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Abstract

This PhD program aims to provide insights into the behaviour of tyre reinforced sand,

and to further the understanding of the reinforcement mechanisms. The discrete

element method (DEM) using the software PFC3D version 5.0, is used to investigate

the micro- mechanics of tyre-reinforced sand based on pull-out tests.

A series of numerical direct shear tests have been performed. A full investigation of

the individual particle shape descriptors (e.g., elongation index, flatness index,

convexity and roundness) is presented, highlighting their influence on the

macroscopic behaviour (e.g., failure mode and volumetric response). MorphologI G3

at UCL helps to obtain the quantitative particle shape information on Fujian Standard

Sand. The sand information is incorporated in the results of particle shape studies to

propose a representative particle shape for Fujian Standard Sand to model direct

shear tests, leading to the calibration of pure sand.

Then, a new three-dimensional DEM model for tyre rubber is developed based on

uniaxial tensile tests. The model can capture the key volume change characteristics of

tyres with a Poisson’s ratio of 0.5 independent of the tyre dimensions. Tyre rubber is

modelled using body-centred-cubic (BCC) packing with linear inter-particle bonds.

Next, a systematic parametric study is presented, which includes the effects of

different packings, particle overlapping, particle radii and sample aspect ratios on the

mechanical response of the tyre model using Young’s modulus and Poisson’s ratio.

The DEM parameters are set to match corresponding experimental Young’s modulus

data, completing the calibration of tyre.

Lastly, the tyre – sand interface coefficient friction is calibrated from numerical and

laboratory interface direct shear tests. All DEM parameters are used in tyre reinforced

sand pull-out tests simulations. Micro analyses (such as particle displacement,

velocity, contact force) presented in simulations show that the DEM tyre-sand pull-

out test simulation can capture the progress failure of tyre rubber during the pull-out

process, and the intrusive capabilities of the discrete element method are used to gain

insight into the reinforcement mechanisms between tyre and sand.
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Impact Statement
Recycling waste tyres as reinforcement construction material in civil engineering has

increasingly become the subjects of much attention and research. However, only 5%

of recycled waste tyres are used in construction currently (Strukar et al., 2019). The

identification of reinforcement mechanisms and the reuse of tyres with broader

applications in engineering make systematic research on tyre – soil reinforcing

behaviour urgent with the need for more laboratory tests and numerical support. The

comprehensive review on the tyre reinforced soil provided in this dissertation can be

used as a guidance for engineers to determine possible design optimisations.

Existing numerical models for tyres are quite simplistic and make unrealistic

assumptions, rendering such models unsuitable for capturing the fundamental physical

properties of real tyres (e.g., deformability, the volume change characteristics of tyre

having a Poisson’s ratio of 0.5). A robust Discrete Element Method (DEM) model for

tyre rubber, which can capture its deformability for a Poisson’s ratio of 0.5, is

proposed in this dissertation. The corresponding generation process, calibration

method and verification procedure for tyre specimen are provided in detail. In

addition, micromechanical investigations on tyre reinforced sand based on pull-out

test give more insights into the reinforcing effect of recycled tyre. This finding can

provide a good direction for modelling various tyre products (e.g., different lengths

and aspect ratios) using DEM, which can set a benchmark for the researchers and

designers to extend, predict and assess possible tyre reinforced structures in practice.

These findings should save a significant amount of laboratory time and costs.

In addition, a comprehensive particle shape investigation via numerical direct shear

tests are provided in this dissertation. The relative contribution of a specific shape

factor (such as elongation index, flatness index, convexity, and roundness) on shear

behaviour is investigated and measured separately. These unique findings give new

insights into the influence of particle shape on mechanical behaviour of soils.

Furthermore, these novel contributions can be generalized to many areas where the

relevant granular particles are involved, such as powder technology, chemical and

process engineering, geology, and mining engineering.
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Chapter 1 - Introduction

1.1 Background
Waste tyre disposal has increased significantly in recent decades, averaging around 1

billion tyres each year globally (WRAP, 2007; RRI, 2009; RMA, 2009). Moreover, it

is estimated that this number will reach 1.2 billion annually by 2030 (Pacheco et al.,

2012; Thomas et al., 2016). Over fifty percent of disposed tyres end up in landfills or

incinerators (Strukar et al., 2019). All tyre waste generated by Europe alone is 3.5

million tonnes (Strukar et al., 2019)., giving rise to an urgent and serious

environmental and economic problem in efforts to tackle the large amount of waste

tyres.

To relieve environmental concerns and encourage recycling, researchers have

proposed using waste tyres as construction and building materials, due to their

excellent physical engineering properties, such as good seismic performance and

durability. More interestingly, waste tyres are also characterized by low density, high

shear strength, high thermal resistivity, good drainage properties and high frictional

resistance, offering promising alternatives as reinforcement materials. In fact, waste

tyres could be reduced to strips, shreds or powder, and then mixed, for example, with

soils to reinforce embankments, slopes, retaining walls, foundations and docks

(Ahmed and Lovell, 1992; Bosscher et al., 1997; Lee et al., 1999; Huat et al., 2008;

Hazarika et al., 2008; Tanchaisawat et al., 2010; Pando and Garcia, 2011).

Yoon et al. (2008) showed that recycled tyres can be processed into different forms,

as shown in Figure 1.1. Cell-type tyres are made from recycled tyres void of sidewalls.

Tread-mats are made from multiple tyre treads. A tyre – mat is an assembly of both

tyre tread and sidewall. These tyre products can be used just like traditional

commercial reinforcement materials such as geogrids and geocells for different

practical engineering purposes. Li et al. (2016) used small-scale models to investigate

the reinforcing effect of waste tyres used in embankments. Figure 1.2 shows the

reinforcement layouts tested and the location of the instrumentation. It was concluded

that waste-tyre reinforcement highly improved the strength of the model

embankments.
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Figure 1.1 Different forms of reinforcement materials from disposal tyres (Yoon,

2008)

Figure 1.2 Recycled tyres are used to reinforce embankment (Li et al., 2016)

Recycling waste tyres as reinforcement construction material is regarded as both clean

and efficient. The identification of reinforcement mechanisms and the reuse of tyres

with broader applications in engineering have been the subjects of much attention and

research. However, only 5% of recycled waste tyres are used in construction currently

(Strukar et al., 2019). This makes systematic research on tyre – soil interaction

behaviour urgent with the need for more laboratory tests and numerical support.

1.2 Research problems
Despite an increasing interest in the study of tyre – sand interaction mechanisms,

there are some problems limiting their practical application.
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1. Mixing sand or soil with small pieces of tyre is common practice in civil

engineering. However, few efforts have been made to explore the reinforcing

performance of large size tyres material such as long tyre strips or even

complete tyres (Li et al., 2016). In addition, the fundamental reinforcement

mechanisms between tyre and soil remain largely unclear.

2. The cost of some laboratory tests, especially large-scale onsite tests, is very

high. It is difficult to control certain tests conditions. Numerical models for

simulating onsite tests with tyres are insufficient. More numerical set ups need

to be done to simulate these tests.

3. The corresponding numerical research on tyre – sand systems is still in its

early stages. Existing numerical models for tyres are quite simplistic and make

unrealistic assumptions, rendering such models unsuitable for capturing the

fundamental physical properties of real tyres (e.g., deformability, the volume

change characteristics of tyre having a Poisson’s ratio of 0.5). In addition, a

systematic generation process, calibration method and verification procedure

for tyre seems to be missing all the time.

4. Numerical research on tyre – sand interactional behaviour taking consideration

of soil particle shape and tyre deformability is insufficient.

Therefore, research on tyre – sand system still requires more efforts. Augmenting

research on the problems mentioned above will give clarification to reinforcement

mechanisms between tyres and sand. Indeed, more accurate and practical research

results will help promote more effective and broader applications of recycled tyres.

1.3 Objectives and methods
The research has two principal objectives. One is to propose a robust numerical model

for tyre rubber, which can capture the main physical properties of deformability

without dimension effects. The corresponding procedure of generation, calibration

and verification should be included. The second objective is to analyse particle – level

mechanics of tyre- reinforced soil based on pull-out tests to obtain insight into the

micromechanical behaviour between tyre and sand.

In this dissertation, both laboratory tests and numerical methods are adopted to

investigate tyre-reinforced soil behaviour. Typical approaches include direct shear
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tests, tensile tests, tyre – sand interface direct shear tests, and tyre reinforced soil pull-

out tests. The numerical technique is the Discrete Element Method (DEM), which can

provide particle-scale information to elucidate tyre-soil interaction mechanisms.

1.4 Main contributions
In this dissertation, a comprehensive DEM simulation study was performed to

investigate tyre – sand interaction behaviours. Accordingly, this DEM research

mainly contributes five major advances to the study of tyre – sand system at the

particle level.

1. The writer performs a series of particle shape analyses via DEM based on

numerical direct shear tests. The relative contribution of a specific shape factor

(such as elongation index, flatness index, convexity, and roundness) on shear

behaviour is investigated and measured separately.

2. The writer proposes a robust DEM model for tyre rubber, which can capture

its deformability for a Poisson’s ratio of 0.5. The corresponding processes for

tyre specimen generation, calibration and verification processes are provided

in detail.

3. The writer presents some micromechanical results on tyre reinforced sand

based on pull-out tests, such as progress failure, and particle interlocking data.

4. Quantitative information about Fujian Standard Sand obtained from

MorphologI at UCL, as well as corresponding calibration parameters for sand

models in DEM simulations are provided. This can be a helpful reference for

relevant research involving Fujian Standard Sand (a typical and widely used

sand in China).

5. A series of experimental interface direct shear tests between tyre (with various

degree of roughness) and sand are performed. The results can be a helpful

reference for further study on tyre surface roughness or groove effects.

DEM is regarded as a powerful tool in particle-scale microscopic studies but

published DEM research mainly focuses on the macroscopic behaviours of the tyre –

sand interface relative to experimental data. However, such research has not provided

particle-scale analysis of mechanical behaviours observed. The main contributions the
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present dissertation, as mentioned above will to a certain degree be helpful in

optimizing current research on tyre – sand reinforcement behaviours.

The thesis is organized into eight chapters. This first chapter has introduced the

research problems, presented the objectives and methods and highlighted the main

contributions.

Chapter 2 (Literature review) presents a review of contemporary literature that

involves using recycled tyres to reinforce soils from both experimental and numerical

perspectives.

Chapter 3 (Discrete Element Method) introduces the DEM as a numerical technique

for modelling granular mechanics, which emphasizes inter-particle contacts firstly,

and then describes the features and the performance of the DEM code (PFC3D) used

for this research.

Chapter 4 (Particle shape effect on sand behaviour) presents a systematic study on

particle shape based on numerical direct shear tests using DEM. How particle shape

of sands affect shearing behaviour are presented. Then, a particular particle shape is

chosen to perform numerical direct shear tests.

Chapter 5 (Discrete element modelling of tyre) reports how a proper model of tyre can

be simulated using DEM. The experimental tyre tensile tests results and numerical

parametric studies of DEM tyre model are also presented.

Chapter 6 (Tyre-soil experimental and numerical interface behaviour) presents both

experimental and numerical rubber tyre – sand interface direct shear test results.

Some parametric studies of interface friction between rubber tyre and sand effect and

tyre model particle overlaps effect are also presented.

Chapter 7 (DEM model and mechanisms of tyre-soil pull-out test) presents numerical

tyre – sand pull-out tests. Both the macro-scale and micro-scale mobilisation

mechanisms are provided.

Chapter 8 (Conclusions and suggestions for further research) summarises the main

findings of this research, and provides some suggestions for future work.
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Chapter 2 - Literature Review

2.1 Introduction
To research and further optimize tyre reinforced soil structures, a sufficient

understanding of the behaviour of tyre-soil reinforcement is imperative. This chapter

provides a review of contemporary literature that involves recycled tyres to reinforce

soils from an experimental perspective. These research reports about tyre derived

products are based on direct shear tests, interface direct shear tests, tensile tests, and

pull-out tests. Before introducing these experimental test results, the composition of

waste tyres, a classification of recycled tyres based on rubber size and an overview of

rubber tyre size investigated in this dissertation are presented. It should be noted that

once a DEM tyre model is proposed, the fundamental information in Section 2.1 will

provide a helpful guideline for the improvement and optimization of the modelling

which is more close to the practical engineering needs.

2.1.1 Composition of recycled tyre rubbers

When recycling waste tyres into engineering applications, it is necessary to clarify the

composition of waste tyres. Figure 2.1 shows the breakdown of the components of a

passenger car tyre. Tyres are principally composed of rubber compounds, such as

vulcanised rubber and rubberised fabric. The tyres can be of either natural or synthetic

rubber. Under the fabric layer are reinforcing textile cords, steel or fabric belts and

steel wire-reinforced rubber beads. Both natural rubber and synthetic rubber have

unique elastic properties, helping the tyre to absorb vibration. Carbon black and silica

are the basic tyre fillers which are used to increase abrasion resistance. Other

chemicals have various functions, such as extender oil to soften the rubber and

sulphur to link the polymer chains within the rubber and prevent excessive

deformation (Dufton, 2001).
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Figure 2.1 Breakdown of ingredients by weight of a passenger car tyre (Dufton, 2001)

The composition of tyres affects the key characteristics of the final product with

variations observed in the quantity material used dependent on the application.

Although different manufacturers produce different tyres, the composition of tyres are

reported to be similar. According to MWH New Zealand Ltd (2004), as can be seen in

Table 2.1 and industry bodies (Continental, 2013), the simplified composition of tyres

includes varying levels of certain core ingredients:

 Natural and synthetic rubbers

 Fillers (carbon black, silica, chalk, or carbon)

 Reinforcing materials (metals and textiles)

 Plasticisers (oils and resins)

 Vulcanising agents (sulphur and zine oxide)

 Additives



29

Table 2.1 Comparison of composition of car and truck tyres (in the EU) and tyre
rubber (in Canada) (MWH New Zealand Ltd, 2004)

In addition, Figure 2.2 shows the tyre structure and corresponding names for different

parts. For simplicity in this dissertation, tyre tread with obvious grooves is called ‘tyre

outside’; ‘tyre sidewall’ is the side of an automotive tyre between the tread shoulder

and the rim bead. The interior surface of the tyre or inside rubber shown in Figure 2.2

is called ‘tyre inside’.

Figure 2.2 Tyre structure and nomenclature for each part

2.1.2 Classification of recycled rubber tyres based on rubber size

Depending on the intended use, waste tyres can be reduced from whole tyres to cuts,

shreds, chips, crumbs/granules, and even to a fine powder for a diverse range of

applications. Table 2.2 demonstrates how tyre derived products are classified

depending on the size of the materials. For example, particulate rubber composed of

non-spherical particle with size ranges from 12 mm to 50 mm is referred to as tyre

chips. Scrap tyres between 50 and 300 mm are referred to as tyre shreds.
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Table 2.2 Materials sizes of tyre derived products (CWA, 2002; ASTM-D6270, 2008)

In this dissertation, the size of tyre derived products investigated either for

experimental or for numerical purposes ranges from 10 mm to 100 mm, which can be

referred to as tyre chips and tyre shreds according to Table 2.2. Tyres of this size

range are easier to be replicated in DEM model rather than larger (cuts) or smaller

(powder or granulate). Furthermore, different forms of recycled tyres as shown in

Figure 1.1 can also be prepared based on the numerical model investigated in this

dissertation.

2.1.3 Applications of recycled tyres in civil engineering projects

The first research on waste tyres reinforced soil was commissioned in 1976, France.

Studies were conducted on reinforcement in the form of whole tyres, sidewalls, or

treads placed on edge or cut and laid flat (Hausmann, 1990; O’Shaughnessy and Gaga,

2000). Then the first application of waste tyre reinforced structure was built in 1984,

France, where a 5 m high by 10 m long retaining wall was constructed (Li et al.,

2016). Humphrey (1998) conducted waste tyre research and tried to apply asphalt

rubber technology into civil engineering, then some relevant tyre research got more

concern worldwide, especially to the Asia Pacific region and Europe (Hazarika, 2010).

In the 1990’s a waste tyre reinforced retaining wall with 4 m high by 60 m long was

built in Brazil (Sayão, 2009). In Japan, using waste tyres as geo-materials began

around 2000 (Karmokar et al., 2002). Hazaria and Yasuhara (2008) proposed some

innovative applications and made advances in waste tyre research, for example, using

tyre chips as a seismic disaster mitigation cushion.
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To get a clear knowledge of waste tyres applied in civil engineering projects, the

following review is introduced in two aspects. One aspect is about reusing waste tyres

under different processing techniques, the other aspect is about the relevant specific

civil engineering projects.

Utilising waste tyres under different processing techniques

Generally, there are three forms of processed waste tyres used in engineering

applications, namely: tyre cuts (whole or with sidewall removed); tyre shreds, tyre

chips and tyre buffing; tyre powder as shown in Table 2.2.

1. The tyre cuts or waste tyre with sidewall removed; this form facilitates soil

compaction and reduces the flexibility of soil-reinforced structures. It is a cost

effective and energy-saving method to reinforce structures. The forms of waste

tyre used in these engineering applications can be very different. Apart from

the recycled whole waste tyres, other forms of waste tyres are buffing rubber,

granulated rubber, ground rubber, powdered rubber, tyre chips and tyre shreds,

details of which are shown in Table 2.2.

2. The processed waste tyres can also be made into relatively medium or large

sized reinforcement materials such as tyre shreds, tyre chips and tyre buffing.

They could be made into grid-like reinforcement materials similar to the

configuration of commercial geogrids. All these materials are often randomly

distributed with soil in different mixing ratios to reinforce structures.

3. Waste tyres can also be processed into granulated tyre, ground tyre and

powdered tyre materials. When using these waste tyre by-products, high

processing cost and time needs to be considered. The waste tyre materials are

often used with soils or cement in different mixing contents (Ganjian et al.,

2009; Bravo & de Brito, 2012; Chen et al., 2019).

Utilising waste tyres in specific civil engineering projects

In terms of civil engineering projects, waste tyres are used as lightweight fill materials,

as a thermal insulation layer underneath pavements, a drainage layer and leachate

collection in landfills and highway embankments, retaining wall backfills, sound-

barrier fills, a fill in buried piles, pavement frost barriers to strengthen retaining walls,

slopes, abutments, dams, landfills, docks and various other structures (Ahmed and
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Lovell, 1992; Lee et al., 1999; Huat et al., 2008; Pando and Garcia, 2011). Li et al.

(2016) used tyre cuts to reinforce embankments as shown in Figure 1.2. Comparisons

between the vertical settlement of the embankments show that the settlement of the

reinforced embankment is roughly half of the settlement of the unreinforced

embankment, for the same vertical load applied. In addition, the tests with the top

layer of reinforcement nearer the load application area and a smaller distance between

the intermediate layers have a better performance, particularly in dense fabrics. The

location of the top reinforcement layer seems to dominate the failure modes of the

reinforced and unreinforced embankments, the horizontal deformations, and the

location of the shear bands in the embankment.

Ishibashi and Sethabouppha (2008) used expanded polystyrene (EPS)-filled waste tyre

system as shown in Figure 2.3 to construct an embankment on soft ground. The EPS-

tyre composite materials are rather rigid against vertical compression, but extremely

lightweight. It was concluded that construction of embankment using EPS-filled tyre

system is technically feasible though the cost of EPS-filled tyre may still be

unfavourable due to its manufacturing cost at this moment.

Figure 2.3 EPS-waste tyre composite reinforcement (Ishibashi and Sethabouppha,

2008)

Hazarika (2008) introduced a cost-effective disaster mitigation technique that using

tyre chips as disaster mitigation materials as shown in Figure 2.4 to reduce the

dynamic load. The technique renders flexibility and stability to structures. It was

found that the use of this technique could reduce permanent deformation and

displacement of structures during earthquakes.
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Figure 2.4 Use of tyre chips to reduce deformation of structures in earthquakes

(Hazarika, 2008)

Fukutake and Horiuchi (2008) proposed an efficient method to build a reinforced road

embankment (shown in Figure 2.5) which reduced construction time and used up a

large amount of waste tyres. This method was to stack waste tyres into packed bodies

(columns), as shown in Figure 2.6, and then add granular reinforcement materials into

the centre of waste tyres. The waste tyres, with one sidewall removed as shown in

Figure 2.7, were used. In Figure 2.7, the tyre tread (footprint) is the portion of the tyre

that comes in contact with the road. The sidewall of the tyre protects cord piles and

features tyre markings and information such as tyre size and type. Because these

bowl-shaped tyres were easy to facilitate stuffing and be compacted. Compression

tests performed in this study revealed that the packed bodies had high strength

especially under pre-stressed conditions.

Figure 2.5 Waste tyres stack used as lightweight fill, sharply slope fill and vegetation

(Fukutake and Horiuchi, 2008)
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Figure 2.6 Earth reinforcement using stacked tyres (Fukutake and Horiuchi, 2008)

Figure 2.7 Cut old tyres (truck and vehicle tyres) (Fukutake and Horiuchi, 2008)

From the literature reviewed above, it is found that using waste tyres as reinforcement

materials in civil engineering projects has become increasingly popular worldwide,

possibly because waste tyres have many excellent engineering properties. Some of

these properties are that they are light weight, have a high tensile strength, able to take

seismic absorption, have high modulus and elastic compressibility, have good

hydraulic conductivity and creep resistance, and have good thermal resistivity. The

following points show the most important information gathered about the application

of waste tyres in civil engineering projects:

1. Using whole waste tyres as reinforcement materials is an efficient way to

reinforce structures especially when considering the processing cost. Different

tyre arrangements have different reinforcing effects. However, the lack of
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mechanical research on whole waste tyre-soil reinforced structures restrains

the applications of whole tyres in civil engineering to a certain extent.

2. Using tyre shreds, tyre chips, tyre buffing and tyre powders as fill materials

over soft or weak foundations could improve the strength and deformation

characteristics of foundation and reduce the weight of the structure on the

foundation. According to different engineering projects (Ahmed and Lovell,

1992; Lee et al., 1999; Huat et al., 2008; Pando and and Garcia, 2011), some

of them are used as an additive, some as fill materials, so there are many

optimum values that should be considered when designing waste tyre-soil

reinforcement such as the optimised mixing ratio, relative density and aspect

ratio.

3. Compared to other commercial and non-renewable reinforced materials, such

as geogrids, geocell and geotextile, waste tyres could obtain a similar

reinforcing effect as some commercial materials do (Yoon, 2007). Therefore,

waste tyres could be made into geogrid-shape, tyre-cell to replace those

commercial reinforced materials. It would be prudent to make the use of the

current research that has been carried out on traditional and commercial

materials reinforced soils to enrich corresponding waste tyre related research.

In addition, numerical simulation research about waste tyre reinforced soils

could be a powerful complement to promote more efficient and innovative

waste tyre reinforced structures design in engineering applications.

2.2 Tyre research based on direct shear tests
Although triaxial test apparatus may be preferable for performing experiments on

sand-granulated tyre mixtures, tyre chips or tyre shreds, because of their size, may

damage the plastic membrane confining the mixture sample. Therefore, many

researchers chose large-scale direct shear test apparatus to investigate the shear

behaviour of sand-granulated rubber mixtures. It is widely accepted that many factors

(such as normal stress level, granulated rubber content, relative density, tyre

dimension) influencing shear behaviour also affect the mechanical behaviour of sand-

tyre mixtures. This subsection mainly discusses rubber tyre content, rubber tyre size

and sand type effects on the shear behaviour of sand-tyre mixtures. These

experimental data provide the references for validating numerical analysis.
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Furthermore, the validated DEM model and simulation can replace some experimental

studies, so as to promote efficiency and make useful supplement to mechanism

insights of the existing literature. For example, when exploring the optimum

proportion of sand-tyre chip mixtures based on direct shear tests, it is not necessary to

conduct all the experimental tests with various tyre percentages under different stress

levels. Numerical simulation can be combined with the experimental tests to achieve

some optimum values efficiently.

2.2.1 Rubber content effect on shear behaviour of sand-tyre mixtures

Bali Reddy et al (2016) focused on evaluating the optimum proportion of sand-tyre

chip (STC) mixtures, based on unit weight tests and direct shear tests carried out on

different mixtures in the range of 0 ~ 100% proportions. Cohesionless sand with a

coefficient of uniformity (Cu) at 1.82 and a coefficient of curvature (Cc) at 1.02 was

used for the study. Figure 2.8 (a) shows the grain-size distribution of the sand. The

recycled tyre chips 20 mm long with 10 mm x 10 mm square cross sections, cut from

scrap tyres, were used as shown in Figure 2.8 (b). Sand-tyre mixtures were prepared

manually by adding tyre chips to sand in some selected percentages by weight.

Percentages of tyre chips considered in the mixtures were 10, 20, 30, 40, 50 and 70.

The calculated amounts of sand and tyre chips were placed together and mixed

thoroughly to form a uniform STC mixture as shown in Figure 2.8 (c). Table 2.3

presents the index properties for sand and tyre chips, such as specific gravity, unit

weights, maximum and minimum void ratios. The maximum dry unit weight of the

tyre chip is 6.45 kN/m3.

(a) Grain-size distribution of sand
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(b) Tyre chips (c) Sand-tyre chip mixture

Figure 2.8 Materials used in large-size direct shear tests: (a) Grain-size distribution of

sand; (b) Tyre chips; (c) Sand-tyre chip mixture (Bali Reddy et al., 2016)

Table 2.3 Index properties of sand and tyre chips (Bali Reddy et al., 2016)

A large direct shear test setup, having a shear box of 30 cm × 30 cm × 30 cm, was

used to determine the shear-strength properties of sand-tyre mixtures. Direct shear

tests were carried out at three normal stresses of 25 kPa, 75 kPa, and 125 kPa. Figure

2.9 shows the results obtained at a normal stress of 125 kPa, in terms of shear stress

variation with shear strain, for different STC mixtures. It indicates that the peak shear

stress values increase with an increase in tyre chip content up to 30%. Thereafter, an

increase in tyre chips content in the STC mixture reduced peak shear stress.

Furthermore, initial stiffness of the mixtures decreased with an increase in tyre chip

content. However, the shear strain corresponding to peak shear stress increased with

the increase in the percentage of tyre chips as compared to sand alone, indicating that

the behaviour goes from brittle to ductile with the addition of tyre chips. Similar

investigations have been found by Fonseca et al. (2019) based on one-dimensional

compression tests.
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Figure 2.9 Shear stress versus shear strain under normal stress of 125 kPa (Bali Reddy

et al., 2016)

To find the optimum STC mixture ratio, variations in dry unit weight, internal friction

angle, and void ratio values with tyre chip percentage were plotted together, as shown

in Figure 2.10. The dry unit weight decreased linearly with an increase in the

percentage of tyre chip contents in the STC mixtures due to the lower specific gravity

of the tyre chips. The void ratios (compacted states) of the mixtures follows a

decreasing trend up to 40% tyre-chip content and then an increasing trend beyond

40%. The internal friction angle has high value where the void ratio is low. It can be

observed that by adding tyre chips up to 30% by weight, the internal friction angle

increases. Figure 2.10 shows that the optimum mixing ratio range is 30 ~ 40% by

weight. This is equivalent to the volume ratio of 50 ~ 60%, which can reduce the

demand for a huge volume of sand material in any geotechnical application.

Figure 2.10 Typical plot of internal friction angle, dry unit weight, and void ratio with

different percentages of tyre chips (Bali Reddy et al., 2016)
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Anvari et al (2017) performed a series of direct shear tests to investigate the shear

behaviour of mixtures of fine-grained sand and 1 ~ 5 mm rubber granules. Figure 2.11

shows the particle size distribution curves for sand and tyre pieces. The coefficient of

uniformity (Cu), coefficient of curvature (Cc), specific gravity (Gs) and effective size

(D10) for the sand are 1.45, 1.07, 2.65 and 0.2 mm, respectively. The average unit

weight and specific gravity for granulated rubber are 12.05 kN/m3 and 1.22,

respectively. Sixty direct shear tests were conducted on sand-granulated rubber

mixtures with various rubber contents (0%, 5%, 10%, 20% and 30%) at different

relative densities (50%, 70% and 90%) and different normal stresses (34.5 kPa, 54.5

kPa, 74.5 kPa and 104.5 kPa).

Figure 2.11 Grain size distribution curves for sand and granulated rubber (Anvari et

al., 2017)

Figure 2.12 presents the effects of relative density, normal stress, and granulated

rubber content on shear strength. The shear strength of the sand-granulated rubber

mixture is normalized to the shear strength of pure sand. It can be observed that at a

relative density of Dr = 50%, shear strength increases up to a 5% granulated rubber

content (by weight) for all normal stresses, and then decreases with an increase in

rubber content. While at Dr = 70%, the increase in granulated rubber content causes

decreases in shear strength at each normal stress level. Furthermore, Figure 2.12 also

indicates that an improvement in shear strength decreases with increasing normal

stress. Hence, it can be concluded that the relative density and normal stress have a

combined effect on the impact of granulated rubber on shear strength improvement.

The shear strength improvement decreases with increasing relative density and normal

stress.
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Figure 2.12 Effects of relative density and normal stress on shear strength

improvement (NS represents normal stress) (Anvari et al., 2017)

Figure 2.13 (a) shows the effects of relative density and granulated rubber content on

the internal friction angles of mixtures. It indicates that at relative densities of 70%

and 90%, the internal friction angle of mixtures decreases as the granulated rubber

content increases. At relative density of 50%, the internal friction angle increases to

40° for a granulated rubber content of 5% (by weight), greater than the value of pure

sand. However, adding more granulated rubber leads to a decrease in the internal

friction angle. Shear stress envelopes for samples with different rubber content at Dr =

50% are shown in Figure 2.13 (b). The shear stress increases with increasing normal

stress. Except for the samples with a rubber tyre content of 5% (by weight), the shear

stress envelopes of samples are approximately similar to each other.

(a) Variation of internal friction angle with granulated rubber content at various
relative densities
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(b) Shear stress envelopes for specimens with different granulated rubber contents
(Dr = 50%)

Figure 2.13 Effects of relative density and normal stress on shear strength parameters:

(a) Variation of internal friction angle with granulated rubber content at various

relative densities; (b) Shear stress envelopes for specimens with different granulated

rubber contents (Dr = 50%) (Anvari et al., 2017)

2.2.2 Rubber size effect on shear behaviour of sand-tyre mixtures

Ghazavi and Sakhi (2005) investigated the influence of the aspect ratio of tyre shreds

on shear strength characteristics of sand. A relatively uniform sand has been chosen.

Figure 2.14 shows the sand particle size distribution curve. Table 2.4 presents

physical properties of sand. The specific gravity of sand is 2.63. The specific gravity

of tyre shreds is 1.3. Figure 2.14 shows waste tyre shreds with different aspect ratios.

For the width of 2 cm, the aspect ratios are 1, 2, 3, 4, 5, 6, and 7. For the shreds with a

width of 3 cm aspect ratios are 3, 3.5, 4 and 5. Finally, three tyre shred contents (15,

30 and 50 percent by volume), three shred widths (2, 3 and 4 cm), and different aspect

ratios have been mixed with the sand at two different sand matrix unit weights (15.5

kN/m3 and 16.8 kN/m3). Three normal stresses of 9.8 kPa, 39.2 kPa, and 98.1 kPa

were used in all tests. Here, a matrix unit weight for the sand is defined as the weight

of the sand divided by the volume of the sand matrix (Foose et al., 1996). More details

on sample preparation and test procedures can be found in Ghazavi and Sakhi (2005).
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Figure 2.14 Size distribution of sand (Ghazavi and Sakhi, 2005)

Table 2.4 Physical properties of sand (Ghazavi and Sakhi, 2005)

Figure 2.15 Two types of tyre shreds: (a) width = 3 cm, aspect ratio = 3, 3.3, 4, 5 and

(b) width = 2 cm, aspect ratio = 1,2,3,4,5,6,7 (Ghazavi and Sakhi, 2005)
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Figure 2.16 shows the variation in shear stress versus normal stress for 4 cm × 8 cm

tyre shreds at a sand matrix unit weight of 16.8 kN/m3. It indicates that at a given

normal stress applied to specimens, the shear stress of sand-tyre mixtures is greater

than that of the sand alone. In addition, the shear resistance of the mixtures increases

with increasing tyre shred content. Figure 2.17 shows the effect of the aspect ratio on

the initial friction angle for a given tyre shred width of 2 cm. Here, the initial friction

angle is defined as the slope of the initial portion of the corresponding strength

envelopes followed by Foose et al. (1996). The tyre shred aspect ratio effect shows

that the initial friction angle of sand-tyre shred mixtures increases with increasing tyre

shred content. The ratio of length to width of tyre shreds has a significant influence on

the initial friction angle of the mixtures. It can be observed that for a given shred

width, there is only one optimum length giving the greatest friction angle regardless

of tyre shred content.

Figure 2.16 Shear stress versus normal stress on samples with 4 × 8 cm tyre shreds

(Ghazavi and Sakhi, 2005)
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Figure 2.17 Initial friction angle versus tyre shred aspect ratio for shreds width = 2 cm

(Ghazavi and Sakhi, 2005)

Anbazhagan et al. (2017) conducted large-scale direct shear tests to investigate the

influence of granulated rubber and tyre chip size on the strength behaviour of sand-

tyre mixtures. The sand named (Sand - A) used in the study was relatively uniform,

passing through a 4.75 mm sieve and retaining on 0.075 mm sieve. The specific

gravity of Sand-A was found to be 2.65. The tested rubbers are grouped into different

categories based on particle size: group I (passing 2 mm sieve – and retained on 1 mm

sieve), group II (4.75 mm – 2 mm), group III (4.75 mm – 5.6 mm), group IV (5.6 mm

– 8 mm), group V (8 mm – 9.5 mm), group VI (12.5 mm – 9.5 mm) and group VII

(20 mm – 12.5 mm). The average value of specific gravity of the rubber sizes

considered was 1.14. More details on sample preparation and direct shear procedures

can be found in Anbazhagan et al. (2017).

Figure 2.18 shows the variation in peak shear stress with percentage rubber content

for different rubber sizes at a normal stress of 80 kPa. It can be observed that for a

given size of granulated rubber, the peak shear strength increases with an increase in

the percentage of rubber in the mixtures up to a certain value and thereafter decreases.

Thus, there is an optimum ratio of rubber to sand that results in the highest peak shear

strength. For example, it is noted that for rubber sizes I, II, III and IV, a 20% rubber

content was found to be the optimum; for rubber sizes V, VI and VII, a 30% rubber

content was determined to be the optimum, giving the maximum shear strength.
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Furthermore, this optimum percentage also generally increases with an increase in

granulated rubber size, except in the case of size VII (tyre chips), where a slight

reduction is observed. Figure 2.19 shows internal friction angles for different

granulated rubber sizes and tyre chips at their optimum rubber content giving

maximum shear strength parameters. The plot indicates that the friction angle

increases with an increase in rubber size up to VI (passing 12.5 mm sieve – and

retained on 9.5 mm sieve) and then decreases.

Figure 2.18 Plot for the variation of peak shear strength with varying rubber size and

rubber content at normal stress 80 kPa (Anbazhagan et al., 2017)

Figure 2.19 Plot for variation of friction angle at optimum rubber content with

different rubber sizes (Anbazhagan et al., 2017)
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2.2.3 Sand type effect on shear behaviour of sand-tyre mixtures

The particle size distribution together with physical properties for Sand- A and Sand –

B are shown in Figure 2.20 and Table 2.5. The relevant tyre rubber sizes and physical

properties have also been introduced. Figure 2.20 shows the particle size distribution

curve for tested sands. Physical properties for these two sand types, such as grain size

distribution, maximum and minimum dry density, specific gravity, coefficient of

curvature and uniformity coefficient, are presented in Table 2.5.

Figure 2.20 The particle size distribution of sand -A and -B (Anbazhagan et al., 2017)

Table 2.5 Physical properties of tested sand (Anbazhagan et al., 2017)

Figure 2.21 shows the plots for the variation in friction angle with different rubber

sizes, percentages of mix and sand type (A and B). In Figure 2.21, dotted lines with a

hollow symbol indicate the variation in friction angle for Sand – B and solid lines
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with a solid symbol indicates the friction angle for Sand – A. It can be observed that

poorly graded sand has a higher shear strength when compared to uniformly graded

sand. More precisely, for Sand - B - tyre mixtures and rubber sizes I and II, the overall

variation in friction angle showed a falling trend with an increase in rubber content.

But for Sand-A, the friction angle increases with an increase in rubber content up to

20%, after which it starts decreasing for both rubber sizes (I and II). Even though the

specific gravity of both Sand-A and -B are almost similar, their strength properties are

different. Thus, the sand type used with respect to gradation used is one of the key

parameters controlling the shear strength of sand-tyre mixtures along with the size of

the granulated rubber, the percentage of rubber in the mixtures and the normal stress

introduced earlier.

Figure 2.21 Plots for variation of friction angle with rubber content for sand-tyre

mixture sample with rubber sizes of I and II for Sand-A and Sand-B (Anbazhagan et

al., 2017)

Anbazhagan et al. (2017) provided some explanations for the mechanism of friction

angle changes with respect to variations in the rubber percentage of sand-tyre

mixtures. (1) The initial increase in the friction angle is due to the inclusion of rubber.

In the case of low granulated rubber content, the granulated rubber and sand particles

tend to lock together. In the shear zone, the rubber particles are distributed and

oriented randomly at the shearing surface. As shearing starts, the rubber particles

mixed with sand either slide or resist the shearing against cut off, which results in an
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increased shearing force. (2) At a high granulated rubber content, the friction angle

decreases as the quantity of rubber is more than that of sand in the shear zone, thus

decreasing the contact surface of sand – sand and sand – granulated rubber, but

increasing the contact surface of granulated rubber – granulated rubber, resulting in a

reduction in friction angle. Granulated rubbers behaviour dominated the sand-tyre

mixture behaviour.

Table 2.6 summarizes various aspects of tyre content effect on shear behaviour

presented in Section 2.2. It can be concluded briefly that there are many factors

influencing the shear behaviours of sand- tyre mixtures, such as normal stress, rubber

content, tyre aspect ratio, relative density and sand gradation. There is generally an

increase in strength and stiffness as tyre content increases, but excessive amount of

tyre will decrease shear strength again. That means, many optimum values exsit in

various testing situations. Furthermore, it can be deduced that a DEM tyre model as

well as sand particle shape studies proposed later in this dissertation could be helpful

to replicate and replace some experimental tests efficiently.

Table 2.6 A summary of tyre research based on direct shear tests

Reference Material properties Main outcomes

Bali Reddy et al.

(2016)

Cohesionless sand: Cu = 1.82, Cc = 1.02 The initial stiffness of the

mixtures decreased with an

increase in tyre chip content.

The optimum mixing ratio

range is 30 ~ 40% by weight.

Tyre chips with uniform size (20 mm long

with 10 mm × 10 mm square cross

sections)

Rubber tyre content (by weight):

10%,20%,30%,40%,50% and 70%.

Normal stress: 125 kPa

Anvari et al.

(2017)

Cohesionless sand: Cu = 1.45, Cc = 1.07 Shear strength improvement

after adding tyre decreases

with increasing normal stress.

Dr = 50%, 5% rubber content is

the optimum to reach a higher

Rubber granules: size 1 ~ 5 mm

Rubber tyre content (by weight):

0%, 5%,10%,20% and 30%
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shear strength. Dr = 70% and

90%, shear strength decreases

as rubber content increases at

each normal stress level.

Relative density (Dr):

50%,70% and 90%

Normal stress:

34.5, 54.5, 74.5 and 104.5 kPa

Ghazavi and

Sakhi (2005)

Cohesionless sand: Cu = 1.81, Cc = 0.97 Shear resistance of the

mixtures increases with

increasing tyre shred content.

For a given shred width, there

is only one optimum length

giving the greatest friction

angle regardless of tyre shred

content.

Tyre shred width: 2,3 and 4 cm

Aspect ratios: 1,2,3,4,5,6 and 7

Rubber tyre content (by volume):

15%, 30% and 50%

Normal stress:

9.8 kPa, 39.2 kPa and 98.1 kPa

Anbazhagan et

al. (2017)

Sand A : Cu = 3.55, Cc = 1.13

Sand B: Cu = 3.33, Cc = 0.726

The optimum mixing ratio

range is 20% ~ 30% that results

in the highest peak shear

strength.

The sand gradation is also a

key parameters controlling the

shear strength of sand-tyre

mixtures.

Tyre granulate and chips:

size ranging from 2 mm to 12.5 mm

Rubber tyre content (by volume):

10%, 15%, 20%, 25%, 30% and 35%

Normal stress: 80 kPa

2.3 Tyre research based on interface tests
The interface behaviour between tyre and soil plays an important role in revealing the

reinforcement mechanisms. To improve the accuracy of the tyre model, the tyre

surface characteristics should be taken into consideration. Although tyre surface

roughness and groove effect lie beyond the scope of this dissertation, this sub-section

presents interface behaviour between tyre shreds on different materials (i.e. tyre, sand,
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concrete, geogrid and geotextile) based on experimental interface direct shear tests. In

addition, numerical investigations on surface roughness effect also provide some

reference value and a good direction for modelling tyre rubber with obvious surface

roughness or grooves in the future.

2.3.1 The interface between tyre shreds on different materials

Xiao et al. (2015) performed large-scale direct shear tests to investigate the shear

resistance of Tyre-Derived Aggregate (TDA) alone and in contact with sand, concrete,

and geosynthetics. The TDA has a maximum size of 75 mm as shown in Figure 2.22.

Figure 2.23 shows the size distribution. The sand used by Xiao et al. (2015) was

relatively uniform and clean with a fine content of 0%: D10 = 0.25 mm, D30 = 0.45

mm, and D60 = 0.80 mm. The shear device can accommodate specimens that are 79

cm wide, 80 cm long, and 122 cm high. Three normal loads 24 kPa, 48 kPa and 96

kPa are applied to specimens during shearing.

Figure 2.22 Photo of TDA (Xiao et al., 2015)

Figure 2.23 The size distribution curve for TDA (Xiao et al., 2015)
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Figure 2.24 shows the configuration of shear boxes for pure sand and TDA on

concrete. Figure 2.24 (a) shows shear box configurations before and after shear test.

The upper box was bolted to the frame of a compression rig and was stationary. The

lower box was driven by a horizontal piston and could slide smoothly in the

horizontal direction with a constant horizontal displacement rate of 22 mm/min. To

prevent the sand from falling out of the upper box when the two boxes were offset

during shearing, a 20 cm wide angle iron flange was bolted to the side of the lower

box. When conducting the shear test for TDA on sand, the lower shear box was filled

with sand and the upper shear box was filled with TDA. In Figure 2.24 (b), the

concrete slab was 79 cm long, 78 cm wide, and 15 cm thick and was carefully placed

on modular concrete blocks in the lower shear box. This ensured that the slab would

stay against one side of the shear box and not slide during the test. The modular

blocks were used so that the lower box did not need to be filled entirely with concrete.

When conducting shear tests for TDA on geosynthetics, the geogrid and geotextile

were laid flat on the concrete slab in the lower shear box.

(a) Sand – sand

(b) TDA on concrete

Figure 2.24 Configuration of shear boxes for: (a) sand – sand and (b) TDA on

concrete (Xiao et al., 2015)



52

Figure 2.25 shows the large-scale direct shear device and the anchorage of geogrid

and geotextile to the lower shear box. The horizontal resistance force, the horizontal

displacement of the lower shear box, and the vertical force are automatically recorded

by the data acquisition system. The maximum horizontal displacement was 18 cm. It

should be noted that when filling and compacting sand in the shear box in three layers,

the target dry density of 1,810 kg/m3 should be reached. Following the same

procedure, the TDA sample was compacted dry in three layers, with a target density

of 673 kg/m3 per layer. The final densities after the application of vertical loads 24, 48,

and 96 turn out to be 807, 1,131 and 1,352 in terms of kg/m3. More specific sample

preparation and shearing procedures can be found in Xiao et al. (2015).

(a) Large-scale direct shear test device
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(b) Anchorage of geotextile to lower shear box

(c) Anchorage of geogrid to lower shear box

Figure 2.25 Direct shear test device (a) and anchorage of geotextile (b) and geogrid (c)

to lower shear box (Xiao et al., 2015)

Figures 2.26 show the shear stress versus shear displacement curves from pure sand,

pure TDA, TDA in contact with sand, concrete, geogrid and geotextile shear testing. It

indicates that, for pure sand as shown in Figure 2.26 (a), peak shear resistances

developed under three normal pressures, and the smaller normal pressure, the earlier

the peak appeared. For pure TDA, as shown in Figure 2.26 (b), no peak shear

resistance was observed during the entire shearing process, and the shear resistance

continued to increase until the termination of the allowed maximum 18 cm shear

displacement. Figures 2.26 (c), (d) and (e) illustrate that the shear resistance curves of
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TDA on sand, TDA on concrete and TDA on geotextile are very similar, despite the

different interfaces. However, shear resistances for TDA on geogrid are much smaller

under different normal pressures as shown in Figure 2.26 (f) compared with other

interface test results. The low shear resistance may contribute to the smooth surface of

geogrids. Another reason may be the fact that in the test, the TDA was not allowed to

penetrate the openings and lock the geogrids. It should be noted that in practice,

geogrids can penetrate each other and interact with the underlying materials (such as

TDA, soil, or concrete). The shear resistances can also be much higher. Table 2.7

summarizes the shear strength parameters of TDA in contact with various materials.

The shear strength parameters cohesion/adhesion and friction angle are obtained via

Mohr-Coulomb failure envelopes based on shear stress versus shear displacement

relationships. The cohesion/adhesion values are all less than 15 kPa and are very

small. The friction angle for sand is higher than in other cases. The friction angles of

TDA, TDA on sand, and TDA on concrete are similar, ranging from 35.5° to 39.3°.

The friction angle of TDA on geogrid is lower than in other cases.

(a) Sand – sand (b) TDA - TDA

(c) TDA on sand (d) TDA on concrete
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(e) TDA on geotextile (f) TDA on geogrid

Figure 2.26 Shear stress versus displacement relationships of different interfaces: (a)

Sand – sand; (b) TDA – TDA; (c) TDA on sand; (d) TDA on concrete; (e) TDA on

geotextile; (f) TDA on geogrid (Xiao et al., 2015)

Table 2.7 Summary of shear strengths of TDA (Xiao et al., 2015)

2.3.2 Surface roughness effect based on DEM interface tests

Jansen et al. (1999) performed two-dimensional numerical ring shear tests to

investigate the effect of normal loads, roughness of the shearing surface and particle

types on shear behaviour. Here, cluster particles are adopted. Any number of DEM

particles are joined together in a rigid configuration, called a ‘cluster’, which closely

resembles the actual particle as shown in Figure 2.27(a). ‘Clusters’ can be formed in

any arbitrary combination and with any number of DEM particles. Figure 2.27(b)

shows examples ranging from three particles ‘clusters’ to different configurations of

six particle ‘clusters’. Four different roughnesses of the shearing surfaces (i.e.

structure surface) are considered. These roughnesses are modelled using a saw-tooth

shape with different amplitude and period. The shearing surface is a straight wall with

a coefficient of friction of 0.4 between the particles and the wall which represents a

‘smooth’ surface. The ‘rough’ surfaces is represented by a saw-tooth surface with a

slope of 45°with respect to the horizontal, and with periods (being defined as the

distance from the top of one sawtooth to the top of the next sawtooth) of λ = 4D, 2D,
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and 0.5D where D is the radius of a cluster. The surface with λ = 4D is the roughest

surface.

(a) (b)

Figure 2.27 Clusters used in the study: (a) a cluster closely resembles the actual

particle; (b) ‘Clusters’ can be formed in any arbitrary combination and with any

number of DEM particles (Jansen et al., 1999)

Figure 2.28 shows the relationships between maximum shear stress and applied

normal stress. This figure shows that the peak shear stress of the clustered particles is

markedly higher than that of the non-clustered particles. While Figure 2.29 clearly

demonstrated that particle rotations were significantly reduced when cluster particles

were used as compared to the non-clustered particles in all cases. Therefore, it can be

seen that an increase in shearing stress is accompanied by a decrease in the rotations

of the particles.

Figure 2.28 Graph of maximum shear stress versus the applied normal stress (Jansen

et al., 1999)
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Figure 2.29 Graph of maximum average rotation versus the applied normal stress
(Jansen et al., 1999)

Jing et al. (2017) performed a series of three-dimensional interface shear tests with

distinct degrees of roughness using PFC3D. It should be noted that these tests are not

directly related to rubber tyre. However, the investigation on structure surface

roughness will provide inspiration for further reach on tyre roughness and groove

effect. Figure 2.30 (a) shows the interface direct shear test model. The top horizontal

wall was vertically moveable to apply a normal force. The bottom rough wall was

horizontally movable to induce interface shearing on the granular material. Around

14,000 spherical particles, following a uniform size distribution with a uniformity

coefficient of 1.2, were generated within the shear box. The diameter of particles

ranged from 0.71 to 1.16 times the mean particle diameter. A linear rolling resistance

model was used in the model tests. A standard saw-tooth as shown in Figure 2.30 (b)

was adopted to represent a rough surface: saw tooth incline alternatively at 45° and

135°, and the horizontal distance between two adjacent valleys is λ. A normalized

roughness denoted by Rn was used to quantify the interface, which is equal to λ/2d50.

(a) The modified interface shear tests
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(b) Front view of the rough surface

Figure 2.30 Schematic diagram of DEM model: (a) The modified interface shear tests;

(b) Front view of the rough surface (Jing et al., 2017)

Figure 2.31 shows that the numerical simulations can capture the basic mechanical

behaviour of completely decomposed dry granite from Macau in physical direct shear

tests. More specific sample preparation and micro parameters can be found in Jing et

al. (2017). Based on sand calibration, Figure 2.32 shows the macro-responses of the

soil-structure interface. It indicates that the stress ratio increases significantly with an

increase in Rn. When the interface is relatively smooth (Rn ≤ 0.1), the interface

behaves like an elastic-perfectly plastic material. When Rn is close to 0.3, the stress

ratio curves fluctuate strongly after reaching the peak. When the interface is

adequately rough (Rn ≥ 0.3), stress softening occurs. The volume of the sample is

nearly unchanged when the shear occurs on the smooth interface and dilates when the

shear occurs on the rough interface.

Figure 2.31 DEM calibration based on laboratory test results (Jing et al., 2017)
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(a) Stress ratio versus shear displacement

(b) Volume strain versus shear displacement

Figure 2.32 Macro response of the soil-structure interface: (a) Stress ratio versus shear

displacement; (b) Volume strain versus shear displacement (Jing et al., 2017)

Figure 2.33 shows the three different cross-sectional planes A, B and C in the shear

box. The incremental displacement along the x-axis (δ ux) field of cross section A,

located in the centre of the shear box, is chosen to visualize the contour line of the

shear band. Figure 2.34 shows the shear band in the direct shear tests with various Rn.

It indicates that the shear formation is largely localized in the shear band when

compared with the upper domain. A rougher interface forms a thicker shear band. The

interface test with a Rn of 0.7 has the thickest shear band. In addition, the bottom

layer of particles is trapped in the valley of the rough interface when Rn is equal to 0.7

or 1.0.
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(a) Location of cross sections A/B/C inside the shear box

(b) Incremental displacement fields in the x-direction of sections A/B/C

Figure 2.33 Different sections set in shear box: (a) Location of cross sections A/B/C

inside the shear box; (b) Incremental displacement fields in the x-direction of sections

A/B/C (Jing et al., 2017)

Figure 2.34 Incremental displacement fields in the x-direction of the cross-section A

of interface shear tests with various normalized roughness Rn (Jing et al., 2017)
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Similar investigations were also performed by EI Cheikh et al. (2018) and Grabowski

et al. (2020). Their studies show the effect of the wall roughness rather than the

particle shape characteristics on granular medium – rough wall interface behaviour.

The varying wall surface topography was simulated by means of notches and grains or

a regular mesh of triangular grooves (asperities) along the wall with different height,

distance and inclination. Results concluded by EI Cheikh et al. (2018) indicate that the

parameter controlling friction at the granular medium-rough wall interface is

primarily the depth of particles embed in surface asperities. Grabowski et al. (2020)

quantified the effect of wall roughness on the evolution of mobilized wall friction and

shear localization, also to specify the ratios between slip and rotation and between

shear stress/force and couple stress/moment in the sand at the wall based on direct

shear test under constant normal stress. Results indicate that the normalized interface

roughness had a huge influence on the mobilized wall friction angle and the thickness

of the wall shear zone. The wall friction resistance increased with increasing wall

roughness. The relationship between peak/residual wall friction angle and normalized

wall roughness was bi-linear. More details can be found the corresponding studies.

Table 2.8 summarizes interface studies presented in Section 2.3. It can be concluded

briefly that both particle shape and wall roughness play an important role in interface

behaviour. There is generally an increase in shear resistance when wall roughness

increases. In addition, the peak shear stress of the clustered particles is markedly

higher than that of the non-clustered particles. And an increase in shearing stress is

accompanied by a decrease in the rotations of the particles.

Table 2.8 A summary of tyre research based on interface tests

Reference Material properties Main outcomes

Xiao et al. (2015)

Tyre-Derived Aggregate (TDA) has a
maximum size of 75 mm

(1) No peak shear resistance was
observed during shearing process of
TDA on TDA.

(2) Shear resistances of TDA on sand,
concrete and geotextile are very
similar, despite the different
interfaces.

(3) Shear resistances for TDA on geogrid
are much smaller under different
normal pressures.

Sand, concrete,

geogrid, geotextile

Nomal stress in lab tests:

24 kPa, 48 kPa and 96 kPa
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Jansen et al. (1999)

Particle shape: clusters, non-
clusters

(1) The particle rotations were
significantly reduced when cluster
particles were used as compared to
the non-clustered particles.

(2) Peak shear stress of the clustered
particles is markedly higher than that
of the non-clustered particles.

Wall surface roughness:

λ = 4D, 2D, and 0.5D where D is the
radius of a cluster, λis the
horizontal distance between two
adjacent valleys

Two-dimensional DEM tests

Jing et al. (2017)

Sand particle shape: sphere (1) When Rn < 0.1 (smooth), the interface
behaves like an elastic-perfectly
plastic material. When Rn > 0.3
(rough), stress softening occurs.

(2) A rougher interface forms a thicker
shear band.

Normalized wall roughness:

Rn = 0, 0.1,0.3,0.5,0.7,1.0

(Here Rn =λ/2d50)

Three-dimensional DEM tests

EI Cheikh et al.
(2018)

Sand particle shape: sphere

The main parameter controlling the
frictional force acting between the

granular medium and the rod is the beads
interlocking depth within the hollow
spaces formed by two successive

notches.

Wall roughness:(based on how
many beads are able to interlock
between two notches)

R1: No bead can interlock

R2: One bead can interlock

R3: Two beads can interlock

Normal force: 85, 125, 175,275N

Both lab and DEM tests

Grabowski et al.
(2020)

Wall normalised roughness:

Rn ‘ = hg/d50 = 2.0, 1.0, 0.75, 0.50,
0.25, 0.1 and 0.01, where hg is the
groove height and d50denotes the
mean grain diameter. d50 = 0.5 mm
(as in the experiment)

(1) The wall friction resistance increased
with increasing wall roughness.

(2) The relationship between the
peak/residual wall friction angle and
normalized wall roughness was bi-
linear.

Normal stress: 100 kPa

Three-dimensional DEM tests

2.4 Tyre research based on tensile tests
Tensile testing of vulcanized rubber and thermoplastic elastomers in a universal

machine evaluates the residual elongation of a test sample after first being stretched
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and then being allowed to relax in a specified procedure. Elongation of these materials

consists of both permanent (plastic) and recoverable (elastic) components, so accuracy

in the time specified for stretching and recovery is critical. This subsection introduces

two main international standards and some relevant existing tensile tests for rubber.

The main outcome of these tests is the stress-strain relationship after tension, which

will be a feasible set of DEM features in tyre model.

2.4.1 International standards for tyre tensile tests

 ASTM D 412 (2016)

ASTM D 412 is an international standard providing test methods to cover procedures

used to evaluate the tensile(tension) properties of vulcanized thermoset rubbers and

thermoplastic elastomers. These methods are not applicable to ebonite or similar hard,

low elongation materials. ASTM D 412 references two test methods: Method A is for

dumbbell (dog-bone) - shaped specimens, while Method B is for flat cut ring

specimens. The standard calls for samples which have not been pre-stressed to be

measured for tensile stress, tensile stress at a given elongation, tensile strength, yield

point, and ultimate elongation.

Figures 2.35 (a) and (b) show specimens for two methods according to ASTM D 412.

Figure 2.35 (a) shows the shape and dimensions of the die for preparing dumbbell

specimens together with physical specimens. Figure 2.35 (b) shows the blade setting

gauge and dimensions for two types of cut ring specimens used in ASTM D 412. Here,

the blade setting gauge consists of a cylindrical disk having a thickness of at least 0.5

mm greater than the thickness of the rubber to be cut and a diameter smaller than the

inside diameter of the specimen used for adjusting the protrusion of the blades from

the body of the cutter. More details on test apparatus, specimen preparation, procedure

and calculation can be found in ASTM D 412 (2016).
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(a) Method A – dumbbell shaped specimens

(b) Method B – flat cut ring specimens

Figure 2.35 Two methods for rubber tensile tests in international standards: (a)

Method A– dumbbell shaped specimens; (b) Method B – flat cut ring specimens (after

ASTM D 412, 2016)

Note 1: Dimension C to be 2 mm less than the inside diameter of the ring.

 ISO 37 (2017)

ISO 37 (2017) specifies a method for the determination of the tensile stress-strain

properties of vulcanized and thermoplastic rubbers. The properties which can be

determined are tensile strength, elongation at break, stress at a given elongation,

elongation at a given stress, stress at yield and elongation at yield. The measurement

of stress and strain at yield applies only to some thermoplastic rubbers and certain

other compounds. ISO 37 (2017) also provides similar dumb-bell and ring specimen
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preparation for tensile tests. The methods are similar while the dimensions of

specimens which conform are slightly different from those in ASTM D 412 (2016).

More details for comparison can be sought in corresponding standards.

The main points to be noted in choosing between rings and dumbbells are as follows.

Dumbbells are preferable for the determination of tensile strength, i.e. the maximum

tensile stress applied in stretching a specimen to rupture. Since anisotropy or grain

directionality associated with flow introduced during processing and preparation may

have an influence on tensile properties, dumbbell specimens should be cut so the

lengthwise direction of the specimen is parallel to the grain direction when this

direction is known. Dumbbells should be used if it is necessary to study grain effects,

as rings are not suitable for this purpose. Ring specimens enable elongation to be

measured by grip separation, but the elongation across the radial width of the ring

specimens is not uniform. To minimize this effect the width of the ring specimens

must be small compared to the diameter. In addition, Rings might be preferred in

automated testing, due to the ease of handling of the test pieces, and in the

determination of stress at a given strain.

2.4.2 Existing tensile test results

Fu (2015) prepared single rubber fibres of nearly equal length (average 15.18 mm)

and similar diameter (average 0.98 mm) without any obvious damage using a plate as

shown in Figure 2.36. After preparation, five rubber fibre samples were transferred to

a loading frame, as shown in Figure 2.37 (a), and subjected to several cycles of

loading and unloading. Figure 2.37 (b) shows one of the stress-strain curves of the

five samples. The tension behaviour of a single rubber fibre is non-linear, and at low

stress levels, the strains are elastic and can recover completely. The variations in

stress values may be because of the small errors in measurement of the diameters. The

Young’s modulus of the rubber fibres yielded ranges from 4.5 MPa to 11.4 MPa with

100% tensile strain.
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Figure 2.36 Single rubber fibre prepared to plate (Fu, 2015)

(a) Tension loading apparatus (b) Stress-strain relationship

Figure 2.37 Tensile test for single rubber fibre: (a) Tension loading apparatus; (b)

Stress-strain relationship (Fu, 2015)

Ratrout and Mahmoud (2006) conducted tensile tests to investigate the tensile strength

and elongation of tyres for quality control in evaluating vehicle tyres based on the

Saudi Arabian Standards Organization (SASO). Test specimens with shape shown in

Figure 2.38 were prepared from the tested tyre using a die shown in the figure in the

direction of the circumference. Figure 2.39 shows the specimen was clamped between

two jaws during testing. The tensile strength and elongation were calculated according

to the following equations:

T = �
�
(kg/mm2) (2-1)
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Elongation = �th��
��

� �tt (2-2)

where T is the tensile strength; L is the maximum load; l1 is the length in the middle of

the neck; l2 is the length at break; A is the cross-sectional area of the test specimen. It

is interesting to note that the unit used in this test is kilogram force rather than

Newton, which is inconsistent with the SI system and other SASO tests. The higher

variation of the tensile strength for some of the incorrectly stored tires is expected and

attributed to the difficulty in guaranteeing uniform storing conditions for all tires

before acquiring them.

Figure 2.38 Die and specimen for tensile test (Ratrout and Mahmoud, 2006)

Figure 2.39 The rubber tyre specimen under tensile test (Ratrout and Mahmoud, 2006)
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Table 2.9 summarizes the average tensile strength and elongation for sidewall

specimens. Here, tyre codes A, B, C, and I, II, III represent infrequently failed tyre

brands and frequently failed tyre brands. This categorization was based on observing

the brand of failed tyres along the four major rural roads in Saudi Arabia during 3

months in the summer of 2001. Forty different tyre brands were observed. For each

brand, the ratios of the number of failed tyres to its market share were used to rank the

tyre brands along the four roads. The three highest and the three lowest rankings were

selected. In addition, incorrectly stored tyres represent those tyres investigated that,

during storage, were exposed to temperatures exceeding 35 °C, to direct sunlight or to

ozone sources. The results shown in Table 2.9 indicate that both strength and

elongation for all new tyres are higher than those for incorrectly stored tyres.

Furthermore, tyres of infrequently failed brands (such as A, B, C) exhibit better

tensile performance than those tyres of the frequently failed brands (such as I, II, III).

This is highly relevant to the durability of tyres. According to the results of thermal

oxidative durability of the investigated tyres during aging obtained from Ratrout and

Mahmoud (2006), tyres are likely to have a higher durability, particularly if protected

from contact with air and light. The average strength and elongation for new tyres of

all brands are 0.87 kg/mm2 (87 MPa) and 557%, while the corresponding values are

0.78 kg/mm2 (78 MPa) and 480% for incorrectly stored tyres.

Table 2.9 Average results of tensile and elongation test for sidewall specimens
(Ratrout and Mahmoud, 2006)

CV: Percentage coefficient of variation.
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Indraratna et al. (2017) investigated the behaviour of subballast reinforced with waste

tyres in railway tracks. A rubber tyre (one side wall removed) with a diameter of 560

mm, a rim diameter of 330 mm, a width of 150 mm was used to reinforce the

subballast. When it is not practical to cut a tyre specimen as either a dumbbell or a

ring specimen, the tyre specimen may be treated as wide-strip materials. ASTM D

4885-01 (2011) provides for the determination of the performance strength of

synthetic geomembranes by subjecting wide strips of materials to tensile loading.

Therefore, the tensile stress and strain relationships of the rubber tyre were

determined by tensile tests conducted in accordance with ASTM D 4885-01 at a strain

rate of 10%/min and are shown in Figure 2.40. The mean tensile stresses at strains of

2% and 5% were 6.1 and 15.2 MPa respectively, and the mean ultimate tensile

strength was around 19.45 MPa.

Figure 2.40 Tensile strength results of the rubber tyre (Indraratna et al., 2017)

2.5 Tyre research based on pull-out tests
Pull-out tests are typically performed to assess the anchorage or pull-out capacity of

geosynthetics. This capacity is important in situations such as retaining walls, slopes

and bridging over voids, where the geosynthetic is anchored into stable ground that is

outside the zone of failure. The test can also be used to assess interface shear

resistance and stiffness properties for applications where soil is moving relative to the

geosynthetic, such as in reinforced roadways (Sarsby, 2006). This subsection

introduces pull-out test results on recycled tyre products and some commercial

reinforcement materials (i.e. geogrids and geocell). These investigations could
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provide a reference for validating the numerical analysis. Furthermore, the tyre model

can also be used to prepare various dimensions of tyre specimens like uniaxial and

biaxial geogrids for easy comparison.

Yoon (2007) conducted a series of pull-out tests to compare the pull-out behaviours of

recycled tyre products and some commercial reinforcement materials (such as

geogrids and geocell) as shown in Figure 2.41. The notation 3 × 6 means 3 lines

represent tyre tread-mat perpendicular to the pull-out direction and 6 lines represent

tyre tread-mat parallel to the pull-out direction. In order to investigate the

reinforcement length effect, tyre tread-mat cases like 3 × 6, 6 × 6, 12 × 6 and cell-type

tyre cases like 1 × 7, 2 × 7, 4 × 7 were prepared for pull-out tests. It should be noted

that the net area between reinforcement and soil for geogrid and geocell were the

same: 6 × 6 and 2 × 7, respectively. And the area of the cell-type tyre is not the net

contact area of the tyre but is the plane area (width times length). More details on

constructions and procedures can be found in Yoon (2007).

Figure 2.41 Plain tyre tread-mat, geogrid and cell-type tyre for pull-out tests (Yoon,

2007)

Figures 2.42 and 2.43 show the pull-out resistance with pull-out displacement. Pull-

out resistance is represented as pull-out force relative to the net contact area of tyre

tread-mat. Figure 2.42 (a) indicates that 3 × 6 tyre tread-mat does not show a peak
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value but approaches a peak value, Whereas the 6 × 6 and 12 × 6 cases show an

obvious peak. Figure 2.42 (b) plots the relationship between the peak pull-out

resistance and the net area of the tyre tread-mat. The pull-out resistance decreased

with an increase in area of the tyre tread-mat. A similar trend appears in cell-type tyre

pull-out results as shown in Figure 2.40. The peak pull-out resistance is obvious for

every cell-type tyre case, which may be related to the ability of the structures to

interlock soils around tyres.

(a) Pull-out resistance versus displacement (b) Pull-out resistance versus net area

Figure 2.42 Pull-out behaviour of tyre tread-mat: (a)Pull-out resistance versus

displacement; (b) Pull-out resistance versus net area (Yoon, 2007)

(a) Pull-out resistance versus displacement (b) Pull-out resistance versus net area

Figure 2.43 Pull-out behaviour of cell-type tyre: (a) Pull-out resistance versus

displacement (b) Pull-out resistance versus net area (Yoon, 2007)

Figure 2.44 summarizes the pull-out test results of geogrid, geocell, 6 × 6 tyre tread-

mat and 2 × 7 cell-type tyre. The pull-out loads represent the unit width of the
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reinforcement. It can be observed that pull-out loads for 6 × 6 tread-mat is

approximately 2 times higher than that of geogrids if comparing the same area.

However, the pull-out load for 2 × 7 cell-type tyre is approximately 1.26 times higher

than that of geocell. That means recycled tyre products can be used in place of

commercial materials to reinforce structures.

Figure 2.44 Comparison of behaviour for commercial reinforcement material: geogrid,

geocell, tyre tread-mat, cell-type tyre (Yoon, 2007)

2.6 Existing numerical research on recycled tyres

2.6.1 DEM model for tyres

2D DEM model for tyre particles

Lee et al. (2014) conducted a series of laboratory and numerical simulations to

explore the behaviours of mixtures composed of sand and tyre particles of the same

median diameter (0.73 mm). The mixtures under different strain levels are prepared

with different volumetric sand fractions (sf (Vsand/Vtotal) = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8

and 1.0). Tyre – sand mixtures could experience various strain levels under certain

construction and work conditions, and the mixture behaviour is expected to be

controlled by the strain level the soil is subjected to. The strain level experienced by

geomaterials usually ranged from less than 0.001 ~ 20 % in geotechnical engineering

(Atkinson, 2000). Here, the characteristics of the sand-tyre mixtures are explored at

different strain levels using resonant column (small strain), instrumental oedometer

(intermediate strain), and direct shear (large strain) tests. Figure 2.45 presents the
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typical stress-strain curves under a vertical stress of 40 kPa. Pure sand soils (sf = 1.0)

show peak strength and dilative behaviour. Ductile behaviour is observed in the

mixtures for sf ≤ 0.8. In addition, no peak strength appears in the stress-strain curve.

These experimental results show that the behaviours of the mixtures are dependent on

the relative sand- tyre particle composition with variation in the strain levels.

Figure 2.45 Shear stress versus lateral strain under a vertical effective stress of 40 kPa

(Lee et al., 2014)

Numerical simulations using 2D DEM with Hertzian contact model are performed to

provide insight into internal mechanism of the mixtures. In the numerical simulations,

about 20,000 disks were used to represent the sand and rubber particles. The focus is

on the effect of tyre content on the overall performance of the samples. Table 2.10

summarizes the transition from sand-like to rubber-like behaviour and the particle-

level role of the tyre particle. Here, three groups (i.e. sand-like, rubber – like and

transitional) are categorized by compressibility. The compressibility of tyre-sand

mixtures increases with a decreasing sand volume fraction. Mixtures with a high sand

fraction (sf ≥ 0.8) behave in a sand-like manner and have low compressibility. Low

sand fraction mixtures (sf ≤ 0.2) reveal high compressibility (rubber-like); mixtures at

0.4 ≤ sf ≤ 0.6 shows a transitional behaviour between ʻsand-likeʼ and ʻrubber-likeʼ.

This shows that tyre particles play different roles in the strain level of the mixture:

such particles increase the coordination number, control plasticity of the mixtures in a
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small strain, prevent buckling of the force chain in an intermediate strain, and lead to

contractive behaviour in a large strain.

Table 2.10 Transition and role of tyre particles under various strain levels (Lee et al.,
2014)

Although Lee et al. (2014) reported a series of laboratory tests on tyre-sand mixtures,

there is no comparison of numerical predictions with experimental results. Neither a

specific generation process nor validation of the DEM model for tyre is mentioned.

Tyre particle deformability is a key feature that strongly affects the behaviour of sand-

tyre mixtures (Asadi et al., 2018). In numerical studies, it is important to realistically

model the key feature of tyre particles to obtain reasonable results. Therefore, a DEM

model for tyre rubber which can capture all important features still requires research

and development.

3D DEM model for tyre particles

Takano et al. (2014) investigated the shear behaviour of tyre chips and of sand mixed

with tyre chips based on laboratory direct shear tests. The shear behaviours were also

simulated using 3D DEM and compared to the experimental results. Figure 2.46

shows the tested materials (tyre chips and silica sand) and their particle size

distribution curves. Tyre chips were made by shredding scrap tyres and particle size

was set at 2.0 mm on average after removing all metallic and textile material from the

scrap tyres. The soil specimen for the direct shear test measured 40 mm high (20 mm

for the lower box and 20 mm for the upper box) with an 80 mm diameter. In the test, a

confining pressure of 100 kPa was applied until the horizontal displacement reached

8.0 mm. Table 2.11 shows the direct shear tests cases conducted by Takano et al.

(2014). There are four test cases: CASE 1 is pure No.3 silica sand; CASE 2 is pure
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tyre chips; CASE 3 and CASE 4 are mixtures of sand with 50% and 20% tyre chips

by volume, respectively.

Figure 2.46 The tested materials and grain size distributions (Takano et al., 2014)

Table 2.11 Direct shear test cases (Takano et al., 2014)

For the corresponding DEM simulation, Takano et al. (2014) used 3D DEM code

YADE derived from the Spherical Discrete Element Code (SDEC, 2007). Non-

spherical particles (clumps) were used to model both sand and tyre particles. A clump

particle used in DEM simulation is shown in Figure 2.47 (a). Here, the particle shape

parameter angularity is defined as follows:

L = angularity × 2R (2-3)

where L is the distance between two particle centres; R is the particle radius. Figure

2.47 (b) shows the direct shear test. The width of the shear box used in the DEM

model is equal to 20 mm, which is narrower than the actual shear box to reduce the
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number of particles as well as the calculation time. Table 2.12 shows the mechanical

parameters in the simulations. The main difference between sand and tyre is that the

friction angle and stiffness for tyre chips are lower than for sand.

(a) Shape for sand and tyre

particle

(b) Direct shear test model

Figure 2.47 The 3D DEM simulation for tyre chips direct shear test: (a) Shape for

sand and tyre particle; (b) Direct shear test model (Takano et al., 2014)

Table 2.12 Mechanical parameters for DEM simulations (Takano et al., 2014)

Figure 2.48 shows the results of direct shear tests obtained from experimentally and

numerically. Figure 2.48(a) shows shear stress versus shear displacement relationships.

It can be observed that pure sand (CASE 1) attains a peak stress of 140 kPa for shear

displacement of 2.5 mm, while pure tyre chips (CASE 2) show a monotonic increase

in shear stress without any peaks. For mixtures of sand and tyre chips (CASE 3 and

CASE 4), the profile of the shear stress – shear displacement relationship is close to

that of CASE 2. Overall, shear stress increases as the tyre chips percentage by volume

decrease. Corresponding DEM simulations also revealed a similar tendency. Figure

2.48(b) shows the relationship between vertical displacement and shear displacement

for both experimental and numerical results. It can be observed that pure sand (CASE
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1) shows remarkable dilatancy behaviour, while tyre chips (CASE 2) show a tendency

to contract. This can be explained by the compressibility of tyre chips. For 50% tyre

chip mixtures (CASE 3), the relationship between vertical displacement and shear

displacement is close to that observed with pure tyre chips (CASE 2). While 20% tyre

chip mixtures (CASE 4) show a tendency to expand after shear displacement of 2.5

mm. Thus, it can be confirmed that differences of shear behaviour reflect changes in

tyre chips percentage by volume. However, the numerical simulations did not predict

well in the case of vertical displacement, especially with pure sand (CASE 1) and

mixed sand (CASE 4): the material dilatancy behaviour is overestimated in numerical

modelling. There are several potential reasons for explaining this phenomenon: the

tyre model didn’t capture the physical feature of deformability for tyre; the sand

specimen preparation didn’t take various particle shapes into consideration which

would close to real sands. Despite this limitation, Takano et al. (2014) found that the

experimental results with pure tyre chips (CASE 2) were satisfactorily reproduced by

DEM simulation. Hence, it can be said that elastic bodies, such as tyre chips, can be

analysed in DEM simulations.

(a) Shear stress versus shear displacement
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(b) Vertical displacement versus shear displacement

Figure 2.48 Direct shear tests results from experiments and DEM simulations: (a)

Shear stress versus shear displacement; (b) Vertical displacement versus shear

displacement (Takano et al., 2014)

In addition to comparing typical numerical and experimental results, Takano et al.

(2014) employed micro focus X-ray CT (X-ray Computed Tomography) to elucidate

the deformation and strain in sand and tyre chips. Commonly applied to full-field

measurements, Digital Image Correlation (DIC) was used to analyse the CT images.

Based on the results of displacement by DIC and DEM, Figure 2.49 shows the

distributions of shear strains in the specimens for different cases at four displacement

levels: 0 mm ~ 1.0 mm (A-B); 1.0 mm ~ 2.5 mm (B-C); 2.5 mm ~ 5.0 mm (C-D) ; 5.0

mm ~ 8.0 mm (D-E) using. It can be observed that the area of high shear strain

appears at the edges of the boundary between the lower and the upper boxes for all the

cases upon initiation of shearing. Then, these high shear strain areas propagate inside

the specimen along the boundary for CASE 1 (pure sand). No significant difference is

observed between the 50% and 20% mixtures. Meanwhile, tyre chips mixed with sand

do not reveal a clear shearing band like the case of pure sand. It can be concluded that

tyre chips can reduce the propagation of shear strain which could be a local shear

band, so that tyre chips may have potential for reducing soil failure. Further details on

the distributions of volumetric strain and contact forces can be found in Takano et al.

(2014).
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Figure 2.49 Distribution of shear strain obtained from (a) CASE 1 – Pure sand; (b)

CASE 4 – 20% tyre chips in mixture; (c) CASE 3 – 50% tyre chips in mixture

(Takano et al., 2014)

The methodology proposed by Takano et al. (2014) to explore the micro-scale

behaviour of tyre chip-reinforced sand during shearing is quite informative. However,

its main limitation is that the calibration and simulation processes for generating a

robust waste tyre sample (approximately real shape of sand and tyre chip particles) are

not provided:

1. The calibration of pure sand is not mentioned.

2. Neither the sand- tyre contact model nor the tyre calibration is mentioned.

After all, a robust model should include an exact calibration and sample generation

process as the first and most important step to obtain further information about both

macro-scale and micro-scale mechanisms. Exploring such processes, further

parametric studies and advisable design suggestions would be more valuable and

meaningful.
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Lopera Perez et al. (2016) used 3D DEM to simulate a series of triaxial constant

volume tests to investigate the effects of tyre content and the relative size of tyre and

sand particles at small strains. The DEM code employed corresponds to a modified

version of the open-source code LAMMPS (Plimpton, 1995). Sand particles are

modelled as perfect spherical rigid particles with high stiffness, whereas tyre particles

are modelled as soft particles having low stiffness. The Hertz-Mindlin contact model

(Mindlin, 1953) was used in simulations, where the contact model excludes

continuous nonlinearity during shearing and only the initial shear modulus is used.

Figure 2.50 shows the particle size distribution (PSD) used for the simulated sand,

which is representative of a uniform sand of fluvial origin tested by Anastasiadis et al.

(2012). Both sand and tyre particles had a mean size (D50) of about 0.22 mm and a

coefficient of uniformity (Cu) of 1.4. Tyre particles were modelled following three

different PSD’s parallel to the sand PSD with ratios of mean tyre size to mean sand

size (D50R/D50S) at 1.0, 2.5 and 5.0, displayed in Figure 2.47. A total of 15 mixtures

were prepared, 5 for each D50R/D50S, with tyre contents varying from 10% to 50% by

mixture weight, in increments of 10%. An isotropic pressure of 100 kPa is applied to

the specimens.

Figure 2.50 The particle size distribution (PSD) of numerical samples (Lopera Perez

et al., 2016)
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Lopera Perez et al. (2016) analysed both macro-mechanical responses and micro-

mechanisms of tyre-sand mixtures. Figure 2.51 summarizes three possible phases of

sand-tyre mixtures, considering both size ratio and tyre content up to 50%. It can be

observed that a sand dominated response is for size ratios of 1.0 and 2.5 up to 20%

tyre contents. While a tyre dominated response is observed only for a size ratio of 1.0

with rubber content greater than 30%. Lopera Perez et al. (2016) suggested that the

size and percentage of tyre particles should be selected based on the purpose of the

mixtures. For example, for the range of strains considered, mixtures with D50R/D50S =

1.0 could be helpful to improve drainage. Because the void ratio of those mixtures

increases with an increase in tyre content. A reduction in deviatoric stress was

observed for samples where D50R/D50S equals 1.0 or 2.5 indicating their suitability for

stress and settlement reduction.

Figure 2.51 Phase diagram for sand-tyre mixtures (Lopera Perez et al., 2016)

Lopera Perez et al. (2016) simulated mixtures of rubber and sand particles in three

dimensional triaxial constant volume tests by employing DEM to investigate the

effects of rubber content and the relative size of rubber and sand particles at small

strains. The macro-response of the simulated mixtures showed a decrease in the

elastic shear modulus and strength with increasing rubber content for D50R/D50S ratios

of 1.0 and 2.5, while the opposite trend content for D50R/D50S ratios of 5. There is still

much room for improvement:
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1. Particles for both sand and tyre are modelled as perfect spheres. Thus, the

particle shape effect on the macro-mechanical response is not captured.

2. There are potential applications where sand-tyre mixtures experience from

very small strains up to large strains in practice. However, the simplified

Hertz-Mindlin contact model used by Perez et al. (2016) only considers the

initial shear modulus measured at very small strains, where pure elasticity

dominates the behaviour of the mixtures (less than 0.001%). Continuous non-

linearity in shear is excluded.

3. When using other advanced rather than a Hertz-Mindlin contact models to

predict small to medium strain shear moduli, the key tyre feature

(deformability with a Poisson’s ratio of 0.5) should be considered.

Asadi et al. (2018) investigated the behaviour of sand-tyre mixtures in one-

dimensional compression tests. A 3D DEM numerical model for tyre considering the

feature of deformability is proposed to predict the sand-tyre mixtures at strain levels

up to 20%. The general linear elastic-plastic contact law is used for all interactions.

The model captures normal and tangential forces. Normal cohesive contacts can be

generated to represent tension and compression forces between bonded particles

which is the main concept used for modeling deformable tire grains while each sand

grain consists of several rigidly connected spheres. More theoretical interpretations on

contact law can be found in Asadi et al. (2018). Figure 2.52 shows the materials used

in one-dimensional compression tests. The cubic tyre grains (4 mm in thickness) were

prepared manually to limit the variability in shape and size. The sand grains were

selected from Firoozkoon sand (an Iranian standard material). Shape-edged grains and

non-silicate grains were removed to assure well-defined round-edged material. The

average sand grain diameter was 4 mm.

Figure 2.52 Materials used in 1D compression tests: (a) tyre particles; (b) sand

particles; (c) sand-tyre mixture (Asadi et al., 2018)
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Figure 2.53 shows the representative shapes for sand and tyre particles in the

numerical model. The open-source code YADE was used to perform the numerical

simulations. The clump logic or multi-sphere approach was adapted to generate

numerical particles. The first column in Figure 2.53 shows the real sand and tyre

particles, the following three columns show the numerical representation with the

enclosing circle in the three main coordinate planes. It is noted that for each real sand

and tyre grain, three photos were taken in planes normal to each other. Each photo

was then imported into an image processing software to determine the enclosing and

filling circles. Then the centres and radii of all circles were digitized and rescaled so

that the diameter of the enclosing circle was equal to one. This information was then

imported into YADE to generate the actual values. The last column in Figure 2.50

shows a general 3D view of the numerical representation of the grains. The general

linear elastic-plastic contact law is used for all interactions. More theoretical

interpretations on contact law can be found in Asadi et al. (2018).

Figure 2.53 Generated sand and tyre particles in DEM model: (a-c) sand grains; (d)

tyre grains (Asadi et al., 2018)

Note that the sand particles are presented in desired shapes as an agglomerate of rigid

spheres (clumps), while deformable agglomerates (clusters) are used to model the soft
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tyre particles. Several unit spheres are bonded together to represent a soft tyre, and

each sphere can move independently. Figure 2.54 shows the contact between two sand

grains. The contact overlap shown in Figure 2.54 (a) is very small since the stiffness

of sand grains is very high. The overlap is quite large, as shown in Figure 2.54 (b) and

(c), compared to sand-sand contact. Furthermore, the contacts between sand and tyre

particles number three and five, respectively, whereas it is one for sand-sand contact.

This means that the tyre grain creates a ‘surface contact’ rather than a ‘point contact’

which is compatible with its physical nature. The calibration was conducted by trial

and error to obtain the best match at the macro-scale level, i.e. to predict stress-strain

response based on one-dimensional laboratory tests results. It was done for the

samples with pure sand and pure tyre only. Table 2.13 lists the micromechanical

parameters for the simulations. In the validation process, the contact stiffness values

between different materials (i.e., sand-tyre) were adjusted based on Table 2.13 to

match experimental sand-tyre mixture test results as shown in Figure 2.55. Asadi et al.

(2018) showed that their numerical models can capture the compressive behaviour of

sand-tyre mixtures as well as the residual strain. This is due to deformable nature of

the rubber grains which leads to higher interlocking. Therefore, when the load is

removed, the grains do not return to their initial positions.

Figure 2.54 Generated sand and tyre particles in DEM model: (a-c) sand grains; (d)

tyre grains (Asadi et al., 2018)
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Figure 2.55 The best match to experimental results obtained for (a) pure rubber

(RC=100%) and (b) pure sand (RC=0) (Asadi et al., 2018)

Table 2.13 Micromechanical parameters for sand and tyre (Asadi et al., 2018)

Some comments by the author of this dissertation on DEM modelling of sand-tyre

mixtures conducted by Asadi et al. (2018):

1. All grains were of similar size and had well-defined simplified shapes.

However, most tyre particles have no determinate shapes in common practice

since tyres are randomly cut in the recycling process. A more precise and

quantitative interpretation of grain shapes (such as elongation, flatness,

roundness etc.) could improve the numerical model to replicate sand and tyre

particles more realistically.

2. The calibration work for obtaining micromechanical parameters in simulations

conducted only for pure sand and for pure tyre was not sufficient. That is a

potential reason why Asadi et al. (2018) still needed to adjust some parameters

in the validation process. A robust and precise calibration and validation
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process for material parameters using experimental grain-scale compression

responses is still needed.

3. Representation of tyre deformability does not only require a relatively lower

stiffness values compared to sand. Another important and unique physical

index is a Poisson’s ratio of 0.5, which is not mentioned by Asadi et al. (2018).

Thus, we cannot guarantee that such a model will represent the physical tyre

adequately when changing tyre shapes, mixtures rates, etc.

Zhang et al. (2020) proposed a 3D DEM model for soft tyre chips and rigid sand

grains in conjunction with a series of calibration processes using PFC3D. Figure 2.56

shows the size of sand and tyre materials used in the DEM model. Here, fluvial sands

are selected as a typical example to model rigid sand grains via spherical balls.

Spherical grains have a lower degree of interlocking, which reduces the interaction

between sand grains and tyre chips. The grain size distribution of the chosen fluvial

sand is quite narrow as shown in Figure 2.56 (a). Thus, this spherical sand can be

directly modelled in the DEM simulation without simplification. Fluvial sand was

modelled as a ball and calibrated by Lopera Perez et al. (2017) via monotonic triaxial

shearing under constant volume at very small strains where pure elasticity governs the

behaviour of the samples. Figure 2.56 (b) shows the soft tyre model constructed using

deformable agglomerates (clusters). Multiple balls are bonded together to represent a

soft tyre chip, wherein each ball can move independently. The initial overlap factor

(the ratio of the ball diameter to distance between the centre points of two bonded

balls) was 1.74. With respect to its dimensions, the tyre model in the simulations, as

shown in Figure 2.56 (b) has a single aspect ratio of length/width 2.84 and

width/thickness 7.1. The thickness of the soft tyre chips (0.16 mm) was defined as

D50/2 (half of the rigid sand grain mean diameter according to the gradation curve); a

numerical tyre chip model consists of 192 bonded unit balls.
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Figure 2.56 Size of materials: (a) rigid grains; (b) soft tyre chips (Zhang et al., 2020)

Table 2.14 summarizes four types of contacts in the simulation of a sand-tyre mixture:

rigid sand grains – rigid sand grains (GG), soft tyre chips – soft tyre chips (CC), rigid

sand grains – soft tyre chips (GC), and unit balls – unit balls inside a soft tyre chip

(bond). The Hertz-Mindlin contact model is selected to describe the GG, CC, and GC

contacts behaviour because of the nonlinear force-displacement relationships of soft

materials under compression (Lin et al., 2008). The Hertz-Mindlin contacts cannot

resist the bending moment and tensile force and ultimately deform and slide under

compression according to their friction coefficient μ (Chung and Ooi, 2008). Thus, the

linear parallel bond model is used for interactions of interconnected unit balls inside

the tyre chips. According to the adopted models, nine independent model parameters

profoundly affect the mixture performance: Two bond parameters: parallel bond

normal stiffness (kn), parallel bond tangential stiffness (kt); Three tyre chip parameters:

shear modulus of tyre chips (GC), Poisson’s ratio of tyre chips (νC), and friction

coefficient of tyre chips (μC); Four sand grain parameters: shear modulus of sand

grains (GG), Poisson’s ratio of sand grains (νG), and friction coefficient of sand grains

(μG); friction coefficient of GC (μGC).
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Table 2.14 Mechanical information for the DEM simulation

Type of contacts Contact model Relevant

parameters

Calibration

methods

Rigid sand grains –

rigid sand grains (GG)

Hertz-Mindlin GG, νG, μG Triaxial test

(Lopera Perez et

al., 2017)

Soft tyre chips – soft

tyre chips (CC)

Hertz-Mindlin GC, νC, μC Penetration test,

Sliding test

(Zhang et al., 2020)

Rigid sand grains – soft

tyre chips (GC)

Hertz-Mindlin μGC Calculated

following Asadi et

al., (2018)

Unit ball – unit ball

inside tyre chip (bond)

Linear parallel

bond

kn, kt Tensile test

(Zhang et al., 2020)

Some of these parameters have already been calibrated by other researchers. For

example, a set of sand grains parameters (GG, νG, μG) can be derived from Perez et al.,

(2016) based on the small-strain shear modulus of fluvial sand. The interface friction

coefficient between rigid sand grains and soft tyre chips (μGC) can be calculated

following Asadi et al. (2018). Bond parameters (kn, kt) can be obtained by tensile tests,

as shown in Figure 2.57. It is noted that the tensile tests conducted follow the

procedures suggested in ASTM D 4482-11 (ASTM, 2011). The top and bottom balls

of a tyre chip were bonded to the walls with a high bond stiffness, and a constant

velocity was applied to the top wall, as shown in Figure 2.57 (a). During calibration,

only tension case (tyre width shrinks after tension) as shown in Figure 2.57 (b) was

considered. However, the compression case (tyre width bulges or expands after

compression) is not verified. Then, a bending test and a tyre chip suspension test were

performed to verify the calibration method based on tensile tests. More details can be

found in Zhang et al. (2020).



89

(a) Tensile test

(b) Calibration of tensile features

(c) Bending features

Figure 2.57 Calibration process of bond parameters (kn, kt): (a) Tensile test; (b)

Calibration of tensile features; (c) Bending features (Zhang et al., 2020)

A sliding test was conducted to calibrate the friction coefficient of tyre chips, as

shown in Figure 2.58. A tyre chip was fixed on a slope with the same incline. Another

tyre chip was then placed on the fixed chip. The angle of incline was recorded when
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the upper chip slipped off. The sliding test was performed 20 times, yielding a mean

friction angle 46.9° (μC = 1.07) for tyre chips.

Figure 2.58 Sliding test of tyre chips (Zhang et al., 2020)

To obtain the shear modulus of the bonded balls (GC), Figure 3.18 shows a

penetration test. The ratio of ball diameter to tyre chip thickness in the laboratory test

was similar to the ratio of D50 to the thickness of tyre chips in the simulation. In the

numerical penetration tests, a steel ball was applied with a constant force, and the

penetration depth was recorded. The steel ball was attributed the properties of real

steel (i.e., the shear modulus and Poisson’s ratio were 8 × 1010 Pa and 0.3,

respectively), identical to the fixed wall. Two extreme contact schemes were

considered in the calibration, as shown in Figure 2.59 (a): steel ball contact with four

bonded balls and steel ball contact with one bonded ball. Figure 2.59 (b) shows the

calibration results. It is observed that the numerical model can predict a good trend

which is consistent with laboratory penetration test result. Table 2.15 summarizes and

lists all parameters in the DEM simulation.

Figure 2.59 Calibration of tyre chip shear modulus in different initial relative

positions: (a) laboratory penetration test; (b) calibration results (Zhang et al., 2020)
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Table 2.15 Material properties used in the DEM simulation (Zhang et al., 2020)

Zhang et al. (2020) proposed a detailed DEM model for generation and calibration of

a soft tyre to investigate the interaction of soft chips and rigid grains. Numerical

triaxial compression tests were performed using DEM, but no comparisons were made

with experimental data. However, there are still some problems which potentially

limit wider application of the tyre DEM model:

1. The friction coefficient between sand and tyre (μGC) is also of utmost

importance to reveal the sand – tyre interactions. Specific calibration

laboratory tests together with corresponding numerical simulations are

required instead of simple calculation from the recommended empirical

formulas provided by other researchers.

2. The friction coefficient of tyre chips obtained from experimental sliding tests

used directly in numerical simulations requires a corresponding numerical

sliding test to provide verification for the calibration method.

3. The modified Hertz-Mindlin contact model only holds for small strain levels,

which cannot replicate intermediate and large strains for most practical

engineering purposes. A new model may need to be proposed capable of

modelling key volume change characteristics for tyre with a Poisson’s ratio of

0.5.
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4. Soil particles were modelled using simplified spheres without sufficient

representation of the actual shape of real soils, which influences attempts at

accurate insight into tyre-soil interactions.

5. The calibration procedures for tyre chips only involved tension cases and

excluded compression cases. Furthermore, the dimension effect on the DEM

tyre model also requires verification.

2.7 Summary
This chapter mainly introduces some experimental and numerical research on rubber

tyre – sand mixtures based on direct shear tests, interface tests, tensile tests and pull-

out tests. A summary and comments by the author regarding the literature review are

as follows:

1. Using recycled tyre products as reinforcement materials in civil engineering

projects has become increasingly popular worldwide. Various forms of

recycled tyres, such as tyre cuts, tyre shreds, tyre chips, tyre powder, are used

to reinforce embankments, slopes, retaining walls, foundations, and docks etc.

Even, larger size of recycled tyre products (tyre shreds, long tyre strips) or tyre

cuts are treated as an efficient way to reinforce structures especially when

considering the processing cost. In addition, many optimum values when

designing tyre-soil reinforcement such as optimised mixing ratio, relative

density and aspect ratio are investigated to improve the strength and

deformation characteristics of tyre-soil mixtures.

2. Tyre research based on direct shear tests show that the mechanical behaviour

of sand-tyre mixtures is influenced by many factors, such as normal stress,

granulated rubber content, tyre rubber aspect ratio, relative density, gradation

of sand. Based on the published results from laboratory tests, different

experimental conditions produce different tyre rubber reinforcement effects.

There is generally an increase in strength and stiffness when tyre content

increase, but excessive amount of tyre will decrease shear strength again. How

the granulated rubber affects the mechanical behaviour of sand-tyre mixtures

is worth investigating further.

3. The research on interface behaviour between tyre rubber and soils is quite

sparse. Existing investigations on tyre-derived aggregates (TDA) on different
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materials indicate that the shear resistance of TDA on sand, TDA on concrete

and TDA on geotextile are very similar, despite the different interfaces. The

shear resistances for TDA on geogrid are much smaller under different normal

stresses. However, the mechanisms of tyre groove effects in sand-tyre

interface behaviour are seldom considered either.

4. Although some international standards, such as ASTM D 412 (2016) and ISO

37 (2017), indicate that the tyre sample preparation when performing the

tensile test. Some tyre samples are not practical to cut either as dumbbells or

rings. Therefore, relevant published studies have applied their own methods or

local guidance to prepare various dimensions of tyre specimens and

determining tensile strength and elongation based on tensile tests. The

deviations of results obtained by following local guidance from those strictly

following the international standards are not compared.

5. Existing laboratory tyre pull-out test results indicate that recycled tyre

products can be used in place of commercial materials to reinforce structures.

The investigation shows that pull-out loads for 6 × 6 tread-mat is

approximately 2 times higher than that of geogrids when comparing the same

area. However, the pull-out load for 2 × 7 cell-type tyre is approximately 1.26

times higher than that of geocell. However, research on tyre shreds or a wider

range of tyre dimensions, rather than just complete tyres (or tyre cuts based on

the classification shown in Table 2.2) has been inadequate. In addition, most

of the important reinforcement mechanisms are not provided.

6. Models regarding tyre rubber as rigid balls cannot adequately represent tyre

deformability, a fundamental physical property. Furthermore, the Hertz-

Mindline contact model for rubber tyre only considers small strain levels in

case of pure elasticity, larger strain levels observed in common practice are

excluded. Although some new models using deformable bonded balls take the

deformability into account, these models still ignore the volume change

characteristics of rubber having a Poisson’s ratio of 0.5.

7. Most sand particles are modelled as perfect rigid spheres for simplicity and

efficiency. Quantitative shape descriptions of real sand particles in DEM are
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insufficient. Systematic calibration and verification for both sand and tyre

models are required to improve their accuracy.

Based on the literature and summary above, it can be concluded that recycled tyres

can help improve the strength performance of sand-tyre mixtures. However, the

mechanical behaviour of sand-tyre mixtures is still unclear and requires further

systematic studies. Considering the various factors influencing on the mechanical

behaviour of sand-tyre mixtures results in a large quantity of laboratory tests, which

consume time and money. The numerical model and simulations via DEM will

provide strong and effective support to enrich sand-tyre reinforcement studies. For

example, DEM can help prepare tyre specimens as dumbbells or ring shapes strictly to

meet the international standards efficiently. Also, laboratory direct shear tests,

interface tests and pull-out tests on sand-tyre mixtures can be incorporated into

corresponding DEM simulations to explore more micromechanical data efficiently.

This dissertation proposes a DEM model for rubber tyre without dimension effects in

Chapter 5, presents interface tests between sand and rubber tyre with various

roughness both experimentally and numerically in Chapter 6, and explores the

micromechanical progress failure and the particle movements of tyre reinforced sand

based on numerical pull-out tests in Chapter 7.
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Chapter 3 - Discrete Element Method (DEM)

3.1 Introduction
As previously mentioned, over the past decades there have been many studies on the

geomechanical behaviour of soils reinforced recycled tyres. Mixing sand or soil with

small pieces of tyre is common practice in civil engineering applications. Most of the

research concentrate on on-site and laboratory studies, which compare the strength

performance after using recycled tyres at the macro level. During these typical

laboratory tests, it is not possible to observe internal particle mechanisms, nor is it

feasible to discover the precise particle-level mechanical responses of a tyre – soil

system. Furthermore, the cost of laboratory tests, especially some large-scale onsite

tests, is very high. While tyre – soil systems have a potentially wide range of

applications, a full understanding of their behaviour, including internal interaction

mechanisms of soft tyre rubber and rigid granular soil requires further studies despite

recent interesting works. As for any geotechnical system, the practical use of these

tyre – soil systems also require development of numerical investigations.

A numerical Discrete Element Modelling (DEM) method was employed as a useful

tool to replicate laboratory sample preparation and testing, and to obtain insight into

the particle-scale reinforcement mechanisms between tyre and soil for this dissertation.

DEM simulations allowed the tracking of contacts and forces at all loading stages,

which is not possible in laboratory experiments. Quantitative particle-scale

information provided by DEM helps clarify the mechanical responses of particulate

matter. Based on these preliminary DEM simulations, some DEM results from

parametric studies can also provide helpful references to further elucidate tyre-sand

reinforcement mechanisms and motivate practical engineering designs.

This Chapter introduces DEM (on Section 3.2) and the basic principles of PFC3D (on

Section 3.3), e.g. the calculation cycle, the clump logic and the contact constitutive

models. The applications of these theoretical principles are left for some specific

chapters exploring micromechanical tyre – sand reinforcement mechanisms. For

example, sand calibration using clump logic in DEM with consideration of realistic

particle shapes based on direct shear tests can be found in Chapter 4. Tyre models

using linear contact bonded particles as well as a series of parametric studies based on
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tensile tests can be found in Chapter 5. The interface behaviour in the tyre - sand

model and the simulations based on interface direct shear tests can be found in

Chapter 6. The tyre – sand reinforcement mechanisms based on pull-out tests can be

found in Chapter 7.

3.2 General introduction to DEM
The discrete element method (DEM) is a class of numerical methods for calculating

the behaviour of an assembly of particles. DEM could be defined as a numerical

technique for modelling granular mechanics, which emphasizes inter-particle contacts.

The general principle of DEM was first developed by Cundall (1971) for analysis of

rock mechanics. Later, DEM was first applied to soil mechanics based on the finite

difference formulation of the equation of motion by Cundall and Strack (1979). It has

been extensively used to model multi-scale problems of solid mechanics and granular

flow. The fundamental purpose of DEM is to recreate the microscopic mechanics of

the independent particles to better understand their macroscopic behaviour.

Some reasons for choosing DEM over other numerical methodologies are as follows:

1. DEM is a useful numerical simulation tool that models granular materials

(soils) by specifically representing their actual discontinuous particulate

properties.

2. Compared with laboratory tests, DEM is more efficient at reducing time and

test costs.

3. Compared with the Finite Element Method (FEM), DEM is capable of

capturing some localized contact zones, which are caused by the action of tyre

grooves or lugs. However, FEM based on continuum-discretized elements

cannot directly represent those scenarios.

4. DEM simulations allow tracking of inter-particle contacts and forces at all

loading stages, which is not possible in laboratory tests. Rich particle – level

information obtained from DEM helps to elucidate tyre – soil interaction

mechanisms.

In recent years there has been an increasing tendency to use DEM to model

discontinuous materials. The main reason for the popularity of DEM can be attributed

to the modern advances in computing, such as the new algorithm making use of GPU
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(Graphics Processing Unit) and parallel processing to replace the most current and

computationally expensive CPU (Central Processing Unit) calculation (Govender et

al., 2014, 2018). DEM has a wide range of applications, for example, in powder

engineering, geotechnical engineering, geophysics etc, and has been used to model

materials such as grains, cereals, sugars and proteins (Tijskens et al., 2003; Fu et al.,

2006; Banton et al., 2009). This dissertation will focus on its applications to

geotechnical engineering: the modelling of sand based on direct shear tests; bonded

rubber tyre DEM model based on tensile tests; rubber tyre - sand interface behaviour

through interface tests; and tyre-sand pull-out tests.

3.3 Discrete element modelling using PFC3D

3.3.1 Overview of PFC3D

The Software used in this research is Itasca’s Particle Flow Code in three Dimensions

version 5.0, referred to herein as PFC3D. A detailed description of the underlying

theory behind the code can be found in the technical manual (Itasca, 2019). According

to O’Sullivan (2014), about 67% of the publications in geomechanics between 2010

and 2013 used PFC2D or PFC3D (with the Fish language), open-source codes are also

available, e.g., LAMMPS (Plimpton, 1995), YADE (Kozichi and Donzé, 2008) and

TRUBAL (e.g., Magnanimo et al., 2008; Thornton and Antony, 1998). The

requirement of computer performance for different software is different, which would

influence the sample preparation process especially when taking computational

efficiency into account. Here, LAMMPS (Large-scale Atomic/Molecular Massively

Parallel Simulator) (Plimpton, 1995) is a classical molecular dynamics (MD) code

capable of simulating soft material and coarse-grained systems. LAMMPS can run on

single processors or in parallel using MPI techniques allowing its use on massively

parallel high-performance computers. The MD method is algorithmically similar to

DEM and a number of adaptations were made with LAMMPS to allow the

simulations of granular assemblies by using DEM. YADE (Šmilauer et al., 2015) was

developed at Grenoble University and is an extensible open-source framework based

on the classical formulation by Cundall and Strack (1979). The FISH code in PFC3D

was used throughout this dissertation.

PFC3D is currently the most commonly used DEM software employing two entities (a

wall plus a ball or clump) to model interactions, applying Newton’s Second Law
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together with a contact law to establish accelerations, velocities and displacements of

particles via a time-stepping scheme. Balls, clumps, walls, and contacts are the basic

components of the PFC model. Detailed information is introduced on Section 3.3.2

and 3.3.3.

PFC3D assumes that the particle flow model treats the particles as spherical and rigid

bodies. The behaviour at the contacts uses a soft-contact approach where the rigid

particles can overlap. In addition, the magnitude of this contact is correlated with the

contact force by the force-displacement law, and all overlaps are small in relation to

particle sizes.

3.3.2 Calculation cycle and basic laws

The calculation performed in PFC3D follows a time-stepping algorithm and requires

repeatedly applying Newton’s second law to each particle, also repeatedly applying

the force-displacement law to each contact, and constantly updating the wall positions.

The calculation cycle is illustrated in Figure 3.1.

Figure 3.1 Calculation cycle use in PFC3D (Itasca, 2019)

At the beginning of each timestep, the sets of contacts (either ball-ball or ball-wall)

are updated from the known positions of all entities. The force-displacement law is

then applied to each contact, updating new contact forces. Using Newton’s second

law of motion, the acceleration of each particle is determined from the resultant forces

and moments arising from contacts and body forces. The acceleration of each particle

is integrated to obtain its updated velocity and then again to determine displacement

and its position. In PFC3D, a wall comprises one or more facets. A wall interacts with
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balls and clumps but not with other walls. A wall can move by following a prescribed

velocity and rotation, but it does not obey equations of motion. Since the boundary

walls are treated as having no mass, this means forces acting on a wall do not

influence its motion: contacts may not exist between two walls.

3.3.3 Contact models

The constitutive model at an individual contact consists of three parts: a stiffness

model, a slip model, and a bonding model. The following section gives a brief

introduction to all three models. Further details can be found in the technical manual.

(1) Stiffness model

The contact stiffnesses relate the contact forces and relative displacement in the

normal and shear direction via the force-displacement law. PFC3D provides two types

of contact stiffness models: a linear contact model and a simplified Hertz-Mindlin

model. The Hertz-Mindlin contact model is a nonlinear formulation based on the

theory of Mindlin (1953) as described by Itasca (2019). The theory is only applicable

to spheres in contact, although it does not reproduce the continuous nonlinearity in

shear. The Hertz-Mindlin model is defined by the shear modulus, G and Poisson’s

ratio, v of the two contacting balls. More details on calculation can be refer to PFC

manual (Itasca, 2019). The linear model for contact forces is widely used in DEM

simulations (Haff, and Werner, 1986; Benyahia and Galvin, 2010; Gopalakrishnan

and Tafti, 2013). The main reason is that the model is simple with analytic solution

for the collision parameters, and this model is less computationally expensive

comparing to the non-linear models (Navarro and de Souza Braun, 2013). In this

dissertation, the linear contact model is used to describe the interaction between tyre

and sand at contact because of its simplicity and efficiency in modelling cohesionless

granular materials. According to the technical manual, the normal and shear contact

stiffness can be calculated as follows:

(3-1)

(3-2)
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where the superscripts [A] and [B] denote the two entities in contact; kn and ks are the

normal and shear contact stiffness, respectively; Kn and ks are the secant of normal

contact stiffness and the tangent of shear contact stiffness.

(2) Slip model

The slip model designates a relation between the shear and normal contact forces so

that the two contacting entities may slip relative to one another. This slip behaviour is

always active, unless a contact bond exists, in which case the contact bond behaviour

supplants the slip behaviour. This slip model is defined by the friction coefficient at

the contact (μ), where μ is the minimum friction coefficient of the two contacting

entities. If the overlap is greater than zero, then the maximum allowable shear contact

force is calculated as equation 3-3:

(3-3)

If |��
� | > ��th� , then slip occurs during the following calculation cycle by setting the

magnitude of ��
� equal to ��th� .

(3) Bonding model

The bonding model acts to limit the total normal and shear forces that the contact can

bear by enforcing bond-strength limits. Two models are provided in the software: the

contact bond model and the parallel bond model are illustrated in Figure 3.2. A bond,

once created, continues to exist until the bond is broken.

(a) Contact bond model
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(b) Parallel bond model

Figure 3.2 Contact bond logic: (a) Contact bond model; (b) Parallel bond model

The contact bond can be envisioned as a pair of elastic springs with constant normal

stiffnesses acting at the contact point with specified shear and tensile normal strengths.

The contact bond can only transfer forces acting at the contact points. The parallel

bond model can be envisioned as a piece of cementitious material deposited between

two particles, or as a set of elastic springs with constant normal and shear stiffnesses

uniformly distributed over a circular disk on the contact plane. This additional elastic

interaction acts in parallel with the slip model and can transmit both forces and

moments between particles. Although the parallel bond model is generally thought to

have a better physical rationale than the contact model, the definition of the parallel

bond requires more parameters than the contact bond model. For example, general

important micro parameters for a contact model are contact normal stiffness and

contact shear stiffness, while a parallel bond model requires parallel bond normal

stiffness, parallel bond shear stiffness, parallel bond normal strength and parallel

bond shear strength apart from contact normal stiffness and contact shear stiffness. A

contact bond model has fewer parameters and is easier to calibrate than these

alternative models. Hence, in this dissertation, the contact bond model has been

selected to model rubber tyre. Details of the method and procedures are provided in

Chapter 5.

3.3.4 Clump logic

The clump function provided in PFC3D is a technique to create particles with arbitrary

shapes. This method is selected in this dissertation research to investigate particle
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shape effect on shearing behaviour and to calibrate pure sand based on direct shear

tests reported in Chapter 4. A clump is made of one or more pebbles. Figure 3.3 (a)

shows a clump consisting of two pebbles, while Figure 3.3 (b) shows a clump

consisting of three pebbles with a small degree of overlap. The main features of clump

logic are as follows:

1. Granular materials with different shapes can be generated.

2. Particles forming a clump may overlap to any degree.

3. Particles comprising the clump exhibit the same motion, whereby the particles

do not separate, unlike particles that are bonded to each other.

4. A clump acts as a rigid body independent of the internal contact force arising

from particles forming the clump, thus minimizing computational time.

(a) A two-pebble clump (b) A three-pebble clump

Figure 3.3 Clumps in PFC3D: (a) A two-pebble clump; (b) A three-pebble clump

3.4 Summary
In this chapter, the basic principal and theoretical background of both DEM and

PFC3D models have been described. The linear contact model will be adopted to

prepare sand specimen. Chapter 4 of this dissertation will present a series of

quantitative particle shape analyses. In addition, contributions of specific shape

descriptors of soil particles to understanding shear behaviour are investigated. The

contact bond model will be adopted to prepare tyre specimen. Chapter 5 will

introduce a systematic DEM generation, calibration and verification procedure for

rubber tyre based on tensile tests.
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Chapter 4 - Particle shape effect on sand behaviour

4.1 Introduction
This chapter firstly introduces a systematic study on particle shapes based on

numerical direct shear tests using DEM. This unique innovation is to separate the

relative contributions of a specific shape factor on shear behaviour. The main content

includes:

1. A brief introduction to existing particle shape descriptors, nothing that there

are still no unified descriptions. We then adopt four shape descriptors (i.e.,

elongation index (EI), flatness index (FI), convexity (Cx) and roundness (R))

for this dissertation and lastly propose a table of simulation designs with

different particle shapes.

2. A description of the sample preparation and the numerical procedures in detail.

To test the validation of the numerical procedures, numerical direct shear test

results for dense sample, intermediate dense sample and loose sample prepared

using the same particle shape are presented.

3. An analysis of the EI, FI, Cx and R effect of on shear behaviour from the

perspective of the packing ability, the stress – dilatancy relationship, the peak

and critical friction angle, and the shear strain at peak strength. The numerical

results are also compared with corresponding existing research.

4. An investigation into the sensitivity of the shearing process to particle size (i.e.,

particle size is scaled up by a factor of 5, 7, 10 and 12). The shearing results

also provide verification that scaling up by a factor of 7 for the series of

particle shapes analysed in this dissertation is reasonable when balancing

computation efficiency and accuracy. It is noted that all the DEM simulations

are performed on computer resources at UCL: An Intel Xeon(R) Gold 6152

CPU with 2.10GHz_88 x CPUs and 64 GB of RAM.

Then, particle shape data for real sand (Fujian Standard Sand) is obtained from

MorphologI and microscope at UCL. Combining the numerical particle shape study

results and experimental particle shape data, a representative particle shape for DEM

model is proposed to prepare the numerical direct shear tests for calibration of sand.

Finally, the numerical direct shear test results (stress-strain relationship, volume-strain

response, and stress dilatancy curve) are compared with the corresponding
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experimental results. This work finalised the calibration of pure sand, the micro

parameters obtained in this chapter will be applied to further tyre – sand interface

friction calibration in Chapter 6 and pull – out test simulations in Chapter 7.

4.2 Particle shape descriptors adopted in this study
Particle shape is not easily quantifiable due to its multi-scale nature. Figure 4.1 shows

a widely accepted characterisation particle of shape at different scales (Barret, 1980;

Maroof et al., 2020). Overall form is often quantified by the sphericity, flatness, and

elongation ratio (sometimes calculated as aspect ratio). Sphericity is a measure of the

degree to which a particle approximates the shape of a sphere and is most dependent

on elongation. Zheng and Hryciw (2015), Cruz-Matías et al. (2019) summarised the

most used definitions of particle sphericity based on length measurement, volume and

surface area. Roundness quantifies the sharpness of particle edges and corners. It is

largely dependent on the sharpness of angular protrusions (convexities) and

indentations (concavities). Roughness is at the smallest observation scale to describe

the surface of particles. It is a scale-dependent parameter which is generally described

by the micro-features on the surface of sand grains. However, due to the practical

difficulty of measuring surface roughness of granular materials, it is usually ignored

in the quantification of particle shape or qualitatively described as rough or smooth. It

is noted that roughness is beyond the scope of this dissertation.

Figure 4.1 Scale-dependent particle form, roundness, and roughness based on Barret

(1980) (Maroof et al., 2020)

A greater overview of particle shape descriptions can be found in Blott and Pye (2008)

and Maroof et al. (2020). Blott and Pye (2008) used morphology to describe the
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external geometrical expression of sediment soil particles, which include shape and

surface texture. The shape was identified by four aspects, including form, roundness,

irregularity, and sphericity. In their study, the definitions of form and roundness are

similar to those of Barret (1980). The irregularity is independent of form and related

to the indentations (concavities) and projections (convexities) of the particle.

Sphericity is also independent of form and roundness and defined as the degree of the

shape of a particle approximates to a true sphere. In addition, Blott and Pye (2008)

proposed the definition of small circumscribing cuboid that could contain a particle

(SCC) to measure the particle size. The three dimensions in terms of L, I, S which are

perpendicular to each other are equivalent to the side lengths to the SCC of a particle.

More specific definition will be introduced later. Maroof et al. (2020) summarised

two-dimensional and three-dimensional shape descriptions for particle shape

characterization based on published studies. They also proposed new charts for

quantitative-qualitative particle properties according to sphericity, roundness, and

roughness, which are recommended to be used for visual comparison and rough

estimation.

A variety of shape descriptors has been proposed in the review mentioned above. The

present study only focuses on four shape descriptors: namely, the elongation index

(EI), flatness index (FI), convexity (Cx) and roundness (R). These have been chosen

among many existing descriptors because all four are incorporated in the typical

scales for particle morphology. The following subsections will introduce these four

descriptors in detail.

4.2.1 Elongation index (EI)

The elongation index describes the form of a particle. The calculation method

followed is from Blott and Pye (2018) shown in Figure 4.2. The L, I and S dimensions

are used to denote respectively the longest, intermediate, and smallest side lengths of

the smallest imaginary box which can contain a particle. This method was named the

Minimum Bounding Box (MBB) by Bagheri et al. (2015). According to Blott and Pye

(2018), the I and S dimensions are easily combined by first orientating the particle

when the smallest projected area becomes visible. L is then measured in a direction

perpendicular to I and S. The EI can be calculated by equation 4-1:

Elongation Index = I/L (4-1)
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Figure 4.2 Schematic illustration of the Minimum Bounding Box (MBB) of Blott and

Pye (2008) (Bagheri et al., 2015)

Some researchers use the term ‘aspect ratio’ to characterise particle elongation.

Aspect ratio is defined as the ratio of length to width, i.e. the maximum ferret

diameter to the minimum Feret diameter (Kuo and Freeman, 2000; Nouguier-Lehon,

2010; Yang and Wei, 2012). Here, the Feret diameter dFeret is the distance between

two parallel lines that are tangent to the outline of the particle image is introduced to

precisely quantify the values of L, I and S, as presented in Figure 4.3. The Feret

diameters dFmax and dFmin are respectively the largest and the smallest values of dF for

a given outline. Therefore, it is very common to come across many different terms to

define the same shape characteristics in existing studies. We need to be careful and

flexible to recognize different terms and expressions for different measurements and

research purposes when doing comparisons.

Figure 4.3 Definition of Feret diameters (Kuo et al., 1996; Cavarretta, 2009)



107

4.2.2 Flatness index (FI)

The flatness index is another shape parameter to describe the form of a particle. Few

researchers consider flatness to describe particle shape according to published papers.

The reason may be that it is not easy to identify the intermediate side length of a

particle, especially for most projection-area based on a two-dimensional image system.

Wentworth (1922), Zingg (1935), Sneed and Folk (1958) proposed a description for

the overall form of a 3D particle shape using at least two independent parameters. The

corresponding diagrams and relevant comparisons can be found in Blott and Pye

(2008). For example, Wentworth (1922) proposed a flatness index for describing

beach pebbles as the normalization [(L + I) / (2S)], i.e. the ratio of the average of the

two larger principal diameters (L, I) to the minor one (S). However, this flatness index

gives a non-unique value. In fact, this flatness index gives a non unique value, so, for

example, it would describe both a disc and a rod with the same number (→∞ ). It

could describe both a disc and a rod with the same number.

Blott and Pye (2008) consider true flatness to be best descripted by the parameter S/I.

As shown in Figure 4.2, FI can be calculated by equation 4-2:

Flatness Index = S/I (4-2)

,where again, followed the MBB method, S is the smallest side length of the smallest

imaginary box which can contain a particle and I is the intermediate side length of the

smallest imaginary box which can contain a particle.

4.2.3 Convexity (Cx)

Convexity describes particle compactness. It reflects how closely a particle represents

a convex hull. This parameter is widely defined as Cx = �/ VCH, where V is the volume

and VCH is the volume of the convex hull. Figure 4.4 illustrates a convex hull in two

dimensions.

Figure 4.4 Schematic illustration of Convexity (Cx) calculation (Wei et al., 2018)
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It is noted that convexity is excluded from the popular three-scale definition for a

particle shape, as shown in Figure 4.1. However, Cx is usually associated with

‘regularity’ or ‘irregularity’ to quantify the shape properties of a convex particle

(Blott and Pye, 2008; Mollon and Zhao, 2012). According to Blott and Pye (2008),

the irregularity is independent of form and related to the indentations (concavities)

and projections (convexities) of the particle. A combination of the measurements of

form, sphericity and roundness is often sufficient to characterize most regularly

shaped particles. In this context, the term ‘regular’ is used to describe shapes with

straight sides or those having a continuously curving outline, in two or three

dimensions. Where a particle exhibits significant indentations (concavities) and

projections (convexities) on its surface, it can be described as irregular. However,

Mollon and Zhao (2012) defined descriptor called regularity as shown in equation 4-3.

Here, P is the perimeter and Pconv is the convex perimeter of the particle as shown in

Figure 4.5. Note that the contour of the particle has to be discretized by a number of

points to represent its perimeter confidently. With the definition of equation 4-3, a

perfectly convex particle (such as a circle, for example) therefore has an infinite

regularity. However, due to round-off error in the floating-point algorithm used to

compute the convex envelope, a regularity greater than 3 or 4 (corresponding to a

relative difference between the perimeter and the convex perimeter smaller than 10-3

or 10-4, respectively) is virtually equivalent to a perfect regularity. As mentioned

earlier, there is no unified shape description system to obtain a useful and accurate

identification of a particle shape index for any particulate material.

Regularity = log ( �
�h�ܲ�ܿ�

) (4-3)

Figure 4.5 Shape descriptor of an illustrative particle: regularity=1.431 (Mollon and

Zhao, 2012)
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4.2.4 Roundness (R)

In general, roundness or angularity is the ratio of the average radius of the surface

feature curvatures to the radius of the maximum sphere that can be inscribed in the

particle. It can be formulated as equation 4-4 based on Figure 4.6.

Figure 4.6 Illustration of roundness descriptor (modified from Krumbein and Sloss,

1963; Cho et al., 2006)

(4-4)

where ri is the radius of the inscribed circle associated with a surface feature of the

particle, N is the number of features, and rmax is the radius of the largest circle that

may be inscribed within the particle.

According to the roundness calculation, it is not hard to deduce that there would be

many operator-dependent errors. However, the 3D DEM numerical technique used in

this dissertation to prepare particle shapes not only can provide a relatively accurate

measurements in an efficient manner, but also can lessen potential operator-dependent

and image-analysis errors compared to those observed in experimental particle shape

investigations. Furthermore, systematic particle shape indices also help to describe a

particle objectively. That is also the unique point or contribution we provide in this

dissertation.

4.2.5 Simulation design with different particle shapes

Investigating the influence of a specific shape factor on shear behaviour and

separating the relative individual contributions of EI, FI, Cx and roundness are

original and different from the previous chapters, which contained compilations of

previous researchers.
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According to the particle classification terminology proposed by Blott and Pye (2008),

there are five classes of shapes based on the degree of elongation (I/L) and flatness

(S/I), as shown in Table 4.1. From not elongate/flat (class 1) to extremely elongate/flat

(class 5). Table 4.2 provides roundness classification schemes based on Wadell’s

(1932) method of measurement. In general, researchers proposed three categories of

roundness: R between 0 and 0.17 as very angular to angular; R between 0.17 to 0.70

as angular to rounded; R between 0.70 to 1.0 as rounded to well-rounded.

Table 4.1 Suggested classification for EI and FI (Blott and Pye, 2008)

Table 4.2 Degrees of roundness: Wadell values (modified after Blott and Pye, 2008)

Grade terms Russell and

Taylor (1937)

Pettijohn

(1949)

Powers (1953) Blott and Pye

(2008)

Class limit Class limit Class limit Class limit

Very angular N/A N/A 0.12 - 0.17 N/A

Angular 0.00 – 0.15 0.00 – 0.15 0.17 – 0.25 0.00 – 0.13

Sub-angular 0.15 – 0.30 0.15 – 0.25 0.25 – 0.35 0.13 – 0.25

Sub-rounded 0.30 – 0.50 0.25 – 0.40 0.35 – 0.49 0.25 – 0.50

Rounded 0.50 – 0.70 0.40 – 0.60 0.49 – 0.70 0.50 – 1.00

Well rounded 0.70 – 1.00 0.60 – 1.00 0.70 – 1.00 N/A

N/A: no applicable.
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Although these classification schemes are obtained from different measurements as a

useful system for the research purposes of this dissertation, we have designed

different ranges of particle shape indices, as shown in Table 4.3, to investigate particle

shape effects on direct shear behaviour. Here, we employ the samples to cover wide

ranges of particle shapes: elongation index from class 1 (not elongate) to 4 (very

elongate); flatness index from class 1 (not flat) to 3 (moderately flat); roundness index

from angular to well-round. One of the main objectives of this dissertation is to

separate the relative contributions of a specific shape factor to shear behaviour.

Specifically, to investigate the elongation effect on shear behaviour, we control other

shape parameters, such as the flatness index, roundness, and convexity to be the same

or similar values. The particle shapes in the flatness index and roundness groups

follow a similar design concept. Additionally, for particle shapes in the convexity

effect group, we have designed one longer and one shorter group to consider a larger

range of elongation. It should be noted that this ‘one parameter at a time’ investigation

will not detect all situations. For example, roundness may become very influential for

flat particle (low FI) but not for particles with FI = 1, as Table 4.3 only investigates

the effect of roundness for a ‘bumpy sphere’ with EI = FI = 1. The situation with low

FI and low roundness has not been checked. Many other combinations can be

investigated in future study using a robust design of experiments approach proposed

by Hanley et al. (2011).

Table 4.3 Simulation design with different particle shapes
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Compared with existing particle shape studies, there are four characteristics unique to

the particle shape design in this study. (1) A systematic study on particle shape is

conducted. We can investigate a particle with different shape descriptors at the same

time. (2) We can investigate the influence of a specific shape factor on shear

behaviour and separate the relative individual contributions of EI, FI, Cx and

roundness. (3) The ranges we take into consideration for each particle shape index are

larger than those in published studies and may provide more comprehensive

references for the particle shape design. (4) In addition, we prepare samples using 3D

DEM (PFC version 5.0) which can represent real soils well.

4.3 Numerical sample preparation procedures

4.3.1 Soils

To replicate experimental direct shear tests with pure sand well, numerical

simulations for soil incorporate the same particle size distribution as for real sand.

More details on direct shear tests with pure sand (Fujian Standard Sand) as well as

the corresponding numerical calibration will be presented in Section 4.9. This sub-

section just provides some preliminary information. Table 4.4 lists the physical

properties of Fujian Standard Sand. The relative density of the sand sample during

preparation reached 0.95 with a dry density of 1.611 g/cm3. There are two reasons for

choosing Fujian Standard Sand from China as the study subject in this dissertation: (1)

the main purpose is to explore tyre rubber – sand pull-out mechanisms based on the

corresponding experimental tests of Li et al. (2017). The same soil is adopted to

maintain consistency and suitable comparability with the published studies; (2) Fujian

Standard Sand is one of the most common and popular sands used in published
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geotechnical research and actual engineering practice. Using Fujian Standard Sand in

this study could provide a more practical reference guide.

Table 4.4 Physical properties of Fujian Standard Sand (Li et al., 2017)

Since the computational time in DEM simulations is highly dependent on the number

of particles, an ‘up-scaling’ technique is commonly used to balance the computational

cost against the scaling effect on the sample response (Wang and Leung, 2008; Lin et

al., 2013; Tran et al., 2013). It can be seen in those studies that the mechanical

behaviour of the investigated objects when scaled up yield useful information.

Therefore, the particle sizes of sand in the laboratory tests were scaled up by a factor

of 7 for DEM simulations in this dissertation. It should be noted that different

researchers adopted different scale factors to ensure enough number of particles in the

simulations. There is no an agreed value for each study. There are 15,664 spheres in

total for one set of sand specimen preparation. In addition, a lot of existing research

conclusions can’t be followed directly without considering whether the model is

generated by 3D or 2D, whether the particle is spherical or very irregular. Although

Wang & Guierrez (2010) investigated direct shear specimen scale effects based on 2D

DEM direct shear tests simulations and provided corresponding recommendation

values, they also demonstrated that progressive failure is exactly the in situ failure

mode governing the performance of geotechnical systems. Therefore, this dissertation

checks the number of particles is around 10,000 (which is commonly used in 3D

simulations) firstly, and then ensure the progressive failure or shear influencing zone

is obvious and complete without the influence of boundary. By trial and error to

change the particle scale factor to meet these two criteria. More investigations on

particle size scale effect can be found at Section 4.8. Figure 4.7 shows the particle size

distribution of sand in laboratory tests and in DEM simulations.
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Figure 4.7 Particle size distribution of sand in laboratory tests and in DEM

simulations (Li et al., 2017)

After introducing the particle size distribution of sand in DEM simulation, it is

necessary to present micro parameters for soil. Generally, the micro property

parameters of DEM samples originated from data measured through experiments and

assumptions. The main micro parameters for soil include particle density, particle

diameter, particle size distribution, inter-particle friction and stiffness. Table 4.5 lists

the micro parameters for numerical soil simulation. The linear contact model is

adopted. According to PFC3D Version 5.0 (Itasca, 2019), E* represents the effective

modulus, the relationship between the particle effective modulus (E*) and normal

contact stiffness (kn) at each contact is expressed as:

* 2 nkE
R

 (4-5)

, where R equals the sphere radius (Itasca, 2019).

The normal-to-shear stiffness ratio, kn/ks (ks refers to the tangential contact stiffness)

is within the range of (1.0, 1.5), which was suggested by Goldenberg and Goldhirsch

(2005) for real particulate materials. Hence, kn/ks is set at 1.2 for the present study.

Coetzee (2016) conducted the angle of repose for crushed rock experimentally and

numerically to calibrate the particle-particle friction using different clump types. The

results indicate that when the friction coefficient is larger than 0.3, the angles of

repose of specimens made of 4-clumps and 8-clumps remained largely unchanged

and within the bounds of the experimental results, while for the specimen made of 2-
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clumps where the angle of repose remained slightly lower. Considering the calibration

purpose in this dissertation is for cohesionless sand made of 4-clumps later, friction

coefficient of the particles of 0.2 is adopted. Another important micro parameter

particle effective modulus is then changed iteratively until the predicted macro

response matches the measured result.

Table 4.5 Micro parameters of sand in numerical direct shear tests

Density of the soils [kg/m3] 2650

Particle diameter [mm] Gradation as in Figure 4.1

Particle effective modulus, E* [MPa] 40

Normal-to-shear stiffness ratio, kn[S]/ks[S] 1.2

Friction coefficient of the particles 0.2

Friction coefficient between the particles and the

walls

0.0

4.3.2 Walls

A shear box 60 mm long × 60 mm wide × 40 mm high, as illustrated in Figure 4.8, is

split horizontally to simulate two equal boxes: an upper box and a lower box with

rigid walls. Walls generated include top wall, bottom wall, left wall, right wall, front

wall and back wall, as named in Figure 4.8. Thus the left, right, front and back walls

each have two regions (top left wall and bottom left wall; top right wall and bottom

right wall; top front wall and bottom front wall; top back wall and bottom back wall)

as illustrated in Figure 4.8. Apart from these main walls, there are two extra walls

extending outside the middle position of the box. These two walls help maintain the

same cross area during the shearing process. Therefore, there are 12 walls in total.
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Figure 4.8 Three-dimension direct shear box in DEM simulation

It is important to note that in PFC3D the walls intersect but do not interact: the walls

only interact with particles. The corresponding input parameters for the walls such as

the normal-to-shear stiffness ratio (1.2) and the effective modulus (40 MPa) are the

same as for soils, which would be an effective confinement when the particles are

moved and rotated by large contact forces inside the walls (Itasca, 2019).

4.3.3 Sample preparation procedures

The basic DEM sample preparation procedure for sand direct shear tests generally

include the following stages: (1) Setting the boundary conditions (walls) for particle

generation; (2) Generating the initial sample along with the corresponding properties,

such as inter-particle friction, effective modulus; (3) Consolidating the initial sample

to a desired confining pressure; (4) Shearing the consolidated sample to reach a

desired horizontal displacement under the given confining pressure. Figure 4.9 shows

the sample preparation for all four stages. A dense sample composed of two-pebble

clumps sheared under 30 kPa normal stress was chosen to introduce the sample

preparation procedures. Details have been expanded a bit for each stage of the sample

preparation.
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Figure 4.9 Sample preparation procedures of soil direct shear tests

 Stage 1: direct shear box generation. The inside of the shear box measures

60 mm long, 60 mm wide and 40 mm high. It is the same size as the real

laboratory direct shear test boxes introduced in Section 4.9.

 Stage 2: initial sample preparation. We randomly chose a particle shape

along with the shape index information shown in Table 4.6 to conduct

numerical direct shear tests: the two-pebble clump is simple. However, various

particle shapes will replace the clump in the successive particle shape analyses.

In total, there are 15,664 particles were generated, as shown in Figure 4.10. It

should be noted that in order to ensure the simulation has enough up-scaled

particles to give representative behaviour, the method adopted in this

dissertation is to check the influencing zone of shear band should not exceed

the boundary of rigid walls during the whole shearing. The scale factor

together the porosity applied in current simulation have been tried and error

many times before taking these values in sample preparation. Other input

parameters are presented in Table 4.6. It should be noted that the input

porosity for sample generation set as 0.15 for all cases. When the particle

shape becomes different, the total number of particles in the box is slightly

different. In addition, all the particles are allowed to overlap each other when

they are generated within the box and their initial orientations are randomly

chosen.
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Figure 4.10 Initial sample preparation with 15,664 particles in the box

Table 4.6 Particle shape information in sample preparation

Value

Elongation index (EI) 0.8

Flatness index (FI) 1.0

Convexity (Cx) 0.98

Roundness (R) 1.0

 Stage 3: compression. This stage has three steps. Changing related input

parameters, i.e. inter-particle friction, can produce samples in three different

steps. Table 4.7 lists the information about the three different steps. For

example, for a dense sample, Step 1: the inter-particle friction (f0) was set at

zero during consolidation to 4.5 kPa. Step 2: the inter-particle friction (f1) was

changed to 0.2 for compression from 4.5 kPa to 5.0 kPa. Here, we can obtain

the initial void ratio of the sample. The corresponding initial void ratios for

loose, medium dense and dense samples are 0.538, 0.526 and 0.452,

respectively. Step 3: from 5.0 kPa to the target stress level (take 30 kPa as an

example), the inter-particle friction of 0.2 is kept constant. The medium dense

sample and the loose sample can be similarly prepared. It is important to note

that, to prepare a loose sample, particle spin was fixed from beginning to 5.0
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kPa. Then particle spin was free from 5.0 kPa to 30 kPa, even as the whole

shearing stage approximated the state for real sand.

Table 4.7 Three different steps of sample preparation at the compression stage

Specimen information Step 1 Step 2 Step 3

Stress level 0 – 4.5 kPa 4.5-5 kPa 5-30 kPa

Inter-particle friction f0 f1 f2

Dense sample 0 0.2 0.2

Medium dense sample 0.2 0.2 0.2

Loose sample 0.5 0.2 0.2

 Stage 4: shearing and calculation. Like laboratory conditions, the lower box

was allowed to move horizontally at a velocity of 50 mm/s while the upper

box remained fixed. Figure 4.11 shows the unbalance force ratio during the

entire shearing process is below 10-3. Here, the unbalance force ratio or the

average ratio (or aratio) is relative indicator commonly used to assess how far

a system is from an equilibrium state. For the mechanical process, this ratio is

defined as the ratio of the average value of the unbalanced force magnitude

(i.e., magnitude of the sum of the contact forces, body forces, and applied

forces) over all bodies to the average value of the sum of the magnitudes of the

contact forces, body forces and applied forces over all bodies. Each simulation

was sheared to a horizontal displacement of 10 mm, i.e., the maximum

horizontal displacement observed in the tests. Throughout the shearing process,

the inter-particle friction coefficient was set at 0.2. The displacement of the

top plate was recorded to determine the associated change in volume, and a

subroutine was developed to capture the resultant forces generated in the

lower-box walls.
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Figure 4.11 Unbalance ratio during the whole shearing process

For the computational calculation. As shown in Figure 4.12, the shear force Fs can be

calculated by considering the equilibrium of forces in a horizontal direction. The

normal stress is 30 kPa. Fs acting on the horizontal shear plane can be calculated as

follows:

Fs = Fs1 - Fs2 (4-6)

where Fs1 and Fs2 are the shear forces acting on the bottom-left wall and the bottom-

right wall, respectively. The length and width of the shear box are L and B,

respectively. If the box is sheared at a velocity of v, then at time t, the contacted

shearing area of the shear band incorporating the shear displacement is B(L-vt). The

shear stresses are now readily computed as:

τs = ��
�o�h�te

(4-7)

where τs = shear stress.
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Figure 4.12 Computational calculation in numerical direst shear tests

4.3.4 Dense and loose samples under numerical direct shear tests

In order to obtain an identical specimen in DEM and validate the correctness of the

sample preparation process, we prepared sand samples in three different states (dense,

medium and loose) under normal stress at 30 kPa to carry out numerical direct shear

tests. The sample preparation procedures and micro parameters are explained in

Section 4.3.3. In the successive particle shape analyses, all the soil samples are

prepared in a dense state under 30 kPa normal stress.

Figure 4.13 shows the numerical direct shear test results. Here, horizontal shear strain

is the ratio of the displacement of the lower box to the height of the upper and lower

boxes. As expected, Figure 4.13 (a) shows that the dense sample has an obvious peak

stress at shear strain of 2.5%, while the medium-dense and loose samples show lower

peak stresses. The loose sample and medium-dense sample initially displayed no peak

strength, but eventually reached the same critical shear stress as the dense sample.

These three cases reached a similar critical stress which was expected.

Figure 4.13 (b) shows the evolution of void ratio during shearing. It indicates that the

void ratio for loose specimen follows a decreasing trend, ranging from 0.566 to 0.538.

The void ratio for medium dense sample decreases slightly from 0.522 to 0.518, and

then increases to a constant value of 0.525. While the dense sample undergoes an

obvious dilation, with the corresponding void ratio increasing from 0.39 to 0.451.

The critical void ratio of dense sample is lower than those other two cases. The reason

may be that void ratio for specimen is global value for the whole shear box, which

can’t replicate the real sand configuration accurately during shearing. In addition,
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stresses on the top wall and bottom wall are not homogeneous when using direct shear

tests.

Figure 4.13 (c) shows the relationship between volume strain and shear strain. Here,

vertical volume strain is the ratio of the displacement of the free loading plate (top

wall in Figure 4.8) to the height of the upper and lower boxes. The positive volume

strain represents the upward movement of the loading plate, indicating particle

dilation, while the negative volume strain indicates that the particles become denser

during shearing. It can be observed that the dilatancy of the dense sample is

remarkable. This observation suggests that during shearing, the shear-box lid is

moving upward, and the sample is increasing in volume, or dilating. As for the loose

samples, there is a tendency to contraction: the shear-box lid is moving downward,

and the sample is decreasing in volume, i.e. undergoing compression.

Figure 4.13 (d) shows the stress-dilatancy curve. The vertical axis is the stress ratio;

the horizontal axis represents the gradient of volumetric strain increment as well as

the shear strain increment. We used a 3 point- LINEST function to get this figure.

This curve can further serve to verify that all samples reach the same critical stress

state, but also to validate the correctness of the model and simulation carried out.

(a) Shear stress versus shear strain (b) Void ratio versus shear strain
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(c) Volume strain – shear strain (d) Stress – dilatancy relationship

Figure 4.13 Numerical direct shear test results of different states of sand: (a) Shear

stress - shear strain relationship; (b)Void ratio – shear strain relationship; (c) Shear

strain – volume strain relationship; (d) Stress – dilatancy relationship

4.4 Elongation index (EI) effect

4.4.1 Packing ability

The effect of the elongation index on the maximum and minimum void ratios is

explored in Figure 4.14. It is noted that only EI is variable, other particle shape

indices like FI, R and Cx maintain constant. It can be observed that when the particle

shape slightly deviates from the sphere shape (EI = 1.0), both the minimum void ratio

(e-min) and the maximum void ratio (e-max) reach a minimum where EI = 0.7. That

means that an extended particle shape sufficiently close to that of a sphere allows for

better filling of the void spaces than perfectly spherical particles. For lower EI, more

lengthened shapes generate an increase in void ratios. Clearly, in the cases of a low EI

(< 0.7), platy elongated grains bridge the gaps between the grains and create large

open voids, thus hindering both particle mobility and, consequently, inhibiting dense

packing configurations.
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Figure 4.14 Elongation index (EI) effect on extreme void ratios

Cho et al. (2006) gathered data with 30 different natural and crushed sands to

investigate the effect of sphericity and roundness on packing density. In Cho’s study,

sphericity and roundness are determined by observing individual grains through a

stereomicroscope and comparing the observed geometry against two-dimensional (2D)

figures. In addition, the sphericity refers to the global form of the particle and reflects

the similarity between the particle’s length, height, and width. Sphericity can be

quantified as the equation 4-8 based on the illustration of Figure 4.6.

Sphericity = rmax–in / rmin–cir (4-8)

Where r max–in is the diameter of the largest inscribed sphere, r min–cir is the smallest

circumscribed sphere. That means the calculation of sphericity by Cho et al. (2006) is

equivalent to the EI definition as shown in Equation 4-1 in this dissertation. Figure

4.15 shows that both emax and emin increase as sphericity decrease. No transition

point occurs like the phenomenon shown in Figure 4.14. Note that Cho et al. (2006)

took natural and crushed sands as their research object so that it is not possible to

separate out the relative contributions of roundness and sphericity from their

measurements. This fact may provide an explanation for the different trend shown in

Figure 4.14 and 4.15.
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Figure 4.15 Effect of sphericity on void ratios for natural sands (Cho et al., 2006)

Salot et al. (2009) used 3D DEM to investigate the influence of particle shape on the

minimum and maximum porosities. The open source DEM software SDEC (Spherical

Discrete Element Code) is used, which is based on the molecular dynamic method and

integrates 3D sphere assemblies (Donzé et al., 1996). These researchers defined an

angularity coefficient, denoted as ang. This coefficient quantifies the concave aspect

of the element based on the distance d between two spheres composing an element

and their radius R as shown in Figure 4.16 (a). The morphology of an element is

defined in terms of the number of spheres that compose the element and the angularity:

for example, model 1R for independent spheres and model 2R for axisymmetric

elements comprising two spheres. For easier comparison, the ang can be converted

directly to EI using the equation shown in Figure 4.16 (a) or equation 4-1. Figure 4.16

(b) shows the corresponding EI after conversion from ang. The ang = 0.0 ~ 1.4

corresponds to EI = 1.0 ~ 0.42. And more results are shown in Figure 4.16.
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(a) Calculation of ang (b) Convertible values

Figure 4.16 Calculation of angularity coefficient and the convertible EI values: (a)

Calculation of ang; (b) Convertible values (modified after Salot et al., 2009)

Figure 4.17 (a) reports the original results from the angularity effect on extreme

porosities. Tests were conducted for five angularity values (0, 0.2, 0.6, 1 and 1.4) for

the two-sphere elements (2R model). Figure 4.17 (b) presents the effect of EI on

porosities after convertible calculation based on Figure 4.17 (a). Porosity of n = 0.3-

0.5 equivalent to void ratio e = 0.43 -1.0. It is observed that a specimen with a higher

EI makes reaching a denser state first possible, corresponding to EI = 0.63. Then the

particle elongation reduces this ability. In the case of very elongated particles, a larger

porosity is expected. This result is consistent with the trend shown in Figure 4.14. It

should be clear that Salot et al. (2009) used only one shape descriptor to define

particle morphology despite a trend quite comparable to the results reported in this

dissertation.

(a) Porosity of n versus ang (b) Porosity of n versus EI
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Figure 4.17 Influence of angularity / EI on minimum and maximum porosities for

Model 2R: (a) Porosity of n versus ang; (b) Porosity of n versus EI (modified after

Salot et al., 2009)

Nouguier-Lehon (2010) used 2D DEM to study the effect of grain elongation on the

behaviour of granular materials subjected to biaxial compression. The definition for

elongation ratio is equivalent to EI. Figure 4.18 shows that the initial void ratio

decreases with an increase in the elongation ratio (or EI), reaching a minimum value

when EI = 0.7 and that the trend increases with an increase in EI. This trend is

consistent with the results shown in Figure 4.14. It is noted that the overall void ratios

obtained by Nouguier-Lehon (2010) are lower than those shown in Figure 4.14. The

main reason is that samples made of discs in 2D are denser than samples made of

spheres in 3D.

Figure 4.18 Initial void ratio e0 as a function of the elongation ratio b/a (Nouguier-

Lehon 2010)

Altuhafi et al. (2016) investigated the effect of particle shape on the mechanical

behaviour of natural sands. These authors defined the aspect ratio (AR) as the ratio of

the Feret minimum to the Feret maximum diameters based on 2D images (Altuhafi et

al., 2013). The aspect ratio here is the same as the EI in this dissertation. It is observed

from Figure 4.19 that both emax and emin follow a decreasing trend with an increase

in AR. The more angular sands like DBS and Ube Massado sands have higher ranges

of minimum and maximum void ratio, whereas other sand e.g. Ottawa sand has a

lower range of void ratio, which is more similar to the range of simulations results

shown in Figure 4.14. However, it is not possible to separate out a relative particle
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shape index for real soils. In addition, the range for aspect ratio of particles considered

in Figure 4.19 is not that much wider than those in this dissertation.

Figure 4.19 Effect of aspect ratio on packing ability of natural sands (Altuhafi et al.,

2016)

Yang et al. (2019) studied the effect of aspect ratio and sphericity on sand packing

and mechanical behaviour based on a series of X-ray micro-computerised tomography

(μCT) imaging tests. Figure 4.20 shows that as the AR of particulates increases, the

extreme void ratios decrease. Similarly, a trend is observed in the range of EI = 0.35 –

0.7 as shown in Figure 4.14. Here, AR is given as the average value of three

characteristics: elongation, flatness, and isotropy, based on Feret diameters (Kuo et al.,

1996; Kuo and Freeman, 2000).
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Figure 4.20 Effect of 3D grain shape characteristics on packing void ratios of sands

(Yang et al., 2019)

4.4.2 Stress – dilatancy relationships

Figure 4.21 (a) that almost all samples with different types of shapes exhibited the

strain-softening behaviour. Shear stresses at both peak and critical states vary with a

variation in particle shape. In addition, the level of shear strain that the peak strength

reaches are different for each specimen. The relevant reviews will be presented in

successive sub-sections. Figure 4.21 (b) shows that specimens with various shapes

exhibit an obvious dilation behaviour. Spherical particles with EI = 1.0 exhibit lower

volume strain compared with other non-spherical particles. This may correspond to

the initial void ratio for particles (EI = 1.0) is higher as shown in Figure 4.14. It’s also

interesting to observe that there is also a higher void ratio for EI=0.35. But the final

volumetric strain for EI=0.35 is the highest. The high total volumetric strain for

EI=0.35 confirmed that it was affected by the scale effect.

Figures 4.21 (c) and (d) show the stress-dilatancy curves. It can be observed that the

maximum dilatancy rate was reached in the region of the maximum stress ratio. The

results show that the maximum dilatancy rate values are quite similar for EI = 0.8 ~

0.95, which relates to the similar difference between peak and critical state angle (ϕp -

ϕcs) as shown in Figure 4.22. However, when EI decreases from 0.8 to 0.35 (particles

are more elongated), critical state strength increases. The corresponding friction angle

difference (ϕp - ϕcs) reduces together with the reduction of maximum dilatancy rate. It
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should be noted that some loose specimens (e.g., EI = 0.53 and 0.8) were not sheared

sufficiently to reach the critical state, and the final stress state did not reach the nil

dilatancy condition. But it will not affect prediction of a reasonable critical stress ratio

with the addition of a trend line to facilitate the interpretation of results.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) EI = 0.35, 0.53 and 0.7 (d) Stress ratio versus dilatancy

Figure 4.21 The effect of EI on typical curves in direct shear tests: (a) Shear stress

versus shear strain; (b) Volume strain versus shear strain; (c) EI = 0.35, 0.53 and 0.7;

(d) Stress ratio versus dilatancy

4.4.3 Peak and critical friction angles

The effect of the elongation index on internal friction angles at peak and critical states

is shown in Figure 4.22. The largest peak friction angle is exhibited by the sample
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made of non-spherical particles with EI = 0.8. This can relate to the fact that these

particles also constitute the densest sample, as shown in Figure 4.14. This finding is

also consistent with the maximum stress ratio when the sample reaches the minimum

dilatancy rate for EI = 0.8, shown in Figure 4.21 (d). Beyond the transition point, the

peak friction angle decreases with EI. However, we observe a linear increase in the

critical friction angle as EI decreases. This explains why particles with lower EI are

associated with greater irregularity of the sand specimen, contributing to the inter-

particle interlocking of angular grain corners during shearing at the critical state. Thus,

may directly increase the critical friction angle.

Figure 4.22 Effect of EI on peak and critical friction angles

Comparison with existing numerical results

Figure 4.23 shows a similar trend for both peak and critical friction angles for various

EI values; an obvious transition point in peak friction angle which is closely related to

the corresponding packing ability and dilation rate; a linear relationship between EI

and friction angle; higher EI, lower critical friction angle. More details are introduced

in Section 4.4.1.
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Figure 4.23 Effect of elongation ratio (b/a) on friction angles (Nouguier-Lehon 2010)

The results of another comparable numerical shape study are found in Yang et al.

(2016). Figure 4.24 illustrates the particle shapes generated by 2D DEM and the

definition of aspect ratio. Here, the aspect ratio (AR) is equivalent to EI in this

dissertation. There are eight categories of particle shapes with different quantitative

values for the shape indices: circular (C) with AR = 1.0 (Figure 4.23 (b)); elongated 1

(E1) with AR = 0.952; elongated 2 (E2) with AR = 0.909; elongated 3 (E3) with AR =

0.80; elongated 4 (E4) with AR = 0.667; elongated 5 (E5) with AR = 0.50; triangular

(T) with AR = 0.957 and rhombus (R) with AR = 0.804. Figure 4.25 shows the effect

of AR on peak and friction angles based on 2D numerical biaxial drained tests. It can

be observed that the peak friction angle in these granular assemblies dramatically

increases with a low AR, and slightly decreases with a large AR. The critical friction

angle increases directly with a decrease in AR. This trend is consistent with the 3D

numerical particle shape study results shown in Figure 4.22.

(a) Definition of aspect ratio (b) Particle shapes

Figure 4.24 Illustration of particle shape index and schematic of the particle shapes: (a)

Definition of aspect ratio; (b) Particle shapes (Yang et al., 2016)
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(a) Effect of aspect ratio on peak friction angles

(b) Effect of aspect ratio on critical friction angles

Figure 4.25 Numerical results: (a) Effect of aspect ratio on peak friction angles; (b)

Effect of aspect ratio on critical friction angles (Yang et al., 2016)

Comparison with existing laboratory results

The trend presented in Figure 4.22 is generally consistent with results from several

previous studies (Yang and Luo, 2015; Altuhafi et al., 2016; Yang et al., 2019) on

natural and crushed sands, showing that critical friction angle decreases with the

elongation index. For example, Figure 4.26 shows that the critical stress ratio for the

binary mixtures decreases with an increase in aspect ratio. It should be clear that the

assemblies adopted by Yang and Luo (2015) is a mixture of Fujian sand and glass

beads. Therefore, the AR is the average value for two types of grains. More
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information on particle shapes based on Figure 4.27 and 4.28 are introduced in

Section 4.4.1.

Figure 4.26 Correlation of critical stress ratio with aspect ratio (Yang and Luo, 2015)

Figure 4.27 Effect of aspect ratio on critical friction angle (Altuhafi et al., 2016)

Figure 4.28 Effect of aspect ratio on friction angle at critical state (Yang et al., 2019)
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4.4.4 Shear strain at peak strength

When we process the calibration work for soils, we compare the numerical results

with the corresponding laboratory results. A good match means the numerical model

along with the micro parameters adopted can correctly interpret the experimental tests.

During this process, the peak stresses at different stress levels are extensively

investigated. To provide helpful references to calibrate soils efficiently, we

summarised how and to what degree particle shapes influence the strain at the peak as

shown in Figure 4.29. Here, values for the shear strain were recorded at different

corresponding peak stress levels as shown in Figure 4.29 (a). It can be observed from

Figure 4.29 (b) that the strain at peak has a decreasing trend with an increase in the

elongation index. These findings are compatible with the numerical results presented

in Figure 4.21.

(a) Identification of strain at peak (b) Strain at peak versus EI

Figure 4.29 Effect of EI on shear strain at peak strength: (a) Identification of strain at

peak; (b) Strain at peak versus EI

4.5 Flatness index (FI) effect

4.5.1 Packing ability

The effect of flatness index on the maximum and minimum void ratios is explored in

Figure 4.30. The results indicate that FI affects neither the maximum void ratio nor

the minimum void ratio. The reason may be that in these cases, EI may play a

dominant role in influencing packing ability: The three specimens with different FI all

have the same EI (=0.6). According to Figure 4.14, samples with an EI around 0.6
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exhibit very dense packing. Even at different FI values, the specimens fail to pack any

closer. In addition, it may also relate to the preferential orientations of these non-

spherical particles during shearing. The particles adopted for the simulation shown on

Figure 4.30 are likely to line up parallel to each other and to the bottom of the shear

box.

Figure 4.30 Flatness index (FI) effect on extreme void ratios

4.5.2 Stress – dilatancy relationships

Figure 4.31 shows the effect of FI on typical curves from direct shear tests. It can be

observed from Figure 4.31 (a) that a specimen with a low FI undergoes slightly higher

peak stress than a specimen with a high FI. This phenomenon corresponds to a

slightly decreasing trend for the minimum void ratio with FI, as shown in Figure 4.30.

In addition, the volume strain evolution shown in Figure 4.31 (b) is also linearly

related to the initial packing configurations. Figure 4.31 (c) indicates that some loose

specimens (e.g., FI = 0.6) were not sheared sufficiently to reach the critical state, and

the final stress state did not reach the nil dilatancy condition.
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(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress – dilatancy relationships

Figure 4.31 Flatness index (FI) effect on typical curves in direct shear tests: (a)

Shear stress versus shear strain; (b)Volume strain versus shear strain; (c)

Stress – dilatancy relationships

4.5.3 Peak and critical friction angles

Figure 4.32 summarises the FI effect on peak and critical friction angles based on

Figure 4.31 (a). The effect of FI on the peak friction angle is marginal, whereas the
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critical friction angle increases a lot with a decrease in FI. In general, specimens with

high FI bulge more. However, specimens with low FI are more difficult to realign

during shearing and, thus, may directly increase the critical friction angle. These

results indicate that peak friction angle of grains have a direct relationship with their

packing abilities, while the critical friction angle is strongly dependent on specimen

particle shape. This phenomenon also manifests itself in EI effects, as shown in Figure

4.14 and 4.22.

Figure 4.32 Flatness index (FI) effect on peak and critical friction angles

4.5.4 Shear strain at peak strength

Figure 4.33 shows the FI effect on shear strain at peak strength based on Figure 4.31.

It can be observed that the effect is minimal despite a very slightly increasing trend

with FI. It is noted that there are few comparable results about FI effects on packing

ability and friction angles in existing studies on particle shapes. As mentioned earlier,

the reason may be the fact that it is not easy to measure three-dimensional information

(intermediate side length of a particle). Most of researchers focus on the two-

dimensional level to identify and describe granular material.
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(a) Identification of strain at peak (b) Strain at peak versus FI

Figure 4.33 Effect of Flatness index (FI) on shear strain at peak strength: (a)

Identification of strain at peak; (b) Strain at peak versus FI

4.6 Convexity (Cx) effect

4.6.1 Packing ability

The effect of convexity on the maximum and minimum void ratio is presented in

Figure 4.34. In general, the void ratio decreases with an increase in Cx. It is not hard

to understand that, for particles with low Cx, more gaps arise due to convex and

concave features when packing. However, particles with high Cx usually generate

fewer gaps during realignment, consequently resulting in more efficient packing. It

can be observed that void ratios of particles with low EI are higher than those with

high EI. This observation is compatible with results shown in Figure 4.14. For

example, when EI = 0.5, we notice that Cx = 0.99, e-max = 0.6 (Point A) and e-min =

0.4 (Point B). We can find corresponding values from Figure 4.14, when EI = 0.53,

we notice that Cx ≈ 0.98, e-max = 0.56 and e-min = 0.4. The small difference in

values of e-max is strongly related to EI values. Similar observations can be found in

Figure 4.35, as presented by Altuhafi et al. (2016) in their research on natural sands

without separating out a relative particle shape index. But beyond that, the range of

Cx is around 0.9 ~ 0.98, which is relatively narrow for most granular materials.
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Figure 4.34 Convexity (Cx) effect on extreme void ratios

Figure 4.35 Effect of convexity on packing ability of natural sands (Altuhafi et al.,

2016)
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4.6.2 Stress – dilatancy relationships

Figure 4.36 shows the effect of convexity (Cx) on shear responses. From Figure 4.36

(a), it can be observed that for particles with EI = 0.5, typical strain hardening and

strain softening behaviours are obvious. However, for particles with EI = 0.25, the

shear stress against shear strain plots typically show no significant peaks (or no peaks

at all). Figure 4.36 (b) shows that when shearing strain is beyond 10%, volume strains

for particles with EI = 0.25 are greater than those with EI = 0.5. Figure 4.36 (c), (d)

and (e) indicate that all specimens are not sheared sufficiently, suggesting

achievement or near achievement of a critical state at those levels of deformation.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus dilatancy
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(d) Stress - dilatancy (EI = 0.25) (e) Stress – dilatancy (EI = 0.5)

Figure 4.36 Convexity (Cx) effect on typical curves of direct shear tests: (a)

Shear stress versus shear strain; (b) Volume strain versus shear strain; (c)

Stress ratio versus dilatancy; (d)Stress - dilatancy (EI = 0.25); (e) Stress -

dilatancy (EI = 0.5)

4.6.3 Peak and critical friction angles

Figure 4.37 summarizes the effect of convexity (Cx) on peak and critical friction

angles based on Figure 4.36. In general, these angles follow a decreasing trend with

Cx. It is interesting to observe that particles with EI = 0.25 have similar peak and

critical friction angles. This result is consistent with the potential trend shown in

Figure 4.22, although its EI values start at 0.35. The reason may be that specimens are

too long to be sheared sufficiently, as shown in Figure 4.36.

For specimens with EI = 0.5, low Cx has a larger critical friction angle due to the

contributions of convex and concave particle surface features. Similar findings were

made by Yang and Luo (2015) as shown in Figure 4.38 and Altuhafi et al. (2016) as

shown in Figure 4.38. It should be noted that the range of Cx investigated by both

Yang and Luo (2015) and Altuhafi et al. (2016) is quite narrow. In addition, a poor

correlation with Cx (R2 = 0.194) in Figure 4.39, is noticed. All this may be related to

the fact that it is not easy to quantify a separate particle shape descriptor (Cx) for real

sands. Another interesting observation is that peak friction angles for both EI = 0.25
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and EI = 0.5 are independent of the corresponding initial packing abilities. It means

particle shape also plays an important role with respect to peak strength.

Figure 4.37 Convexity (Cx) effect on peak and critical friction angles

Figure 4.38 Correlation of critical stress ratio with aspect ratio (Yang and Luo, 2015)
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Figure 4.39 Effect of convexity (Cx) on critical friction angle (Altuhafi et al., 2016)

4.6.4 Shear strain at peak strength

Figure 4.40 shows the effect of Cx on shear strain at peak strength based on Figure

4.36. It can be observed that the location of shear strain at the peak stress fluctuates,

which cannot provide a clear and helpful guidance in numerical calibration work. In

other words, we can take other particle shape descriptors as dominant influencing

factors in adjustments. With Figure 4.29 analysis, Figure 4.40 shows that elongation

index seems to dominate the location of strain at peak.

(a) Identification of strain at peak (b) Strain at peak versus Cx

Figure 4.40 Effect of Cx on shear strain at peak strength: (a) Identification of strain at

peak; (b) Strain at peak versus Cx



145

4.7 Roundness (R) effect
4.7.1 Packing ability

Figure 4.41 shows the effect of roundness (R) on packing ability. It can be observed

that the void ratio follows a decreasing trend with increases in R. This result is

consistent with Cho et al. (2006) as shown in Figure 4.42. The main difference is that

the research object by Cho et al. (2006) is natural sand, which can easily lead to

operator-errors when measuring in three dimensions. It is not hard to demonstrate that

specimens with high R have a greater tendency to pack, thus creating lower void

ratios.

Figure 4.41 Roundness (R) effect on extreme void ratios
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Figure 4.42 Roundness (R) effect on extreme void ratios for natural sands (Cho et al.,

2006)

4.7.2 Stress – dilatancy relationships

Figure 4.43 presents typical curves from direct shear tests. It can be observed that

shear stress increases with horizontal shear strain and reaches a maximum value

before it starts diminishing. As shearing progresses and horizontal strain increases, it

can be observed that shear stress decreases initially and eventually stabilizes. In

addition, all specimens exhibit an obvious dilatation behaviour.
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(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress – dilatancy relationship

Figure 4.43 Roundness (R) effect on typical curves of direct shear tests: (a)

Shear stress versus shear strain; (b) Volume strain versus shear strain; (c)

Stress – dilatancy relationship

4.7.3 Peak and critical friction angles

Figure 4.44 summarises the effect of R on peak and friction angles based on Figure

4.43. Peak friction angles increase with an increase in R, which strongly relate to their

corresponding initial void ratios. However, there are not many changes in critical

friction angles, which is different from traditional concepts as shown in Figure 4.45
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and 4.46. The critical friction angles seem independent of R. The data must mean that

other factors dominate the critical friction angle. The result raises questions about the

definition of roundness. The relationship between the critical friction angle and R may

reflect eccentric particle shape features as well as R values. It should be noted that

many researchers have admitted that it is difficult to measure roundness individually

and to separate out a particle shape index and their influences. In this dissertation, to

hold other shape factors constant, we design some extreme cases (which may not be

common in real natural granular materials) with both EI and FI equal to 1.0. More

different views, including isometric views for particles with different R, are presented

in Figure 4.47.

Figure 4.44 Roundness (R) effect on peak and critical friction angles
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Figure 4.45 Effect of roundness on critical friction angle (Cho et al., 2006)

Figure 4.46 Correlation of critical stress ratio with roundness (R) (Yang and Luo,
2015)
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(a) R = 0.45 (b) R = 0.57 (c) R = 0.83
Figure 4.47 Particle shape template with different separate shape index R: (a) R =

0.45; (b) R = 0.57; (c) R = 0.83

4.7.4 Shear strain at peak strength

Figure 4.48 shows the effect of R on shear strain at peak stress. It can be observed that

the location of shear strain at peak follows a decreasing trend with R. It may provide a

suitable reference for numerical calibration work.

(a) Identification of strain at peak (b) Strain at peak versus R

Figure 4.48 Effect of roundness (R) on shear strain at peak strength:(a) Identification

of strain at peak;(b) Strain at peak versus R
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4.8 Particle size scale effect
The effects of specimen scale in direct shear apparatus on the shear strength

parameters of granular soils has been a well-studied topic since the 1930s, when

Parsons (1936) showed that any variation in the sand friction angle is a function of

shear box size. Wang and Gutierrez (2010) presented a study on the micro-mechanics

of granular materials as affected by the direct shear test scale (specimen length and

height scales in relation to the particle size) using DEM. In this dissertation, we keep

shear box size constant while changing the particle size scale factor to observe

shearing behaviour. We selected four different particle shapes (labelled as Case 1,

Case 2, Case 3 and Case 4, respectively) from the sample simulation design shown in

Table 4.3. Particle size scale factors of 5, 7, 10 and 12 are adopted.

Figure 4.49 and Table 4.8 summarise particle size scale effects on the maximum

dilatancy rate (absolute value of dƐv/ dƐs), the strain at peak, the peak friction angle

and the critical friction angle for Case 1. Figure 4.50 along with Table 4.9, Figure

4.51 along with Table 4.10 and Figure 4.52 along with Table 4.11 provide information

for Cases 2, 3 and 4, respectively. For example, in Case 1, when the scale factors are 5

and 7, the shear stress results are similar. However, when the scale factors are 10 and

12, the shear stress results fluctuate. It means that, for Case 1, using particle size scale

factors of 5 and 7 for the simulation is reliable. The same analytical method can be

applied to the remaining three cases.

(1) Case 1 – EI = 0.35

(a) Particle shape for EI = 0.35
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(b) Shear stress versus shear strain (c) Volume strain versus shear strain

(d) Stress ratio versus dilatancy

Figure 4.49 Particle shape and shear information for case 1: (a)Particle shape for EI =

0.35; (b) Shear stress versus shear strain;(c) Volume strain versus shear strain; (d)

Stress ratio versus dilatancy
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Table 4.8 Scale effect studies for case 1

(2) Case 2 – EI = 0.53

(a) Particle shape for EI = 0. 53

(b) Shear stress versus shear strain (c) Volume strain versus shear strain
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(d) Stress ratio versus dilatancy

Figure 4.50 Particle shape and shear information for case 2: (a)Particle shape for EI =

0. 53; (b) Shear stress versus shear strain;(c) Volume strain versus shear strain; (d)

Stress ratio versus dilatancy

Table 4.9 Scale effect studies for case 2

(3) Case 3 – EI = 0.8

(a) Particle shape for EI = 0.8
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(b) Shear stress versus shear strain (c) Volume strain versus shear strain

(d) Stress ratio versus dilatancy

Figure 4.51 Particle shape and shear information for case 3: (a) Particle shape for EI =

0.8; (b) Shear stress versus shear strain;(c) Volume strain versus shear strain; (d)

Stress ratio versus dilatancy
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Table 4.10 Scale effect studies for case 3

(4) Case 4 – EI = 1.0

(a) Particle shape for EI = 1.0

(b) Shear stress versus shear strain (c) Volume strain versus shear strain
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(d) Stress ratio versus dilatancy

Figure 4.52 Particle shape and shear information for case 4: (a) Particle shape for EI =

1.0; (b) Shear stress versus shear strain;(c) Volume strain versus shear strain; (d)

Stress ratio versus dilatancy

Table 4.11 Scale effect studies for case 4

In summary, the particle size scale factor has an important and obvious influence on

numerical direct shear results. Considering DEM simulation can replicate shear stress

obtained from experimental tests results well, and there still some intrinsic limitations

on capturing the volumetric performance of cohesionless sand, also Huang et al.

(2014) found that the ultimate strength of the material at the critical state is

independent of sample size, this dissertation has not prioritised capturing the
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volumetric strain when choosing the most suitable scale factor. Table 4.12

summarises the results of the particle size scale effect. A tick in Table 4.12 indicates

the numerical results are reliable when adopting that the corresponding scale factor,

while a cross indicates the numerical results are not adequately accurate when

adopting the corresponding scale factor. By comparing different scale factors for four

different particle shapes, there is confirmation here that the scale factor of 7 used in

this dissertation to investigate particle shape effects and further to calibrate sand,

investigate tyre - rubber interface behaviour and perform pull-out tests is reasonable

and reliable.

Table 4.12 Summary of particle size scale effect

Scale factor Case 1

(EI = 0.35)

Case 2

(EI = 0.53)

Case 3

(EI = 0.8)

Case 4

(EI = 1.0)

5

7

10

12

4.9 Experimental and numerical direct shear tests for sand
Particle shape data for real sand (Fujian Standard Sand) is obtained from MorphologI

and microscope at UCL. In addition, a representative particle shape proposed for

DEM model are original and different from previous studies. More specific details are

introduced in the following.

4.9.1 Sand morphology pictures

Figure 4.53 (a) shows the real Fujian Standard Sand sample. In order to observe

particle shape clearly, Figure 4.53 (b) shows the sand picture under microscope. It is

found that the general shape of sand is round. Furthermore, with the help of

MorphologI G3 shown in Figure from UCL, some 2D quantitative particle shape
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information is obtained. Figure 4.54 (a) shows that particle shapes fall into different

size ranges. Table 4.13 summarizes the particle shape information for the Fujian

Standard Sand. Here, the circularity value between 0 and 1 was defined as the ratio of

the perimeter of the surface equivalent disc (Pe) to the real perimeter of the particle

silhouette (Pr) a shown in Figure 4.55. The bigger value means the more alike to the

equivalent circle. It is noted that the qualitative values for aspect ratio and convexity

are consistent with 2D information for Fujian Sand obtained by Yang and Luo, (2015).

(a) Real sand sample (b) Sand sample under microscope

Figure 4.53 Fujian Standard Sand: (a) Real sand sample; (b) Sand sample under

microscope

(a) Sand information under MorphologI (b) MorphologI G3 at UCL

Figure 4.54 Fujian Standard Sand under MorphologI: (a) Sand information under

MorphologI; (b) MorphologI G3 at UCL
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Figure 4.55 Definition of circularity measured by MorphologI G3 (Ji et al., 2015)

Table 4.13 2D qualitative particle shape information from MorphologI G3

Shape parameter Average value

Aspect ratio 0.756

Circularity 0.928

Convexity 0.958

Based on the particle shape picture under microscope along with the 2D shape

information from MorphologI G3 (Figure 4.54 (b)), a representative particle shape for

sand calibration in numerical direct shear tests is proposed (Table 4.14). Note that the

particle shape shown in Table 4.14 does not replicate all the variations of particle

shapes found in real sands, but it could represent the shape for most of the sand

particles. The MorphologI results are 2D, which cannot give information about the

third dimension, perpendicular to the surface on which the particle lie. That means the

3D representative particle shape proposed has made an assumption about the

particles’ shape in its third dimension based on information from the microscope. In

addition, the initial void ratio for this DEM specimen is 0.447, which is lower than

that of experimental data (i.e., emin = 0.61).
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Table 4.14 Representative particle shape adopted in DEM simulation

Value

Elongation index (EI) 0.75

Flatness index (FI) 0.81

Convexity (Cx) 0.97

Roundness (R) 0.28

4.9.2 Experimental direct shear tests for sand at UCL

The laboratory tests were carried out using a small direct shear box having a planar

area of 60 mm × 60 mm and a depth of 40 mm. All the tests were performed in dry

and clean conditions. Poorly graded fine sand (effective particle size D10 of 0.25 mm)

was used for the laboratory tests. Additional details on sand properties are presented

in Table 4.4 and Figure 4.7. Details on the laboratory tests are given below.

Direct shear box, sample preparation and test procedure

The direct shear box (DSB) consists of an upper and a lower box. The DSB planar

area measured 3600 mm2 (60 mm × 60 mm). The bottom box moves horizontally on

smooth rollers. The top box is fully constrained from lateral movement. The shear

displacement was measured using a horizontal displacement dial gauge (HDDG)

attached to the bottom box. The vertical displacement dial gauge (VDDG) and

horizontal force dial gauge (HFDG), shown in Figure 4.56, were used. Uniform

normal pressure was applied to the top of the shear box with a lever arm ratio of 1:10

during the process of shearing. The proving ring calibration is 0.2207 N per division

on HFDG.
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Figure 4.56 Direct shear apparatus at UCL

For each test, a pre-weighed amount of dry sand was poured into the shear box and

densified in three layers of roughly equal thickness using a wooden hammer to

achieve a 95% relative density. Given the laboratory limitations, the test can be

repeated if the initial void ratio is found to be outside the range of 0.625 ± 3% by

manual compaction. This range is calculated using emax and emin shown in Table 4.4.

After finishing the sample preparation, the tests are basically undertaken with

reference to ASTM standard D 3080. Three normal stress levels of 30 kPa, 50 kPa,

100 kPa were used by applying loads of 1.1 kg, 1.84 kg and 3.67 kg in all tests. The

HFDG and HDDG were set to zero before shearing for easy recording and data

processing. Readings of VDDG and HFDG were taken at every 25 division

increments of the HDDG, corresponding to Δx = 0.25 mm. The proving ring

displacements were produced to calculate the actual shear displacement for better

accuracy. Shearing occurs by displacing the lower half of the box to the right at a

constant velocity of 0.5 mm/min for all the tests. Tests were terminated upon 10 mm

horizontal displacement of the bottom shear box, because at this displacement both

the peak and the critical state shear resistance were stable.

Results and discussion

For data processing, normal stress is � = �/�; shear stress is � = �/�; stress ratio is

� = �/� . The Coulomb-Terzaghi equation is: � = � tan� , where � is the friction
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angle. Dilatancy is dƐv/dƐs = volumetric strain increment/shear strain increment.

Figure 4.57 shows the experimental direct shear test results.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 4.57 Direct shear test results for pure sand: (a) Shear stress versus shear strain;

(b) Volume strain versus shear strain; (c) Stress ratio versus shear strain; (d) Stress –

dilatancy relationship

It is observed that pure sand has a very typical shear behaviour, as expected. Figure

4.57 (a) shows that the shear stress at a given normal stress level increases to a

maximum value at the peak state and then decreases within a comparatively large

shear-strain range: this illustrates that all sand specimens exhibit strain-softening

behaviour. Figure 4.57 (b) shows that the volumetric strain initially was compression

(contraction) and then expansion (dilate) until reaching the critical state condition.
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Figure 4.57 (c) allows a better comparison between tests at different confining

pressures. Figure 4.57 (d) presents both the shear strength and volumetric behaviour

in a single figure. We used a 3 point - LINEST function to get this figure. The results

show an initial contraction (dƐv/dƐs > 0) followed by dilation (dƐv/dƐs < 0). The

magnitude of the contraction phases increased as the normal stress increased. The

specimens reached a transition state (dƐv/dƐs = 0) at an effective stress ratio lower

than the critical state values. Beyond this point, all specimens dilated. The minimum

dƐv/dƐs was reached in the region of the maximum effective stress ratio. Then, all

specimens reached critical states where stress ratios remained constant with dƐv/dƐs =

0. In addition, the peak and critical state friction angles of the sand calculated from

direct shear tests are 42o and 32o, respectively.

4.9.3 Calibration results of direct shear tests for pure sand

The numerical simulations were conducted at three different confining stresses, 30, 50

and 100 kPa, all identical to those in the laboratory tests. The basic DEM procedure

for direct shear tests on sand generally include initial sample preparation, compression

before shearing, shearing and calculation, which are all introduced in Section 4.3. The

micro parameters of DEM investigations are listed in Table 4.5 and the calibration

results of the direct shear tests for sand are shown in Figure 4.58. It should be noted

that then main micro parameters obtained from direct shear tests are E* (sand particle

effective modulus) and kn[S]/ks[S] (Normal-to-shear stiffness ratio for sand particles).

E* influences the peak shear stress value, kn[S]/ks[S] have an obvious effect on the slope

of shear stress curve. During the calibration process, different values for E* and

kn[S]/ks[S] are tried again and again, and then a final set of values E* = 40 MPa and

kn[S]/ks[S] = 1.2 have been obtained to finalize the sand calibration.

It can be observed that the shear stresses obtained from DEM modelling agree

reasonably well with the experimental results at the given normal stresses, as shown

in Figure 4.58 (a). For both the laboratory and DEM tests, shear stress became stable

when the horizonal shear strain was larger than 12%. As expected, shear stresses

increase with increasing normal stress. Vertical volume stains from DEM modelling

were generally larger than the results from the laboratory tests, as shown in Figure

4.58 (b). The difference was caused by the fact that only one type of particle shape

was used to generate sand samples in DEM tests, which cannot fully represent the
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complex shapes of real sands. The difference may also relate to the initial void ratio of

DEM specimens is different from the corresponding laboratory data. In addition,

particle surface roughness is absent from the DEM simulations, and possible particle

breakage in the lab tests are not modelled in DEM. Figure 4.58 (d) shows the

development of the effective stress ratio with dilatancy. The morphological difference

led to the difference in dilatancy behaviour between laboratory and DEM tests.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 4.58 Calibration results of the direct shear tests of sand: (a) Shear stress versus

shear strain; (b) Volume strain versus shear strain; (c) Stress ratio versus shear strain;

(d) Stress – dilatancy relationship
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Another difference between DEM and laboratory tests is the particle size distribution,

which should not be ignored. A scale-up factor of 7 is used for sand throughout its

calibration. The corresponding study of the scale effect on shear behaviour has been

investigated in Section 4.8. Although the scale-up factor influences the numerical

results (Achmus and Abdel-Rahman, 2002), the findings in Section 4.8 show that

using a particle size scale factor of 7 is reasonable and rigorous. Therefore, the

numerical results which have been calibrated with the experimental data are believed

to be reliable. In conclusion, results shown in Figure 4.58 along with results in

Section 4.8 mean that the numerical model can give a good reproduction of the shear

behaviour consistent with the corresponding experimental tests.

4.10 Summary
This chapter provides a systematic numerical investigation on the particle shape effect

based on direct shear tests. The separate contributions of the elongation index (EI),

flatness index (FI), convexity (Cx) and roundness (R) to shearing behaviour of

particle shape are studied firstly using DEM. The following are our main conclusions:

contributions of a specific shape factor on shear behaviour. The main content includes:

1. An extended particle shape sufficiently close in shape to a sphere allows for

better filling of void spaces than perfectly spherical particles. A transition

point is found in both packing ability and peak friction angle curves. When EI

increases from 0.25 to 0.7, both e-max and e-min follow a decreasing trend.

Then, e-max and e-min begin to increase with an increase in EI. While the

peak friction angle shows an increasing trend initially (when EI < 0.8), and

then decreases with EI. However, the critical friction angles increase linearly

with a decrease in EI.

2. FI may not have a dominant role in influencing packing ability. and peak

friction angles. However, FI changes critical friction angle significantly from

32° to 40° when reduces from 0.8 to 0.6.

3. Lower Cx is associated with less efficient packing, and less particle

interlocking during shearing. This investigation is compatible with existing

experimental and numerical findings.
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4. Roundness may not be a good shape index to represent particle shape

sufficiently. More effective shape descriptors and separate measurements for

the particle shape index still need more research and improvement.

Apart from numerical studies on particle shape, information, such as aspect ratio,

circularity, and convexity, for the Fujian Standard Sand, was provided via

MorphologI and the microscope at UCL. Based on these real sand particle shape

indices and the numerical study results, a representative particle shape close to that of

real sand is proposed to calibrate the numerical model for the sand. The calibration

results present a reasonable reproduction of shear behaviour consistent with

laboratory tests.

In general, a systematic numerical study on particle shapes with a separation of their

relative contributions to shear behaviour cannot only help design appropriate particle

shapes before calibration, but also guide engineering practices for choosing soils with

specific shape indices necessary to improve the performance of the mixtures.

Furthermore, the particle shape information about Fujian Standard Sand analysed in

detail in this study is also meaningful. This can be a helpful reference for research

designs and engineering practices when working with Fujian Standard Sand, as there

are currently many studies being done on this sand. The micro parameters obtained

from the sand calibration in this chapter will be used to perform further friction

calibrations (Chapter 6) and pull-out test simulations (Chapter 7) for tyre rubber and

sand interfaces.
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Chapter 5 - Discrete element modelling of tyre

5.1 Introduction
In this Chapter, a DEM model for tyre rubber based on tensile tests is proposed. The

model can capture the fundamental physical properties of real tyres (e.g.,

deformability, the volume change characteristics for tyre having a Poisson’s ratio of

0.5). In addition, a detailed systematic generation process, calibration method and

verification procedure for rubber tyre is also introduced. At the end of this chapter, a

calibrated tyre is presented, whose corresponding parameters will be used for further

calibration of tyre-sand interface friction in Chapter 6 and pull-out simulations in

Chapter 7.

The main content of this chapter is as follows:

1. The laboratory tyre tensile tests conducted in Wuhan (Hubei, China) are

presented.

2. Some theoretical hypotheses relevant to predicting Young’s modulus and

Poisson’s ratio of the materials.

3. A DEM model for rubber tyre along with a series of parametric studies with

respect to various packing, compression and tension, and dimension effects

(e.g., unit-ball particle size inside a tyre specimen and tyre specimen aspect

ratio).

4. Comparative analysis of DEM investigations and experimental results. In

addition, a design chart has been proposed as a general guide for modelling

other types of rubber tyres.

5.2 Experimental tensile test results from Wuhan
A series of experimental tensile tests on tyre strips was carried out by other

researchers in Wuhan. The experimental test results have not been published yet. In

the laboratory tensile tests, tyre samples were cut from a scrap electric motorcycle.

Three tyre strips, 200 mm long, 40 mm wide, and 10 mm thick, as shown in Figure

5.1, were used in the tensile tests. Each specimen was clamped between the two jaws

of a testing machine, as shown in Figure 5.2, and stretched at the rate of 500 ± 25
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mm/min in accordance with ASTM D 4885-01 (2011). The testing machine has a

force measurement accuracy of 0.5%. Three similar tyre strip samples were tested to

ensure repeatability.

Figure 5.1 Tyre strip samples for tensile test

Figure 5.2 A tyre strip sample under tensile test

During the tensile test, the tensile force and the clamp displacement were recorded

automatically. The tensile stress and tensile strain were calculated according to the

following equations:

T = �
�

(5-1)

ℇ = �th��
��

�100 (5-2)

where T is the tensile stress (N/mm2), F is the tensile force (N), A is the cross-section

area of the test specimen (mm2), l1 represents the length before tension, and l2
designates length during tension.
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Figure 5.3 shows the relationship between tensile stress and tensile strain. It is

observed that for tensile strain below 20%, there is a linear relationship between

tensile stress and tensile strain. Beyond 20% until breakage (at 105% on average),

tensile strain exhibits a nonlinear relationship with tensile stress. The mean tensile

stiffness at strains of 10%, 50% and 80% were 22.9, 31.6 and 52.1 MPa, respectively,

and the mean ultimate tensile strength was around 64.75 MPa. The average thickness

of the tyre rubber was around 10 mm, and its tensile stiffness was based on the tensile

stress and strain relationship. It should be noted that three different tyre strips have

different wear levels, thus resulting in different final breakage values at the end of

tensile.

Figure 5.3 Tyre strip tensile tests results

Considering that most existing tests ignore tyre breakage, we select data below a 16%

tensile strain from test 1 (Figure 5.4) as a reference for further numerical calibration.

We choose three data points to obtain Young’s modulus. Point A with 0.8 MPa tensile

stress at 3.57% tensile strain yields Young’s modulus as 23.2 MPa. Similar tensile

stiffness values, 19.7 MPa and 19.5 MPa, are obtained from Point B (1.6 MPa tensile

stress at 8.22% tensile strain) and Point C (2.4 MPa tensile stress at 12.2% tensile

strain), respectively. Then the average Young’s modulus for rubber tyre obtained from

Figure 5.4 is around 20.8 MPa, falling in the range of typical E values (4.5 to 22.0

MPa) obtained in other experimental tensile tests conducted by Fu et al. (2014) and
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Ratrout and Mahmoud (2006). This elementary experimental tensile test will provide

good supporting information for the calibration of rubber tyres.

Figure 5.4 Tyre tensile test experimental results for calibration: within 16% tensile

strain

5.3 Background of DEM model for tyre
From the literature review about existing tyre DEM modelling, the main challenge in

simulating tyres via DEM is maintaining a Poisson’s ratio of 0.5. Until now there has

been no effective model capable of directly replicating both Young’s Modulus and

Poisson’s ratio for real tyre rubber. However, there are some theoretical hypotheses

we can leverage: the kinematic hypothesis of Voigt (1928); the static hypothesis of

Reuss (1929); and the self-consistent hypothesis of Hershey (1954) and Kröner (1958).

These three hypotheses were originally developed to treat crystalline materials based

on three regular cubic packings of uniform spheres (simple, body-centred, and face-

centred).

Figure 5.5 shows three elementary cells with simple cubic (SC), body-centred cubic

(BCC) and face-centred cubic (FCC) structure. It is noted that the unit cell is the

smallest repeat unit that generates the entire crystalline lattice with translation.

According to Averill and Eldredge (2007), there are seven fundamentally different

kinds of unit cells, which differ in the relative lengths of the edges and the angles

formed by such edges. Each unit cell has six sides, and each side is a parallelogram.
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Here, the focus is primarily on the cubic unit cells, in which all sides have the same

length and all angles measure 90 degrees.

The simple cubic (SC) structure, as shown in Figure 5.5 (a)， is called the primitive

cubic unit cell. Such a cell consists of eight component atoms located at the corners of

the cube. In a BCC structure, as shown in Figure 5.5 (b), each unit cell contains an

atom at each of its eight corners (like the cubic unit cell) plus one atom at its centre.

Each corner atom is the corner of another cube such that every corner atom is shared

by eight-unit cells. The BCC unit cell has a total of two atoms: one atom in the centre

and one eighth of an atom at each corner. In the FCC structure, depicted in Figure 5.5

(c), each unit cell contains an atom located at each corner and in the centres of all the

cubic faces. Again, each corner atom is the corner of another cube. Additionally, each

of the six face-centred atoms is shared with an adjacent atom. The FCC unit cell

consists of a total of four atoms distributed accordingly: one eighth in each corner and

one half in each face.

Figure 5.5 Elementary cells of different cubic: (a) Simple cubic (SC); (b) Body-

centred cubic (BCC); (c) Face-centred cubic (FCC) (Averill and Eldredge., 2007)

Figure 5.6 compares the macroscopic Poisson’s ratio as a function of the ratio of

constant normal contact stiffness to tangential stiffness for a statistically isotropic

particulate aggregate material derived under the Voigt, Reuss and self-consistent

hypotheses and using locally cubic elastic moduli obtained from SC, BCC and FCC

regular arrays of uniform spheres and the corresponding DEM predictions.

Fleischmann et al. (2013) concluded that the self-consistent homogenization
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assumption applied to locally BCC packing most accurately predicts the values of

Poisson’s ratio obtained from the DEM simulations. It is noted that Fleischmann et al.

(2013) performed DEM simulations on six randomly packed specimens of uniform

spheres without particle rotation with constant normal and tangential contact stiffness

(linear spring contact model). Figure 5.6 just shows comparison for one specimen

(Specimen 4). More specific details on assumptions, relative formulas and deductions

can be found in Fleischmann et al. (2013).

Figure 5.6 Comparison with theoretical and DEM predictions of Poisson’s ratio

(Fleischmann et al., 2013)

Although the theoretical hypotheses and DEM validation mentioned above are used to

treat crystalline materials in physics, the research results inspired the author to try

creating a DEM model for continuum tyre rubber by bonding different types of

packings. According to Averill and Eldredge (2007), there are 14 different types of

crystal unit cell structures or lattices found in nature. However, most metals and many

other solids have unit cell structures described as BCC, FCC or Hexagonal closed

packed (HCP). Since these structures are most common, they will be introduced to

create DEM tyre models and discussed in more detail in the following sections. Figure

5.7 shows unit cell information for BCC, FCC, HCP, and corresponding DEM

specimens (the red cubic structure with a side length of 10 mm, as shown in Figure

5.7). Here, the hexagonal structure of alternating layers is shifted so that the atoms

align with the gaps of the preceding layer. The atoms from one-layer nest in the empty
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space between the atoms of the adjacent layer, just like in the FCC structure. However,

instead of being cubic, the pattern is hexagonal. Other differences between FCC and

HCP packings can be found in Averill and Eldredge (2007).

(a) Unit cell of BCC and BCC packed DEM specimen

(b)Unit cell of FCC and FCC packed DEM specimen

(c) Unit cell of HCP and HCP packed DEM specimen

Figure 5.7 Packings adopted in DEM tyre simulation: (a) Unit cell of BCC and BCC

packed DEM specimen; (b) Unit cell of FCC and FCC packed DEM specimen; (c)

Unit cell of HCP and HCP packed DEM specimen

5.4 DEM sample preparation for rubber tyre
A piece of rubber tyre (cubic with side length of 10 mm, as shown in Figure 5.8) was

first modelled with 5,488 mono-sized, regularly packed spheres (diameter 0.3 mm)

using PFC3D, where the linear contact bond model was adopted. Particles were

initially generated in the desired positions according to the packing requirements.

Then the particles were attributed with both the linear contact model and the linear

contact bond model before cycling to equilibrium. When the linear contact bond was
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installed correctly, no particle relocation was observed before or after this initial

equilibrium. The input parameters for the tyre DEM model are shown in Table 5.1.

Both the tensile and the shear contact bond strength values were set at very high to

prevent any bond failure. This is also consistent with the data displaced in Figure 5.3

and 5.4, where that we choose 16% tensile strain as the experimental test reference for

DEM calibration.

Figure 5.8 DEM sample: BCC packed specimen before tension

Table 5.1 Input parameters of DEM elements for rubber tyre model

Parameter Value

Particle density (kg/m3) 1100

Coefficient of inter-particle friction (µ) 0.9

Particle effective modulus, E* (MPa) 20

Normal-to-shear stiffness ratio, kn/ks 4.5

Tensile strength, cb_tenf (N) 2e150

Shear strength, cb_shearf (N) 2e150

To explicitly illustrate packing stability, the information of particle location

information for tyre is extracted, as shown in Figure 5.9. We randomly choose a ball

(for example ball id 2751) and record its position. It was found that all the particles
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remain in the same position as expected both before and after reaching their

equilibrium states. Since contact bonds were set at a very high value and bond

breakage is not allowed, this implies that the high level of interlocking contact force

between particles is totally stored in the contact bond in the case of the linear contact

bond model: the particles did not relocate.

(a) Initial state (b) Equilibrium state

Figure 5.9 Comparison of particle positions at initial and equilibrium states: (a) Initial

state; (b) Equilibrium state

It should be noted that stress in a PFC3D model is defined with respect to a specified

measurement volume. The measurement volume in PFC3D is a sphere and will be

referred to as a ‘measurement sphere’. The measurement calculation is triggered

whenever a clean command is invoked, or whenever a FISH intrinsic that queries a

measured value is invoked. Here, a measurement sphere with a radius of 0.3 mm was

used in the middle of the specimen. In addition, the whole specimen has 28 layers in

the longitudinal direction. The grab length at the two ends of the specimen is 2 mm

(the red particles shown in Figure 5.10). Grabbing too many particles will cause the

grabbed particles to fall within the measurement spheres, thus affecting the results of

stress. Grabbing only one thin layer will exclude complete BCC packing unit cells and

may also compromise the collection of useful tensile results. During the uniaxial

tensile and compression tests, the loading rate was kept at 1 mm/s, such that the ratio

of the unbalanced force to the mean contact force was maintained below 10-6

throughout the entire loading process. A measurement sphere with a diameter of 6

mm was used to measure the average stresses in the centre of the specimen.
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Figure 5.10 DEM sample: BCC packed specimen at the beginning of tension

Young’s modulus E of the sample was the ratio of stress and longitudinal strain.

Poisson’s ratio of the sample was calculated using the strains in the transverse

direction (et) and the longitudinal direction (el) subjected to a uniaxial force, as

illustrated in Figure 5.11, and represented by equation 5-3:

Figure 5.11 DEM sample: calculation of Poisson’s ratio

0 0

0 0

D D Lv
D L L


 


(5-3)

The relationship between the particle effective modulus (E*) and normal stiffness (kn)

at each contact is expressed as equation 5-4:

* 2 nkE
R

 (5-4)

where R equals the particle radius. This relationship works for PFC3D version 5.0

(Itasca, 2019). Figure 5.12 shows that the values of E increase linearly with E*.

However, keeps values close to 0.5, irrespective of variations in E*. For E* with

the range 0.5 MPa ~ 28 MPa, the value of ν remains constant at 0.5.
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Figure 5.12 Effect of particle effective modulus (E*) on the tensile behaviour of BCC

packed tyre specimen

Figure 5.13 shows the evolution of Young’s modulus (E) and Poisson’s ratio () for

the BCC packed specimen. The micro input parameters follow Table 5.1. The results

indicate that E is almost constant for tensile strain below 1% but increases slowly for

tensile strain approaching 5%. On the other hand, Poisson’s ratio () is constant for

the entire range, 0.0 ~ 5.0%. Therefore, the data used in the remainder of this study

are based on low tensile strains (<1%).

Figure 5.13 Tensile properties of BCC Packing
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Figure 5.14 shows the results for the loading-unloading tensile tests with axial strain

up to 1%. As may be observed from these figures, there are no obvious differences

between the results from loading and unloading. In addition, the low ratio of the

unbalanced force to the mean contact force (below 10-6 for loading process and below

10-5 for unloading process) maintained the equilibrium throughout the entire loading

and unloading process.

(a) Stress-strain curves (b) Poisson’s ratio

(c) Unbalance ratio

Figure 5.14 Mechanical properties of the BCC packed specimen under loading-

unloading up to 1% of axial strain: (a) Stress-strain curves; (b) Poisson’s ratio; (c)

Unbalance ratio
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5.5 Effect of different packings
5.5.1 Numerical results with different bonded packings

Figure 5.15 illustrates the dependence of E and v on different kn/ks values for BCC,

FCC and HCP bonded packings under tensile force, where the value of input E* is 20

MPa. It can be concluded from Figure 5.15 (a) that E of different packings decreases

asymptotically with increasing kn/ks. Figure 5.15 also indicates that every packing has

its own range of E and n values for increases in kn/ks. Neither FCC nor HCP packing

will reach a Poisson’s ratio of 0.5, whereas BCC packing can achieve the desired E

and n values for tyre rubber.

(a) Sample Young’s modulus (E)

(b) Sample Poisson’s ratio (v)

Figure 5.15 Effect of different Packings: (a) Sample Young’s modulus (E); (b)

Sample Poisson’s ratio (v)
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5.5.2 Numerical results with different particle overlaps

The percentage of particle overlap can be formulated as,

2 ' 100%
2 '
ROverlap
R


 
(5-5)

Where,  is the distance between the centres of two particles. The particles are

initially created in a domain using a specific packing structure with zero overlaps.

Then, the actual radius R’ of all particles is increased artificially until a specific

percentage of overlap is attained. The maximum particle overlap considered is 10%.

For example, the blue particle shown in Figure 5.16, where R’ = 1.05R, has an overlap

of 4.76%:

Figure 5.16 Overlap in BCC packing cell

2 1.05 2 100%
2 1.05

R ROverlap
R

 
 

 = 4.76% (5-6)

Figure 5.17 shows the particle overlapping effect on E and  for BCC, FCC and HCP

packings. The values of E for FCC and HCP packings, as shown in Figure 5.17 (a),

increase slightly with particle overlap, where the HCP value is generally higher than

the FCC value. However, the BCC packing shows a distinctive trend for both E and

within the overlap range considered, signalling a transition point at an overlap of

5.87%. Figure 5.17 (b) shows that overlap has no effect on v for FCC and HCP

packings with less than 10% overlap. FCC and HCP packings have respective

constant  values of 0.33 and 0.19. However, for BCC packing,  decreases from 0.5

to 0.2, at the same transition point, where the overlap is 5.87%.
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(a) Sample Young’s modulus (E)

(b) Sample Poisson’s ratio (v)

Figure 5.17 Effect of particle overlap: (a) Sample Young’s modulus (E); (b) Sample

Poisson’s ratio (v)

Some explanations for the sudden variation in Young’s modulus and Poisson’s ratio

for BCC packing are provided. Based on fundamental features of different packings,

outlined in Section 5.3, two additional characterisations of the unit cell are introduced

here: coordination number (CN) and atomic packing factor (APF). The coordination

number is the number of closest neighbours to which an atom is bonded in a solid. In

Figure 5.5 (b), each corner atom is also the corner of seven other cubes and thus



183

represents the intersection of eight different unit cells. Hence, the corner atom is said

to have a coordination number of 8 for BCC packing. Following the same method, the

coordination number of FCC and HCP packing is 12. The atomic packing factor,

packing efficiency or packing fraction is the fraction of the volume occupied by the

hard spheres. APF indicates how closely atoms are packed in a unit cell and is given

by the ratio of the volume of atoms in the unit cell to the volume of the unit cell. More

details on the calculation of APF for three different types of packings are illustrated in

Figure 5.18.

Figure 5.18 (a) shows the unit cell structure for BCC and its corresponding APF

calculation. The primitive unit cell for BCC structure contains several fractions taken

from nine atoms: one in the centre and one at each corner of the cube. Because the

volume of each of the eight corner atoms is shared by eight adjacent cells, each BCC

cell has a volume equivalent to two atoms (one and one one-eighth at each corner).

Each corner atom touches the centre atom. A line that traverses from one corner of the

cube through the centre and to the other corner has length 4R, where r is the radius of

an atom. For the cube, the length of the diagonal is a√3. Therefore, the length of each

side of the BCC structure can be related to the radius of the atom by a = ��
�
. Using

this and the formula for the volume of a sphere, it becomes possible to calculate the

APF as follows:

APF = �atoms / �unit cell (5-7)

= 2 × �
�
πR3 / a3 � 0.680174762

Following the same method of calculation, the APF for FCC and HCP as shown in

Figure 5.18 (b) and (c) is 0.74 (Ellis, 1995). Here, in Figure 5.18 (a) and (b), ‘R’

represents the radius of the atom; ‘a’ represents the length of each side of the cubic

structure. In Figure 5.18 (c), ‘a’ is the side length of the base of the prism and ‘c’ is its

height.
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(a) Unit Cell Size: BCC

(b) Unit Cell Size: FCC

(c) Unit Cell Size: HCP

Figure 5.18 Unit cell sizes and calculation for different packings:(a) Unit Cell Size:

BCC; (b) Unit Cell Size: FCC; (c) Unit Cell Size: HCP (modified after Ellis, 1995)

With respect to these physical characteristics of primitive BCC, FCC and HCP unit

cell structures, Figure 5.19 and Table 5.2 show the corresponding CN and APF values

for these three packings under different overlaps obtained from DEM. As Figure 5.19

shows, when the overlap is 5.7%, the coordination number (CN) is 8; when the
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overlap is 6.0%, the coordination number increases to 14. Table 5.2 also provides

comparative data for BCC, FCC, and HCP packings. It can be concluded that the BBC

transition observed at the overlap 5.7% ~ 6% corresponds to a change in CN from 8 to

14. On the other hand, the CN for FCC and HCP remain at 12 irrespective of the

amount of overlap up to 7.4. This is because the distance between the two corner

particles in FCC and HCP packings is much greater.

Figure 5.19 Effect of particle overlap: average coordination number

Table 5.2 Coordination number for BCC, FCC and HCP with different overlaps

CN

Overlap (%)

BCC FCC HCP

0.0 8 12 12

5.7 8 12 12

5.9 11 12 12

6.0 14 12 12

7.4 14 12 12

It should also be pointed out that for a certain particle size increase, we observe R’ =

xR, and the Overlap = (2xR-2R)/2xR according to Equation 5 - 6 and Figure 5.16.



186

Based on unit cell sizes and relevant calculations for different packings in Figure 5.5

and 5.18, Table 3 provides calculations for overlap needed for the corner particles of

different packings. Our calculations indicate that the amount of overlap needed for the

corner particles of BCC packing to touch one another is 13%, which is much smaller

than that for FCC and HCP (29% and 39% respectively). Although for an overlap of

6% (R’=1.064R), there appears to be a gap of 0.172R [= (2.3-2× 1.064) R] between

the two corner particles, our results show that PFC already detects contact at such a

distance for R=0.3 mm.

Table 5.3 Cell size calculations in BCC, FCC and HCP packing

BCC FCC HCP

Distance between

corner particles

4R = √3 a 4R = √2 a c = √(8/3) 2R

For corner particles

to touch

R’/R = 0.5a/R =

1.15

R’/R = 0.5a/R =

1.41

R’/R = 0.5c/R =

1.63

Overlap % 13 29 39

In conclusion, the transitional behaviour was found to relate to the packing structures.

Data analyses above have shown that, at the transition, there was a sudden increase in

the coordination number from 8 to 14. This is due to the corner particles of each BCC

unit cell coming very close to one another and thereby increasing the total number of

virtual contacts in the overall system.

To conclude, BCC packing without particle overlap has been chosen to prepare DEM

tyre model. In addition, key micro parameters E* = 20 MPa and contact bond stiffness

value for tyre kn[T]/ks[T] (normal-to-shear stiffness ratio) = 4.5 are adopted in the

following chapters.

5.6 Effects of compression and tension
Figure 5.20 compares E and  of rubber tyre for BCC packing in both uniaxial

compression and tension tests. The data show that E values decrease slightly with

compression but increase slightly with tension. The small difference is attributed to a
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localized change in void fractions of the particle arrangement under tension or

compression. Figure 5.21(a) shows the necking upon termination of 1% tension strain.

Figure 5.21(b) shows the bulging upon termination of 1% compression strain. The

rubber tyre samples have a Poisson’s ratio of 0.5 under both tension and compression.

Figure 5.20 Effect of compression and tension loading

(a) Tension (b) Compression

Figure 5.21 Particle displacement at the end of 1% of axial strain: (a) Tension; (b)

Compression

In conclusion, DEM tyre model can capture the key volume change characteristics of

tyres with a Poisson’s ratio of 0.5 under both tension and compression. The DEM tyre

model in the following sections or chapters will be under tension to help finalize the

calibration based on experimental tensile tests.
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5.7 Effects of particle size and aspect ratio
Figure 5.22 shows the effect of particle radius on E and v of the BCC packing

assembly. It indicates that when the ratio of transverse length (D0) to particle radius (R)

is greater than 33.3 (points A and A’ as shown in Figure 5.22), both E and stay

relatively steady with a certain level of fluctuation. There is also a temporary

reduction in both E and  for D0/R ratios between 22.2 and 33.3. This phenomenon

may imply that, whenever computational power is adequate, this minimum number of

particles across the transverse length D0 should be targeted. In this case, D0/R is 33.3

for particle radius R = 0.3 mm to obtain a stable estimate of E and .

Figure 5.23 shows the influence of aspect ratio of the specimen on E and . The tyre

aspect ratio is defined as the ratio of longitudinal length (L0) to transverse length (D0),

as illustrated in Figure 5.11. For this case, the transverse length is 10 mm and the

longitudinal length varies from 10 mm to 60 mm with an aspect ratio in the range 1.0

~ 6.0. Figure 5.23 shows that the dimension effect on E and  is minimal. This means

the methodology for modelling rubber tyres proposed in this paper could be used to

model intermediate-scale and large-scale tyre specimens such as tyre chips and tyre

shreds.

Figure 5.22 Effect of particle radius on BCC Packing
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Figure 5.23 Effect of specimen aspect ratio on BCC Packing

In conclusion, D0/R = 33.3 for particle radius R = 0.3 mm can achieve a stable

estimate of E and . Changing the aspect ratio of tyre does not influence the tensile

behaviour. The following DEM tyre model has a aspect ratio of 1.0.

5.8 Comparison with experimental results
Figure 5.24 plots both the experimental data and the simulation results of Young’s

modulus (E) and Poisson’s ratio () against the tensile strain of rubber tyre, with a

tensile strain up to 16%. We simulated both loading and unloading and confirmed that

the model behaviour was free of plastic deformation when loading up to a 16% tensile

strain. The piecewise linear model proposed by Wang et al. (2014) is adopted to

calibrate the nonlinear tensile behaviour of rubber tyre, including the Poisson’s ratio

of the samples. This means that the input parameters kn/ks and E* have been

iteratively artificially varied at specific ranges of tensile strain, as listed in Table 5.4.

This procedure is used so that the simulation results match the experimental stiffness

values. However, these incremental changes in input cause the maximum ratio of

average unbalanced force to contact force to increase slightly from below 10-6 to

below 10-4 throughout the entire loading process.

The experimental data here were obtained from the tensile test presented in Figure 5.4.

The calibrated numerical tensile stress in Figure 5.24 shows a good agreement with
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the experimental data. This DEM simulation with the chosen set of parameters

satisfactorily models the properties of rubber tyre in the laboratory tests. It should be

noted that when modelling soil-rubber interaction problems, it is important to

calculate the mobilised deviatoric stress and shear strain of the rubber tyre.

Figure 5.24 Calibration results of rubber tyre tensile test

Table 5.4 Selection of E* and kn/ks in rubber tyre numerical model

E* (MPa) kn[T]/ks[T] Range of strain (%)

33 4.5 0.0 ~ 2.2

23 4.5 2.2 ~ 4.5

18 4.5 4.5 ~ 8.0

11 4.5 8.0 ~ 15.0

To provide a more general guide for modelling other types of rubber tyre, a design

chart is given in Figure 5.25. One can first obtain the initial values of the normal-to-

shear stiffness ratio (kn/ks) and the initial E* value based on a desired value of . In

this study, kn/ks ≈ 4.5, and the initial E* ≈ 20 MPa as listed in Table 5.1. Then, the



191

incremental Young’s modulus can be obtained by varying E* to finetune the

incremental Young’s modulus and by moving different E* curves vertically up/down,

as shown in Figure 5.25.

Figure 5.25 A design chart for rubber tyre tensile test

5.9 Summary
This chapter presents a methodology, sample preparation and parametric analyses for

modelling the elastic behaviour of rubber tyre using a three-dimensional DEM model

based on tensile tests. The linear contact bond model was used. It was found that

DEM could successfully simulate the rubber tyre, replicating Young’s modulus and

Poisson’s ratio as well as tensile strain relationships based on tensile tests.

The specific conclusions of the study in this Chapter are as follows:

The main content of this chapter is as follows:

1. The Young’s modulus (E) increases linearly with the micro parameter E*

when using BCC packed specimen. In addition, E is almost constant for tensile

strain below 1% but increases slowly for tensile strain approaching 5%.

However, Poisson’s ratio () is constant for the entire range, 0.0 ~ 5.0 %.

Therefore, most of data used in this study are based on low tensile strains (<

1%).
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2. The simulation results illustrate that kn/ks (particle normal-to-shear stiffness

ratio) and packing structure have a dominant effect on the specimen’s

Poisson’s ratio. Compared to assemblies with FCC and HCP packing, a

specimen with BCC packing could yield a Poisson’s ratio of 0.5 for tyre

rubber.

3. BCC specimen shows a distinctive trend for both E and ν, signalling a

transition point at an overlap of 5.87%. While the effect of particle overlaps on

E and for FCC, HCP packings is minimal within the overlap range

considered (less than 10%). This phenomenon relates to fundamental features

of different packings such as coordination number (CN) and atomic packing

factor (APF).

4. When the ratio of transverse length (D0) to particle radius (R) is greater than

33.3 (points A and A’ as shown in Figure 5.22), both E and v stay relatively

steady with a certain level of fluctuation. Whenever computational power is

adequate, the minimum number of D0/R is 33.3 for particle radius R = 0.3 mm

to obtain a stable estimate of E and  should be targeted.

5. The piecewise linear model proposed by Wang et al. (2014) is adopted to

calibrate the nonlinear tensile behaviour of rubber tyre. The micro parameters

kn/ks and E* have been iteratively artificially varied at specific ranges of

tensile strain to match the experimental stiffness values. Then, a design chart

is proposed to provide a more general guide for modelling other types of

rubber tyre.

Based on the above DEM research on tyre strips, we were able to simulate different

shapes (e.g., various lengths and aspect ratios) of tyre rubber according to different

engineering requirements. Therefore, tyre chips and tyre shreds, irregular rubber

buffing and granulated rubber tyres, even complete tyres without steel, although

difficult to calibrate experimentally, can all be modelled numerically based on the tyre

strip DEM model proposed in this chapter. This research has provided a methodology

and a good direction for modelling tyre rubber reinforcement using DEM, which

could be extended to tyre-soil micromechanical research.
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In conclusion, Table 5.5 summarizes further justification of the main modelling

features and parameters achieved as a result of the presented analyses in Chapter 5.

These parameters in Table 5.5 together with those in Table 5.1 will be adopted to keep

consistent in the following chapters.

Table 5.5 Main features and parameters for DEM tyre model achieved

Features or parameters Value

Cubic packing type BCC

Particle effective modulus, E* (MPa) 20

Normal-to-shear stiffness ratio, kn[T]/ks[T] 4.5

Particle overlap 0.0

Particle size ratio, D0/R 33.3

Aspect ratio 1.0
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Chapter 6 - Tyre-soil experimental and numerical interface

behaviour

6.1 Introduction
It has been noted that soil-structure interface properties may significantly influence

interface shear behaviour. Such interface properties have an important role in

providing safe and optimal designs in the field of geotechnical engineering. Existing

research has revealed that the shear behaviour of the soil-structure interface is

influenced by the properties of both the soil and the structure, such as particle shape,

grain size distribution, structure hardness and interface roughness. (Uesugi et al., 1988;

Hu et al., 2004; Dejong et al., 2006; Khoury et al., 2011; Jing et al., 2017; Feng et al.,

2018). Similarly, the interface behaviours between rubber tyre and sand are as

important for revealing the rubber tyre reinforcement mechanisms as the proposed

DEM model for rubber tyres and investigations on particle shape.

In this chapter, the interface behaviour between rubber tyre surfaces with various

degrees of roughness and Fujian Standard Sand, based on laboratory interface direct

shear tests, are investigated from both experimental and numerical perspectives.

Firstly, the experimental rubber tyre – sand interface tests results are presented and

analysed. Then one representative group of laboratory tests results (i.e., tyre sidewall

– sand interface) is chosen for DEM calibration. Numerical rubber tyre - sand

interface test results along with the corresponding input parameters are provided.

Lastly, some parametric studies (such as the effect of interface friction between rubber

tyre and sand, and the effect of particle overlap when preparing rubber tyre specimens

on the numerical interface direct shear tests) are performed to provide verification for

the interface model used in this Chapter and some relevant guidance for further

simulations.

6.2 Laboratory interface direct shear tests set-ups at UCL

6.2.1 Testing materials

Waste tyres from electric vehicles after steel removal were collected from Wuhan,

China, as shown in Figure 6.1. The relevant physical properties of the rubber tyre such

as tensile stress and tensile strain relationships can be found in Chapter 5.
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Figure 6.1 Recycled tyres from electric vehicles from Wuhan, China

Three pieces of rubber tyre with different degrees of surface roughness are cut from

these recycled tyres. Figure 6.2 shows three rubber tyre samples: inside, sidewall and

outside. Each sample measures 60 mm in length, 60 mm in width and 10 mm in

height. Figure 6.2 (a) shows a tyre inside. The surface of the tyre inside is full of small

bumps and holes, but its overall surface is uniform. These small grooves in the tyre

inside surface measure 0.5 ~ 3.0 mm in width and 0.3 ~ 1.5 mm in depth, respectively.

The surface may be considered smooth. Figure 6.2 (b) shows the tyre sidewall. There

is a shallow groove in the middle of its surface. The width and depth of this groove

are 1.0 mm and 0.05 ~ 0.2 mm, respectively. Figure 6.2 (c) shows the tyre outside.

There are obvious grooves on the tyre surface here. The groove width and depth for

the tyre outside sample measure 2 ~ 4 mm and 1.5 ~ 3.5 mm, respectively. It should

be noted that the grooves have a certain direction. The direction of shearing in the

samples must have an influence on the shearing results. However, the effect of

shearing direction on the lab results falls outside the scope of this research.

(a) Tyre inside (b) Tyre sidewall (c) Tyre outside

Figure 6.2 Tyre sample in interface direct shear tests: (a) Tyre inside; (b) Tyre

sidewall; (c) Tyre outside
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6.2.2 Testing apparatus

The test apparatus together with the corresponding measurement systems used in

rubber tyre – sand interface direct shear tests are the same as the one used in pure sand

direct shear tests in Chapter 4, as shown in Figure 4.12. The direst shear box consists

of two half boxes: an upper box and a lower box. The plane area is 3600 mm2 with a

side length of 60 mm. The height for each half box is 20 mm. Therefore, the total

height of the direct shear box is 40 mm.

It should be noted that in pure sand direct shear tests, introduced in Chapter 4, both

the upper and lower boxes are filled with pure sand. However, in this rubber tyre –

sand interface direct shear tests, only the upper box is filled with sand, and the tyre

sample glued to steel was placed in the lower box. Figure 6.3 shows a tyre outside

glued onto a piece of steel. The dimensions of this rubber tyre are length 60 mm,

width 60 mm and height 10 mm. The glued sample will be placed in the lower box

during the interface direct shear tests.

Figure 6.3 Tyre outside sample was glued to a piece of steel

Figure 6.4 shows a sketch of the rubber tyre-sand interface test. The tyre sample is

placed directly on the top surface of the lower shear box. Hence, the tyre surface is

parallel to the horizontal shear plane during shearing. It should be noted noted that

the curvature of the tyre in the sample represents different surface roughness, which

will influence the sand-tyre interface behaviour. Two reasons justify the tyre-on-steel:

(1) selecting thickness when cutting tyres from the electric cars cannot ensure that the

tyre sample dimensions will correspond to the direct shear box dimensions; (2) the

main purpose of the interface direct shear tests is to identify the interface friction

between tyre and sand. It is not necessary to make the tyre sample very thick.
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(a) Sample preparation (b) Dimension of shear box

Figure 6.4 Sketch of rubber tyre-sand interface test: (a) Sample preparation; (b)

Dimension of shear box

6.2.3 Testing procedures

After introducing the testing materials and testing apparatus, this sub-section

introduces the testing procedures. The basic rubber tyre – sand interface direct shear

test procedures has three stages: (1) rubber tyre sample preparation in the lower shear

box; (2) sand sample preparation in the upper shear box; (3) shearing and calculation.

1. Stage 1: Tyre sample preparation. Rubber samples were cut from electric car

tyres, and then glued to a piece of steel. More details are presented in Section

6.2.2. The tyre – sand interface must be kept in the middle of the shear box. It

can be slightly lower but must not be higher than the middle plane. This is to

make sure that the interface is within the shear band during shearing. If the

position of the interface is too low, the tyre – sand interface direct shear test

will become a pure sand direct shear test. If the position of the interface is too

high, the apparatus will destroy the tyre sample. To ensure the surface of

rubber tyre is exactly parallel to the top surface of the lower box, some very

thin steel slices are prepared. If a very small gap exists between the tyre

surface and top surface of the lower box, those thin steel slices can be a

helpful cushion to amend the elevation.

2. Stage 2: Sand sample preparation. To keep the sand sample consistent, the

sand preparation procedures are the same as those in the pure sand direct shear

tests presented in Chapter 4. Manual compaction was used for controlling the
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initial void ratio because of the laboratory constrains. The relative density of

95% was achieved by calculating the initial void ratio during repeated sand

sample preparation in the upper shear box. Only the initial void ratio within

the range of 0.629 ± 3% is acceptable for further interface direct shear tests.

3. Stage 3: Shearing and calculation. Three normal stress levels of 30 kPa, 50

kPa and 100 kPa were used in the tyre - sand interface direct shear tests.

During the shearing process, the upper box was fixed, while the lower box was

moved horizontally at a constant velocity of 0.5 mm/min. Tests were

terminated upon reaching a 10 mm horizontal displacement of the lower box.

The data collection system and data processing methods are the same as those

in pure sand direct shear tests. More details can be found in Chapter 4.

6.3 Results and analysis of laboratory interface direst shear tests

6.3.1 Tyre inside – sand interface direct shear tests results

Figures 6.5 shows the typical curves for the shear stress versus shear strain as well as

for volumetric strain versus shear strain from the direct shear tests on a tyre inside –

sand interface. The peak state, which is defined as the state where the shear stress is at

a maximum, was observed, as shown in Figure 6.5(a). The shear stress of specimens

at a given normal stress level increases to a maximum value at the peak state and then

decreased slightly at a comparatively large shear-strain range, which illustrates that all

specimen exhibited the strain-softening behaviour.

The shear strain at the peak state corresponds to the maximum rate of dilation, which

is referred to as the state where the ratio of the volumetric-strain increment to the

shear-strain increment is at a maximum. This can be confirmed in Figure 6.5(b),

which compares the relationships between volumetric strain and shear strain for tyre

inside – sand specimens under various normal stresses. Such specimens, as shown in

Figure 6.5(b), exhibit a slight initial elastic compression that becomes more obvious

with an increase in normal stress and then begin to dilate from the phase-

transformation state where the volumetric-strain increment is zero, but the stress

increment is not zero. Volumetric expansion decreases with increasing normal stress

for a given specimen.

In Figure 6.5(c), the rubber tyre inside – sand specimen shows a response

corresponding to a dense material, presenting a peak in stress ratio after shearing takes
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place, followed by a drop in stress ratio that attains a constant value at a shear strain

of 30%. It is noticed that the peak stress ratio becomes more dependent on normal

stress and decreases with an increase of normal stress.

A critical state will be attained when the soil continues to deform with a constant void

ratio (Poulos, 1981; Roscoe et al., 1958). The same criteria hold for granular systems

comprised of two different materials (Yang and Luo, 2015). The attainment of a

critical state can be easily observed when plotting stress ratio against dilatancy, which

is defined as dƐv/dƐs, where Ɛv is the volumetric strain and Ɛs is the shear strain

(Been and Jefferies, 2004). In Figure 6.5(b) and 6.5(c), it is observed how, starting

from 30% of shear strain, a constant stress ratio and a constant volumetric strain are

reached. Figure 6.5(d) illustrates the presence of a critical state where the stress ratio

remains constant with a dilatancy equals zero, regardless of size or normal stress level.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain
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(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.5 Results of tyre inside – sand interface direct shear tests: (a) Shear stress

versus shear strain; (b) Volume strain versus shear strain; (c) Stress ratio versus shear

strain; (d) Stress – dilatancy relationship

Figure 6.6 compares the results from tyre inside - sand interface direct shear tests

results and from pure sand direct shear tests. Figure 6.6(a) and 6.6(c) indicates that,

compared to pure sand tests, tyre inside – sand interface tests clearly reveal lower

peak stress, especially under higher stress level. This behaviour may be explained that

as normal stress increases, sand is pushed into the voids on the tyre surface,

decreasing the contact surface between sand particles and increasing that between

sand and tyre particles. Since the interaction strength between sand and tyre particles

is lower than that between sand particles (worse interlocking property), it can be

inferred that higher stress level has resulted in a destructive effect on the shear

strength of samples. Furthermore, the shear strain corresponding to the peak shear

stress for tyre inside – sand interface increased with the increase in normal stress.

Figure 6.6(b) shows that the volumetric strains for all pure sand specimens under

various normal stresses is larger than those of in rubber tyre inside – sand specimens

in interface tests. This observation can be explained by the fact that the sand particles

are reduced in half in rubber tyre inside – sand interface direct shear tests and the

deformability of rubber tyre. Tyre surface with different degrees of roughness can

interlock sand particles, thus reducing particle reorganization during shearing process.

Figure 6.6(d) shows that a linear relationship between stress ratio and dilatancy is
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more noticeable in pure sand specimens. Furthermore, the critical stress ratio for pure

sand is 0.612, while the critical stress ratio for tyre inside – sand is 0.581.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.6 Comparison of tyre inside – sand interface direct shear tests results and

pure sand direct shear tests results: (a) Shear stress versus shear strain; (b) Volume

strain versus shear strain; (c) Stress ratio versus shear strain; (d) Stress – dilatancy

relationship

6.3.2 Tyre sidewall – sand interface direct shear tests results

Figure 6.7 shows the results of tyre sidewall – sand interface direct shear tests. Some

typical observations seem similar to the results obtained with tyre inside – sand

interface direct shear tests. It can be observed from Figure 6.7 (a) that soil hardening,

and softening occur in the interface shear tests. The shear stress increases with an
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increase in normal stress level. The shear stress increases to a peak value and then

decreases at a critical state. The shear strain at the peak state corresponds to the

maximum rate of dilation, as shown in Figure 6.7 (b). The tyre sidewall – sand

specimen shows a slight contraction and then dilates. From Figure 6.7 (d), we obtain a

critical stress ratio of 0.579 for the tyre sidewall – sand specimen.

An obvious difference between the two Figures 6.5 (b) and 6.7 (b) is the relationship

between volumetric strain and shear strain. In the tyre inside – sand tests, the

volumetric strains after the phase-transformation state (the volumetric-strain

increment is zero) under normal stress of 50 kPa and 100 kPa are similar (at round

1.5%), which is lower than that under normal stress of 30 kPa (at around 2.0%).

However, in the tyre sidewall – sand tests, the volumetric strains after the phase-

transformation state (the volumetric-strain increment is zero) under normal stress of

30 kPa and 50 kPa are similar (at around 1.5%). This result is higher than that under

normal stress of 100 kPa (at around 1.2%). That means the volumetric strain depends

more on normal stress level and grooves in the tyre surface. In the case of the tyre

inside specimen, the surface has many shallow grooves. These grooves can interlock

sand particles and influence void size during shearing, especially under higher normal

stress level (50 kPa and 100 kPa), reducing particle reorganization and, consequently,

forming a denser specimen. However, in the tyre sidewall test, only the volumetric

strain is lower under normal stress of 100 kPa. This phenomenon is caused by the

presence of the single shallow groove on the tyre sidewall surface, unlike the multiple

uniform shallow grooves found on the surface of a tyre inside. It can be seen from

Figure 6.2 (b) that sidewall surface is quite smooth although a shallow crack appears

in the middle of the sidewall sample. This groove is caused by artificial defect from

gluing the tyre sample to steel during sample preparation.
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(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.7 Results of tyre sidewall – sand interface direct shear tests: (a) Shear stress

versus shear strain; (b) Volume strain versus shear strain; (c) Stress ratio versus shear

strain; (d) Stress – dilatancy relationship

Figure 6.8 presents comparative results of the tyre sidewall – sand interface direct

shear tests and the pure sand direct shear tests. Observations are similar to tyre inside

– sand cases. The critical stress ratio for tyre sidewall – sand is 0.573. It is noteworthy

that the shear strains at the peak state in tyre sidewall – sand case are smaller than

those in rubber tyre inside – sand case, especially under the normal stress of 30 kPa

and 50 kPa. That means, the tyre sidewall – sand specimen comes closer to pure sand

behaviour compared with the tyre inside – sand specimen. This observation may
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provide some guidance for selecting representative laboratory interface tests results as

reference for DEM calibration.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.8 Comparison of tyre sidewall – sand interface test results and pure sand

direct shear tests results: (a) Shear stress versus shear strain; (b) Volume strain versus

shear strain; (c) Stress ratio versus shear strain; (d) Stress – dilatancy relationship

6.3.3 Tyre outside – sand interface direct shear tests results

Figures 6.9 shows the typical curves tyre outside – sand interface tests. Figure 6.9 (a)

indicates that at lower normal stress (30 kPa and 50 kPa), the peak stress is not

noticeable. Even the peak state continues to be constant for a large range of shear

strain (from 18% to 22%), which may be related to groove effect. Although the peak

stress values are similar, compared with the two Figures 6.5 (a) and 6.7 (a), the
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corresponding shear strain at peak state occurs later in tyre outside – sand specimen.

Furthermore, after reaching peak stress value, the overall stress values for tyre outside

– sand specimen are slightly higher than those for tyre inside-sand specimen and

sidewall- sand specimen under normal stress of 30 kPa and 50 kPa. However, the

trend is the opposite: the shear stress is slightly lower after reaching peak state under

normal stress of 100 kPa.

Figure 6.9 (b) shows that the specimen undergoes a slight initial contraction, which

becomes more obvious with an increase in normal stress and then begins to dilate. The

shear strain at the peak state is associated with the largest dilation rate for the

specimen. The maximum dilation rate obtained from Figure 6.9 (b) can help to verify

the peak shear stress under normal stress of 30 kPa and 50 kPa. Figure 6.9 (c) shows

the relationship between stress ratio and shear strain for tyre outside – sand interface

tests. The curves seem to fluctuate. We can also take into consideration Figure 6.9 (c)

to review the results from Figure 6.9 (d): the average critical stress ratio for tyre

outside – sand specimen is obtained as 0.530.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain
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(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.9 Results of tyre outside – sand interface tests: (a) Shear stress versus shear

strain; (b) Volume strain versus shear strain; (c) Stress ratio versus shear strain; (d)

Stress – dilatancy relationship

Figure 6.10 shows comparative results from tyre outside – sand interface direct shear

tests and the pure sand direct shear tests. The profiles in Figure 6.10 are obviously

different from other tyre – sand interface test cases. Further quantitative analyses and

comparisons of other tyre – sand specimens can be found in Section 6.3.4.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain
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(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.10 Comparison of tyre outside – sand interface direct shear tests results and

pure sand direct shear tests results: (a) Shear stress versus shear strain; (b) Volume

strain versus shear strain; (c) Stress ratio versus shear strain; (d) Stress – dilatancy

relationship

6.3.4 A summary and comparison with pure sand direct shear tests results

This sub-section provides a summary and a comparison tyre – sand interface

behaviours based on laboratory tests results. Potential explanations for the differences

among different types of tyre – sand interface shearing behaviours are discussed. Then,

some reasons for selecting tyre sidewall – sand interface test results as a

representative reference for further DEM calibration are also presented.

Table 6.1 summarizes both peak friction angle and critical friction angle for tyre –

sand interface tests results and the pure sand direct shear tests results under normal

stress of 30 kPa, 50 kPa and 100 kPa. Figure 6.11 shows the corresponding

relationships between peak (critical) strength and normal stress. Some preliminary

conclusions are obtained.

1. Both the peak and the critical friction angle of pure sand are higher than those

of tyre – sand interfaces.

2. Under lower normal stress (30 kPa and 50 kPa), no clear differences in the

peak strength for tyre – sand interfaces are noticed, as shown in Figure 6.11

(a). This also can be observed in Table 6.1 with only small changes of 0 ~ 1°.
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However, when the normal stress is 100 kPa, tyre outside – sand interface

exhibits a higher peak strength than the tyre inside – sand interface and tyre

sidewall – sand interface.

3. Critical strength becomes more dependent on normal stress levels and grooves

on the rubber tyre surface. Under lower normal stress like 30 kPa, the

difference seems less apparent. When the normal stress is at 50 kPa, the

critical strength for the tyre outside – sand interface is higher than the other

two tyre – sand interfaces. However, the trend reverses under normal stress of

100 kPa, where the critical strength of the tyre outside – sand surface declines.

Table 6.1 Summary of tyre – sand interface tests results: peak friction angle and
critical friction angle under various normal stress

Normal stress

Type

30 kPa 50 kPa 100 kPa

Peak

friction

angle (°)

Critical

friction

angle (°)

Peak

friction

angle (°)

Critical

friction

angle (°)

Peak

friction

angle (°)

Critical

friction

angle (°)

Pure sand 42 32 45 31 42 32

Tyre inside-sand 40 30 38 30 36 30

Tyre sidewall-

sand

39 29 37 29 37 30

Tyre outside-sand 40 29 38 33 38 26
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(a) Peak strength versus normal stress (b) Critical strength versus normal stress

Figure 6.11 Comparison of tyre – sand interface behaviour: (a) Peak strength versus

normal stress; (b) Critical strength versus normal stress

Table 6.2 summarizes both peak-state shear strain and critical-state volume strain

from the results of tyre – sand interface tests and pure sand direct shear tests under

normal stress of 30 kPa, 50 kPa and 100 kPa. Both Figures 6.12 and 6.13 illustrate the

results presented in Table 6.2. It should be noted that it is not hard to find the shear

strain at peak stress. However, there are some fluctuations in the critical state, finding

critical-state volume strain needs do some averaging procedures. The average method

adopted in this dissertation is as follows: (1) to find the critical stress ratio from the

stress-dilatancy curves; (2) to find the relevant data based on the critical stress ratio

from the stress ratio - shear strain curves. Of the data points shows some fluctuations,

find similar values around the corresponding critical stress ratio and then average the

numbers, the corresponding critical shear strain will be obtained; (3) to find the

volume strain based on the critical shear strain from the volume strain - shear strain

curves. Some preliminary conclusions are obtained:

1. The shear strain corresponding to the peak shear stress for pure sand case

under each normal stress level is similar. However, this is particularly evident

in both the tyre inside – sand and tyre sidewall – sand interfaces, as shown in

Figure 6.12, where the peak-state shear strain increases with an increase in

normal stress. Furthermore, for tyre outside – sand interface, although the

shear strain corresponding to peak shear stress seems to have little dependence
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on normal stress, the average peak-state shear strain is highest with respect to

the other tyre – sand interfaces and to pure sand.

2. Broadly speaking, the critical volume strain in the pure sand case is higher

than those of the tyre – sand interfaces. This can be explained by the halving

of the sand volume in the upper shear box when preparing the tyre – sand

interface tests. At a higher normal stress level, there is lower volume strain,

which is as expected.

3. The average critical volume strain for tyre outside – sand interface case is

lower than that of other cases. This is highly associated with the surface

roughness or grooves of the rubber tyres. It seems that tyre surfaces with

deeper and more numerous grooves can better interlock sand particles, leading

to greater frustration in particle reorganization, which manifests as lower

volume change at the macroscale.

4. Unlike other cases, the critical volume strain in the tyre outside – sand

interface does not exhibit the typical negative association between normal

stress level and volume strain. This may be related to the quantity, width and

depth of grooves distributed irregularly on the surface of tyre outside.

Table 6.2 Summary of tyre – sand interface tests results: shear strain at peak state and
volumetric strain at critical state under various normal stress

Normal stress

Type

30 kPa 50 kPa 100 kPa

PƐs (%) CƐv (%) PƐs (%) CƐv (%) PƐs (%) CƐv (%)

Pure sand 4.89 2.35 4.84 1.84 5.34 1.86

Tyre inside-sand 5.5 2.00 6.55 1.56 8.37 1.51

Tyre sidewall-

sand

2.83 1.47 3.87 1.51 8.19 1.16

Tyre outside-

sand

6.86 1.26 6.46 1.00 6.37 1.38

Note: PƐs: represents shear strain at the peak state

CƐv: represents volumetric strain at the critical state.
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Figure 6.12 Comparison of tyre – sand interface tests results: shear strain at peak state

Figure 6.13 Comparison of tyre – sand interface tests results: volume strain at critical

state
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After elaborating on the preliminary results, it should be noted that the rubber tyre

surface roughness does have an influence on tyre-sand interface shear behaviour. The

interface friction angles between sand and tyres with different surfaces do not vary too

much. Therefore, we can regard the results of the tyre – sand interface behaviour

analysis as similar. This may be a good thing when performing the corresponding

numerical interface direct shear tests for calibration. It is noted that, when closely

observing groove effects in research or optimizing groove design in practical

applications, the difference in the interface behaviour between sand and rubber tyres

of variable roughness cannot be ignored. However, groove effect studies fall outside

the scope of this research. In conclusion, experimental test results with smooth tyre

sidewall – sand interfaces have been selected as a reference for future DEM

calibration.

6.4 DEM simulations for rubber tyre – sand interface direct shear tests
6.4.1 Numerical interface tests modelling procedures

The basic DEM model for tyre – sand interface test procedures consists of four steps:

(1) sand sample preparation, (2) rubber tyre sample preparation, (3) compression to

the target stress level and (4) shearing and calculation.

1. Stage 1: sand sample preparation. To keep consistent with the sand sample in

pure sand direct shear tests, sand sample preparation in rubber -sand interface

tests follow the same procedures introduced in Chapter 4. The particle shape

adopted here is consistent, as shown in Table 4.3. The micro input parameters

for sand calibration is from Table 4.5. The box dimensions are length 60 mm,

width 60 mm and height 40 mm. The initial void ratio of the sand sample is

around 0.629, which is the same as the numerical sand sample in pure sand

direct shear tests. There are 31,324 particles generated after cycling to

equilibrium, as shown in Figure 6.14.
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Figure 6.14 Sand sample preparation after cycling to equilibrium

2. Stage 2: rubber tyre sample preparation. In the laboratory tyre – sand interface

direct shear tests, the rubber was glued to a piece of steel, and then placed in

the lower shear box. Since the main aim is to explore the tyre – sand interface

friction and the simplicity of the numerical model, rubber preparation in

numerical direct shear tests is different from that in laboratory tests. Figure

6.15 shows the configuration of tyre – sand numerical model. The dimensions

of the upper shear box are length 60 mm, width 60 mm and height 40 mm. The

dimensions of the rubber tyre model below the upper shear box are length 100

mm, width 70 mm and height 5 mm.

Figure 6.15 Model configuration of rubber tyre – sand interface direct shear test

Figure 6.16 shows more details about the rubber tyre sample. The tyre dimensions in

laboratory tests are: 60 (length) × 60 (width) × 10 (height) (unit: mm). The

corresponding dimensions of rubber tyre in numerical simulations are: 100 (length) ×

70 (width) × 5 (height) (unit: mm). The plane area of the rubber tyre numerical model

is larger than that of tyre sample in the laboratory test. This can ensure that the cross

area remains constant during the entire shearing process. The shearing displacement is

10 mm; the ball radius here is 0.8 mm; the micro input parameters for rubber tyre

follow Table 5.1; the bonded rubber tyre balls use BCC packing. Given the limited
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computational power, the height of the rubber tyre numerical model is reduced by half

compared to the tyre sample in laboratory tests. The total number of tyre particles is

7918. There are four layers of particles in the rubber tyre specimen model shown in

Figure 6.16 (b).

(a) Isometric view (b) Elevation view

Figure 6.16 Rubber tyre sample preparation in numerical interface direct shear tests:

(a) Isometric view; (b) Elevation view

3. Stage 3: compression to the target stress level. After the preparing sand and

rubber tyre sample, the bottom wall connecting the sand sample and the rubber

tyre sample is deleted before reconsolidating and recycling to attain a new

equilibrium. Three normal stress levels of 30 kPa, 50 kPa and 100 kPa were

used in the numerical tyre- sand interface tests.

4. Stage 4: shearing and calculation. During the interface direct shear stage, a

velocity rate of 10 mm/s is applied to the upper box to move right horizontally.

All the tyre particles are fixed during shearing. Each simulation was sheared

with a horizontal displacement of 10 mm, i.e. the maximum observed in the

tests. The shear stress, particle displacement, number of interparticle contacts,

and contact force are recorded and calculated during shearing. Figure 6.17

shows the interface shear test results under 30 kPa normal stress and the

corresponding unbalance force ratio during the entire process. It is observed

from Figure 6.17 (a) that the sand specimen exhibits strain-softening

behaviour. Figure 6.17 (b) shows the unbalance force ratio is below 10-3

during the entire shearing.
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(a) Shear stress versus shear

displacement

(b) Unbalance force ratio during the

whole shearing process

Figure 6.17 Interface direct shear tests results: (a) Shear stress versus shear

displacement; (b) Unbalance force ratio during the whole shearing process

6.4.2 Calibration results of the interface direct shear tests

Simulations of interface direct shear test are conducted under three normal stress

conditions (30 kPa, 50 kPa and 100 kPa), the same as those in the laboratory tests.

The sand samples are sheared at a displacement rate of 1 mm/s to a total displacement

of 10 mm. The set of micro parameters employed in the numerical simulations are

listed in Table 6.3. The corresponding numerical interface tests simulation procedure

has been introduced in Section 6.4.1. It should be noted that the set of parameters for

sand are from the calibration results in Chapter 4, the set of parameters for tyre are

from the calibration results in Chapter 5. In this chapter, only the friction coefficient

between tyre and sand particles needs to be calibrated. By trial and error, the friction

coefficient between rubber tyre and sand particles is determined as 0.7.

A comparison between the numerical and the tyre sidewall- sand interface

experimental results is illustrated in Figure 6.18. As shown in Figure 6.18 (a), shear

stress increases with shear displacement and reaches a peak value at a very small

shear strain (e.g., shear strain is 2.83% for the case of 30 kPa), then slightly decreases,

and finally attains a stable (i.e., residual) value. From Figure 6.18 (b), the dilation of

DEM specimen is larger than that of laboratory specimen. This phenomenon is

associated with the DEM calibration of pure sand, where the sands are modelled as

one type of clump which cannot represent the different shapes of real sand in
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laboratory tests. In Figure 6.18 (c) it is observed how, beginning at 30% of shear

strain, a constant stress ratio is attained. Figure 6.18 (d) illustrates the stress –

dilatancy behaviour: the numerical and laboratory curves show a similar linear

relationship between those two variables.

(a) Shear stress versus shear strain (b) Volume strain versus shear strain

(c) Stress ratio versus shear strain (d) Stress – dilatancy relationship

Figure 6.18 Calibration results of tyre sidewall – sand interface direct shear tests: (a)

Shear stress versus shear strain; (b) Volume strain versus shear strain; (c) Stress ratio

versus shear strain; (d) Stress – dilatancy relationship

The peak and residual shear stresses are then plotted against the respective normal

stress values to obtain failure envelopes, as shown in Figure 6.19. This figure also

shows that the simulation results match the experimental results reasonably well,
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indicating that the interface direct shear test can be simulated satisfactorily using the

present method. This observation further confirms that the micro-mechanical

parameters (shown in Table 6.3) determined from the calibration work in Chapter 4

and Chapter 5 are reasonable. Table 6.3 lists all the input parameters for the numerical

tyre – sand interface test simulations.

(a) Peak strength versus normal stress

(b) Critical strength versus normal stress

Figure 6.19 Calibration results of tyre sidewall – sand interface direct shear tests: (a)

Peak strength versus normal stress; (b) Critical strength versus normal stress
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Table 6.3 Calibrated micro-mechanical parameters of sand and rubber tyre

Numerical direct shear test

Density of the soils [kg/m3] 2650

Sand particle diameter [mm] Gradation as in

Figure 4.1

Sand particle effective modulus, E* [MPa] 40

Normal-to-shear stiffness ratio for sand, kn[S]/ks[S] 1.2

Friction coefficient of the sand particles 0.2

Friction coefficient between the sand particles and the

walls

0.0

Numerical tensile test

Density of the tyre particles [kg/m3] 1100

Coefficient of inter-particle friction [μ] 0.9

Tyre particle effective modulus, E* [MPa] 20

Normal-to-shear stiffness ratio for tyre, kn[T]/ks[T] 4.5

Tensile strength, cb_tenf [N] 2e150

Shear strength, cb_shearf [N] 2e150

Numerical interface direct shear test

Friction coefficient between tyre and sand particles 0.7
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6.4.3 DEM micro-scale investigations on tyre-sand interface behaviour

Figure 6.20 shows the velocity vectors of sand particles at the peak state under normal

stress of 30 kPa, 50 kPa and 100 kPa. It should be noted that velocity vectors are all

drawn at the same scale. These figures clearly display the mobilization of sand

particles along the tyre surface at the end of the peak stress state. In the interface

direct shear stage, a velocity rate of 10 mm/s is applied to the upper box for rightward

horizontal displacement. All the tyre particles are fixed during the shearing. The tyre -

sand interface friction resists sand particle movement. It is observed from Figure 6.20

that the difference in velocity vectors under normal stress of 30 kPa and 50 kPa is not

noticeable. However, sand specimen under normal stress of 100 kPa shows a slightly

lower velocity. The velocity vectors are associated with volume strain. The

performance of these velocity vectors in Figure 6.20 is consistent with the volume

change results shown in Figure 6.18 (b).

(a) Under normal stress of 30 kPa

(b) Under normal stress of 50 kPa
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(c) Under normal stress of 100 kPa

Figure 6.20 Velocity vectors of sand particles in rubber tyre – sand interface direct

shear tests: (a) Under normal stress of 30 kPa; (b) Under normal stress of 50 kPa; (c)

Under normal stress of 100 kPa

6.5 Parametric studies on numerical interface direst shear tests

6.5.1 Effect of interface friction between rubber tyre and sand

This sub-section explores the effect of the tyre – sand interface friction on the

numerical interface direct shear test results. Figure 6.21 compares the relationships

between shear stress, volume strain and shear strain for different interface frictions

(0.3, 0.5, 0.7 and 0.9) under normal stress of 50 kPa. It is noted that interface friction

was set as 0.7 when calibrating the tyre – sand interface direct shear tests introduced

in Section 6.4.2.

From Figure 6.21 (a), it is observed that the shear stress at the peak state is sensitive to

interface friction. The peak strength increases obviously with an increase in interface

friction, especially when the interface friction varies from 0.3 to 0.7. However, when

the interface friction is higher (0.7 and 0.9), the rise in peak strength is not remarkable.

The peak strength under interface friction of 0.7 approaches that under interface

friction of 0.9. The critical strength under different degrees of interface friction

maintains a relatively constant value.

From Figure 6.21 (b), as expected, a slight contraction occurs in the sand specimen

during initial period of the shearing process and then dilation becomes more obvious

with an increase in interface friction. However, when the interface friction grows to a

certain degree (e.g., from 0.7 to 0.9), the volume strain exhibits similar behaviour.

The effect of interface friction on volume change becomes less apparent.
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(a) Shear stress versus shear strain (b) Volume strain versus shear strain

Figure 6.21 Effect of interface friction between rubber tyre and sand: (a) Shear stress

versus shear strain; (b) Volume strain versus shear strain

6.5.2 Effect of rubber tyre particle overlaps in rubber tyre specimen

Laboratory tyre – sand interface test results indicate that the surface roughness or

grooves do influence interface behaviour. Therefore, this sub-section reviews a series

of numerical tests to check how surface roughness affects interface behaviour in

numerical interface tests. As introduced in Chapter 5, different tyre ball particle

overlaps will lead to different rubber tyre surface specimens when preparing a DEM

model for rubber tyres in PFC3D. In addition, with an increase in particle overlap, the

array of balls becomes tighter and more condensed, and produces a tyre specimen

with a smoother surface. Here, tyre ball particle overlaps of 0%, 3.8 %, 5.6 % and

33.3 % are used to prepare such specimens. It is noted that there is no particle overlap

in the rubber tyre model when calibrating the tyre – sand interface direct shear tests

introduced in Section 6.4.2. Furthermore, a particle overlap of 33.3% expands the

range of tyre generation, even the transition point shown in Figure 5.17 in Chapter 5 is

taken into consideration.

Figure 6.22 represents some typical interface direct shear results about the particle

overlap effect. It shows that particle overlap in a DEM tyre specimen has little impact

on shear strength and volume change in rubber tyre – sand interface direct shear tests.
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(a) Shear stress versus shear strain (b) Volume strain versus shear strain

Figure 6.22 Effect of particle overlaps in rubber tyre specimen: (a) Shear stress versus

shear strain; (b) Volume strain versus shear strain

6.6 Summary
This chapter presents both experimental and numerical rubber tyre – sand interface

direct shear test results. Some specific conclusions are as follows:

1. The experimental interface tests on sand and rubber tyre with three different

degrees of roughness. It is shown that surface roughness can influence the

interface shear behaviour. However, considering the very small difference in

friction angles for those three cases and the simplicity of the numerical model,

the interface shear tests results for tyre sidewall has been selected as a

reference for the DEM calibration.

2. Three-dimensional simulations of interface direct shear test on tyre - sand

interfaces are conducted in this study. The sample generation, calibration and

validation process are involved. Although the dilation of DEM interface test

specimen is larger than that of laboratory specimen (this is associated with the

DEM calibration of pure sand), the simulation results match the peak and

residual shear stress curves reasonably well. These calibration results indicate

that the interface direct shear test can be simulated effectively with the present

method and that the micro-mechanical parameters obtained can serve as

support for the investigation of rubber-sand pull-out mechanisms in Chapter 7.
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3. Parametric studies show that the peak strength increases obviously with an

increase in interface friction, especially when the interface friction varies from

0.3 to 0.7. However, the critical strength under different interface frictions

maintains a relatively constant value. Furthermore, the particle overlap in a

DEM tyre specimen has little impact on shear strength and volume change in

rubber tyre – sand interface direct shear tests. Interface friction of 0.7 has been

adopted for the calibration to match the corresponding experimental tyre -

sand interface direct shear test results.

Because the main aim of this chapter is to ascertain the micro-mechanical input

parameters of the interface friction between recycled tyre and sand, additional

research on tyre surface roughness and groove effect lie beyond the scope of this

dissertation. However, potential directions and future areas of research on rubber tyre

groove effects for design optimization are mentioned in Chapter 8.



224

Chapter 7 - DEM model and mechanisms of tyre-soil pull-

out test

7.1 Introduction
To obtain valuable insight into the reinforcement mechanism of tyre- reinforced soil,

this chapter presents rubber tyre – soil pull-out tests both experimentally and

numerically. The micro input parameters for the soil based on direct shear tests are

calibrated in Chapter 4. The methodology of modelling rubber tyre based on tensile

tests are proposed in Chapter 5. The interface behaviours between rubber tyre and soil

from interface direct shear tests are described in Chapter 6.

In this chapter, the laboratory pull-out tests conducted by Li et al. (2017) in Wuhan

for rubber-tyre reinforced soil are introduced briefly first. Then, the corresponding

numerical pull-out tests are simulated by PFC3D. Both the macro-scale and micro-

scale mobilisation mechanisms are provided. Lastly, some parametric studies are

performed to provide guidance for further simulations.

7.2 Laboratory pull-out tests and results
Figure 7.1 shows a photo of the pull-out apparatus used in this study. The equipment

has a large shear box with inner dimensions of 600 mm in length, 300 mm in width,

and 150 mm in height. In the rubber tyre and sand pull-out tests, the physical

properties and the particle size distribution of Fujian Standard Sand are presented in

Chapter 4 (Table 4.4 and Figure 4.7). The relative sand density achieved during

sample preparation in pull-out tests was 0.95. Three similar rubber tyre strips were

laid on a 20-mm thick layer of compacted sand in each test. The ends of the tyre strips

located outside the box were attached to the pull-out clamp as shown in Figure 7.2.

The tyre strips inside the shear box were 420 mm in length, 30 mm in width, and 15

mm in height. More details about displacement measurements, pull speed, pull-out

force recording etc can be found in Li et al. (2017).
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Figure 7.1 Pull-out apparatus: (1) horizontal loading system; (2) control panel; (3)

horizontal load cell; (4) pull-out clamp; (5) vertical loading system; (6) vertical load

cell (Li et al., 2017)

Figure 7.2 Layout of tyre strips in pull-out box: (a) Plan view; (b) Elevation (unit: mm)

(Li et al., 2017)

In the study performed by Li et al. (2017), the researchers firstly prepared four

different types of tyre strips, representing different tyre wear levels. Table 7.1 shows

the engineering properties of the tyre strips. The size of the tyre strips sample is the

same, whereas the longitudinal tensile yield strength and tensile modulus vary with

different types of tyre strips. Type 3 has the highest wear level, Type 4 has the lowest

tyre wear level, Type 1 and 2 have a similar and intermediate tyre wear level. Waste
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tyre with higher wear level has a smaller tyre tread depth. According to the pull-out

tests results shown in Figure 7.3, peak force increased as the normal stress increased

for all types of tyre strips. Here, the pull-out force was normalized by the width of the

box (i.e., 300 mm) for comparison. The differences in stiffness tend to decrease as the

normal stresses increase. It is worth pointing out that type 3 tyre strips showed the

lowest stiffness when compared to the other tyre types regarded as the highest level of

tyre wear. The DEM tyre model introduced in following section will not capture the

surface roughness exactly as the physical tyre material. However, the DEM tyre

model can be treated as smooth specimens which is similar to type 3 tyre with the

highest level of wear.

Table 7.1 Engineering properties of tyre strips (Li et al., 2017)
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Figure 7.3 Pull-out load-displacement curves for tyre strips under various normal

stresses: (a) Normal stress = 30 kPa; (b) Normal stress = 40 kPa; (c) Normal stress =

50 kPa; (d) Normal stress = 60 kPa (Li et al., 2017)

Then, type 3 tyre strips were selected to compare with the uniaxial and biaxial

geogrids. Table 7.2 shows the engineering properties of the geogrids. The main

difference between uniaxial and biaxial geogrids is that biaxial geogrids have

transverse ribs, which may potentially influence the corresponding reinforcement

mechanisms. In addition, based on Table 7.1, Type 3 tyre actually has similar

longitudinal tensile yield strength to uniaxial geogrid, i.e. 44 kN/m compared to 50.6

kN/m, except that tyre has a much highest longitudinal elongation at yield, 78.5%

compared to 15%. And, surprisingly, the tensile modulus of the tyre at both 2% and

5% strain level is higher than both types of geogrids.

Table 7.2 Engineering properties of geogrids (Li et al., 2017)

Figure 7.4 presents the comparison of pull-out test results for rubber tyre strips,

uniaxial geogrids, and biaxial geogrids. Similar to observations for the tyre strips,

higher confinement stresses yield higher pull-out forces. Biaxial geogrids always
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exhibit greater stiffness than uniaxial geogrids. This difference may arise from the

geometry of the biaxial geogrid, whose longitudinal and transverse ribs help to

interlock more sand particles during the pull-out process.

(a) Normal stress = 30 kPa (b) Normal stress = 40 kPa

(c) Normal stress = 50 kPa (d) Normal stress = 60 kPa

Figure 7.4 Comparisons between sands reinforced tyre and geogrids under various

normal stresses: (a) Normal stress = 30 kPa; (b) Normal stress = 40 kPa; (c) Normal

stress = 50 kPa; (d) Normal stress = 60 kPa (Li et al., 2017)

After introducing the preliminary rubber-tyre-reinforced sand laboratory pull-out test

results, this PhD study uses the discrete element method to model the rubber-tyre-

reinforced sand pull-out tests. Three-dimensional numerical simulations using PFC3D

version 5.0 are used to reveal rubber tyre reinforcement mechanisms. These numerical

simulations can be a powerful supplement to the laboratory tests, which can provide a
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reference for studying the micro-scale rubber tyre and soil reinforcement mechanisms,

progress failure, etc. Furthermore, these analyses of reinforcement mechanisms could

provide some guidance for engineering practices and applications of recycled tyres.

Therefore, the following sub-section will introduce the numerical model of rubber

tyre reinforced sands pull-out tests using DEM.

7.3 Numerical modelling of pull-out tests using DEM

7.3.1 Description of Pull-out test simulations

In the numerical pull-out tests, taking computational power into consideration,

dimensions for both pull-out box and rubber tyre are downscaled relative to those in

the laboratory tests. The box dimensions in numerical simulations are 60 mm in

length, 50 mm in width and 40 mm in height. The particle shape adopted for sand

preparation (as shown in Figure 4.14) is presented by this writer in Chapter 4. The

dimensions of the rubber tyre specimen are 60 mm in length (the length inside the

sand specimen is 50 mm, the length outside the box for clamping is 10 mm), 10 mm

in width and 3 mm in height. The rubber tyre modelling methodology can be found in

Chapter 5. All micro input parameters for DEM pull-out test simulations are listed in

Table 6.3 of Chapter 6.

7.3.2 Numerical modelling procedures for pull-out tests

The basic DEM sample preparation procedures of pull-out tests generally have three

stages to: (1) create walls and prepare sand - rubber tyre specimens, (2) consolidate

the initial specimen to the desired confining stress level and (3) execute the pull-out

process.

● Stage 1: creation of sand-tyre specimen in the pull-out test box. Firstly, sand

sample was generated and cycled to the equilibrium. Figure 7.5 shows the

initial DEM sand sample for pull-out tests. There are 13,001 clumps in total

for the sand specimen preparation.
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Figure 7.5 Initial DEM sand sample preparation for the pull-out tests

Secondly, a small box for preparing rubber tyre specimen was generated in the middle

of the pull-out box. It should be noted that before generating the small box for the

rubber tyre specimen, sand particles in the rubber tyre box zone are deleted. Then, the

rubber tyre specimen was generated in the small box. Both the sand sample and the

rubber tyre were cycled to the equilibrium. Figure 7.6 shows the embedded rubber

tyre in the pull-out tests. The particle radius of the rubber tyre specimen is 0.25 mm,

while the mean size (D50) of the sand particles is 3.36 mm, having been scaled up by a

factor of 7 for DEM simulations in this study. Even the minimum sand particle size is

0.518 mm after scaling up. That means sand particles which are interlocked by rubber

tyre are minimized when pulling the rubber tyre. In total, there are 15,347 spheres in

the rubber tyre specimen.

Figure 7.6 Initial DEM tyre sample preparation for the pull-out tests
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Thirdly, the small box for the rubber tyre specimen was deleted before cycling to the

new equilibrium. Figure 7.7 shows the whole DEM pull-out test specimen after

recycling to the equilibrium.

Figure 7.7 Initial DEM pull-out test specimen before compression

● Stage 2: one-dimensional compression of the initial sample to the desired

stress level. To keep the sand preparation in pull-out tests consistent with those

in direct shear tests, the compression stage follows the same methodology as

presented in Chapter 4. Briefly stated, at the initial compression stress level of

4.5 kPa, the friction between sand particles is 0.0. Next the value is changed to

0.2 during compression to 5 kPa, to 30 kPa and throughout the entire pull-out

process. With this method, the initial void ratio (the end of compression to 5

kPa) is 0.638, identical to the value obtained in the numerical direct shear tests.

The initial void ratio of the sand sample in lab is approximately 0.629.

● Stage 3: execution of the pull-out process. The normal stress of the reinforced

soil specimen is maintained with a relative deviation under 0.5% during the

whole pull-out process of the rubber-tyre. After resetting the particle

displacement accumulated in sample preparation, the pull-out process is

executed with a specified constant velocity of 0.25 m/s at the clamp end. As

illustrated in Figure 7.8, the blue ball particles of the tyre are “clamped” and

pulled leftward horizontally. To avoid any dynamic effects, the pull-out rate is

gradually increased linearly over time from zero to the final rate. The pull-out

process terminates when the clamp end displacement exceeds 10 mm. During
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the simulation, the displacements at the clamp end along the pull-out direction

(i.e., the negative direction along the x axis), as shown in Figure 7.8 (blue ball

particles), are monitored during the pull-out process. The pull-out force is also

recorded. Here, the pull-out force is calculated by summing all the ball-clump

contact forces in the x-direction. Following these procedures, three numerical

pull-out tests are conducted. The corresponding target stress levels are 30 kPa,

50 kPa and 100 kPa, respectively.

Figure 7.8 Clamp settings during pull-out tests: schematic diagram of the rubber tyre

inclusion

7.3.3 Macro responses during the pull-out process

Figure 7.9 shows the development of pull-out force against the clamp end

displacement. The pull-out forces for different normal stresses increase approximately

synchronously with the increase in displacement from 0 mm up to 10 mm. A general

observation is that the pull-out force increases with increasing normal stress. The

results also indicate that higher normal stress can extend the critical displacement

corresponding to the peak pull-out force. Overall, although the values for pull-out

forces in numerical simulations are quite small as shown in Figure 7.9 (b), these

general trends are consistent with the findings reported by Li et al. (2017). It is

believed that, reasons such as: shortened pull-out box dimensions and rubber tyre

specimen dimensions, extra smoothness of the modelled tyre, and only one strip of

rubber tyre simulated rather than three strips in the real experiments, etc. all

potentially reduce the reinforcement ability of the rubber tyre specimen during the

pull-out process. It should be noted that the unit of pull-out force in experimental tests

results plotted by Li et al. (2017) is kN/m. And the pull-out force was normalized by
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the width of the box for comparison. Some interaction between nearby tyre strips may

yield a more complicated relation, therefore the pull-out force seems not reasonable to

be simply divided by a factor of three. Therefore, the unit of pull-out force is N in

numerical tests results as shown in Figure 7.9 (a). The normalized pull-out force data

shown in Figure 7.9 (b) could be qualitative comparisons with the corresponding

experimental results.

(a)

(b)

Figure 7.9 Pull-out force as a function of displacement for different normal

stresses: (a) pull-out unit is N; (b) pull-out force unit is kN/m after

normalization.
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Figure 7.10 shows the evolution of the particle void ratio for the sand sample during

the whole pull-out process. It shows that the sample contracted slightly at the first

displacement about 1 ~ 2 mm and then dilated. Moreover, the displacement at the

peak pull-out force is associated with the largest dilation rate for the sample. The

apparent step-change may correspond to contacts between two irregular-shaped

particles.

Figure 7.10 Void ratio as a function of displacement for different normal stresses

7.4 DEM micro-scale observations
To gain further detailed insight into the mechanism of rubber tyre – sand interaction

under pull-out loads, some micro-scale observations are provided. The fundamental

interface behaviour between rubber tyre and sand can be obtained using PFC3D with

reasonable computational time. For example, the contact force distribution along the

rubber tyre, particle velocity vectors and particle spin of the sand particles around the

rubber tyre along with other data are presented. Here, the results of 30 kPa normal

stress pull-out test simulations for rubber-tyre reinforced sand are analysed. The

following sections discuss and compare the micro-mechanical data for three

representative states: initial pull-out 2 mm state, peak pull-out 5.4 mm state and final

pull-out 10 mm state.

7.4.1 Force distribution analysis for the initial state (pull-out 2 mm)

Figure 7.11 shows the development of pull-out force and void ratio for the initial state

(pull out rubber tyre for 2 mm). It shows that pull-out force increases nonlinearly with

an increase in pull-out displacement. However, the void ratio of the sand specimen
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decreases slightly at the first 0.7 mm pull-out displacement and then increases from

0.4271 to 0.4273 during the pull-out process. Figure 7.12 shows the corresponding

particle displacement information for both sand particles and rubber-tyre particles in

the initial pull-out 2 mm state. The movement zone of the sand clump particles arch

around the rubber tyre at the end of the 2-mm pull-out, shown in Figure 7.12 (a). The

area with sand particles movement is higher near the middle zone of the tyre than

those near the two ends of the tyre. Figure 7.12 (b) shows ball displacement for

rubbers tyre at the end of the 2-mm pull-out. It shows that the rubber tyre ball

particles mobilised gradually during the pull-out process. The deformation of the tyre

near the clamp end is the highest, whereas the deformation of the tyre near the open

end is negligible. In this state, the tensile strain of rubber tyre is around 1.47%. Figure

7.12 (c) shows the corresponding principal mobilised area has a range of about 4� 5

mm thickness below and above the rubber tyre surface.

(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.11 Macro-scale information for initial pull-out 2 mm state: (a) Pull-out force

versus displacement; (b) Void ratio versus displacement

(a) Sand specimen
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(b) Rubber tyre specimen

(c) Influencing zone

Figure 7.12 Particle displacement at initial pull-out 2 mm state: (a) Sand specimen; (b)

Rubber tyre specimen; (c) Influencing zone

To get further information about rubber tyre deformation during a 2-mm pull-out,

sectional interface forces are accumulated along the rubber tyre. Figure 7.13 illustrates

five sections, which are divided along the length of the pull-out box. Each section has

a length of 10 mm. The pull-out forces are calculated by sections. Then those

sectional interface forces are accumulated along the rubber tyre. In theory, the pull-

out force for accumulated interface forces from Section 1 to Section 5 equals the

value at the end of the 2 mm pull-out displacement shown in Figure 7.11 (a).

Figure 7.13 Illustration of 5 sections along the pull-out box
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Figure 7.14 shows the force distribution along the rubber tyre for the initial 2-mm

pull-out state. It is evident from Figure 7.14 (a) that the accumulated forces increase

slowly from Section 1, then faster in region 2 ~ 3, and then slowly again from Section

4 to Section 5. Figure 7.14 (b) shows the quantitative contribution of interface forces

from each individual section to the total pull-out forces. The contributions of interface

forces from Section 2 (27%) and Section 3 (28%) are noticeably greater than those of

the right-side sections, namely Section 4 (19%) and Section 5 (11%), for the rubber

tyre. Figure 7.14 indicates that there is more relative interlocking mechanism (i.e.,

more relative movement/shearing between the tyre and the sand particles) at work

between the rubber tyre and sand particles in the middle portion of the rubber tyre.

Although the interface shearing force is the smallest for Section 5 and Section 1, but

the percentage contribution of interface shearing force from each region are still

relatively similar. The interface shearing force is small on Section 5 because of the

negligible deformation of the tyre in this region. The movement of the sand particles

is the highest in region 2 ~ 3, hence inducing the highest interface shearing force. The

mobilized shearing becomes smaller again near the box opening because the

movement of the sand particles become more restrained by the box.

(a) Accumulated pull-out force
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(b) Contribution of sectional interface force to total pull-out force

Figure 7.14 Force distribution along the rubber tyre in initial state: (a) Accumulated

pull-out force; (b) Contribution of sectional interface force to total pull-out force

7.4.2 Force distribution analysis for peak state (5.4 mm pull-out)

Figure 7.15 shows the development of pull-out force and void ratio for peak state (5.4

mm pull-out for rubber tyre). It shows that pull-out force increases with an increase in

pull-out displacement. The dilative behaviour is more obvious after pulling out the

rubber tyre for 0.7 mm. Figure 7.16 shows the corresponding particle displacement

data for both sand particles and rubber tyre particles in a 5.4 mm pull-out

corresponding to the peak state. The sand clump particles mobilized around the rubber

tyre at the end of a 5.4-mm pull-out are shown in Figure 7.16 (a). The peak state is

when shear band fully developed. The height of sand particles displacement zone

increases from the clamp end to a maximum value, then decreases again towards the

opening end. Figure 7.16 (b) shows the ball displacement for rubber tyre at the end of

the 5.4 mm pull-out. In this state, the tensile strain of rubber tyre is around 2.30%

compared to 1.47% at 2 mm state. In addition, there are now larger deformation of the

tyre at the end of the tyre on region 5 here (3.6 mm compared to 5.4 mm is only 1.5

times difference). This means that the end of the tyre is not too much fixed anymore.

Figure 7.16 (c) shows that the corresponding principal mobilized area has a thickness

ranging about 5.5 ~ 14 mm in the vertical direction (z axis).
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(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.15 Macro-scale information for peak pull-out 5.4 mm state: (a) Pull-out force

versus displacement; (b) Void ratio versus displacement

(a) Sand specimen

(b) Rubber tyre specimen
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(c) Influencing zone

Figure 7.16 Particle displacement at peak pull-out 5.4 mm state: (a) Sand specimen; (b)

Rubber tyre specimen; (c) Influencing zone

Figure 7.17 shows the force distribution along the rubber tyre for the peak state.

Figure 7.17 (a) shows that the accumulated forces follow a similar trend obtained

from Figure 7.14 (a). Figure 7.17 (b) shows the quantitative contribution of interface

forces from each individual section to the total pull-out forces. The contributions of

interface forces from Section 2 (32%) and Section 3 (30%) are noticeably greater than

those of right-hand sections, namely Section 4 (18%) and Section 5 (5%) for the

rubber tyre. Comparing the peak 5.4 mm state to 2 mm state, although the percentage

contribution of Section 5 is smaller, but the absolute magnitude of force contributions

is similar of around 3 ~ 4 N.

(a) Accumulated pull-out force
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(b) Contribution of sectional interface force to total pull-out force

Figure 7.17 Force distribution along the rubber tyre at peak state: (a) Accumulated

pull-out force; (b) Contribution of sectional interface force to total pull-out force

7.4.3 Force distribution analysis for final state (10 mm pull-out)

Figure 7.18 shows the development of the pull-out force and void ratio for the final

state (10-mm pull-out the rubber tyre). It shows that pull-out force increases with an

increase in pull-out displacement of 5.4 mm. Then, from the pull-out displacement of

5.4 mm, the pull-out force shows a slight decrease before stabilizing. Furthermore,

dilation occurs during almost the entire pull-out process, varying from 0.4271 to

0.4308. Figure 7.19 shows the corresponding particle displacement data for both sand

particles and rubber tyre particles in the final 10-mm pull-out state. The sand clump

particles mobilized around the rubber tyre upon termination the 10-mm pull-out are

shown in Figure 7.19 (a). The corresponding principal mobilised area has a thickness

ranging about 7.5 �19 mm thickness in the vertical direction (z axis) as shown in

Figure 7.19 (c). Figure 7.19 (b) shows ball displacement for rubber tyre upon

termination of the 10-mm pull-out. In this state, the tensile strain of rubber tyre is

around 2.44%, similar to 2.30% at the peak state.
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(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.18 Macro-scale information for final pull-out 10 mm state: (a) Pull-out force

versus displacement; (b) Void ratio versus displacement

(a) Sand specimen

(b) Rubber tyre specimen
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(c) Influencing zone

Figure 7.19 Particle displacement at final pull-out 10 mm state: (a) Sand specimen; (b)

Rubber tyre specimen; (c) Influencing zone

Figure 7.20 shows the force distribution along the rubber tyre for the final state with

10 mm pull-out displacement. The principal pull-out forces concentrated in Sections 1,

2 and 3, which provide contributions of 24%, 31% and 30% to the total pull-out force,

respectively. In addition, the total failure is not yet happened here, which can be

explained clearly in Figure 7.20. The total pull-out force remains similar compared to

the peak state. The percentage contributions of Section 2 and 3 remain similar. But the

percentage contribution of section 1 increases whereas that of Section 4 and 5 reduces.

This shows a closer step towards total failure.

(a) Accumulated pull-out force
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(b) Contribution of sectional interface force to total pull-out force

Figure 7.20 Force distribution along the rubber tyre at final state: (a) Accumulated

pull-out force; (b) Contribution of sectional interface force to total pull-out force

Figure 7.21 summarizes the accumulated pull-out force for three different states:

initial 2.0-mm pull-out state, peak 5.4-mm pull-out state, and final 10-mm pull-out

state. It shows that pull-out forces in the middle portion of the rubber tyre are much

higher than the pull-out forces at the end of the rubber tyre. These different values of

sectional interface forces along the rubber tyre imply that each part of the rubber tyre

is mobilizing a different frictional resistance, indicating that failure must be

progressive, i.e. the elements nearer the pull-out clamp are reaching a failure strength

earlier than the elements at the end of the rubber tyre. These simulation results are

consistent with Li et al. (2017), who performed laboratory pull-out tests on sand

reinforced with long rubber strips.
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Figure 7.21 Accumulated pull-out force along the rubber tyre for three different states

7.4.4 Contact force distribution in sand specimens

The three Figures 7.22, 7.23 and 7.24 show the development of contact force

distribution for several states (initial state, peak state and final state) during the pull-

out tests. It should be noted that contact forces are all drawn at the same scale. These

figures display the strong contact forces in the vicinity of the rubber tyre, clearly

showing the interface effect. Comparison of Figures 7.22, 7.23 and 7.24 indicates that

the magnitude of the contact force for the peak state is larger than that for the initial

and final state due to the higher number of contacts for sand particles in the peak state.

This phenomenon is confirmed by the comparison shown in Figure 7.21.

(a) 3D - elevation view
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(b) 2D - elevation view

Figure 7.22 Contact force distributions for initial pull-out 2 mm state in the middle

slice along the rubber tyre: (a) 3D - elevation view; (b) 2D - elevation view

(a) 3D - elevation view

(b) 2D - elevation view

Figure 7.23 Contact force distributions for peak pull-out 5.4 mm state in the middle

slice along the rubber tyre: (a) 3D - elevation view; (b) 2D - elevation view
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(a) 3D - elevation view

(b) 2D - elevation view

Figure 7.24 Contact force distributions for final pull-out 10 mm state in the middle

slice along the rubber tyre: (a) 3D - elevation view; (b) 2D - elevation view

7.4.5 Velocity vectors of sand particles surrounding the rubber tyre

Figure 7.25 shows the velocity vectors of sand particles for several states (initial state,

peak state, and final state) during the pull-out tests. It should be noted that velocity

vectors are all drawn at the same scale. These figures clearly display the mobilization

of sand particles along the rubber tyre during the pull-out process. In the case of

horizontal pull-out to the left for the rubber tyre, the sand particles surrounding the

rubber tyre move together with the rubber tyre. The interface friction between rubber

tyre and sand resists movement, which causes slight orientation changes in the

velocity vectors (from vertical to diagonal), as shown in Figure 7.25. Furthermore, the

dilative zone for sand particles surrounding the rubber tyre is larger for the peak state

than the other two states. This is also consistent with the results under 30 kPa normal

stress shown in Figures 7.9 and 7.10.
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(a) At the end of initial pull-out 2 mm

(b) At the end of peak pull-out 5.4 mm

(c) At the end of final pull-out 10 mm

Figure 7.25 Velocity vectors of sand particles surrounding the rubber tyre during the

pull-out tests: (a) At the end of initial pull-out 2 mm; (b) At the end of peak pull-out

5.4 mm; (c) At the end of final pull-out 10 mm

7.4.6 Particle spin of sand particles surrounding the rubber tyre

Figure 7.26 shows the particle spin of sand particles surrounding the rubber tyre for

three states (initial state, peak state, and final state) during the pull-out tests. The

particle spin represents the clump angular velocity, which is obtained automatically
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from the software. It should be noted that particle spins are all drawn at the same scale.

These figures supply additional information regarding sand particle movement during

the pull-out tests. More particle spins appear in the peak state, shown in Figure 7.26

(b). The particle spins below and above the rubber tyre are nearly symmetrical.

(a) At the end of initial pull-out 2 mm

(b) At the end of peak pull-out 5.4 mm

(c) At the end of final pull-out 10 mm

Figure 7.26 Particle spin of sand particles around the rubber tyre during the pull-out

tests: (a) At the end of initial pull-out 2 mm; (b) At the end of peak pull-out 5.4 mm;

(c) At the end of final pull-out 10 mm
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7.5 Parametric studies
This sub-section proposes a preliminary analysis of the pull-out box effect and rubber

tyre length effect on pull-out test simulation results. The results can serve as a

reference for further optimization of current pull-out test models and simulations.

7.5.1 Influence of pull-out box dimensions on pull-out tests results

The dimensions of the pull-out test box in numerical simulations are 60 mm in length,

50 mm in width and 40 mm in height. When performing the parametric studies, we

vary one variable while keeping other two variables constant. For example, when

investigating the pull-out box length effect on pull-out tests results, the three lengths

selected are 60 mm, 80 mm, and 120 mm (for width 50 mm and height 40 mm) to

form a comparison group. Analogously, the three widths 50 mm, 60 mm and 100 mm

(for length 60 mm and height 40 mm) and the three heights 40 mm, 50 mm and 60

mm (for length 60 mm and width 50 mm) are specified to investigate width and height

effects on pull-out test results.

Figures 7.27, 7.28 and 7.29 show effect of box dimensions on pull-out tests results.

Both the pull-out force curve and void ratio curve during the whole pull-out process

indicate that length and width seem to have little effect on pull-out test results.

However, the box height has an obvious scale effect on pull-out forces, as shown in

Figure 7.29 (a). The main difference is that with changes in length and width, the

corresponding void ratio values of the sand specimen undergo minimal changes: the

dilative behaviour is not obvious. However, when height is set at 60 mm, the dilation

is slightly larger than in the other two cases, which is consistent with the

corresponding higher peak force in Figure 7.29 (a). It should be noted that the box

length, height or width affect the void ratio - displacement relationships due to

increased void ratio near rigid boundaries (Huang et al. 2014). In addition, there is

around 3% difference in initial void ratio for each set of parametric studies.
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(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.27 The box length effect on pull-out test results: (a) Pull-out force versus

displacement; (b) Void ratio versus displacement

(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.28 The box width effect on pull-out test results: (a) Pull-out force versus

displacement; (b) Void ratio versus displacement
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(a) Pull-out force versus displacement (b) Void ratio versus displacement

Figure 7.29 The box height effect on pull-out test results: (a) Pull-out force versus

displacement; (b) Void ratio versus displacement

Figure 7.30 shows the displacement vectors during pull-out tests for different heights.

In the case of the 60-mm height pull-out test simulation, more sand particles

surrounding the rubber tyre are driven horizontally when pulling out the rubber tyre to

the left due to interface frictional resistance. Sand particles slightly far from the

surface of the rubber tyre move clockwise above the rubber tyre and anticlockwise

below the rubber tyre. The dilative behaviour is more obvious here than in those cases

of height 40 mm and 50 mm. This offers a possible explanation as to why the pull-out

force is higher than expected.

(a) Box height 40 mm
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(b) Box height 50 mm

(c) Box height 60 mm

Figure 7.30 The box height effect on displacement vectors at the end of pull-out tests:
(a) Box height 40 mm; (b) Box height 50 mm; (c) Box height 60 mm

7.5.2 Influence of rubber tyre length on pull-out tests results

Given that the length of rubber tyre in the laboratory pull-out test (Li et al., 2017) is

420 mm, exploring rubber tyre length effect on pull-out test results could be

meaningful. This subsection presents some macro-scale and micro-scale data from the

parametric study on rubber tyre length effects. For the numerical pull-out tests, the

box is 120 mm long, 50 mm wide, and 40 mm high. The pull-out displacement is 20

mm. Lengths 50 mm, 75 mm and 100 mm are selected for the rubber tyre to perform

the numerical pull-out tests under 30 kPa normal stress. Figure 7.31 shows the

development of the pull-out force against the clamp end displacement. The rubber tyre

length seems to have little effect during the initial 2 mm displacement due to absence

of significant particle movement in this state. However, for forward movement of the

pull-out displacement, the peak pull-out force shows an obvious increase with an

increase in rubber tyre length. Figure 7.32 shows the evolution of the particle void

ratio for the sand specimen during pull-out. It shows that when the rubber tyre length

is 50 mm or 75 mm, the sand specimen maintains a dense state. In contrast, when the
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rubber tyre length is 100 mm, the sand specimen manifests dilative behaviour during

pull-out. Here the displacement at the peak pull-out force is consistent with the largest

dilation rate for the sand specimen. Figure 7.33 shows the corresponding contact

forces of sand particles around the rubber tyre during the pull-out tests. It indicates

that the magnitude of the contact force for the tyre length of 100 mm is larger than the

other two cases.

Figure 7.31 Pull-out force as a function of displacement for different tyre length

Figure 7.32 Particle void ratio as a function of displacement for different tyre length

(a) Tyre length 50 mm
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(b) Tyre length 75 mm

(c) Tyre length 100 mm

Figure 7.33 Contact forces of sand particles around the rubber tyre during the pull-out

tests: (a) Tyre length 50 mm; (b) Tyre length 75 mm; (c) Tyre length 100 mm

To provide more particle-scale information about rubber tyre length effects on pull-

out test results, Figures 7.34 and 7.35 show the particle spin and velocity vectors for

sand particles at the conclusion of the pull-out test. Greater particle movement appears

along the rubber tyre when the tyre length is 100 mm in comparison to the other two

rubber tyre length tests, as shown in Figures 7.34 and 7.35 with powerful displays of

the sand particle displacement. In Figure 7.35, more particle movement appears above

and below rubber tyre surface. This is consistent with the phenomenon observed in

Figure 7.34. Furthermore, Figure 7.35 shows the influencing zone that constitutes the

dilative zones and affects the final peak pull-out force.

When the rubber tyre length is 50 mm, particles rotate mainly in the left part of the

sand specimen, concentrating mostly most around the rubber tyre. For a rubber tyre

length of 75 mm, a larger influencing zone appears around the rubber tyre.

Furthermore, the velocity vectors in the right part of the sand specimen display

changes in orientation from nearly vertical to horizontal. Given a rubber tyre length of

100 mm, the influencing zone around the rubber tyre develops a more homogenous

distribution, unlike the turbine distribution in the other two cases. The reason may be
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that the longer rubber tyre can provide more space allowing more sand particles to

interlock uniformly when the interface mobilizes during the pull-out process.

Furthermore, the velocity vectors in the right part of the sand specimen displays

changes in orientation from nearly vertical to diagonal in comparison to changes

shown in Figure 7.35 (a).

(a) Tyre length 50 mm

(b) Tyre length 75 mm

(c) Tyre length 100 mm

Figure 7.34 Particle spin of sand particles around the rubber tyre at the end of pull-out

tests: (a) Tyre length 50 mm; (b) Tyre length 75 mm; (c) Tyre length 100 mm
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(a) Tyre length 50 mm

(b) Tyre length 75 mm

(c) Tyre length 100 mm

Figure 7.35 Velocity vectors of sand particles around the rubber tyre at the end of

pull-out tests: (a) Tyre length 50 mm; (b) Tyre length 75 mm; (c) Tyre length 100 mm

7.6 Discussions
Numerical modelling of rubber-tyre reinforced sand pull-out tests in this study was

carried out using software PFC3D version 5.0, which has some inherent limitations for

investigating real interface behaviours between rubber tyre and sand.
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1. The granular Fujian Standard Sand was modelled with tetrads of overlapping

pebbles to form a representative irregular shape. However, the irregular shape

was identical for all soil particles, unlike the variable irregularity of real soil

particle shapes. Moreover, to compensate for the computational time cost of

the scaling effect, a scale-up factor of seven has been used for the soil in this

study.

2. The ball radius in numerical pull-out tests is quite small to obtain a smooth

rubber tyre surface. How the roughness of the rubber tyre surface influences

the pull-out test results has not been investigated in this study.

3. Based on the parametric analyses, the dimensions of the pull-out test box and

the length of the rubber tyre require further investigation to optimize current

simulations.

Although the above simplification of the real rubber-tyre reinforced sand pull-out test

simulations surely lead to differences between the experimental and numerical

investigations, 3D discrete element modelling still provides valuable results to

illustrate and to visualize the fundamental rubber-tyre reinforcement mechanisms at

work during the pull-out process within a reasonable computational time.

7.7 Summary
This chapter focus on rubber tyre-sand interaction under pull-out tests with both

experimental and numerical approaches. In the laboratory tests, rubber-tyre reinforced

Fujian Standard Sand pull-out tests, together with some comparisons with geogrid

pull-out force results are introduced briefly based on the laboratory tests performed by

Li et al. (2017). In the DEM investigations, the numerical rubber-tyre reinforced sand

pull-out tests were carried out with some preliminary parametric analyses. Both

macro-scale and micro-scale data for rubber tyre and sand during the pull-out process

are displayed and analysed. For example, the interface behaviour between rubber tyre

and sand is visualized by the qualitative force distributions along the rubber tyre for

three different states (initial pull-out state, peak state, and final state). The contact

force distribution, velocity vectors and particle spin of sand particles around the

rubber tyre are also presented. The specific conclusions of the study in this Chapter

are as follows:
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1. A three-dimensional DEM numerical tyre – sand pull-out test results show that

pull-out force under different normal stresses (30 kPa, 50 kPa and 100 kPa)

increase approximately synchronously with the increase in displacement form

0 mm up to 10 mm. These general trends are consistent with existing findings

reported by Li et al. (2017).

2. The initial state (pull out 2 mm) indicates that the area with sand particles

movement is larger near the middle zone of the tyre than those near the two

ends of the tyre. The corresponding principal mobilized area has a thickness

ranging from 4 mm to 5 mm in the vertical direction. Furthermore, the

quantitative contribution of interface forces from each individual section to the

total pull-out forces show that interface forces from Section 2 (27%) and

Section 3 (28%) are noticeably greater than those of the the open-side sections,

namely Section 4 (19%) and Section 5 (11%). In addition, the tensile strain of

rubber tyre at the end of pull-out 2 mm is around 1.47%.

3. The peak state (pull out 5.4 mm) is when shear band fully developed. The

height of sand particles displacement zone increases from the clamp end to a

maximum value, then decreases again towards the opening end. The

corresponding principal mobilized area has a thickness ranging from 5.5 mm

to 14 mm in the vertical direction. Furthermore, the quantitative contribution

of interface forces from each individual section to the total pull-out forces

show that interface forces from Section 2 (32%) and Section 3 (30%) are

noticeably greater than those of the the open-side sections, namely Section 4

(18%) and Section 5 (5%). In addition, the tensile strain of rubber tyre at the

end of pull-out 5.4 mm is around 2.30%.

4. The final state (pull out 10 mm) indicates that the corresponding principal

mobilized area has a thickness ranging from 7.5 mm to 19 mm in the vertical

direction. Furthermore, the principal pull-out forces concentrated in Sections

1,2 and 3, which provide contributions of 24%, 31% and 30% to the total pull-

out force, respectively. In addition, the tensile strain of rubber tyre at the end

of pull-out 10 mm is around 2.44%.

5. Micro data such as contact force distribution in sand specimens, velocity

vectors and particle spins of sand particles surrounding rubber tyre provide
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supplement to show the magnitude of contact force, particle velocity and

particle spin for peak states are larger than those for the initial state and final

state.

6. Parametric studies show that the length and width of the pull-out box used in

this dissertation have little effect on pull-out test results. However, the height

of the box does influence the pull-out results. In addition, the peak pull-out

force shows an obvious increase with an increase in tyre length. When the

rubber tyre length is 50 mm, particle rotates mainly in the left part of the sand

specimen, concentrating mostly around the tyre. While the longer rubber tyre

(i.e., 100 mm) can provide more space allowing more sand particles to

interlock uniformly when the tyre – sand interface mobilizes during the pull-

out process, thus resulting in a larger influencing zone.

It can be concluded that although the values for pull-out forces in numerical

simulations are quite small, the trend of the numerically obtained rubber tyre progress

failure showed reasonable agreement with that of the corresponding experimental data.

These demonstrate that the DEM simulations can be good predictions of the pull-out

force as a function of displacement.
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Chapter 8 - Conclusions and suggestions for further

research

8.1 Conclusions
For this dissertation research, the Discrete Element Method (DEM), a numerical

method, was employed to provide a unique particle-scale insight into the granular

geotechnical behaviours of tyre-reinforced soil. Comprehensive DEM research was

done based on direct shear tests, tensile tests and pull-out tests. Accordingly, this

DEM research contributes five major advances: (1) The relative contribution of a

specific shape factor (such as elongation index, flatness index, convexity, and

roundness) on shear behaviour is investigated and measured separately based on

numerical direct shear tests; (2) A robust DEM model for tyre rubber, which can

capture its deformability for a Poisson’s ratio of 0.5. is firstly proposed. The

corresponding processes for tyre specimen generation, calibration and verification

processes are provided in detail; (3) Quantitative information about Fujian Standard

Sand obtained from MorphologI at UCL, as well as corresponding calibration

parameters for sand models in DEM simulations are provided. This can be a helpful

reference for relevant research involving Fujian Standard Sand (a typical and widely

used sand in China); (4) A series of experimental interface direct shear tests between

tyre (with various degree of roughness) and sand are performed. The results can be a

helpful reference for further study on tyre surface roughness or groove effects; (5)

Some micromechanical results on tyre reinforced sand based on pull-out tests, such as

progress failure, and particle interlocking data are provided to help explore and

identify the micromechanics of soil reinforced with recycled tyres. All of which are

summarized in detail below:

8.1.1 Discrete element modelling of soil

Contribution 1: The effect of individual shape factor on shear behaviour based on

numerical direct shear tests was identified.

Most existing experimental and numerical particle shape studies do not separate out

individual shape factors or their effects. This PhD research provides a comprehensive

particle shape investigation via numerical direct shear tests. Firstly, DEM specimens
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in three different stages (loose, medium-dense, and dense) are prepared and sheared to

provide a verification of the DEM numerical tests. Secondly, shape indices used in

this study such as elongation index (EI), flatness index (FI), convexity (Cx) and

roundness (R) are introduced in detail. A simulation design with different particle

shapes is proposed. Then, packing ability (maximum and minimum void ratios), shear

stress versus shear strain, volume strain versus shear strain and stress – dilatancy

relationships for each test are presented. Also, comparisons with relevant existing

work are made in detail. It should be noted that we can investigate the influence of a

specific shape factor on shear behaviour and separate out the relative individual

contributions of EI, FI, Cx and R. Additionally, the ranges in this PhD research for

each particle shape index are wider than those in published studies. Thirdly, particle

size scale effects on shearing behaviour are investigated. The results indicate that the

scale factor of 7 used in this PhD dissertation is reasonable and reliable.

We may draw four general conclusions from the particle shape studies when testing

dentist packings.

1. An extended particle shape sufficiently close in shape to a sphere (for example

EI = 0.7) allows for better filling of void spaces than perfectly spherical

particles (for example EI = 1.0). A transition point is found in both the packing

ability and the peak friction angle curves. This unique observation is rare in

published shape studies, which do not consider wider ranges of EI. The

behaviour is related to particle packing and is explained well from the

corresponding stress-dilatancy responses.

2. The effect of FI on packing ability and peak friction angles is minimal.

However, FI changes critical friction angle significantly from 32° to 40° when

reduces from 0.8 to 0.6.

3. Lower Cx leads to less efficient packing and less particle interlocking during

shearing, which is compatible with most of the existing experimental and

numerical results.

4. Peak friction angles increase with an increase in R, which is strongly related to

their corresponding reduced initial void ratios. Critical friction angles do not

show much variation, which is different from existing results. Many

researchers have admitted that particle shape has a very important role in
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determining critical friction angles. Existing results come from the use of

natural sands and do not identify whether there are other dominant shape

factors influencing the results. Therefore, R may not be a good shape index to

represent particle shape sufficiently. In the future, R could be represented by a

combined value which can interpret other shape factors at the same time.

Contribution 2: Quantitative information about Fujian Standard Sand along with

micro parameters for DEM calibration are provided.

In order to replicate sand direct shear tests well and obtain a good sand calibration,

this PhD dissertation presents quantitative information (such as aspect ratio,

circularity and convexity) about Fujian Standard Sand, which is commonly used and

studied in geotechnical engineering in China. The MorphologI G3 and microscope at

UCL are used. Based on numerical particle shape studies and physical information of

Fujian Standard Sand, a representative shape is proposed. The corresponding shape

indices are: EI = 0.75, FI = 0.81, Cx = 0.97 and R = 0.28. Using this particle shape to

prepare soil specimens and further shear the sample, a set of micro parameters for 3D

calibration of Fujian Standard Sand is obtained. The calibration results present a

reasonable reproduction of shear behaviour consistent with laboratory tests. It should

be noted that the volumetric strain response is not fitting well, which may relate to the

scale effect. In addition, that information could provide a helpful reference for

relevant research involving Fujian Standard Sand (a typical and widely used grade of

sand in China).

8.1.2 Discrete element modelling of rubber tyre

Contribution 3: A robust 3D DEM model for rubber tyre is proposed, including

generation, calibration and verification processes, which can capture its physical

deformability for a Poisson’s ratio of 0.5.

Most of existing DEM models for rubber tyre are oversimplified (for example using

ideally spherical balls to represent granulated tyres). Furthermore, these models

mostly ignore the fundamental physical property of a 0.5 Poisson’s ratio for rubber

tyre. None has investigated dimension effects. This PhD research found that BCC

packed specimens can replicate stress – strain behaviour and yield a Poisson’s ratio of

0.5 at the same time based on tyre tensile test. In fact, the application of the DEM

model for BCC-packed tyre has served as the inspiration for some theoretical
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hypotheses from the field of physics, which indicate that different packings have great

influences on the Poisson’s ratio.

Some parametric studies on the effects of different packings, the effects of

compression and tension as well as the effects of particle size and aspect ratio have

been performed. The results indicate that the DEM model for tyre proposed in this

research can represent rubber tyre well, which means that we are able to simulate

different shapes (e.g., various lengths and aspect ratios) of tyre rubber according to

different engineering requirements. Furthermore, this finding can provide a good

direction for modelling tyre reinforcement using DEM, which could be extended to

tyre-soil micromechanical research. These findings should save a significant amount

of laboratory time and costs.

Contribution 4: Both experimental and numerical tyre – sand interface direct shear

tests are performed.

It is well-known that tyre exteriors and interiors are made from different materials,

resulting in various degrees of surface roughness. In this PhD dissertation, we make

note of the fact that the tyre outside has obvious grooves, the tyre inside has small

uniform bumps and holes and the tyre sidewall has a smooth surface. The

experimental tyres with different surfaces and the sand interface direct shear test

results all indicate that tyre surface roughness does have an influence on tyre-sand

interface shear behaviour. Both the peak and the critical friction angles of pure sand

are higher than those of tyre – sand interfaces. Under lower normal stress (30 kPa and

50 kPa), no clear difference in peak friction angles for tyre – sand interfaces are

noticed. When the normal stress is 100 kPa, the tyre outside – sand interface exhibits a

higher peak strength than the tyre inside – sand interface and the tyre sidewall – sand

interface. The critical friction angles are more dependent on normal stress levels and

tyre surface grooves.

The interface friction angles between sand and rubber from different tyre surfaces do

not vary too much. Therefore, in the numerical simulations, tyre specimens are made

of balls with small particle size to match the tyre sidewall – sand experimental test

results. The calibration results indicate that the interface direct shear test can be

simulated satisfactorily using the present method. Furthermore, these tyre – sand

investigations could provide a reference for further research on tyre groove effects.
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8.1.3 Tyre – sand reinforcement mechanisms

Contribution 5: Micromechanical results on tyre reinforced sand based on pull-out

tests, such as progress failure and particle interlocking data are provided.

After completing a careful calibration of the sand (based on direct shear test), the tyre

– sand interface friction (based on interface test), and the tyre (based on tensile test),

all corresponding micro parameters are applied in the tyre – sand pull-out test

simulations. The numerical procedure for tyre – sand pull-out modelling is presented

in detail. Some micro-scale observations on force distribution for initial state (pull out

2 mm), peak state (pull out 5.4 mm) and the state upon termination (pull out 10 mm)

are presented. Furthermore, contact force distribution, velocity vectors and particle

spin of sand particles around tyre are also analysed. In addition, parametric studies on

pull-out box dimension effects and tyre length effects are performed.

Some general conclusions may be noted here.

1. Pull-out force increases nonlinearly with an increase in pull-out displacement.

2. The quantitative contribution of interface forces from each equal individual

section to the total pull-out forces indicates that the main contributions of

interface forces are centred in the middle of the tyre sample, where an obvious

mobilized area can be observed.

3. The length and width of the pull-out box used in this dissertation have little

effect on pull-out test results. However, the height of the box does influence

the pull-out results. In addition, the peak pull-out force shows an obvious

increase with an increase in tyre length.

4. A longer tyre leads to more obvious progressive failure. When the rubber tyre

length is 50 mm, particles rotate mainly in the left part of the sand specimen,

concentrating mostly most around the rubber tyre. For a rubber tyre length of

75 mm, a larger influencing zone appears around the rubber tyre. Furthermore,

the velocity vectors in the right part of the sand specimen display changes in

orientation from nearly vertical to horizontal. Given a rubber tyre length of

100 mm, the influencing zone around the rubber tyre develops a more

homogenous distribution, unlike the turbine distribution in the other two cases.
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8.2 Limitations of research and recommendations for further research

8.2.1 Particle shape studies

Limitations

Although physical data for Fujian Standard Sand are provided to show that the

corresponding DEM model replicates real sand well, only one representative type of

particle shape is adopted in the sand sample preparation. This cannot capture real

complex sands with various shapes, thus resulting in very inadequate sand calibration

and low-quality prediction results. In addition, the data obtained from MorphologI G3

are two-dimensional, which would have a certain amount of error in representations of

real sand particles in 3D.

Recommendations

More advanced equipment and image analysis techniques have to be developed to

obtain physical shape data in order to approximate real sand characteristics. In

addition, more representative types of particle shapes of all different kinds should be

included when preparing DEM sand specimens. Even in this information and data

sharing era, a specific open source or particle shape library for Fujian Standard Sand

can be created online. Every researcher anywhere in the world can contribute to

improving and optimizing data quality. Then the packaged data can be continuously

updated and incorporated by researchers in different numerical software programs.

Based on numerical particle shape investigations in this dissertation, future studies

can make full use of currently popular 3D printing technology to create relevant

particle shapes (Kong et al., 2019), but may also use these pre-designed particles to

perform laboratory tests to provide sufficient verification for the numerical results. In

both cases, we can select soils with specific shape characteristics to improve

engineering applications more efficiently.

8.2.2 Tyre – sand interface behaviour: groove effect

Limitations

The numerical tyre – sand interface direct shear test simulation conducted in this

dissertation regarded experimental tyre sidewall – sand interface test results as a

calibration reference with respect to the simplicity of the model. However, the

interface behaviour between sand and tyre are very important and is affected by tyre
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surfaces characteristics. Future experimental and numerical studies on tyre roughness

and tyre groove effects should be identified and analysed clearly and comprehensively.

In addition, whether the DEM tyre model can replicate bending or torsional loads

rather than purely tensile loads hasn’t identified.

Recommendations

In order to ensure the repeatability of sand - tyre experimental tests, each set of

experimental sand - tyre interface direst shear tests should be conducted three times.

In addition, more comprehensive verification should include the investigation on how

well the calibrated DEM tyre model would cope with bending or torsional loads rather

than purely tensile tests. Therefore, future tyre - sand interface behaviour could start

with the verification of tyre model both experimentally and numerically to maintain

the DEM model for tyre robust firstly. Furthermore, the corresponding analyses of

tyre surfaces with different grooves can be performed both experimentally and

numerically to investigate how these grooves influence particle interlocking behaviour

and interface performance. Here, grooves can be modelled by removing some rows of

particles in the tyre rubber specimen. The results could provide tyre shredder

manufacturers with helpful guidance for designing and optimizing tyre shredders to

make different satisfactory tyre products according to engineering requirements.

8.2.3 Future DEM simulations for tyre – sand pull-out tests

Limitations

The numerical tyre – sand pull-out test simulations conducted in this dissertation

downscaled the pull-out box and tyre length, compared with the original experimental

tests, in consideration of computation efficiency. Supplementary parametric

dimension effect investigations are not provided here to verify the correctness of

simulations. Another significant limitation is that the micro parameters for tyre rubber

from the tensile tests may not be adequately correct to apply in tyre – sand pull-out

test simulations directly, because tyre rubber samples embedded in soil in pull-out

tests may have different tensile behaviour compared with tyre rubber exposed to air.

Recommendations

To study obvious and complete progress failure during pulling, longer tyre strips need

to be used in numerical simulations. Furthermore, the effect of pull out box
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dimensions on pull-out force should also be investigated carefully. In addition, tyre

strips used in pull-out test simulations need recalibration via both experimental and

numerical compound tensile tests on tyre strips embedded in sand. Also, further

improved model should include roughness, which could be crudely captured using a

rotational resistance model. The rotational resistance greatly increase the pull-out

forces in the simulations. Only these micro reinforcement mechanisms on tyre – sand

system would be meaningful.

Based on the investigations of single tyre strip – sand reinforcement mechanisms,

more studies can be extended to multiple tyre strips for further comparison. Tyre

specimens can also be made into mats like commercial reinforcement materials such

as uniaxial geogrids, biaxial geogrids and triaxial geogrids to promote various formats

for recycled tyres and provide more practical predictions in geotechnical applications

(Dewaikar et al., 2011).
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