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D The inner diameter of the container

(0] Internal friction angle

T Shearing stress

o Normal stress
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Vspu Volumetric Strain with respect to Sphericity index
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1 INTRODUCTION, OBJECTIVES

1.1 Introduction

The Discrete Element Method (DEM) is a powerful numerical technique that simulates the
behaviour of granular and particulate materials. Initially developed in the 1970s (Cundall and
Strack, 1979), DEM has become a widely used tool in various fields, including geomechanics,
civil engineering, pharmaceuticals, and food processing. The method operates by treating each
particle as a discrete entity with its behaviour, considering its size, shape, and interactions with
neighbouring particles and external loads (Richards et al., 2004). This results in a highly accurate
and detailed representation of the complex behaviour of granular materials, including particle-
particle interactions, bulk flow, and failure mechanisms. The advantages of DEM include its ability
to capture the heterogeneity and anisotropy of granular materials, the possibility of investigating
particle-scale phenomena and predicting macroscopic behaviour, and the potential for optimising
processes and designs in various industries (Jing and Stephansson, 2007; Qi et al., 2015; Wang et
al., 2022). Despite its widespread use, challenges and limitations exist in DEM, such as the
computationally expensive nature of simulations, the need for accurate calibration of input
parameters, and the difficulty of modelling complex geometries and boundary conditions.
Nevertheless, the potential benefits of DEM in advancing our understanding and engineering of
granular materials make it a promising and exciting area of research.

Additionally, The Simple Shear Test (SST) is a commonly used experimental technique for
evaluating the mechanical behaviour of granular materials under shear loading. The SST involves
the confinement of a sample of particles between two parallel containers and the translation of one
container horizontally concerning the other, which produces a shear strain within the sample. The
resulting stress-strain curve can provide valuable insights into the frictional and rheological
properties of the material, which are crucial for predicting its behaviour in various engineering
applications. However, the accuracy and reliability of SST results depend on several factors,
including particle shape, size, surface properties, sample preparation, and testing conditions.
Numerous studies have highlighted the significant effect of particle indexes, such as size
distribution, shape factor, angularity index, sphericity index, and surface roughness, on the SST
results. For instance, (Altuhafi et al., 2016) found that the coefficient of friction measured in SST
increases with the shape factor of particles and decreases with particle size.

Similarly, (Danesh et al., 2020) investigated the influence of the angularity index and sphericity
index on the shear strength of the ballast layer and the formation of a shear band using discrete
element methods. Furthermore, (Kodicherla et al., 2019) examined the impact of the dimensionless
elongation parameter (77) on the direct shear behaviour of granular materials using DEM. Similarly,
(Kodicherla et al., 2019) reported that the degree of particle crushing and the evolution of particle
size distribution during SST significantly affect the shear strength and deformation behaviour of
sand samples. However, a detailed investigation of the specific effect of each particle index on
SST is still lacking.

Furthermore, The efficient packing of granular materials has significant applications in various
fields, from food processing and pharmaceutical manufacturing to civil engineering and geology
(Chatham et al., 2019; Chen et al., 2020; Bharathi and Sampath kumar, 2022). Achieving higher
packing densities than those attainable with mono-disperse cylindrical or spherical particles alone
is a subject of ongoing research interest. To this end, mixed particle systems, such as combinations
of cylinders and spheres, have been investigated through numerical simulations and experimental
studies, demonstrating their effectiveness in achieving denser packing (Qian et al., 2016; Zhao et
al., 2019; Fitzgerald et al., 2020).

However, the complex interplay between particle shape, size, and surface properties, as well as the
influence of external factors such as mechanical vibration and applied stress, make the
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optimisation of mixed particle packing a challenging and multi-disciplinary task. In recent years,
research has focused on the factors that influence the packing density of mixed particle systems or
binary mixtures based solely on diameter considerations (Zhao et al., 2019; Kietbasa et al., 2021)
or centred on the combination of spheres and fibres with a high aspect ratio (Wang et al., 2021),
with a particular focus on cylindrical particles due to the wide use in practical and industrial fields
(Zhang et al., 2015). However, the combined effect of mechanical vibration and normal stress on
wheat packing density has not been explored through practical experiments and advanced
analytical techniques.

Therefore, the present thesis aims to contribute to a better understanding of the factors that
influence the packing density of mixed particle systems by employing practical experiments and
advanced analytical techniques, with a particular focus on wheat particles by studying the
combined effect of mechanical vibration and normal stress by identifying the optimal conditions
for achieving high wheat packing density. This study seeks to identify the optimal conditions for
achieving high wheat packing density and develop strategies to improve the accuracy and
reliability of such measurements. Additionally, this study aims to investigate the specific effect of
particle shape, including sphericity index SPH, Aspect Ratio AR, Size Index and Triple Particle
size index TPSI, on the SST results for granular materials, where the SPH and AR dealing with the
particles shape and the SI and TPSI deal with the particles size. By applying advanced analytical
techniques, "DEM simulations", to investigate the influence of particle indexes on the macro-
mechanical properties of granular materials under SST. The study involves varying particle size
by increasing and decreasing the size index, adjusting the double particle clump size by 25% and
50% and manipulating the shape index by forming elongated particles from a clump initially
formed as a complete sphere. The research will measure several parameters, including volume
strain, stress-strain, the thickness of the shearing zone, coordination number, and particle rotation,
to determine their correlation with each particle index.

This study aims to contribute to a comprehensive understanding of the mechanical behaviour of
granular materials under shear deformation, with implications for various fields such as civil
engineering and geology. By investigating the behaviour of granular materials and wheat particles
under different conditions, the study provides valuable insights into their behaviour and offers
practical implications for industries. Additionally, the study focuses on improving the accuracy
and reliability of wheat packing density measurements, offering strategies to enhance
measurement techniques. Furthermore, the research strives to strengthen the understanding of the
mechanical behaviour of granular materials, thereby facilitating the optimisation of industrial
processes involving such materials. Overall, this study encompasses a broad range of objectives,
methods, and significant results, shedding light on the mechanical behaviour of granular materials
and their practical applications across various industries.

1.2 Objectives

Due to their widespread use in various industrial applications, granular materials are paramount in
understanding their mechanical behaviour. This study investigates the influence of critical
parameters, such as sphericity index, particle size, and mechanical vibrations, on the behaviour of
granular materials under different conditions. By exploring these factors, this research aims to
provide insights that contribute to a comprehensive understanding of their behaviour and offer
practical implications for optimising industrial processes and achieving optimal packing density.

1. Investigate the influence of particles' Sphericity index (SPH) on the Simple Shear Test
(SST) outcomes for granular materials.

2. Examine the impact of the double particle Size index (SI) on the results of the SST for
granular materials.

3. Explore the effect of the triple particle size index (TPSI) on the Simple Shear Test (SST)
outcomes for granular materials.



4. Investigate the synergistic impact of mechanical vibration and normal stress on wheat
particles' packing density, aiming to identify optimal conditions for achieving high packing
density.

5. Provide comprehensive insights into the mechanical behaviour of granular materials and
wheat particles across diverse conditions, contributing to an improved understanding of
their behaviour.

The research objectives converge to enrich our understanding of granular materials' mechanical
behaviour significantly, offer insights into optimising industrial processes, and propose practical
solutions for enhancing measurements and achieving high packing density in mixed particle
systems. By systematically investigating critical parameters like sphericity index, particle size, and
mechanical vibrations, this research aims to bridge the gap between theoretical knowledge and
practical application, ultimately contributing to advancements in various industries.

2  MATERIALS AND METHODS

2.1 Introduction:

The methodology chapter presents the framework and procedures used to investigate the
mechanical behaviour of granular materials and examine the effect of particle indexes on their
response, as well as the combined effect of mechanical vibration and normal stress on the packing
densification of wheat particles. This chapter outlines the experimental and numerical methods
employed in the study and provides a comprehensive overview of the data collection, analysis, and
interpretation processes. By detailing the testing procedures, particle index calculations, and the
combined effect study, this chapter aims to ensure transparency and reproducibility in the research
methodology.

The following sections will discuss the direct shear test, evaluation of particle indexes, analysis of
mechanical behaviour, the combined effect of normal stress and mechanical vibration, analysis of
the applied parameters, and statistical analysis. Each section will outline the specific techniques
and approaches to address the research objectives and answer the research questions.

The direct shear test section focuses on the theoretical setup of the experiment, test procedure, and
data collection during the shear testing of granular materials. It describes the boundary conditions
and loading configuration applied to the test specimens and explains the measurements and
observations recorded during the tests.

The section on evaluating particle indexes elaborates on their definitions and calculations,
including the sphericity index SPH, Aspect Ratio AR, size index SI, and triple particle size index
TPSI. This section presents the methodologies employed to quantify these indexes and highlights
their significance in understanding the mechanical behaviour of granular materials.

The analysis of the mechanical behaviour section examines the relationship between particle
indexes and various mechanical properties of granular materials. It investigates the influence of
particle indexes on shear stress, particle rotation, volumetric strain, coordination number, shear
zone thickness, etc. This section discusses the analytical approaches to assess these relationships
and presents the corresponding results.

The combined effect of normal stress and mechanical vibration section describes the experimental
setup and procedure for examining the packing densification of wheat particles under the influence
of normal stress and mechanical vibration. It outlines the selection of normal stress levels and
vibration amplitudes and the data collection and analysis techniques used to evaluate the combined
effect.

The analysis of the applied parameters section investigates the intensity effect of the used
parameters, explicitly focusing on the effects of vibration amplitude and normal stress. This



section discusses the methodologies employed to analyse and interpret the results obtained from
the experimental and numerical investigations.

Lastly, the statistical analysis section covers the uncertainty analysis and sensitivity analysis
conducted to evaluate the robustness and reliability of the research findings. It explains the specific
statistical techniques employed, such as the Grubbs test and the Morris method, to assess
uncertainties and quantify the sensitivity of the model output to input parameters.

In summary, this chapter provides a detailed account of the methodology employed in the research,
encompassing experimental testing, numerical analysis, particle index evaluation, combined effect
study, analysis of applied parameters, and statistical analysis. By following this methodology, the
study aims to contribute to understanding granular material behaviour and provide valuable
insights for practical applications and future research endeavours.

2.2 Discrete Element Method
2.2.1 Software and Applications

The commercial software EDEM® is commonly used for DEM simulations, employing the "Hertz
Mindlin No-Slip" contact model (DEM Solution. EDEM 2.7.0 User Guide. Edinburgh). It
facilitates particle motion analysis in various scenarios, including examining vibration effects and
flow patterns in silos. The software considers particles' shape and micro-mechanical properties to
represent their behaviour accurately.

Therefore, software like EDEM® has been used and utilised by employing the DEM approach,
setting the model, and specifying appropriate simulation parameters. The mechanical behaviour of
granular materials can be effectively analysed, providing valuable insights for various applications
and processes. The calculation is done by a loop that iteratively applies Newtonian equations of
motion to compute particles' acceleration, velocity, and displacement. The contact forces and
torques between particles and walls and among particles are determined based on their interactions
and recent displacements. This comprehensive approach enables the accurate description of bulk
material flow and the behaviour of particles over time.

2.2.2 Time-Step and Shear Velocity Selection

Choosing time step and shear velocity in our DEM simulations ensures numerical accuracy and
stability. Here, we provide details on the time step selection process and the rationale behind the
shear velocity chosen for our simulations.

Time Step Selection

The time step in DEM simulations plays a crucial role in capturing the dynamic behaviour of
particulate systems while maintaining numerical stability. To determine an appropriate time step,
we calculated the Rayleigh time step (T Rayleigh), as present in Equation 3.1, which represents
the theoretical maximum time step for a quasi-static particulate collection.

p
TR G 2.1)

T . =
Rayleigh = 01631 v + 0.8766

R represents the average particle radius, p denotes the particle density, G represents the particle
shear stiffness, and v is Poisson's ratio. A time step below the Rayleigh time is generally preferred
to minimise errors (Yan et al., 2015; Keppler et al., 2016; Garneoui, 2020).

For our simulations, we utilised 20% of the Rayleigh time step (0.2 Tr) as the time step, which is
suitable for systems with a coordination number above 4. resulting in the use of a time step of
4.5 x 10 s, ensuring accuracy and stability throughout the simulations.
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Shear Velocity selection

The shear velocity parameter determines the rate at which the lower container moves during the
shearing process. This parameter is critical for capturing the particles' essential behaviours while
ensuring numerical stability.

In our simulations, the shear velocity was set to 12 mm/s, which was chosen to expedite the
analysis while still accurately representing the particles' behaviour. This velocity was carefully
selected to maintain numerical stability, as evidenced by the consistent behaviour of the particle
system throughout the simulations. Specifically, no excessive deformation or instability was
observed in the model, and the total number of particles remained constant from the beginning to
the end of the simulations, indicating the stability of the simulation model under this shear velocity
condition.

2.2.3 Contact Model

The contact model plays a crucial role in DEM simulations as it governs the interactions between
individual particles. In our study, we utilised the Hertz Mindlin (no slip) contact model due to its
accuracy and efficiency in force calculation. This contact model is the default choice in EDEM
software and provides reliable results for various applications.

The Hertz-Mindlin contact model incorporates normal and tangential forces based on well-
established principles. The normal force component is derived from Hertzian contact theory, as
proposed by (Hertz, 1881). Meanwhile, the tangential force model is based on (Mindlin, 1949;
Mindlin and Deresiewicz, 1953) work, with damping components incorporated to account for
energy dissipation during collisions.

Additionally, the contact model considers factors such as the coefficient of restitution, which
influences the damping coefficient in both normal and tangential forces. The tangential friction
force follows the Coulomb law of friction model proposed by (Cundall and Strack, 1979) while
rolling friction is implemented using a contact-independent directional constant torque model.

During collisions, particle deformation is modelled as overlap, where the contact models determine
the magnitude of forces based on the amount of overlap between particles. These models consider
material and interaction properties defined by the user, including shear modulus and friction
coefficients. Figure 3.1 represents this process.

While the contact models are primarily developed for spherical contacts, they can be adapted to
model elastic or plastic collisions for cohesive and non-cohesive materials, providing a versatile
framework for studying granular materials.
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Figure 2.1. Hertz-Mindlin (no slip) contact model. A typical dependence of normal force on the
normal overlap is depicted with an example of two colliding spheres. (DEM Solution. EDEM
2.7.0 User Guide.)

2.3 Simple Shear Test Modell

The direct shear test was conducted using an EDEM® numerical simulation approach. This section
provides an overview of the direct shear test procedure used in the numerical experiments to
investigate the mechanical behaviour of granular materials under different loading conditions. It
involves simulating the response of granular material under controlled shear displacement or shear
stress using the EDEM® software.

2.3.1 Test Setup and Particle Bed Preparation

The test setup and particle bed preparation process are critical aspects of conducting accurate
numerical simulations to investigate the mechanical behaviour of granular materials using the
EDEM® software. Therefore, several model settings and parameter selections have been
considered, as mentioned in the upcoming sections.

2.3.1.1 Model Setup

Our study chose the simple shear test (SST) as the primary method to investigate the relationship
between particle size and shape and particle assemblies' macro and micro behaviour. This choice
was made due to the simplicity and effectiveness of the SST in capturing critical aspects of particle
interactions under shear-loading conditions. However, while the SST provides valuable insights
into the behaviour of granular materials, addressing the recommendation to explore particle
indexes' impact on the particle set's failure curve is essential.

Our research primarily focuses on understanding the micromechanical properties of particles
rather than studying the relationship between micromechanical and macromechanical properties.
Therefore, the exploration of failure curves, typically used to analyse macro mechanical properties,
is not within the scope of our study. Instead, we aim to investigate micromechanical properties
such as particle rotation, contact number, volumetric strain, and shear strength under the influence
of particle geometry parameters such as sphericity index (SPH), size index (SI), and triple particle



size index (TPSI) under validation of the numerical analysis of the failure curve. Therefore, a
numerical model of the SST has been used in this study, as shown in Figure 3.2.

/R: 35 mm /RZS 2mm
e =)
7 4
gl g —
“ "
o ol
™ o

Figure 2.2. Schematic of Shear cylinders geometry

e In the simulations, a cylindrical domain was employed, characterised by a height of 225
mm and varying radii of 35 mm and 52 mm.

e The cylindrical domain was divided into a lower part (75 mm in height) and an upper part
(150 mm in height).

e The lower part was set to move horizontally, while the upper part remained fixed in all
directions.

e Normal stresses were applied to the particle bed using a large sphere with controlled
variable densities, allowing various normal stresses to be applied to the bed.

2.3.1.2  Selection of Loading Tool

The choice of loading tool in shear tests is a critical aspect of the experimental setup, as it directly
impacts the behaviour of the particulate system under shear. Our study considered carefully
selecting the appropriate loading tool to mitigate potential issues such as the locking volume
problem.

Mitigation of Locking Volume Problem

In our case, the large ball's spherical shape of the loading tool played a crucial role in mitigating
the locking volume problem during shear tests. Unlike a flat compression plate, which could
restrict the expansion of particles and lead to locking between the shear cell and the dead weight,
the spherical shape of the loading tool provided greater freedom of movement.

During the initial settling phase, the large ball applied the normal load to the particles and settled
on the top of the particle pile. At the subsequent shearing stage, as the particles began to rotate in
the shearing zone, the total volume occupied by the particles in the container increased. This
expansion pushed the large ball upward, allowing the particles to redistribute and accommodate
the changing volume.



In contrast, using a flat plate to apply the normal load would have limited the total volume occupied
by the particles, leading to a constant volume throughout the shearing process. That would have
increased the normal load applied to the particles, contradicting the test procedure for studying
shear stress under a continuous, steady, normal load condition.

Advantages of Using a Large Ball

Using a large ball to apply the normal load offered several advantages in our experimental setup.
To begin with, it ensured a steady normal load during the shearing process, maintaining
consistency in experimental conditions. Additionally, tracking the movement of the large ball
allowed us to study volumetric strain, which represents the change in the total volume occupied
by the particles in the container. That provided valuable insight into the behaviour of the particulate
system under shear.

2.3.1.3 Model specifications

Previous researchers have validated the micromechanical parameters used for modelling through
model dryer experiments and silo outflow tests, which are more dynamic than the simple shear test
(SST) used in our study. Despite the differences in testing methodologies, our numerical model
still yields stable and reliable results. The relationships between particle geometry and resulting
micromechanical properties are well-established within the context of our numerical simulations.
We plan to analyse failure curves to broaden our findings further and ensure the generalizability
of our numerical model results. This additional analysis will enable us to examine the impact of
particle geometry on shear strength and compare compressional stress ranges to the modelled shear
stress. By conducting these additional analyses, we aim to comprehensively understand particle
behaviour under various loading conditions and validate the relationships found in our numerical
simulations.

The cylindrical domain was partitioned into two distinct sections: a lower segment measuring 75
mm in height and an upper segment spanning 150 mm in height. The decision to allocate
considerable height to both containers was intentional and stemmed from the nature of our
simulation model. In our model, the normal load is exerted on particles via a big spherical particle,
propagating the applied normal load in an arc shape through the particle beneath. Therefore, the
most significant impact of the normal load is at the centre of the cylindrical container, with a
reduction in the normal load as moving away from the central axis. Our model was designed with
relatively elevated heights to ensure a more uniform distribution of the applied load across the
particles, eliminating this problem. The increased height of the upper container serves to
counteract the curvature of the loading wave, facilitating a more uniform application of load as it
propagates away from the source—the large spherical particle. The purpose of the heightened
lower containers is to afford the particles greater freedom of movement. A diminished height for
the lower container would close its bottom to the shear zone, potentially impeding particle
movement during shearing and increasing the risk of mechanical particle interlocking.
Additionally, the cylinder domain with a radius of 35 mm was utilised in simulations employing
SPH and SI due to their relatively small size.

Conversely, for the TPSI simulations, a cylinder domain with a radius of 52 mm was used, ensuring
adherence to a minimal recommended shear cell dimension, ideally seven times larger than the
particle size. Given that the most extended TPSI particle utilised was 8 mm, the smaller radius
container could accommodate a maximum of nine such particles, thus reaching its capacity limit.
Consequently, adopting the second model with a radius of 52 mm was deemed imperative to
mitigate the heightened risk of mechanical particle interlocking.

2.3.1.4 Bed Preparation

e A defined number of particles with similar shapes and sizes were generated for each
simulation case.



e The particles were packed into the cylindrical container under the influence of gravity and
allowed to settle until the bed reached a state of repose.
e This initial state of the particle bed was considered for all the simulation cases.

2.3.1.5 Simulation Stages

e The simulation scenarios were executed in four stages to represent particle behaviour
accurately.

e Stage 1: Rapid particle generation - Particles were rapidly introduced into the cylinder,
resulting in an elevated level of particle contact due to the dominant kinetic energy, as
shown in Figure 3.3a.

e Stage 2: Settling time - The generated particles require settling time to reach a state of null
kinetic energy, as shown in Figure 3.3b.

e Stage 3: Vertical and horizontal loading - The material bed was subjected to a vertical load
by allowing a ball with a diameter similar to the cylinder diameter to fall onto the particle
bed, as shown in Figure 3.3c. The adjustable density of the ball enabled the application of
various vertical loads. The spherical shape of the loading tool (ball) helped mitigate the
locking volume problem during shear tests.

e Stage 4: A direct shear test was performed by displacing the lower cylinder horizontally
while maintaining the vertical load constant. Figure 3.3d illustrates the last simulation stage
of the test.

After generating the particle bed and ensuring the particles are settled to reach zero kinetic energy,
the next stage involves applying the normal load to the bed using the loading ball. The settling
time for the big ball was empirically determined to be 1 s, allowing sufficient time to settle down
and reach zero kinetic energy before the shearing stage begins.

A simulation timeline has been included to understand the simulation process comprehensively
(see Figure 3.4). This timeline illustrates the different stages of the simulation, starting with
particle generation and settling, followed by the large practical application of the normal load. The
shearing stage commences after the settling time of one second, during which the big ball reaches
zero kinetic energy.

Including the simulation timeline, the figure enhances the clarity and transparency of the
simulation process, facilitating a better understanding of the experimental setup and methodology
employed in our study.

(a) (b)
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Figure 2.3. Shear box Simulation and assembly generation Stages (Stages a to d)
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Figure 2.4. The kinetic energy of the system during the simulations

2.3.2 Micromechanical model parameters

Table 3.1 shows the micromechanical parameters of the DEM model used in simulation tests.
Previous work (Keppler et al., 2012a; Oldal and Safranyik, 2015; Garneoui, 2020) has been used
to achieve accurate results.

Table 2.1. micromechanical parameters of the DEM model (Keppler et al., 2012b; Oldal and
Safranyik, 2015; Garneoui, 2020)

p
Name N G (MPa) (ke/m3) Cip Crw op Lrp
Particles | 0.4 | 3.58*10° 1430 0.5 0.6 0.3 0.01
Wall 0.3 8*10® 7500 0.6 - 0 0
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1. Poisson’s ratio v: defined as the ratio of transverse contraction strain to longitudinal
extension strain in the direction of the stretching force.

2. Shear modulus G: defined as the ratio of shear stress F to the shear strain A, G =F/A, where
shear stress is the components of stress at a point that act parallel to the plane in which they
lie, and shear strain is the components of a strain at a point that produce changes in the
shape of a body (distortion) without a volumetric change.

3. Density p: defined as the weight per unit volume.

4. Coefficient of restitution C; represents the ratio of separation speed to the speed of approach
in a collision.

5. Coefficient of static friction po.

6. Coefficient of rolling friction .

2.4 Modelling of Particle Indexes

This section evaluates various particle indexes to characterise the particles' shape properties on the
macro and micromechanical behaviour of the direct shear tests. These indexes provide quantitative
measures that help understand particle behaviour and its suitability for specific applications. The
following subsections describe the definition and calculation methods for three particle indexes:

The Sphericity Index (SPH) and the Aspect Ratio (AR) quantify the roundness or elongation of
particles. The Size Index (SI) represents the particle size, and the Triple Particle Size Index (TPSI)
captures the variation in size for specific particle assemblies.

2.4.1 Modelling of Sphericity Index SPH and Aspect Ratio AR

The Sphericity Index (SPH) is a fundamental metric employed to assess the roundness of particles,
signifying the degree to which a particle's shape resembles a complete sphere. Traditionally
evaluated based on specific shape characteristics, particularly the ratio of a particle's volume to the
volume of the smallest circumscribing sphere, SPH plays a crucial role in understanding granular
materials' packing and flow behaviour (Danesh et al., 2020). In our study, we extended this concept
by using another approach, as depicted in Figures 3.5 and 3.6, building upon the foundation laid
by previous researchers.
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Figure 2.5. Sphericity Index Variations, according to (Danesh et al., 2020).

In Figure 3.5, the sphericity index, as (Danesh et al., 2020) studied, is presented for different
particle numbers, providing a benchmark for comparison. A clump of double particles was
employed to achieve a more uniform representation, systematically varying the particle sphericity
by increasing the distance between the centres of the double particle clump, as shown in Figure
3.7.

In addition to SPH, the particle elongation can be quantified using another particle index called
the Aspect Ratio (AR). The Aspect Ratio is defined as the ratio of b/a, as illustrated in Figure 3.6,

where b is the length of the minor axis, and a is the length of the central axis of the particle (Yang
etal., 2012; Xie et al., 2017).

. ‘ “ b
a
|- >
Figure 2.6. Particle Aspect Ratio (Xie et al., 2017)

Figure 2.7. Studied Sphericity SPH and aspect ratio AR

The simulations encompassed five distinct particles, each characterised by varying AR, as
demonstrated in Figure 3.7. Our modified sphericity index values for the selected particles were
100%, 98%, 94%, 88%, and 81%, corresponding to AR values of 1, 0.8, 0.667, 0.571, and 0.513,
respectively. They maintained uniform particle size across all simulations (with a radius of 1mm)
and minimised gradation effects. The distance between double particle centres was set as Omm,
0.5mm, Imm, 1.5mm, and 1.9mm for each simulation repetition, as illustrated in Table 3.2.

Table 2.2. assemblies with varying SPH

SPH Value Particle . Number of The length of the The l ength f)f

(%) Aspect Ratio Particles central axis a (mm) the minor axis b
AR (Diameter)(mm)

100 1 80000 2 D)

98 0.8 62000 2.5 )

94 0.67 51500 3 D)

88 0.57 43000 3.5 2

81 0.51 40000 3.9 2
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The simulated direct shear tests were conducted under various vertical stresses. The particle model
incorporated different particle indexes, with the SPH and AR indexes providing a quantitative
analysis of the particle shapes. The AR values ranged between one, representing a complete sphere,
and 0.51, representing an elongated particle encompassing various practical shapes. Each AR
configuration was subjected to four different vertical loads (1900, 4150, 5500 and 7800 Pa),
resulting in twenty simulations due to the five different AR configurations.

This innovative approach broadens the scope of understanding particle shape dynamics and
contributes to knowledge in granular material mechanics.

2.4.2 Modelling of Size Index SI

The Size Index (S]) is a crucial parameter for assessing the particle size distribution within granular
materials. It is determined by measuring the diameter or radius of individual particles. This study's
SI values of 50%, 75%, 100%, 125%, and 150% were defined to investigate the influence of
different particle sizes on mechanical behaviour (Talatha et al., 2022).

Figure 3.8 depicts the defined SI for a five-particle configuration used in the simulations (Size
Indexes = 150%, 125%, 100%, 75%, and 50%, respectively).

[ | -i i \ y | |
Figure 2.8. Studied Size index SI

The particle size remained constant throughout all simulations to minimise any degradation
effects. However, the particle radius and distance between the centres of particles varied for each
simulation repetition: R= 1.5mm, 1.25mm, 1mm, 0.75mm, and 0.5mm. For each simulation
scenario, particles of specific shapes and sizes were generated. The assemblies with SI=50%
consisted of 596,000 particles, SI=75% assemblies had 280,000 particles, SI=100% assemblies
had 110,000 particles, SI=125% assemblies had 60,000 particles, and SI=150% assemblies had
32,000 particles. The identical SI particles compacted by normal gravity forces fill the shear
cylinder to ensure a meaningful comparison, and this process was repeated for each simulation, as
shown in Table 3.3.

Table 2.3. assemblies with varying SI

Distance between Double Particle Size
SI Value (%) | Number of Particles . (Radius)
Particle Centres (mm)
(mm)

50 596000 0.5 0.5
75 280000 0.75 0.75
100 110000 1 1

125 60000 1.25 1.25
150 32000 1.5 1.5

Moreover, to maintain the same particle shape, the ratio distance between the centres of the clumps
(sphericity index=88%) was kept constant. Each SI was subjected to four different vertical loads,
leading to twenty simulations due to five different SI configurations.

13



2.4.3 Modelling of Triple Particle Size Index TPSI

The Triple Particle Size Index (TPSI) is introduced to analyse the variation in particle size within
specific assemblies. It considers the size distribution by incorporating three different particle sizes.
By characterising the triple size variations, we can investigate the impact of particle size
heterogeneity on the behaviour of granular materials (Talatha and Oldal, 2022).

Figure 3.9 depicts the defined TPSI for a three-particle configuration used in the simulations
(Triple particle Size Indexes = 100%, 125%, and 150%, respectively).

(A) (B) (€)

Figure 2.9. Studied triple particle size index TPSI

Various assembly series were performed for the different triple particle size index values under
two different vertical stresses (4 kPa and 8 kPa) to examine the effects of normal load and Size
Index on the mechanical properties of the model. Each repetition involved generating particles
with the same shape and size, resulting in assemblies with specific particle distributions. The SI =
100% assembly contained 55,000 particles, the ST = 125% assembly had 28,000 particles, and the
SI = 150% assembly contained 16,000 particles. The normal gravity forces were applied to
compact the particles within the shear cylinder, enabling successful sample comparisons, as shown
in Table 3.4.

Table 2.4. assemblies with varying TPSI

TSI Value Number of Distance between Particle Particle Size (Radius)
(%) Particles Centres (mm) (mm)
100 55000 1.7 1
125 28000 2.125 1.25
150 16000 2.55 1.5

2.4.4 Summary

By considering various particle indexes, including the Sphericity Index (SPH), Aspect Ratio (AR),
Size Index (SI), and Triple Particle Size Index (TPSI), along with the defined simulation
parameters and settings, we can conduct a comprehensive analysis of the granular material's
mechanical behaviour and its dependence on different particle characteristics.

2.5 Combined Effect of Normal Stress and Mechanical Vibration

In this section, we investigate the combined effect of normal stress and mechanical vibration on
the behaviour of granular materials, with a specific focus on wheat particles. The experimental
design comprises two distinct segments to assess the impact of the studied parameters on wheat
packing density and develop a new exponential model to predict the effect of normal stress and
vibration amplitude.

2.5.1 Experimental Setup for Combined Effect Study

The experimental setup for investigating the combined effect of normal stress and mechanical
vibration was meticulously designed to provide insights into particle packing density under
dynamic loading conditions. It involved a commercial vibration table reminiscent of a 3D vibrator
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used in prior research on the densification of various granular materials such as spheres, cube-
sphere combinations, and mono-sized cylinders (Milewski, 1973; Yu et al., 1993; Zhang et al.,
2006; Gamez et al., 2013). This vibration table, presented in Figure 3.10, featured a PMMA
container with a 36mm inner diameter filled with 115g of wheat particles. An accelerometer was
affixed to the vibration table to accurately measure the frequency and amplitude of the applied
vibration. The experiments were organised into four groups, each subjected to various levels of
normal stress (free load, 13.3kPa, 22.9kPa, and 42.3kPa) and five different vibration amplitudes,
ranging from 0 to 6.7mm. Each test was repeated three times to ensure reliable data collection,
yielding approximately eighteen readings for each group, as depicted in Figure 3.11. Careful
consideration was given to standardising these factors to address potential variations in initial
packing density due to pouring parameters such as drop height, concentricity, and opening orifice.
Specifically, the drop height, concentricity, and opening orifice were fixed for the entire
experiment to minimise variability in initial packing density.

A JT-51B
A Powerful Dental Vibrator

PMMA Container

J

—————

Controling Knob | ;
Rubber
)|

Figure 2.10. (a) the schematic graph of the vibration device. (b) the experimental device after
mounting the PMMA container, weights, accelerometer and filled wheat particles.
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Test Configurations Normal Stress kPa |Vibration Amplitude (mm) Number of Readings
Free Load - 0 3
2.8 3
3.55 3
5.6 3
6.6 3
13.3kPa - -1 3
13.3 0 3
13.3 1.3 3
13.3 2.30 3
13.3 4.70 3
13.3 6.70 3
22.9kPa - -1 3
229 0 3
22.9 1 3
229 1.20 3
22.9 2.90 3
22.9 4.80 3
42.3kPa - -1 3
42.3 0 3
42.3 0.7 3
42.3 0.8 3
42.3 1.35 3
423 3.4 3
The Sum of the Readings 69

Figure 2.11. Model test configurations

Before applying vibration and normal stress, the initial height of wheat particles in the container
was measured to determine the initial wheat packing density. The vibrator utilised in the study
allowed precise control of vertical (Z direction) vibrations with a constant frequency of 50 Hz,
achieved through a steady RPM. Analysis of the vibration data revealed that vertical amplitude
exhibited a predominant influence compared to vibrations recorded in the horizontal (X and Y)
directions. Table 3.5 presents an example of low and high-vibration tests.

Table 2.5. The vibration amplitude in the three axes.

3D directions z-direction y-direction x-direction
Low amplitude test 2.4 mm 0.65 mm 0.2 mm
High amplitude test 6.6 mm 0.65 mm 0.2 mm

Hence, this investigation focused on the vertical direction (z-axis) due to the negligible amplitude
of vibrations in the horizontal directions (x and y).

The vibration displacement was mathematically defined by Equation 3.2:

S=Asin Qu ft+ P) 2.2)

Where the displacement S [mm], the amplitude in the z-direction A [mm], the vibration frequency
f [Hz], and the vibration time t [s], along with the primary phase (®), are critical parameters in
the experimental process that directly influence the packing density of wheat. Further details
regarding the vibrator can be found in Figure 3.10.
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Before experimentation, the container was thoroughly cleaned with water and dried in an oven set
at 60°C. Subsequently, the wheat particles were weighed using an electronic scale and carefully
placed into the container to establish the initial packing structure and prevent segregation. The
average height of the initial packing structure at various locations was measured, and equation 3.3
was employed to estimate the initial packing density (p).

mp/pp
(mr = D2%2/4)*H
In this study context, the packing density p [-] is defined as the ratio of the volume of the particles.
Vp [m?] to the volume the particles occupy in the container V. [-]. The mass of particles mp [kg],

while the density of particles pp [kg/m’] The mean height of the packing structure H [m];
moreover, the inner diameter of the container is represented as D [m].

p= Vp/Vc = 2.3)

The wheat particle density utilised in Equation 3.3 was determined experimentally using a specific
procedure to account for variations in particle volume due to physical behaviours such as moisture
content. Initially, a constant weight of 115g of wheat was used in the experiments. It was necessary
to determine the volume they occupied in the container to calculate the density of the wheat
particles. That was achieved by pouring enough water into the container to fill the gaps between
the wheat particles, as illustrated in Figure 3.12. The mass of the poured water and the volume
occupied in the container were measured. The volume occupied by the wheat particles alone was
obtained by subtracting the water volume from the water-wheat mixture's total volume. The
volume of water filling the gaps between the wheat particles was determined by dividing the mass
of the water by its density. The wheat particle density was calculated by dividing the wheat mass
by its volume, Using the mass and volume of the wheat particles. Mathematically, this process can
be represented as follows:

Wheat Particle Density = (Mass of Wheat) / (Volume of Wheat)

Volume of Wheat = Total Volume - Volume of Water

Volume of Water = (Mass of Water) / (Density of Water)

Density of Wheat = (Mass of Wheat) / (Total Volume - (Mass of Water) / (Density of Water))

Excess water

Particles

Stable particle Components
structure

Figure 2.12. The total volume of the wheat and the water mixture (left-hand side) compared to
the volume occupied by the wheat particles’ structure (Fennis et al., 2013)

This method ensured that our wheat particles' density matched how they behaved in our
experiments. We did this at the very end of all our tests to accurately determine the wheat particles'
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density. Then, we calculated the wheat's packing density by measuring the wheat pile's height at
the beginning and end of each test. Moisture content can affect how much space the particles
occupy and how tightly they're packed. For instance, more moisture can cause the particles to
swell, creating more gaps between them and reducing packing density. Conversely, less moisture
can shrink the particles, causing them to fit together more tightly and increase packing density.
Therefore, the moisture content has an insignificant effect on our results.

2.5.2 Test Procedure

The experimental procedure for the combined effect study entails two distinct protocols. Wheat is
introduced into a container, and the initial grain height is meticulously measured to establish the
initial packing density. Specific parameters are selected, including normal stress vibration
amplitude (ranging from 0 to 6.7 mm). The experiment unfolds over a total period of 10s, divided
into discrete 1s intervals. Throughout each second, the vibration table is activated for 1s and then
deactivated, with the resulting packing density recorded meticulously. This process iterates every
second until the completion of the 10s experimental period. Each run is replicated three times to
ensure data reliability and mitigate potential human errors. Figure 3.13 illustrates the flowchart
processes of the first experiment. During the test procedure, meticulous care was taken to replicate
the initial packing density for each experiment. That involved remaking the procedure by refilling
the container using the filling cone. Adherence to standardised pouring processes and consistent
parameters, such as drop height and opening orifice, facilitated achieving the same initial packing
density for all experiments. Using the filling cone was pivotal in eliminating potential variations
in initial packing density, ensuring the reliability and reproducibility of the experimental results.

Applying Vibration
Frequency 50Hz l
Changing the i I ! I I
Input Parameters < 5 Vibration Time Amplitude Normal Stress Wheat Weighing
ki Divided to 1 sec. Periods
Test Total Period of 10 sec. -
minimum 1'stamp. 0 mm | Freeload i
1'st sec.
2'nd amp Wheat
¢ 13.3 kPa Feeding
Repeat the
b L—— 3'rd amp. l
previous steps - o -
three times to 2 Measuring packing density 229 kPa
avoid errors ¢ 4'th amp. Container Inner Di
42.3 kPa
T § maximum amp. 6.7 mm 36mm
1 2'nd sec. l
Measuring Final ‘ ing packing density Measuring Initial
packing density ‘ Packing Density
T repeat the cycle Until the 10'th

sec.

Figure 2.13.The flowchart processes of the first experiment.

The second experimental protocol mirrors the first, with a significant deviation in the testing
approach. Following the initial measurement of the wheat's packing density, the vibration table
operates continuously for 10s. Upon deactivating the vibration table, the final packing density is
meticulously gauged. The fixed frequency o is maintained at 50 Hz throughout these experiments,
and the container's inner diameter (D) remains at 36 mm. Additionally, dead weights, including
free weight, 1.375 kg, 2.380 kg, and 4.390 kg, are employed in the experiments. The variable
parameters are the vibration amplitude 4 and the use of dead weights, which are systematically
varied while keeping other conditions constant. This precise methodology, depicted in Figure 3.14,
comprehensively evaluates each component's influence on wheat's packing density.
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Figure 2.14.The flowchart processes of the second experiment.

2.5.3 Data Collection and Analysis

Data collection includes measuring the packing density of wheat particles during each second of
the experiment to evaluate the impact of varying parameters on the final packing density. The
obtained packing density values are analysed based on a predefined set of operating parameters,
including vibration amplitude, frequency, and normal stress levels. Statistical methods and data
visualisation techniques are employed to identify patterns and trends in the experimental results.

2.5.4 Analysis of the Applied Parameters

In the conducted experiments, the investigated parameters include the variable parameter A
(vibration amplitude ranging from 0 to 6.7 mm), the fixed frequency o (set at 50 Hz), the container
with inner diameter D of 36 mm, and the use of dead weights (including free weight, 1.375 kg,
2.380 kg, and 4.390 kg), each parameter is varied individually to evaluate its influence on the
packing density of wheat while keeping the other parameters constant. Figure 3.15 shows the dead
weight used in the experiment.

B = 1,000 ke
SO

Figure 2.15. The experiment deadweights

The experimental results are analysed to understand the interaction between normal stress and
mechanical vibration on wheat packing density. The impact of each parameter and their combined
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effect on the packing behaviour of wheat particles is assessed. The proposed exponential model is
validated to predict the packing density under different loading conditions.

In conclusion, the "Combined Effect of Normal Stress and Mechanical Vibration" section presents
the experimental setup, procedure, data collection, and analysis for investigating the interaction
between normal stress and mechanical vibration on the packing density of wheat particles. The
results and insights gained from this study contribute to a better understanding of granular material
behaviour under realistic loading conditions. They can be applied to optimise various industries'
material design and process parameters.

2.5.5 Statistical Analysis

Considering the presented information, uncertainty analysis plays a pivotal role in comprehending
the accuracy and reliability of the data obtained in our wheat packing density study. Using various
analytical techniques, such as the Grubbs test, we identified and eliminated outliers from the
dataset, thus ensuring the utmost precision in our results. As depicted later in Figure 4.38, the
uncertainty of wheat packing density is illustrated for different applications of normal stress with
the applied amplitude, and the highlighted area within the fitted line represents the corrected
standard deviation for the collected data.

It is noteworthy that sensitivity analysis is also paramount in assessing the influence of diverse
parameters on the obtained outcomes. By conducting a comprehensive uncertainty and sensitivity
analysis, we can establish the robustness and reliability of our findings, thereby providing valuable
insights for future research and practical applications in this field.

2.5.5.1 Uncertainty Analysis

Uncertainty analysis evaluates the precision and reliability of our experimental measurements and
data processing. This study uses the Grubbs test to detect and remove outliers from the collected
dataset. We eliminate outliers and ensure the calculated packing density values accurately
represent the experimental conditions.

The uncertainty analysis enhances the credibility of our findings, allowing us to make meaningful
comparisons and draw reliable conclusions from the experimental data. It also provides valuable
information for assessing the variability in the results and guiding future research efforts.

2.5.5.2 Sensitivity Analysis

Sensitivity analysis is a vital component of our investigation, which aims to understand the impact
of varying input parameters on the packing density of wheat particles. In this study, we adopted
the Morris method for sensitivity analysis, which involves systematically varying the model's input
parameters within predefined ranges and observing the resulting output.

The Morris indices were calculated to quantify the sensitivity of the model output to each input
parameter, and the parameters were ranked based on their relative importance.

3 RESULTS AND DISCUSSION

3.1 Introduction

In this Chapter, we explore the influence of shape indexes on granular materials, beginning with
an in-depth analysis of the failure curve (4.2). We dissect the failure curve to understand how
particle cohesion and internal friction angle vary concerning the shape indexes, particularly SPH
and SI. Transitioning to examining shear stress patterns (4.3), we delve into the variations observed
under different shape indexes, including SPH, AR, SI, and TPSI. Subsequently, we investigate the
behaviour of volumetric strain (4.4) to discern how particle morphology impacts material
volumetric strain, shedding light on the intricate interplay between shape indexes and volumetric
behaviour. Moving forward, we explore average contact numbers (4.5) and contact force chain

20



dynamics (4.6), unravelling the complex relationships between particle shape and contact
behaviour. Additionally, we scrutinise shear zones and particle rotations (4.7), elucidating the
unique imprints left by shape indexes on shear behaviour. Finally, we unravel the combined effect
of normal stress and mechanical vibration on wheat packing density (4.8), providing valuable
insights for granular material engineering. While acknowledging the limitations of our study, we
chart future research paths, aiming to advance our understanding of granular material behaviour
and its practical implications.

3.2 Failure Curve Analysis

Failure curve analysis is pivotal to understanding the mechanical behaviour of granular materials
under shear loading conditions. In this section, we delve into drawing and interpreting the failure
curve, clarifying the calculation of cohesion and internal friction angle and analysing the influence
of shape indexes, specifically the Sphericity Index (SPH) and Size Index (SI).

Analysing the Influence of Shape Indexes

We conducted three experiments for each index to investigate the influence of shape indexes,
namely SPH and SI, resulting in four figures 4.1- 4.4 illustrating the relationship between shear
stress and shear strain. The first two figures, 4.1 and 4.2, depict the response of SPH 81% and SI
100% samples to multi-normal stresses of 50, 75, and 100 kPa for SPH and 30, 45, and 60 kPa for
SI. Subsequently, by averaging the data points from the three experiments at quasi-static state
conditions, the following figures, 4.3 and 4.4, present the failure curves, showcasing the
relationship between shear stress and normal stress for SPH 81% and SI 100% samples.

We can see that the quasi-static condition dominant after the assembly surpasses the peak shear
stress and reaches the stable shear stress with the shear strain.

SPHERECITY INDEX VS SHEAR STRAIN
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Figure 3.1. relationship between shear stress and shear strain for the SPH under multi-normal
stress
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SIZE INDEX VS SHEAR STRAIN
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Figure 3.2. relationship between shear stress and shear strain for the SI under multi-normal stress
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Calculation of Cohesion and Internal Friction Angle

The failure curve analysis provides insights into granular materials' shear strength and flow
behaviour, deriving two fundamental parameters: cohesion (c) and internal friction angle (o).
Cohesion (c) signifies the intercept of the failure curve with the shear stress axis (t-axis) under
zero normal stress (¢ = 0). Mathematically, cohesion is expressed as:

c=lime-0) T

The internal friction angle () is determined by the slope of the failure curve in the Mohr-Coulomb
representation and can be calculated using the formula:

¢ = tan’'(At/Ac)

Here, At represents the change in shear stress, and Ac indicates the change in normal stress
between two data points on the failure curve. From Figures 4.3 and 4.4, we compute the internal
friction angle (¢) and cohesion (c) as follows:

For SPH:

¢ =tan”(-1) * 0.5842
¢ =0.5287 rad
¢=0.5287 * 180 /=
¢ =30.3°

Similarly, for SI:
¢ =tan”™(-1) * 0.4956

¢ =0.4601 rad
¢=0.4601 *180 /=
¢ =26.4°
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Cohesion is directly obtained from Figures 4.3 and 4.4 by extracting the shear stress value at the
intersection point between the failure curve and the y-axis:

For SPH:

(c) =5094 Pa

For SI:

(c)=1703 Pa
Interpretation of Results

Analysing the figures and derived internal friction angle and cohesion values, we observe notable
differences between the SPH and SI samples. The SPH sample exhibits a higher internal friction
angle and cohesion, attributed to increased particle interlocking resulting from its elongated shape.
In contrast, the SI sample's shape impacts shear stress by enhancing frictional contact areas
between particles, resulting in a minor effect compared to the interlocking behaviour observed in
SPH samples. Consequently, the higher cohesion observed in SPH samples compared to SI
samples can be attributed to the superior particle interlocking behaviour inherent to long particles.

3.3 Shear Stress Analysis

This section intricately examines the relationship between the sphericity index (SPH), aspect ratio
(AR), size index (SI), triple particle size index (TPSI), and shear stress within granular materials.
The analysis delves deeply into the complex interplay between particle morphology and shear
stress, especially when subjected to constant normal stresses. The "average shear force" calculation
involved determining the residual shear strength under quasi-state shear conditions, offering
insight into the average force required to sustain shear deformation within the system. Regarding
the representation of results, while stress values could provide more detailed information by
considering the cross-sectional area of shearing, our study primarily presents results in a force,
following the default representation in the simulation program EDEM. We acknowledge that stress
values might offer greater insight when considering the cross-section area of the model; however,
delivering results in terms of force does not impede understanding, as it is a concept widely
comprehended within the scientific community.

3.3.1 Influence of Sphericity Index (SPH) on Shear Stress

Our investigation commences with a series of illustrative figures, brightly portraying shear stress
variations concerning horizontal strain for particle samples characterised by diverse sphericity
indexes under constant normal stresses. We derive the internal friction angle by employing the
arctangent of the ratio of shearing stress to normal stress (¢ = arctan(1/c)).

Remarkably, our findings showcase an inverse correlation between the sphericity index and the
internal friction angle. As sphericity decreases, the peak friction angle tends to reach its limit with
significantly higher values. This sphericity reduction influences shear stress behaviour,
particularly for 2D elliptical particles. Notably, previous research conducted by experts in the field
has reported similar results for 3D ellipsoid multi-sphere assemblies (Rothenburg and Bathurst,
1992; Gong and Liu, 2017).

The impact of sphericity on particle specimens becomes even more pronounced. This phenomenon
illustrates the increasing interlocking connections between particles under normal stress, with
longer particles exhibiting more noticeable particle interlocking. For instance, under a normal load
of 15N, we observed a substantial increase in shear load (from 5N to 9N) when transitioning from
spherical (SPH = 100%) to non-spherical particles (SPH = 81%). However, it is noteworthy that
the increase in shear stress diminishes for strongly spherical particles and vice versa.
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There was a necessity for a more thorough assessment of the influence of the sphericity index on
particles' shear behaviour under constant normal stress. Figure 4.5 illustrates the sphericity index's
impact on particles' shear stress. Lower sphericity index values enhanced interlocking among
particles, increasing the shear stress. Additionally, figure 4.6 demonstrates that reduced stress on
the particles led to the dilation of interlocking particles, consequently decreasing shear strength.
Decreasing the sphericity index intensified particle interlocking, gradually raising shear stress.
These tightly interlocked particles face difficulty moving against each other due to high normal
stress, resulting in anisotropy. Reduced anisotropy in the sample correlates with a lower friction
angle (Rothenburg and Bathurst, 1991). Moreover, the shear strength of particle samples increases
with lower spheric particles. For instance, shear force rises by approximately 26% as particles
transition from complete spherical particles (SPH = 100%) to particles with (SPH = 98%) under a
normal load of 15N, as illustrated in Table 4.1.
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Figure 3.5. Shear stress—shear strain curves of samples with various sphericity at a normal load
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Figure 3.6. Shear stress with various sphericity at original and double normal load 15 and 30 N

Table 3.1. Shear force corresponding to the SPH and AR at the original and double normal load.

- Shear force | Shear force | Increasing
Sphericity . .
. Particle Increased for the in shear
index SPH . Shear force

o Aspect Ratio N percentage double percentage

0 AR % normal load %
N

100 1 5.588485 0.0 12.25857 0.0

98 0.8 6.964829 24.6 15.4422 26.0

94 0.67 8.469422 51.6 17.6862 443

88 0.57 9.247369 65.5 19.58606 59.8

81 0.51 10.04465 79.7 20.42614 66.6

Figure 4.6 shows a nonlinear correlation between the sphericity index and shear force. An
exponential model effectively uses the particle Aspect Ratio AR to capture and represent this
nonlinearity. The Aspect Ratio is defined as the ratio of b/a, as illustrated in Chapter 3, where b is
the length of the minor axis, and a is the length of the particle's central axis.
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Figure 3.7. The correlation between the sample's AR and shear force under a normal load of 15N

Figure 4.7 visually presents the correlation between the sample's AR and shear force under a
normal load of 15N. The figure introduces a new exponential model used to depict this correlation.
The mathematical expression for this exponential model is detailed in Equation 4.1.

Tar = €15 N e(74R 1) 3.1)

The shear aspect ratio T,z [N] determines the shear force value through the function of AR [-].
The exponential function is characterised by two parameters, c;; [-] and c¢;2 [-], shaping its
behaviour. Additionally, N [N] represents the applied normal load to the particles.

Moreover, figure 4.8 demonstrates the suitability of the exponential model in representing and
predicting the correlation between shear force and the AR. The model's effectiveness is particularly
highlighted by its ability to predict shear force values for the second data group. This group
corresponds to tests conducted under a doubled normal load of 30N, while the first group
represents tests conducted under the normal load of 15N. The model achieves a remarkable
coefficient of determination R? value of 0.96, affirming its reliability in capturing the correlation
under varied normal load conditions. Table 4.2 shows the R? and the model parameter values.
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Figure 3.8 Shear force and the Aspect Ratio under the application of the exponential model

Table 3.2. Aspect Ratio exponential model parameters
Parameters ci1 c12 R?
Parameter

values of the
First
experiment 15N
Parameter
values of the
second
experiment 30N

0.19 1.2667 0.966

0.19 1.2667 0.964

Our exploration of the SPH and the AR influence on shear stress in granular materials offers a
nuanced understanding of how granular materials' morphology shapes behave under varying
normal stress conditions.

3.3.2 Effect of Size Index (SI) on Shear Stress

This section delves into the impact of Size Index (SI) on shear stress within granular materials.
Illustrated graphs vividly demonstrate SI's effect on the relationship between horizontal strain and
shear stress under a consistent normal stress rate. Calculating the internal friction angle using the
arctangent of the shear stress ratio with the normal stress ratio (¢ = arctan(t/c)) shows a clear
positive correlation emerges between the internal friction angle and particle size, denoted by .
The internal friction angle increases proportionally with particle size, indicating a considerable
influence of the particle size on the shear strength.

Comparative analysis of diverse particle samples underscores the profound impact of SI on shear
strength characteristics. This phenomenon underscores the intricate interplay between moment
force development and the evolution of interlocking connections between particles under normal
stress. Larger particles exhibit a more pronounced interlocking due to the elevated moment force
required for their rotation. For instance, under a normal load of 350N, shear force increased from
136 N to 158 N as particle SI transitioned from 50% to 150%. Notably, this substantial increase in
shear force diminishes for particles with smaller SI values. These findings align with previous
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research by (Alias et al., 2014), who demonstrated that the shear strength of granular materials is
significantly influenced by particle size. Larger particles inherently possess enhanced shear
strength due to increased contact points, interlocking, and effective stress transfer area.
Additionally, larger particles exhibit greater resistance to deformation and displacement, further
contributing to their superior shear strength characteristics. Moreover, the optimised packing
arrangement facilitated by larger particles reduces the void ratio and strengthens interparticle
forces, further augmenting shear strength.

Figures 4.9 and 4.10 provide deeper insights into SI's impact on particles' shear behaviour under
constant normal stress. Figure 4.9 comprehensively illustrates how SI influences shear stress in
particles. Higher SI values promote interlocking among particles, leading to an increase in the
shear stress values. Additionally, figure 4.10 illustrates that reduced normal stress on particles
leads to the dilation of interlocking particles, decreasing the total shear force. Furthermore, as the
normal stress rate increases, particles experience a more effective interlocking rate and a gradual
increase in shear stress. However, high normal stress restricts movement between particles, leading
to anisotropy. Samples with reduced anisotropy correlate with lower friction angles.

In Fig. 4.9, the continuous lines represent the best-fit line of the readings. These lines are included
in the figure's shear force representation to provide a more straightforward visual depiction of the
variations between different experimental datasets. While the peak shear stress, indicative of shear
failure, is not explicitly represented by the continuous lines, they highlight trends and differences
in shear force behaviour across the various experiments.
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Figure 3.9. Shear force vs shear strain plots of samples with varying ST at 350N normal load
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Figure 3.10. Shear stress with a variety of SI at 15 N and 30 N normal load

Simultaneously, an increase in SI corresponds to a rise in shear force. For example, under a 30 N
normal load, increasing particles' SI from 50% to 150% results in a shear load increase of
approximately 18%. Further, Table 4.4 provides more details.

Figure 4.10 demonstrates a linear relationship between the size index (SI) and shear load. A
corresponding rise in SI accompanies the increase in the shear load, and this correlation is well-
described by linear regression Equation 4.2, as evidenced by the high R? value.

TSI = SI C21 + N C22 32)

The shear size index Tg; [N] determines the shear load value through a size index (SI) [-] function.
The shear size index function is characterised by two parameters, c2; [-] and c¢22 [-], which shape
its behaviour. Additionally, N [N] represents the applied normal load to the particles. Equation 4.2
represents the shear loads corresponding to 15 and 30N normal loads. Table 4.3 illustrates the
parameters of equation 4.2.

Table 3.3. The fit parameters of Equation 4.2
Parameters c21 €22 R?
Parameter values of
the First experiment 0.0226 0.3879 0.95
15N

Parameter values of
the second 0.0363 0.4886 0.93
experiment 30N
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Table 3.4. Shear load corresponding to the size index at the original and double normal load

Shear load shear load for Shear load
Size index % shear load Increased the double Increased
percentage % normal load percentage %
50 6.816099 0.0 16.88417 0.00
75 7.460942 9.5 17.22805 2.04
100 8.400623 23.2 17.68707 4.76
125 8.675094 273 19.19909 13.71
150 9.033017 32.5 20.43415 21.03

3.3.3 Triple Particle Size Index (TPSI) and Shear Stress Behaviour

This section delves into the intricate relationship between the Triple Particle Size Index (TPSI)
and shear stress in granular materials under constant normal stresses. In the figures presented
below, the connection between shear stress and horizontal strain for particle samples, varying in
size indexes, is vividly represented. The internal friction angle demonstrates a positive correlation
with particle size. As particle size increases, the peak friction angle approaches higher limits,
indicating the pivotal role of growing particle size. This effect is especially significant for 2D
elliptical particles, with similar outcomes reported in previous studies (Rothenburg and Bathurst,
1992). Moreover, compatible findings were observed in 3D ellipsoid multi-sphere assemblies
(Gong and Liu, 2017).
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Figure 3.11. The shear load with shear displacement curves of samples with various SI at a
normal load of 70N

The Size Index (SI) impact becomes even more visible in particle specimens, as highlighted in
Figure 4.11. This representation captures SI's influence on particle shear load. The phenomenon is
explained by the amplification of moment force and the intricate interlocking connections between
particles under normal stress conditions. Larger particles become more frictionally interlocked due
to the augmented particles' contact area, increasing the critical moment required to rotate the
particle. For instance, when the particle's SI transitioned from 100% to 150% at a normal load of
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70N, the shear force increased by approximately 13%, escalating from 51N to 58N—conversely,
the change in shear force diminished for smaller size index particles, and vice versa.

3.3.4 Shear Stress Responses to the Shape Indexes

In the context of shear stress responses to different shape indexes, our investigation has revealed
several crucial findings:

Influence of Sphericity Index (SPH):

1.

The sphericity index (SPH) and aspect ratio (AR) of particles significantly impact shear
stress in granular materials.

Lower sphericity index values enhance interlocking among particles, increasing the shear
stress.

The shear strength of particle samples increases with lower sphericity particles.

Reducing stress on the particles leads to the dilation of interlocking particles, consequently
decreasing shear strength.

The impact of sphericity on particle specimens becomes more pronounced at higher normal
stresses.

An exponential model using the particle Aspect Ratio AR effectively captures the non-
linear correlation between the sphericity index and shear force.

The exponential model achieves a remarkable R? value of 0.96, affirming its reliability in
capturing the correlation under varied normal load conditions.

Effect of Size Index (SI):

1.

6.

There is a positive correlation between SI and internal friction angle. As SI increases, the
peak friction angle also increases.

Larger particles exhibit enhanced shear strength due to increased contact points,
interlocking, and effective stress transfer area.

Larger particles resist deformation and displacement more effectively, contributing to their
superior shear strength characteristics.

Reduced normal stress on particles leads to the dilation of interlocking particles, decreasing
shear force.

As the normal stress rate increases, particles experience a more effective interlocking rate
and a gradual increase in shear stress.

An increase in SI corresponds to a rise in shear force.

Effect of Triple Particle Size Index (TPSI):

1.

There 1s a positive correlation between TPSI and internal friction angle. As TPSI increases,
the peak friction angle also increases.

2. Larger particles exhibit enhanced shear strength due to increased contact points,
interlocking, and effective stress transfer area.

3. Larger particles resist deformation and displacement more effectively, contributing to their
superior shear strength characteristics.

4. Reduced normal stress on particles leads to the dilation of interlocking particles, decreasing
shear force.

5. As the normal stress rate increases, particles experience a more effective interlocking rate
and a gradual increase in shear stress.

6. An increase in TPSI corresponds to a rise in shear force.

Summary

These studies found that particle indices (SPH), (AR), (SI), and (TPSI) play significant roles
in determining the shear stress behaviour of granular materials. The results suggest that these
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parameters can be used to predict the shear stress behaviour of granular materials in various
applications.

3.4 Volumetric Strain Behaviour

In this section, we delve into the analysis of volumetric strain, a critical parameter in understanding
the mechanical behaviour of granular materials under shear loading conditions. Volumetric strain,
denoted by the change in the total volume occupied by particles, offers valuable insights into the
compaction and deformation processes occurring within the particle assembly. Our approach
involves tracking the movement of a large sphere that is responsible for applying normal load
during the shear test, facilitated by the simulation program EDEM. We aim to elucidate the
intricate relationship between particle morphology, applied loading conditions, and resulting
volumetric changes within the granular material system through meticulous analysis and
interpretation of volumetric strain data.

3.4.1 SPH Impact on Volumetric Strain

Our investigation of volumetric strain behaviour reveals intriguing insights into how the sphericity
index (SPH) influences granular materials under varying normal stresses.

Figure 4.12 compares volumetric strain changes against horizontal strain under different normal
stresses. Notably, we observe an inverse relationship between normal stress and volumetric strain.
As normal stress increases, the overall volumetric strain decreases, indicating a reduced level of
dilation under higher normal stress conditions.
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Figure 3.12. Volumetric-shear strain for various normal stresses (SPH = 81%)

Figure 4.13 further clarifies the impact of sphericity on the volumetric strain. It highlights a
significant increase in dilatancy with lower SPH values, suggesting that shape characteristics and
normal stress influence particle dilatancy.

To quantify this impact, we note that at a normal load of 15N, an assembly with sphericity particles
of (SPH=81%) exhibits a volumetric strain 44% higher than an assembly with SPH values of
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100%. This substantial difference emphasises the role of SPH in governing volumetric strain

behaviour.
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Figure 3.13. Volumetric-shear strain with various sphericity at a normal load of 15N
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Figure 3.14. Volumetric strain for different Sphericity values at a normal load of 15 and 30 N

Figure 4.14 presents the average volumetric strain for different SPH values subjected to 15 and 30
N normal loads. The results indicate an inverse correlation between SPH and volumetric strain,
with an increase in the volumetric strain as the SPH values decrease. A squared equation 4.3
accurately describes this nonlinear relationship with a high R? value, where equation 4.3 represents
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the readings under normal loads of 15 and 30N. At the same time, Table 4.5 describes the
parameters of the equation 4.3. Figure 4.14 underscores the influence of normal load on dilatancy,
demonstrating that higher normal loads lead to a reduced level of volumetric strain compared to
lower normal load. This finding further emphasises the intricate interplay between normal load
and volumetric strain.

VSPH = C31 SPHZ + C3p SPH + C33 33)
Table 3.5. The fit parameters of the Equation 4.3
Load C31 32 €33 R?
15N -0.0033 0.5562 -21.743 0.94
30N -0.0026 0.4434 -17.211 0.9

The volumetric strain Vspy determines the volumetric strain value through a sphericity index
(SPH) function. The function is characterised by three parameters, c3; [-], ¢32 [-] and ¢33 [-], which
shape its behaviour.

3.4.2 SI's Influence on Volumetric Strain

Examining the influence of Size Index (SI) on volumetric strain provides crucial insights into the
behaviour of granular materials under varying normal loads.

Figure 4.15 depicts the volumetric and horizontal strain relationship under different normal loads.
A clear reverse correlation emerges between overall volumetric strain and normal load; as normal
load increases, the overall volumetric strain decreases, highlighting a lower dilation of particle
volume strain under higher normal load conditions.
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3.15. Variations of volumetric strain with shear strain for various normal stresses (SI 150%)
normal stress 30kPa, 45kPa, 60kPa

Figure 4.16 explores the impact of particle SI on volumetric strain. It illustrates that as the particle's
SI increases, its volume dilation also increases. This relationship underscores the dependency of
particle volume dilation on particle shape and the applied normal load levels (Talatha and Oldal,
2021).
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Figure 3.16. Variations of volumetric strain with shear strain for different size indexes at normal
Stress of 30 kPa

Figure 4.17 presents the average volumetric strain values obtained from tests conducted with
different size index (SI) values under varying normal stresses of 3 and 30 kPa. The results highlight
a positive linear correlation between SI and volumetric strain. This relationship is captured by the
linear equation 4.4, representing the readings under normal stress of 3 kPa and 30 kPa, while Table
4.6 describes the equation 4.4 parameters. Furthermore, Figure 4.17 underscores the influence of
normal stress on dilation. The data demonstrate that higher normal stresses lead to lower levels of
dilation. For instance, at a normal stress of 30 kPa, the dilation value is significantly reduced
compared to the normal stress of 3 kPa. Notwithstanding this effect, the correlation between
volumetric strain and SI remains evident, as the value increases by approximately 28% when the
assembly particles' SI changes from 50% to 150%. This observation underscores the complex
interplay between SI, normal stress, and volumetric strain, highlighting the intricate nature of
granular material behaviour under varying conditions.
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Figure 3.17. Volumetric strain for different size index at a normal stress of 3 and 30kPa

VSI = C4_1 SI + C4_2 34)
Table 3.6. The fit parameters of the Equation 4.4
Load c41 c42 R?
15N 0.544 1.0565 0.94
30N 0.4221 0.8727 0.89

The volumetric strain Vs; determines the volumetric strain value through a size index (SI) function.
The function is characterised by two parameters, c4; [-] and c42 [-], which shape its behaviour.

3.4.3 TPSI and Volumetric Strain Characteristics

Understanding the relationship between the Triple Particle Size Index (TPSI) and volumetric strain
sheds light on the intricate behaviour of granular materials under constant normal stresses.

Figure 4.18 presents a comparative analysis of volumetric variations concerning horizontal strain
for different triple particle Size Indices (TPSI) under consistent normal stresses. An apparent trend
emerges: the overall volumetric strain increases proportionally with the increase of TPSI. This
pattern signifies that dilatancy in larger particles intensifies as TPSI increases, underscoring the
significant influence of particle shape on dilatancy under varying normal loads.
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Figure 3.18. Variations of volumetric strain with shear strain for different size indices at a
normal stress of 8 kPa.

To illustrate the volumetric strain characteristics, the assembly with SI=150% exhibits dilation
values 57% larger than those with SI=100% at a normal stress of 8 kPa. This substantial difference
emphasises the pivotal role played by TPSI in shaping volumetric strain characteristics,

highlighting the complex interplay between particle size, shape, and normal stress in granular
material behaviour.

3.4.4 Volumetric Strain Responses to Different Shape Indexes
In the study of volumetric strain behaviour, several key factors were analysed:

SPH Impact on Volumetric Strain

1. A comparison of volumetric strain changes versus horizontal strain under different normal
stresses revealed that the overall volumetric strain decreased as normal stress increased,
indicating lower dilation levels under higher normal stress.

2. Dilatancy in larger strains increases with a lower sphericity index (SPH), suggesting a
correlation between dilatancy and particle shape features and normal stress.

3. Specifically, assemblies with elongated particles (SPH=81%) showed 44% higher dilation

values than complete sphere particles with SPH values of 100% under normal stress of
4150 Pa.

SI's Influence on Volumetric Strain

1. A reverse correlation was observed between overall volumetric strain and normal stress.
Higher normal stress led to lower volumetric strain and vice versa.

2. Increasing the size index (SI) resulted in higher particle volume dilation. The particles'
volume dilation depended on particle shape and the applied normal stress. For instance, at
a 30 kPa normal stress, the dilation value increased by 28% when the assembly particles'
SI changed from 50% to 150%.

3. Higher normal stresses lead to a lower dilation than lower normal stresses.
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TPSI Impact on Volumetric Strain

1. Comparing volumetric strain variations with horizontal strain for various TPSI under
constant normal loads revealed that overall volumetric strain increased with higher TPSI
values. Indicating that dilatancy in larger particles increased with higher TPSI.

2. Dilatancy was found to be influenced by both particle shape and normal load. For instance,
assemblies with TPSI =150% exhibited 57% larger dilation values than those with TPSI
=100% under a normal stress of 8 kPa.

3. TPSI plays a significant role in shaping volumetric strain characteristics.

Summary

the study highlights the crucial influence of varied factors, such as TPSI, SI, and SPH, along with
normal stress, on determining the volumetric strain behaviour of granular materials. The findings
underscore that these parameters can serve as reliable predictors for understanding and anticipating
the volumetric strain behaviour of granular materials.

3.5 Average Contact Numbers Investigation
3.5.1 SPH's Effect on Average Contact Numbers

Understanding the interactions within granular materials is central to comprehending their
behaviour. One crucial parameter in this study is the coordination or contact number (CN),
representing the average number of particles in contact within the assembly. This parameter offers
valuable insights into the granular material's dynamics as it directly correlates with the contact
points between particles. As a result, CN can be used as a descriptor for the behaviour of granular
materials, encapsulating the details of their interactions (Danesh et al., 2020).

The link between the Sphericity Index (SPH) and the Coordination Number reveals an interesting
pattern. Decreasing SPH, indicating a departure from a perfectly spherical shape, leads to a
continuous increase in the coordination number. This phenomenon suggests additional
interlocking among particles as the sphericity decreases. The relationship between CN and SPH,
as depicted in Figure 4.19, demonstrates this tendency. This discovery contradicts the findings of
a study conducted by (Asadi and Mirghasemi, 2018), which focused on elliptical particles. Their
research indicated an initial rise in contacts as eccentricity increased, followed by a decline at
higher eccentricity levels. In contrast, our investigation revealed an inverse relationship: as the
(SPH) decreased, there was a simultaneous increase in the coordination number (CN) between the
particles.
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CONTACT NUMBER VS SHEAR STRAIN
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Figure 3.19. Variation of CN versus shear strain with various sphericity at a normal stress of
4150 Pa

Figure 4.20 provides a nuanced perspective on CN under varying conditions of stress.
Interestingly, it illustrates that applying high stress to the sample consistently results in a higher
coordination number regardless of the SPH index. This observation underscores that stress shapes
particle interactions within granular materials. However, it is crucial to note that the initial strain
levels induce an immediate decrease in CN at lower normal stress due to pronounced dilatation.
This drop is attributed to the dilation effect caused by the initial strain, highlighting the complex
interplay between normal stress, dilation, and contact numbers.
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Figure 3.20. Variation of CN versus shear strain for various normal stresses (SPH = 81%)
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Exploring SPH's effect on average contact numbers reveals intricate dynamics within granular
materials. The continuous increase in CN with decreasing SPH challenges existing theories and
invites further exploration into the relationship between particle shape, interlocking, and contact
behaviour. Furthermore, Table 4.7 details the relationship between the contact number and the
sphericity index.

Table 3.7. correlation between the SPH and the CN

Average Average Average
Sphericity Average contact No. contact No. contact No.
index % contact No. Increased For double Increased
percentage % normal load percentage %
100 4.760355 0.0 4.804665 0.0
98 5.756527 20.9 6.05698 26.1
94 5.864372 23.2 6.627593 37.9
88 6.270317 31.7 6.431181 33.9
81 6.189114 30.0 6.635899 38.1

3.5.2 SI's Influence on Average Contact Numbers

Understanding the interactions between particles is paramount in the study of granular materials.
The coordination number (CN) effectively characterises the behaviour of granular materials by
shedding light on the intricate network of particle interactions. This concept is particularly relevant
because these interactions are closely tied to contact points.

As depicted in Figure 4.21, an intriguing pattern emerges when investigating how the CN responds
to changes in the SI. What becomes evident is that as the SI fluctuates, the CN remains relatively
stable. This observation opens a fascinating window into the behaviour of granular materials. It
suggests that altering the SI predominantly triggers variations in three-dimensional particle shapes,
with minimal influence on the particles' sphericity. In simpler terms, while SI influences particle
size, it does not interfere with the inherent sphericity of the particles. Consequently, the density of
particle connections within the assembly remains relatively consistent, as SI variations do not
disrupt the SPH index. It is a compelling notion highlighting the unique dynamics at play within
granular materials.
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Figure 3.21. Variations of CN versus shear strain for normal stress of 30kPa (SI effect)
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Researchers have also weighed on this phenomenon, drawing parallels with particle changes in the
Sphericity Index (SPH). They propose that when SPH is altered, it leads to variations in particle
shape along a single dimension, effectively elongating the particles. This change promotes
increased interlocking among the particles, allowing for more contact points. To encapsulate this,
we can conclude that an increase in CN is associated with this condition (Talatha and Oldal, 2021).

Figure 4.22 provides an intriguing perspective on the CN related to SI and stress. It demonstrates
that regardless of the SI index, applying high stress to the sample results in a noticeable increase
in the CN. However, it is important to note that CN decreases immediately as normal stress levels
decrease, primarily attributable to the dilatation effect induced by the initial strain, which signifies
granular materials' complex and dynamic nature.
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Figure 3.22. Variations of CN versus shear strain for various normal stresses (SI 150%)

This insightful exploration into SI's influence on average contact numbers unveils fascinating
complexities within the world of granular materials, shedding light on how variations in SI can
significantly impact particle interactions and the coordination number.

3.5.3 TPSI and Average Contact Numbers

Interestingly, a unique pattern emerges concerning the coordination number (CN) when focusing
on the Triple Particle Size Index (TPSI). Despite variations in TPSI, CN demonstrates stability, as
visually depicted in Figure 4.23. This constancy in CN, even amidst changes in TPSI, can be
attributed to the size index (SI), which indicates that alterations in TPSI do not significantly affect
the fundamental regularity of the particles. Consequently, the sphericity index retains its constancy
across these variations. Researchers have elucidated that modifying the Sphericity Index (SPH)
results in a one-dimensional elongation of the particle shape, intensifying interlocking among
particles and enhancing the coordination number accordingly.

The calculation of the average contact number involved summing the total number of contacts
across all particles within the system and subsequently dividing this sum by the total number of
particles. This computation yielded an average value indicative of the typical number of contacts
per particle in the system under consideration.
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AVERAGE CONTACT NUMBER VS SHEAR STRAIN
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Figure 3.23. Variations of CN versus shear strain for normal stress of 8 kPa (SI effect).

Furthermore, as the previous finding mentions regarding the SI and the SPH, a notable increase in
CN is observed when subjecting the sample to high stress, regardless of the specific TPSI index,
as depicted in Figure 4.24. It emphasised the significant role of stress in augmenting the
connections among particles within the granular assembly. However, it is essential to note that
initial strain induces an immediate decline in CN at lower normal stress levels due to pronounced
dilatation. This rapid decrease in CN underscores the intricate interplay between shear stress,
dilatation effects, and contact numbers within granular materials.
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Figure 3.24. Variations of CN versus shear strain with various normal stresses 4kPa and 8kPa for
a sample of (SI = 100%).

This analysis of TPSI's influence on average contact numbers reveals a nuanced interconnection
between particle shape, interlocking dynamics, and the impact of shear stress. These findings
contribute to a deeper understanding of the intricate behaviours exhibited by granular materials
under varying conditions, laying a robust foundation for further exploration and analysis.
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3.5.4 Variation in Average Contact Numbers with Shape Indexes

In the investigation of granular materials, the Average Contact Number (CN) is a crucial metric,
representing the average number of particles in contact within the assembly. As we delve into the
nuances of particle shape defined by the Shape Indexes (SPH, SI, and TPSI), a coherent pattern
emerges regarding CN.

SPH's Effect on Average Contact Numbers

1. Decreasing SPH leads to a continuous increase in CN.
The relationship between CN and SPH is inverse, as shown in previous research on
elliptical particles.

3. High stress consistently results in a higher CN regardless of the SPH index.

4. CN decreases with reduced normal stress levels due to the initial strain-induced dilatation
effect.

5. The complex interplay between normal stress, dilation, and contact numbers is highlighted.

SI's Influence on Average Contact Numbers

1. CN remains stable even as the Size Index (SI) fluctuates, indicating consistency in particle
connections.

2. SI changes affect particle shapes, not inherent sphericity, maintaining the stable density of
particle connections within the assembly.

3. High stress increases CN regardless of the SI index, promoting more contact points among
particles.

4. CN decreases with reduced normal stress levels due to the initial strain-induced dilatation
effect, highlighting the complex nature of granular materials.

TPSI and Average Contact Numbers

1. CN remains stable despite changes in the Triple Particle Size Index (TPSI), as shown in
Figure 4.23.

2. Alterations in TPSI do not disrupt the fundamental sphericity of particles, maintaining
particle shape.

3. Maintaining particle shape ensures an unchanged density of connections between particles
within the assembly.

4. Figure 4.24 shows that higher stress increases the CN regarding the TPSI value,
emphasising stress's role in augmenting particle connections.

Summary

this study investigates the impact of varied factors, including TPSI, SI, and SPH, on average
contact numbers (CN) in granular materials. For TPSI and SI, a stable relationship with CN is
observed, indicating their predominant influence on particle shape and stability. However, high
Stress significantly increases CN irrespective of SPH, TPSI or SI. Additionally, the study
introduces a novel finding regarding SPH, noting an inverse relationship with CN that challenges
existing theories, emphasising the need for further exploration into the complex interactions
between particle shape, interlocking, and contact behaviour in granular materials.

3.6 Contact Force Chain Analysis
3.6.1 SPH Impact on Contact Force Chain Formation

Contact force chain analysis is pivotal in understanding the behaviour of granular materials under
different stress conditions. In this section, we delve into the influence of the SPH on the formation
of contact force chains. These force distributions for different SPH values under continuous normal
stress at distinct phases of a direct shear test are shown in Figures 4.25 and 4.26.
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The figure particles' colour signifies the intensity of the contact forces, with red, green, and blue
particles representing high, moderate, and low forces within the assembly. Initially, before shear
loading (at a strain of 0%), contact forces are uniformly distributed within the shear container
regardless of particle shape.

However, as shear force is applied and the material undergoes deformation, we observe a stark
contrast between 0% and 15% strain in contact force chains. During the shearing process, the initial
stage Figure 4.25 exhibits a thicker contact chain than the shearing stage Figure 4.26. This
phenomenon is linked to the dilation behaviour of granular samples during shear, reducing the
number of contacts.
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Figure 3.25. Contact force chain distribution for different particle sphericity at the shear strain of
0% and 15N normal load (Particles SPH= 100%, 98%, 94%, 88%, 81%, respectively)

Remarkably, as the material shears, an increased number of contacts is oriented in directions
bearing higher loads, primarily in the shear direction, leading to higher magnitudes of the
associated contact forces. Additionally, it is noteworthy that samples with lower sphericity values
manifest higher shear forces in the shear stage. This occurrence is closely tied to improved
interlocking in assemblies with lower sphericity values, leading to elevated contact numbers and
their magnitudes in the shear direction.

These findings align with earlier observations by (Yang et al., 2016), underscoring that force
chains in samples with lower sphericity contribute more significantly to the assembly's overall
contacts. Consequently, this structural rearrangement leads to the formation of a shear band that
traverses the upper left to the lower right of the shear box. This ensures effective load transfer
within the samples, resulting in a more stable structure for force chains.

Conversely, particles positioned away from the shear band exhibit minimal participation in bearing
the applied load. This unique insight into the impact of SPH on contact force chains provides a
valuable perspective on the behaviour of granular materials under shear. It sheds light on the
intricate interplay between particle shape and force distribution.
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Figure 3.26. Contact force chain distribution for different particle sphericity at the shear strain of
15% and 15N normal load (Particles SPH= 100%, 98%, 94%, 88%, 81%, respectively)

3.6.2 SI's Influence on Contact Force Chains

In our analysis of contact force chains, we examined the force distribution within the model at
various stages of the SST, focusing on different SI values and normal stresses. Figures 4.27 and
4.24 offer a comprehensive view, highlighting inter-particle and particle-wall forces in different
shades: red denotes high contact forces, green represents moderate forces, and blue indicates low
forces.

At the initial stage, before applying shear stress (0% strain), particles in the model displayed a
uniform distribution, irrespective of SI values. However, as shear forces were applied, significant
variations in contact force chains emerged, notably between 0% and 15% strain. Figure 4.27
depicts a denser contact force chain during the first stage (0% strain), attributed to particle dilation
behaviour induced by shear, leading to decreased particle CN.
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Figure 3.27. Contact force chain distribution for different size index particles at the shear strain
of 0% and 15N normal load (Size index SI= 50%, 75%, 100%, 125%, 150%, respectively)

During the shearing process, particles' CN aligned with the direction of higher loads, precisely the
shear direction. Gradually applying the shearing forces reduces the interaction cross-sectional area
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between the two cylinders, leading to a decline in shear stress. Notably, samples with higher SI
values exhibited increased shear forces during the shearing stage due to interaction contact area,
indicating better interlocking as SI values increased.
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Figure 3.28. Contact force chain distribution for different size index particles at the shear strain
of 15% and 15N normal load (Size index SI= 50%, 75%, 100%, 125%, 150%, respectively)

This observation aligns with a related study, which found that higher force chains in higher SI
samples led to more significant particle contacts (Yang et al., 2016). As the lower cylinder initiated
movement to apply shearing stress, a shear band formed from the bottom left of the lower cylinder
to the top right of the upper cylinder. This shear band efficiently distributed most of the load within
the assembly, establishing a stable force chain structure. Consequently, particles outside the shear
band did not actively participate in bearing the load, as illustrated in Figure 4.28.

3.6.3 TPSI and Contact Force Chain

This section delves into the intriguing interplay between the Triple Particle Size Index (TPSI) and
the contact force chains within granular materials. Our investigation, guided by the insights from
Figures 4.29 and 4.30, unveils the intricate forces that shape these materials' behaviour under the
influence of TPSI.

Figures 4.29 and 4.30, which accurately detail our observations, lay the foundation for our
understanding. These visual aids showcase the distributions of inter-particle and particle-wall
forces in granular assemblies with varying TPSI values. To aid in interpretation, we have employed
a colour scheme: red, green, and blue particles correspond to strong, moderate, and low forces,
respectively.

Before beginning shear loading at an original strain of 0%, we observed that contact forces were
uniformly distributed throughout the granular medium. Interactions exhibited a harmonious
equilibrium within the shear container regardless of the particle shape. However, as we initiated
the shearing process, introducing a strain of 15%, the landscape of contact force chains underwent
a dramatic transformation compared to its dormant state at a strain of 0%.
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Figure 3.29. Contact force chain distribution for different size index particles at the shear strain
of 0% and 70N normal load (Size index SI= 100%, 125%, 150% respectively)

The initial stage, illustrated in Figure 4.29, revealed a robust contact chain network. This thicker
web of contact forces can be attributed to the particles' dilation behaviour during shear, which

inherently reduces the number of interactions. Shear stress is progressively applied, as represented
by Figure 4.30.
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Figure 3.30. Contact force chain distribution for different size index particles at the shear strain
of 15% and 70N normal load (Size index SI= 100%, 125%, 150% respectively)

In the shear stage, we noticed a marked difference in contact forces. These forces were not only
oriented in the direction of higher loads, which aligns with the direction of shear, but we also
observed a decrease in shear forces due to the reduction of the contact area. It became evident that
samples with a higher TPSI demonstrated a more substantial shear force during this stage. This
observation can be linked to the enhanced rough interlocking behaviour that emerges as TPSI
values increase. Consequently, assemblies with higher TPSI values exhibited greater strength, a
phenomenon that can be attributed to the concentration of forces around the vertical walls of the
top shear cylinder.
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These findings align with previous research (Yang et al., 2016), reinforcing that robust force chains
form a more substantial portion of assembly contacts in granular samples with higher TPSI values.
This structural rearrangement significantly impacts the formation of shear bands extending from
the top right to the bottom left of the shear cylinder, facilitating effective load transmission within
the granular material. This results in a more stable architecture for force chains. However, particles
located outside of the shear band have minimal involvement in bearing the applied load.

3.6.4 Contact Force Chain Patterns in Different Shape Indexes

The study investigated the influence of sphericity index (SPH), size index (SI), and triple particle
size index (TPSI) on contact force chains in granular materials. The results showed that:

SPH Impact on Contact Force Chain Formation
Contact forces were observed to vary with changes in SPH values.

1. Higher SPH values and a more robust contact force chain network increased contact forces.
2. Assemblies with lower SPH values exhibited a concentration of force near the upper shear
cylinder vertical walls, promoting effective load transmission.

3. Shear bands formed entirely from the shear box's upper right to the lower left.
4. At 0% strain, contact force chains are uniformly distributed.
5. As the material shears, contact force chains become thicker and more concentrated in the

shear direction.
6. Samples with lower sphericity values exhibit higher shear forces in the shear stage.

SI's Influence on Contact Force Chains
Contact forces were significantly affected by changes in Size Index (SI).

1. Samples with a higher SI demonstrated more substantial shear forces during shearing due
to enhanced interlocking contact area.

2. The concentration of forces around the top shear cylinder's vertical walls in higher SI

samples played a critical role in load transmission.

Force chains in higher SI samples formed more extensive assembly contacts.

At 0% strain, contact force chains are uniformly distributed.

. As the material shears, contact force chains become thicker and more concentrated in the
shear direction.

G W

TPSI and Contact Force Chain Dynamics
TPSI values were linked to the dynamics of contact force chains.

1. Enhanced rough interlocking as TPSI values increased contributed to higher shear forces.
Samples with higher TPSI values demonstrated greater strength and a more stable structure
for force chains.

3. Strong force chains in higher TPSI samples formed a more substantial portion of the
assembly contacts, influencing the formation of shear bands.

4. These points encapsulate the relationship between different shape indexes and the patterns
of contact force chains within granular materials under shear stress.

Summary

These findings suggest that SPH, SI, and TPSI play a role in the formation and behaviour of contact
force chains in granular materials. Lower sphericity, higher SI, and higher TPSI values tend to
lead to thicker and more concentrated contact force chains with higher shear forces. These findings
have implications for the design of granular materials for applications such as construction.
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3.7 Shear Zone and Particle Rotation Examination
3.7.1 SPH's Influence on Shear Zone Formation

Particle rotation is a fundamental method for assessing the formation of shear bands within
granular assemblies under loading conditions (Oda and Kazama, 1998; Mahmood and Iwashita,
2011). While a direct shear test can provide insights into shear band formation, it is crucial to delve
deeper into the influence of non-rounded particles compared to their rounded counterparts,
explicitly concerning the positions and thickness of these shear bands. This nuanced analysis has
been a focal point of our research, leading to Figure 4.31.
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Figure 3.31. (Particle rotation at a shear strain of 15% and 15N normal load for SPH= 100%,
98%, 94%, 88%, 81%, respectively)

Figure 4.31 depicts the accumulated particle rotation within the sample at a strain of 15% under a
normal load of 15N. The colours in the figure correspond to the rotations, where red indicates a
higher average rotation, green indicates moderate rotation, and blue represents low rotation. Figure
4.31 illustrates where particles with higher rotations occur among rounded and non-rounded
particles. Notably, non-rounded particles, especially those with an SPH of 81%, exhibit lower
average accumulation rotation when compared to their spherical counterparts. This phenomenon
is a direct result of increased interlocking among these particles. For instance, if the particle
transitions from a spherical SPH of 100% to an elongated SPH of 81%, it results in a 40% reduction
in the overall average particle rotation.

Figure 4.31 further substantiates these findings by depicting the distribution of the rounded particle
rotation. The rounded particles exhibit a more uniform rotation distribution with a broader shear
band encircling the shearing plane. Conversely, the sample with SPH 81% displays a higher degree
of rotation but within a narrower shear band concentrated near the shearing plane. This intriguing
observation underscores a critical trend: as shear strength increases, the width of the rotation zone
and the average particle rotation concomitantly decrease (Danesh et al., 2020).
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Figure 3.32. Particle rotation at the shear strain of 15% for the SPH = 81% at (different normal
stress = 25 kPa, 50 kPa, 75 kPa, 100 kPa, respectively)

Understanding the movement behaviour of particles is pivotal. It can be conceptualised as layers
of particles moving on top of one another. Two key factors influence this movement. To begin
with, the interlocking between particles, as illustrated in Figures 4.30 and 4.31, plays a pivotal role
in particle rotation. Furthermore, the normal stress, which enhances friction between particles due
to improved particle interlocking, increases rotation interaction. The intriguing correlation
between the particle rotation pattern and the distribution of forces within the particles results from
rearrangements, as depicted in Figure 4.32; these rearrangements cause the shear band to form
entirely from the upper right to the lower left of the shear cylinder. This structural arrangement
ensures superior load transfer within the samples, creating a stable force chain structure. Particles
outside the shear band do not actively carry the load, emphasising the significance of this intricate
interplay between rotation, interlocking, and normal forces in understanding shear zone dynamics.

3.7.2 SI's Impact on Shear Zone and Particle Rotation

Particle rotation is fundamental in exploring shear bands within granular assemblies during
loading. While the SST can offer insights into shear band formation, a more nuanced analysis of
the particle SI is essential concerning the shear band's position and average angular velocity. This
meticulous consideration has been a critical focus of our research, as depicted in Figure 4.33.

Figure 4.33 presents the cumulative particle rotations within the sample subjected to a 15% strain
under normal stress of 30 kPa. The colour scheme denotes rotation magnitude, with red indicating
high rotations, green moderate rotations, and blue low rotations. Notably, both small and large
particles exhibit localised rotations. Interestingly, large particles with SI = 150% display a lower
average cumulative rotation than small particles with SI = 50%. This observation aligns with the
increased contact area between particles as SI increases, resulting in a higher frictional force.
Quantitatively, the transition from SI = 50% to SI = 150% corresponds to a 66% reduction in the
overall average particle rotation.
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Figure 3.33. Particle rotation at the shear strain of 15% for (SI= 150%, 125%, 100%, 75%, and
50%, respectively) at 30kPa, normal stress

Figure 4.34 provides additional insights, presenting the average angular velocity for particles of
various SI. It becomes evident that the increase in shear strength, attributed to higher SI values,
corresponds with a decrease in the particle's average rotation.

AVERAGE ANGULAR VELOCITY VS SHEAR STRAIN

0O SI 50% SI 75% SI 100% SI 125% O SI 150%

12
E U
£ 10 O o
; = DDD@ED%D%@DE@@%@@E%%D%W@%M
2 s O
2
— 6 O
Lc% o
=}
z
& 25 P RED AR G B G S5 A S B SE8 y B W S s et a0
z

0

0 5 10 15 20 25 30

Shear Strain [mm)]

Figure 3.34. Average angular velocity for different size index particles under 30kPa normal
stress

The movement dynamics of the particles are similar to layers shifting atop each other, a
phenomenon illustrated in Figure 4.35. This rotational behaviour is intricately connected to two
key factors: normal stress and particle interlocking. An increase in the normal load augments
friction between particles due to enhanced locking, subsequently intensifying rotation interactions.
This intricate relationship between rotation, interlocking, and normal loads is highlighted in the
rotational patterns observed in Figures 4.33- 4.35. Rearrangements within the assembly cause the
shear band to form entirely from the upper right to the lower left of the shear cylinder. This
structural configuration ensures superior load transfer within the samples, emphasising the critical
role of SI in shaping shear zone structures and dynamics.
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Figure 3.35. Particle rotation at the shear strain of 15% for the test of SI 75% at different normal
stress = 30 kPa, 45 kPa, 60 kPa, respectively

3.7.3 TPSI and Shear Zone Behaviour

In granular assemblies' shear bands, particle rotation is a fundamental assessment tool during
loading processes. While the SST can provide valuable data about shear band formation, an in-
depth analysis of the TPSI is crucial, especially concerning the shear band's position and the
average angular velocity. This nuanced perspective has been a focal point of our study, as
highlighted in Figure 4.36.
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Figure 3.36. Average angular velocity for different size index particles under 8kPa normal stress

Figure 4.36 portrays the average angular velocity of particles in the sample, showcasing variations
between small and large particles. Intriguingly, large particles with TPSI=150% exhibit lower
average accumulation rotation than smaller counterparts with TPSI=100%. This trend aligns with
the increase in interlocking among particles as TPSI escalates. For instance, as the particles
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transition from TPSI=100% to TPSI=150%, a notable 24% reduction in the overall average particle
rotation results.
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Figure 3.37. Particle rotation at the shear strain of 15% for the test of TPSI 100% at different
normal stresses = 4 kPa, 8 kPa, respectively

Furthermore, this reduction in particle rotation corresponds with increased shear strength due to
elevated TPSI values. This rotational behaviour is intricately connected to two key factors: the
expected load and particle interlocking. An increase in the normal load augments friction between
particles due to enhanced locking, subsequently intensifying rotation interactions.

Crucially, the rotation pattern mirrors the distribution of forces within the particles, a phenomenon
emphasised in Figure 4.37. The rearrangements within the assembly lead to the shear band forming
entirely from the upper right to the lower left of the shear cylinder. This specific structural
configuration ensures a superior load transfer within the samples, underscoring the pivotal role of
TPSI in shaping shear zone behaviour and dynamics.

3.7.4 Shear Zone and Particle Rotation under Various Shape Indexes

The study investigated the influence of SI, TPSI, and SPH on particle rotation and shear zone
formation in granular materials. The results showed that:

SPH's Influence on Shear Zone Formation

1. Particle rotation is used to evaluate shear band formation.
. Non-rounded particles showed lower average rotation, especially at SPH 81%.

3. Change in sphericity from SPH 100% to SPH 81% reduced average particle rotation by
40%.

4. The rotation pattern followed the force distribution, forming stable shear bands.

5. Non-rounded particles exhibit lower average accumulation rotation than rounded particles.

6. An increase in shear strength is accompanied by a reduction in the rotation zone width and
average particle rotation.

7. The movement behaviour of particles is like layers shifting atop each other.

8. An increase in the normal force augments friction between particles due to enhanced
locking, subsequently intensifying rotation interactions.

SI's Impact on Shear Zone Structure
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Particle rotation is used to assess shear bands.

. High SI particles exhibit lower average rotation due to the increased area of the contact
points, interlocking, and effective stress transfer area.

3. Changing from SI=50% to SI=150% reduced overall particle rotation by 66%.

4. Shear band formation followed rearrangement, providing superior load transfer.

5. An increase in normal stress augments rotation interactions among particles.

N —

TPSI and Shear Zone Behaviour

1. Higher TPSI (TPSI=150%) reduced average particle rotation by 24%.
Particle rotation is influenced by normal stress and particle interlocking, leading to
enhanced friction and ensuring effective load transfer.

3. The rotation pattern is aligned with force distribution, ensuring effective load transfer.

4. A lower average accumulation rotation occurred with Larger particles of TPSI=150%
compared to smaller counterparts with TPSI=100%.

5. This reduction in particle rotation corresponds with increased shear strength due to elevated
TPSI values.

Summary

These findings suggest that SPH, SI, and TPSI all play a role in the formation of shear zones and
the movement of particles in granular materials. Lower SPH, higher SI, and higher TPSI values
all tend to lead to a lower average particle rotation, indicating that these factors contribute to
forming more robust and stable shear zones. These findings have implications for the design of
granular materials for applications such as construction and mining.

3.8 The Combined Effect of Normal Stress and Mechanical Vibration on Wheat Packing
Density

3.8.1 Intensity Effect of the Applied Parameters

The influence of vibration period on data collection precision and efficiency concerning packing
density has been investigated unless otherwise specified. Figure 4.38 presents the changes in wheat
packing density as a function of vibration time, considering various vibration amplitudes and
normal stresses. Several phenomena are observed. The wheat packing density initially exhibits a
similar trend across all tests, characterised by an initial increase followed by a stabilisation at the
highest packing density. In the freeloaded test, the packing density shows rapid growth until t =
3s, after which it reaches a stable value. In contrast, the loaded packing density test experiences
faster growth until t = 2s, which is attributed to the effect of normal stress. Subsequently, a
consistent packing density value is observed for all test conditions, with no further increase.

As illustrated in Figure 4.38a, the freeloading test revealed alignment only in the first two test
lines. Suggests that the impact of vibration amplitude becomes significant only after exceeding a
specific threshold. Conversely, the loaded test, Figure 4.38b, demonstrated a persistent influence
of vibration amplitude regardless of its value. This disparity arises from the contrasting
mechanisms of particle rearrangement in each test. Under freeloading, gravitational forces
naturally induce particle rearrangement. In contrast, the loaded test involves externally applied
normal stress, facilitating efficient vibration energy transfer and enhanced particle rearrangement
due to improved particle interaction.

Consequently, even at lower vibration amplitudes, loaded tests exhibit a sequential reduction in
particle voids, thereby influencing packing density. Furthermore, a vibration duration of 10
seconds was sufficient for generating stable and densely packed structures. This observation
informed the selection of a 10-second vibration time for subsequent experiments.
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Figure 3.38. (a) Wheat packing density p vs. vibration time t for the freeload test (b) Wheat
packing density p vs. vibration time t for the test 42.3kPa

Notably, the packing density and vibration time profiles conform with the exponential equation
initially proposed for investigating the densification behaviour of monodisperse spherical glass
particles (Knight et al., 1995). Subsequently, researchers expanded its applicability by attributing
physical significance to equation 4.5 to describe the packing density of PMMA cylinder-sphere
mixtures (Zhao et al., 2019). Therefore, the exponential equation 4.6 is employed to elucidate the
packing density of wheat particles in the current study.
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pwy = (pi—ps) e D + p; (Zhao etal., 2019) 3.5)
The time-varying particle packing density, denoted as p(;)[-], is characterised by the initial packing
density p; [-] and the final packing density ps [-]. The vibration time is denoted as ¢ [s], and the
characteristic time of the process is represented as 7 [s]. The parameter values for the fitted
equations at t = 10 s are presented in Table 4.8. Moreover, the conclusion drawn from the study
indicates that the evolution of freeloaded packing density reaches near completion after 3 s (i.e., t
=5 s). The loaded packing density evolution is nearly complete after 2 s (i.e., t = 3 s), consistent
with the observation that the experimental function lines exhibit characteristic times of
approximately 0.6 s.

Table 3.8. The exponential Equation 4.6 fitted parameters.

Loaded
Unloaded
Pi Pr T test 42 Pi Py T
test
kPa

Ist Amp. 0.58434 | 0.60477 0.69 Ist Amp. 0.60689 | 0.61774 0.63
2nd Amp. 0.58434 | 0.60477 0.69 2nd Amp. | 0.60689 | 0.62218 0.78
3rd Amp. 0.58434 | 0.60903 0.61 3rd Amp. | 0.60689 | 0.62443 0.72
4th Amp. 0.58434 | 0.61335 0.55 4th Amp. 0.60689 | 0.62669 0.47

3.8.2 Effects of Vibration Amplitude and Normal Stress

Figures 4.39a and b demonstrate the significant influence of vibration amplitude (4) and normal
stress (o) on wheat packing density (p). The initial state of wheat packing density is represented
by Figure 4.39a, which reflects the condition by applying solely the normal stress to the wheat
particles, demonstrating that a Higher wheat packing density can be achieved by using only normal
stress. By curryon, figure 4.39b represents the wheat packing density under the influence of the
vibration amplitude. Furthermore, a clear correlation exists between wheat packing density and
vibration amplitude; an increase in amplitude leads to a subsequent rise in wheat p. Figures 4.39a
and b also reveal that the maximum wheat packing density is attained by applying maximum
vibration amplitude. However, a lower vibration amplitude is needed in the loaded test to achieve
the maximum value of wheat p compared to the freeloaded test. The continuous increase in wheat
packing density with rising vibration amplitude is due to the gradual delivery of energy, which
densifies the initial loose structures by filling the voids within the packing. Consequently, the
packing structure accumulates enough energy to facilitate ultimate particle rearrangement,
enabling small wheat particles to fill the spaces between large wheat particles and enhance wheat
p during this phase.
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Figures 3.39a and b. The wheat packing density p vs the vibration amplitude 4 and the normal

stress o

Meanwhile, the "arch" and "bridge" configurations formed by the particles may undergo gradual
breakage, leading to the development of a more stable structure, resulting in the highest packing
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density of wheat. Similar trends can be observed in Figure 4.39, where an increase in vibration
amplitude corresponds to achieving the densest packing structure. This finding is consistent with
previous research that reported a similar outcome of high packing density with the combination of
high vibration amplitude and low frequency (Zhao et al., 2019). This vibration amplitude and
frequency effect has also been seen in other vibrated packing systems (Milewskl, 1978; Zhang et
al., 2006; Li et al., 2011; An et al., 2015, 2016). Figure 4.40 further demonstrates the effect of
normal stress on wheat packing density under the influence of vibration amplitude. The correlation
pattern between vibration amplitude and packing density remains consistent for the loaded test,
where higher normal stress results in sharper function lines. In contrast, the freeload test exhibits
greater entropy due to the uncertain movement of particles, resulting in a deviation from the pattern
of function lines observed in the loaded test, which is attributed to the absence of external normal
stress. Furthermore, the loaded test shows a similar pattern of function lines due to the partial
restriction of particle movement in the vertical direction due to the external normal stress.

O I'stTestNoLoad O 2'ndTest13.3kPa A 3'rd Test22.9kPa 0O 4'th Test 42.3kPa
1'st test R"2 0.90 2'nd test R"2 0.98 3'rd test R"2 0.90 —— 4'th test R*2 0.90

0.68

0.67

0.66

0.65

0.64

0.63

Packing density [-]

<
<
<

0.62
061 &

0.60
0 1 2 3 4 5 6 7
Amplitude [mm]

Figure 3.40. Wheat packing density p vs the vibration amplitude 4

Another observed phenomenon is the increase in wheat packing density in response to the
incremental application of external normal stress and amplitude until it remains constant. For
instance, in tests conducted at 13.3 kPa, 22.9 kPa, and 42.3 kPa compared to the freeload test, the
average wheat packing density increased by 3.1% for the 13.3 kPa test, 5.1% for the 22.9 kPa test,
and 5.6% for the 42.3 kPa test. However, beyond a certain threshold, even with a doubling of the
normal stress, the wheat packing density did not significantly increase, explaining the loss of the
linearity behaviour of the function parameters as illustrated in Figures 4.39a and 4.40. The
rearrangement of particles can explain this phenomenon by filling the voids between particles due
to the presence of the vibration and increasing normal stress. Once the voids reach a minimum, no
further increase in wheat packing density can be achieved, and the particles carry the excessive
normal stress by themselves, resulting in compression of the wheat particles rather than
rearrangement. Consequently, an exponential model was generated to describe the observed
results, represented by Equation 4.6, which best fits the experimental data.
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pay = cs1 (1 —e4) + p,

The amplitude-varying final packing density of wheat is denoted as p(a) [-], the initial wheat
packing density is denoted by p; [-], the function of the applied vibration amplitude 4 [mm], and
influenced by two parameters c¢s; [-], ¢s2 [mm™'], which describes the relationship between the

vibration amplitude and the exponential model, as illustrated in Figure 4.41 and Table 4.9.
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Figure 3.41. The exponential model obtained parameters.
Table 3.9. shows the parameters of the fitted exponential model.
Constants
Load Correlation R?
Cs1 C52 Pi
0 kPa 0.0411 0.1404 mm™' 0.6110 0.9
13.3 kPa 0.0287 0.4434 mm'! 0.6291 0.98
22.9 kPa 0.0249 1.5039 mm’! 0.6406 0.9
43.3 kPa 0.0278 1.1220 mm’! 0.6458 0.9
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In Figure 4.40, the value of R? = 0.9 represents the coefficient of determination, which assesses
the goodness of fit of the regression model to the data points. An R? value of 0.9 suggests that the
regression model can explain approximately 90% of the variability observed in the data. Generally,
an R? value closer to 1 indicates a stronger fit of the model to the data, implying that the model
effectively captures the variability in the data points. In this case, an R? value of 0.9 is considered
high and indicative of a good fit of the regression model to the data.

Figure 4.41 illustrates the variation of the exponential model's parameters (cs;, ¢s52) concerning the
external stress (o). These parameters exhibit linear behaviour up to the stress limit of 23 kPa,
beyond which nonlinearity becomes apparent. The values of these parameters are directly
influenced by internal factors, such as particle micro-mechanical properties, shape, and size, and
external factors, including ¢ and 4. It can be inferred that varied materials have specific limitations
in transitioning these parameters from linear to nonlinear behaviour. However, further experiments
are needed to validate this conclusion. The physical interpretation of these parameters relates to
the impact of ¢ on the curvature sharpness of the wheat p function lines. Precisely, decreases in cs;
and increases in c¢s» under the influence of o result in sharper exponential function curves,
indicating higher wheat p values for the loaded tests than the freeloaded tests despite applying the
same amplitude value.

3.8.3 Modell uncertainties and sensitivity

In light of the presented information, uncertainty analysis plays a pivotal role in comprehending
the accuracy and reliability of the data obtained in our wheat packing density study. Using various
analytical techniques, such as the Grubbs test, we identified and eliminated outliers from the
dataset, thus ensuring the utmost precision in our results. As depicted in Figure 4.42, the
uncertainty of wheat packing density is illustrated for different applications of normal stress with
the applied amplitude, and the highlighted area within the fitted line represents the corrected
standard deviation for the collected data. It is noteworthy that sensitivity analysis is also paramount
in assessing the influence of diverse parameters on the obtained outcomes. By conducting a
comprehensive uncertainty and sensitivity analysis, we can establish the robustness and reliability
of our findings, thereby providing valuable insights for future research and practical applications
in this field. The subsequent figures display the uncertainty of wheat packing density p versus the
vibration amplitude A for various scenarios, including the freeload test, 13.3kPa, 22.9kPa, and
42.3kPa (Figures 4.42 a, b, c, d, respectively).
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Figure 3.42. The uncertainty of wheat packing density p vs the vibration amplitude A for four
different normal stresses

In our investigation of wheat packing density, we employed a sensitivity analysis using the Morris
method, which involves systematically varying the model's input parameters within predefined
ranges and observing the resulting output. The Morris indices were calculated to quantify the
sensitivity of the model output to each input parameter, and these indices were ranked to determine
their relative importance (pi: 40.47%, A: 31.52%, cs52: 15.60%, cs1: 12.40%). As represented by
Equation 4.6, the model can be divided into two sections. The initial term in the model, ¢s5; * (1 -
exp (-A * ¢s2)), is susceptible to amplitude A, which exhibits a wide range of values (0 to 6.7 mm).
However, the parameters cs2 (ranging from 0.123 to 1.33) and c¢5; (ranging from 0.027 to 0.0448),
with their narrower ranges, have a lesser effect on the outcome. The second section pertains to the
input parameter p; (ranging from 0.61 to 0.645), which establishes the baseline value for the model
and exhibits the highest sensitivity among all input parameters, as supported by Figure 4.43. The
sensitivity analysis used the Morris method Python code for 10,000 iterations to ensure robust
analysis. These insights provide a valuable understanding of the factors influencing wheat packing
density and can be used to optimise the packing process. The Morris method-based sensitivity

analysis facilitates informed decision-making and recommendations for further research in this
field.
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Figure 3.43. The sensitivity order of the input parameters.

4 CONCLUSION AND RECOMMENDATIONS

4.1 Decoding Granular Material Behaviour: Particle Shape and Mechanical Insights

In our exploration of granular material behaviour, the influence of particle shape, characterised by
the Sphericity Index (SPH), Aspect Ratio (AR), Size Index (SI), and Triple Particle Size Index
(TPSI), profoundly shapes mechanical responses. This study delves into how these shape factors
affect mechanical aspects, including shear stress, volumetric strain, average contact numbers,
contact force chains, shear zones, and particle rotation. By understanding these relationships, we
illuminate the complex interplay between particle geometry, stress, and various mechanical
behaviours in granular materials.

This study investigated the influence of various particle indices on the mechanical behaviour of
granular materials, focusing on particle shape's crucial role in shaping their response. The
sphericity index (SPH) proved a significant factor, with lower values leading to enhanced
interlocking and increased shear strength. This effect was further amplified by higher normal
stresses, highlighting the importance of particle shape under these conditions. An exponential
model based on the aspect ratio (AR) effectively captured this non-linear relationship,
demonstrating its potential for predicting shear behaviour. The size index (SI) and triple particle
size index (TPSI) also positively correlated with internal friction angle and shear strength. Larger
particles, with increased contact points and effective stress transfer area, displayed superior
resistance to deformation and displacement, contributing to their more substantial shear
characteristics. These findings underscore the significant impact of particle indices, particularly
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shape, on the mechanical behaviour of granular materials. They provide valuable insights for
researchers and engineers working with these materials in various applications.

This study delved further into the influence of particle indices on granular materials, focusing on
their impact on volumetric strain. The sphericity index (SPH) played a key role, with lower values
leading to increased dilatancy, particularly under higher normal stresses. Suggests a strong
correlation between particle shape and dilation behaviour under varying loading conditions.
Assemblies with more elongated particles exhibited significantly higher dilation compared to
spherical ones. Similarly, the size index (SI) and triple particle size index (TPSI) displayed positive
correlations with dilation, indicating that larger particles generally experienced more significant
volume expansion. Higher TPSI values further amplified this effect, highlighting the combined
influence of particle size and shape on volumetric response.

Interestingly, normal stress consistently exhibited an inverse relationship with dilation, with higher
stress leading to lower volume expansion across all particle index variations. These findings unveil
the complex interplay between particle indices, normal stress, and volumetric strain, providing
valuable insights into the behaviour of granular materials under various loading conditions. They
can inform researchers and engineers working with these materials in applications requiring
control over deformation and volume change.

This study further examined the impact of particle indices on the mechanical behaviour of granular
materials, specifically focusing on their influence on average contact numbers (CN). The
sphericity index (SPH) exhibited a clear inverse relationship with CN, with lower SPH leading to
increased contact numbers. This finding aligns with previous research on elliptical particles and
highlights the intricate interplay between particle shape and contact formation. Interestingly, both
size index (SI) and triple particle size index (TPSI) did not significantly impact CN, suggesting
that particle size variations primarily affect shape features rather than inherent sphericity. This
observation contributes to understanding the stability of particle connections within the assembly.
Nevertheless, high stress consistently increased CN for all indices, emphasising its role in
promoting contact points. These findings reveal the complex interplay between particle shape,
size, and stress in shaping contact number characteristics. Understanding these interactions is
crucial for predicting the behaviour of granular materials in various applications, such as powder
flow and soil mechanics, where contact formation plays a critical role in material properties and
performance.

This study delved deeper into the influence of particle indices on the dynamics of contact force
chains in granular materials under shear stress. The sphericity index (SPH) played a crucial role,
with lower SPH values leading to stronger contact forces and a more robust network. Aligns with
the observed concentration of forces near the shear zone in these samples, facilitating effective
load transmission. Interestingly, lower SPH values exhibited higher shear forces due to the
formation of distinct shear bands, suggesting alternative force transmission mechanisms. The size
index (SI) also significantly impacted contact forces. Larger particles (higher SI) exhibited
enhanced interlocking and stronger force chains, leading to greater shear strength and stability.
These samples' increased contact area and efficient force transmission were attributed to them.
Similarly, the triple particle size index (TPSI) positively correlated with force chain strength and
stability. Higher TPSI values resulted in rougher interlocking, contributing to stronger force chains
and influencing shear band formation. These findings highlight the complex interplay between
particle shape, size, and contact force chain dynamics under shear stress. Understanding these
interactions is essential for predicting and controlling the behaviour of granular materials in
various applications, such as soil mechanics and powder flow, where force chains play a critical
role in material properties and performance.

This study further explored the impact of particle indices on the formation and characteristics of
shear zones in granular materials under shear stress. The sphericity index (SPH) played a
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significant role, with lower SPH values (non-rounded particles) leading to decreased average
particle rotation and thinner shear bands. It suggests a link between particle shape and shear zone
localisation, with stronger interlocking and less rotation, facilitating efficient load transfer in less-
rounded materials. Notably, a reduction in average rotation coincided with increased shear
strength, highlighting the influence of particle shape on mechanical behaviour. The size index (SI)
also exhibited an apparent effect, with larger particles (higher SI) exhibiting reduced average
rotation and wider shear bands. They are attributed to the increased contact area and interlocking
in larger particles, promoting more efficient stress transfer and stabilisation of the shear zone.
Similarly, the triple particle size index (TPSI) positively correlated with reduced particle rotation
and wider shear bands. Again, this suggests a link between particle size and shear zone formation,
with larger size distributions influencing interlocking and load transfer within the shear zone.
These findings demonstrate the complex interplay between particle shape, size, and shear zone
dynamics, highlighting the importance of considering these factors when predicting and
controlling the behaviour of granular materials in various applications. Understanding these
interactions is crucial for optimising soil mechanics, powder flow, and geotechnical engineering
performance, where shear zone behaviour significantly impacts material properties and stability.

This comprehensive study unravels the multifaceted relationship between particle shape,
interlocking dynamics, and external stress in granular materials. These findings deepen our
understanding of granular material behaviour and offer invaluable knowledge applicable to various
fields, guiding more efficient and informed practices in fields ranging from construction to
agriculture.

4.2 Dynamic Insights into Wheat Packing: Stress, Vibration, and Optimization

This study investigated the influence of vibration parameters (amplitude and duration) and normal
stress on the packing density of wheat grains. The findings revealed a crucial interplay between
these factors.

Vibration duration had a significant impact, with packing density reaching near completion within
3 seconds for freeloaded tests and 2 seconds for loaded tests. An exponential model effectively
captured this time-dependent behaviour.

Vibration amplitude also played a key role, with higher amplitudes leading to denser packing. It
was attributed to the gradual densification of loose structures and improved particle rearrangement.
However, a threshold effect was observed, with loaded tests requiring lower amplitudes to achieve
maximum packing density.

Normal stress further influenced packing density, increasing stress and leading to higher densities
until a limiting value was reached. The filling of voids between particles and the compression limit
of individual grains explained this phenomenon.

The exponential model effectively described the relationship between vibration amplitude, normal
stress, and final packing density. The model parameters (cs1 and cs2) exhibited a linear relationship
with stress up to a specific threshold, suggesting material-specific limitations in their behaviour.

These findings provide valuable insights into the packing behaviour of granular materials under
vibration and stress. They have potential applications in various fields, such as agricultural
engineering, food processing, and pharmaceutical manufacturing, where optimising packing
density is crucial for product quality and storage efficiency.

Moreover, our study incorporated uncertainty and sensitivity analyses, which are essential for
ensuring the robustness and reliability of our findings. Utilising techniques such as the Grubbs
test, outliers were identified and eliminated, enhancing the precision of our results. The sensitivity
analysis, employing the Morris method, revealed the varying impacts of input parameters on wheat
packing density. Notably, the initial term of the model, primarily influenced by vibration
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amplitude, played a pivotal role, while the baseline value (pi) exhibited the highest sensitivity value
among the input parameters. These findings contribute to a nuanced understanding of wheat
packing density and provide crucial information for optimising the packing process in agricultural
and industrial applications.

This comprehensive exploration illuminates the intricate behaviours of wheat particles under
external loads and lays the foundation for informed decision-making in agricultural practices and
industrial applications. By elucidating the combined effects of everyday stress and mechanical
vibration on wheat packing density, this study opens avenues for further research and practical
implementations, ensuring the efficient handling and processing of granular materials in diverse
fields.

4.3 Recommendations

Our research has revealed valuable insights into the particles' behaviour under varying stress
conditions and the influence of particle shape indexes. Regarding the wheat packing density,
critical parameters like c¢s5; and cs transition from linear to nonlinear behaviour beyond a stress
limit of 23 kPa. We propose several recommendations for future research to enhance our
understanding and effectively apply these findings.

To begin with, we encourage researchers to delve deeper into the effects of particle shape under
dynamic stress scenarios. Granular materials' behaviour under changing, real-world stress
conditions will provide a more comprehensive understanding of their response to external forces.

Furthermore, considering the multifaceted nature of particle geometry, additional research should
focus on the influence of unexplored shape indexes and morphological parameters. A
comprehensive evaluation of these factors will enrich our knowledge of how particle shape
impacts material behaviour.

Moreover, it is crucial to investigate the impact of particle shape in diverse environmental
conditions. The behaviour of granular materials may vary significantly under conditions like
elevated temperatures, varying moisture levels, or particle crushing factors. Understanding these
variations is essential, mainly when designing structures or systems exposed to such environmental
factors.

Finally, while our research points to the nonlinear transition in cs5; and cs2 parameters, further
experiments are vital to validate this conclusion. These experiments can help confirm the specific
limitations of varied materials in transitioning from linear to nonlinear behaviour, contributing to
a deeper understanding of granular material mechanics.

By following these recommendations, researchers can build upon our findings and advance the
field's knowledge. They lead to more accurate predictions and practical applications of granular
materials in various industries, from construction to geotechnical engineering.

5 NEW SCIENTIFIC RESULTS

1. This study has established a novel correlation between vibration amplitude (A) and wheat
packing density (p). The findings demonstrate that vibration amplitude significantly
determines wheat packing density, with higher A values leading to higher p values. This
relationship is captured by an exponential model, as expressed in the following equation:

Py = Cs1 (1 —e4%2)) + p,
This model was validated for vibration amplitudes ranging from 0 to 6.7 mm and normal
stresses ranging from 0 to 42.3 kPa. The model's ability to accurately predict wheat packing
density across various conditions is valuable for optimising packing processes in multiple
applications.
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2.

This study has established a novel correlation between the sphericity index (SPH) and
shear stress behaviour in granular materials, focusing on particle shape influence. Among
the three shape indexes investigated — sphericity particle shape index (SPH), size index
(SI), and triple particle size index (TPSI) — SPH emerged as the most influential factor,
directly impacting the interlocking between particles. Decreasing SPH from 100% to 81%
resulted in a substantial 80% enhancement in shear strength, surpassing the contributions
of SI and TPSI. The findings demonstrate that the sphericity index plays a significant role
in determining shear stress, with lower SPH values leading to higher shear stress values
due to increased particle interlocking. This relationship is captured by an exponential
model, as expressed in the following equation:
Tprp =c12Ne
This model exhibits an impressive R-squared value of 0.96, confirming its remarkable
ability to predict shear load under varying normal load conditions. The findings highlight
the importance of particle shape in influencing the shear stress behaviour of granular
materials, providing valuable insights for designing and optimising granular structures and
processes.
This study has uncovered an inverse correlation between sphericity index (SPH) and
volumetric strain in granular materials. The findings indicate that volumetric strain
increases as SPH values decrease, suggesting that less spherical particles tend to exhibit
more significant dilation. The following equation accurately describes this nonlinear
relationship:

(=4R c141)

Vspy = €31 SPH? + ¢3, SPH + ¢33
This equation provides a valuable tool for predicting volumetric strain in granular systems
with varying sphericity. The inverse correlation between SPH and V has essential
implications for understanding the behaviour of granular materials in various applications,
such as soil mechanics, civil engineering, and food processing.
This study uncovers a significant correlation between the size index (SI) and the shear
stress behaviour of granular materials. The findings reveal a positive linear relationship
between SI and shear stress, as evidenced by the high R-squared value. Indicates that a
corresponding rise in shear stress accompanies increased SI. This correlation is well-
described by linear regression equations, as expressed in the following equation:
Ts; = SIcyy + N cyy
This finding highlights the importance of SI in influencing the shear stress behaviour of
granular materials. It suggests that the size distribution of particles plays a crucial role in
determining their resistance to shearing loads. This understanding is essential for designing
and optimising granular structures and processes, such as packing, compaction, and
filtration.
This study has unveiled a significant impact of size index (SI) on the volumetric strain
behaviour of granular materials. The findings reveal a positive linear correlation between
SI and volumetric strain, indicating that an increase in SI leads to an increase in volumetric
strain. The following equation captures this relationship:
Vsi = €41 ST+ ¢y
This correlation holds for a wide range of SI values, as evidenced by the regression model's
high R-squared value. This finding is significant because it can provide insights into the
behaviour of granular materials under varying conditions.
This study has identified a critical threshold for vibration amplitude (A) and external
normal stress (o) that maximises wheat packing density (p), as shown in Figure 4.40.
Beyond this threshold, further vibration amplitude or normal stress increases do not
significantly enhance packing density. Once voids between particles are fully occupied due
to rearrangement induced by vibration and increasing normal stress, additional stress
primarily leads to compression rather than rearrangement, resulting in a plateauing of
packing density. Moreover, an intriguing threshold effect of vibration amplitude (A) on
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wheat packing density (p) under different loading conditions has been revealed. Freeload
tests demonstrated that the influence of vibration amplitude was only observed once it
exceeded a specific threshold value. In contrast, loaded tests showed that even small
vibration amplitudes (A) significantly impacted wheat packing density (p), as illustrated in
Figure 4.38. This observation underscores the complex interplay between vibration
amplitude, external normal stress, and wheat packing density, highlighting the critical
thresholds that govern the densification process in granular materials.

7. This study has uncovered a novel finding regarding the effect of external normal stress (o)
on stabilising wheat packing density (p). The results demonstrate that external normal
stress expedites the process of p reaching a stable value. This acceleration is attributed to
the enhanced particle rearrangement facilitated by the applied normal stress. Within the
experimental timeframe, the loaded test, subjected to external normal stress, reached the
final stable p significantly faster (2 s) than the freeloading test (3 s), which operated without
external normal stress. This observation underscores the significant role of external normal
stress in accelerating the packing densification process and highlights its potential for
enhancing the efficiency of wheat storage and handling operations.

8. This study has unveiled a notable non-linear pattern in the exponential model parameters
(cs1, €52, pi) governing the relationship between vibration amplitude (A) and wheat packing
density (p) across varying normal stresses (). The investigation reveals that the linear
trend of these parameters ceases beyond a stress threshold of 23 kPa. This deviation from
linearity is ascribed to internal and external factors impacting the parameters' values.
Internal factors encompass the mechanical and physical properties of the wheat particles
themselves, while external factors include normal stress and vibration amplitude. As
depicted in Figures 4.38 and 4.40, the packing density nearly reaches its final value at the
23 kPa limit. Therefore, further increases in normal stress have diminishing effects on
packing density, even with a doubling of the normal stress, elucidating the non-linear
behaviour observed. This non-linearity manifests in the function lines curvature sharpness
of the wheat packing density, as demonstrated in Figure 4.40. Higher ¢ values yield sharper
curves, indicating higher wheat p values for loaded tests than freeloading tests despite
applying the same amplitude value. This non-linear trend underscores the intricate
relationship between vibration amplitude, normal stress, and wheat packing density.

6 SUMMARY

This study delves into the intricate dynamics of particle behaviour in granular materials, focusing
on critical parameters such as sphericity index, particle size, and mechanical vibrations. The
investigation aimed to comprehensively understand these factors' influences, thereby optimising
industrial processes and achieving optimal packing density. The research begins by providing an
insightful introduction, highlighting the importance of granular materials in various industrial
applications. It delineates the scope of the study, emphasising the criticality of understanding the
mechanical behaviour of particles for practical applications.

Moving into the literature review, a thorough exploration of existing knowledge illuminates the
gaps in understanding, emphasising the need for detailed research in areas such as particle
interlocking, shape indexes, and the impact of external loads. This review contextualises the
current study and underlines the significance of the research objectives in advancing the field's
knowledge.

The core of the study lies in its meticulous experiments and analyses. This study investigates the
influence of particle sphericity index SPH and double particle size index SI on granular material
behaviour, and the research provides novel insights into the Simple Shear Test (SST) outcomes.
The triple particle size index TPSI examination further enriches this understanding, contributing
valuable data to the field's body of knowledge. Additionally, this study ventures into the synergistic
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impact of mechanical vibration and normal stress on wheat particles' packing density. The results
highlight the delicate balance between these loads, demonstrating the intricate relationship
between vibration amplitude, normal stress, and wheat packing density. Notably, an exponential
model accurately captures these complex relationships, shedding light on the behaviour of wheat
particles under external loads.

In the conclusion and recommendations section, the study synthesises its findings. It underscores
the significance of both vibration amplitude and normal stress in influencing wheat packing
density, revealing patterns that contribute substantially to the field's understanding. Incorporating
uncertainty and sensitivity analyses ensures the robustness of the results, providing a
methodological foundation for future research endeavours. The study concludes by emphasising
the practical implications of these findings, envisioning optimised agricultural practices and
enhanced industrial processes. It opens avenues for further research, underlining the potential for
efficient handling and processing of granular materials across diverse applications.

This research illuminates the nuanced behaviours of granular materials under external loads,
offering scientific insights and practical solutions. Its multidimensional approach, encompassing
experimental precision, rigorous analyses, and practical implications, marks a significant
contribution to the field, paving the way for innovative applications and informed decision-making
in industries reliant on granular materials.
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