ratio. The size ratio is commonly calculated as the ratio

between the mean size ratio of particulate rubber in relation to the main incompressible

soil, in this case sand. This material aspect is commonly adopted in the existing research
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on RSm as a conventional method for comparison to evaluate the mechanics of RSm

(Kim and Santamarina, 2008). In this study, the size ratio is around 2 for ShR and sand,

whereas a size ratio of around 1 is obtained between CrR and sand.

Contrary to the conventionally adopted approach to classify RSm, this study acknow-

ledges that the size ratio presents limitations when considering the incorporation of

elongated particles such as ShR. The calculation of particle size distribution using ASTM

D854 (2014) does not present a realistic distribution of mixtures containing shredded

rubber. Thus, an alternative particle property shall then be considered to account for

the different particle shape and the ratio between particles. This study also proposes

the adoption of the relative aspect ratio between deformable and rigid particles. Due

to the relatively similar size of both CrR and LBS, the aspect ratio of these particles is

approximately 1 whilst the aspect ratio of shredded rubber moves between 2 and 6. This

approach provides with a more realistic representation of the size of shredded rubber.

For comparison purposes, however, this study has also maintained the commonly adop-

ted procedure to determine the particle size distribution and the size ratio of RSm and

thus compare the differences in compressibility as well as cyclic behaviour of mixtures

containing different rubber size and shape.

4.3.3 Rubber-soil mixtures

Rubber-soil mixture (RSm) is obtained from mixing rigid incompressible soils with

deformable particulate rubber (Zornberg et al., 2004). In chapter 4, this investiga-

tion distinguishes between shredded rubber-Leighton Buzzard sand mixtures (ShRm)

and crumb rubber-LBS mixtures (CrRm) to compare the effect of particle size/shape.

From Chapter 5 onwards, the nomenclature RSm is used for simplification referring

to mixtures containing ShR. This section describes the composition followed for the

classification of RSm in terms of mass, volume and relative density.
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Composition

The composition of RSm is obtained from the combination of sand and rubber masses

for a specific specimen volume. Hence, the composition has been set by defining the

gravimetric proportion (χ) of rubber R in the mixture as:

χ= mR

mS +mR
(4.1)

Where, mS is the mass of sand in the sample

and mR is the mass of rubber.

Volumetric proportion can be also determined based on the value of the specific gravity

and the mass of each material. The volume of RSm is obtained from:

VRSm = mS

GsS
(

1

ρw
)+ mR

GsR
(

1

ρw
) (4.2)

Where GsS is the specific gravity of sand, GsR is rubber specific gravity, ρw is the density

of water (1g/cm3).

RSm volume can also be expressed in terms of specific gravity (GsRSm):

VRSm = mt

GsRSm
(

g

γw
) (4.3)

Where mt RSm total mass including mS and mR .

The volumetric proportion of rubber (V ) with respect to the total amount of volume is

adopted by numerous studies in the literature and here is also defined for comparison

purposes. The corresponding volumetric proportion is determined from:

V = VR

VR +VS
=

mR
GsR

mR
GsR

+ mS
GsS

=
mR
GsR
mt

GsRSm

(4.4)

Where VR is the rubber volume and VS is the sand volume.

RSm specific gravity (GsRSm) can be determined by re-arranging Equations 4.1, 4.2, and

4.3 as follows:
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GsRSm = 1
(1−χ)
GsS

+ (χ)
GsR

(4.5)

RSm comprising variable rubber content have been tested throughout this study to

understand the micro and macro behaviour of the mixture, varying from sand only to

rubber only specimens. The results of the expressions corresponding to gravimetric

(Equation 4.1), volumetric proportion (Equation 4.4) and specific gravity (Equation 4.5)

of the mixtures tested in this study are presented in Table 4.3. The values of rubber

content in this investigation are principally determined as a function of the rubber

mass and therefore constitute an objective unit of comparison. Furthermore, most

of the existing literature on the behaviour of RSm (Anastasiadis et al., 2012b; Ehsani

et al., 2015) presents rubber content by mass and thus it makes sense to follow conven-

tional/standardised methods for evaluation and comparison of the results.

As established in previous studies (Lee et al., 2007), the increase in rubber content leads

to a significant increase in the rubber volume, as a consequence of its lower specific

gravity when compared to sand (Table 4.3), and subsequently a foreseeable decrease in

the mixture density. This is the reason why this investigation has adopted an additional

material descriptor, i.e. relative density, to ensure the comparison between mixtures

containing different rubber content. In this regard, the relative density is established in

the literature (Mashiri, 2014) to be an adequate approach which requires of the previous

determination of both minimum and maximum density. These will be calculated in the

following sections.

Table 4.3: Composition of rubber-soil mixtures

Specimen χ V GsRSm

0RSm 0 0 2.65

10RSm 0.10 0.21 2.33

15RSm 0.15 0.29 2.2

20RSm 0.20 0.38 2.08

30RSm 0.30 0.51 1.88

45RSm 0.45 0.66 1.64

100RSm 1 1 1.12
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Minimum density

According to BS 1377-4 (1990), the sample was introduced in a glass cylinder and al-

lowed to fall freely so that the air was entrapped between the soil particle, creating the

maximum number of voids. A representative test sample of 1000 g and a 1 l glass cylin-

der, graduated to 20 ml , were employed for the test. After the sample was introduced in

the container, the cylinder was turned in several occasions and then the sample was

kept flat to record the volume reading. Ten tests were performed and the maximum

volume was recorded. Minimum density of RSm was determined as follows:

ρmi n = m

V
(4.6)

Where m (g) is total mass of the sample, and V (m3) is the greatest of 10 volume readings

recorded to the nearest 10 ml within the glass cylinder.

A similar procedure was adopted to determine RSm minimum density, with the only

difference that 2.5% moisture was added to the sample in order to avoid excessive se-

gregation. Ten tests were then performed on each RSm mixture to obtain the maximum

volume and thus calculate the minimum density for each RSm. Masses of rubber (mR )

and sand (mS) used for each sample are listed in Table 4.4.

Table 4.4 shows the minimum density of RSm samples, calculated using Equation 4.6,

and the total masses of each sample. The results show that RSm minimum density

(ρmi n) decreases with the addition of rubber particles until χ = 30 % (Fig. 4.7), attributed

to their lower specific gravity in comparison with sand specimen.

Table 4.4: Minimum density of RSm

Test mS (g) mR (g) χ V mt (g) ρmi n (g /cm3) GsRSm emaxRSm

0RSm 1000 0 0 0 1000 1.47 2.65 0.80

10RSm 879.3 97.7 0.10 0.21 977 0.97 2.33 1.41

20RSm 792 198 0.20 0.38 990 0.78 2.08 1.67

30RSm 695.8 298.2 0.30 0.51 994 0.67 1.88 1.80
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Figure 4.7: Maximum and minimum density of RSm

Maximum density

According to BS 1377-4 (1990), RSm maximum density was determined by means of

compacting the soil sample with a vibrating hammer. Sand specimens were tested under

water. A 4 l mould was introduced within a large container where the water level had

to remain at the same level to ensure the correct compaction of the saturated sample.

The sample was divided into three equal parts so that the compaction was conducted

in various steps. A circular tamper was placed on top of the mould, and the sample was

compacted with the vibrating hammer for 2 minutes during each compaction step. A

steady downward force equivalent to 400 N was applied to the tamper and to the sample

through the vibrating hammer. Once the third compaction step was completed, the

surface of the sample was levelled with the mould body. Two samples were tested per

material and the greater of the two dry masses was used to determine RSm maximum

density (ρmax):

ρmax = m

V
(4.7)

Where m (g ) is the greater of the two dry masses of the soil compacted and V (m3) is

total volume of the mould occupied by soil.

The same approach was adopted to determine ρmax of RSm, with the difference of

testing the material in moist conditions to avoid rubber particles to float, given its low

specific gravity (GsR = 1.15). Two samples were tested per rubber composition resulting
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in a total of six RSm compacted. Table 4.5 shows the average value corresponding

to every specimen in which the greatest mass, including moisture, of each rubber

inclusion was used to calculate RSm maximum density. Figure 4.7 shows that the value

of maximum density ρmax decreases with rubber addition, as seen with ρmi n .

Table 4.5: Maximum density of RSm

Test mS (g) mR (g) χ mt (g) V (cm3) ρmax (g /cm3) GRSm emi nRSm

0RSm 3949 0 0 3949 2314 1.71 2.65 0.55

10RSm 3129.17 347.69 0.10 3476.85 2318 1.50 2.33 0.55

20RSm 2477.28 619.32 0.20 3096.6 2318 1.34 2.08 0.56

30RSm 1957.41 838.89 0.30 2796.3 2318 1.21 1.88 0.56

Relative density

The values of emi n and emax have been obtained from:

e = GsRSmγw

ρRSm g
−1 (4.8)

where GsRSm is RSm specific gravity, ρRSm is the dry density adopted for each RSm, and

g is gravity.

Figure 4.8 shows the values of emi n and emax corresponding to RSm. As observed, the

maximum void ratio increases at greater rubber inclusions, whereas the minimum void

ratio remains almost constant with the addition of rubber.

The term equivalent void ratio eeq was proposed in previous studies (Zheng-Yi and

Sutter, 2000; Anastasiadis et al., 2012a) to calculate the maximum shear modulus and

thus reflect on the reduction in soil stiffness of RSm due to the low stiffness of rubber.

Compared to the traditional calculation of void ratio, eeq consider the volume occupied

by rubber to be part of total volume of voids, whereas uniquely the volume occupied by

sand contributes to the mixture stiffness, calculated as follows:

eeq = Vv +Vr

Vs
(4.9)

As established in previous studies Pistolas et al. (2018), Figure 4.8 shows that eeq in-

creases as at higher rate than the maximum void ratio. In Chapter 7, Equation 4.9 is used
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instead of the traditional calculation of void ratio to analytically calculate the dynamic

soil stiffness and compare it with the empirical results obtained in Chapter 5.

Figure 4.8: Maximum, minimum void ratio of RSm

RSm material descriptors

As shown in Figure 4.7, both the maximum and minimum density of RSm decay with

the rubber content. From there, the values of emi n and emax have been obtained (Figure

4.8). This reflects the variability in the number of voids and the compaction state of the

specimen with the rubber content. Therefore, these values were used as a reference

for the sample preparation of RSm specimens to ensure a relatively similar relative

density and thus constitute an objective unit of comparison. Different approaches

were, however, adopted depending on the set of experiments and the objective of the

programme. Here is a brief summary of the material descriptors used:

• Chapter 4; the main material descriptor is the gravimetric proportion which was

achieved at a constant sample volume. Additionally, the sample compaction state was

controlled to ensure a similar initial relative density, DR = 57-64%.

• Chapter 5; the main material descriptors are the gravimetric proportion, at a

constant initial volume, and a dense initial relative density, i.e. 65-85%. This was

undertaken for samples of both cyclic triaxial and resonant column tests.

• Chapter 6; the material descriptor is the gravimetric proportion reached by keeping

a constant initial volume content. This is done to maintain the number of bags included

in the soft zones whilst maintaining the rubber/sand mass ratio.
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4.4 Oedometer tests

A series of compression tests with various unloading-loading cycles were performed

using a conventional oedometer on specimens consisting of i) shredded rubber and

Leighton Buzzard sand (ShRm), and ii) crumb rubber and Leighton Buzzard sand

(CrRm). The objective is to gain a more quantitative understanding about the com-

pressive behaviour of RSm at different gravimetric proportions and particle shapes. The

shear stress - shear strain analysis compares the nature of RSm hysteretic behaviour.

4.4.1 Equipment, sample preparation and methods

Equipment

One dimensional compression tests were carried out in a 75 mm diameter by 20 mm

height oedometer apparatus on RSm. The apparatus met the requirements established

in BS 1377-5 (1990) with a maximum axial load capacity of ± 1440 kg, reached when

the weight hanger is loaded at 10:1 ratio position. The vertical compression of the

specimen was recorded using a linear variable differential transformer (LVDT) capable

of measuring values with a resolution of 0.001 mm. Data acquisition was done by means

of DS72 control software.

Sample preparation

RSm specimens were formed by adding rubber mass of ShR or CrR to sand depending

on the gravimetric proportion as presented in Table 4.6. Particulate soils were mixed

under dry conditions and then spooned into the mould of the oedometer. To avoid

segregation of RSm particles, a 2.5% moisture content was added to each specimen,

being mixed uniformly. The thickness and length of both sand and RSm had a size lesser

than 1/5 of the height of the ring in order to avoid the effect of particle size (Head, 1994).

Figure 4.9 shows a representation of the various distances recorded prior and during

testing to calculate the initial height of the sample. The main objective of this chapter

is to elucidate the effect of rubber content on the compressibility of RSm. Given the
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significant increase in rubber volume due to lower specific gravity of rubber (Section

4.9), maintaining a similar height was required to ensure a similar initial sample volume,

around 90 cm3. Thus, the mixtures containing different rubber shape could be tested

under similar initial conditions. In addition to this, the number of initial voids was also

controlled in such a way that the relative density of both ShRm and CrRm was similar

for the different rubber contents (Table 4.6). This does not only allow an objective

comparison with studies in the literature but maintains the same compaction state

to compare the different gravimetric proportions. As shown in Table 4.6, specimens

containing either elongated or crumb exhibit a nearly similar initial void ratio (e0). Thus,

the sample void ratio, corresponding to the average value of ShRm and CrRm, is plotted

in relation to the minimum and maximum void ratio determined for RSm (Figure 4.10).

It is observed that the value increases with rubber content as it occurs with the value of

emax . Using the expression of relative density presented in Chapter 2, this relationship

is equivalent to an initial relative density of between 55-64% for all mixtures (Lambe and

Whitman, 2010). This means that specimens tested with the oedometer apparatus were

in a medium initial compaction state, enabling the comparison between the different

rubber content and also rubber shape/size.

Figure 4.9: Conventional oedometer apparatus set-up
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Figure 4.10: Sample void ratio for oedometer tests in relation to maximum and minimum void
ratio

Table 4.6: Classification of specimens for oedometer tests

Test ID Material χ (%) e0

1-0ShRm Leighton Buzzard sand 0 0.64

2-15ShRm ShR:LBS 15 0.87

3-30ShRm ShR:LBS 30 0.99

4-45ShRm ShR:LBS 45 1.13

5-100ShRm ShR 100 1.55

6-15CrRm CrR:LBS 15 0.84

7-30CrRm CrR:LBS 30 0.93

8-45CrRm CrR:LBS 45 1.06

9-100CrRm CrR 100 1.51

Methods

The consolidation ring was the lateral confining device once the cell components were

assembled after the specimen preparation. The porous plate and loading cap were

placed on top of the specimen prior to the consolidation test. A small weight was

then added to the beam hanger to maintain the contact between the loading cap and

specimen, resulting in a pressure below 2 kPa.

Compression tests were carried out by doubling the increment of vertical stress applied

to the sample, meeting the test procedure criteria defined in BS 1377-5 (1990). Samples

were subjected to five load-unload cycles in which the vertical stress approximately

doubled in each of the cycles from 20kPa up to 2231kPa, with unloading ramping
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down to 20kPa. Readings were then noted before every load increment based on the

values observed in the LVDT. Due to the rapid and significant deformation of RSm

samples, readings were made more frequently, during the first minute, after every load

application. Readings were then spaced to the point of taking one reading per minute for

a period of five minutes. Table 4.6 presents a summary of oedometric tests performed

on RSm. Each test was labelled with a test ID, which was noted as χ (%) - and CrRm or

ShRm. Whilst ShRm represents mixtures containing shredded rubber, CrRm refers to

mixtures containing crumb rubber.

4.4.2 Results and discussion

The effect of the gravimetric proportion (χ), rubber shape (shred or crumb) and vertical

effective stress (σ ′
v ) on the compressibility of RSm were investigated. The normalised

change in void ratio (∆e/e0), accumulated plastic strain, compression and swelling

indices (Cc , Cs), constrained modulus (M) and shear stress-shear strain behaviour were

evaluated based on the results obtained applying loading-unloading cycles.

Change in void ratio

Figures 4.11a and 4.11b represent the change in void ratio of i) ShRm and ii) CrRm at χ

= 0, 15, 30, 45 and 100%. Samples were subjected to five load-unload cycles.

The response of sand only sample is unsurprisingly stiffer than that of any RSm. An

almost negligible change in void ratio is observed in sand with vertical stress. Given that

mineral sand particles are assumed to be incompressible, the change in void ratio is

uniquely due to particle rearrangement. Then, change in void ratio is more significant

as rubber content increases, going down to ∆e/e0 = 0.72 with the application of 20

kPa at χ = 100%. As observed with plane strain visualisations, the change in the void

ratio of RSm during a compression test is a result of both particle rearrangement and

deformation of rubber. However, and as seen in sand specimens, there is a small

reduction in voids caused by particle rearrangement. Therefore, rubber deformability

as well as the amount of both ShR and CrR has a significant effect on the compressibility.
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Regardless of the rubber type, both figures show a similar behaviour. A near linear

reduction in ∆e/e0 is revealed with every loading stage. Except, when χ > 45% at high

loads, the rate of change in the void ratio decreased. The behaviour is clearly non-

linear. Such behaviour is consistent with the idea that RSm start to behave as solid

material at very high stresses for any rubber percentage due to the significant particle

rearrangement and the resultant reduction in the void ratio. Thus, it can be expected

that at high stresses void spaces are negligible and behaviour is dominated by rubber.

The main difference between specimens containing ShR or CrR stems from the

absolute change in the void ratio with rubber content and stress level. It is observed

that mixtures consisting of ShR presents a greater reduction in number of voids than

CrR specimens. The shape effect in the one-dimensional compression behaviour are

more marked at χ ≥ 30% ShR. These may be due to the greater bending and elongation

of ShR in comparison with crumb particles, visually identified during the plane strain

visualisations in Figures 4.2b and 4.3b. This result is in accordance with previous studies,

e.g. Lee et al. (2010), which stated that the rubber-like behaviour, characterised for

presenting lower shear moduli and a greater elasticity, more prominent at χ ≥ 30%. At χ

= 100% and 2200 kPa, both ShRm and CrRm seem to follow the same trend due to the

negligible number of voids as a consequence of rubber deformation.

Although rubber is considered to present a high elasticity, Figures 4.11a - 4.11b

show accumulated deformations on all loading cycles, even when it is dominated by

rubber (χ = 100%). This shows evidences of energy storage and dissipation in RSm in

every loading-unloading-reloading. The area between each loading-unloading loop

is a measure of energy dissipation. Thus, the energy dissipation is higher in the first

cycle due to the larger accumulation of plastic deformation experienced by the mixture.

The hysteretic behaviour, however, appears to be maintained even at very high stresses

which contrasts with the minimum deformation and hence energy dissipation observed

in sand only specimens.
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(a) (b)

Figure 4.11: Change in void ratio with effective vertical stress of RSm with a) crumb rubber
particles and (b) shredded rubber particles

Plastic strain

As established in Chapter 2, plastic strain has been calculated by reporting the maximum

axial strain recorded for every mixture after every loading/unloading cycle. This is done

on the basis to elucidate the evolution in plastic deformation of RSm whilst increasing

the normal stress in every loading-unloading-reloading cycles. Results seen in Fig. 4.12

show that sand, as expected, does not suffer from a significant deformation, reaching

values of around εu = 3.7%. The plastic strain increases with rubber amount and

unloading cycles which corresponds to the increment in the vertical stress.

Figure 4.12 shows similar trends in evolution of plastic strain with number of unload-

ing cycles and rubber percentage. Note that, the maximum irrecoverable deformations

occur in the first cycle for all RSm. This reveals one of the main limitations in relation

to the addition of rubber as part of soil foundations, which is the excessive settlement

experienced by RSm (Edil and Bosscher, 1994). Although plastic strain increases after

the first unloading cycle, this rise occurs at a much lower rate. For instance, 45% ShRm

reaches εu = 19% after one cycle and it goes up to εu = 24% after five cycles. This increase

in plastic strain with number of cycles is less prominent and rubber content decreases,

as shown in Figure 4.12. The majority of the plastic deformation could therefore be min-

imised at any rubber percentage by pre-loading the mixture at stresses of σ ≈ 100 kPa.
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This has been proposed in the literature to reduce the potential settlement of mixtures

containing rubber crumbs (Sheikh et al., 2012) or tire shreds (Edil and Bosscher, 1994)

by loading the specimens to a normal stress of up to 800 kPa.

Figure 4.12: Plastic strain after each cycle of unloading

Compression/swelling indices

Compression (Cc ) and swelling (Cs) indices have been determined for every RSm spe-

cimen, containing either ShR or CrR, for the five loading-unloading sequences. The

equations used to calculate these values have been described in the Chapter 2.

Figures 4.13a and 4.13b show the variation in compression index with rubber per-

centage and vertical effective stress. For both ShRm and CrRm, the value of Cc increases

with the addition of greater rubber inclusions up to 1115 kPa as displayed in Fig. 4.11a.

The compressibility of sand remains nearly constant with vertical stress resulting in a Cc

≈ 0.05. This differs from the high compression index shown by any RSm (Cc = 0.1-0.9)

which suggests the high change in void ratio with every loading.

At χ = 15%, both ShRm and CrRm present a nearly similar behaviour showing an

increase in compression index when applying higher vertical stresses. This reveals that

the behaviour of the mixture is not influenced by the rubber shape and it is mainly gov-

erned by physical properties of sand. There is therefore a definite sand-like behaviour

at low rubber percentages as observed in previous studies, e.g. Lee et al. (2007), Kim

and Santamarina (2008) and Lee et al. (2010).
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At χ ≥ 30% and up to σ = 557 kPa, ShRm present higher compression index than

CrRm which can be related to the greater change in void ratio shown in Figs. 4.11a-4.11b.

As seen in plain strain models, this can be linked to the entrapment suffered by shred

rubber in-between incompressible mineral particles. This phenomenon, added to the

elongated shape of ShR, results in an increase number of contacts causing a greater

deformation compared to crumbs. Unlike the way it occurs in conventional mineral

soils (sand), there is a significant reduction of Cc with vertical stress at χ > 30%. This

demonstrates the high capacity of both crumbs and shreds to resist shear stresses,

leading to an improvement in material stiffness.

Atσ > 557 kPa, the compression index reduces gradually until it converges to approx-

imately the same value, i.e. Cc ≈ 0.3. This shows the nearly similar stiffer response of

both ShRm and CrRm under the action of very high stresses as a result of the negligible

number of voids. As stated in previous studies (Platzer et al., 2018), a fraction of the

porous spaces is occupied by the deformed rubber particles. This study proposes the

existence of a ultimate state at which the compressive behaviour of RSm is controlled

by rubber at any rubber percentage as clearly shown in Figures 4.13a and 4.13b.

(a) (b)

Figure 4.13: Compression index versus vertical effective stress of RSm with a) crumb rubber
particles and b) shredded rubber particles

Figures 4.14a and 4.14b show the swelling indices of samples containing rubber crumbs

and shreds, respectively. Similarly to Cc , RSm specimens present higher Cs values than

sand only and this is more pronounced with additional rubber content.
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The swelling index increases for CrRm at χ = 15-45% when applying higher stresses

until σ = 2231 kPa. Hence, the ability of crumb particles to recover part of the deforma-

tion improves with every loading sequence. On the other hand, this improvement in Cs

is only observed on samples containing ShR at χ = 15%, or at lower vertical stresses σ =

111-557 kPa. In other words, mixtures containing shreds develop its maximum capacity

to elongate and recover the deformation at smaller stresses than with crumb rubber,

which may be due to the initial level of entrapment and high contact area observed in

the plain strain visualisations (Figure 4.2b).

By comparing Figure 4.14a and Figure 4.14b, it can be seen that Cs of samples

containing ShR is substantially higher than with CrR. Note that, this study assumes

the deformability of ShR and CrR to be the same given that both particles have been

extracted from the same rubber tyres and they present a similar poisson ratio (ν =

0.5). The main difference between the two samples lies then in the rubber shape and,

in consequence, the aspect ratio between deformable and rigid particles. The higher

contact area between rubber shreds and acrylic discs compared to rubber crumbs (Fig.

4.2b) and the consequent higher shear deformation of rubber particles gives rise to

a greater compressibility (Fig. 4.2b). The deformation suffered by ShR is then mostly

recovered after unloading the material. This helps to explain why the swelling index is

much higher with shreds than with rubber crumbs.

(a) (b)

Figure 4.14: Swelling index versus vertical effective stress of RSm with a) crumb rubber particles
and b) shredded rubber particles
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Constrained modulus

Constrained modulus (M) was obtained from the slope of stress-strain curve at each load

increment for specimens containing ShR. Figure 4.15 shows the change in constrained

modulus against vertical stress.

M increases with vertical stress and decreases with rubber percentage. In com-

parison with other rubber contents, χ = 15% presents greater constrained modulus

which can be attributed to the higher number of contacts between sand particles, as

stated in previous investigations Lee et al. (2010). At higher rubber inclusions, it can

be postulated that the primary load-carrying capacity is built between sand particles

after the bending and deformation of rubber particles and that is why these samples

present a significantly lower constrained modulus. This coincides with Lee et al. (2014)

who stated that primary force chains are created between sand while rubber particles

deform and fill the interfacial voids due to its lower stiffness.

Two behaviour can be found in the evolution in constrained modulus with vertical

stress, i.e. sand-like and rubber-like behaviour. At low stresses (σ = 100-200 kPa) sand-

like behaviour is observed at χ = 0-15%, characterised by a higher constrained modulus

whereas rubber-like behaviour, which reveals a lower constrained modulus, is shown at

χ = 30-100%. At higher stresses (σ > 1115 kPa), all rubber contents tend to converge in

a relatively similar constrained modulus at σ = 2231 kPa, lower than the value seen in

sand only specimens.

As discussed in Section 4.4.2, the number of voids within specimens containing rub-

ber is almost negligible at high stresses, for both CrR and ShR, and it is the deformation

of rubber which leads to a stiffer response. Therefore, it can be stated that at σ > 1115

kPa, the compressibility of RSm is fundamentally governed by rubber particles at any

rubber percentage, which leads to nearly similar constrained modulus.
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Figure 4.15: Constrained modulus with applied vertical stress of RSm

Stress-strain behaviour

In this section, the compression and particle rearrangement of RSm specimens are repor-

ted on through the analysis of shear stress vs shear strain loops under one-dimensional

loading. Although oedometer tests do not allow for lateral deformation of the material

tested, this study has decided to study the hysteretic behaviour of RSm to compare the

effect of particle properties, i.e. rubber content and shape, on the compressibility of

RSm. Hence, a comparison between bulk rubber and particulate specimen has been

undertaken to investigate the nature of particle to particle interactions.

Particulate vs bulk behaviour

A comparison between a bulk rubber, which represents a solid block, and a RSm, which

characterises the particle to particle interaction, was undertaken by applying four

loading-unloading cycles. Whilst bulk rubber was tested using unconfined compression

apparatus, a oedometer was used to perform compression tests on RSm containing χ =

30%. The objective was to understand the evolution in the vertical deformation with the

application of vertical stress. Compared to previous sections, constant stress amplitude

tests were performed on each material.

This study has transformed vertical loads and deformations into shear stress τ and

shear strain γ to quantitatively compare the results obtained from every apparatus.

Figure 4.16 shows the stress - strain behaviour of the two samples.
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Figure 4.16 reveals that RSm experiences an initially pronounced shear strain compared

to bulk rubber. This is attributable to (i) the particle rearrangement and (ii) to the

deformation and bending of particulate rubber as a consequence of the entrapment

between mineral particles. The hysteretic behaviour arises with the permanent deform-

ation in the first cycle but then it remains almost constant. Given the bulk rubber is

considered to be a continuous material without voids, the initial plastic deformation

and then the continuous recovered deformation is attributable to rubber elasticity. This

suggests that the hysteretic behaviour of rubber material is primarily a consequence

of its deformability. As observed in Figure 4.16, this behaviour is observed in multiple

cycles revealing the capacity of rubber to dissipate energy due to its high deformation

and subsequent recovery. This differs from the energy dissipation seen in sand only

specimens, consequence of the inter-particle friction due to particle rearrangement.

Regarding the soil shear stiffness, defined as the ratio of τ over γ, two phenomena

can be distinguished from Figure 4.16. For rubber bulk, shear stiffness remains nearly

constant with strain and the same happens on unloading cycle. However, for the

case of RSm shear stiffness increases with vertical stress to the ultimate state point

where it tends to a similar stiffness as the bulk rubber. In other words, the particulate

sample behaves as a bulk rubber at high stresses, attributed to the absence of voids. On

unloading, the lower stiffness is regained.

Figure 4.16: Shear stress - shear strain of bulk rubber and 30% ShRm
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Rubber content and shape

Figures 4.17a and 4.17b compare shear stress - shear strain behaviour from the oedo-

meter tests depending on rubber percentage and shape. Both figures include the rubber

bulk and RSm presented in Figure 4.16. The fourth unloading-reloading cycle were used

for clarity purposes to compare deformation and hysteresis developed.

A series of observations can be made from the unloading-reloading loop of RSm at χ = 0

- 100%:

1. The magnitude of γ increases with rubber percentage

2. Conventional mineral (sand) particles are relatively stiff with insignificant hysteretic

behaviour.

3. Initial shear stiffness increases in every rubber percentage with strain during loading

stage and it decreases on unloading.

4. Initial shear stiffness decreases with amount of rubber.

5. Shear stiffness relatively constant in bulk rubber.

6. Stiffer response of RSm with vertical stress, at any rubber percentage, which tends to

similar shear stiffness of bulk rubber.

7. Hysteretic behaviour observed in both bulk and particulate rubber.

(a) (b)

Figure 4.17: Shear stress - shear strain curve of RSm with a) crumb rubber particles and b)
shredded rubber particles
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In both figures, sand only is identified with a narrow almost vertical stress-strain

curve which represents the small deformation and hysteresis experienced under one-

dimensional unloading-reloading. In contrast, the majority of RSm, including rubber

bulk, are characterised by a high material deformation and a hysteretic loop associated

with the energy dissipated by the mixture in every loading-unloading sequence. It is

evident that γ increases when adding rubber for both CrR and ShR at χ > 15%. At this

rubber percentage, the specimen shows a rubber-like behaviour, with lower values

of stiffness, due to the rubber deformation. On the other hand, specimens contain-

ing either ShR or CrR experience similar stress-strain response at χ = 15%, showing a

sand-like behaviour which is mainly controlled by the sand physical properties.

Regarding the rubber shape, Figure 4.17b shows greater deformation in ShR samples

compared to CrR as shown in Figure 4.17a. The rubber-like behaviour is seen in both

ShR and CrR at χ > 15%, but this is more evident in shred particles which suffer from

a greater deformation. The results presented in existing literature (Rao and Dutta,

2006; Lee et al., 2010) establish that RSm experience a greater deformation at greater

rubber contents and reducing rubber particle size. However, no research has studied

the influence of particle shape on the compressibility of RSm. As presented in Section

4.3.1, mean size ratio of ShR used in this study is slightly higher than CrR and mean

thickness of both rubber shapes was limited to 1 mm. On the other hand, the aspect

ratio of ShR ranges between 2 and 6 whilst the aspect ratio in specimens containing CrR

is around 1. The only factor influencing the particle interaction with sand is uniquely

the rubber shape. Consequently, the compressibility of RSm containing particulate

rubber is not only influenced by rubber content but also rubber size and shape.
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4.5 X-ray tomography on RSm

As a continuation of the plain strain visualisations and the stress-strain analysis based on

oedometer tests, this study has quantified the particle scale interaction at a microscopic

level. The objective is to elucidate the development in both void ratio and contact

area of RSm under cyclic loading and thus relate it to its macromechanics in following

chapters. Small-oedometer samples containing 30% ShR were placed inside an x-ray

tomographic scanner and digitally processed to produce 3D images.

4.5.1 Equipment, materials and methods

The system used was a Nikon XTH 225 ST located at the Research Centre at Harwell,

Oxfordshire (UK). The experimental set-up consisted of a load cell, a vertical piston, a

micrometer and a small oedometer with an internal diameter of 14 mm. The set-up

was designed for this particular scanner and was mounted on the rotating table of the

scanner, more details on the equipment can be found in Nadimi and Fonseca (2018).

Specimen size studied was 14 mm in diameter and a height of 11 mm. The force was

exerted by manually screwing the micrometer into the sample until the pre-set load was

reached. A high precision micrometer with an axial loading capacity of 450 N was used.

The sample container was made of Perspex with 2 mm thickness for which a value of

less than 3 µm deflection under the maximum applied force was measured. The lateral

friction was minimized by considering a 1 mm gap between the container and the X-ray

window. The exerted force was monitored by a low profile ’pancake type’ load cell.

The images were acquired at three stages: prior to loading (Stage 0), under a vertical

load of 120N (Stage 1) and after unloading to 35N (Stage 2). A total of 3142 projections

were collected per scan, with an exposure of 500 ms per projection. The 3D images

acquired had a resolution of 9.2 µm (length of voxel edge). In an x-ray scanning, the

objects within the sample attenuate different levels of x-ray beam energy, depending on

the material composition and density. Denser materials, i.e. sand, attenuate more than

less dense materials, i.e. rubber and void space, and this difference in attenuation is
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represented by the intensity values of the voxels (3D pixels). The contrast of intensity

level allows for differentiation of the three phases within the image, shown in Fig. 4.18.

The rubber has intensity values between the void (black) and the sand grains (brighter).

(a) (b)

Figure 4.18: Tomographic image of the sample prior to loading: a) cross sectional view and b)
vertical section

4.5.2 Results and discussion

An in-house imaging processing code was developed in Matlab to segment the images

by separating them into the three phases. This includes a two-step binarisation us-

ing Otsu’s thresholding (Otsu, 1979), for which the sand phase was first isolated and

secondly the rubber phase was separated from the void space. Cross sections through

the 3D segmented images at the three stages of loading are presented in Fig. 4.19. The

subsequent step of image processing was to identify the contacts between the sand

grains and the rubber (Fonseca et al., 2013). The measurements consisted in counting

the number of voxels (volumetric pixel) forming each of the three phases and the con-

tact regions. The volumes of sand, rubber and void space where obtained by multiplying

the number of voxels by the voxel size (9.2333µm3). For the contact areas the number

of voxels was multiplied by 9.2332µm2 to obtain the area of surfaces.
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(a) (b) (c)

Figure 4.19: Cross sectional views through the segmented images with the three phases differ-
entiated: a) Stage 0, b) Stage 1 and c) Stage 2

Table 4.7 shows the height of the sample and void ratios, measured from the 3D images,

at the three stages load stages. The void ratio (ei m) was calculated as:

ei m = Nvoxel
voi d

Nvoxel
sand +Nvoxel

r ubber
(4.10)

where, N voi d
voxel is the number of voxels forming the void space, N sand

voxel are voxels occupied

by sand grains and N r ubber
voxel are voxels occupied by rubber.

Table 4.7: Measurements of sample height and global void ratio of sample at the three stages,
obtained from the 3D images

Stage 0 Stage 1 Stage 2

Load (N) 0 120 35

Sample height (mm) 11.14 10.24 10.51

Void ratio (ei m) 0.441 0.345 0.358

The evolution in rubber volume under loading and unloading is presented in Fig. 4.20a

together with the evolution in sample void ratio. It is seen that the rubber undergoes

volumetric compression when the loads increases to 120 N, due to rubber’s deformation,

and on unloading to 35 N almost all the deformation is recoverable as expected. This

verifies the assumption made by Platzer et al. (2018) who hypothesised that the volume

changes experienced by RSm are consequence of particle re-arrangement but also

rubber deformation under loading. Indeed, the evolution in rubber volume shown in

Figure 4.20a reveals that there is a temporary change in rubber volume under loading,

contrary to the assumption made that rubber is incompressible. However, this change
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in volume is postulated in this study to be attributable to the presence of micro-porosity,

as well as fissures and cracks, observed within the particulate rubber (Figure 4.21). This

will be further discussed in Section 4.5. Interestingly, the void ratio range obtained

using the tomography images, i.e. 0.32-0.46, is lower than the minimum void ratio

experimentally calculated from the maximum density of RSm (Figure 4.8). This could

be attributed to the different set-up and the sample preparation in each apparatus.

While the maximum density was calculated in a 4 l mould (Section 4.7), the void ratio

calculated via x-ray analysis was obtained from 14 mm by 11 mm samples prepared at

an initial dense state to ensure the contacts between particulate rubber and sand. This

discrepancy in the magnitude of e suggests that the analysis to determine the number

of voids should not be directly extrapolated between these two sets of experiments.

The evolution of the contact area between sand grains and rubber is presented in Fig.

4.20b. In this case, we can see an increase in the contact area as applied load increases

(secondary axis in reverse order) and on unloading only part of the new formed contact

areas are lost. This is an interesting finding given that it appears to mimic (qualitatively)

the evolution of the void ratio. This reveals that rubber particles remain attached to

the surrounding particles, ’locking’ the possible contact sliding attributable to the high

inter-particle friction in comparison with conventional mineral soils, e.g. Lopera Perez

et al. (2016). This finding is in accordance with previous investigations (Lee et al., 2007;

Lee et al., 2014) who found the existence of a contractive behaviour in RSm with adding

20% rubber that inhibited the sliding between sand and rubber particles and prevented

the appearance of buckling.
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(a) (b)

Figure 4.20: Evolution in void ratio with a) rubber volume and b) contact area of 30% ShRm
from mini oedometer tests

4.5.3 Energy dissipation at a particle scale

Energy dissipation in sands is caused by particle re-arrangement and sliding at inter-

particle contacts (Zheng-Yi and Sutter, 2000; Anastasiadis et al., 2012b). Results illus-

trated in Figures 4.20a-4.20b seem to demonstrate that there are other mechanisms at

play when particles are deformable (rubber) and/or mixed with rigid particles (sand). It

may be postulated that rubber particles dissipate part of the energy by sliding at inter-

particle contacts and this can explain the initial (and significantly higher) irrecoverable

response during the first loading cycle. This is due to particle arrangement induced by

stress increases and voids being filled by (deformed) rubber particles. Hence, it would

seem that the dissipation during the first loading-unloading cycle in sands, rubber and

RSm is caused by inter-particle contact sliding and density changes associated with

particle rearrangement.

On the other hand, the more constant dissipation occurring at subsequent loading-

unloading cycles for all RSm can be explained by a different mechanism. Rubber

particles "lock" and their deformation takes over the dissipation mode. Results obtained

in Figure 4.20a have indicated that the contact area of particulate rubber increases upon

loading and only very slightly reduces during unloading. Similar observations were

made in terms of void ratio (Fig. 4.20b). This occurs with very high inter-particle friction
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at contacts of rubber particles. It may be postulated that dissipation by individual

rubber particles is developed similarly as it would occur in (bulk) rubber block, but their

collective behaviour and interaction with other particles causes additional non-linearity

on the stress-strain response. Hence energy dissipation mechanisms at the macro-level

are the result of physical phenomena at the micro-level.

These mechanisms have been postulated based on quantitative image analysis

(Section 4.5), but also based on set of standard oedometers tests on RSm comprising

sand and ShR/CrR following preliminary analyses on plane strain visualisations of

acrylic discs and rubber particles of different shapes (Section 4.2). The results across

the three experimental set-ups provide an intuitive explanation of the micro-scale

interactions affecting the observed macro-scale behaviour.

4.6 RSm compressive behaviour

In the light of the analysis undertaken, this study tries to explain the evolution in the

compressive and stress-strain behaviour of RSm, understood as a three phase material,

under uniaxial vertical load. A series of assumptions have been made:

• Sand particles are infinitely rigid (non-flexible) and incompressible.

• Rubber in its bulk phase has a Poisson ratio of 0.5 and consequently recovers its

volume despite suffering significant deformations (Figure 4.16).

• The reduction in size of voids and, in turn, the volumetric change in RSm is a result of:

i) compression; associated with particle rearrangement, and

ii) distortion; which accounts for deformation, bending and/or crush of particles at

high stresses.

Table 4.8 shows the differences between a solid block and particulate samples of only

sand and only rubber materials. The stress-strain and compressive behaviour of RSm

can therefore be elucidated at a macro level from the combination of rigid and flexible

particles and its individual behaviour at a microlevel.
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Table 4.8: Conceptual framework to explain the particle shear and compressive behaviour of
mineral (sand) and rubber particles

Bulk Phase Particle + void phases

Compression Distortion Compression Distortion

Sand No No Yes M:increases with e Yes G: decreases with γ

Rubber No (ν = 0.5) Yes G: decreases with γ Yes M:increases with e Yes G: increases with γ

Rigid (mineral) soils

The first case is mineral (sand) soil in its bulk phase where no compression nor shear

deformation is possible due to being an infinitely rigid material. On the other hand, the

reduction in the number of voids in conventional particulate soils (sand) points to a

rise in constrained modulus with vertical stress under isotropic loading as observed

in Figure 4.15. As vertical stress keeps increasing, there is a higher number of contacts

between sand particles and in turn significant friction/sliding effects. This results in a

compact state where sand particles cannot withstand high loads due to lack of ductility

(Sheikh et al., 2012) causing particle breakage as discussed in previous studies, e.g Fu

et al. (2014). It can then be postulated that shear stiffness of mineral particles reach a

peak before particle’s crush and then it decreases with deformation.

Deformable (rubber) materials

Rubber in its bulk phase (rubber cylinder) does not experience any compression as a

consequence of the change in void ratio given that there are no voids within the solid

block. However, the response of the material under high vertical stresses is to deform

which, in last instance, leads to a decrease in the material shear stiffness with deforma-

tion. Given that rubber is assumed to be incompressible (ν = 0.5), the only explanation

to describe the high deformation exhibited by the bulk rubber under loading (Figure

4.16) is the existence of micro-pores within the solid block (Figure 4.21). A high porosity,

in addition to numerous fissures and cracks on the rubber surface, were found using

microscopic images as can be seen in Figure 4.21. The hysteresis found in the solid

rubber is initially attributed to the plastic deformation experienced by the bulk but then,
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a constant hysteretic behaviour is observed (Figure 4.16) which can be only associated

with its elasticity and capacity to recover its shape.

Figure 4.21: Microscopic image showing high porosity together with fissures and cracks found
on surface of recycled rubber particle

With regards to particulate rubber, an increase in the constrained modulus is also

observed with the difference that this occurs at a lower rate than with mineral (sand)

specimens. This can be mainly attributed to the low bulk stiffness introduced by rubber

particles (Zheng-Yi and Sutter, 2000). On the other hand, the increase in the contact

area (Figure 4.20b) and the high inter-particle friction of rubber prevent any slippage

between particles. In other words, the movement between rubber particles is "locked"

leading to an improvement in the shear stress. This would aid explaining why there is

null particle breakage at specimens with χ > 60%, e.g. Fu et al., 2014. In last instance,

this gives rise to an improvement in the material stiffness with shear strain. The shear

stiffness of particulate rubber tends to that of the bulk rubber at high stresses as shown

in Figure 4.17a. However, the anisotropic interaction between particles generates non-

symmetric dissipation patterns, reason why solid block and particulate specimens show

a different hysteretic behaviour.
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Rigid (sand)- deformable (rubber) particle mixtures

The particulate behaviour of RSm can then be understood as a combination, in variable

extent, of the individual behaviour of sand only and rubber only specimens. In terms of

compression, the change in size of voids leads to an increase in constrained modulus.

This is more evident when reducing rubber content, attributed to the dominance of

physical properties of sand, and the resultant sand-like behaviour. At high stresses,

rubber’s deformation starts to fill the voids between soft and rigid particles, increasing

the contact area (Platzer et al., 2018). This, together with the high-interparticle friction

(Lopera Perez et al., 2016), inhibits the particle sliding. In other words, rubber particles

adds resistance against shear stresses, postponing any possible slippage and/or particle

breakage. Based on the reduction in the crushing of particles as shown in research to

date (Fu et al., 2014)), this effect is more significant at greater rubber percentages with

the appearance of rubber-like behaviour. The temporary change in rubber volume

observed in RSm via x-ray tomographic images (Figure 4.20a) is attributed to the high

capacity of particulate rubber to deform (Platzer et al., 2018). The significant deforma-

tion exhibited by RSm is, in turn, developed as a result of the porosity, crack and fissures

found on the rubber surface, via microscopic images (Figure 4.21), which can help to

explain the reported temporary change in volume and its recovery.
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4.7 Summary

In this chapter, the micro and macro mechanics of RSm containing ShR and CrR have

been studied using plain strain visualisations, conventional oedometer tests and 3D

x-ray tomographic images on small-oedometer samples.

• A greater change in void ratio as well as higher values of compression and swelling 

indices have been found in mixtures containing rubber shreds.

• RSm is a three phase material comprising of solid incompressible (sand), solid 

deformable (ShR/CrR) particles and voids. The change in void ratio is attributable to 

both i) particle rearrangement and ii) distortion, due to deformation and bending.

• Rubber addition increases the capacity to deform of RSm that leads to an increase 

in particle-to-particle contacts. This inhibits the particle sliding, attributable to the 

high inter-particle friction, and increases the resistance to shear stresses.

• 3D x-ray tomographic images have demonstrated that contact area between sand 

and rubber particles increases upon loading and slightly reduces during unloading. In 

terms of new understanding, this study has demonstrated that the particle shape, in 

conjunction with rubber content, has an effect on the evolution of compressibility 

and the stress-strain behaviour of RSm. This suggests that rubber shape should also 

be accounted to understand the effect of particle properties on the response of RSm 

under loading. As a result of the high capacity to deform of rubber, RSm experience 

an improvement in the shear stiffness. This means that rubber adds an additional 

resistance against vertical loading which postpones the particle slippage and, in last 

instance, the possible particle breakage. The hysteretic behaviour experienced by both 

bulk and particulate rubber is found to be dominated by rubber deformation and void-

filling capacity. This aid in explaining the distinction in energy dissipation mechanisms 

found at a particle scale between sands, where the energy is known to be dissipated 

through inter-particle sliding, and RSm, where the high inter-particle friction prevents 

the slippage, and deformation takes over the dissipation.
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Cyclic behaviour of RSm - Element test

5.1 Introduction

The investigation on the dynamic behaviour of RSm has been primarily focused on the

range from very small-to-medium amplitudes (Mashiri, 2014). The impact of previous

strong motions has shown how soil deposits can be subject to large deformations

with the appearance of prolonged aftershock conditions. Under such deformations,

saturated soils are likely to suffer from stiffness and damping degradation. However,

research to date fails to acknowledge the effect of test conditions, e.g. cycles, on the

dynamic behaviour of mineral soils and, in particular, RSm.

This chapter presents the results corresponding to the cyclic behaviour from tests

performed on RSm at small-to-large deformations. First, specimens are tested under

saturated, undrained conditions using a cyclic triaxial equipment. This was done to

evaluate the evolution in pore water pressure and its effect on the bulk parameters

that characterise the dynamic behaviour, i.e. shear modulus and damping ratio, whilst

altering rubber content and number of cycles. Second, the low strain range is analysed

via torsional resonant column tests on RSm specimens tested under undrained, dry

conditions to determine the maximum shear modulus and minimum damping ratio.

The bulk parameters experimentally calculated will used to predict the stiffness and

damping degradation curves for RSm containing shredded rubber (Chapter 7).
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5.2 Cyclic triaxial equipment

The main aim of this investigation is to understand the response of RSm under cyclic

loading, identifying those factors that influence the characterisation of its dynamic

behaviour. To obtain this information, a cyclic triaxial apparatus was employed in

accordance with ASTM D3999 (2011). By doing so, the cyclic behaviour, together with

liquefaction potential, of RSm specimens containing shredded rubber (ShR) were de-

termined under isotropically consolidated, undrained, saturated conditions by applying

strain controlled cycles.

5.2.1 Equipment, materials and methods

Equipment

Cyclic triaxial experiments were performed using ©Dynatriax Dynamic pneumatic

triaxial system at Edinburgh Napier university. The apparatus is a computer controlled

servo-pneumatic system capable of performing both static and dynamic triaxial at an

operating frequency of up to 10 Hz (Figure 5.1). The double acting pneumatic actuator

presents a maximum load capability of ± 5 kN with an integrated LVDT displacement

transducer. The standard triaxial cell of the equipment can manage both cell and

back pressures up to 1000 kPa. The Compact Dynamic Controller has 16 transducer

input channels using 16 bit ADC and it manages high sensitivity controlled loops, i.e.

displacement, cell and back pressure, with a P.I.D. feedback of up to 10 kHz. Values

corresponding to the minimum and maximum range as well as the accuracy of all

transducers attached to the controller have been presented in Table 5.1.

Data acquisition was carried out by means of the software DYNATRIAX. Recorded

data were: time (s), confining pressure (σ3)(kPa), back pressure (BP)(kPa), axial load

(N)(kN ), pore water pressure (u)(kPa), change in pore water pressure (∆u) and vertical

displacement (δ)(mm). All these variable readings were recorded every millisecond

resulting in a total of 1,000 data points per second.
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Table 5.1: Resolution and range for transducers of cyclic triaxial experiments

Transducer Minumum range Maximum range Resolution

Load -5000 N 5000 N ± 0.1 N

Integrated LVDT -1 mm 50 mm ± 0.001 mm

Actuator -1 mm 30mm ± 0.01 mm

Volume change 10cc 90cc ± 0.01 cc

Cell Pressure -50 kPa 1000 kPa ± 0.1 kPa

Back Pressure -100 kPa 1000 kPa ± 0.1 kPa

Pore pressure -100 kPa 1000 kPa ± 0.1 kPa

Material preparation

Specimens tested in the cyclic triaxial apparatus were formed in a split cylindrical

mould of 50 mm diameter by 100 mm height. RSm samples were prepared at various

gravimetric proportions χ = 0, 10, 20 and 30%. The investigation on the dynamic

behaviour of RSm was limited to elongated rubber particles. The terminology RSm is

used to refer to mixtures containing sand mixed up with shredded rubber (ShR).

RSm samples were prepared within a 0.2 mm rubber membrane thickness to keep

the sample saturated during the test. The membrane was first secured to the equipment

base pedestal, followed by the introduction of a porous disc and filter paper, which were

held in place by using two O-rings. Porous discs and filter papers were placed at both

ends of the sample to restrict any possible movement of loose particles. Each half of

the split cylindrical mould was then placed around the rubber membrane and base

pedestal to maintain them in place by using fasteners. A vacuum pressure of 20 kPa was

then applied to adhere the rubber membrane to the mould.

The procedure followed to pour RSm into the rubber membrane is a modification of

the dry deposition method proposed by Ishihara (1996), given that elongated rubber

could not be placed through a funnel shaped cone. A minimum of 2.5% moisture was

needed during sample preparation to minimise the segregation of sand particles. This

is in line with previous authors (Li et al., 2016) who addressed the segregation of sand

whilst preparing the mixture in dry conditions. Adding a small amount of moisture

introduces a thin water phase in which pressures are found to be negative. This suction
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serves to hold particles in place against any self-weight gravitational forces following

pouring. Samples were bagged with moisture content for a period of 24 hours before

sample testing. RSm were then poured into the mould with a small scoop able to fit in

the specimen dimensions without difficulties.

Homogeneity during sample preparation is necessary to ensure the repeatability of

a test. This was achieved by maintaining the specimen relative density, formed prior to

evaluating the dynamic properties of RSm. Furthermore, this was adopted as the main

material descriptor to compare mixtures with different rubber content. The minimum

and maximum density of sand and RSm were determined in Chapter 4 following the

standard BS 1377-4 (1990). These values have been used as a reference to determine the

value of the relative density for RSm before testing them.

An initial medium-to-dense state (Dr = 65-85 %) was achieved for RSm before testing

the specimen with either torsional resonant column or cyclic triaxial equipment. For

that, the sample void ratio esample (Table 5.2), together with sand and rubber quantities,

were calculated based on emi n and emax for every rubber percentage. In line with the

sample preparation for the oedometric tests (Chapter 4), both height, i.e. 100 mm,

and sample volume, i.e. 200 cm3, were set at a similar value for all contents whilst the

rubber content increased to maintain the rubber/sand mass ratio as established in

the gravimetric proportion. Thus, material was split into equal parts and poured in

the mould lined with a latex membrane in four layers. A light tamping was uniformly

applied to each sample layer until reaching 25 mm height, and subsequently until

reaching 100 mm height. Figure 5.2 shows the compaction state of sand and 30% RSm

after preparing the specimens but prior to saturating and consolidating the mixtures.

Values corresponding to average sample void ratio (esample ) as well as relative density

are shown in Table 5.2. As shown in Figure 5.3, the sample density decreases in line

with minimum and maximum density while the sample void ratio increases with the

maximum void ratio, needed to maintain a similar initial compaction state. Hence,

the relative density of RSm varied between 78 - 86%, which reveals that the specimens

reached a dense-to-very initial dense state (Lambe and Whitman, 2010).
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(a) (b)

Figure 5.2: Sample preparation for cyclic triaxial tests of (a)sand and (b) 30%RSm

(a) (b)

Figure 5.3: Maximum, minimum and sample a)density b) void ratio

Table 5.2: Relative density obtained for cyclic triaxial tests

Test emi nRSm emaxRSm esample Dr (%)

0RSm 0.54 0.80 0.61 78.8

10RSm 0.55 1.41 0.73 81.7

20RSm 0.55 1.67 0.74 82.8

30RSm 0.55 1.80 0.73 86.2

134



CHAPTER 5. CYCLIC BEHAVIOUR OF RSM - ELEMENT TEST

Saturation

Cyclic triaxial specimens were saturated according to the back pressure saturation

technique as per ASTM D7181 (2011). A saturation B-value of at least 0.95 was achieved.

The triaxial cell was mounted on the formed sample and slowly filled with water,

whilst having the top vent open, to prevent any build-up pressure. The top vent was

then closed when water reached the desired level and a cell pressure of 20 kPa was

applied. A de-aired water flow was introduced from the pore water pressure valve,

circulated through the sample and finally extracted using the back pressure valve, whilst

maintaining the 20 kPa cell pressure. This process was carried out for a period of 20-30

minutes, depending on the RSm specimen, until the sample was completely filled with

water to remove trapped air. This pre-saturation process was successfully tested to

facilitate the specimen saturation. Once the pre-saturation was completed, back and

pore water pressure valves were closed, cell pressure was dropped to a nominal 10

kPa and a back pressure equal to 5 kPa was introduced in the sample to initiate the

saturation. At this point, the submersible load cell was brought into contact with the

specimen top. A external vacuum pressure of 5 kPa was then applied to attach the

specimen to the actuator load cell.

The saturation process was performed on RSm specimens by increasing the cell

and back pressure at different rates. The difference between cell and back pressure

was maintained between 30 and 40 kPa to keep under 20 kPa the total effective stresses

applied to the sample. Cell pressure was increased in increments of 40 kPa and kept

at that level for intervals of 10 minutes. Back pressure was increased 30 kPa in every

interval to be 10 kPa under the cell pressure value. Pore water pressure valve was opened

for a duration of 10 minutes until the change in volume was zero. This process was

repeated until cell pressure reached 200 kPa. On the other hand, cell and back pressure

were increased by 20 kPa in intervals of 20 minutes, until they reached 310 kPa.

The degree of saturation was calculated by using the B-value, which is defined as

the ratio between change in pore water pressure (∆u) and change in cell confining

pressure (∆σ3), as shown in Equation 5.1. The degree of saturation (B) was measured
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by increasing cell pressure, maintaining back pressure closed, and reading the change

in specimen pore pressure. A B-value>=0.95 was achieved at a cell pressure of 310 kPa:

B = ∆u

∆σ3
(5.1)

Consolidation

Every RSm specimen was isotropically consolidated after the saturation. This was done

by applying an effective confining pressure along the sample surface so as to maintain

the particle in contact. A back pressure of 300 kPa was kept constant and cell pressure

was increased to 400 kPa. Pore water pressure also reached 400 kPa when increasing

confining pressure. The valve was then opened, dropping to the back pressure value,

for a duration of 30 minutes until the change in volume was less than 1 cm3. This

process triggered the primary consolidation of deformable rubber particles and ensured

specimens to be subjected to an effective confining pressure of 100 kPa. Figure 5.4 shows

the membrane state after applying a 100 kPa confining pressure to a 20% RSm sample.

Figure 5.4: Membrane after consolidation during cyclic triaxial test
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Methods

Cyclic tests were carried out by means of sinusoidal waveforms transmitted through the

triaxial actuator. The actuator was attached to the specimen top via an induced vacuum

pressure. A series of hysteretic stress-strain loops were then obtained as a result of the

medium-to-large deformations applied to the mixture at σm = 100 kPa.

A summary of the type of test and its attributes are presented in Table 5.3. Each test was

labelled with a test ID, which was noted as χ (%) - RSm - γc yc . In this regard, χ specifies

the percentage of rubber by mass of shredded rubber introduced in the mixture, and

γc yc is the cyclic shear strain amplitude. This last one refers to the single shear strain

amplitude. A total of 16 tests with the same deformation amplitude, accounting for

γc yc = 0.05, 0.1, 0.2 and 1%, under strain controlled conditions were undertaken at a

frequency rate of 1 Hz. A maximum of four hundred cycles (N) were applied to every

specimen in order to determine dynamic properties, as well as liquefaction potential,

of RSm in the medium-to-large strain range.

Table 5.3: Classification of cyclic triaxial experiments

Test ID χ (%) Single amplitude, γc yc (%) Cycles, N

1-0RSm0.05 0 0.05 400

2-0RSm0.1 0 0.1 100

3-0RSm0.2 0 0.2 41

4-0RSm1 0 1 14

5-10RSm0.05 10 0.05 400

6-10RSm0.1 10 0.1 400

7-10RSm0.2 10 0.2 240

8-10RSm1 10 1 50

9-20RSm0.05 20 0.05 400

10-20RSm0.1 20 0.1 400

11-20RSm0.2 20 0.2 400

12-20RSm1 20 1 400

13-30RSm0.05 30 0.05 400

14-30RSm0.1 30 0.1 400

15-30RSm0.2 30 0.2 400

16-30RSm1 30 1 400
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5.2.2 Cyclic behaviour at medium-to-large strains

The cyclic behaviour has been studied for rubber content χ = 0 - 30 % by evaluating the

change in deviatoric stress (q), which gives an indication of soil stiffness, with number

of cycles (N). The value N represents the number of strain controlled cycles applied

to each sample whilst maintaining a constant cyclic strain amplitude. Stress paths

have also been determined by comparing the change in deviatoric stress (q) against the

effective mean stress (p ′).

Sand

Figures 5.5-5.6 shows the results of cyclic triaxial tests conducted on sand at γc yc =

0.05, 0.1, 0.2 and 1 %. At γc yc = 0.05, the stress - strain response experienced by sand

is initially linear elastic. This linear elastic behaviour is similar to the stress-strain

behaviour observed under one-dimensional compression loading (Chapter 4) where an

almost negligible hysteresis was found. However, the dynamic response varies from the

elastic initial straight line to an asymmetrical ellipse as the strain amplitude increases,

i.e. γc yc > 0.05%. This results in a gradual decrease in soil stiffness tending to zero with

the number of cycles. As established by previous authors (Li et al., 2016; Wichtmann

and Triantafyllidis, 2016), the permanent plastic deformation found in soils under

loading leads to a gradual loss in the inter-granular contacts between particles and the

subsequent degradation of the soil stiffness. Figure 5.5b reveals hysteretic behaviour

attributed to the plastic deformation experienced by the specimen.

In Figures 5.5c-5.5d, the stress-strain response of sand shows a pronounced asym-

metry, in which maximum and minimum deviator stresses present greater values in

compression than in tension. There is a clear stress-path dependent anisotropic re-

sponse. Also note that the decay in soil stiffness observed in Figure 5.5b is more evident

at larger strains, i.e. γc yc = 0.2 - 1%, where the deviator stress becomes zero after N=41

and N=14, respectively. At this strain amplitude, the dynamic response of sand reveals

a predominantly plastic behaviour. As explained in the Chapter 4, the size of voids

decreases in RSm under the action of deformations, i.e. particle rearrangement, which
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leads to a rise in contact area. However, the inter-particle friction between sand particles

cannot withstand the large deformations, also due to the rise in the pore water pressure,

which results in a eventual particle slippage and loss of inter-particle contacts.

10% Rubber soil mixture

Figures 5.7-5.8 illustrate the dynamic response of 10% RSm at γc yc = 0.05, 0.1, 0.2 and

1 %. A similar stress - strain response is observed, as obtained for the case the case

of sand at γc yc = 0.05, which reflects the nearly elastic behaviour of the mixture after

400 cycles. Yet a greater hysteresis is observed in contrast with sand which can be

mainly attributed to the ability of rubber to deform and recover its size, as shown in the

constant stress-strain analysis of bulk rubber in Section 4.3.2.

There is a change, however, in the cyclic behaviour of RSm at larger strain amplitudes

(Figs. 5.7b-5.7d). In contrast to the significant anisotropy found in sand at γc yc = 0.2 and

1%, the cyclic response of 10% RSm exhibits a nearly isotropic response in relation to soil

stiffness decay. Referring to findings from Lee et al. (2007) and Lee et al. (2010), this can

be interpreted as the transition from sand-like to rubber-like behaviour when adding

rubber particles owing to the rubber deformability. Note that, plastic deformation

increases with number of cycles that reveals the elastoplastic behaviour of the mixture.

In terms of soil stiffness, Figure 5.8 shows a reduction in maximum and minimum

deviator stress at all shear strain levels (i.e. γc yc = 0.05-1 %) compared to sand samples.

As with sand specimens, deviator stress decreases with number of strain controlled

cycles which reveals the development in plastic deformation. Nevertheless, the cycles

required to trigger the specimen liquefaction increased in comparison with sand tests

at γc yc = 0.2 and 1%. The results obtained revealed that 10% RSm withstood 240 strain

controlled cycles at γc yc = 0.2 % (Figure 5.7b) whereas sand liquefied after N = 41.

Consequently, it can be observed that the inclusion of 10% ShR improves the resilience

of sand under the action of cyclic loading at medium-to-large deformations.
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20% and 30% Rubber soil mixture

Figures 5.9, 5.10, 5.11, and 5.12 show the results corresponding to 20% RSm and 30%

RSm, respectively. A lower maximum and minimum deviator stress, i.e. compression

and tension, is observed compared to sand and 10 % RSm. This decay in the deviator

stress is attributed to the lower stiffness and higher compressibility added by particulate

rubber, as shown in the evolution of constrained modulus (Chapter 4) and demonstrated

in previous studies (Kim and Santamarina, 2008; Sheikh et al., 2012).

In terms of the dynamic response, Figures 5.10-5.12 show a moderate decline in soil

stiffness with the cycles in contrast with sand specimens. A nearly elastic behaviour

is observed in both 20 and 30% RSm at γc yc = 0.05-0.2% where evident signs of plastic

deformation can only be noticed at very large strain amplitudes (γc yc = 1%). This

confirms the transition from sand-like to rubber-like behaviour, characterised by lower

stiffness but a higher capacity to deform under loading, more marked at χ = 30%.

As explained in Section 4.5, rubber particles present a high capacity to dirstort which

leads to a substantial reduction in size of voids and fill of voids between rigid soils, e.g.

(Platzer et al., 2018). The contact area increases between rigid/compressible particles,

and any possible slippage is "locked". This contributes to a development of resistance

to shear stress and leads to a decay in stiffness degradation, more pronounced at greater

rubber contents, i.e. χ = 20-30%.

Despite the appreciable reduction in deviator stress at γc yc = 1% (Figure 5.9d), 20

% RSm did not liquefy when subject to 400 strain controlled cycles. Consequently,

adding rubber increased the capacity of the mixture to undergo large deformations

without experiencing a significant reduction in soil strength. This can be directly related

to the higher compressibility observed in RSm containing both shredded and crumb

particles (Chapter 4), and also the minimum change in the contact area of RSm under

loading-unloading cycles. Hence, it can be observed that the cyclic behaviour of RSm

containing χ >= 20 % is controlled by rubber and its capacity to compress at high strains.

This differs from the slippage and loss in particle contacts of sand specimens which led

to a rapid decay in soil stiffness (Figure 5.5d).
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5.2.3 Liquefaction potential

Liquefaction potential of RSm has been assessed considering the number of strain

controlled cycles required to reach a pore pressure ratio ru = 1, i.e. soil liquefies. Pore

pressure ratio is obtained from the ratio between the change in pore ware pressure and

the effective confining pressure (Section 2.3.3). Figure 5.13 shows the change in the

pore water pressure and, as a result, the pore pressure ratio ru with the number of cycles

N and the strain amplitude for RSm.

A variable behaviour in the generation of pore water pressure can be observed depend-

ing on the amount of rubber and strain amplitude. Hence, the accumulation of pore

water pressure and the number of cycles to reach liquefaction can be related to the

type of mixture. In accordance with previous studies, such as the case of (Tsuha et al.,

2012), who identified a pattern in the behaviour of driven piles, i.e. stable, unstable

and meta-stable, in offshore foundations in relation to the shaft cyclic amplitude, this

investigation distinguishes between two behaviours with regards to the evolution in

liquefaction potential: (i) stable, and (ii) unstable. The objective of this section is to

classify mixtures within each group to elucidate the effect of cyclic loading on the

liquefaction resistance. These two states are defined in this investigation as:

• Stable zone, where pore water pressure stabilises or accumulates slowly over hundreds

of strain controlled cycles. The specimen does not liquefy whilst it remains here.

• Unstable zone, where pore water pressure increases rapidly under the action of strain

controlled cyclces reaching values of ru > 0.9. It is observed that soil liquefaction may

occur at N < 100.

Figure 5.13 depicts the accumulation of ru at all RSm under tested shear strain amp-

litudes. The rise in pore water pressure causes a reduction in inter-particle forces,

which leads to the subsequent decrease in effective stress, resulting in the decay of

soil strength as established in previous studies (Wichtmann and Triantafyllidis, 2016;

Zhang et al., 2016). The permanent deformation experienced by RSm (Section 5.2.2),

is then attributable to the loss of contacts between particles. Figure 5.13a shows that

sand reaches a value of ru > 0.95 after 84 cycles, reflecting the rapid accumulation of
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pore water pressure that results in the soil liquefaction. Sand is therefore identified to

be contained within the unstable zone.

The next trend in Figure 5.13a, which is identified as 10% RSm, shows a lower

accumulation of pore water pressure which gives rise to a ru = 0.82 after N = 400. Hence,

10% RSm remains within the stable zone at this strain amplitude. By adding 10% ShR,

the liquefaction resistance improved passing from the unstable liquefaction threshold,

at N = 84, to withstanding 400 dynamic cycles. The improvement in the liquefaction

resistance is even more evident at χ = 20-30%. The evolution in pore water pressure

results in a pore pressure ratio ru = 0.48 and 0.2, after N = 400. Both specimens remained

thus, within the stable zone, far from the liquefaction threshold located at ru = 0.90.

Figures 5.13b-5.13c reveal the increase in pore pressure ratio and liquefaction po-

tential of RSm at larger strain amplitudes (i.e γc yc > 0.1%). The gradual accumulation

of pore water pressure at these strain levels points to a lower number of cycles prior to

liquefying. This seems to be more prominent in sand specimens passing from N = 82 at

γc yc = 0.1% to N = 14 cycles at γc yc = 1%. On the other hand, Figure 5.13b shows that

10% RSm liquefied at γc yc = 0.2% after N = 284 with a final ru = 0.94, which might be

due to the rapid generation of pore water pressure. This sample can be found within

the unstable zone. Despite the greater accumulation in ru compared to γc yc = 0.1%, it is

observed in Figure 5.13b that the final pore pressure ratio corresponding to 20 - 30%

RSm still remained within the stable zone (ru = 0.6, 0.3).

The increase in pore water pressure is more evident at γc yc = 1%, as seen in Figure

5.13c. 10 % RSm liquefied after N = 40, in contrast to the 14 cycles found with sand.

A substantial decrease in the generation of pore water pressure is shown by adding χ

= 20%. This is comparable to the decrease in ru with the addition of 10% ShR at γc yc

= 0.1%. On this occasion, 20% RSm stays within the limits of the stable zone due to

reaching a ru = 0.88 after N = 400. By adding 30% ShR, a decay in pore pressure ratio (i.e.

ru = 0.65) was found. Therefore, it is observed that 20 and 30 % RSm can undergo 400

strain controlled cycles at γc yc = 1%, remaining within the stable zone.
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(a) (b)

(c)

Figure 5.13: Liquefaction potential of RSm at (a) γc yc = 0.1% (b) γc yc = 0.2% and (c) γc yc = 1%

Figure 5.13 reveals that the liquefaction resistance of the mixture improves when adding

shredded rubber and decreases with strain amplitude. At χ = 20-30%, mixtures with-

stood 400 loading cycles without liquefying (i.e. γc yc = 0.05-1%). The tendency shown

in previous figures point to rubber deformability as one cause to explain the lower

accumulation in pore water pressure. Although both sand and rubber are considered

to be incompressible in its bulk state (ν = 0.5), a temporary change in volume is ex-

perienced by particulate rubber under loading attributed to its micro-porosity as well

as the fissures/cracks found on their surface (Section 4.5). Therefore, whilst in sand

specimens the entirety of the applied vertical loading results in the direct increase of

pore water pressure, in RSm part of the external loading leads to an increase in pore

water pressure and part of it is "directed" to trigger the change in volumetric conditions

observed through the x-ray tomographic tests in Chapter 4.

The enhancement in liquefaction resistance is at odds with results found in previous
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investigations (Promputthangkoon and Hyde, 2007; Shariatmadari et al., 2018) which

showed an increase in liquefaction potential with rubber content. On the other hand,

this result is in accordance with other studies which established that by adding big tyre

chips (Hazarika et al., 2006; Otsubo et al., 2016; Mashiri et al., 2016), and rubber powder

(Bahadori and Manafi, 2015; Bahadori and Farzalizadeh, 2018) a significant attenuation

in pore water pressure can be achieved.

To date, only Mashiri et al. (2016) studied RSm liquefaction potential at medium-

to-large strains with the application of up to 400 strain controlled cycles. A similar

decrease in stiffness degradation with rubber content was reported by Mashiri et al.

(2016). However, a maximum of 326 cycles were withstood by these mixtures at γc yc =

0.15 - 0.5% in contrast to the 400 cycles shown in this study by applying up to γc yc =

1%. This may be attributed to the fact that Mashiri et al. (2016) focused on RSm with

tyre chips (Dr 50/Ds50 = 20) in contrast to the smaller particulate rubber (ShR) used in

this investigation. This would also concur with the work on rubber powder (Bahadori

and Manafi, 2015; Bahadori and Farzalizadeh, 2018) which established that the use of

smaller rubber particles help in the development of the liquefaction resistance as a

consequence of the greater rubber-to-rubber particle contacts.

5.2.4 Shear modulus at medium-to-large strains

Shear modulus of RSm has been determined based on the stress-strain analysis shown

in Section 5.2.2 and following the expressions presented in Chapter 2. The effect of

particle properties, i.e. rubber content and size, on G is discussed as a function of the

volumetric state variable (γ). The initial results correspond to the value of the bulk

parameters after two cycles (N = 2) given that the initial results are commonly discarded

because of the commonly observed overshooting (Nakhaei et al., 2012; Ehsani et al.,

2015). The soil stiffness is then calculated as a function of N to evaluate the cyclic effect

on saturated RSm.
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Effect of rubber content

Figure 5.14a shows the variation in shear modulus of RSm at various strain amplitudes,

γc yc = 0.05, 0.10, 0.20, 1 %, and rubber contents, χ = 0, 10, 20 and 30%. It is observed that

shear modulus decreases with rubber content in the strain range studied. The decay

in G is most pronounced with the addition of 10% ShR, and then the rate of reduction

decreases with greater rubber contents, i.e. χ = 20-30%.

At γc yc = 0.2 - 1%, it can be observed that the differences in shear modulus decrease

between 10, 20 and 30% RSm, exhibiting a nearly identical shear modulus at γc yc = 1%.

Hence, the stiffness degradation in sand and 10 % RSm occurs at a higher rate than in

20-30% RSm. These results support the argument that the addition of rubber reduces

the stiffness degradation in the medium-to-large deformation range as a consequence

of the elasticity added by rubber, as confirmed in the literature (Anastasiadis et al.,

2012b; Pistolas et al., 2018).

Figure 5.14a depicts the reduction in shear modulus with the application of larger

strain amplitudes for all RSm. This decay in G is more significant in sand specimen,

passing from G = 48.5 MPa, at γc yc = 0.05%, to G = 4.8 MPa, at γc yc = 1%. On the other

hand, the effect of strain amplitude on the stiffness degradation of 30% RSm is lesser

than on sand particles moving from G =5.1MPa, at γc yc = 0.05%, to G = 1.1MPa, at γc yc

= 1%. As previously mentioned, this is attributable to the higher compressibility with

rubber, making the mixture less susceptible to experience stiffness degradation.
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(a) (b)

Figure 5.14: Shear modulus - shear strain at N = 2 from a) this study, and b) Mashiri (2014)

Effect of rubber size

The effect of size ratio between sand and rubber particles is discussed in this section by

comparing the empirical results from this study with previous investigations.

Results obtained by Mashiri (2014) are shown in Figure 5.14b, which illustrate the

variation in shear modulus with shear strain of sand-tyre chips mixtures (STCh). There

are common features between this and Mashiri’s investigation (Figures 5.14a-5.14b)

such as adopted rubber contents and shear strain amplitudes, i.e. γc yc = 0.1-0.5%.

The main difference between the two studies come from the use of different particle

sizes, where Mashiri (2014) used big rectangular tyre chips which exhibit a greater size

compared to sand particles (dR50/dS50 > 20). This differs from the smaller size ratio

(dR50/dS50 ≈ 1.8) adopted in this investigation.

It is noticed in Figure 5.14b that soil stiffness decreases when adding rubber, and

the difference in shear modulus between TChm drops steadily at large strains, as occurs

in Fig. 5.14a. In this regard, all TChm exhibit a decay in shear modulus with strain

amplitude up to γ = 0.4%, where 30% TChm exhibits the greatest soil stiffness. This

result contrasts with the trend seen in this study (Figure 5.14a), where sand exhibits the

greatest stiffness. However, the main discrepancy is found in the higher soil stiffness

exhibited by TChm compared to all RSm shown in Figure 5.14a at the strain range γ =

0.1-0.5%. The difference in the soil stiffness of the mixture is more than double between
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both investigations at γ = 0.2%. e.g., 10% and 20% RSm exhibit G = 4.2 MPa and 3.6 MPa

in contrast to 10% and 20% TChm which show G = 9MPa and 8.5 MPa (Figure 5.14b).

As discussed in the literature (Lee et al., 2010; Pistolas et al., 2018) the rubber-like

behaviour is more prominent when adding higher content of smaller particulate rubber,

as a result of the rise in rubber-to-rubber contacts (SR < 1). The reported results supports

the basis that adding bigger rubber particles, e.g. tyre chips, and thus, the increase in

size ratio (SR > 10), points to an increase in mixture shear modulus and the contrary

occurs with smaller rubber particles.

Effect of cycle number

Previous strong motions have shown that soil deposits can be subjected to large de-

formations which can be accentuated with the appearance of prolonged aftermath

conditions (Nazari et al., 2014; Towhata, 2014). Under such deformations, saturated

soils (Okur and Ansal, 2007; Brennan et al., 2005; Wichtmann and Triantafyllidis, 2016)

might experience a significant stiffness and damping degradation. So far, only Mashiri

et al. (2016) has investigated the cyclic effect on saturated sand-tyre chips mixtures up to

20 cycles. This study seeks to address this gap in the literature by evaluating the change

in soil stiffness and damping ratio of RSm by applying a total of 400 strain controlled

cycles. Figure 5.15 shows the change in G with N at γc yc = 0.05, 0.1, 0.2, 1% at N = 400.

At medium strain amplitudes (γc yc = 0.1%), shear stiffness of mixtures containing

rubber is not altered by the number of cycles and only sand appears to be affected

by N, moving from G = 19.2 MPa, at N = 2, to G = 14 MPa, at N = 20. This seems to

be in consonance with trends observed in the stress paths in Section 5.2.2, where an

appreciable plastic deformation was observed in sand only specimens. At higher cycles,

Figure 5.15a shows the gradual decrease in G of sand moving from G = 19.2 MPa, at N =

2, to G = 1.14 MPa, after 130 cycles when the sample liquefied (Figure 5.13a).

The evolution in shear modulus at high cycles of sand contrasts with the low change

in soil stiffness after 10 cycles, where the specimen did not experience a significant

stiffness degradation. However, at higher cycles and large amplitudes, the rise in pore

water pressure led to a loss in surface contacts and a consequent stiffness degradation.
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For χ = 10 %, the stiffness degradation occurs at a lower rate, whereas for χ = 20-30%,

the reduction in shear modulus is almost negligible as a consequence of the small

accumulation in pore water pressure shown in Figure 5.13a. As observed in Figure 5.15,

adding 10% rubber changes the predominately plastic behaviour of sand specimens to

elasto-plastic and to a nearly elastic cyclic behaviour at χ > 10 %.

Figure 5.15b and 5.15c show the marked reduction in soil stiffness of sand and 10%

RSm at strain amplitudes γc yc = 0.2 and 1%. The minimum shear modulus depicted in

the graph correspond to the point when the specimens liquefied. Despite the initial high

stiffness exhibited by sand at all strain amplitudes, sand stiffness decreases at a much

higher rate than any RSm attributable to the higher increase in pore water pressure.

Hence, 20% and 30% RSm exhibit higher soil stiffness than lower rubber contents after

N = 80 at γc yc = 0.1%, N = 15 at γc yc = 0.2% and N = 10 at γc yc = 1%. Based on the

results with x-ray tomographic tests (Chapter 4), the compressibility and the induced

contact area under loading increases the resistance against shear stresses of RSm and

minimise the slippage between particles. As a result, the rubber deformability controls

the behaviour of RSm under cyclic loading, being able to bend and deform under large

deformations without experiencing significant stiffness degradation.
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(a) (b)

(c)

Figure 5.15: Shear modulus - number of cycles up to N = 400, at (a) γc yc = 0.1%, (b) γc yc = 0.2%
and (c) γc yc = 1%

5.2.5 Damping ratio at medium-to-large strains

The hysteretic material (non-linear) damping has been evaluated in this section from the

stress-strain analysis obtained from RSm specimens tested under undrained conditions.

The damping ratio herein discussed corresponds to the material damping of a soil at

an element scale and it is correlated to the energy dissipation mechanisms elucidated

from the particle interaction in RSm (Chapter 4).

Effect of rubber content

The effect of rubber content on the hysteretic damping ratio when subjected to medium-

to-large strains is displayed in Figure 5.16a. It is observed that 10% RSm exhibits greater

damping than any rubber percentage at all strain amplitudes. This finding confirms
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the improvement in the capacity to dissipate energy of RSm with the addition of rubber.

This coincides with previous studies on the dynamic behaviour of RSm (Ehsani et al.,

2015; Li et al., 2016; Pistolas et al., 2018) which stated that there is an improvement in

the damping capacity by adding up to χ = 20%.

This can be explained on the basis that damping in rubber-soil mixtures is the

product of both i) friction between particles contacts, but mainly ii) deformation of rub-

ber, as established by Zheng-Yi and Sutter (2000). This is in consonance with the results

obtained from the oedometer and x-ray tests in Chapter 4. The initial energy dissipation

found in RSm is caused by the particle re-arrangement and sliding at inter-particle con-

tacts. This is revealed via the initial irrecoverable deformation of the mixtures. However,

the constant dissipation at subsequent cycles is explained by a different mechanism.

The high inter-particle friction and rubber compressibility induces an increase in con-

tact area and, consequently, a prevention of particle sliding. Therefore, the deformation

of rubber dominates the dissipation mode.

The high damping ratio exhibited by 10% RSm can then be associated with the

damping obtained from the predominant friction between mineral (sand) particles,

i.e. friction damping, added to the rubber deformation. The combination of the two

appears to contribute more to the overall damping than the hysteretic damping shown

by sand specimens. Nevertheless, it is found in Figure 5.16a that additional rubber

content (χ = 20-30%) causes a decay in damping capacity at all strain amplitudes. As

stated in section 5.2.2 and shown in previous studies (Lee et al., 2010), RSm exhibit a

predominant rubber-like behaviour at χ > 10%, and an increase in rubber-to-rubber

contacts. Thus, damping developed by RSm can be attributable to the predominant

deformation of rubber, i.e. deformation damping. Hence, material damping generated

by 20 and 30% RSm points to a lower damping capacity than at lower rubber contents.

This confirms the hypothesis that there exists an optimum rubber percentage (χ =

10-30%) at which the damping capacity is maximum (Senetakis et al., 2012a).

In terms of shear strain, Figure 5.16a depicts the increase in damping ratio of sand

under the action of larger strains. It is observed that ξ reaches a peak at γc yc = 0.2%,

and then the value drops at γc yc = 1%. As established by Pistolas et al. (2018), this is
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due to the existence of a limiting shear strain γl i m , defined as the strain at which the

higher damping ratio is observed in soils, which appears to increase with the addition of

rubber. Although a reduction in the damping capacity is seen at χ > 10% (Anbazhagan

and Manohar, 2016), the limiting shear strain is found earlier in sand specimens which

differs from the increasing trend observed in the damping ratio of 20-30% RSm. This

suggests that the maximum damping ratio has not arisen yet and it increase at larger

strain amplitudes.

(a) (b)

Figure 5.16: Damping ratio - shear strain curve at N = 2 from a) this study, and b) Mashiri (2014)

Effect of rubber size

The change in size ratio between sand and rubber particles has been assessed by com-

paring the results of this study with the empirical investigation conducted by Mashiri

(2014). Figure 5.16b shows the variation in damping capacity with strain amplitude by

adding big rubber tyre chips, which present a size ratio dR50/dS50 > 20 (Mashiri, 2014).

A decrease in damping ratio with the addition of χ = 20-30%, displayed in Figure 5.16a

(dR50/dS50 ≈ 1.5), differs from the generalised improvement in the damping capacity of

tyre chip mixtures (TChm) for all rubber inclusions depicted in Figure 5.16b.

It can be observed that all TChm follow a similar trend with a positive increase

in damping ratio with rubber. Damping improvement is achieved adding 10% TCh

whereas the inclusion of additional rubber generates a marginal increase in damping

ratio, showing slight differences in ξ between 10-30% TChm. However, the damping
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ratio exhibited in this study with 10% RSm present greater values in Figure 5.16a than

all TChm illustrated in Figure 5.16b. This discrepancy in damping capacity can then be

attributed to the different size ratio of both mixtures. The primary load-carrying chains

created within soil matrix depend on the amount and size of rubber/sand and this will

define the transition between sand-like behaviour and rubber-like behaviour as stated

by Kim and Santamarina (2008) and Lee et al. (2010).

Consequently, adding larger rubber particles in the mixture leads to a stiffer soil

matrix than with smaller particulate rubber, showing a predominant sand-like beha-

viour. On the other hand, a clear rubber-like behaviour is observed in RSm at higher

rubber contents in this study (χ > 10%), as revealed in Figures 5.14a and 5.16a. This is

also consistent with previous studies (Li et al., 2016; Pistolas et al., 2018) which stated

that there is an improvement in the damping capacity of RSm at low confining pressures

(σm < 200 kPa) and when adding particulate rubber.

Effect of cycle number

The evolution in damping ratio has been depicted in Figure 5.17 as a function of cycle

number and strain amplitudes at γc yc = 0.1-1%). With the exception of sand at γc yc =

0.1%, all RSm exhibit a marked negative tendency in evolution of damping ratio.

At γc yc = 0.1%, it is noted that ξ decreases gradually with N, regardless of rubber

percentage, until N = 20. After this, damping capacity continues dropping but the rate

of degradation is observed to be lower. On the other hand, the trend depicted by sand

reveals that ξ is slightly affected by the number of cycles until N = 10, but then it starts to

gradually increase until N = 100. The friction damping developed by particulate sand is

thus greater than the combination of particle sliding and rubber deformation developed

by RSm at N = 100. However, whilst all RSm maintain a similar damping capacity, the

value shown by sand drops due to liquefying. The same phenomenon is seen at γc yc

= 0.2% in Figure 5.17b. Sand exhibits a greater damping capacity than the rest of RSm

at N = 20 but then it liquefies resulting in a significant decay of damping ratio. On this

occasion, all RSm present a greater capacity to dissipate energy due to being subjected

to more deformation. The main difference between the two strain amplitudes stems
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from the fact that RSm experience a lower stiffness degradation at γc yc = 0.2%, and this

is less significant with the addition of rubber.

Albeit sand exhibits an initial higher damping, the addition of rubber results in

greater damping capacity after 20 strain controlled cycles at γc yc > 0.2%. The explana-

tion for this behaviour is on the basis that particle sliding is ineffective in mineral (sand)

specimens after several cycles due to the rise in pore water pressure and once particles

have been re-arranged. Thus, the contribution of the damping developed by sliding of

sand particles to the total damping capacity is attenuated as the specimen is subjected

to more cycles, whereas energy dissipation generated by rubber deformation remains

in the long-term. This phenomenon is more evident in sand and 10% RSm at γc yc =

0.2 - 1% (Figs. 5.17b-5.17c). The energy dissipated in RSm is thus controlled by rubber

deformation as rubber content increases.

(a) (b)

(c)

Figure 5.17: Damping ratio - number of cycles up to N = 400 at (a) γc yc = 0.1%, (b) γc yc = 0.2%
and (c) γc yc = 1%
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5.3 Torsional resonant column equipment

To fully characterise the dynamic behaviour of RSm, both shear modulus and damping

ratio have been calculated from very small-to-medium strain amplitudes via torsional

resonant column experiments. The expressions adopted to calculate maximum shear

strain as well as maximum soil stiffness (G0) have been discussed in Chapter 2. The

evaluation of minimum damping ratio (ξ0) is herein discussed in accordance with

the calculation of the material viscous (linear) damping ratio. Equipment, specimen

preparation and test set-up carried out are covered as follows:

5.3.1 Equipment, materials and methods

Equipment

Resonant column tests were performed using a ©GCTS TSH-200 Resonant Torsional

column shear testing system at the Department of Soil Mechanics at the Indian Institute

of Science, Bangalore. This research was part of a three months placement funded

under the Newton Bhabha PhD Placement Programme 2018. ASTM D4015 (2015) was

adopted to perform these experiments.

The equipment used can vibrate the top of the soil specimen to frequencies up to 250

Hz by means of a torsional device which is connected to a rotational sensor and a torque

transducer. All of them are attached to the top platen shown in Figure 5.18. This equip-

ment accepts specimens with diameters from 50 mm to 100 mm. The standard motor of

the system has a 2.3 Nm torque capacity and weighs 1.8 kg. It was pressurised by using

pneumatic pressure fluid. The Computer Aided Testing System (CATS) available offered

an advanced digitalised servo control over the sensors and transducers of the system.

Experimental data recording was completed via GCTS control software installed in the

equipment. Recorded data were: time (s), torque (T)(Nm), back pressure (BP)(kPa),

confining pressure (σm)(kPa), acceleration (a)(g) and phase shift (rad). One thousand

data points per second per variable were stored, as previously done with cyclic triaxial

experiments. Table 5.4 shows the minimum and maximum range as well as resolution
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of torque, cell/back/pore pressure and volume change are in Table 5.4.

Table 5.4: Resolution and range for transducers of resonant column experiments

Transducer Minumum range Maximum range Resolution

Torsional load 0 2.3 Nm ± 0.00001 Nm

Rotational angle 0 360 degrees ± 0.1 degree

Volume change 0 cc 90 cc ± 0.001 cc

Cell Pressure -50 kPa 1000 kPa ± 0.1 kPa

Back Pressure -100 kPa 1000 kPa ± 0.1 kPa

Pore pressure -100 kPa 1000 kPa ± 0.1 kPa

Figure 5.18: Resonant column equipment and set-up

There are sources of error that can affect the interpretation of the output data. A general

assumption is that the soil only experiences torsional deformation under the action of

the torsional single-degree of freedom oscillation under resonance. However, there are

a series of factors which can have an effect on the resultant resonant frequency (Kumar

and Clayton, 2007; Clayton et al., 2009) as herein described:

• Different patterns of soil distortion, i.e. flexure, torsion, axial shortening, due to the

incorrect connection between the top cap and the specimen, inaccurate alignment of

drive coils, or the fact that the specimen top is not perfectly horizontal.
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• Additional distortions, result of bending of apparatus components, which would lead

to a softer response of the specimen. These additional distortions might be associated

with the compliance between different elements of the apparatus including; i) com-

pliance between specimen and apparatus, i.e. slippage and bedding, ii) compliance

between drive system and platen, i.e. connections of coils and drive head, or iii) support

compliance, i.e. lack of base fixity.

• Additional degrees of freedom. This can occur due to the compliance between the

drive head and base platen or the slippage between different components of the system.

All these factors can result in a shear wave velocity of between 6.7% and 27.5% higher

than the value of the specimen (Kumar and Clayton, 2007) with a subsequent increase

in the shear modulus which magnitude can be a 41% higher (Clayton et al., 2009). The

literature establishes the issues related to the data interpretation are more likely to arise

in specimens with a high torsional stiffness or strongly cemented materials. Hence, the

calculated shear modulus and damping ratio determined from resonant column tests

are considered to remain acceptable for resonant frequencies up to 175 Hz. This is for

instance the case of this investigation, with a maximum 130 Hz of resonant frequency

and 111.8 MPa corresponding to the maximum shear modulus of sand.

Material preparation

Resonant column tests were conducted on 50 x 100 mm samples of RSm containing

shredded rubber at various gravimetric proportions χ = 0, 10, 20 and 30%. Figure 5.18

shows a sand specimen before consolidation. RSm specimens were prepared following

the procedures explained in Section 5.2.1. A 2.5% minimum moisture was added to

minimise the segregation of particulate sand. RSm specimens were prepared in the

apparatus to reduce the specimen disturbance. To ensure consistency and repeatability

of resonant column experiments, an initial relative density was adopted as the main

material descriptor for every RSm. In line with the sample preparation for the cyclic

triaxial tests (Section 5.2.1), both height, i.e. 100 mm, and sample volume, i.e. 200

cm3, were set at a similar value for all contents whilst the rubber content increased to

maintain the rubber/sand mass ratio. Then, the number of voids in the specimen was
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controlled in such as way that sample void ratio remained proportionally at the same

distance from the values of emi n and emax for each gravimetric proportion (Figure 5.5).

Hence, four layers of 25 mm were formed by adding the required amount of rubber and

sand to maintain the gravimetric proportion. As shown in Table 5.5, all RSm specimens

remained within the aimed dense relative density, i.e. Dr = 65-85%. Although small

differences can be found in terms of relative density between cyclic triaxial and resonant

column tests, an objective comparison has been undertaken in this study to understand

the dynamic behaviour of RSm from small-to-large deformations, as later analysed and

discussed in Chapter 7.

Figure 5.19: Maximum, minimum and sample void ratio

Table 5.5: Relative density obtained for resonant column experiments

Test emi nRSm emaxRSm esample Dr (%)

0RSm 0.54 0.80 0.62 74.8

10RSm 0.55 1.41 0.79 74.6

20RSm 0.55 1.67 0.81 74.9

30RSm 0.55 1.80 0.82 78.6

Whilst specimens tested in cyclic triaxial apparatus were prepared under undrained,

saturated conditions, samples prepared in torsional resonant column were tested under

dry conditions. This was done on the basis that the degree of saturation does not have

a significant effect on the evaluation of soil dynamic properties at small-to-medium

strain amplitudes (Anastasiadis et al., 2012a; Senetakis et al., 2012b).
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Methods

Once the sample was prepared in place, the end platen and the vibration excitation

device (motor) were attached to the specimen. A vacuum pressure of 20 kPa was applied

during sample preparation and maintained for the test setup. This was done to prevent

any specimen disturbance as a consequence of the extra weight placed on top of the

specimen containing deformable rubber.

The vibration excitation device was connected to the sine wave generator and the

power supply. The readout instruments required to measure acceleration and shear

strain were also connected. Isotropic stresses up to 100 kPa were applied to RSm

specimens, enclosed by the rubber membrane, introducing an air-confining media

through the pneumatic pressure system.

To proceed with the determination of shear stiffness and damping, a torsional load was

externally applied to the top of the specimen (Figure 5.18) whilst the bottom platen,

which represents the passive-end, was fixed. Excitation frequency was increased by

applying the same torque, until reaching the system resonance. At this point, the soil

undergoes the maximum response, in terms of strain amplitude, known as the soil

fundamental frequency.

Torque amplitude was increased from 0.01 Nm up to 0.9 Nm for every RSm to obtain rep-

resentative values of shear stiffness and damping along the range of small-to-medium

strain levels. All samples were isotropically consolidated under the same pressure (σm

= 100 kPa). A summary with the resonant column experiments is presented in Table 5.6.

A test ID classifies each sample identifying rubber amount as well as strain amplitude

tested in every experiment.

Resonant column tests were performed under dry, undrained conditions to evaluate

both shear modulus and damping ratio of RSm at small strain amplitudes (i.e. γc yc =

1 x 10−4 - 1 x 10−1 %). Based on the literature review, cyclic effect is not considered

for the evaluation of G and ξ at small-to-medium strains. This is on the basis that soil

elements experience a relatively small deformation when predominately tested in the

linear elastic zone. For this reason, this is not part of the scope of this study.
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Table 5.6: Classification of resonant column experiments

Test ID χ (%) Cyclic shear strain amplitude, γ (%)

1-0RSm 0 1.8 x 10−4 - 5.3 x 10−2

2-10RSm 10 2.5 x 10−4 - 4.7 x 10−2

3-20RSm 20 3.9 x 10−4 - 5.6 x 10−2

4-30RSm 30 5.3 x 10−4 - 6 x 10−2

5.3.2 Shear modulus at small-to-medium strains

Effect of rubber content

The variation in shear modulus - shear strain curve is illustrated in Figure 5.20a for all

RSm. It is noticed that the overall soil stiffness decreases with the addition of rubber.

As already stated, this is due to the low stiffness introduced by the presence of rubber

as as a result of its high capacity to deform under load. This coincides with previous

studies (Senetakis et al., 2012a; Pistolas et al., 2018; Zheng-Yi and Sutter, 2000), all of

which found a significant reduction in the mixture stiffness at χ > 20% (Figure 5.20b).

Shear modulus at very small strains corresponds to the maximum shear stiffness G0 of

an undisturbed soil. From Figure 5.20a, it is shown that G0 = 111.8 MPa, 52.3 MPa, 20.2

MPa, and 7.9 MPa for χ = 0, 10, 20 and 30%, respectively. All RSm exhibit a relatively

constant shear modulus at medium strains, i.e. γ = 0.01%, from which the mixture

stiffness gradually decreases. This phenomenon is observed to be more pronounced

at χ = 0% and 10%, as one would expect for a sand dominated mixture, i.e. sand-like

behaviour (Lee et al., 2010). On the other hand, the decay in soil stiffness with strain

amplitude is lower with rubber content (χ = 20, 30%). Therefore, stiffness degrada-

tion is also attenuated with rubber content at small-to-medium strain amplitudes, in

consonance with the results reported in the medium-to-large strain range (Figure 5.15).
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Effect of rubber size

Senetakis et al. (2012a) investigated the dynamic behaviour of RSm containing crumb

particles. Figure 5.20b shows the results on RSm containing crumb rubber with a

dR50/dS50 > 5 in contrast with the mixture, containing shredded rubber, evaluated in

this study with a SR ≈ 1.8. It can be observed that there is a greater reduction in shear

modulus of RSm containing ShR (Figure 5.20a) in contrast with mixtures containing

CrR (Figure 5.20b), which is more evident at χ > 10%. This is for instance the case of

30% RSm which presents a value of around 7.9 MPa, whilst 35% RSm presented by

Senetakis et al. (2012a) shows G = 19 MPa. Following the discussion from Chapter 4, this

could be attributed to the greater size of crumb rubber investigated by Senetakis et al.

(2012a) which would result in a higher number of contacts between sand particles, i.e.

sand-like behaviour. On the other hand, a greater number of rubber-to-rubber contacts

would be the cause of the higher reduction in the mixture stiffness, as demonstrated by

Anastasiadis et al. (2012b).

(a) (b)

Figure 5.20: Shear modulus - shear strain from a) this study, and b) Senetakis et al. (2012a)

164



CHAPTER 5. CYCLIC BEHAVIOUR OF RSM - ELEMENT TEST

5.3.3 Damping ratio at small-to-medium strains

Effect of rubber content

Damping ratio has been studied as a function of shear strain for RSm at small deforma-

tions as seen in Figure 5.21a. Compared to the hysteretic (non-linear) damping ratio

(Figure 5.16a), viscous (linear) damping ratio increases steadily at all rubber contents

with the application of higher deformations. At very small strains (γ = 0.0001%), it is

noted an improvement in the minimum damping ratio with rubber addition. Minimum

damping ratio ξ0 = 0.52%, 1.52%, 2.51%, 2.44% is exhibited for each rubber content χ =

0%, 10%, 20%, and 30%.

As established by Zheng-Yi and Sutter (2000), energy dissipation mechanisms in

RSm at an element scale are attributed to the combined development of the friction

damping through particle sliding of rigid soils in addition to damping generated via

rubber deformation. Damping ratio of RSm increases in this study with the rubber

content up to χ = 20-30%. This is in consonance with existing research (Zheng-Yi and

Sutter, 2000; Anastasiadis et al., 2012a), which established that the evolution in damping

capacity is favoured by the inclusion of rubber.

It is then observed that the evolution in damping ratio with shear strain exhibits a

more linear shape when increasing the amount of rubber, as occurred with the stiffness

degradation curve. This can be related to the high flexibility added by rubber material.

All mixtures seem to convey in a nearly similar damping ratio at around γc yc = 0.015%,

which is in the line with the results presented by Senetakis et al. (2012a) and Pistolas

et al. (2018). After this, the damping ratio increases at a higher rate in sand than the rest

of RSm, exhibiting greater damping ratio than 20-30% RSm.
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Effect of rubber size

Figure 5.21b shows the evolution in viscous damping ratio versus shear strain of RSm

containing particulate crumb (Senetakis et al., 2012a) with a SR > 5. It can be observed

that the minimum damping ratio increases with rubber content, reaching a value ξ0 =

2% at χ = 30%. By comparing Figures 5.21a and 5.21b, a similar tendency is noted in the

evolution of viscous (linear) damping of RSm in relation to the rubber amount. Whilst

mixtures containing low rubber contents exhibit a lower minimum damping ratio, all

mixtures seem to convey in a similar damping ratio at γc yc = 0.01-0.015% regardless of

the rubber size. Consequently, rubber shape does not appear to have a significant effect

on the evolution of viscous damping at small-to-medium strains.

(a) (b)

Figure 5.21: Damping ratio - shear strain curve from a) this study, and b) Senetakis et al., 2012a
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5.4 Summary

Dynamic behaviour of RSm has been evaluated in the small-to-large strain range

through a series of cyclic triaxial and resonant column tests.

• Liquefaction resistance of RSm increased when adding rubber. A conceptual model

was adopted to distinguish between stable zone; where RSm samples did not liquefy,

and unstable zone; where liquefaction was observed. All sand specimens remained

within the unstable zone due to liquefying at N < 100. Adding χ = 20-30% enabled the

mixture to withstand 400 strain controlled cycles up to γc yc = 1%.

• Soil stiffness decreased with strain amplitude and number of cycles at every rubber

percentage. Adding rubber to the mixture led to a reduction in the overall soil stiffness

which was attributed to the lower stiffness and capacity to deform of rubber. By contrast,

adding more rubber ameliorated the cyclic effect on soil stiffness degradation.

• Material hysteretic damping of RSm increased when adding χ = 10% and then

decayed at higher rubber contents at medium-to-large strains.

• Whilst rubber shape did not appear to have an effect on the evolution of viscous

damping ratio at small-to-medium strains, the results pointed to an improvement in

viscous material damping with rubber content up to χ = 30%.

In terms of new understanding, this study has found that the energy dissipated through

particle friction in addition to the deformation of rubber results in a higher damping

capacity of RSm at small-to-large strains. This study has also demonstrated that mixing

small shredded rubber and sand results in a mixture which exhibits a high resilience

against the action of medium-to-large deformations, induced via multi-cyclic loading.

This is attributed to the high deformability added by rubber which leads to a lower

accumulation of pore water pressure and a higher liquefaction resistance. Whilst sand-

like soils liquefy and experience a significant loss in soil stiffness and material damping,

rubber-like soils can withstand up to 400 strain controlled cycles without liquefying.

This means that RSm, which contain at least 20% rubber mass, can continue dissipating

energy in the long-term whilst experiencing a minimum soil stiffness degradation.
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Cyclic behaviour of a small scale RSm

foundation

6.1 Introduction

The literature review of this study has focused on the fundamental dynamic behaviour

of RSm in the context of an element test. Indeed this is the main focus of this thesis,

having analysed the effect of particle properties and test conditions on the mixture

stiffness and damping capacity (Chapter 5).

A review of the literature on the cyclic performance of geotechnical seismic isolation

systems, concretely using RSm, has also been discussed in Chapter 3. The findings in

this field argue that the isolation efficiency of soft zones improves when altering its

geometrical conditions. However, the issues around implementation are significant.

Consider, for example, RSm installed as discrete zones, e.g. as columns or layers,

contiguous with the host soil. Questions about the geometry and interaction of RSm

with the host soil must be addressed if RSm is to enhance seismic protection. A rigorous

investigation is beyond the scope of this thesis but it seemed worthwhile to take the

opportunity to devise a number of simple small-scale shaking table tests to gain some

insight into the way in which zones of RSm influence a host soil system. Thus this

chapter presents an account of the development, execution and findings of small-scale

shaking table tests.
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6.2 Equipment, materials and methods

This chapter presents the results of an initial experimental exploration of the influence

of soft zones, specifically vertical installations of rubber-soil mixtures, on the dynamic

behaviour of a small-scale foundation-soil system subject to cyclic loading.

A shaking table was used to apply a sequence of sinusoidal excitations to the

foundation-modified soil system. The soil model was devised to allow zones of RSm to

be packed adjacent to, and to support, a ’foundation’. The stiffness of the modified RSm

zone was de facto controlled by the RSm composition. The aim of these tests is to reveal

the natural frequency, amplification, and damping properties of the foundation system,

and any shifts, due to the presence of vertical soft zones. The objectives are:

• To reveal amplification, natural frequency, and damping capabilities of a foundation-

modified soil system altered by the installation of soft zones.

• To determine the damping capacity of the foundation-modified soft zone.

• To identify the optimum rubber percentage of RSm to attenuate the dynamic response

of the foundation-modified soil system.

• To relate shaking table findings to pre-existing work on soft zones.

Overview of the experimental set-up

The foundation system is represented by a box containing a lumped mass located atop

a central foundation pillar of silicon rubber of similar plan dimension as the box (Figure

6.1). The foundation column is secured at its base inside a rigid shake box. A mass of 3

kg was fixed inside the box to control the natural frequency of the silicon foundation.

The dynamic oscillation of the unsupported lumped mass and foundation column has

been designed to mimic that of a SDOF lumped mass system.

The space between the foundation column and inside walls of the shake box in the

direction of oscillation was packed with small bags containing RSm at χ = 0 - 40%. In

this way, the oscillation of the foundation column is supported laterally by soft zones,

but has a consistent, i.e. fixed for all test, set of properties (Figure 6.1). The soft zones are
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installed to absorb and dissipate the transfer of energy from shake box to the foundation

column and, in turn, to the top of the lumped mass. The narrower spaces between

the foundation column and shake box normal to the direction of oscillation were not

packed to avoid frictional contact and hence to remove one source of unaccountable

energy losses.

Figure 6.1: Experimental set-up for shaking table test

Equipment

The experimental testing was performed on a custom-built 0.5 m by 0.5 m shaking table.

The table was shaken sinusoidally in one horizontal direction using an Electromech-

anical Cylinder (EMC) 80-32 manufactured by Rexroth (Figure 6.2). The EMC had a

piston diameter equivalent to 80 mm and a built-in Rexroth ball screw assembly with a

diameter of 32 mm according to the ISO 15552 standard cylinder. A 180 mm long by 40

mm diameter steel craft shank was employed to connect the EMC to the base plate of

the shaking table. The uniaxial horizontal movement was thus ensured by screwing the

end of the rod to a fixed metallic section on the table. The EMC can apply a maximum

force of 21.6 kN and a velocity of 1.6 m/s, which is the equivalent to a payload capacity

of 2200 kg and 50 m/s2. Resolution and range for transducers are in Table 6.1.

170



CHAPTER 6. CYCLIC BEHAVIOUR OF A SMALL SCALE RSM FOUNDATION

Figure 6.2: Electromechanical Cylinder

The tests were performed inside a 0.285m x 0.185m x 0.185m timber box with rectangular

shape using 15 mm thickness walls (Figure 6.3). The walls of the box were rigidly fixed.

The base plate was placed and fitted on top of two parallel rails which ensured the

horizontal movement of the shaking table. The rails were attached to a timber base

which was screwed to the top of a 1.5 m x 1.5 m x 1 m box filled up with sand. The sand

within the container served to minimize extraneous vibration.

The horizontal response was measured with accelerometers mounted on the outer

part of the rigid box (A1), and atop the lumped-mass (A2) as seen in Figure 6.3. A1 is

a DYTRAN 3055B1 whereas A2 is a PCB 393B04 manufactured by piezometrics (Table

6.1). Vertical accelerations were not expected and have not been measured in this

thesis. Data sampling was undertaken using Labview software linked to a compact

data acquisition system (cDAQ) 9178 fitted with a 9234 accelerometer module at a rate

of sampling rate of 0.2 ms. A series of calibration tests were performed to check the

performance of the accelerometers by comparing experimental and theoretical values,

based on the evolution of harmonic sinusoidal motions. This was done to ensure that

the horizontal accelerations recorded by the carriage mimicked that of the applied input

motion, via the EMC, and thus verify the boundary effects of the rigid walls.
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Table 6.1: Resolution and range for transducers of EMC

Equipment Minumum range Maximum range Resolution

EMC Velocity 0 1.6 m/s ± 0.01 m/s

EMC Load 0 21600 N ± 0.1 N

EMC Stroke 11 mm 94.5 mm ± 0.01 mm

Accelerometer 1 -50 g 50 g ± 0.000005 g

Accelerometer 2 -5 g 5 g ± 0.000005 g

Figure 6.3: Front view of the rigid box

Scaling laws

The mechanics of model tests on soil-structure systems are well known which comprise

of two main principles (Iai et al., 2005). The first focuses on the material behaviour of soil,

and it states that the stress-strain behaviour of the soil in the model should represent

that of the prototype by a series of scaling relationships, i.e. scaling relationships. The

soil behaviour, characterised by its shear strength and stiffness, is stress-dependent and

thus the stress-strain behaviour should be studied in order to reach the same conditions

with the model. The second principle related to the mechanics of soil-structure systems.

Hence, the fundamental laws of mechanics, i.e. mass balance and equilibrium, should

be achieved in both the prototype and the model.

Adequate similitude relationships are required for the design of small scaled-model

tests, e.g. shaking table tests, so that the experimental results can be extrapolated

to full-scale conditions. In line with the most widely 1g similitude relationships (Iai,
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1989), there are three independent scaling factors: geometry scaling factor (λ), which is

applied to the scale model design, density scaling factor (λρ), assumed to be equal to 1

for the same soil, and strain scaling factor (λε), determined using shear wave velocity

measurements and also assumed to be 1. The value λ is also known as the scaling factor

and it represents the number of times a full-size prototype is scaled down; i.e. λ = size

prototype / size of model.

Scaling laws are the relationships that enable the comparison between the scaled-

models and the real prototypes. As shown in Table 6.2, there are different scaling laws

depending whether the scale model is tested under dynamic centrifuge or 1g shaking

table tests. The differences are found in the stress condition, acceleration and time. 1g

model tests reflect the stress field associated with a 1g field, which is the case of the

shaking table experiments discussed in this Chapter. On the other hand, centrifuge

model tests experience the stress field consistent with the prototype due to applying

centrifugal accelerations, while the acceleration needs to be accordingly scaled.

Table 6.2: Scaling laws for dynamic centrifuge tests and 1g shake table test (Park and Kim, 2013)

Quantities Dynamic centrifuge 1g shake table test

Displacement, length λ λ

Acceleration, gravity λ−1 1

Mass λ3 λ3

Density 1 1

Stress 1 λ

Strain 1 1

Time (Dynamic) λ λ0.5

The scaling relationships can be applied to soil models when the deformations are

relatively low, such as the case of this study, prior to the failure (Park and Kim, 2013). This

is one of the main limitations found when using 1g models. Significant discrepancies

are commonly found between the stress ratio recorded in the model and the prototype,

due to the non-linear effects of confining stress on the evolution of shear strength

and shear modulus under large deformations. Hence, a direct relationship cannot be

established between a prototype and its model under the ultimate state of stability due
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to the presence of large deformations of loss of soil contact (Iai et al., 2005).

Based on the scaling relationships (Table 6.2), the acceleration recorded on a 1g

model test would be the same as applied to the full scale prototype. On the other

hand, geometry and mass of the model box, stress and time should be scaled. The

objective of this Chapter is to explore the evolution in the acceleration histories of a

single degree of freedom system whilst modifying the lateral conditions. Hence, the

idea is not to directly extrapolate the results to a full-scale prototype but to compare

the different configurations so as to elucidate the influence of adding rubber on the

cyclic performance of the system. Therefore, the values herein presented should not

be directly related to any full-size condition test. As for future work, a scaling factor (λ)

could be created between a prototype and this model to scale the stress conditions and

thus simulate more realistically the seismic behaviour of the soft zones on a reduced

scale model.

Material preparation

The vertical installation of the soft zones predetermined the specimen preparation. The

homogeneity of the mixture was at risk as a consequence of the expected segregation

of smaller particulate sand, as established by previous studies on RSm (Pistolas et al.,

2018). The solution consisted of bagging a constant RSm volume. RSm was placed into

small plastic bags of 140 mm by 90 mm which in turn were packed into each side of the

shake box. Water was also added to the bags (2.5% moisture) to reduce the segregation.

A fixed volume was adopted to ensure the homogeneity in the installation of the

modified adjacent soil. Each bag contained hence a common volume of RSm (140 cm3)

regardless of the mixture ratio, which was controlled by adjusting the corresponding

mass of a known volume to the prescribed volume. The equations used for the de-

termination of gravimetric proportions needed for every RSm percentage are expressed

in Section 2.3.2. Masses, phase volumes and void ratios calculated are given for each

mixture in Table 6.3.
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Table 6.3: Mass solids, volume solids, voids and void ratio per bag

Specimen Mass solids (g) Volume solids (cm3) Volume voids (cm3) Void ratio

0RSm 217 81.89 58.11 0.71

10RSm 169.71 72.79 67.21 0.92

20RSm 146.09 70.19 69.81 0.99

30RSm 123.13 65.51 74.49 1.14

40RSm 105.25 61.42 78.58 1.28

It is important to note that the presence of gaps in the mixture bags together with the

gaps that inevitably form between bags means that volumetric state measures, such as

void ratio, are of limited validity. Attempts to define the volumetric state are necessarily

indicative and should be treated accordingly. This is because volume measures are

definable at three different scales (Figures 6.4-6.5):

• At particle scale; interparticle voids, i.e. conventional interpretation.

• At bag scale; void volume within RSm bags = interparticle voids + intrabag voids.

• At shake box scale; void volume within shake box = bag voids + interbag voids.

Figure 6.4: Mixture bags with RSm at χ = 0-40%

Bags were packed in the large spaces (Figure 6.5) on opposing faces of the foundation

column. The large spaces were adjacent to those column faces that lie normal to

the direction of horizontal oscillation. Bags were manually compacted and they were

installed adjacent to the silicon foundation column acting as vertical soft zones or walls.

Fourteen bags were required to pack the large spaces up to a height of 185 mm, that

is 55 mm below the top of the shake box rim. The effect of the plastic bags on the

response of the system has not been considered. Further work is needed in this regard
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to evaluate the influence of the embedding materials in the dynamic behaviour such as

the additional energy losses due to the friction developed intra plastic bags.

Figure 6.5: Plan view of rigid box

Methods

The shake table tests ’sweep’ for the natural frequency of the foundation-modified soil

system for each RSm mixture. Sweeps were performed at integer frequency intervals

from 1 to 10 Hz and lasted for 5 seconds. Oscillation displacement in each test, and

hence foundation column resistance was kept constant throughout the sweep, by

control of velocity. For example, a test at 1 Hz as part of a sweep with a single amplitude

displacement of 2.5 mm has a peak control velocity 5π mm/s, whereas to maintain the

displacement amplitude at 2.5 mm in a 2 Hz test, the peak control velocity has to be

10π mm/s. Peak displacement, velocity and acceleration are calculated in accordance

with the expressions which define the sinusoidal motion over time (Section 2.5.3).

Table 6.4 shows displacement, velocity and peak acceleration transferred from the EMC

to the base plate and the box model. As it is shown, the peak input acceleration increases

with the input frequency so as to maintain a 2.5 mm single displacement.
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Table 6.4: Determination of velocity, displacement and acceleration for experimental pro-
gramme

Frequency Displacement (mm) Velocity (mm/s) Acceleration (g)

1 2.5 15.71 0.01

3 2.5 47.12 0.09

5 2.5 78.54 0.25

7 2.5 109.96 0.49

9 2.5 141.37 0.81

Notwithstanding earlier remarks about the definition of mixture densities, the test

procedure had three stages, the first two of which go some way to ameliorate the

influence of an intractable density calculation:

• Stage 1 is as indicated above, a sequence of 10 tests at increasing integer frequency

(1-10 Hz) and appropriate velocity adjustments.

• Stage 2 is a sequence of tests at decreasing integer frequency (9-1 Hz) and appropriate

velocity adjustments.

The reason for the up-down frequency sequences was that it was anticipated that

the initial up sequence tests would serve to densify and further cyclic loading would

not result in further volumetric change in the soft zones. Indeed that appeared to be

the case as the down-frequency amplification ratio curves followed closely the higher

up-frequency amplification, only deviating at around the natural frequency. Bear in

mind the foundation soil column, being silicon, will not densify. This deviation was

read to be evidence of densification as amplification increased when moving along the

down-frequency sequences.

• Stage 3 was a limited range fine sweep at frequency intervals of 0.25 Hz centred on

the peak amplitude frequency. This served to improve the resolution around what had

been revealed to be the resonant frequency.

Time and frequency domain analysis was applied to every sweep analysis, as discussed

in Section 2.4.3, as a means of evaluating the maximum response of the studied structure.

Energy dissipation and vibration isolation efficacy by means of installing vertical soft

zones are evaluated in relation to rubber content and input frequency.
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6.3 Results and discussion

6.3.1 Acceleration response

Sand only condition

Figure 6.6 presents a typical set of acceleration histories for the shaking table and the

top of the foundation at three different control frequencies: 3 Hz, 5.5 Hz and 9 Hz. The

first analysis was adding sand only to the vertical installations.

At f = 3 Hz (Figure 6.6a), oscillation of the lumped mass follows closely that of

the excitation reaching a maximum acceleration of approximately ± 0.1 g. There is

little amplification of the input motion at this frequency and no phase lag is observed

between the output and the input motion.

At f = 5.5 Hz, the lumped-mass response shows an amplification that increases with

the number of cycles. A steady state is reached in which the peak acceleration is about

± 2.85 g, significantly higher than at f = 3 Hz. Figure 6.6b also reveals that the phase lag

between the input motion and the top of the lumped-mass is around 90 degrees which

according to conventional analysis (Chopra, 2011) is indicative of resonance when the

input frequency matches the system natural frequency.

It can be noted when the modified vertical installation contained sand only, peak

amplification occurs at f = 5.5 Hz. This is considered to be the referenceused for compar-

ison with other RSm mixtures. Figure 6.6c shows the response of the lumped-mass at

higher frequencies (f = 9 Hz). It is observed that the lumped-mass slightly amplifies the

input motion compared to relatively low frequencies, but it does not reach the response

observed at the resonant frequency (f = 5.5 Hz).

This is also confirmed by the lag between the atop building and the box which

reveals a value close to 180 degrees, far from triggering resonance. The increase in the

output acceleration can be attributed to the rise in the frequency and the associated

control velocity as shown in Table 6.4.
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(a) (b)

(c)

Figure 6.6: Transmitted accelerations on building and box at a) f = 3 Hz b) f = 5.5 Hz and c) f = 9
Hz

Rubber-sand mixtures

Figure 6.7 presents a set of acceleration histories for the lumped-mass at two frequen-

cies: 5.5 and 5 Hz. The acceleration time series reveal the results obtained when

modifying the content of the vertical soft zones for χ = 0 to 40%. A total of three cycles

are depicted once the system reaches the steady state condition, between 2 and 2.6 s.

Figure 6.7a shows a systematic decrease in acceleration amplitude with the addition

of rubber; the peak acceleration moves from ±2.85 g with sand only to ±1.5 g at χ = 10

- 20 % and then to ±0.77 g with χ = 30 - 40%. When moving down from the resonant

frequency of sand only configuration (f = 5 Hz), the acceleration amplitude increases

with the addition of χ = 10 - 20 % or slightly decreases at greater gravimetric proportions

χ = 30 - 40 %. The increase in horizontal acceleration with rubber can be attributed
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to the fact that the input frequency approaches the natural frequency of the modified

soil with RSm hence, the system approaches resonance. Indeed, the phase lag between

input and output motion was around 90 degrees when adding χ = 10, whereas the

phase lag decreases at greater rubber contents. This finding reveals that the response

of the building-foundation system is influenced by the fundamental frequency of the

motion and the natural frequency of the system, which is altered by the rubber content.

Consequently, typical multi-storey buildings, characterised by a lower fundamental

frequency, or areas prone to suffer from low-frequency earthquakes, could potentially

see an increase in the transmitted accelerations if the soft zone was implemented

around the soil foundation. This suggests that a more comprehensive study of the cyclic

performance of a structural system is required to determine if the inclusion of rubber

would result in an effective seismic isolation (Figure 6.7a), or in an amplification of the

input motion (Figure 6.7b).

(a) (b)

Figure 6.7: Transmitted accelerations on building and box at a) f = 5.5 Hz and b) f = 5 Hz

6.3.2 Amplification ratio

The cyclic response of a building-foundation system can be evaluated by calculating

the ratio between the displacement, velocity, or acceleration at some location on the

building and the base motion, also known as amplification ratio (Chopra, 2011).

The amplification ratio (AR) has been obtained in this study from acceleration

histories, ratio of the peak steady state values from the building top and the shake box.
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Figure 6.8 shows the amplification ratio for different rubber contents both when (a)

increasing and (b) decreasing input frequency. This is to ensure that the foundation-

modified soil reached its densest state as discussed before in the test methods.

Figures 6.8a-6.8b follow similar trends when increasing and decreasing the input

frequency. However, higher peaks are obtained in Figure 6.8b, which combines the

acceleration series when decreasing the input frequency (Stage 2) and the fine sweep

performed around the fundamental frequency (Stage 3) for different rubber contents.

This is more evident with bags containing sand only and χ = 10-20% revealing the

greater amplification of the peak acceleration attributed to the denser state of the soil.

Figure 6.8b reveals how the presence of soft rubber zones affected the amplification

conditions in the shake table box for the four different RSm. In general, there is a

reduction in the amplification and natural frequency of the foundation-modified soil

system with the addition of rubber. From a high value of AR = 8 at about 5.5 Hz in the

sand only tests, to values of AR = 5.6 at about 4.25 Hz when adding 40% rubber. This is in

line with previous studies (Kaneko et al., 2013; Nappa, 2014) that showed a lengthening

of the system period, or shortening of frequency, with the implementation of soft zones,

causing a shifting in the dynamic response of the modified system.

(a) (b)

Figure 6.8: Amplification ratio versus input frequency during a) stage 1 and b) stage 2-3

The evolution in the resonant or peak frequency and amplification ratio with rubber

content is shown in Figure 6.9a. A gradual decay in the peak frequency of the foundation-

soil system is revealed in Figure 6.9a with the addition of rubber, passing from 5.5 Hz

181



CHAPTER 6. CYCLIC BEHAVIOUR OF A SMALL SCALE RSM FOUNDATION

with sand only to 4.25 Hz at χ = 40%. Considering that the peak frequency reveals

the frequency at which resonance is reached, hence when the input and the system

frequency match up, Figure 6.9a shows that the natural frequency of the foundation-

modified soil decreases with rubber content.

This could be related to the transition in the material behaviour of RSm discussed

in Chapter 4. Whilst sand-like behaviour was observed at low rubber contents, char-

acterised by a greater constrained modules, rubber-like behaviour was observed at χ

> 10% which suffered from a greater compressibility due to rubber deformability. As

established by previous authors (Mahdavisefat et al., 2017) and discussed in Chapters 5

and 7, the low rubber stiffness results in a decay of the mixture shear modulus with the

addition of rubber. This can aid explaining why the sand only configuration presents a

higher natural frequency which decreases as more rubber is added.

Figure 6.9b presents the change in the amplification ratio at peak frequencies and at

the fundamental frequency of sand only (f = 5.5 Hz) for the different rubber contents.

AR values reveal a decrease in the peak steady state of the foundation-soft zone system

with the addition of rubber, which follows the trend shown for the peak frequencies

(Figure 6.9a). The reduction in amplification is more significant at 5.5 Hz which passes

from AR = 8 with sand only to AR = 2.5 at χ = 40%. These results reveal the shift in the

amplification conditions and subsequently the effective offset of incident vibrations

with the addition of soft zones, more prominent at greater rubber contents.
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(a) (b)

Figure 6.9: a) Frequency, and b) amplification ratio at resonant frequency and f = 5.5 Hz, with
rubber content

6.4 Analysis

6.4.1 Energy dissipation at lab scale

Figure 6.10 shows the amplification ratio sweeps for χ = 0 and 40% from which the

damping ratios for the lumped-mass-foundation system can be calculated using the

half-power bandwith. As explained in Section 2.5.3, the half-power bandwith is de-

termined at a lab scale from the resonant frequency and the maximum response of the

system. This is the reason why a fine sweep at frequency intervals of 0.25 Hz around the

peak frequency was performed.

In Figure 6.10, it is evident that the addition of rubber content to the vertical install-

ations leads to a reduction in both peak frequency and maximum amplification ratio.

Moreover, a narrower band can be visually found in the half-power bandwidth for sand

only configuration, revealing at first instance a lower damping capacity in comparison

with 40% RSm. The same approach has been applied to all rubber mixtures to compare

the damping capacity of the foundation-modified soil system by altering the properties

of the lateral supports.
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Figure 6.10: Half power bandwidth for the foundation-soil system at χ = 0 and 40%

Figure 6.11 shows the evolution in damping ratio with rubber content of the foundation-

soft zones. The results point to an improvement in damping capacity with rubber

content, doubling the damping ratio when adding χ = 30%. This provides a basis for

explaining the decay in the system amplification ratio (Figure 6.9b) with rubber content.

Hence, adding rubber increases the capacity to dissipate energy of the entire system

which results in a reduction of the horizontal accelerations at the peak frequency.

As discussed in Section 2.5, the attenuation in transmission of body waves and, in

turn, horizontal accelerations is attributed to two main causes; (i) mechanical properties

of the soil throughout the wave is transmitted (material damping) and (ii) geometrical

characteristics of the medium (geometrical damping). Due its greater dimensions,

the damping ratio calculated at a lab or field scale is combination of the two forms of

damping. Consequently, the results shown in Figure 6.11 account for both material

and geometrical damping of the foundation-modified soil system. In order to elucidate

the origin of each form of damping, the material damping of RSm will be analysed

in Chapter 7 from very small to large deformations. Hence, the energy dissipation

mechanisms found in RSm will be discussed by comparing the results obtained at a

particle (Chapter 4), element scale (Chapter 5), and 1g model scale (Chapter 6).
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Figure 6.11: Damping ratio at lab scale with RSm varying rubber content

6.4.2 Vibration isolation efficacy

The influence of vertical soft zones in isolating vibrations has been assessed by determ-

ining the change in amplification ratio with rubber using as reference the sand only soil.

Whilst not pretending to be a precise/quantitative analysis of the results, this section

discusses the trend in AR shown when varying the input frequency (Figure 6.12).

Two frequency bands can observed in relation to the alteration in AR; (i) frequencies

before and (ii) after the resonant frequency of sand only. For the former, there is a

greater amplification of the input motion in contrast with sand only scenario. This

amplification is more significant at χ = 30-40 % due to the shifting in the natural fre-

quency of the system, as shown in Figure 6.8b. This has also been addressed in the

literature (Bandyopadhyay et al., 2015; Brennan et al., 2019) demonstrating that the

shifted response causes a detrimental effect around the natural frequency of the modi-

fied soil. The practical implication of this finding implies that modifying the soil with

RSm can lead to an amplification of accelerations. This would be more evident with the

appearance of predominately low-frequency earthquakes or around slender buildings,

i.e. low fundamental frequency.

The addition of rubber points to, however, a decrease in amplification ratio at

frequencies higher than 5 Hz. This phenomenon is more significant as the rubber

content increases with reductions of up to 70% in amplification ratio adding χ = 30-
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40%. On top of the shifting in the foundation-soft zone natural frequency when adding

rubber, the results reveal an attenuation in the horizontal accelerations recorded on top

of the building. The inclusion of vertical RSm soft zones can thus mitigate part of the

incident vibrations, seen to be more effective at higher rubber contents. In practice, this

could be more effective for low-storey buildings, with higher fundamental frequency, or

in areas where predominately high-frequency earthquakes are expected.

Figure 6.12: Change in amplification ratio with rubber content versus sand only configuration

6.4.3 Comparison with literature review

This study has undertaken an initial experimental exploration of soft zones by adding

vertical installations of packed RSm bags, adjacent to the soil foundation. The objective

was to study the alteration in the dynamic performance and determine the damping

capacity of the soil foundation-modified soil system subject to cyclic loading.

Prior to this, only Mahdavisefat et al. (2017) had studied the structural response of a

foundation-modified soil system with vertical RSm columns to prevent the transmission

of ground vibrations, i.e. frequency = 10-400 Hz. The study revealed an attenuation of

between 60 and 70% of incoming surface waves with χ = 30%. The efficient vibration

mitigation was attributed to the excellent energy absorption properties of RSm.

As depicted in Figure 6.8b, the decay in amplification with rubber is due to both

(i) the shift in the natural frequency and (ii) the attenuation of the peak values. The

alteration observed in the natural frequency (7.7) can be related to the reduction in stiff-

ness of the modified soil with rubber, as demonstrated in existing research Anastasiadis
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et al. (2012b), and shown via cyclic triaxial and resonant column testing in Chapter 5.

Adding rubber to the vertical installations alters the amplification conditions and thus,

offset incident vibrations at frequencies higher than the fundamental frequency of the

foundation-modified soil. This has been shown in Figure 6.12 by depicting the negative

change in amplification ratio of RSm installations with respect to sand only.

This is in accordance with literature review (Hazarika et al., 2006; Tsang et al., 2012;

Kaneko et al., 2013) which proposed the inclusion of rubber to mitigate the action of

strong motions. In those studies, the system was proven more efficient with content

(χ = 30-50%), and by increasing geometrical aspects such as thickness or depth of the

isolating layer. The justification to explain the enhancement of seismic performance

relied, however, on the apparent increase in hysteretic damping, devised from triaxial

tests performed at an element scale. Therefore, no previous study on RSm has attempted

to evaluate damping of a lab scaled system, nor provided sufficient evidences to explain

the origin of the energy dissipated in a foundation with vertical soft inclusions.

The results corresponding to damping at a lab scale (Section 6.4) revealed an improve-

ment in the capacity to dissipate energy of the foundation-modified soil system. This

supports the argument postulated in existing research (Tsang et al., 2012; Kaneko et al.,

2013) which state that the decay in peak amplifications is attributable to the increase in

damping ratio. However, damping at a larger scale includes other forms of damping, i.e.

geometrical damping, which are not commonly addressed in the literature. For that, the

concept of wave screening, extensively studied by previous authors (e.g. Woods (1968)

and Lombardi (2012)) to justify the reduction in ground-borne vibrations, should be

considered. Indeed, investigations focused on the design of wave barriers to enhance

seismic protection (Kirtas et al., 2009; Nappa, 2014; Brennan et al., 2019) showed that

the inclusion of soft zones can significantly reduce the amplification of seismic disturb-

ances. This is due to the dynamic impedance between soils and, in turn, the filtering

effect by reflecting incident waves. It could be thus hypothesized that the increase in

damping with soft zones is result of combining material and geometrical damping. This

will be covered in Chapter 7 by comparing the energy dissipation mechanisms reported

in a particle, element and lab scale context in this investigation.
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To conclude, this chapter should be seen as an initial experimental study that explores

the feasibility of an alternative design to improve the structural response against cyclic

loading. Despite the high isolation efficiency shown in previous studies by implement-

ing RSm isolating layers (Xiong and Li, 2013; Bandyopadhyay et al., 2015), a unique

design configuration has been proposed whereby horizontal layers are installed before

the superstructure. Hence, the vertical disposition of the soft zones herein proposed

would allow its application to any existing and new infrastructure whilst minimizing

the limitation associated with foundation settlement. As a continuation of this study

and previous investigations on vertical soft zones (Mahdavisefat et al., 2017; Lombardi,

2012), the use of RSm columns should be considered the next step to prove the ef-

fectiveness of the system as a geotechnical seismic isolation system. Further research

is required to consider alternative design aspects in relation to the installation and

geometrical conditions.
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6.5 Summary

An initial experimental exploration of the influence of vertical installations of RSm on

the dynamic behaviour of a lumped mass-foundation system has been undertaken in

this chapter. The fundamental frequency, amplification and damping capacity of the

system have been evaluated by subjecting a soil model to small scale shaking table tests:

• The presence of vertical soft zones affect the amplification conditions. A shift in

the fundamental frequency of the system is observed with the addition of rubber. The

decay in natural frequency together with the improvement in damping ratio at higher

rubber contents leads to a reduction in amplification ratio.

• A detrimental effect on the structural response is found at frequencies close to

the fundamental frequency of the modified soil. On the other hand, soft zones contain-

ing RSm can mitigate part of the peak accelerations at frequencies above its natural

frequency, which is more evident at higher rubber contents.

• This feasibility study reveals that implementing vertical installation of RSm soft

zones can enhance the protection of a system against cyclic loading. This is the first

step to prove its effectiveness as a seismic isolation system and allow its application to

both new and existing buildings in order to enhance their seismic protection.

In terms of new understanding, this study has shown that the cyclic response of a small-

scaled model with a complex geometry, i.e. containing soft zones, can be idealised

to mimic that of a single-degree of freedom. Also, the attenuation in peak horizontal

accelerations has been attributed to the increase in damping capacity of the system,

which reflects that the energy dissipated is the result of combining the material damping

and the dynamic impedance, due to filtering the incident waves. The results from this

study suggest that the implementation of soft vertical installations can result in an

increase in the amplification of accelerations at lower frequencies, hence in earthquake

prone regions with predominately low-frequency seismic motions or around slender

buildings. The system is effective in attenuating disturbances at higher frequencies, e.g.

around low-storey buildings or in areas with high-frequency earthquakes.
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; Chapter Seven <

Characterisation of dynamic properties in

RSm

7.1 Introduction

In Chapter 6, the installation of vertical soft zones containing RSm resulted in an

enhancement of damping capacity and structural response to cyclic loading. Experi-

menting with full-size prototypes and scaled models can be, however, time and resource

intensive. Alternative forms of studying the response of a ground soil with a complex

geometry, such as the case of vertical RSm installations, is required including the use

2D and 3D numerical simulations. Prior to this stage, a rigorous investigation is yet

required to fully understand the dynamic behaviour of RSm and thus elucidate the

correlation between the micro and macro behaviour of the mixture.

Stiffness and damping relationship curves are presented as a function of particle

properties and test conditions to elucidate their extent of influence on RSm dynamic

behaviour. Material damping is discussed in relation to the dissipation mechanisms

observed in the particle (Chapter 4), element (Chapter 5) model scale (Chapter 6).

Soil stiffness - shear strain relationship curves are studied by calculating the ref-

erence strain and adjusting normalised shear modulus - shear strain curves to the

experimental results. Damping ratio - shear strain relationships are adjusted to the

models proposed by Darendeli (2001) and Phillips and Hashash (2009).
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7.2 Dynamic behaviour of RSm

An accurate approximation of both stiffness and damping relationships is needed to

characterise the dynamic behaviour of RSm and thus, simulate the ground response of

the mixture when subject to excitations in numerical simulations.

Previous studies (Nakhaei et al., 2012; Ehsani et al., 2015; Pistolas et al., 2018) have

proposed stiffness and damping strain curves to predict the variation in the dynamic

properties of RSm containing granulated rubber. This study has investigated, on the

other hand, the evolution in shear modulus and damping ratio of mixtures containing

elongated shredded rubber (ShR). A comparison is undertaken to elucidate the upper

and lower boundaries in relation to the evolution in the bulk parameters:

7.2.1 Effect of particle properties

Shear modulus

Shear modulus - shear strain curves for RSm are illustrated in Figure 7.1a based on the

results collected from the cyclic triaxial tests, at medium-to-large strains, and the tor-

sional resonant column tests, from small-to-medium strains, in Chapter 5. Figure 7.1b

shows the normalised shear modulus G/G0 which represents the stiffness degradation

as a result of the strain amplitude undergone by the specimen.

It is observed in Figure 7.1b that sand and 10% RSm exhibit a similar stiffness

degradation at the entire strain amplitude. Adding more rubber (χ = 20-30%) points

to a more linear normalised shear modulus curve in the range from small-to-large

deformations. This result supports the basis that RSm exhibit a sand-like behaviour

at low rubber percentages (χ = 10%), where the loss of inter-particle contacts is more

significant under loading (Kim and Santamarina, 2008). On the contrary, the inclusion of

rubber creates additional rubber-to-rubber particle contacts, i.e. rubber-like behaviour.

In other words, adding rubber increases the capacity to deform of the mixture, inducing

greater contacts between particles. As discussed in Chapter 4, rubber particles add
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resistance against shear stresses postponing any possible slippage. This reduces the

stiffness degradation of RSm which is more pronounced as rubber content increases.

(a) (b)

Figure 7.1: a) Shear modulus and b) normalised shear modulus versus shear strain

Figures 7.2a-7.2b depict the normalised shear modulus as a function of the volumetric

state variable from existing literature. These graphs show the stiffness degradation

curve of mixtures containing χ = 10% and 30%.

At χ = 10%, the stiffness relationship from this study follows those curves proposed

in existing research at very small-to-medium strains, but then it experiences a greater

degradation at higher strains. This discrepancy can be attributable to the variance

in particle properties and test conditions. That said, confining pressure adopted in

previous studies range between 69 kPa and 100 kPa whilst size ratio varies between SR

= 1 - 20. Only Kaneko et al. (2013), Mashiri et al. (2016), and this study have studied

the evolution in bulk parameters adding elongated rubber particles. As established in

Chapter 4, these elongated particles would experience a greater deformation compared

to granulated rubber as a result of the entrapment between mineral particles and also

due to the higher number of sand-to-sand particle contacts. This might explain why

the mixtures studied by Mashiri et al. (2016), with big rubber tyres and SR > 20, or this

study, with shredded rubber, i.e. AR > 6, exhibit a greater stiffness degradation at small

rubber percentages than in other studies.

At χ = 30%, the trend of the normalised shear modulus from this study exhibit higher

values than previous studies at small-to-medium strains. Then it falls within the lower
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and upper boundaries at larger deformations. By comparing Figure 7.2a and Figure 7.2b,

it can be observed that the reference strain (γr e f ), which corresponds to the shear strain

at which G/G0 = 0.5, associated with 30% RSm is higher than that of 10% RSm. This is

in line with previous investigations (Anastasiadis et al., 2012b; Senetakis et al., 2012b),

in which mixtures containing higher rubber contents exhibited a more linear dynamic

behaviour and, as a consequence, the stiffness degradation suffered by RSm was lower

as more rubber was added. This is attributed to the greater number of rubber-to-rubber

contacts and the increase in resistance against shear stresses.

(a) (b)

Figure 7.2: Normalised shear modulus versus shear strain of RSm at a) χ = 10%, and b) χ = 30%

Damping ratio

Figure 7.3 depicts the damping ratio - shear strain curve from experimental results

gathered in Chapter 5. As occurred with the normalised shear modulus - shear strain

(Figure 7.1b) relationship, adding rubber leads to a more linear behaviour under loading,

which is identified by a sustained evolution in the damping capacity.

Figure 7.3 shows that adding χ ≥ 10% contributes to a greater energy dissipation

capacity at small strains, in consonance with Senetakis et al. (2012a) and Li et al. (2016).

This tendency changes, however, at greater deformations where sand and 10% RSm

exhibit greater hysteretic damping at larger deformations. That said, it is difficult

to distinguish between sand and 10% RSm. Beyond γc yc = 0.1 or 0.2%, the linear

relationship breaks down. Indeed sand and 10% RSm point to an upper limit, even
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a reduction in damping, at high shear strains. As established by Pistolas et al. (2018),

this is due to the existence of a limiting shear strain γl i m , defined as the strain at

which the higher damping ratio is observed for mixtures, which appears to increase

with the addition of rubber. Despite the reduction in material damping at χ > 10%

(Anbazhagan and Manohar, 2016), the upper limit in damping found in sand-like

specimens contrasts with the increasing trend observed in the material damping of

20-30% RSm. In accordance with Pistolas et al. (2018), this may be attributed to the

dislocation of rubber and sand particles, hence, both limiting strain and upper damping

ratio are not yet revealed for mixtures containing higher rubber contents. Further

experimental work is required to understand the influence of deformable (rubber)

particles on the limiting strain of RSm at larger deformations.

Figure 7.3: Damping ratio - shear strain of RSm

The evolution in damping ratio with shear strain of previous experimental studies

is shown in Figures 7.4a-7.4b including the results of this study at χ = 10% and 30%.

Minimum damping ratio for RSm, observed at γ = 0.0001%, evaluated in this study

exhibit similar values than mixtures studied in previous investigations.

At χ = 10%, the trend shown in damping ratio is similar to existing research at small

strains, but then it increases at a higher rate from γ = 0.02%, corresponding to the higher

stiffness degradation suffered by the mixture at this strain amplitude (Figure 7.2a). It is

also observed that the limiting shear strain (γl i m) associated with 10% RSm occurs at

lower deformations when compared to existing research (Kaneko et al., 2013; Pistolas

194



CHAPTER 7. CHARACTERISATION OF DYNAMIC PROPERTIES IN RSM

et al., 2018). This leads to greater values in material damping at around γ = 0.05 - 0.2%,

which is maintained at larger deformations.

At χ = 30%, as observed with the normalised shear modulus, the evolution in damp-

ing ratio falls within the boundaries shown by previous studies. The reduction in

damping is significant when compared to results shown at χ = 10% (Figure 7.4a). This

reduction in material damping has been shown by other authors (Ehsani et al., 2015; Li

et al., 2016) who revealed an optimum damping ratio in RSm by adding up to χ = 10%,

which decreases when the rubber-like behaviour arises, i.e. χ > 20%. It is evident in

Figure 7.4b that the limiting shear strain is not reached by most of the reviewed studies,

including this investigation, suggesting that the upper damping is yet to arise and it

will occur at larger deformations, i.e. γ > 1%. This newly supports the high capacity

of rubber to deform and dislocate (Pistolas et al., 2018), which results in a more linear

dynamic behaviour as rubber content increases.

(a) (b)

Figure 7.4: Damping ratio - shear strain of RSm at a) χ = 10%, and b) χ = 30%

7.2.2 Cyclic effect on dynamic behaviour

Most of the studies on RSm have focused on evaluating the dynamic properties of the

mixture whilst altering particle properties. Only a few studies (Mashiri et al., 2016;

Madhusudhan et al., 2019), have also studied the effect of cycles on the dynamic beha-

viour of RSm when subject to cyclic loading. Given the evident stiffness and damping

degradation of saturated RSm specimens shown in Chapter 5, this study proposes the
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creation of a new approach to assist in explaining the evolution in stiffness and damping

as a function of both particle properties and test conditions.

Shear modulus and liquefaction potential

Using the conceptual model adopted for liquefaction potential in Section 5.2.3 and

following the framework established by Tsuha et al. (2012), two zones can be identified

in Figures 7.5a and 7.5b: (i) unstable and (ii) stable regions. The unstable region groups

all specimens which liquefied after a certain number of cycles (in parentheses). This is

differentiated from the stable region, which encapsulates the samples containing higher

rubber contents and capable of withstanding 400 strain controlled cycles. This way of

representing shear modulus versus rubber content can aid in visualising the existence

of a threshold which distinguishes between i) "safe" stable and ii) "unsafe" unstable

zones. This could then be applied to saturated RSm to understand the evolution in

mixture stiffness in relation to its initial shear modulus and the rubber amount.

The stiffness degradation of RSm is shown in Figure 7.5a in the context of strain

level, rubber percentage, and number of cycles to liquefaction. Referring to previous

sections, soil stiffness decreases with rubber content and shear strain amplitude, except

for γc yc = 1%, where all RSm presents a relatively similar shear modulus. Figure 7.5b

shows the value corresponding to the liquefaction potential (ru) prior to liquefaction

for sand-like soils or after 400 strain controlled cycles for rubber-like soils.

It can be clearly observed that the number of cycles to liquefy increases at lower

strain amplitudes and with additional rubber. Whilst sand and 10% RSm liquefied after

a certain number of cycles, 20% and 30% RSm undergo a lesser decay in soil stiffness,

i.e. stiffness degradation. This supports the argument presented in this study that

rubber-like soils (χ > 10%) are more resilient against cyclic loading.

The improvement in the resilience against cyclic loading with rubber can be relevant

in circumstances where a high number of cycles are expected, e.g. prolonged aftershocks

(Nazari et al., 2014) or vibrations from railways (Signes et al., 2017). Moreover, these

results prove that the change in the dynamic soil stiffness can be highly influenced by

the number of cycles in the medium-to-large strain range. Contrary to assumptions
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made in the literature (Nakhaei et al., 2012; Madhusudhan et al., 2019; Kokusho, 1980),

the decay in soil stiffness of specimens here studied continues after 20 cycles, which

reveals the need to evaluate the cyclic effect on saturated soils at large strains.

(a) (b)

Figure 7.5: a) stiffness degradation and b) liquefaction potential versus shear strain, rubber
percentage and cycles to liquefaction

Damping ratio

The evolution in damping ratio is presented in Figure 7.6 as a function of rubber per-

centage, strain amplitude and number of cycles to liquefaction.

At N = 2, damping capacity of RSm improves adding χ = 10%, then it decreases

with additional rubber as observed in Figure 5.16a. Damping ratio is traced for all RSm

when γc yc = 1% (N = 15), γc yc = 0.2% (N = 40), and γc yc = 0.1% (N = 130). These cycles

correspond to the last reported value of damping ratio in each strain amplitude prior to

liquefaction of sand specimen. The change in damping capacity can thus be evaluated

in a simplified form by knowing the initial damping ratio, the rubber percentage and

the strain amplitude applied to the specimen.

For γc yc = 0.1%, damping ratio exhibited by sand and 10% RSm decrease to half of

its initial value, whilst the rate of degradation decays as the rubber content increases. As

occurred at N = 2 for all strain levels, damping improves uniquely when adding χ = 10%.

However, this tendency changes at greater strain amplitudes. At γc yc = 0.2% and N = 40,

there is an important loss in soil stiffness of sand owing to the accumulation in pore

water pressure and consequent reduction in particle contacts. Therefore, the damping
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generated by rubber deformation continues at greater deformations. As a result, 10%

and 20% RSm exhibit greater damping capacity than lower rubber contents.

The negative trend in the evolution of damping ratio with cycles is more evident at

γc yc = 1%, where all RSm present a greater dissipation capacity compared to sand only

configuration. The decay in damping capacity occurs at a lower rate with the addition

of rubber and the application of higher γc yc . For instance, sand changes from ξ = 19%

(N = 2) to ξ = 9% (N = 15), whereas 30% RSm passes from ξ = 14% to ξ = 12% in the same

cyclic range. Although sand-like soils (χ < 20%) exhibit an initial higher capacity to

dissipate energy, rubber-like soils experience a lesser decay in damping.

Prior to this investigation, only Mashiri et al. (2016), with tyre chips under saturated

conditions, and Madhusudhan et al. (2019), with granulated rubber and dry conditions,

studied the cyclic effect up 20 strain controlled cycles. Whilst Madhusudhan et al. (2019)

showed no decay in material damping with the number cycles, Mashiri et al. (2016)

revealed the reduction in damping, which was ameliorated by adding more rubber. The

latter was, however, limited to a lower strain amplitude range γc yc = 0.1 - 0.5%. The

results reported in this study support the basis that saturated (mineral) soil experience

a significant stiffness and damping degradation, more evident as strain amplitude

increases. In practice, adding small elongated rubber in the mixture could be seen as a

solution to ameliorate the foreseeable decay in energy dissipation shown by mineral

soils when subject to cyclic loading.

Figure 7.6: Damping degradation versus shear strain, rubber percentage and cycles to liquefac-
tion
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Table 7.1 shows a conceptual framework created in this investigation based on the

experimental results in conjunction with studies reviewed in the literature (Section

3.5.3) to elucidate the effect of particle properties and test conditions on RSm dynamic

behaviour. The framework classifies the extent of influence associated with each para-

meter in the evolution of stiffness and material relationship curves, as a function of

the deformation undergone, with respect to a sand specimen ranging from "significant

decrease" to "significant increase". In other words, it describes the overall tendency in

the evolution of the two bulk parameters when comparing a mixture containing rubber

to a sand specimen. Thus, whilst the significant increase refers to a rise in the value of

either the normalised stiffness or damping ratio when compared to sand, the significant

decrease describes a decay in the value of the bulk parameter.

As discussed in this chapter, rubber content, size ratio and number of cycles appear

to have a direct effect in the evolution of shear modulus and damping ratio. In general

terms, it can be established that a more linear dynamic behaviour, and reduced rate of

stiffness degradation, is observed with rubber under cyclic loading. This coincides with

the transition in the behaviour of the mixture from sand-like to rubber-like behaviour.

The particle effect is accentuated when the size ratio is lower than 1, i.e. rubber particle

size < sand particle size, and at higher confining pressures ( < 200 kPa) as a consequence

of the increase in the rubber-to-rubber particle contacts.

In accordance with previous studies, the addition of rubber points to an optimum

damping capacity at around χ = 10% from which the material damping decays, hence

its tendency is to decrease at higher rubber contents. At small-to-medium strains, the

particle effect is more accentuated as the size of rubber decreases (SR < 1), whereas at

medium-to-large strains, the effect is more pronounced as the size of sand decreases

(SR > 1) due to the higher sand-to-sand particle contacts. In the entire strain amplitude

range, the increase in confining pressure results in a reduction of material damping,

more pronounced at σm > 200 kPa.

On the other hand, the nearly similar size of particulate rubber and sand studied in

this investigation leads to results which slightly differs from existing research. In this

regard, higher stiffness degradation, but also higher damping ratio, has been found in
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RSm of this investigation at low rubber contents (χ = 10%), more observed in samples

with a SR > 1. This could be attributable to the elongated rubber shape (AR = 6) of this

investigation, which would result in an increase of contacts between sand. At higher

rubber contents, the stiffness and damping - shear strain curves follow those of previous

studies, exhibiting the behaviour of rubber-like soils.

The cyclic effect has been studied in this investigation from medium-to-large de-

formations. As previously discussed, its influence in both soil stiffness and damping

leads to a significant decay in their values as sand content increases. By contrast, the

mixture exhibits a higher capacity to deform as more rubber is added (Chapter 4). Hence,

the decay in damping capacity and, more importantly, soil stiffness is ameliorated at χ

= 20-30%. Table 7.1 could be used as a framework for future studies to investigate the

effect of additional particle properties, i.e. aspect ratio or material stiffness, as well as

bulk particle properties including particle size distribution or relative density, on the

dynamic behaviour of RSm.

Table 7.1: Effect of particle properties and test conditions on the dynamic behaviour of RSm

Parameter Small to medium strains Medium to high strains
G/G0 ξ G/G0 ξ

Rubber content ⊕ ⊕ ⊕ ≤ 10% ⊕
> 10% ª

Size ratio, D50r /D50s > 1 ⊕ ⊕ ⊕ ⊕ ≤ 200kPa ⊕
>200kPa ª

Size ratio, D50r /D50s < 1 ⊕ ⊕ ⊕ ⊕ ⊕ ≤ 200kPa ⊕
>200kPa ª

Effective confining pressure ⊕ ª ⊕ ª

Number of cycles NE NE
< χ = 20 % ª ª
≥ χ = 20 % NE

< χ = 20 % ª ª
≥ χ = 20 % ª

Note: ⊕ Increase; ⊕ ⊕ Significant increase;

ª Decrease; ª ª Significant decrease; NE = No Effect

7.2.3 Energy dissipation mechanisms in RSm

The energy dissipation mechanisms found in RSm are discussed by comparing the

results obtained at a particle (Chapter 4), element (Chapter 5) and lab scale (Chapter 6).
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Particle and element scale

The experimental testing discussed in Chapters 4 and 5 evaluated the energy dissipation

mechanisms associated with the mechanical properties of the soil, also known as

material damping (Section 2.5.1). This is on the basis that RSm specimens subjected to

oedometer, resonant column and triaxial tests were studied under isolated conditions

where the geometrical characteristics have a negligible effect on the dynamic properties.

The results obtained in Section 4.4.3 evidenced the energy dissipation mechanisms

associated with material damping at a particle scale. On one side, the dissipation in

sands was caused by inter-particle contact sliding and due to particle re-arrangements.

On the other hand, the addition of rubber inhibited the particle sliding and the energy

dissipation was controlled by rubber deformability.

At an element scale (Figure 7.3), the material damping was quantified revealing the

high damping ratio of sand at medium-to-large deformations. By adding χ = 10%, an

improvement in the material damping was observed from combining the dissipation

due to particle re-arrangements and rubber deformability. By contrast, adding more

rubber (χ = 20-30%) led to a decay in the material damping at medium-to-large deform-

ations, which has been attributed in existing research (Li et al., 2016) to the increase in

the rubber-to-rubber contacts, i.e. rubber-like behaviour. This result is opposite to the

trend found at small strains (γ < 0.01%), where viscous damping increased with rubber.

Lab scale system

From the results discussed in this thesis, discrepancies in the evolution of damping

ratio have been observed at an element and lab scale. Interestingly, the evolution in

the material damping is at odds with the trend shown for the damping ratio evaluated

during the shaking table tests in Chapter 6 (Figure 7.7a). Whilst the material damping

decreases at χ > 10% in the medium-to-large strain range, the damping ratio reported in

the lab scale context increases, almost doubling the value by adding χ = 30%. Although

RSm containing χ = 0 % and 10% show a higher material damping, the results from

the shaking table reveal that soft zones with χ > 10% experience a lower amplification
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ratio hence, they are more effective in mitigating the incident horizontal accelerations.

Therefore, results from this study support the view that incident vibrations are more

attenuated as damping increases, as established in existing research (Xiong and Li, 2013;

Bandyopadhyay et al., 2015). The main discrepancy between this and previous studies

stems from the basis to explain energy dissipation at lab/field scale.

(a) (b)

Figure 7.7: a) Peak frequency, and b) damping ratio at lab scale

To aid in understanding the energy dissipation evaluated in the foundation-modified

soil system, this study discussed in Section 2.5.2 the concept of wave screening, adopted

by previous studies to mitigate ground-borne vibrations (Woods, 1968; Alzawi, 2011;

Mahdavisefat et al., 2017). This mechanism relies on the basis that introducing soft

barriers increases the dynamic impedance with the surrounding soil, reflecting part of

the incident waves and attenuating the energy, denoted as geometrical damping.

The dynamic impedance can be accentuated with the inclusion of materials charac-

terised by a lower shear stiffness such as super absorbent polymer (Nappa, 2014; Flora

et al., 2018), dessert jelly (Brennan et al., 2019) or RSm (Mahdavisefat et al., 2017). This

was the argument adopted by Lombardi et al. (2015) to explain the attenuation in the

boundary effects of a shaking table with foam layers, characterised by a low stiffness

and high dynamic impedance.

The same view could thus be applied to this study and the incorporation of rubber

within the vertical installations given that it reduces the overall soil stiffness (Figure

7.4) and, subsequently, the natural frequency of the foundation-soil system (Figure
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7.7b). The reduction in the soil stiffness of the vertical soft zones would lead to an

increase in the dynamic impedance between the outer rigid (timber) walls and the less

stiff retrofitted walls with RSm. As a result, part of the waves generated by means of

the shaking table, and transmitted through the rigid walls, would be reflected and this

would be more pronounced as the dynamic impedance increases.

The reflection of parts of the incident energy, due to the wave scattering, opens an

alternative explanation to justify the increase in damping capacity and decay in peak

accelerations registered on the building. Most of the studies in the literature (Hazarika et

al., 2006; Tsang et al., 2012) rely on the apparent increase in material damping by adding

rubber to justify the attenuation in the structural response. However, the damping ratio

calculated by these studies is devised from resonant column and triaxial tests at an

element scale, not considering additional factors such as the influence of geometrical

aspects on the dynamic properties. Apart from this, no previous study has compared

the damping capacity at various scales.

Given that the negative trend shown in the evolution of material damping (Figure

7.3), this study introduces the argument that part of the incident stress waves are

reflected as consequence of the increase in dynamic impedance with the addition of

rubber. In other words, the increase in the overall damping capacity observed at a

lab scale with RSm could be attributable to not only the hysteretic material damping,

consequence of the non-linear behaviour of RSm with the addition of deformable

particles, but other aspects such as wave reflection due to the interaction between the

soft zone and the host soil. Based on these observations, the determination of material

damping would be insufficient to justify the energy dissipation mechanisms and, in

turn, the seismic performance of soft zones under cyclic loading.

The results from shaking table tests (Chapter 6) and the arguments herein discussed

are part of an initial exploration to test the influence of soft zones. Thus, these cannot

be considered to be a fully developed basis. A more comprehensive investigation would

be required to validate the hypothesis that two forms of damping, i.e. material and

geometrical, are acting on the attenuation of sinusoidal motions with the installation of

vertical RSm installations and thereafter quantify its contribution.

203



CHAPTER 7. CHARACTERISATION OF DYNAMIC PROPERTIES IN RSM

7.3 Determination of G0 and ξ0 for RSm

Maximum shear modulus and initial damping ratio calculated via torsional resonant

column tests are compared with analytical expressions proposed in the literature. The

calculation of G0 and ξ0 for a range of rubber contents is undertaken using different

expressions. To determine maximum shear modulus, particle and bulk properties as

well as test conditions are considered. For the calculation of minimum damping ratio,

expressions proposed by Anastasiadis et al. (2012b) and Senetakis et al. (2012a) are

employed which also consider size ratio and equivalent void ratio.

7.3.1 Sand

Table 7.2 presents expressions proposed in previous investigations to determine the

maximum shear modulus of sands, as a function of sample void ratio. The variation in

maximum shear modulus is shown by comparing the results obtained with the resonant

column test and the expressions herein shown.

All the proposed expressions show a relatively similar shear modulus compared to the

experimental result of this study, except for the case of Iwasaki et al. (1979), which

shows a smaller value. Equations 7.2 and 7.3 (Hardin and Richart, 1963) provide a

better approximation which results in a lower variation with respect to the experimental

results, i.e. -5.4 and +2%.

Table 7.2: Calculation of G0 for sand

References F(e) AG nG G0(MPa) Variation(%) Equation No.

This study - - - 111.8 - (7.1)

Hardin and Richart (1963) (2.17−e)2

1+e 7000 0.5 105.8 -5.4 (7.2)

Hardin and Richart (1963) (2.97−e)2

1+e 3300 0.5 114.2 +2 (7.3)

Iwasaki et al. (1979) (2.17−e)2

1+e 9000 0.38 78.3 -30 (7.4)

Kokusho (1980) (2.17−e)2

1+e 8400 0.5 126.9 13.5 (7.5)

Note: G0 = AG F(e) (σ3)nG
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In terms of damping, the expression proposed by Menq (2003) has been compared

with the experimental results obtained on RSm at very small strains. To calculate

the minimum damping ratio of sand, Equation 7.6 includes mean effective size D50,

confining pressure σ3, and curvature coefficient Cu :

ξ0(%) = 0.55(Cu)0.1D50(
σ3

Pa
)−0.08 (7.6)

Where Cu = 1.25, D50 = 0.85 are mechanical properties corresponding to Leighton

Buzzard sand investigated in this study (Chapter 4), σ3 = 100 kPa, and Pa = 101.325 kPa.

From Equation 7.6, the minimum damping ratio calculated for sand is ξ0= 0.59%, similar

to the value obtained through resonant column test (ξ0 = 0.52%), revealing the high

correlation between analytical and experimental results.

7.3.2 Rubber-soil mixtures

For the determination of maximum soil stiffness in RSm, two approaches are adopted

in this study. First, Pistolas et al. (2018) proposed to adjust the equation to calculate the

maximum soils stiffness in mineral soils created by Menq (2003) for RSm . This new

expression includes the mixture equivalent void ratio (eeq ) (as determined in Chapter

4), rubber percentage r , and mean effective size of sand D50s :

G0RSm = 67.1(CuSand )−0.2e f
eq (

σ3

Pa
)nG rG (7.7)

eeq = Vv +Vr

Vs
(7.8)

f =−1.3− (
D50s

12
)0.82 (7.9)

nG = 0.48(CuSand )0.09 −0.0009r (7.10)

rG = 1.025r (7.11)

205



CHAPTER 7. CHARACTERISATION OF DYNAMIC PROPERTIES IN RSM

Where r is the rubber percentage, Vv is the volume of voids, Vr is the volume of rubber,

and Vs is the volume of sand.

An alternative expressions was created by Anastasiadis et al. (2012b) to calculate the

maximum shear modulus of RSm containing particulate rubber, which mainly de-

pends on size ratio between sand and rubber particles (D50s/D50r ). Equation 7.12 was

established for mixtures with uniforms soils:

G0RSm =G0sand Feeq AG (7.12)

Feeq =
1

e Xe
eq

(7.13)

Xe = 2.1365(
D50s

D50r
)0.22 (7.14)

AG = 0.3919(
D50s

D50r
)−0.1602 (7.15)

Where, G0soi l is maximum shear modulus of sand added to the mixture, D50s is sand

mean effective size, and D50r is rubber mean effective size.

Table 7.3 shows the results corresponding to the maximum shear modulus for each

rubber percentage. This includes Equation 7.7, according to Pistolas et al. (2018),

Equation 7.12, based on Anastasiadis et al. (2012a), and the variation in the value of the

experimental results with respect to the analytical expressions.

The two proposed equations provide a better fit to the empirical results as rubber

content increases. In other words, the expressions used appear to underestimate the

value of soil stiffness at low rubber percentages (χ = 10-20%). An explanation for this

discrepancy might be attributed to the fact that previous studies used granular rubber

instead of elongated shredded rubber particles as used in this study. Hence, only the

size ratio but not rubber shape, i.e. aspect ratio, is considered for the determination

of soil stiffness. Further investigation is required to include the effect of this particle

property on the variation of the soil stiffness with rubber content.
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Table 7.3: Calculation of G0 for RSm

References G0 exp.(MPa) G0 Menq (MPa) Var.(%) G0 Anastasiadis (MPa) Var.(%)

10RSm 52.3 38.66 -34.2 34.41 -26.1

20RSm 22.2 16.77 -22.1 15.71 -16.8

30RSm 7.9 8.3 +5.72 8.4 +4.7

In terms of damping capacity, Senetakis et al. (2012a) proposed an equation to calculate

the minimum damping ratio of RSm with granulated rubber. The value of viscous

damping capacity is calculated as a function of mineral soil (sand) damping added to

the mixture ξ0soi l and the constants A and B which, in turn, depend on the size ratio

between rubber and sand particles. The expression proposed by Senetakis et al. (2012a)

states as follows:

ξ0RSm(%) = ξ0sand F (rξ) (7.16)

F (rξ) = Ar +B (7.17)

Where, r is rubber content and A = 0.1487 and B = 1 when D50s ≈ D50r .

The minimum damping ratio has been calculated in Table 7.4 for RSm by using Equation

7.16, based on the expression established by Senetakis et al. (2012a), obtaining ξ0 =

1.47%, 2.34%, and 3.22% for χ = 10%, 20% and 30%. As established for the calculation

of damping ratio for sand (Equation 7.6), Equation 7.16 captures the improvement in

the damping capacity with rubber addition and do not differ significantly from the

experimental results obtained from cyclic triaxial tests, i.e. ξ0 experimental. Only 30%

RSm exhibits a lower minimum damping capacity than the estimated by Equation

7.16 on the basis that the optimum damping capacity found in this study occurs when

adding χ = 20%. This coincides with the findings shown in the literature (Zheng-Yi and

Sutter, 2000; Senetakis et al., 2012a), in which an increasing trend was found in terms of

non-linear viscous damping as the rubber content increased (Figure 7.8b).
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Table 7.4: Calculation of ξ0 for RSm

References ξ0 exp. (%) ξ0 (%) Senetakis2012 Var.(%)

10RSm 1.52 1.47 -3.5

20RSm 2.51 2.34 -6.6

30RSm 2.44 3.22 +32

Figure 7.8 show both maximum shear modulus and minimum damping ratio in order

to compare the results from this study with existing research.

It can be observed that sand used in this investigation exhibits a maximum shear

modulus greater than the average (Figure 7.8a). A reduction in the overall soil stiffness

is found with rubber content as a consequence of low rubber stiffness. However, the

negative trend shown in this study is more pronounced than in previous investigations

which might be due to the rubber particle shape and size. In this regard, the introduction

of big tyre chips (Mashiri et al., 2016), with a size ratio SR > 20, result in a higher number

of contacts between sand particles and therefore an increase in the overall soil stiffness

as observed in Figure 7.8a. By contrast, Anastasiadis et al. (2012a) and Kaneko et al.

(2013) tested particulate rubber with a mean size ratio similar to the sandy material.

This results in a higher number of contacts between rubber and, in turn, a decay in the

overall soil stiffness.

With regards to the evolution in ξ0 (Figure 7.8b), most of the studies show an im-

provement in the minimum damping capacity with rubber content up to χ = 100%.

According to the experimental results analysed in Chapter 5, this study has also proven

the development in the damping capacity of mixture containing rubber up to χ = 20%,

point at which the value remains . As established by Zheng-Yi and Sutter (2000) and

Anastasiadis et al. (2012b), these results demonstrate that there is an improvement in

the damping capacity at small strains by combining the friction between particles and

rubber deformation.
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(a) (b)

Figure 7.8: Maximum shear modulus and minimum damping ratio of RSm

7.4 Stiffness relationship of RSm

Hyperbolic models have been previously proposed to predict the non-linear dynamic

behaviour of soils via shear modulus - shear strain curves. Hardin and Drnevich (1972)

created a hyperbolic asymptotic model capable of relating stress and strain in a soil to

predict the evolution in the dynamic properties. This model, however, presents certain

limitations due to only considering one curve-fitting variable, denoted as reference

strain (γr ) (Zhang et al., 2005), not able to fully capture the evolution in soil stiffness of

plastic soils. Alternatively, Darendeli (2001) proposed a normalised shear modulus shear

strain relationship modifying the equation initially established by Hardin and Drnevich

(1972). Equation 7.18 introduces the coefficient of curvature (a), which depends on the

number of cycles and the frequency loading, to adjust the original hyperbolic model:

G

G0
= 1

1+ ( γ
γr

)a
(7.18)

Where, γ is the current strain value, γr is the reference strain, and a is a coefficient

which depend on loading frequency, number of cycles and type of soil.
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7.4.1 Reference strain

According to Equation 7.18, the value of reference strain needs to be calculated. Refer-

ence strain (γr ) refers to the shear strain at which G/G0 = 0.5. This variable is required to

define the curve which depicts the variation in soil shear modulus with strain amplitude

of a soil. For this study, reference strain has been calculated based on normalised curves

traced from the experimental results shown in Figure 7.4 for every rubber content. To

corroborate the empirical results, these values have been compared with the analytical

expression proposed by Senetakis et al. (2012a) (Table 7.5). Equation 7.19 is used to

calculate the reference strain for RSm containing granulated rubber (Senetakis et al.,

2012a), determined using the reference strain corresponding to sand (γsand ):

γRSm = γsand F (rγ) (7.19)

F (rγ) = a1r 2 +a2r +a3 (7.20)

Where, r is the rubber percentage (%), a1 = 0.003, a2 = -0.01, and a3 = 1 are the values

for RSm when rubber and sand present similar size ratio, i.e. D50s ≈ D50r .

As shown in Table 7.5, reference strain is similar for sand and 10% RSm but then this

value increases with rubber content. This indicates that the response of the mixture

presents a more linear shape at χ > 10%, as discussed in Section 7.1b. On the other hand,

no clear effect of rubber content on curvature coefficient is observed, ranging between

1.31 and 1.42 for all RSm. Table 7.5 also shows slight differences between empirical and

analytical results, obtained via Equation 7.19, which corroborates the high correlation

with the expressions proposed by Senetakis et al. (2012a).

Table 7.5: Calculation of reference strain γRSm for RSm

References Exp. γRSm (%) γRSm by Senetakis2012 Var.(%) Curvature (a) R2

0RSm 0.035 - - 1.17 0.992

10RSm 0.034 0.042 +23.5 1.37 0.984

20RSm 0.067 0.07 +4.5 1.42 0.977

30RSm 0.106 0.12 +12.3 1.31 0.951
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7.4.2 Normalised shear modulus curve based on Darendeli (2001)

Equation 7.18 has been adopted to predict the variation in normalised G/G0 with strain

amplitude. For that, experimental values of γr and a have been taken from Table 7.5

and used to calculate G/G0 for every rubber content.

Adding χ ± 10% increases the resilience of the mixture, which results in a lower stiffness

degradation, more evident at medium-to-large strains as observed in Figure 7.9. Al-

though Darendeli (2001) created his expression based on 200 dynamic tests performed

on granular soils, the results shown in Figure 7.9 reveal a high correlation between the

experimental data and the proposed expression, where R2 is in excess of 0.95 for all RSm.

However, Equation 7.18 does not seem to provide a good fit at large strain amplitudes (γ

> 0.1%) where there is a rapid decay in normalised shear modulus curve. This is mainly

noted in Figure 7.9 at high rubber contents, i.e. χ = 20-30%.

Figure 7.9: Normalised shear modulus - shear strain of RSm based on Darendeli (2001)

7.4.3 Normalised shear modulus curve based on MMF model

Alternatively, this study proposes the use of a different modified hyperbolic model to

determine the variation in normalised shear modulus with strain amplitude, known

as the Morgan-Morgan-Finney (MMF) non-linear sigmoidal model. Equation 7.21

describes the MMF model to the normalised G/G0 curve as follows:
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G

G0
= ab + cγd

b +γd
(7.21)

Where, a, b, c and d are function parameters and γ is the current value of shear strain.

Equation 7.21 can be re-written as:

G

G0
= abγd + c

bγd +1
(7.22)

When the value of c = 1, and γ ≈ 0, the value of G = G0, which occurs for any soil

specimen at very small strains. Thus, Equation 7.22 can be reduced to:

G

G0
= abγc +1

bγc +1
(7.23)

Equation 7.23, with three function parameters, has been adopted instead of the original

MMF expression (Equation 7.21), to determine the value of normalised shear modulus

of RSm. Table 7.6 shows each of the function parameters (a,b,c) obtained to adapt the

model to the empirical results for every RSm. In general, it can be observed that values

of function parameters follow an increasing trend with rubber amount. The parameter

a represents the magnitude of the normalised shear modulus at the maximum recorded

strain, i.e. γ = 1%. It is shown that this value is just above 0 for the case of χ = 0-10%,

whilst the magnitude of the value reaches 0.16 at χ = 30%. This reflects the lower

stiffness degradation at large deformations with the addition of rubber, inaccurately

captured with the expression proposed by Darendeli (Figure 7.9). Parameter c plays

the same role as the curvature coefficient a in Darendeli’s expression (Equation 7.18),

hence the increase in the magnitude of this parameter results in an increase of the

reference strain, and the subsequent translation of the curve, which reflects a more

linear dynamic behaviour, as shown in Figure 7.10.

The standard error and R2 have been calculated to demonstrate the goodness-of-fit

using the MMF model. It is noticed that R2 increases for 20-30% RSm compared to

the non-linear hyperbolic model proposed by Darendeli (2001). With the MMF model,

the evolution in the normalised shear modulus is less abrupt and the model predicts

with better accuracy the change in soil stiffness at medium-to-large deformations (γ >
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0.1%). This model provides then an alternative expression to predict the non-linearity

exhibited by RSm due to the addition of the highly deformable rubber.

Table 7.6: Function parameters of MMF (Equation 7.23) for RSm

References a b c Standard error R2

0RSm 0.002 42.942 1.133 0.031 0.992

10RSm 0.002 95.958 1.357 0.054 0.982

20RSm 0.028 60.019 1.506 0.057 0.977

30RSm 0.161 125.225 1.890 0.060 0.967

Figure 7.10: Normalised shear modulus - shear strain using MMF model

7.5 Damping ratio relationship of RSm

The variation in damping ratio with strain amplitude is discussed in this section by

adopting various non-linear models proposed in previous studies (Darendeli, 2001;

Phillips and Hashash, 2009; Senetakis et al., 2012a). One of the first expressions to

predict the hyperbolic non-linear material damping with respect to shear strain curve

was established by Masing (1926), and it is based on the known Masing rules. Equation

7.24 is used to determine damping ratio following Masing rules that includes the value

of current and reference strain:

ξM asi ng ,a=1(%) = 100

π
(4
γ−γr ln(γ+γr

γr
)

γ2

γ+γr

−2) (7.24)
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The material damping curve is scaled and shifted based on the value of the curvature

coefficient a. This value adopted to adjust the curvature of the hyperbolic normalised

shear modulus to the experimental results, which depends on the loading frequency

and number of cycles. The expression proposed by Masing (1926) to determine the

material damping curve stays as:

ξM asi ng = c1ξM ,a=1 + c2ξ
2
M ,a=1 + c3ξ

3
M ,a=1 (7.25)

c1 =−1.1143a2 +1.8618a +0.2523 (7.26)

c2 = 0.0805a2 −0.071a −0.0095 (7.27)

c3 =−0.0005a2 +0.0002a +0.0003 (7.28)

Despite the good approximations obtained with the expressions established by Masing

(1926), previous studies (Phillips and Hashash, 2009) address the discrepancy between

empirical and analytical results in the medium-to-large strain range. A solution was

proposed by Darendeli (2001), who established an alternative expression to match both

shear modulus and damping ratio at the same time by developing an empirically based

modified hyperbolic model. Hence, Darendeli (2001) included in the expression the

minimum damping ratio, empirically determined, to overcome the underestimation

observed in damping at small-to-medium strains. A reduction factor DF(γ) is applied

to the original Masing equation to adjust the evolution in damping degradation based

on stiffness reduction, via normalised shear modulus - shear strain curve, at medium-

to-large strains. Equation 7.29 shows the modified expression for determining damping

strain relationship as a function of the number of cycles and the normalised shear

modulus (G/G0):

ξDar endel i = DF (γ)ξM asi ng +ξ0 (7.29)
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DF (γ) = b1(
Gγ

G0
)0.1 (7.30)

b1 = 0.6329−0.0057ln N (7.31)

Figure 7.11 shows the evolution in damping ratio versus shear strain for RSm of this

investigation by adjusting shear modulus to damping ratio using Equation 7.29. It is

noted that the expression provided by Darendeli provides a good fit at small-to-medium

strains, i.e. γc yc = 0.0001-0.05%. However, a different behaviour is observed between

sand-like and rubber-like specimens at larger strains (γc yc > 0.05%). In this regard, the

expression appears to overestimate the damping ratio for high rubber contents (χ =

20-30%), whereas the opposite trend occurs at low rubber contents, which is in line

with the observations made by Phillips and Hashash (2009) about mineral soils.

Darendeli (2001) created this expression based on the results from dynamic tests

performed on partially saturated granular soils. This might be one reason to explain

the discrepancy between experimental and analytical results at large deformations.

However, the tests performed in this study were undertaken in fully saturated conditions

via cyclic triaxial experiments. Moreover, whilst Darendeli approximated his expression

of experimental results on sands and clays, the material studied is a combination of a

deformable particle (rubber) and a rigid mineral (sand) soil.

Figure 7.11: Normalised damping ratio - shear strain based on Darendeli (2001)
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7.5.1 Damping ratio curve based on Senetakis et al. (2012a)

An alternative expression was proposed by Senetakis et al. (2012a) for estimating the

damping ratio shear strain curve of RSm containing particulate rubber from very small-

to-large deformations. Equation 7.32 identifies the correlation between normalised

damping ratio, expressed by subtracting the effect of minimum damping ratio from the

overall damping capacity (ξ - ξ0), and the normalised shear modulus associated with

the material, obtained from the proposed MMF model (Section 7.4.3):

ξSenet aki s −ξ0 = a6(
G

G0
)2 +a7(

G

G0
)+a8 (7.32)

Where, a6, a7 and a8 are function parameters.

By normalising ξ - ξ0, it eliminates the effect of small-strain damping ratio and the

possible effect of rubber on the damping capacity of the mixture at small deformations.

Parameters a6, a7 and a8 were determined by calculating the second order polynomial

equation from the correlation between normalised damping ratio and normalised shear

modulus of all RSm (Figure 7.12). It is noticed in Figure 7.12 that the correlation between

damping and stiffness is accurate in the small-to-medium strain range. However, the

correlation is more scattered as the soil degradation increases, i.e. at higher strain amp-

litudes. This might be explained on the basis that Senetakis et al. (2012a) created this

expression on empirical results of RSm at small-to-medium strain and was extrapolated

to mixtures at larger deformations, being less accurate.
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Figure 7.12: Correlation between ξ - ξ0 and G/G0 of RSm based on Senetakis et al. (2012a)

In light of the results shown in Figure 7.12, this study decided to individually apply the

second order polynomial equation to the normalised damping curve corresponding to

every rubber content (χ = 0%, 10%, 20%, and 30%) (Figs 7.13). Function parameters a6,

a7 and a8 have been calculated for each RSm, as shown in Table 7.7, and adjust more

accurately to each one of the parameters depending on rubber content. The correlation

function (R2) is represented next to the function parameters of every RSm in Table 7.13,

showing values higher than 0.951, which indicates the good fit of the expression.

(a) (b)

Figure 7.13: Correlation between ξ - ξ0 and G/G0 of a) 0RSm and b) 10RSm
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(a) (b)

Figure 7.14: Correlation between ξ - ξ0 and G/G0 of a) 20RSm and d) 30RSm

Table 7.7: Function parameters to adjust damping based on Senetakis et al. (2012a)

References a6 a7 a8 ξ0 R2

0RSm 1.51 -24.41 21.2 0.59 0.965

10RSm 10.88 -35.61 23.8 1.52 0.982

20RSm -1.32 -17.33 18.05 2.51 0.994

30RSm 0.97 -13.76 13.53 2.44 0.951

Figure 7.15 shows the evolution in damping ratio in accordance with the experimental

results on RSm and the trend in the analytical expression by adjusting the function para-

meters obtained in Table 7.7 to the expression proposed by Senetakis (Equation 7.32). A

high correlation is observed between measured and estimated damping values which

corroborates the use of the expression proposed by Senetakis et al. (2012a) to simulate

the damping ratio relationship of RSm. However, some discrepancies can be found

between the analytical and experimental values in the medium-to-large strain range

amplitude, i.e. γc yc = 0.2-1%. This can be attributed to two factors: (i) the expression

was created for RSm specimens in dry state, and did not consider the rise in pore water

pressure, and (ii) the expression was established based on results obtained at small-

to-medium deformations. The latter is of importance when evaluating the evolution

in damping capacity at large deformations due to the appearance of a limiting shear

strain, strain at which the maximum damping capacity arises, from which damping

ratio decays (Pistolas et al., 2018). As observed in Figure 7.15, the expression created by
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Senetakis et al. (2012a) does not capture this decay in hysteretic damping, observed in

sand and 10% RSm, at large deformations.

Figure 7.15: Normalised damping ratio - shear strain based on Senetakis et al. (2012a)

7.5.2 Damping ratio curve based on Phillips and Hashash (2009)

Albeit the model proposed by Senetakis et al. (2012a) presents a high correlation

between estimated and empirical results, the proposed damping curve keeps increasing

at large strains for every mixture. This finding differs from the trend shown with the

experimental results in Figure 7.15. An explanation for this is that previous expressions

(Senetakis et al., 2012a; Pistolas et al., 2018) were applied to the dynamic properties

obtained from soils in dry conditions. However, as explained for the analysis of the

liquefaction potential (Figure 7.5b), the rise in pore pressure ratio leads to a reduction in

inter-particle contacts and, as a result, a significant stiffness and damping degradation,

more evident at large deformations.

An alternative approach is herein proposed to describe the increase in material

damping for saturated RSm from small-to-large amplitudes. For that, this study in-

troduces the use of the expression proposed by Phillips and Hashash (2009) using a

different reduction factor. This model is a function of the normalised shear modulus and

three function parameters. The model is commonly known as the Pressure-Dependent

Hyperbolic model or Modulus Reduction and Damping curve fitting (MRDF). This

model is commonly adopted in 1D ground response analysis, such as Deepsoil, as an
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alternative non-Masing unload-reload rule after the backbone curve to predict the

non-linear behaviour of mineral soils at medium-to-large deformations. In practice,

this expression provides a better fit than previous equations by matching the empirical

results with the original damping proposed by Masing (1926), by means of using an

alternative reduction factor F(γm):

ξH ashash = F (γm)ξM asi ng +ξ0 (7.33)

F (γm) = p1 −p2(1− Gγ

G0
)p3 (7.34)

Where, Gγm /G0 is the normalised shear modulus and p1, p2 and p3 are non-dimensional

parameters to obtain the best possible fit with the target damping curve.

Table 7.8 shows the parameters estimated for each rubber content to depict the damping

curves traced in Figure 7.16. It can be observed that the curve fitting parameters

(p1,p2,p3) are nearly similar for 0RSm and 10RSm. At χ > 10%, the evolution in the

values of p1 and p3 follow a decreasing trend, whereas p2 increases.

Table 7.8: Function parameters to adjust damping based on Phillips and Hashash (2009)

References p1 p2 p3 γr (%) a ξ0

0RSm 0.65 0.32 15.71 0.035 1.17 0.59

10RSm 0.67 0.28 17 0.034 1.37 1.52

20RSm 0.6 0.38 11 0.067 1.42 2.51

30RSm 0.5 0.7 6.5 0.106 1.31 2.44
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Figure 7.16: Normalised damping ratio - shear strain based on Phillips and Hashash (2009)

Equations 7.35-7.36-7.37 have been proposed in this study to determine the value of p1,

p2, p3 and apply to Equation 7.34 depending on the rubber content:

p1 =−0.0003χ2 +0.0038χ+0.653 (7.35)

p2 = 0.0009χ2 −0.0146χ+0.324 (7.36)

p3 =−0.0145χ2 +0.0979χ+16.15 (7.37)

The reduction factor (F(γm)) adjusts the damping curve to the empirical values provid-

ing a better fit than the damping curves adjusted using Equation 7.29 (Darendeli, 2001).

Therefore, it can be observed that the new expression identifies the decay in damping

for sand and 10RSm, whereas a gradual increase in the damping ratio is predicted at

χ = 20-30% for very large strains. The total R2 associated with the goodness of fit of

this expression is equal to 0.983 and provides a better approximation than the damping

strain curves created by Senetakis et al. (2012a) (R2 = 0.943). Thus, this study suggests

the use of this analytical approach to alternatively predict the variation in material

damping of saturated mixtures containing elongated particulate rubber.
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7.6 Summary

In this chapter, the dynamic behaviour of RSm has been studied in the small-to-large

strain range comparing the experimental results with existing research:

• Although adding rubber attenuated the cyclic effect, stiffness and damping de-

gradation were yet observed to be significant up to 100 strain controlled cycles. This

observation differs from the statement that dynamic properties remain constant bey-

ond the 10th cycle (Kokusho, 1980). This suggests that the number of cycles should be

accounted when dealing with saturated soils, subject to large deformations.

• Adding rubber points to an improvement in the damping capacity in the lab scale

context, unlike the evolution in material damping. This suggests the presence of other

forms of stress wave attenuation, i.e. wave scattering.

• Although a high correlation was found between the normalised G/G0 - shear strain

curve and the empirical results using the expression established by Darendeli (2001),

an alternative expression has been adopted to provide a better fit at medium-to-large

strains by using the Morgan-Morgan-Finney model.

• The expression proposed by Senetakis et al. (2012a) for mixtures with granulated

rubber provides a better fit than original damping curves (Masing, 1926; Darendeli,

2001). However, this approach does not appear to be as accurate for saturated speci-

mens, using alternatively the expression proposed by Phillips and Hashash (2009).

In terms of new understanding, this study has proposed a conceptual framework to

elucidate the effect of particle properties and test conditions on the dynamic behaviour

of RSm. It shows that the number of cycles has a detrimental effect on the evolution of

shear modulus and damping ratio of saturated sands. This is proven to be ameliorated

with the addition of small elongated rubber, which use could be adopted as a solution to

prevent the stiffness and damping degradation due to the action of strong earthquakes.

This study has also proposed the use of different expressions to predict the non-linear

behaviour of RSm so that they can accurately simulate, with the use of numerical

simulations, the ground response analysis of soils containing rubber.
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Conclusions

8.1 Introduction

The disposal of scrap tyres has become a major environmental problem around the

world. For its recovery, a geomaterial has been used as part of civil constructions,

commonly known as Rubber-Soil mixture (RSm). Existing literature shows that adding

rubber particles into sandy soil reduce the soil stiffness and can increase its damping

capacity. The use of RSm has the potential to be used as a geotechnical seismic isolation

system and hence provide protection against earthquakes. However, the static and

dynamic behaviour of the mixture is still not well understood due to the various bulk and

particle properties as well as test conditions that affect its characterisation. Limitations

are also encountered in relation to the implementation of the system, questioning its

use for existing long-term permanent constructions.

To address these gaps, the aim of this study was to understand the response of

RSm under cyclic loading and evaluate its effectiveness in attenuating accelerations

when used to retrofit a soil foundation. A review of the research approach, findings,

conclusions and limitations incurred is presented in the following sections.
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8.2 Summary of findings

Three research questions facilitated in addressing the aim and objectives of this study:

1. What is the relationship between the micro and macro-structure of RSm and how

does this correlate to the mechanics of RSm during particle shear and compression?

Objective i) of this study was to define the mechanics of rigid-deformable mixtures,

concretely RSm, establishing the inter-correlation between the bulk parameters with its

micro and macro-structure. This has been undertaken based on the the background

information (Chapter 2) and the literature review (Chapter 3) of this investigation with

the following key findings:

• A variable-parameter-property scheme is introduced to explicitly define the dis-

tinction between system variables, test conditions, material (micro) properties,

and bulk (macro), and thus interpret the behaviour of soils, and concretely RSm.

• The complexity of the framework increases when adding a deformable particle

in the soil skeleton, with additional particle properties such as rubber mass, size,

shape, stiffness and its interaction with stiffer (sand) particles.

• The shear strength of the mixture increases with the addition of tyre derived

aggregates whereas the opposite trend is found with rounded tyre crumbs.

• The rubber-like behaviour is primarily found at high rubber contents and when

the sand particles have a higher size due to the increase in the number of rubber-

to-rubber particle contacts. A sand-like behaviour, characterised by a higher

stiffness and lower deformation, is observed at low rubber contents and with big

rubber chips.

• A common trend is found in the evolution of shear modulus where the overall soil

stiffness decays whilst damping capacity increases at small-to-medium strains

in the transition from sand-like to rubber-like behaviour. There is, however,

insufficient experimental data to characterise the dynamic behaviour of RSm
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from small-to-large deformations attributable to the various material properties

and test conditions involved.

• The addition of tyre derived aggregates and rubber powder points to an increase

in the liquefaction resistance when mixed up with liquefiable soils. However,

a gap in the literature exists in relation to the cyclic effect on the evolution of

stiffness and damping of saturated RSm at medium-to-large strains.

• Implementing RSm horizontal layers under the soil foundation can potentially

mitigate vertical and horizontal accelerations. The main inconvenient of this

design is that can only be implemented prior to the construction of new buildings,

with a limiting vertical load to prevent excessive settlement.

Objective ii) was to characterise the compressibility of RSm whilst assessing the effect

of rubber shape. Plain strain models and oedometer test results were performed in

Chapter 4 on samples containing Leighton Buzzard sand (LBS) with either shredded

(ShR) or crumb (CrR) rubber at χ = 0, 15, 30, 45 and 100 %. 3D tomographic images

were also taken from mini-oedometer tests under loading. The main results are:

• A greater change in void ratio as well as higher values in compression and swelling

indices were found in specimens containing ShR. This was attributed to the

entrapment and the increase in contact area as a consequence of its shape.

• At high stresses, the two rubber shapes revealed a nearly similar stiffer response

as a result of the negligible number of voids. This led to an ultimate state at which

the compressible behaviour was entirely controlled by rubber.

• The evolution in the one-dimensional compression of RSm is found to be the

result of both i) particle re-arrangement and ii) distortion of rubber. As rubber is

assumed to be incompressible, the temporary change in volume is attributable to

the high micro porosity, in addition to the fissures/cracks, found on its surface.
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In terms of new understanding, this study has demonstrated that the particle shape, in

conjunction with rubber content, has an effect on the evolution of compressibility and

the stress-strain behaviour of RSm. Hence, the bulk (macro) parameters that character-

ise the response of RSm under static/dynamic loading are influenced by the particle

(micro) properties, including rubber shape, size, stiffness and its interaction with partic-

ulate sand. The rubber-like behaviour is found at high rubber contents and with smaller

particulate rubber. Consequently, the particle-to-particle contacts affects the evolution

in compressibility of RSm, which increases with rubber content and elongated rubber

shape. This is attributed to both particle re-arrangement and rubber deformation as a

result of the microporosity as well as fissures/cracks found in particulate rubber. Due

high capacity of rubber to distort, RSm experience an improvement in the distortional

stiffness. This means that rubber adds an additional resistance against vertical loading

which postpones the particle slippage and breakage.

2. How do the particle properties and test conditions influence the response and

energy dissipation mechanisms of rubber-soil mixtures under cyclic loading?

Objective iii) of this thesis was to study the evolution of bulk parameters (G , ξ) that

define the dynamic behaviour of RSm. Cyclic triaxial and resonant column experiments

were conducted on saturated RSm containing shredded particulate rubber at χ = 0 -

30% (Chapter 5). Stiffness and damping relationship characterisation were studied as a

function of both particle properties and test conditions. Modified hyperbolic models

were adapted to the experimental results (Chapter 7). These are the main findings:

• The liquefaction resistance of sand improved by adding rubber and decreased

with the strain amplitude. Sand-like specimens liquefied before reaching 100

cycles. The inclusion of χ = 20-30% enabled the mixture to withstand 400 strain

controlled cycles at γ = 1%, remaining within the stable zone. The addition of

smaller rubber particles points to an improvement in the liquefaction resistance,

due to the higher number of contacts between rubber particles.

• The overall soil stiffness decreased with an increase in the strain amplitude and

number of cycles at every rubber percentage. The low stiffness added by rubber
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resulted in a reduction of shear modulus as rubber content increased. Adding

rubber reduced the cyclic effect on the stiffness degradation. A greater reduction

in soil stiffness was found by adding smaller rubber particulate.

• At medium to large strains, adding χ = 10% improved the hysteretic damping and,

subsequently, decreased at greater rubber contents. Higher values in damping

were found with smaller rubber particles. At small-to-medium strains, material

damping improved with rubber whilst the rubber shape did not have an impact.

Albeit sand exhibits an initial higher damping, the addition of rubber results in

greater damping capacity after 20 strain controlled cycles at γc yc > 0.2%.

• Prior to this investigation, only Mashiri et al. (2016) had examined the cyclic

effect on the dynamic behaviour of RSm. The results reported in this study sup-

port the basis that saturated soils experience a significant stiffness and damping

degradation, more evident as strain amplitude increases.

• The maximum shear modulus and minimum damping ratio calculated via the

analytical expressions proposed by Senetakis et al. (2012a) revealed similar values

than the experimental results of this study, with shredded rubber.

• A high correlation was found between empirical results and the normalised shear

modulus - shear strain curves proposed by Darendeli (2001). An alternative

approach was applied to the results of this study using the non-linear sigmoidal

model (MMF) which provided a better fit at medium-to-large strains.

• Expressions established by Senetakis et al. (2012a) showed a better fit than the ori-

ginal damping curves established by Darendeli (2001) and Masing (1926). The em-

pirical results were alternatively adjusted to the Modulus Reduction and Damping

Fitting curves (MRDF) created by Phillips and Hashash (2009), hence the limiting

strain and the decay in hysteretic non-linear damping was predicted.
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Objective iv) was to elucidate the energy dissipation mechanisms developed in RSm

from a particulate level, using 3D x-ray tomographic images, and its correlation to an

element, with resonant and cyclic triaxial tests, and a 1g model scale, through shaking

table experiments. These are the main conclusions extracted:

• 3D x-ray tomographic images revealed a reduction in rubber volume under load-

ing which was subsequently recovered. However, the contact area between sand

and rubber remained constant as a consequence of the locking effect.

• The energy dissipation occurring in sands and during the first loading-unloading

cycle of RSm is caused by contact sliding and particle re-arrangement. At sub-

sequent cycles, rubber restricts the friction between particles and the dissipation

mechanism is controlled by the rubber deformation.

• Hysteretic damping associated with sand only specimens revealed high values at

medium-to-large strains. However, the value of damping significantly decayed

until it liquefied as a consequence of the loss in inter-particle contacts.

• Material damping evaluated in RSm was presented as a combination of both

friction and deformation damping, which helped to explain the higher hysteretic

damping when adding χ = 10%. The energy dissipation was controlled by rubber

deformation as the rubber content increased resulting in a decrease in damping

but also a lower damping degradation under cyclic loading.

• At a 1g model scale, i.e. shaking table, the damping capacity increased with rubber.

However, this trend is at odds with the material damping evaluated at an element

scale. The damping capacity of the foundation-soft zone is then hypothesised

to be result of combining material and geometrical damping, result of the wave

scattering due to the inclusion of soft vertical installations with RSm.
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In terms of new understanding, the study has shown that the increase in the number of

rubber-to-rubber contacts leads to a decay in shear modulus of RSm. On the other hand,

an improvement in liquefaction resistance is found by adding shredded rubber. Hence,

a conceptual framework has been proposed to elucidate the effect of particle properties

and test conditions on the dynamic behaviour of RSm. It is proven that the number of

cycles has a detrimental effect on the evolution of shear modulus and damping ratio of

saturated sands. Thus, this study has demonstrated that mixing small shredded rubber

and sand results in a mixture which exhibits a higher resilience against the action of

medium-to-large deformations, via multi-cyclic loading. Adding 20 % rubber mass

could be a solution to prevent foreseeable stiffness and damping degradation due to

the action of strong earthquakes. This study has also proposed the use of different

expressions to predict the non-linear behaviour of RSm so that they can accurately

simulate, with numerical simulations, the ground response analysis of soft zones.

With regards to the energy dissipation mechanisms in RSm, the rubber deformation

controls the dissipation mode after several cycles, and this is more evident as rubber

content increases. This leads to an improvement in hysteretic material damping by

adding χ = 10%. At a 1g model scale, an increase in the overal damping capacity of

a foundation-modified soil is exhibited by adding up to χ = 40%. This was argued to

be the result of combining the energy dissipation by the material and the geometrical

characteristics of the medium, due to the reflection of incident waves.

3. Can the introduction of vertical soft zones comprising particulate rubber to the

ground enhance the resistance of soil foundations against dynamic loading?

Objective v) of this research was focused on understanding the response of a foundation-

modified soil system under cyclic loading. This study proposed to laterally support

the foundation zone by adding vertical installations with RSm. A sweep analysis was

performed on the system via shaking table tests at various frequencies (1-10 Hz) and

rubber contents (χ = 0 - 40%) to evaluate the structural response (Chapter 6). The vibra-

tion isolation efficacy was evaluated by comparing the amplification ratio of modified

RSm soft zone with the sand only configuration. These are the main findings:
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• The denser state of the vertical installations revealed a greater amplification of

the input motion, observed with the application of a sweep analysis around the

fundamental frequency of the system.

• The system response amplified as the input frequency approached the natural

frequency, also influenced by the presence of soft zones. A shift in the amplifica-

tion conditions was found with the addition of rubber due to the decay in shear

modulus, as previously demonstrated by means of cyclic triaxial and resonant

column tests (Chapter 5).

• The attenuation in the amplification ratio is associated with both the (i) shift in

the structural response and the (ii) increase in system damping capacity.

• The vertical installation of soft zones, by means of bagging a constant RSm volume

and placing it around the host soil, arises as an alternative route to overcome

issues related to the installation of continuous horizontal layers.

In terms of new understanding, this study has shown that the cyclic response of a small-

scaled model with a complex geometry, i.e. containing soft zones, can be idealised to

mimic that of a single-degree of freedom. The installation of vertical RSm soft zones

can attenuate peak horizontal accelerations, otherwise observed on a soil foundation

comprising a stiffer (sand) initial configuration. An amplification of the input motion is,

however, found at lower frequencies, as it could be the case of earthquake prone regions

with predominately low-frequency seismic motions or around slender buildings. A

comprehensive study is therefore required to evaluate the applicability of the system

at different frequency ranges. The effectiveness of the system to isolate disturbances

appears to be more significant when adding more rubber and at frequencies higher than

the natural frequency of the modified system. This could be used to protect low-storey

buildings or in areas where high-frequency earthquakes are expected. Consequently,

this thesis proposes an alternative design whereby RSm soft zones can be implemented

to enhance the resistance of soil foundations against dynamic loading in both existing

and new constructions.
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8.3 Limitations and recommendations for future work

Based on the limitations identified in the previous section, there are various recom-

mendations for future research:

• Further testing, including resonant column and cyclic triaxial tests, could be

undertaken to analyse the dynamic behaviour of RSm with the addition of more

realistic soil gradings and hence gain further insights into the stiff-deformable

particle interaction.

• This investigation has been focused on studying the dynamic behaviour of RSm

with different particle (micro) properties, i.e. size, shape and content. More re-

search is required to evaluate the effect of additional test conditions and bulk

(macro) properties on the dynamic behaviour of mixtures containing ShR, partic-

ularly the effect of confining pressure and relative density.

• 3D tomographic images were taken in this study from mixtures under one-dimensional

vertical loading. Future studies should attempt to examine the evolution in con-

tact area and volume of the rubber whilst performing static (monotonic) or cyclic

triaxial testing. This will provide with a basis to better understand the energy

dissipation mechanisms in the element scale context.

• MMF/MRDF models were successfully adjusted to predict the evolution in soil

stiffness and damping of RSm with shredded rubber. Additional analysis can be

done to extend its use to predict the behaviour of RSm containing other particulate

rubber types, e.g. tyre or chopped tyres.

• Further testing is needed in the lab scale, via shaking table or centrifuge mod-

elling, to better understand the influence of the input amplitude and also the

packaging of materials on the cyclic response of the vertical soft zones. The ver-

tical/horizontal displacement should be recorded to address the effect of the

densification on the cyclic response and how this can be minimised.
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• This investigation has been limited to the study of the cyclic performance of

a scaled foundation-modified soil by applying harmonic sinusoidal motions.

Future research should consider the application of realistic but complex seismic

motions and thus, explore the efficacy in isolating both vertical and horizontal

accelerations by implementing vertical soft zones with RSm.

• This study has considered a unique thickness and depth for the vertical soft

zones. More shaking table testing is needed to assess the influence of geometrical

characteristics and the distribution of RSm columns on the structural response,

with the adequate consideration of scaling laws to extrapolate the results.

• This study had argued that the increase in damping capacity of the modified

soil with RSm could be attributed to both material and geometrical damping.

Although the different forms of stress wave attenuation have been identified in

Geotechnical Earthquake Engineering, these are still not well understood when

discrete elements, with different material properties, are added to the ground soil.

A better understanding of the energy dissipation mechanisms occurring around

soft zones, mainly at the interface with adjacent soil layers, is required and thus

elucidate the correlation between the particle, element and in-situ scale.

Most of the investigations in the field are limited to testing RSm in the element scale

context with certain studies looking at 1g stress field conditions via shaking table exper-

iments. Finite element models is a feasible route to simulate the cyclic behaviour of the

mixture when implemented at larger scale, alternative to time and resource intensive

full-scale models. The deformability of rubber appears to play a critical role in the cyclic

response of a soil containing RSm. However, this highly deformable behaviour has

not been properly captured by the current non-linear soil models when simulating the

implementation of the mixture in 2D and 3D. A better understanding of the ground re-

sponse of highly deformable soils is required to translate the known dynamic behaviour

of RSm, studied via cyclic triaxial/resonant column testing, to more realistic models.

The cyclic response of RSm could thus be studied under the action of simple (harmonic

sinusoidal) or complex (seismic events) motions.
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