Calibration of DEM models for granular
materials using bulk physical tests

Mical William Johnstone

Doctor of Philosophy
The University of Edinburgh
June 2010



Declaration

This thesis entitled “Calibration of DEM models fgranular materials using bulk
physical test” is submitted to the University of ildlturgh for the degree of Doctor of
Philosophy. The research work described and reghantehis thesis has been completed solely
by Mical Johnstone under the supervision of Prafiessn Y. Ooi. Where other sources are

quoted full references are given.

Publications based on this thesis:

Johnstone, M. W. and Ooi, J. Y. (2007) Developnuéritulk laboratory devices used for

DEM model calibration. Industrial sponsor technicgport, University of Edinburgh, Scotland.

65pp.

Johnstone, M. W. and Ooi, J. Y. (2008) Experimert BEM modelling of rotating drum
with spherical and non-spherical particle. Postesentation, Runners up awatdternational
Conference on Structures and Granular Solids, R&@atiety of Edinburghl-2 July 2008
Edinburgh Scotland.

Johnstone, M. W. and Ooi, J. Y. (2008) Numericaldsiting of bulk experimental
devices used for DEM model calibration. Industsg@lonsor technical report, University of
Edinburgh, Scotland. 90pp.

Johnstone, M. W. and Ooi, J. Y. (2009) Experimemd ®EM modelling of laboratory
devices with spherical and non-spherical partiBlester presentatio'EDEM User Conference
13-14 August 200%¥Edinburgh, Scotland.



Johnstone, M. W. and Ooi, J. Y. (2010) Calibrattd®DEM models using rotating drum
and confined compression measuremeRteceedings for the World Conference on Particle

Technology IVNuremberg, Germany.

Mical Johnstone
June 2010



Abstract

From pharmaceutical powders to agricultural gramgyreat proportion of the materials
handled in industrial situations are granular atipalate in nature. The variety of stresses that
the materials may experience and the resulting balkaviours may be complex. In agricultural
engineering, a better understanding into agricaltyrocesses such as seeding, harvesting,
transporting and storing will help to improve thentdling of agricultural grains with optimised
solutions. A detailed understanding of a granujstesn is crucial when attempting to model a
system, whether it is on a micro (particle) or noatulk) scale.

As numerical capabilities are ever increasing, Bhecrete Element Method (DEM) is
becoming an increasingly popular numerical techaitpr computing the behaviour of discrete
particles for both industrial and scientific applions. A look into the literature shows a lack of
validation of what DEM can predict, specifically tivirespect to bulk behaviour. In addition,
when validation studies are conducted, discrepanostween bulk responses in physical tests
and numerical predictions using measured partidpgrties may arise.

The aim of this research is to develop a methodolmgcalibrate DEM models for
agricultural grains using data measured in bulkspta) tests. The methodology will have a
wider application to granular solids in general amtl advance understanding in the area of
DEM model calibration. A contrasting set of gramutaaterials were used to develop the
methodology including 3 inorganic solids (singledapaired glass beads, and polyethylene
terephthalate pellets) and two organic materidiscibeyed beans and black kidney beans). The

developed methodology consists of three steps:

1. The development of bulk physical tests to measweetilk responses that will be used to
calibrate the DEM models,

2. The creation of the numerical dataset that willctiég how the DEM input parameters
influence the bulk responses, and

3. The optimisation of the DEM parameters using aceag algorithm and the results

from Step 1 and 2.
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Two laboratory devices were developed to providébidion data for the proposed
methodology: a rotating drum and a confined congioestest. These devices were chosen as
they can produce bulk responses that are repeatableesasy to quantify, as well as generate
discriminating results in numerical simulations wHeEM parameters are varied.

The bulk response determined from the rotating ddaewice was the dynamic angle of
reposeg, formed when the granular material in a 40% fildrdm is rotating at a speed of 7
rpm. The confined compression apparatus was usedt¢ongdee the bulk stiffness of a system
by monitoring the change in void ratio from theess applied during a loading and unloading
cycle. The gradient of the loading and unloadingves termedl and k respectively were
chosen as the bulk responses to calibrate the Dfidels. The experimental results revealed
that the dynamiap, was significantly influenced by the particle adpeatio and boundary
conditions. The stiffness parameters were founte@redominantly influenced by the initial
packing arrangement.

The numerical dataset describing how the DEM imgawameters influence the numerical
bulk responses was created by simulating the bliysipal tests, varying selected DEM
parameters and monitoring the effects on bulk patara. To limit the number of simulations
required, design of experiment (DOE) methods weegluo determine a reduced factorial matrix
of simulations. In addition, an extensive paramngetimvestigation on the non-optimised
parameters as well as a scaling sensitivity stuay earried out.

The final step in determining the optimised parareets to use a searching algorithm to
infer the DEM parameters based on the numericaseatand use the experimental results as
calibration data. To perform a comparative studyg searching algorithms were explored: the
first was a simple method based on Microsoft Exc8blver algorithm coupled with a weighted
inverse distance method. The second made use dftdhistical analysis program Statistica. It
was shown that the Excel Solver algorithm is simpled quicker to use but for the present first
implementation, could only perform an optimisatibased on two bulk responses. Statistica
required the creation of a statistical model basedthe numerical dataset before using the
profiling and desirabilitysearching technique, but was able to optimiseprameter using all
three bulk responses.

A verification and validation of the optimisationethodology was conducted using the

optimised parameters for the black eyed beans.rfication was conducted by simulating the

A
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two calibration experiments using the optimisedapasters and comparing these with the
experiments. In addition, a validation was perfainty predicting the response of a shallow
footing penetration on a bed of black eyed beansaks found that DEM simulations using

optimised parameters predicted vertical stresdherfdoting during penetration to an acceptable

degree of accuracy for industrial application (<}@¥openetration depths up to 8n
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Chapter 1

Introduction

1.1 General background

From pharmaceutical powders to agricultural gramgyreat proportion of the materials
handled in industrial situations are of granulaparticulate nature. The variety of stresses and
deformation regimes that granular materials mayeaggpce in industrial scenarios are complex
and these have been the centre of a great deakeénch over the last century. In agricultural
engineering, a better understanding of agricultyalcesses such as seeding, harvesting,
transporting and storing will help to improve thandling of agricultural grains and provide
optimised solutions.

In recent years, the discrete element method (DEMYeloped by Cundall and Strack
(1979) has been used extensively to investigatdémaviour of granular solids subjected to a
variety of loading conditions with the goal of unstanding and predicting quantitative results.
As numerical capabilities are rising, DEM is becogian increasingly popular numerical
technique for computing the behaviour of discredetiples for both industrial and scientific

applications.



1.2 Objectives and scope of this rese:

Although DEM has been shown to be a very promisow, a look into the literature
shows a lack of careful validation of the predietsapabilities of DEM as input parameters were
often assumed and not measured. In addition, adidatudies comparing experimental results
and simulations based on measured particle pregenave shown some discrepancies (Chung
2006). This has led to the question of whether DEMcapable of producing quantitative

predictions rather than only a qualitative représigon of a particulate assembly.

1.2 Objectives and scope of this research

The aim of this research was to develop a methggoto calibrate DEM models for
agricultural grains using data measured in bulkspta) tests. The methodology will have a
wider application to granular solids in general ahduld advance the understanding in the area
of DEM model calibration. Secondary objectives wierexplore the differences in bulk physical
behaviour for a range of contrasting grains in sgvéulk tests. In addition, a detailed
investigation of DEM input parameters on numericalk behaviour should provide a useful
insight into the development of the parametric mpgation procedure. The work presented in
this thesis includes:

I.  The development of two bulk calibration tests tak provide the test data necessary to
calibrate the DEM models as well as identify costiray characteristics from a range of
granular materials. The chosen physical tests veem®tating drum and a confined
compression test.

II. A comprehensive parametric study to investigateinfiaence of particle (micro) scale
parameters on the chosen bulk (macro) responsenptees, specifically the dynamic
angle of repose in the rotating drum and the bo#ding and unloading stiffness in the
confined compression test.

Ill.  Producing a numerical dataset of the bulk testd Wi# describe how the DEM
parameters influence the numerical bulk respon3ée matrix of simulations will
provide a set of data that will be used in the t®aent of a parametric optimisation
procedure.

IV.  Finally, a verification and validation of the paratmc optimisation procedure in a large

scale experiment was carried out on a set of optichparameters.



1.2 Structure of thes

1.3 Structure of thesis

The thesis is divided into eight chapters. A boetline of each chapter is described
below.

Chapter 1 presents the background, objectives @mk0f this research

Chapter 2 reviews the literature relevant to thissis. It focuses on the various flow
regimes that may exists in a rotating drum, loadtogditions in granular materials, previous
research with regards to experimental validationD&M simulations, experimental design

methods and optimisation techniques.

Chapter 3 describes the selection of the two ldaboradevices and the measured bulk
response parameters that were used to calibra@EM models in the optimisation procedure.
These include the dynamic angle of repose in dingtarum and the bulk stiffness parameters in
a confined compression test. Furthermore, a sumpfahe particle and bulk material properties

of the five various materials used in this theses@esented.

Chapter 4 summarises the results obtained fromwbéaboratory tests for each granular
material whilst highlighting and discussing the kaydings. Focus was placed on the bulk

response parameters used to calibrate the DEM model

Chapter 5 focuses on the numerical DEM implemeamtatised to simulate the rotating
drum apparatus and the confined compression testthéfmore a detailed parametric
investigation is described focusing on the nonvojsted parameters and their influence on the
bulk response parameters. Three further sensitaniglyses to explore the effect of geometric
scaling, compression rate and particle stiffnessti@n confined compression simulation are

described.

Chapter 6 describes the development of the parameptimisation procedure by
assembling the outcomes in the previous chaptetiseathesis in a series of steps. To conduct a
comparative study, two searching techniques weee us the optimisation procedure; the first

was based on the Microsoft Excel’s Solver algorittoopled with a weighted inverse distance

3



1.2 Structure of thes

method and the second used the statistical angdysggam Statistica. Finally, a set of optimised

parameters for each granular material is determined

Chapter 7 investigates the verification and valatabf the optimisation procedure using
the optimised parameters for black eyed beans. pEnameters are verified using the same
system as the numerical dataset and validated imaumstrial scenario. The validation was
conducted by comparing the experimental results fobting penetration test with the numerical

results simulated using the optimised parameters.

Chapter 8 summarises the general conclusions of whele thesis and makes

recommendations for further work.



Chapter 2

Literature review

2.1 Introduction

A great proportion of the materials handled in istdal situations are granular in form.
The loading conditions of granular materials carcd®plex in nature and has been the centre of
a great deal of research over the last centuryedent years, DEM developed by Cundall and
Strack (1979) has been used extensively to inwvastithe behaviour of granular solids subjected
to a variety of loading conditions in the goal oferstanding and predicting quantitative results.

The intention of this chapter is not to preseneghaustive and comprehensive review of
granular solids research, but to focus on the rt@gics which are directly related to the work

discussed in this thesis. This review consistsvaf fain parts:

« A brief review of DEM
« Areview of granular loading experiments and nug@rsimulations

« Areview of the rotating drum, covering physicaperiments and numerical simulations



2.2 A brief review of discrete element mett

- Experimental validations of DEM simulations

« Experimental design and optimisation techniques

2.2 A brief review of discrete element method

The literature on DEM has been covered extensiirelhe past (Kremmer and Favier
2001; Chung 2006; &itl 2008). This literature review on DEM will thdoge be concise and

focus only on the key aspects related to this study

2.2.1 Overview

DEM is an increasingly popular numerical technidae computing the behaviour of
discrete particles. This method was originally sblby Cundall (1971) to problems in rock
mechanics. The method is based on the use of aliciexpumerical scheme in which the
interactions between a finite number of particlesraonitored contact by contact and the motion
of the particles is modelled particle by partidgach contact follows a soft contact approach
where an overlap of particles is accepted. Thiglapeis not a real phenomenon but instead
intends to model the deformation of the interactioglies at a contact point in an indirect way.
The parties are treated as rigid bodies and thdagpvduring a contact is assumed to be relatively
small compared to the particle size.

In contrast to static continuum analysis, Newtaggsiations of motion for each particle
effectively replace the equilibrium equations usedontinuum mechanics, and the model of
inter-particle contacts replaces the constitutivedel. The main difference to this approach is
that each particle is modelled separately so thatrtegrated behaviour of the mass should be
accurately represented, without the need for cbhesis to establish constitutive models for the
bulk behaviour.

The DEM scheme relies upon the assumption thatal smough time step should be
chosen to ensure that, during a single time stéq@re disturbances do not propagate from any
particle further than its immediate neighbours. DBEd6 the capacity of modelling materials at
microscopic levels and analysing multiple intenagtbodies undergoing large displacements and
rotations, thus capturing all the phenomena thkite® to the particulate nature of granular

mediums. Following the pioneering work of CundadtiéStrack in 1979, research into DEM has



2.2 A brief review of discrete element mett

increased dramatically in light of its potentiah€eTlast 25 years has seen DEM being researched

and utilised in many industries and for variouspases, a few of which are listed below.

- Fundamental investigation and application of DEM granular soils, rocks,
pharmaceutical powders, chemical pellets, agricaltgrains, coals and other minerals;

- Development of improved contact force models;

« Development of representation for non-sphericaltigdas and complex boundary
geometry;

- Experimental validation of the DEM,;

« Development of coupled modelling methods. For eXampEM and finite element
method as well as DEM and computational fluid dyreaniCFD);

« Large-scale industrial applications of DEM.

The equations given in this section are primardly dompleteness and are largely from
the manuals of the DEM simulation software EDEM @olutions Ltd 2009) and PFC3D
(Itasca 2003), and the work of Chung (2006) andlKi2008).

2.2.2 Contact Model

The overall behaviour of a material is simulated dtfributing a simple constitutive
model with each contact. Essentially, the contaotleh describes how elements will behave
when they come into contact with each other. Séwenastact models have been developed over

the years and can be categorised into three groups:

« Contact stiffness models
« Slip models, and

- Bonding models

Contact stiffness models provide an elastic refatietween the contact force and the
relative displacement. Examples of the contactngt#fs model include thénear and Hertz-
Mindlin models. The bonding model serves to limit theltatamal and shear forces that the

contact can carry by enforcing bond strength limits
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2.2.2.1 Hertz-Mindlin no slip contact model

Due to its efficient and accurate force calculagiothe most commonly used contact
model is the Hertz-Mindlin no slip contact modeheTHertz-Mindlin no-slip contact model with
damping and a frictional slider in the tangentiatection (Tsuji et al. 1992), shown

schematically in Figure 2.1, is briefly reviewedlms section.

F

Dash-pot Spring

Dash-pot

Spring Sli

Fy

o

cr

Figure 2.1 Spring dash-pot contact model

In Figure 2.1, sphereis in contact with spherg the normal component of the contact
force, Fcy, acting on spherg is given by the sum of the normal spring fofeg s and normal

damping forcey p as

Fen = Fens + Fenp Equation 2.1
where,
Fens = =Ky oc, 3 Equation 2.2
5 * Equation 2.3
FCN,D =-2- g ' .Bd ' \/m ' kn ' Vrelative,n q ’
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wherea,, is the normal contact displacement (overlap);q¢iven IS the relative normal
velocity (from spheré to spherg), S, is a damping ratio ankl, is the normal contact stiffness.
Equation 2.2 and Equation 2.3 are based on thez lderttact theory (Johnson 1987) and give a
non-linear elastic relationship between the norncaintact force and normal contact

displacement. The Hertz contact constépis given by

g =36 N Equation 2.4
T 3(1-v)

whereG is the shear modulus, is the Poisson’s ratio and the term$ andr* are the
equivalent mass and radius.
The tangential component of the contact fofGe, is similarly given by the sums of the

tangential spring forcé.r s and the tangential damping forEg , as

Fer = Fers + Ferp Equation 2.5

Fcr s is normally expressed in incremental form as

Fers = Fersn-1) + AFcrs Equation 2.6

whereF¢r s -1y IS the spring force at the previous time step &Rg s is the increment

of the tangential spring force. The incremafgr s is given by

AFcrs = ke Aay Equation 2.7

where k, is the tangential contact stiffness aAd, is the incremental tangential

displacement.
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The tangential damping fordgr p is given by

5 .
Ferp = —2'\/;-ﬂd\/m* ke Vielative,t Equation 2.8

where Viqativee 1S the relative tangential velocity. Throughoutstithesis, unless

explicitly stated, the non-linear elastic Hertz-Mlim contact was used.

2.2.2.2 Elasto-plastic contact model

During the loading of granular materials in a coall compression test, the plastic

deformation in the solids is a result of two pheeom

1. The relative displacement of particles throughimglior sliding, and

2. Plastic deformation of the particles at the pooftsontact.

In DEM simulations, relative displacement occursturaly. However, plastic
deformation at the points of contact is often ig@tbm the numerical contact, including EDEM
(DEM Solutions Ltd 2009), the DEM program used lmstthesis. EDEM uses a non-linear
elastic contact model. Therefore for soft agriadtgrains, EDEM is expected to underestimate
the total plastic deformation of the system.

Previous attempts to account for the effects otpdy in the contact model have been
conducted (Vu-Quoc et al. 2000; Vu-Quoc and Zhaf§9). Vu-Quoc and Zhang (1999)
accounted for plastic deformation using a simpld accurate model for the normal force-
displacement (NFD) relation for contacting sphdrigarticles based on the formalism of the

continuum theory of elasto-plasticity.

2.2.3 Non-spherical particles

Three dimensional simulations carried out using D&idftware have more often than not
used spherical particles as they have the advambBgemputational simplicity, where every
sphere can be described by a centre point andiagsra&&pherical particles roll and rotate within

an assembly to a greater degree than non-sphpddatles due to the lack of interlocking forces

10
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between them. Several methods of representing ploergal particles have been developed to
overcome this problem. The most commonly used nadethdo create non-spherical particles
with a number of primitive elements (three dimensaispheres) that are mutually connected in a
rigid way, as these elements require the simplestact detection algorithm (Kremmer and
Favier 2000; Favier et al. 2001; Matsushima 20@bing this multi-spherical method it is
possible to create a clump of spheres with vargiags and positions which may be overlapped
to create a desired shape. Contacts found withelump are skipped during calculations,
reducing the simulation time. The multi-spherichhges act as a rigid indestructible body
regardless of the forces acting upon it.

The motion path of the non-spherical particle ieetdmined by the resultant force and the
moment vector acting upon it. As the particle msated as a rigid body, its trajectory can be
described in terms of the translational motion tekem a point in the particle and the rotational

motion of the entire particle. The translationaltimo of the centre of mass is described in terms
of its positionx;;, veIocityxﬂ; and it acceleratioﬁ’c, whilst the rotational motion of the particle
is described in terms of the angular velocityand the angular acceleratiaih The translational
and rotational motions can be described by theovedin Equation 2.9 and Equation 2.10
respectively, wherd is the resultant force vector which includes tiensof all externally

applied forces acting on the clump,, is the total mass of the particles agids the gravity

acceleration vectol,; is the resultant moment vector taken about thesrnastre and/ is the

time rate of change of the angular momentum ali@micéntre of the mass.

F=m- (,'z'G -3) Equation 2.9
M, = H Equation 2.10
2.2.4 Damping

Energy may be dissipated in two ways in DEM; fooil sliding and damping. Frictional
sliding is a real phenomenon, whereas dampingtically introduced to dissipate energy to

achieve a steady state packing within a reasontle frame. In EDEM this is done by
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2.2 A brief review of discrete ement methc

specifying a coefficient of restitution. DEM softwa such as PFC3D, support two forms of
damping; viscous and global damping (sometimesnedeto as local damping). Global non-
viscous damping dissipates energy in the wholeesyshrough damping of the equations of
motions by including a damping force term to theaopns of motion. The advantages of using

this form of damping include:

« No erroneous damping forces arise from steady-gtat®n as the accelerating motion is
the only term that is damped,

« The damping term is dimensionless, and

+ Regions of the assembly with different natural esi are damped equally using the

same damping constant as damping is frequency emdismt.

Viscous damping approximates plastic straining wfazes asperities (Munjiza 2004).
When using viscous damping, normal and shear datshgpe added to each contact as illustrated
in Figure 2.1. These dash-pots act in paralleh&dxisting contact model and the contact force
is attenuated with a damping force. Viscous dampsngharacterised by the critical damping
ratio8;. The damping ratio is related to the coefficiehtestitutione,. and this relationship is
given by (Tsuji et al. 1993)

Ine,

J(ne,)? + w2

By =— Equation 2.11

Wheng,; = 1, the system is said to be critically damped amdré#sponse will decay to
zero at the fastest rate. Furthermoy®; = 1 represents the transition from an oscillatory
response, whef; < 1, to an exponentially decaying response whe» 1. Wheng,; < 1, the
system is said to be under damped, or slightly @¢ammjvherns,; > 1 is said to be overdamped
of heavily damped (Ginsberg and Genin 1984).

2.2.5 Rolling friction model

Conventional DEM models use springs and dampershén normal and tangential
directions to describe particle to particle andtipkr to boundary interactions. However, this

does not account for the rotation of particles.gesh using experimental and numerical studies
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2.2 A brief review of discrete element mett

has highlighted the importance of incorporatingrgtie in the rotational direction to account for
the rolling resistance or rolling friction.

The concept of rolling friction was probably firsttroduced into DEM modelling by
Sakaguchi et al. (1993) when conducting a compargady of experimental and numerical
modelling of plugging of granular flow during sildischarge. Zhou et al. (1999) proposed a
rolling friction model based on experimental an@dtetical analyses of Beer and Johnson
(1976) and Brilliantov and Poéschel (1998). In thepdel, the rolling frictional torque is
proportional to the normal contact force with itgedtion always opposite to the relative
rotation. Using this model, they managed to proditable piles with coarse spheres. This is the
basis of the model termed by Ai et al. (2010) aslehd.

The coefficient of rolling frictioru,- is a scalar value used to determine how much &rqu
is needed to be applied to an object of a giverernatat rest on a flat surface to put it into
motion. The rolling friction model used throughduis thesis is based on model A. In this
model, the direction of the torque is always adaiing relative rotation between the two contact

entities. The torque is applied on each pair ofigas in contact and can be expressed as

T; = — U FRiw; Equation 2.12

where R; the distance of the contact point from the cewfemass andw; the unit
angular velocity vector of the object at the cohfamint. The main disadvantage of using this
model is its simplistic approach to rolling friatie@stimation.

Ai et al. (2010) developed a more detailed rollingtion model, termed thelastic-
plastic spring-dashpatodel, which is based on the previous works of Mtasand Oda (2000)
and Jiang et al. (2005). The torque in the modelssists of two components: a mechanical
spring torque (dependent on the relative rotatietwben the two contacting entities) and a

viscous damping torque.

2.2.6 Time-step

The time step referred to in DEM simulations is theation between two consecutive
iterations. DEM usually uses an explicit and cdrttrae-finite-difference scheme. Although this

explicit numerical scheme is more computationafficent than the implicit numerical scheme,
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2.2 A brief review of discrete element mett

there is a limitation that it is only conditionakgable; so small time steps must be used. If the
used time step is greater than a critical time,ste@ scheme is unstable and the simulation
outcomes are unreliable. Within a group of particke force transmission between individual
particles is through the Rayleigh wave that trawetsund the surface of the elastic bodies. The
time step that should be used in a DEM simulatsoohiosen so that the time step for calculating
the incremental forces and displacements must ¢ tlean the time it takes for the wave to
transverse the minimum size particle within theugrof particles. The Rayleigh wave velocity

of force transmission between individual partigegiven by Li et al. (2005) as

Vi = X'\/E Equation 2.13
Ps

whereps is the particle solid density ardtis the particle shear modulus in the systgm.

is a Poisson’s ratio depended parameter that cabtaened from (Li et al. 2005)

2—x)*=16-(1—x?)- (1 — x2 (%)) Equation 2.14

This can be approximated by (Ning and Ghadiri 1996)

x=0.1613-v + 0.8766 Equation 2.15

For a granular assembly consisting of particles wie same properties, the critical time
step can be described by (DEM Solutions Ltd 2009)

1
Ty = mr? (%)2 / (0.1631v + 0.8766) Equation 2.16

wherer is the radius of the smallest particle in the @ysp; is the particle density; the
shear modulus and the Poisson’s ratio. For a system with materiadlifferent properties, the

smallest critical time step for the various materghould be chosen.
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2.2 Loading condition in granular materi

Selecting a suitable time step for running the miraésimulation is crucial to increase
the computational efficiency. Itasca (2003) suggésat when running simulations with a Hertz-
Mindlin contact model, a time step which is 80%la# critical time step for general simulations
and 25% for dynamic systems is sufficient. DEM #ohs recommend a 20% for densely
packed systems and 40% for looser assemblies wéieg their DEM code in EDEM. Chung
(2006) found that 20% of the critical time step wgafficient for the majority of systems which
were predominantly quasi-static. Contact force riigtions and particle velocities will be
investigated in this thesis to determine which tstep is the most appropriate.

2.2.7 Shape representation accuracy

Particle shape representation is an important aspd&2EM simulation. Creating a more
accurate representation of irregular shapes suegrasultural grains (Kremmer & Favier 2000;
Tijskens et al. 2003; Chung & Ooi 2006; Hartl & (#f)08) requires more spheres per particle
and will increase the computational time. It hasrbsuggested (Chung 2006; Hartl 2008) that an
accurate geometrical representation of a granuktemal does not necessarily lead to a more
accurate prediction of the bulk behaviour and dfen quite crude representations with fewer
numbers of spheres can produce similar resultsgllygeducing the computational time.

This thesis aims to investigate the relative effecthe level of shape representation
required for a satisfactory prediction and will yise guidance on how to approach the question

of particle shape in DEM simulation.

2.3 Loading condition in granular materials

The loading conditions of granular materials magdoice complex and unpredictable
bulk behaviour but are present in many industaes, as a result have been a centre of research
for the better part of a century. In recent ye@¥SM (Cundall and Strack 1979) has been used
extensively to investigate the behaviour of grandalids subjected to a variety of loading
conditions, with the goal of understanding and taty quantitative results. This section will

review some of the concepts of soil mechanics va#ipect to granular materials.
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2.2 Loading condition in granular materi

2.3.1 Phase relationships, void ratios and porosity arslysi

A typical multi phase granular solid is comprisddwo phases; a solid skeleton and a

void (liquid and/or air) as demonstrated by thegghdiagrams in Figure 2.2 (Craig 2004).

Air

Water

avy
y P

(a) Phase diagram (b) Arranged phase diagram

Figure 2.2 The various phases of a typical sollgsgnted in a phase diagram

The granular systems described in this thesis amapdsed entirely of solids (the
material being tested) and air voids between theicpes, therefore, the phase relationship
diagram can be expressed using air and solid asrshoFigure 2.3. The void fraction is often

described in two ways:

* Void ratioe is the volume of voids per unit volume of soliddan

» Porosityn is the volume of void per unit volume of soil

Air n

Figure 2.3 The definition of void ratio and porgsit soils (Craig 2004)
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The void ratio,e is a ratio of the volume of void to the volume saflid and can be

described as

v, .
e=— Equation 2.17
Vs
where,
M .
Vs = p— V,=V-=-V Equation 2.18
N

wherel], andV; are the volumes of void and solids respectiv&lyis the total volume of the

system and/; is the mass of solids.

2.3.1.1 Compression, consolidation and bulk stiffness patans

Applying a load to a soil will cause the soil tongaress. This time dependent process is
known as consolidation, whereas the relationshipwden the volume of the soil and the
effective stress is termed compression. As a sammpbaded during compression, the volume of
voids will decrease in turn reducing and vice versa during unloading. Whens plotted
against the vertical stress, the curve is non-linear over a small range ofsses. Where is
plotted againstog,,0 the relationship is found to be linear over aeviednge of stresses. This
semi-logarithmic plot (Figure 2.4) is in line withe classical concept of normal consolidation
and overconsolidation in soil mechanics (Craig 200#e gradient of the loading and unloading
lines are used to describe the stiffness of thepkgnand are termed the bulk loadiAgand

unloadingk stiffness parameters.
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2.2 Loading condiion in granular materie

Void ratio, e

logioo.

Figure 2.4 Classical concept of normal consoligdatind overconsolidation in soil mechanics usingisem
logarithmic plot of void ratio versus vertical stse

Based on the assumption that the loading and umigadcends in the semi-log plot are

linear, the trendlines can be described as

de
— = Equation 2.19
d(lno) d

de
— =- Equation 2.20
d(lno) quat

2.3.2 Numerical modelling of granular systems

The past few decades has seen a large growth op@emAided Engineering (CAE)
programs that model industrial applications. Irerécyears, the numerical modelling of granular
materials using DEM has been used extensivelyvesiigate the behaviour of granular solids
subjected to a variety of loading conditions. Hoemvthe majority of the numerical
computations were often assumed and not validatid experimental results. There is a
guestion as to whether DEM is capable of producjagntitative predictions rather than only
gualitative representations of a particulate as$gn@hung (2006) highlighted the necessity to
verify DEM calculations and to investigate the teaimportance of the DEM input parameters
to produce satisfactory predictions. He investigdatee DEM computations of a densely packed

granular medium subjected to compression and pai@ir He observed the mechanical
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2.4 Rotating drums and tumbling mi

response of the granular system and the load #atsfthe containing using glass beads (GB)
and agricultural materials. A comparative studywaen the physical experiments and closely
simulated numerical experiments was conducted. §H2006) found that DEM could produce
guantitative predictions of the confined compressiad rod penetration systems, and whilst it is
important to use the correct particle stiffnessapster when attempting to predict the
deformation response of a granular assembly, tray mot be so important for producing

satisfactory prediction of the force transmissiom@idense quasi-static system.

2.4 Rotating drums and tumbling mills

Understanding the behaviour of granular materslsfigreat technological interest and
has been an area of research for over 200 yeaspe@ial interest has been placed on granular
materials in tumbling mills and rotating drums @susage is present in a wide range of industrial
sectors from agricultural to mineral mining andytla@e used in size reduction, mixers, dryers,
granulators and reactors for processing granuldeniads. As a result, the material behaviour in
rotating drums has attracted numerous researchteffoom both engineering and physics
communities over the past few decades that haeepted to analyse and describe the granular
behaviour using experimental and numerical techesqiihe majority of research carried out on
rotating drums has focused on flow regimes at lovegational speeds as this is the most

common speed range found in industrial situations.

2.4.1 Flow regimes and drum terminology

The flow regimes that exist within a rotating drinave been linked to many parameters
including the end plate sliding friction, fill valoe, drum depth, particle shape and size, the
Froude number and rotational speed to name a fRwgérs 1965; Metcalfe et al. 1995; Dury et
al. 1998; Ding et al. 2001; Santomaso et al. 20G8)g et al. 2008). These will be covered in
more detail in this section. Although the flow ddstion for the various flow regimes is
consistent, the terminology adopted may vary. Theminology used in this thesis is
predominantly based on Henein et al. (1983) andrivéin (2001). The drum terminology used

in this thesis is shown in Figure 2.5.
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Velocity

! o End platc?s

> Active
region

Q.
e
Passive %
[l
region &
0 P
depth
(a) Transverse view (b) Side view

Figure 2.5 Rotating drum terminology adopted inttiesis

where,

« The inner drum wallis the section lining the inside of the drum amdwdd not be
confused with the red plateswhich are the circular plates on either side @& ¢lium,
confining the granular materials.

« The Diameterof the drum is defined as the diameter of thestrarse section and the
depthof the drum is defined as the distance betweemtatds.

« Thepassive regioms where the particles are carried up the innendwall and thective
region, referred to as the fluidised region by Ristow9@p is the region where the
particles cascade down the surface.

« Thesurface profileis defined as the top layer of particles whichexposed and used to
determine the surface inclination angle.

- The particle bedis the circumferential distance where the granutaterial lines the
inner drum wall, and thbed overturn times the time required to turn the whole particle
bed over once (Ding et al. 2002).

« The drum filling degreef is the percentage of the granular material volumeotal

volume.
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The various flow regimes that may exist within ardrhave been covered extensively,

notably by Mellmann (2001) who identified 3 mairogps of flow regimes within a drum;

1. Slipping motion
2. Avalanching (referred to cascading by Mellmann 20@hd

3. Cataracting

Mellmann (2001) used the rotational Froude numBer drum filling degreef, the
particle to wally,, and the critical particle to wall,,, . coefficient of friction to delimit the
various flow regimes. WherEr is defined as the ratio of centrifugal to gravaagl forces and
Upw,c 1S there critical wall friction fort the transitidfrom a slipping to avalanching regime.

The various motions of granular material in a iagadrum are shown in Figure 2.6 and

described below.

Slipping regime

The slipping motion in a rotating drum can manifiself throughsliding and surging
Sliding may occur as a result of low rotational et w (according to Rutgers (1965) at very
high w as well), high degrees of filling or when the dromaterial is smooth, and is characterised
by the particle bed constantly sliding along theeindrum wall. A low surface profile inclination
angle is generally observed and the granular natdoes not appear to move position in a
“standing state”. As the drum speed gy, increases, sliding turns intsurging where
intermittent slip-stick behaviour is observed aldhg material bed. During surging, the material
goes through periodic cycles of adhering to thesiindrum wall until a certain inclination is
reached and the material subsequently slides ddtwoughout the slipping regime, no mixing

of the particles occurs as the granular materféés®vely act as one solid mass.

21



2.4 Rotating drums and tumbling mi

Basic Form Slipping regime Avalanching regime Cadting regime
Subtype Sliding Surging Slumping Avalanching Casugd Cataracting Centrifuging
Schematic n \
Physical Slipping Mixing Crushing Centrifuging
process
Rotational
Froude 0<Fr<10-4 10-5 <Fr < 10-3| 10-4 <Fr <10-2| 10-3 <Fr <10-1| 0.1<Fr<1 Fr>1
number Fr]
Wall friction | upw < Upw,c Pow = Hpw,c Eow > tpw,c Eow > Hpw,c
Industrial Rotary kilns and reactors, rotary dryers and _
o No use Ball mills No use
application

coolers, mixing drums

Figure 2.6 Transverse flow regimes of solids imtioy drum (after Mellmann 2001)
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Avalanching regime

Also referred to as the cascading or tumbling regiduring the avalanching regime there
is a continuous circulation of granular materiall @ generally a result of sufficiept,, andw
to avoid slipping. The avalanching can be subdwihko slumping, avalanchingndcascading

During slumping the material bed is carried along the inner dwa and continuously
levelled, as the highest particles intermittentyl mlong the surface profile. Metcalfe et al.
(1995) investigated the effects of the drum filldeon the particle intermixing and demonstrated
that the effects were greatly reduced when filuvoés exceeded 50%.

As w increases, the regime transitions toaaalanchingmotion, where a uniform static
flow develops as particles are carried up the invedr and a constant flow of particles avalanche
along the surface. During this regime, a flat stefarofile with a constant inclination forms the
dynamic angle of reposg,. of the patrticles. In addition, no more slippagenagl the inner wall is
visible asp,,, > upw . Increasings further will see the transition tocascadingegime, where
the surface profile arches slightly and an S-shdeeelops. The height of the S-shape is
dependent ow, u,,, and particles size (Mellmann 2001).

Due to the consistent flowing of particles and mixipatterns observed in the drum
without particle bed slippage, the avalanching megiis the most widely used for industrial
applications. For similar reasons, including a lgtalynamicg,., rotating drum experiments

conducted in this thesis have focused on the aghiag regime.

Cataracting regime

At very high w, the flow pattern within a drum will transitionoim cascading to
cataracting, where particles will detach from thye of the surface profile and are thrown into the
unfilled drum space. There are two main forms ¢duicacting;cataractingandcentrifuging

During cataractingparticles are thrown into unfilled drum space, asdhew increases,
the height and distance of the particles’ trajeciacreases. Increasing further will cause the
particles to line the inner drum wall with a unifodayer of particles in a regime known as
centrifuging similar to a washing machine’s drying cycle. Thare very little industrial
applications for this regime and a result is rastydied.
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2.4.2 Rotating drum experiments

The wide range of flow regimes that may exist witld rotating drum have been
discussed in the previous section (2.4.1). Thisieeavill focus on the research that has been
carried out on the rotating drums and tumbling snilThe majority of research carried out on
rotating drums has focused on flow regimes at lsspereds such as slumping and avalanching as
their industrial significance and application stretfurther than research of cataracting and
centrifuging.

The dynamics, mixing and separation of granularens in partially filled rotating
drums has been the centre of a larger range ofriexpatal and theoretical investigations
(Khakhar et al. 1997; Boateng and Barr 1997; Raal.et991). However, these studies did not
attempt to describe a continuous granular flow imaasverse plane of a rotating drum or the
boundary value approximation which is used to deseca two dimensional granular flow.
Elperin and Vikhansky (1998) developed an appro#wdt considers the transition from
slumping to avalching (referred to by Elperin an@thansky (1998) as the transition from solid
to liquid-like behaviour) as a key process for $jyewy the granular dynamics. Their
experiments included analysing the flow of granutaterial in a partially filled rotating cylinder
using a boundary layer approach which involved vilegi simple equations to describe the
granular dynamics in a transverse plane; a smalnpeter was recognised, then a derived
equation was solved analytically in the first-or@gproximation of the small parameter. They
were able to establish in a close analytical fottme, cascading layer thickness, mean velocity
along the layer and profile of the free surfacenitir research was carried out by Ding et al.
(2002) who investigated the motion of the partidiesing the flow regimes at low rotational
speeds. They determined the flow regimes transitiderms of bed turnover time, building on
their earlier work (Ding et al. 2001, Forster et 2001), where they investigated the particle
motion in the transverse plane of a three-dimerdiortating drum operated at low to medium
rotational speeds. The earlier work of Ding et (2002) focused on the particle exchange
between the active and passive regions of the diownn as their interests were in the mixing
process within a drum. Mixing and segregation iating drums has been covered extensively
(Rao et al. 1991; Metcalfe et al. 1995; BoatengRad 1997; Laurent et al. 2002; Sherritt et al.
2003; Kuo et al. 2006; Zuriguel et al. 2006; Chowl dee 2009) as it is especially important
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when dealing with finer granular solids such as gess or when a variety of different granular
solids exists within the drum.

Santomaso et al (2003) conducted comprehensiverimgrgs to investigate granular
behaviour in a drum operated over a wide rangetational speed, with granular solid motions
covering the avalanching, cascading and cataracwggnes. They described the granular
materials bed behaviour as a function of rotati@paed, drum fill level and particle size. This
eventually led to the description of the surfacafifr expressed in terms of various characteristic
lengths, operating condition and sliding frictioroperties. Their findings had the advantage of
being applicable to a wide range of rotational sigesnd flow regimes.

Yang et al. (2008) investigated the granular floynamics in a rotating drum for
different regimes using DEM, by varying the rotatgpeed. They found that the dynamic angle
of repose g, formed by the particle surface had a weak depeareden the rotation speed during
the slumping and avalanching regimes, whereas gluthe cascading, cataracting and

centrifuging regimes the influence increased sigaittly.

Rotational Froudaumber

The rotational Froude numbefy (referred to by Walton and Braun 1993 as the non
dimensional rotation rat®®) expresses the ratio of centrifugal to gravitaioforces within a
rotating drum and is a dimensionless coefficienis Icommonly used in the analysis of flow
regimes within a rotating drum (Henein et al. 19B8%erin and Vikhansky 1998; Ding et al.
2001; Mellmann 2001; Orpe and Khakhar 2001). Treuéfe number can also be used to scale
the rotating drum (as the centrifugal forces arepprtional to the diameter); however, Bell
(2005) noted that particulate processes scalingildhbe done with extreme caution as the
granular materials behave differently at differecdles, unlike gases and liquids. Wiien= 1,
the gravitational forces are equal to the centafugrces and results in the granular material
adhering to the inner drum wall as the centrifudiogy regime occurs. Mellmann (2001) linked
the various flow regimes in a rotating drumfo and showed that avalanching typically occurs
for Fr between 18 and 10 (assuming a filing degree 10%) and also found that centrifuging

occurs wherfr > 1 (See section 2.4.3 for more details).
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Non-invasive methods of extracting data from thatrog drum

The microscopic and macroscopic data extractiomfi@EM simulations is relatively
simple compared to similar physical experimentsnivieesearchers have developed or used non-
invasive techniques to extract data from rotatingrdin an effort to describe flow regimes and
granular behaviour in more detail. Several methavdsdescribed in this section.

The simplest method for tracking a particle isdbdl a particle by colouring it; which
aids visual tracking with the use of video recogdequipment. Some researchers are able to
acquire accurate three dimensional experimentaicfes trajectory data from a tumbling mill
using a Bi-planar angiographic x-ray (McBride et2104; Powell and McBride 2004; Govender
et al. 2004). Nuclear Magnetic Resonance ImagingIRN has been used to determine the
dynamic angle of repose),. formed in a deep drum (Dury et al. 1998) and nwimy the
velocity profiles at various locations within theuth (Nakagawa et al. 1993; Nakagawa et al.
1997). Another method that is often used is PasiEmission Particle Tracking (PEPT) and
enables a single radioactive tracer particle movigijde a piece of equipment to be tracked
accurately at speeds up tar®s. It is a popular techniques to trace particles itating drum
(McBride et al. 2004; Ding et al. 2001; Santomasale 2003; Lim et al. 2003) as it non
invasive, accurate and allows position data toxteaeted from deeper drums where visibility is
restricted. Particle Image Velocimetry (PIV) teaues have been used to determine the velocity
profiles that exist within rotating drum (Zhangagt 2006), however, PIV techniques have been
shown to be less accurate than MRI, PEPT and Bigplangiographic x-ray at tracking single
particles within a drum.

Many of the methods mentioned here are very expersid time consuming to use. As
the drum setup used in the thesis was relativety (dirum diameter/depth=9.2) and made from
clear acrylic (which allowed the granular mateflaiv to be clearly visible) non-invasive data

extraction techniques were not required.

2.4.3 Theoretical analysis of rotating drums

Walton and Braun (1993) investigated centrifugingdram using dynamic patrticle

simulations. They defined the ratio of the cengéliforce, F, to gravitational forcesy of a

particle along the inner drum wall as the rotatloR@ude number (Equation 2.21) which is

irrespective of particle mass.
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Fr = Equation 2.21

wherer is the inner drum radiug, the gravitational constant adthe angular velocity
of the drum. AtFr = 1, the centrifugal forces at the top of the drunt gencels gravity on a
particle moving along with the outer wall. Howevat this rate the particles do no stay along the
inner drum wall, instead a cataracting flow regindeselops. To produce a centrifuging flow
regime, anFr considerably higher than 1 is required. Walton &ndun (1993) conducted a
simple two-body frictional contact analysis to ursfand the motion of particles on the inner
drum wall in a centrifuging drum. They compared skability of a particles located at the top of
an inclined granular surface in a drum to the $itglof a frictional block on an inclined surface.
Therefore the block will accelerate down the inetinsurface if the tangent of the angle of
inclination is greater than the coefficient of siigl friction between the frictional block and the

surface. Within a drum, this translates to the flm®ing stable as long as

tana < tan ¢, Equation 2.22

whereaq is the inclination anglep_ is the dynamic angle of repose aad a corresponds
to the ratio of tangential to normal body force® da gravity acting on a particle on a plane
inclined at the angler. The stability of a particle can further be deted by examining the
ratio of tangential to normal forces acting ondansider the two-dimensional view of a particle
along the inner drum wall as shown in Figure 2.ithwhe origin at the centre of the drum and

the polar angl® measured from the horizontal.
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Figure 2.7 Two-dimensional view of a particle oa thner drum wall of a centrifuging granular bedin
drum with a high rotational speed

The tangential forcé&; acting on the particles is given by

F, =mgcos® Equation 2.23

The force in the radial directiaf is given by

F. = mw?r — mgsin@ Equation 2.24
wherem is the particle mass. The ratio of tangentialdonmal force forFr > 1 can be therefore

be written as

F; cos @ Equation 2.25

E,. ~ Fr—sing

2.4.4 Numerical modelling of rotating drum

In recent years, there has been a rapid advancemeahe understanding of rotating
drums and tumbling mills through computer simulagioattributed mainly to the possibility of
simulating granular particles in DEM software. Nuioal simulations have been able to

gualitatively capture the various flow regimes thay exist within a drum. Quantitatively, it
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also allows accurate predictions of individual dettrajectories for improved plant operation,
power draw prediction, liner and lifter design andtro scale modelling for calculation of size
distribution, distribution of contact forces andeggies between collisions, and wear. DEM
software has helped the design and optimisatiorotiting drums and tumbling mills and the
challenge is to effectively use the simulation temlimprove industrial practice further. With
regards to this thesis, the focus is not to openilse rotating drum but to produce accurate

predictions of granular flow in drums using DEM netsl

Particle shape representation

Walton and Braun (1993) investigated the effecpatticle shape on the dynamic angle
of repose,p, and on the bulk flow behaviour in rotating horitancylinders using particle
dynamic simulations. They performed simulationsd&ermine the dynamic (using rotating
drums) and statig, using single spheres and a cluster of sphereslfeztral and eight sphere
cube). They concluded that dynamic and staticincreases greatly between the spheres and
tetrahedral, as the particle interlocking is muatgér. However, the discrepancies between the

dynamic and stati¢,. formed from a tetrahedral and eight sphere cubgrsgficantly less.

Two and three dimensional representation of aimgatrum

Two-dimensional DEM representation of granular flmwotating drums are often used
for analytical simplicity and computational effioey, however, the complexity of the flow
regimes and granular behaviour may be oversimglifie

Using three-dimensional DEM simulations, Walton d@un (1993) determined the
effect of the drum rotational speed and the intatigle friction on the bulk flow behaviour.
Dury et al. (1998) was able to determine the eftecttparticle to boundary interaction on the
dynamicg,.. Mishra (2003a) critically evaluated the underdtag of the three important areas
of the simulation aspect: the inter-particle foresvs, significance and choice of contact

parameters, and the implementation of the numesidame using DEM in tumbling mills.

Drum end plate influence on the flow regime andkinghaviour
The particle to wall frictionu,,, between the granular material and the drum enspla

has been shown to significantly influence the flmgime within a drum containing granular
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material (Dury et al. 1998; Taberlet et al. 200Bury et al. (1998) examined the variance in
dynamic angle of reposeg, experimentally and numerically for a deep drum
(diameter/depth=0.14). By fitting the numericaluks to an exponentially decaying function, he
was able to calculate the characteristic rahgéthe influence on the drum end plate which was
found to scale with the drum radius, but was ngpethelent on either the density or the
gravitational constant. Dury et al. (1998) measuheddiscrepancies in dynamjg between the

mid-section and the drum end-plate and noted ashras@° difference. In addition, Taberlet et
al. (2006) conducted a numerical study to demotestheat the “S-shape” of the surface profile in
a rotating drum obtained during the cascading flegime at higher speeds is heavily influenced
by the friction of the end plates. This study inweml a series of drum simulations (drum

diameter/depth=16) with high friction and frictiesk end plate.

Periodic boundaries

In DEM simulations, periodic boundaries may be adte one or more planes. When
periodic boundaries are included in a particulaeation, any particle leaving the domain in that
direction will instantly re-enter it on the oppeasiside (DEM Solutions Ltd 2009). Periodic
boundaries have several advantages when simuldlovg in rotating drums and as a
consequence, are frequently used in numerical ativak (Dury et al. 1998; Walton and Braun
1993):

- Deep drum may be very time consuming to simulatehiAner slice can be used to
simulate the flow of particles around the mid-sactiof the drum using periodic
boundaries instead of end plates.

- The particle to boundary (end plates) interactiovay be eliminated by using periodic
boundaries. In this case, the bulk behaviour wallgsedominantly influenced by inter-

particle parameters.

2.5 Experimental validation using DEM simulations

Until recently, researchers have validated themedkdimensional DEM results by
conducting corresponding physical experiments. Gdwefit of performing validation study is to

highlight any discrepancies between numerical aqueemental responses, providing the basis
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for creating a more accurate numerical model. Aexg\of the various experimental validation
studies of DEM simulations are presented below.

Zhang and Vu-Quoc (2000) simulated soybeans flowdogn a bumpy inclined chute
and the corresponding physical experiments werdutied. DEM simulations revealed that the
soybeans flow transitioned from an unsteady todstestate of flow. During the steady state
flow, the average velocity of the granular flowadated from the DEM simulations was found
to match the corresponding physical experimentadutition, along the boundary, the numerical
velocity profile was found to match the experiméntasults qualitatively as well as
guantitatively.

The compaction of powders in a cylindrical die i/pical method to produce moulded
products of powders and is widely used in industranging from chemical to pharmaceutical.
Odagi et al. (2002) performed DEM simulations oft@mpression test on zirconiaceramic
particles in a cylindrical die and compared theultsswith corresponding experiments. They
determined that the particle surface roughnessomasf the main factors to affect the properties
of compression and therefore, an accurate measntenss conducted using an atomic force
microscope (AFM), before introducing the paramétés DEM simulations. The study showed
that the numerical results matched the experimerdgsallts well, specifically between the
normalised pressure and the axial strain.

A direct grain-shape modelling method has beengwep by Matsushima and Saomoto
(2002) in order to quantitatively simulate sheahdweour of engineering granular materials
composed of irregularly-shaped grains by DEM. Msiéma et al. (2003) validated this model
using simple shear tests of glass grains made ushitrg blocks with DEM simulations, under
constant confining pressure and constant volumagJs special visualisation technique known
as laser-aided tomography, three-dimensional imafjgse irregular grain shapes were detected
and the multiple sphere method was used to représernrregular shapes of the glass grains in
the DEM simulations. In addition, the particle sdistribution was also taken into account in the
simulations. The study revealed several discreganoetween the numerical and experimental
results including higher void ratios (10% and 5%hr than dense and loose filling physical
experiments respectively) and higher shear strength

O'Sullivan et al. (2004a) examined the triaxial got@ne strain laboratory compression

tests of steel spheres using face-centred-cubic raonthbic packing arrangements. DEM
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simulations and experimental validation tests wemeducted. The results of the study showed
that the DEM simulations managed to capture theerviesl laboratory response well if the
particle configuration, particle size, and boundagnditions were accurately represented,
specifically with regards to the peak strength galin the triaxial and plane strain test. However,
the post-peak response was found be more diffioutapture and was shown to be sensitive to
the coefficient of friction assumed along the spwmi boundaries. O'Sullivan et al. (2004b)
conducted an experimental validation of DEM simolag using the direct shear tests of stainless
steel spheres. The study revealed that the respmmeethe DEM simulations was found to be
significantly stiffer than that measured in the gibgl tests. In addition, the angle of internal
friction was found to be 4.8° lower in the DEM silations than that observed in the
experimental tests (24.4°).

Chung and Ooi (2006) conducted a careful validasardy where DEM was used to
model the confined compression and rod penetrdagsh of spherical (glass beads) and non-
spherical (corn grains) particles. The confined preasion test was designed to investigate the
mechanical response of a granular material unddicakloading and the load transfer to the
containing walls (Masroor et al. 1987). The perteiratest was designed to evaluate the
resistance of granular bulk to penetration of aimgpwbject and the dynamic force transmission
to a contact surface. The key properties of theighes were independently measured using
various laboratory experiments. The experimentdh dan the bulk compressibility and the
corresponding load transfer to the cylindrical walid the bottom platen provide quantitative
information for direct comparison with the DEM résuThey determined that the initial particle
packing arrangement influenced the bulk behaviduthe assembly and therefore, several
methods of particle generation were used to ingastithe sensitivity of particle generation in
DEM. As part of the study, an investigation intce tinfluence of inter-particle friction and
particle stiffness in DEM simulations provided asight into granular materials behaviour under
confined compression. The study revealed that tEDprediction match the experimental
results for all cases except the force-displacemesygonses with respect to the corn grains, but
were not always in quantitative agreement with eesfo the glass beads.

Hartl and Ooi (2008) conducted a validation studynparing the experimental results
with DEM simulations of the Jenike shear testengsingle and paired glass beads. Numerous

laboratory experiments were conducted to studyirtieence of the particle shape, stress level
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and packing density on the bulk friction at theiling shear. In an attempt to verify the
predictive capabilities of DEM, closely matchinggl-dimensional DEM simulations of the
shear tests were performed. The measured bulkofrichowed significant dependency on the
initial packing porosity for both single and painearticles with a stronger dependency observed
for the paired particles. Comparative studies shibthe single spheres had a good quantitative
agreement for the limiting bulk friction when thasea good match in the sample porosity. In
addition, Hartl and Ooi (2008) illustrated throutite simulations that DEM always produces
looser packing in a shear box than the correspgneperiments when the measured properties
are used.

The various experimental validation of DEM simubas studies have demonstrated
DEM’s capabilities of producing quantitative preios of bulk granular behaviour using
particles properties measured from laboratory téstsvever, the discrepancies seen in certain
cases highlights the need for a more robust methfogroducing systematically accurate

predictions of bulk behaviour.

2.6 Experimental design and optimisation methods

There is a gap in the literature of how DEM pararseshould be determined to produce
accurate quantitative DEM predictions. The aimhid thesis is to develop a robust methodology
that will generate a set of optimised parametels & produce accurate predictions of bulk
physical behaviour. This section will cover variae¢evant concepts and review experimental

designs and optimisation methods that are usedwvelap the methodology.

2.6.1 Experimental design

Design of experiments (DOE) is an efficient metlodgblanning experiments to provide
essential data for analysis and has been an ihtpgreedure to achieve many innovations in
quality and process efficiency. DOE is especialbgful for conducting analysis on multiple
variables simultaneously and efficiently. DOE castedmine the best possible independent
variables and combination of independent variablestudying the response on the dependent
variable. In an industrial context, DOE can helpidentify the best parameters to yield the

desired results. Experimental design is espeaiséful for experiments with;
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1. Real life (physical) systems;
2. Deterministic simulation models; and

3. Random (stochastic) simulations models.

The modern development of statistical experimedé&sign forreal-life systems started
with the pioneering work by Sir Ronald A. Fishertime 1920s. He carried out agricultural
experiments and systematically introduced sta#ibttbinking and principles into designing
experimental investigations. This included the dael design concept and the Analysis of
Variance (ANOVA). In the 1950s, DOE was developadhfer by George Box who applied
experimental design methods for chemical experimddOE is now applied to social systems
such as educational and service systems (Myeis 20@0).

Deterministic simulationsave become increasingly popular following theéase in the
use of computer code for design in engineeringiegpbns using computer aided engineering
(CAE) and computer aided design (CAD) tools. Irstdomain, DOE is often referred to as
design and analysis of computer experiments (DACE).

Random simulationgnclude discrete-event dynamic systems (DEDS) saglyueuing

and inventory models, but also stochastic diffeeegued differential equation models.

2.6.1.1 Experimental design analysis methods

There are three main methods of analysis used perewrental designs; the factorial
design, the Taguchian robust approach and the mespurface methodology. A brief review of
each is presented in this section.

Factorial Design

An efficient designed experiment can significantigduce time and costs. DOE
essentially organises methods of conducting exmerisnin a manner that will allow the greatest
and most relevant amount of information to be eté@ from the least amount of experiments.
For experiments with a single independent variagg@erimental procedures are simpler which
involves altering the independent variable and mooimg the dependant response. As the
number of independent variables increase, the nurobeexperiments that is needed to

investigate every possible combination of variablésincrease exponentially. For example, in
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an experiment with 4 independent variables, eagingdhree levels (a high, mid and low level)
and two measured responses, the number of expesimeguired to run a full factorial matrix of
simulations is 3x 2 = 162. In this case, the one-factor-at-a-tapproach is no longer feasible
and thefactorial designapproach would be more efficient. Thectorial designmethod was

adopted in this thesis and is discussed in detaiéction 6.3.

Taguchian robust approach

Taguchi (1987) advocates the use of DOE to aid awgments of quality, primarily
throughout the parameter design and tolerance nissagies of industrial designs. Whereas many
simulation-optimisation methods assume know enwiremts, Taguchi used methodologies
based on uncertain environments, where factorsddfieult to control. His approach was
originally developed to help Toyota design ‘robustis that would perform adequately in a wide
range of circumstances (Taguchi 1987; Wu and Hanz&@®). A key aspect to the Taguchi
approach involved the reduction of variability lmcéising on mean of response variance. The
objective was to reduce the variability of qualisound a target or nominal value. Taguchi is
responsible for renewing the interest of experimerdesign and statistical design and

introducing the concept in an industrial contextha last few decades.

Response surface methodology

The response surface methodology (RSM) was dewelbgeBox and Wilson (1951)
who originally applied the methods to real-life teyss. RSM is an optimisation heuristic that
tries to estimate the input combination that misiesi a given univariate goal function in a
stepwise (multistage) method. In these steps, RSk uocal first-order and second-order
polynomial response surface. Although RSM is arr@gmation, its popularity stems from its

simplicity of modelling and application, especialiyen little is known about the process.
A brief review of DOE is presented in this sectfoncompleteness. A detailed review of

design and analysis of experimental methods areribesl by Taguchi (1987), Kleijnen (2008),
Wu and Hamada (2000) and Myers et al. (2009).
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2.6.1.2 Statistical analysis packages

There are many statistical analysis packages dkind may be commercial or open
source programs. The statistical analysis packagd un thesis is Statistica v9.0 (StatSoft 2009)
unless stated otherwise. One of the main advantafgesing Statistica is that an experimental

design and statistical analysis software are irm@ted into one package.

DOE: 3(*~P) Box-Behnken factorial design overview

In some instances, the effects of a variable aspanse cannot be adequately described
using 2 levels (high and low) specifically whenpeasses are expected to be non linear. In these
cases, 3 levels (high, mid and low) are necessamyrder to test for the linear and quadratic
effects for those factors. Box and Behnken (19&fgmhined a class of incomplete three level
factorial designs useful for estimating the coédfits in a second degree graduating polynomial.
The experimental design module in Statistica costaicomplete implementation of the standard
3(k=P) designs enumerated by Connor and Young (1961 Muickan and Anderson (1984) for
the National Bureau of Standards of the U.S. Depamt of Commerce.

In the case of a2*~P) design, Plackett and Burman (1946) developed ighl
fractionalised designs to screen the maximum nurolbenain effects in the least number of
experimental runs. The equivalent 8& ) design is referred to as Box-Behnken designs (Box
and Behnken 1960; Box and Draper 1987). These miesip not follow a simple design
generating algorithm, but are constructed by combintwo-level factorial design with
incomplete block designs and have complex confowndof interactions. The general
mechanism of generating fractional factorial desigith 3 levels 3*~?) designs) starts with a
full factorial design, and then uses the interadiof the full design to construct new factors by

making their factor levels identical to those floe respective interaction terms (StatSoft 2009).

2.7 Single and multivariate regression

Karl Pearson first used the term of multiple regi@s back in 1908 and it has been
extensively used in many industrial and scient#pplications since then. Multiple regression
shares all the assumptions of correlation, inclgdime linearity of relationships and the same

finite variance throughout the range of the indejeet variables. In a scatter plot where a linear

36



2.7 Single and multivariate regress

relationship is desired between an independentabigrix and a dependent variablg
computation based on least squares fits a stringhto the set of points so that the deviations of
the observed points from the best-fit line are mised. The regression line in the two
dimensional space is defined by the standard emjugti= a + bx, where the variable is
expressed in terms of the intercepdnd the regression coefficiemnt

In multivariate cases, the regression line carongér be visualised in a two dimensional

manner. Multiple regression procedures may geneballexpressed in the form

Yy =a+byx;+byx; + -+ byx, Equation 2.26

It should be noted that it is important to correcdpecify the model, the exclusion of
important causal variables or the inclusion of ax&ous variables can drastically change the
weight and hence the interpretation of the impaamf the independent variables. The
implementation of the multiple regression analygsia be found in spreadsheet programs and in
many engineering tool packages. The methodologynbemultiple linear regressions is briefly
explained below.

Predicted or fitted values are in each case foyndsing the regression equation for all
the cases in the analysis. Residuals are the elifter between the values predicted by the
regression equation and the observed values. Téffiaient of determinatiorR? indicates how

good the fit is to the measured data and is giyen b

R2=1— Sum(i — Yesti) Equation 2.27
sum(yi - ymean)

wherey; is the actual value of _, ; for thei" casey is the regression prediction for the

it" case andy is average of the; values. The coefficient of determinati®® ranges

mean

between 0.0 and 1.0 and is a statistical measunewfwell the regression equation describes the

real data. A value close to 1 indicates a verydgido the data.
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2.7.1.1 Assumptions, limitations and practical consideradio

In multiple linear regression, it is assumed thatrelationships between the variables are
linear but in most cases this cannot be confirnvédilst multiple regression procedures are not
generally affected by minor deviations from thiswsption, it is still prudent to look at the
scatter plot and determine whether or not otheressjon procedures are necessary. The major
conceptual limitation in regression procedureshiat trelationships may be obtained without
considering alternative causal explanations. Ireingathe number of independent variables will
increase the chances of producing significant tesé#roblems occur when there are too few
predictive results to produce a suitable regreskien It is generally advised to have 10 to 20

times as many cases as variables.

2.7.1.2 Interpolation methods

A key aspect of the optimisation procedure involaesinverse searching technique to
determine the optimal DEM input parameters. A dethireview of various interpolation
methods as described by Yang et al. (2004) andntethods relevant to this thesis are briefly
described below.

Theinverse distance to a power methedh weighted average interpolator, which can be
either exact or smoothing. With the inverse distate a power, data are weighted during
interpolation, so that the influence of one poretative to another, declines with distance from
the specified point. Weighting is assigned to dataugh the use of a weighting power, which
controls how the weighting factors drop off asaliste from the data point increases. The greater
the weighting power, the less effect the pointsehduring interpolation. As the power increases,
the data value approaches the value of the nepo@st For a smaller power, the weights are
more evenly distributed among the neighbouring getimts. Normally, inverse distance to a
power behaves as an exact interpolator.

Kriging is a geostatistical gridding method that has pmowseful and popular in many
fields and attempts to express trends suggestdtieirdata and can either be an exact or a

smoothing interpolator. Kriging interpolation inporates anisotropy and underlying trends.
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2.7.1.3 Responses desirability function
Derringer and Suich (1980) highlighted the probl&ming the product development

community in selecting independent parameters whiithresult in a product with a desirable
response. This problem had previously been addidsgeHarrington (1965) who presented a
desirability function approach. However, Derringed Suich (1980) modified his approach by
transforming several response variables into aral@ity function which can then be optimised
by univariate techniques. Their method was valdatethe development of a rubber compound
for tire treads. The Derringer and Suich (1980) nmed desirability function for the
optimisation of multiple independent variables seoof the searching methods used in the

parametric optimisation procedure described inttinésis.

2.7.1.4 Microsoft Excel Solver optimisation algorithm

One of the searching methods used in the optimisgbrocedure uses the Microsoft
Excel Solver (MES) algorithm. A detailed reviewtbé design and use of Solver is presented by
Fylstra et al. (1998); however only a brief revieWwthe algorithm is presented below and is
based primarily from Fylstra et al. (1998) and Mgwft Office (2007). MES uses the generalised
reduced gradient algorithm for optimising non-lingaoblems and was developed by Leon
Lasdon of the University of Texas at Austin andafllWaren of Cleveland State University.
MES uses iterative numerical methods that invopleigging in" trial values for the adjustable
cells and observing the response calculated bycdinstraint cells and the optimum cell. One
advantage of MES is that it performs extensive ya&a of the observed outputs and their rates
of change as the inputs are varied, to guide thextsen of new trial values as opposed to the
traditional time consuming trial and error appraach

In a typical problem, the constraints and the optmtells are functions of the adjustable
cells and the first derivative of a function measuits rate of change as the input is varied. When
there are several values entered, the functiorséasral partial derivatives measuring its rate of
change with respect to each of the input valuemifoy a vector called the gradient of the
function. Derivatives (and gradients) play a crlomde in the iterative methods of MES as they
provide indications as to how the adjustable cehsuld be varied. For example, if MES
determines that the partial derivative for an optimcell with respect to one adjustable cell is a

large positive number, while another partial ddamx&is near negligible, the next iteration will
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see the first adjustable cell’'s value increase. él@x, a negative partial derivative suggests that
the related adjustable cell's value should be #arni¢he opposite direction.

The derivatives are numerically approximated bghdly altering each adjustable cell
value and monitoring the rate of change of eaclsttamt cell and the optimum cell in a process
known as a finite difference estimate of the ddiwwa Two possible differencing methods are
available in MES, forward or central. In forwardfdrencing, a single point slightly different
from the current point is used to compute the denre. Alternatively, central differencing uses
two points in opposite directions. Central diffesgng is more accurate than forward differencing
when the derivative changes rapidly, however regumore recalculations.

In certain cases, many locally optimum points meaysewvhere the partial derivatives of
the optimum cell are zero. A graph of the optimueth function in such cases would show many
hills and valleys of varying heights and depthse@ossible limitation of MES is that, when
starting at a given set of adjustable cell valties,iterative methods will tend to converge on a
single hilltop or valley floor close to the stagipoint and MES will not assume there is a taller
hilltop or deeper value further away. Therefores best way to find the global optimum is to
apply external knowledge of the problem through ©mn sense reasoning or through

experimentation.

2.8 Summary

The related literature regarding this thesis hasnbeeviewed in this chapter. The
literature review includes a brief review of DEMabling conditions in granular materials, the
various flow regimes that may exists in a rotatilngm, a review of the experimental validation
of DEM simulations, experimental design methods apiiimisation techniques. There is a clear
gap in the literature of how DEM parameters shduddletermined to produce quantitative DEM
predictions and forms the basis of the researcllwtied in this thesis: The development of a

robust parametric optimisation methodology.
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Chapter 3

Development of bulk experiments and
material characterisation for DEM calibration

3.1 Introduction

The aim of this study is to develop a DEM paransetptimisation procedure. The DEM
models will be calibrated using bulk experimentabults. Choosing the appropriate bulk
responses to calibrate the DEM models is of paramouportance and should replicate the
industrial strains and stresses that the granuddemal will experience in a full scale system. In
addition, suitable measurements should produceicmirftfly discriminating values from
variations in material properties so that the ofgation procedure is well posed to infer the
DEM model parameters from these measurements. Tdesurements should also be highly
repeatable and preferably ones that are relatieaty to measure from simple laboratory tests.
This chapter describes various physical experimants bulk responses, concentrating on the
rotating drum and the uniaxial confined compresga&st which were used in the optimisation
procedure. The reasons for including and excludimg various tests from this project are

described in detail in the following chapter.
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Before attempting to model a granular materiails important to describe the material’s
physical and mechanical properties as well as e@tierial’'s characterisation. The optimisation
procedure described in this thesis was designédx tgeneric and applicable to a wide range of
different materials. A range of materials were #¢here selected with varying properties to
demonstrate the optimisation procedure’s versatilihis chapter will describe the physical and

mechanical properties of the five different granueterials.

3.2 Selection of the laboratory bulk experiments

3.2.1 Rotating drum

Rotating drums have been extensively investigatatie past as they are an integral part
of many industrial processes. The great majofiitye published work on drums has focused on
the various flow regimes and phenomena that existiwthe drum (Khakhar, McCarthy et al.
1997; Kuo, Shih et al. 2006; Zuriguel, Gray et 2006). The thesis will focus on using the
rotating drum as a bulk calibration instrument attempt to understand how DEM input
parameters may affect granular flow behaviour imercal simulations. The rotating drum as a
bulk response calibrator was chosen by requedteofridustrial sponsor due to its wide use in
literature and presence in industrial applicatidewever, the thesis will highlight some of the

drum’s limitations and explain methods of expldaitithhe test to produce usable results.
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3.2.1.1 Experimental setup

The drum was designed based on the thesis requiteras well as run experiments
carried out in the literature (Dury et al. 1998stBw et al. 1998; Powell and McBride 2004).The

experimental setup of the rotating drum can be geéigure 3.1.

(a) Transverse view (b) Top view

Interchangeable
drum section

Control Panel Motor
Control
Panel Gear Box
25:1
Interchangeable
drum section Rotating
5 .j/ plate
Granular
Material
(c) Transverse view schematic (d) Top view schenati

Figure 3.1 Experimental setup of the rotating ddevice
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below.

3.2.1

The main specifications of the drum and the reagphehind the choices made are listed

Drum diameter 184 mrnusing the major dimensions of the five materi@lable 3.4),
184 mm is between 15 and 45 particles across the supjecile (depending on the
particle size of the various granular materialg).aslequate number of particles along the
surface profile are important to determine the dyicaangle of repose. If there are too
few particles across, the results may be compramilethere are too many particles
within the drum, DEM computational times will inage significantly.

Thickness 20 mnThe thickness is between 2 and 5 patrticles tfdgpending on the
average dimensions of the various granular mas3rihd was chosen to manage the
computational effort required. This creates a psawa-dimensional setup. The particle
to wall friction is expected to play a significardle (Dury et al. 1998; Ristow et al.
1998).

Drum rotational speed range 1 to 14 rpithe speed range that the drum offered was too
high for this study and a 25:1 step down gear bas wmstalled to produce the desired
range of 1 to 14pm. The study focused on this speed range as it peztislumping and
avalanching flow regimes where rotational speede haeaker influences on the bulk
behaviour (Santomaso et al. 2003; Yang et al. 2008 gear box was designed to be
interchangeable and may be adjusted at any timeth&n benefit of including a gear box
is the increased torque in the rotation and assaltrethe rotational speed will not be
affected by the mass of the granular material.

Acrylic wall material The drum was made from see-through acrylic malteAcrylic
was chosen as the material properties are wellrdented and is readily available.

Filling degree,f = 40%: This fill volume was chosen as it was deemedhtbet suitable

to allow visual clarity of the flow phenomenon imetdrum which will enable a more

accurate dynamic angle of repose determination.

.2 Rotating drum device bulk response

Several flow regimes exist in a rotating drum anel @mmonly divided into 3 distinct

regimes; slipping (low speeds), avalanching (miegesls) and cataracting (high speeds) as

described in section 2.4.1. Throughout the varimgmes, the dynamic angle of repage
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varies. The dynamig, has been used extensively in literature (Duryl.e1298; Ristow 1998;
Ding et al. 2001; Mellmann 2001; Mishra 2003b; Pibhwad McBride 2004; Yang et al. 2008;)
as it is an effective and simple method of quaintgyflow behaviour in a rotating drum.

It was chosen to fix certain parameters of thetirmgadrum during the bulk response
measurement tests to limit the number of varialiheshe analysis. These include the drum
material, the fill volume and the rotational spe&te rotational speed remained constant at 7
rpm as this produced an avalanching regime with adgt@zclination. During this regime, the

dynamicg, is easier to measure and less susceptible taétion.

Dynamic angle of repose determination

The drum rotational speed was verified with a cadaneter. The effect of granular mass
on the rotational speed was investigated usingngptyedrum and a 40 % filled drum. Due to
sufficient torque, the effect was negligible.

The dynamicg,, which was measured from the horizontal, was abthifrom images
taken using a typical commercial digital cameraif@ease the clarity and reduce overexposure
of the pictures, the camera was adjusted to hasteutier speed of 1/1500s. With such a high
shutter seed a great deal of light is needed. Talogen lights were used to produce enough
light to produce a clear picture. The setup ofdgkperiment is shown in Figure 3.2. A total of 10
separate images of the drum at egwh between 1 and 14 were taken to check for repdgyabi
In each case, the dynamjp¢ was determined manually. For cases where the soifdce is not
flat (e.g. cascading or S-shape) the slope at idesection of the surface profile was chosen to
be the representative angle, as shown in Figuréa3.®etermining the dynamit, numerically
was done by extracting images from the simulatieimgi the software’s image extraction
function (an example of an image in Figure 3.3,abyl the dynamigp, determination was
conducted in the same manner as the physical expets.

There were some initial concerns over the unsysiemature of the manual dynamjg
determination, however simple standardised pro@=dwere investigated but these often
produced less accurate results as stray partitheg #ghe surface would significantly affect the

angle determination.
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Drum

[ ]
~
Halogen lights /@

(a) Laboratory setup (b) Laboratory setup schematic

Figure 3.2 Experimental setup of the rotating dapparatus

(a) Experimental dynamic angle of repose (b) Numerical dynamic angle of repose
determination using black eyed beans determination using particles with 2 equal sptiére

Figure 3.3 Example of the dynamic angle of repaderdhination from images

M particle radius = mir, aspec ratio = 1.50
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3.2.2 Confined compression test

The confined compression test (also referred ttha, test) is used to investigate the
mechanical response of a granular bulk materiaturdrtical loading with lateral confinement.
The K, tester used in this thesis is a modification & Wasroor et al. (1987) apparatus and is
similar to the test apparatus proposed by the Eaopstandards for measuring the lateral
pressure ratio for silo design (EN 1991-4 1995)e Vkrtical load applied to the bulk solid is
applied by a top platen driven by an Instron maghinston 2009). The Instron control centre
records the applied load and the vertical displargmrlhe resultant strain is measured by four
strain gauges equally spaced around the cylindérmaesasuring vertical and horizontal strains.
The lateral pressure rati® and the bulk friction coefficient,,;; may be determined using

Equation 3.1 and Equation 3.2.

K=— Equation 3.1

Equation 3.2

wherea, is the average vertical stress determined fromatteeage of the top and bottom
load cell readings on the apparatdg,is the mean horizontal stress at the strain géengd,
determined from the strain gauge readings @aimglthe average shear stress calculated from the

difference between the top and bottom load cetliregs. These stresses can be expressed as

2(Fr + Fp) i
= - 77 Equation 3.3
v D%(1 + £9)? ?
2tE + .
_ _ 2tE, (g + mwéq) Equation 3.4

T TTDA —v2)
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Fy — Fy .
IT= ———— Equation 3.5
'T IDh(1-g) quatl

where D, t, E,,, andy,, are the diameter, thickness, Young’s modulus ansisBn’s ratio
of the cylinder respectivelys, is the hoop and, is the axial strain of the cylinder at the
measuring points; andFg are the applied load at the top platen and thesured force at the
bottom platen respectively;, is the mean vertical strain aindis the height of the granular

material in the system.

3.2.2.1 Experimental setup

The confined compression calibration work carriett o this thesis builds on the
previous work carried out by Chung (2006), howetwer apparatus and experimental procedure
was altered to suit the aims and objectives obkthdy.

Chung (2006) previously carried out confined compi@n experiments on glass beads
and corn grains using a squat setup centred arounedset of strain gauges of the confined
compression apparatus. In addition, during his exynts the acrylic silo was restrained at the
base. This setup effectively resulted in a one-a@aypression during loading. The apparatus
used by Chung (2006) is shown in Figure 3.4.
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/Attached to
S 1 | INSTRON
Strain gauges F:
1 Top plate
380 :
Strain gauges
] Sample }/ gans
140 ‘ -~ ‘ 2 | — Bottom plate
Acrylic cylinder Acrylic
Wall thickness = 3.33 , [c:@ platform
- D] D]
Fy Bottom
| load cell
(a) Cross sectional diagram (b) Side view diagram

Figure 3.4 Confined compression apparatus usechiop@(2006)

(All dimension:in mr)

The diameter, thickness and height of the cylimaler 145mm 3.33mm and 380mm

respectively. In addition, four rosettes of strgauges can be found equally spaced around the

circumference at two levels as shown in Figure(8)4 The main adjustments between Chung’s

(2006) setup for the confined compression testtaadne used in this study were:

The bottom edge of the cylinder was free to mowerast restrained, allowing significant
compression from the bottom platen as well asdpeptaten;

The sample went through one loading and unloadyatec

The speed of the loading and unloading remainedtaahthroughout the experiment and
was logged at 0.31z. The glass beads were loaded at @ufimin whilst the other
materials were compressed anfi’min.

A taller sample and aspect ratio was used, whditsut material was available.

The confined compression test was carried out ensihgle and paired glass beads,

polyethylene terephthalate pellets, black eyed $eanl black kidney beans (see section 3.3.2).

Each test was carried out 3 times to check foraggdlity using a different batch each time

(excluding the glass beads) and the initial packioigditions were recorded.
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Sufficient material was available to fill the esticompression cylinder; therefore, the
experimental setup for the PET pellets, black dyeahs and black kidney beans was as shown
in Figure 3.5. To fill the entire acrylic cylindeith 6 mm glass beads would require +£30,000
single and £15,000 paired particles. However, &#090 paired spheres were available, so a
squatter sample was tested; localised around afsstain gauges as seen in Figure 3.6. The
average sample heights for the various materidlsgutie ascending cone and rainfall filling

methods are shown in Table 3.1.

Table 3.1 Average sample heightsiimfor various materials during the confined comprmssest

Filling method Ascending cone Rainfall
Single glass beads 59 57
Paired glass beads 64 58
Black eyed beans 328 328
Black kidney beans 327 331
PET pellets 328 329

Average sample height based on 3 tests

The loading rate for the PET pellets, black eyednBeand black kidneys beans was 1
mnimin. As the glass beads have a higher particle stiffntbhan the other materials tested
(Chung 2006; Hartl 2008) the average sample strgdinbe relatively less for similar stresses
compared to the other materials, therefore thednstpeed was reduced to ehitimin.

For the experiments on the PET pellets, black eyeshs and black kidney beans, a
single loading and unloading cycle to BBa was carried out for each test (this maximum
pressure includes the self weight of the sampletapdlates, therefore @8 ais the effective
stress experienced by the sample). To preservintibgrity of the glass beads, it was chosen to

limit the maximum loading on the material to i83a
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Fy Attached to
#/ INSTRON
Top

plate

Strain gauges

Bottom
plate

% Bottom
load cell

Fs

(a) Setup using black eyed beans (b) Experimeatapsschematic

Figure 3.5 Experimental setup of the confined casgion apparatus

(All dimensions inrmm)

o Attached to an
Fr INSTRON machine

Plate to aid
concentricity

Strain gauges

08¢

M Top plate

—————— [
T BRI || _—Height adjuster
— T T
& = — Bottom plate
l =
} . Bottom
load cell

Fp

(a) Setup using single glass beads (b) Experimeatap schematic

Figure 3.6 Experimental setup for the confined pmssion of single and paired glass beads

(All dimensions inmm)
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3.2.2.2 Confined compression bulk response

As for the rotating drum, a suitable bulk responssasurement to calibrate the DEM
models should be selected from the confined corsegest.

This section will analyse a set of confined comgi@s results and highlight the best bulk
responses parameter to use in the optimisatioreduwe. The example used in this section is the
confined compression of black eyed beans with addiling.

3.2.2.3 Lateral pressure rati&;

Lateral pressure rati@ describes the resultant horizontal pressure inuea material
that would occur from a vertical pressure applaratnd is therefore a widely used parameter in
Eurocodes for the design of containment structares geotechnical systems. However, due to
the inherent variability of particulate materiabperties, Eurocodes (EN 1991-4 1995) suggest
alteringK to represent extreme values when designing sildganks.

The lateral pressure ratibcan be described as

K=— Equation 3.6

whereo; ando,, are the effective horizontal and vertical pressaspectively. Therefore
the horizontal pressure is assumed to be directiggrtional to the vertical pressure at any given
point in the granular system. The lateral pressate is affected by several factors including
material properties and the stress history of tiel.s

Figure 3.7 shows the relationship between the napatied vertical pressure (average of
top and bottom platens) and the mean radial pregqsatculated using 8 circumferential strain
gauges). The gradient of the data points givesdahe of horizontal to vertical pressure, known
as the lateral pressure rako
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Figure 3.7 Resultant horizontal pressure due tbioatpressure of loosely packed black eyed baaas i
confined compression test

3.2.2.4 Vertical stress-strain response

Understanding the mechanical response of a sysemportant to be able to predict a
system’s response to various loading conditionsngJthe average vertical forces measured on
the top and bottom platens of the confined compyasapparatus, the average stress experience
by the granular material can be determined. Theageesample vertical strai) is determined
using the initial height and subsequent displacesneithe top and bottom platen. As the acrylic
cylinder is not fully rigid, a small amount of ratideformation will occur as the horizontal stress
increases anel, will be overestimated. A sensitivity analysis veasried out and determined the
difference ing, due to small radial deformations and was fountawee minimal effects on the
overall g, for the stress levels used in this study. Theeetbe radial deformation was excluded
from the analysis and the cylinder was assumee oty rigid.

An example of a stress-strain response curve awkbéyed beans is plotted in Figure 3.8
(a). The plot shows the loading and unloading erpeed by the sample. As it can be seen, the
top and bottom platen stresses were very simi@afps convenience an average of the top and
bottom stresses is used throughout the analysisi@i3.8, b). The higher stresses seen on the
top plate are a result of the Instron machine apglyhe vertical load on the top plate. A small
amount of force is lost as in the transfer to tloétdmn plate, possibly through wall friction.

Further discussion and the implications of thisdiseussed in section 5.3.5.
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The components of plastic and elastic deformatiarind loading and unloading are
highlighted in the plots. The plastic deformatiohtlee system can be seen when unloading
occurs and approaches the x-axis at 0.6% straim wWieeload drops to zero. During loading, the

plastic deformation in granular solids is a resfiwo phenomena:

1. The relative displacement of particles throughimglior sliding,

2. Plastic deformation of the particles at the poaftsontact.

In DEM simulations, relative displacement occursturaly. However, plastic
deformation at the points of contact is often iggtbm the numerical contact, including EDEM
(DEM Solutions Ltd 2009), the DEM program used lmstthesis. EDEM uses a non-linear
elastic contact model. Therefore for soft agriadtgrains, EDEM is expected to underestimate

the total plastic deformation of the system.

70 70
» Top platen A =S 2 Loadin
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Average sample vertical strain, ¢, Average sample vertical strain, &,
(a) Top and bottom platens (b) Average of top aottbin platens

Figure 3.8 Vertical stress-strain response forkol@d beans under confined compression
The gradients from a stress-strain plot give a measf the loading and unloading bulk

stiffness. To establish an accurate method of aeténg the loading and unloading gradients, a

regression trendline was fitted to the virgin loagiusing the trendline function in Microsoft
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3.2 Selection of the laboratory bulk experime

Excel (Microsoft Office 2007). As the loading patlas found to be non-linear (illustrating an
increasing stiffness as vertical stress increasdispar trendline (Figure 3.9, a) would produce a

less accurate description of the loading curve thaecond order polynomial (Figure 3.9, b).

This is highlighted by the lower coefficient of deninationR?.
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Sample strain, &, Sample strain, &,

(a) Linear trendline (b) Polynomial trendline

Figure 3.9 Linear and polynomial trendline curtérfy comparison for the loading of black eyed ksean

Using a polynomial trendline, the loading path nlag described as an empirical

polynomial in the form

y = Ax* + Bx Equation 3.7

The drawback of using polynomial regression treralis that there are two coefficients

(A and B) to describe the bulk stiffness. A compani of the trendline coefficients for the test
materials can be found in section 4.3.1.
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3.2.2.5 Bulk stiffness parameters

The void ratioe is a ratio of the volume of void to the volumesafid as described in
Equation 2.17 (see section 2.3.1 for more inforomtbn phase relationship diagrams). As a
sample is consolidated, the volume of voids wiltr@ase, reducing the void ratio.

Figure 3.10 illustrates how the void ratio varieshwhe vertical pressure plotted on a

logarithmic scale.

0.590

© Loading
4 Unloading

0.585 |

0.580 |

Sample void ratio, e

0.575

0.570

1 10 100
Average platen stress [kPa]

Figure 3.10 Semi-log plot for the void ratio agaimean platen vertical pressure for loosely padkadk
eyed beans

This semi-logarithmic plot is in line with the ctasal concept of normal consolidation
and overconsolidation in soil mechanics. The adgmtof using a semi-log plot is that the
unloading curve is straightened and a logarithmendline can be added to the loading and
unloading lines as shown in Figure 3.11 (a). Howetlee loading line (Figure 3.11, b) still
remains non linear and a logarithmic curve fitimgnot accurate enough to describe the line.

Granular material behaviour at lower stresses ocanlelss unpredictable and more
sensitive to initial packing structure; thereforeihcrease the accuracy of the loading curve

fitting, lower stresses were ignored. These casesxplicitly expressed in the thesis.
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Figure 3.11 logarithmic trendline fitting to theidaatio against vertical pressure semi-log plot

As it can be seen from Figure 3.11(a), the loadiegd on the semi-log plot has a small
degree of curvature, whereas the unloading curaeush more linear. Assuming that the loading
and unloading trends in the semi-log plot are lindze trendlines may be described as a single

parameter in the form

de
ing,—A = Equation 3.8
Loading, -2 a(no) quati
de
ing,—xk = ———— Equation 3.9
Unloading , —k a(no) quati

A andk are often used in geotechnics and are the gradadrthe loading and unloading
curves in the semi-log plot, also known as the bld&ding and unloading parameters
respectively. Whereas is a parameter dependent on the plastic firstihgpdesponse of a
granular systenk is dependent on the elastic unloading properties.

Using the stiffness parameters as calibration datae optimisation procedure has the

advantage of a single parameter description asisdequation 3.10 and Equation 3.11.
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e, = Dy — Aln(o) Equation 3.10

e,. =D, —klIn(o) Equation 3.11

whereD; and D, are constants which depends on the point of lgadimd unloading.
Wheno = 1 (intersect on y-axisp, and D, are equal to the void rat® Therefore the void
ratio is equal td, and D, for a unit stressD, and D, are not material properties, they are in
fact a load dependant parameter relating to tlessgpath. Due to the simplicity of this semi-log
gradient description it is an appropriate and &ffit bulk parameter for the model calibration

and optimisation procedure.

3.2.3 Investigation of additional laboratory experiments

Several other laboratory devices were investigatealddition to the rotating drum and
the confined compression tests, however their bedponses were considered to be less suitable
for the optimisation procedure after preliminaryastigations. These tests are listed below and
the reasons for their exclusion from this study kighlighted. This section is included for
completeness to demonstrate alternative devicegeVer as this was a preliminary study, only
initial results are presented.

3.2.3.1 Silo filling

The particle packing structure in a bulk solid engrally understood to significantly
influence its bulk behaviour (Chung 2006&tH 2008) and understanding the parameters that
affects the system’s packing arrangement and ukinaulk properties is important. Chung
(2006) investigated a dense filling method whichoimed rainfalling particle deposition through
a sieve and Hartl (2008) investigated a loosenfillimethod using an ascending cone filled with
particle.

This study investigated the effects of these tWmd methods on the bulk properties of
various different granular materials using an acrglylinder with an internal diameter of 145

mmand the sample which had an average height oh840
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Loose filling using an ascending funnel method

With the use of a funnel, the cylinder was cengréilled. The funnel is filled with grains
and raised slowly so that there is no impact from dgrains as they are introduced into the silo.
The only movement that occurs is avalanching atbegangle of repose formed from the grain
pile as shown in Figure 3.12 (d). This method wssduto produce a loose arrangement and a

higher void ratio.

(a) Filling the funnel (b) Before cylinder filling

(c) During cylinder filling (top view) (d) Duringyinder filling (side view)

Figure 3.12 Central Silo filling method with theeusf a funnel
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Dense filling using rainfall through a sieve method

To study a range of filling arrangements, a densekipg method was investigated.
Initially, this was achieved by filing the acrylicylinder in layers which were subsequently
packed compacted. Eventually, with the use of anid aperture sieve, a rainfall distributed
filling was tried. The particles experienced sigraht impact as they settled within the silo
which encouraged a denser packing arrangementadt alosen to use this method as it was
more time efficient and produced similar resultshi® compacted layers (within 10%) as well as
being easier to simulate in a numerical model usamglom particle generation techniques. An

example of filling using the rainfall through awemethod is shown in Figure 3.13.

(a) Before filling (b) During filling

Figure 3.13 Dense filling using the rainfall throwg 14mmsieve with black eyed beans

3.2.3.2 Silo discharge

Another possible laboratory experiment investigateduse of silo discharge flow rate as
a bulk response for the optimisation procedure. m@h(2006) conducted a silo discharge
experiments by releasing grains through a circatdice of a flat-bottomed model silo onto a
flat surface as shown in Figure 3.14. The flow saéad the static angles of repose during

discharged were measured using various outlet.sizes
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Wooden Granu.lar
; material
rig
Flat acrylic ] .
surface Acrylic cylinder

hopper

Stopper plate

(a) Silo discharge setup schematic

(b) Test on single glass beads (c) Test on colngra

Figure 3.14 Silo discharge experiment conducte@luyng (2006)

The discharge flow rates were then compared with Beverloo formula (Beverloo,

Leniger et al. 1961).

W = Cg - pyJg(Dy — ky - d)?5 Equation 3.12

whereW is the mass flow ratey is the bulk density of the solid, the gravity termpD,
the diameter of the orifice, antthe mean size of the particles. According to Neahda (1992),
the Beverloo constarfl; has been found to be in the range of 0.58 to ar@#ithe adjustment

factor k; should be around 1.5 for spherical particles arddr for non-spherical particles.
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Chung (2006) noted that the predicted flow rateamgared well with Beverloo formula, with the
constanC being closer to 0.64 for glass beads and clos@/5® for corn grains, as expected.

If we takeC, andk as empirical constants for a given granular maltehe difference lies
in d, the diameter of the patrticles.

Hartl (2008) conducted a set of DEM simulationsgs30,000 (60,000 spheres) particles
with an aspect ratio of 1.5 to determine the disphaate from a silo for a range of bulk frictions
to produce the graph seen in Figure 3.15. The fridikons of the various granular materials
used in this thesis range from 0.35 to 0.7 (Tal®. 3t can be seen that the change in discharge
rate when the bulk friction parameter is changdavéen 0.35 and 0.7 is relatively small (10%).
As the flow rate does not produce a measurabletefifem changes in the input parameter, it
was decided not to include the silo discharge ftate as a bulk response in the optimisation

procedure.
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Figure 3.15 Influence of particle friction on sdscharge rate: DEM predictions conducted by Hartl
(2008)
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3.2.3.3 Bulk collision dissipation experiment

The rotating drum device and confined compressest tvere used to measure the
dynamic angle of repose and bulk stiffness parametgpectively and are the bulk response
parameters that will be used to calibrate the nigalemodels. The dynamic angle of repose is
predominantly influenced by the frictional propestiof the granular material, whereas the bulk
unloading stiffness will be influenced by the pa#s stiffness (Dury et al. 1998; McBride et al.
2004; Chung 2006; &itl 2008). A preliminary study was conducted to lexg simple tests that
would be heavily dependent on the coefficient aftitetion e, which gives a measure of the
energy dissipated during collision.

An attempt was made to devise a bulk experimentticth the effect of the in-elastic
collisions in a sample of grains is measured. Befar physical device was developed, a
numerical trial was conducted to see if a bulk idstson measurement could be observed
accurately. In an effort to find a suitable ana@ie manner to measure the “bulk restitution”, a
drop test similar to the one conducted by Chun@§2Qvas carried out, however a layer of
granular material was used instead of single partic

There are various ways to calculate which include the use of velocities, forces,
energies and distances (height) to name a few, V@wmany of these are not practical or
feasible methods to measure experimentally. On@adethat was tried investigated the particle
impact forces along a base plate as shown in Figli&® To measure the bulk particle to weall
a layer of particles is held at a known height drapped within a confining cylinder onto a flat
base plate where impact forces would be measuredietermine the particle to particke, a
layer of particles was dropped onto a stationaygraf particles already located on the base

plate.
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Layer of particles Layer of particles
WAV WAV
Stationary
layer of
particles
Force measuring Force measuring
apparatus apparatus
(a) Particle to boundary (b) Particle to particle

Figure 3.16 Schematic of a bulk experimental dewa®cept for measuring the bulk collision dissipati
granular material

Preliminary studies proved to be inconclusive othe potential and validity of this
experiment for the optimisation procedure and ndh&r development of this device was
conducted in this study. Further research coul@stigate the bulk collision dissipation using a

similar or variation of this setup.

3.3 Material Properties

3.3.1 Introduction

A detailed understanding of a granular system ugiat when attempting to model the
system, whether it is on a micro (particle) or noagyulk) scale. One aspect that is particularly
important is correctly identifying the granular maals properties. The material properties for a
typical granular solid may be grouped into two gatées; physical and mechanical.

Physical propertiesrefer to properties of a material that can be rdateed without
altering its shape or density. Examples of physigadperties include mass, density and

geometric shape descriptors.
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Mechanical propertiegefer to the properties of a material that revigmalelastic and
plastic behaviour when a force is applied. Typicachanical properties include contact
stiffness, contact friction, coefficient of restitan, Poisson’s ratio and Young’s modulus.

Chung (2006) used individually measured materiapprties to predict bulk behaviour in
DEM simulations; however granular materials in igigial systems are rarely found individually
and are typically found in bulk form. Therefore, wsll as individual material properties this
section will investigate bulk physical and mechahmaterial properties.

The optimisation procedure developed to calibraEVMDmodels described in this thesis
was developed to be applicable to a wide range atenals, and thus contrasting granular
materials were chosen, three inorganic and tworcgaaterials. Microscopic enhanced pictures
of the test materials are shown in Figure 3.17.

An initial investigation using the microscopic enbad images shows contrasting surface
conditions. The black eyed beans appear to haeegher surface than the black kidney beans,
and the microscopic images reveal a roughnessedjldss beads surface.

The rest of this chapter describes and summarisedaboratory measurements of the
material properties for the five contrasting matksriused in this thesis. The material properties
were either determined through a set of laboratesis or taken from literature. The optimisation
procedure will eventually alter the DEM materiatgraeters and therefore having a complete set
of accurate measurements is not essential. Theialgieoperties included in this chapter are for
completeness.
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(b) Polyethylene terephthalate (PET) pellet

(c) Black eyed bean

(d) Black kidney bean

Figure 3.17 Microscope enlarged images of varigasgar materials
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3.3.2 Background on test materials

Glass beads
Glass beads (GB) are widely used in DEM researciny(Bt al. 1998; Chung 2006 aH

2008) as they are easier to accurately model in BiEMilations which use spheres to represent
particles. The glass beads used in this thesis &enen glass beads Type M manufactured by
Sigmund Lindner GmbH (Lindner). The glass beads raemufactured to have an excellent
roundness with a low proportion of air-bubbles andigh degree of purity. Hartl (2008)
manually glued pairs of glass beads together asgbaa study to compared experiments and
numerical simulations of single and paired glasslseAs the paired glass beads are simply two
single glass beads, their contact properties azatiichl (Except when explicitly mentioned).
Most of the material properties for the single gradred glass beads are taken from Chung
(2006) and Hartl (2008).

Polyethylene Terephthalate pellets
Polyethylene terephthalate (PET) pellets are agrnmediate good used to produce final

plastic products. They are produced in granulanftw facilitate transportation and storage.

Black eyed beans
The black eyed beans (BEB) (also referred to abldek eyed pea, Chawalie, Lobia) is

a subspecies of the cowpea. It is pale-colourett wiprominent black spot and the currently
accepted botanical name Y4gna unguiculatasubspeciedJnguiculata Originally native to
India, the cowpea is now grown around the worldif®emedium-sized edible bean. The sample

used in the project originated from Madagascar.

Black kidney beans

Originating from Peru, black kidney beans (BKB) etwelly spread through South and
Central America thanks to Indian traders and aicttsehave been brought to Europe by Spanish
explorers returning home from the New World in fifieenth century. Spanish and Portuguese
traders eventually spread the kidney beans thrédgta and Asia. The black kidney bean owes
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its name due to its strong resemblance to a kidhleg.BKB used for the thesis originated from
China.

3.3.3 Particle physical properties
25 kilograms of BEB, BKB and PET pellets (PP) wenailable for conducting the

experiments. To homogenise the samples, each alateas put through a sample riffler. The
glass beads were obtained from Hartl's (2008) mebeproject and consisted of approximately
4000 single and 2000 paired glass beads.

Individual particle weight

A total of 70 BEB, BKB and PP were randomly seldc®d weighed using a scale with
an accuracy of £0.0001g. The average weights aafficent of variance of the materials used
in this thesis are summarised in Table 3.2. Thesgteeads (GB) measurements were taken from
Hartl (2008).

Table 3.2 Average individual particle weight of ieass granular materials

Material AVG [q] cov n
Single glass bead$ 0.2860 1.3% 20
Paired glass beaff 0.5720 1.3% 20
PET pellets 0.0329 9.5% 70
Black eyed beans 0.2107 16.4% 70
Black kidney beans 0.3921 22.4% 70

AVG: Average, COV: coefficient of variance, sample size
[ Glass beads measurements from Hartl, 2008
2 Not measured, calculated as twice the individugibit of a single glass bead

The individual weight distributions of the matesi@re presented as histograms in Figure
3.18. The individual weights for the BEB and the BBEppear to follow a normal distribution,
whereas the PP and GB do not. This is possiblytduke various methods in which the grains
are produced. The BEB and BKB are organic and mediuwnaturally, whereas the PP and GB

are manufactured to a specific size.
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Figure 3.18 Individual weight distribution of vad® granular materials

n: sample size
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Particle solid density

The particle density or density of solidsis defined as the mass of solids divided by
the volume of solidd;. Solid densities do not take into account the sgulesent in bulk
systems. Experimentally the densities of solidsewdetermined by placing a known mass of
granular material into a measuring cylinder witknewn volume of water. The volume of solids

is then determined using the volume change. Thsitiles of solids are summarised in Table 3.3.

Table 3.3 Various granular material density ofdw®li

Material AVG p [kginf] COV n
Single glass bead® 2550
PET pellets 1247 15% 3
Black eyed beans 1186 0.5% 3
Black kidney beans 1277 15% 3

pssolid density, AVG: Average, COV: coefficient ciniancen: sample size
[t Hartl (2008) calculated from average dimensionsraag: of glas: bead

Particle shape descriptors

Agricultural materials are generally quite irregudad do not match any of the geometric
primitives easily. A significant number of shapagmeters may be required to describe them
accurately. Practical measurements show that theugashapes may broadly be characterised
by specifying selected orthogonal axes. For exaypleB can be characterised by using the
linear dimensions along the three orthogonal axesgth, width and thickness. Theses
dimensions almost always range in size from thgelstrto the smallest. Therefore, it is proposed

to refer to the length, width and thickness asrtiegor (MAJ), intermediate (INT) and minor

(MIN) dimensions respectively. An example using BERBIustrated in Figure 3.19.
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Intermediate
Minor

Major Major

Figure 3.19 Definition of particle major, intermaté and minor dimensions using a black eyed bean

The patrticle dimensions for the various maternveése measured with a digital calliper
(accuracy +0.0Imm) and are summarised in Table 3.4. The aspect tatiof a particle is

defined as the ratio between the major and interaedimensions in this study.

Table 3.4 Particle shape dimensions for variouswjeat materials

MAJ  INT  MIN a,

Single glass beads$120)!  AVG 6.0 6.0 6.0 1.00
COV  14% 14% 1.4%

Paired glass beads{120)? AVG 12.0 6.0 6.0  2.00
COV  14% 1.4% 1.4%

PET pelletsif=70) AVG 4.20 3.85 1.85 1.10
cov 3.0% 57% 11.7%
Black eyed bean$1€70) AVG 9.19 6.54 5.41 1.40

Cov 111% 6.3% 7.6%
Black kidney beansE70) AVG 14.73 6.73 5.24 2.20
CoOv 111% 8.9% 11.1%

AVG: Average, COV: coefficient of variance, sample size, MIN: minor, INT: intermediate, MAdajor,a,: aspect ratio
[ Measurements from Hartl (2008)
2l Based on single glass bead measurements

3.3.4 Particle mechanical Properties

Mechanical properties refer to the properties ahaterial that reveal its elastic and
plastic behaviour when a force is applied. The raaal properties of the glass beads have
been investigated extensively by Chung (2006) aad! K2008) and will be summarised in this
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3.2 Material Propertie

section. As the paired glass beads are simplyragtion of two single glass beads, their material
properties are identical to single glass beads. mbehanical properties for the PP, BEB and
BKB were acquired through a combination of labomatéests and from literature. The

mechanical properties of the materials were detezthas follows:

« The Young’'s modulusvas measured using the ASAE method with a spHdridanter
and a rigid platen compression method.

« Thecoefficient of sliding frictioowas measured with a sliding friction tester depetbby
Chung (2006).

« The particle to waltoefficient of restitutiowas measured using the restitution drop test
apparatus.

Other relevant mechanical properties include theffrment of rolling friction; however,
it is not a property that can be measured easily2040). Therefore, no attempts were been

made to quantify the coefficient of rolling frictio

3.3.4.1 Particle stiffness
To determine the Young’s modulus of the glass be@tising (2006) initially used the

ASAE Standard single particle compression testgusirspherical indenter (Figure 3.20, a) to
determine the particle stiffness. He discovered tha spherical indenter was accurate on
agricultural grains with a flat surface; howevee dbserved that when the granular material
being tested was rounder, the indenter slippedvesmsl subsequently bent. In these cases, the
contact area was no longer circular or ellipticatl ahe line of the applied load was also no
longer vertical. Consequently, the formula in th8A%& Standard (ASAE 1996) would not be
valid and therefore, the indenter method is notable for granular material that do not have
sufficiently flat surface. To overcome this issGaung (2006) used a vertical compression of the
particle between two rigid platens. A 3D laser s@n(3D Scanners Ltd 1998) was used to
capture the three-dimensional surface geometryndividual grains. The scanned data were
processed to more accurately measure the radiirgature.
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3.2 Material Propertie

(a) ASAE method with a spherical indenter (b) Rigisnpression platen combined with 3D
laser scan of surface profile

Figure 3.20 Experimental setup to determine parstffness after Chung (2006)
According to the ASAE standard (1996), the moduwluslasticity for a granular material
may be determined using the spherical indentert@dormula given by Shelef and Mohsenin
(1969).

3/2 2 1/2
£ 0.338K."“-P(1—v )(4) Equation 3.13

a3/? d

whereE is the modulus of elasticity of a single corn gré& is the load appliedy is the
deformation of the grainy is the Poisson’s ratio of the graith;is the diameter of the indenter
and K, is a geometric constant depending on the prinaigdii of curvature of the contacting
bodies. Equation 3.13 is based on a Hertzian contéb the assumption that the radii of
curvature of the corn grains are infinite. Basedhia assumptionk, = 1.351. For an indenter

with a diameter of Znmand an assumed Poisson’s ratio of 0.3, Equatit® &n be rewritten as

_0.68-P

— Equation 3.14

Chung (2006) proposed a method to derive an apptepapproach to interpret this; the

rigid platen compression methods based on the ngmeeral Hertzian contact theory
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3.2 Material Propertie

(Timoshenko and Goodier 1970). The shear modGldsr a particle can be determined using
Equation 3.15.

_E
T 2(1+v)

G Equation 3.15

The shear modulus for the glass beads was 1.6F&a1(Chung 2006) and the shear
moduli for the other materials were not measurethag were not required in the parametric
optimisation procedure.

3.3.4.2 Coefficient of sliding friction

Many researchers have attempted to measure thworiricoefficient, both particle-
particle and particle-boundary friction (Lorenzadt 1997; O'Sullivan et al. 2004b). However,
previous research is almost all limited to sphéraranearly spherical particles and may not be
suitable for irregularly shaped particles suchypgctl organic materials. Therefore the literature
on the measurement of friction coefficient for guéarly shaped particles is scarce. In this
study, the sliding friction angle between the gtanumaterial and boundary was determined
using a sliding friction tester (Figure 3.21) deddy Chung (2006).

In this test, three particles of a granular mateare glued to the base plate and a test
plate is placed over them. A spirit level is useahsure that the test plate is horizontal. During
the test, the inclination of the base plate is gadlgt increased around the hinge using an Instron
machine at constant speed, until relative slidiegveen the grains and the test plate occurs. The
inclination of the base platé can then be determined using height measurememts the

rulers. The static particle to wall coefficientfattion, p,,, can then be determined using

Upw = tan(8) Equation 3.16
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(b) Top view

Figure 3.21 Experimental setup for sliding fricti@ster developed by Chung (2006)

The particle to particle coefficient sliding frioh for organic materials is harder to
measure than industrial materials as a flat surfaceequired. Chung (2006) measured the

particle to wall (steelu,, and particle to particle,, coefficient of sliding friction of glass

beads to be 0.13 and 0.18 respectively.

3.3.4.3 Coefficient of restitution

The coefficient of restitution, gives a measure of the energy dissipated durountact.
The coefficient of restitution between a granulaatenial and a boundary can be determined

using a drop tester as shown in Figure 3.22 addssribed in detail by Chung (2006).
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Figure 3.22 Experimental setup for the drop teasedescribed by Chung (2006)

Using the impact and rebound velocity of a partiglenay be determined. To determine

e, for the 6Bmmsingle glass bead, a single bead was dropped &tight of 294nmonto a

stainless steel plate resulting in an impact vgjoof 2.4 m/s The results were extracted from

images taken during the experiment using a higedpamera (1000 frames/sec). An example

of consecutive images of a drop test using@nésingle glass bead is shown in Figure 3.23.

(a) Before impact

(b) During impact (c) After impac

Figure 3.23 Consecutive images of a drop test usiBgnmsingle glass bead (after Chung, 2006)
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The patrticle to walk, is easier to measure experimentally than thegbartid particlee,
as dropping a spherical particle directly onto Aeotspherical particle with perfect precision is
difficult. For this reason, the particle to pamid, is generally taken to be the same as the
particle to walle, (Chung 2006; ktl 2008). Hartl (2008) measured the particle tdlvea

between glass beads and steel to be 0.87.
3.3.5 Bulk physical properties

Bulk densities and void ratios

The volume of voids between the particles in a esystis subject the packing
arrangement, therefore a range of bulk densitiesecast for a single granular material. To
establish the range of possible densities that tenmaamay experience, the bulk densities were
determined for a system with an artificially indddeose and dense packing arrangement. The
densest packing arrangement is obtained using tstBrStandard Institute 1 litre mould for
compaction (BS 1377-4: 1990) with an internal disenef 205mmmould and shaker shown in
Figure 3.24 (a) and (b). The loosest packing aearent was determined using the samle 1
mould but filled using the ascending cone with mpact method (section 3.2.3.1) as illustrated
in Figure 3.24 (c).

(a) BSI 1l compaction mould  (b) Vibrating ‘shaker’ device to (c) Ascending cone with no
with top ring for aiding filling produce denser packing impact filling method

Figure 3.24 Laboratory apparatus used to determiiedensities and void ratios of granular matsrial

77
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As granular material behaviour is heavily dependir initial packing conditions
(Chung 2006; Hrtl 2008), determining a range of possible dersitias the advantage of helping
to determine how the various granular materials affected by the contrasting packing
arrangements. The average loose and dense bulkieem@sd void ratios for the five materials
are summarised in Table 3.5. The low coefficienvafiance highlights the test's repeatability,

however the limited sample size=@) in some case should be considered.

Table 3.5 Bulk densities and void ratios for vasigmanular materials

(a) Loose bulk densities using the ascending catfene impact filling method

Material AVG p [kg/nT] cov e n
Single glass bead$ 1500 4.9% 0.70 15
Paired glass bead’ 1401 2.1% 0.82 15
PET pellets 747 0.8% 0.67 3
Black eyed beans 732 0.8% 0.62 3
Black kidney beans 769 0.9% 0.66 3

(b) Dense bulk densities using the rainfall throagtieve filling method

Material AVG p [kg/nT] cov e n
Single glass bead$ 1574 0.5% 0.62 15
Paired glass beaf 1483 0.4% 0.72 15
PET pellets 815 1.0% 0.67 3
Black eyed beans 777 0.8% 0.62 3
Black kidney beans 819 0.1% 0.66 3

AVG: average, COV: coefficient of variange,sample sizeg: void ratio, o bulk density
U Hartl (2008)

3.3.6 Bulk mechanical properties

Bulk coefficient of sliding friction
The bulk mechanical properties of friction, inclodithe particle to walky,, .« and the
internal friction u,,, 1 Were measured using a Jenike shear tester. Thezieemtal setup is

shown in Figure 3.25.
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Figure 3.25 Jenike shear tester used to measuyréue(anternal and (b) the bulk particle to waitfion

(All dimensions inrmm)

The Jenike shear tester is one of the most widedyl unstruments to measure the flow
properties of particulate solids (Schwedes 2008 hternal friction is measured by filling a
squat metal cylinder (internal diameter 1481 height 43mm) with granular materials (Figure
3.25, a). The cylinder consists of a top and bottorg. During the test, the sample is sheared
laterally by moving the top ring relative to thettoon. The bulk particle to wall coefficient of
friction was measured in a similar manner (Figu53b); however, instead of having a bottom
ring, a flat surface of wall material is used am@danstraint from movement. Again, the sample is
sheared laterally by moving the top ring. The Jerikear testing was conducted in the following

stages (as described by Hartl, 2008):

Filling the shear cell and mould ring
Levelling

Pre-consolidating

Removing the mound ring, and levelling

Applying vertical stress and

o g A~ w NP

Shearing under constant normal load
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The lid and bottom of the shear cell were roughemiga 1 mmgrooves as recommended
in the standards (IChE 1989). The top ring was rgteor 6mmat a nominal rate of finnmin
(the displacement rate actually varied from 0.8 .#omnimin). The force was measured using a
load cell with an accuracy of 0.1d (equivalent to 9Pa average shear stress for the 1@
diameter shear ring used) at log rate dizd The linear horizontal displacement of the upper
shear ring was measured using spring loaded lve&able differential transformer (LVDT).

For each material, a dense (rainfall through aesreethod) and a loose filling (ascending
cone with no impact) were tested under 4 differernal loads, each of which were conducted
three times for repeatability.

The Mohr-Coulomb criterion (Lambe and Whitman 19¢@n generally be used to

adequately described the failure properties obaglar mass using

T = ¢ + 0y - tan(@pyix) Equation 3.17

Where 7, and g, are the limiting shear stress and normal stresshenfailure plane
respectively,c and ¢,,;, are the material constants known as the cohesidntlze internal
friction angle respectively. The granular mateneed in this study were all treated as
cohesionless materials=0). Based on this assumption, the bulk coeffic@ntriction can be
determined by fitting a linear regression linehe test series over the normal stress rangg .
Another method of describing the bulk friction ig bsing the secant friction coefficiept,
which is a ratio of the shear to normal stressidtire ¢/o,,).

An example of the shearing response during a Jesilgar test Figure 3.26. The
maximum or limiting shear stress is determined githe average stress ovem2nof the plateau

region of each curve. The shearing responses ctovesternal frictionu,,, ., and particle to

wall (acrylic) frictionp,,, i can be found in Appendix A.
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(b) Bulk particle to wall friction using PET pelieagainst an acylic wall

Figure 3.26 Shearing response during a Jenike sbéstarith central filling

Figure 3.27 shows the best line fit for each tesies consisting of five different normal
stress levels. A linear regression line was addeithé set of results for each material, with an
acceptable fitR¢ > 0.95).
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Figure 3.27 Shearing stress versus normal stressafimus granular materials

From Figure 3.27, positive and negative cohesiamb&erved from the various materials,
neither of which are physical phenomenon. As theerra tested is cohesionless, positive
cohesion is unlikely, and negative cohesion is fwlayly impossible. One possible explanation is
the overestimation of the normal stresses as dt i@swall friction. The plotted normal stresses
are calculated based on the applied stresses doghsurface 4, ) of the sample; however a
portion is absorbed by the wall friction along #tesar ring wall and a lower stress will exist at
the plane of shear. The vertical stress at thergblaae ¢, ) is given by Equation 3.18, the

derivation of which is presented in Appendix A.

_2H-upp-1<]

A Equation 3.18

OnB = OnT — 1

WhereH is the height of the samplK, is the lateral pressure ratio aRds the Jenike
shear cell radius. This equation illustrates tratiples with higher values & will experience
greater overestimations of, . It cannot be said what the direct influence aadhadient of the

curve is, as many others factors will affect thetem f1,,,,, stress level, porosity, etc). For these
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reason, it was not chosen to fix the linear regoassurves to a cohesion of 0 (through the

origin). The coefficients of frictiongi,, puix and ppw puik, and their respective bulk friction
angles are summarised in Table 3.6.

Table 3.6 The bulk particle to particle and pagti wall coefficients of frictions for various gralar
materials, using a central filling method

(a) Bulk particle to particle coefficients of frian, 1,y pyu

Particle material € Hppputk  Pppbuik
Single glass bead$ 0.70 0.48 26 °
Paired glass bead’ 0.82 0.45 24 °
Plastic pellets 0.57 0.69 35°
Black eyed beans 0.51 0.53 28 °
Black kidney beans 0.54 0.35 19°

(b) Bulk particle to acrylic coefficients of frich, i, puik

Particle material €o Hpw,butk  Ppw,buik
Single glass beads 0.55 0.24 13°
Paired glass beads 0.89 0.31 17°
Plastic pellets 0.49 0.20 12 °
Black eyed beans 0.49 0.13 8°
Black kidney beans 0.58 0.18 10°

U After Hartl (2008)
&, initial void ratio

The initial void ratioe, is relatively similar in all cases, except fornedi glass beads, as
the particle shape inhibits a naturally denser &irom during filling. A larger friction force
would be expected for a denser arrangement usegaime material.

Particles with larger aspect ratio are expectegrtmduce higherp,, . as particle
interlocking will be greater. However, the lowesternal angle of frictiorp,, »,,;x is observed

in the BEB which have the highest aspect rationdhe various grains and the PP which has the
highestg,,, . have the smallest aspect ratio.

83



3.4 Summar

A closer inspection of the particles reveals tleg PP is very angular and the small
particle size allowed for a denser packing arrareggmihe BKB have a very smooth surface
and the large aspect ratio encouraged a looseiqmackhis is echoed in the difference in initial
void ratio between the two grains.

It can be seen that the paired GB have a highg,;x than the single GB. This could be
attributed to the greater particle interlockingtioé paired particles. In addition, the single GB
will be more susceptible to rolling. The other mitls have similar values fq,,, py. The
shearing response curves for the particle to wadtiédn (Figure 3.26, b) show slip-slip stick
behaviour which are typically seen when shearedgaéxrylic boundaries and have been linked

to honking and quaking in silos (Buick et al. 2Q05)

3.4 Summary

3.4.1 Laboratory devices and measurement of the bulk respons

parameters

Two laboratory devices for measuring the bulk reses that will be used to calibrate the
DEM models in this study were selected; the rotatinum and the confined compression test.
These devices were chosen as they can producerdsphnses that are repeatable and easy to
guantify, as well as generate discriminating resuit numerical simulations when DEM
parameters are varied.

The bulk response measured from the rotating drsirthe dynamic angle of repose
formed by the granular material in a drum rotateiga speed of rpm at. The confined
compression apparatus can be used to determineutkestiffness of system by monitoring the
change in void ratio from the stress applied duarigading and unloading cycle. The gradients
of the loading and unloading curdendx will be the bulk response parameters used to reddib
the DEM models.
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3.4.2 Summary of material properties

The optimisation procedure developed in this thess designed to be applicable to a

wide range of materials. Therefore, a contrastietigo$ granular materials were chosen for this

study and consisted of:

Single glass beads
Paired glass beads
PET pellets

Black eyed beans

Black kidney beans

Granular material in industrial handling scenarmaely involve single particles and are

often found in bulk assemblies. It is therefore amant to distinguish between particle and bulk

properties. The material properties for a typicgnglar solid may be grouped into two

categories; physical and mechanical and can ditherparticle or a bulk property.

This chapter described and summarised the labgrdests used to determine the

material properties for the five granular materialhe material properties were either

determined through a set of laboratory tests wkequired or taken from literature.

This chapter has demonstrated the contrasting amdplex nature of the material

properties that are present in granular materials.
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Chapter 4

Experimental results and analysis of bulk tests

4.1 Introduction

Chapter 3 described the selection of the experiahel@vices and granular material used
in this study. This chapter will summarise the bedperimental results obtained from the tests
for each granular material and discuss the satesults. The focus will be placed on the two
main devices that were used to calibrate DEM modéls rotating drum and the confined
compression apparatus. The granular materialswiat tested include the single and paired
glass beads (GB), Polyethylene Terephthalate pelR®), black eyed beans (BEB) and black
kidney beans (BKB).

4.2 Rotating drum device

The flow regimes that exist within a rotating drinave been linked to many parameters

including the end plate sliding friction, fill valoe, drum depth, particle shape and size, the
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Froude number and rotational speed to name a fRwigérs 1965; Metcalfe et al. 1995; Dury et
al. 1998; Ding et al. 2001; Santomaso et al. 20@8ig et al. 2008).

The rotating drum device was used determine thamhja angle of reposg, produced
by the granular material at a given rotational sipdéis study focused on a relatively low speed

range (1 to 14pm).

4.2.1 The influence of rotational drum speed on the dycaangle

of repose

The five granular materials were tested in thetimgedrum to determine the dynamjc
as described in section 3.2.1.1. The rotationalkedpef the rotating drum was increased
incrementally from 1 to 14pm to investigate the effects of angular velocitytbe dynamiap,..
The results are shown in Figure 4.1. The rotatispakd at which the flow regime was observed

to change from slumping to avalanching is deling&tyea dashed line.
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Figure 4.1 Influence of drum rotational speed adiinamic angle of repose in a rotating drum for
various materials

Each data point is an average of 10 images anertbebar represents the standard deviation
The flow regime transition line represents transitior from a slumping to avalanching flow regi
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Figure 4.1 Influence of drum rotational speed adiilnamic angle of repose in a rotating drum for
various materials

Each data point is an average of 10 images anertbebar represents the standard deviation
The flow regime transition line represents transitior from a slumping to avalanching flow regi
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Figure 4.1 Influence of drum rotational speed adiinamic angle of repose in a rotating drum for
various materials

Each data point is an average of 10 images anertbebar represents the standard deviation
The flow regime transition line represents thegiton from a slumping to avalanching flow regime
GB: glas:beads, PP: PET pellets, BEB: black eye bens, Bk&:kkidney bear
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4.2.1.1 Centrifugal forces

Yang (2008) investigated the granular flow dynamitsa rotating drum for different
regimes using DEM by varying the rotation speed fdiand that the dynamig, formed by the
particle surface had a weak dependence on theiomtapeed during the slumping and
avalanching regimes, whereas during the cascadatgracting and centrifuging regimes the
influence increased significantly. This study foeti®n the inter-particle behaviour by studying
slow shearing systems and additional forces weateced or eliminated from the analysis where
possible.

The ratio of the centrifugal forcé, to gravitational forces, of a particle along the inner
drum wall (the most critical value) is defined Be hon dimensional rotation Froude numbBer

that may be described as Equation 2.21 and ipentive of particle mass.

Fr = Equation 4.1

wherer is the inner drum radiugj, the gravitational constant and the angular velocity
of the drum. Ag andg are constants in the drum experimehRtswill be affected by the angular
velocity at a quadratic rate. This is illustratedrigure 4.2 for a 184mdrum and speed range
of 1 to 14rpms. The bulk measurements used to calibrate the Diollels was the dynamit;,
at 7 rpm which has arFr=5E-3 and can be considered negligible in the amalyellmann
(2001) predicted an avalanching flow regime foFra&5E-3 which is correct for all materials
excluding the BKB.

4.2.2 Observations and discussion

The salient experimental results from the rotatingm device laboratory experiments on

the five granular materials are summarised in Tdble
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Figure 4.2 The effect of rotational speed on thdrifeigal forces in a rotating drum with an inneuich
diameter 184nm

Table 4.1 Summary of experimental results usingdketing drum

Single GB  Paired GB PP BEB BKB

Minimum dynamice, [°] 28.6 40.3 40.1 41.3 36.5
Maximum dynamicp, [°] 34.8 44.7 46.3 48.4 50.6
Difference between min and mabx [%0] 21.7% 10.9% 155% 17.1% 38.5%
AVG dynamicg, at 7rpm 33.0 42.3 44.4 43.3 40.3
COV at 7rpm 5.2% 4.5% 3.4% 4.2% 6.6%
nat 7rpm 10 10 10 10 10
Regime transition speedpj] ! 3-4 6-7 2-3 4-5 11-12
Rotational Froude number argm, Fr 5E-03 5E-03 5E-03 5E-03 5E-03
Aspect ratio of material, 1.00 2.00 1.10 1.40 2.20
Drum fill degreef 40% 40% 40% 40% 40%
Number of particles in druff 1210 590 5505 805 460
Drum diameter/major particle dimension 30.7 15.3 .843 20.0 12.5
Drum depth/major particle dimension 3.3 1.7 4.8 22 14

AVG: Average, COV: coefficient of variance;, sample sizeg: angle of repose
GB: glass beads, PP: PET pellets, BEB: black egethiy BKB: black kidney beans
M Transition from a slumping to avalanching flowireg
2 Determined using average particle and sample weigh
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The main observations that were made from the tesbitained from the rotating drum

experiments on the single and paired GB, PP, BEBBB are summarised below:

VI.

As the literature would suggest (Santomaso et @32Ding et al. 2001; Yang et al.
2008), the general trend for all of the granulatemals (less visible with paired GB) is
an increase in dynamig,- as the drum rotational speed increases (Figuje 4.1

The difference between the maximum and the minindymamic¢, over the rotational
speed range varies significantly for the five gtanumaterials. This difference is an
indicator of the influence of rotational speed ¢ tdynamice,. Paired GB and PP
appear to be less influenced by rotational speaa BKB.

The number of particles to achieve a 40% fill volunaries considerable for the five
granular materials (460-5500). This is important REEM computational times are
directly affected by the number of particles in flystem.

For all the granular material (Figure 4.1), thend&rd deviation is greater before the flow
regime transition than after. The higher standadation coincides with the slumping
regime where the dynamip, is more likely to vary. After the regime transitjothe
avalanching flow regime and the dynamngic is more consistent. This is reflected in the
lower standard deviation.

Systems with larger particles (paired GB and BKByé greater dynamig, variance
(i.e. higher standard deviations) as the numbepanticles along the surface profile
decreases (Table 4.1, drum diameter/major partialeension) and the dynamig,
determination is more susceptible to experimemaireThis phenomenon is illustrated
in Figure 5.16 and described in detail using a patac study in section 5.3.9.

The flow regime transition occurs at a range otiohal speeds for the various granular
materials (2.5 to 11.pm). The rotational speed of the flow regime transisi appears to
be influenced by the particle aspect ratip (defined as the major to intermediate
dimension ratio). A, increases, the inter-particle locking will increasccordingly. As

a result, a higher rotational speed is requiregctueve a constant avalanching flow. This
is illustrated by the BKB having the largest (2.20) and highest flow regime transition
speed (11-12pm). Due to the high coefficient of variance of thendmic ¢, during the

slumping regime, this study will focus on the awalasing regime.
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VII.

VIII.

XI.

The BKB (Figure 4.1, e) see a significant increaselynamic ¢, following the flow
regime transition (25%). After a macroscopic inigegion of the experimental videos,
slipping was observed along the inner drum walblkethe regime transition. This is a
result of the higha,, and inter-particle locking, forcing the particles the system to
behave as a single solid. When the system behawasimanner, a lower dynamgg. is
observed. As the rotational speed increase, thelearin the system loosen and develop
a more fluid like motion, the avalanching regimeeleps and the dynamig, increases.
At lower rpm, the paired GB displayed a significantly largendmwic ¢, than the single
GB (53% difference atrbm). This is attributed to the greater inter-lockiiogces found

in the paired GB. As angular velocities increabe, tivo lines converge demonstrating
that individual particle properties may not havecminfluence at greatepms and the
flow regimes is influence primarily by the centghl forces and boundary conditions.
This was confirmed in preliminary studies that usedpeed range of 1 to 40m, the
results of which can be found in Appendix A.

Although the two organic materials (BEB and BKByV&aontrastingz,., their dynamic
¢, are similar in magnitude. A closer look at theimgraurface (Figure 3.17) show
contrasting surface roughness which translateshigtezer bulk sliding friction observed
in the material characterisation using the Jenleascell (Table 3.6).Therefore, although
the BKB have a highet, than the BEB, the grain surface is smoother andéBults is
similar dynamiap,..

Dury et al. (1998) conducted a similar experimesih@g a rotating drum filled with single
glass beads. A comparative study with their redaltssimilar rotational speeds found
that their dynamicg, were consistently lower. However, their experiraéndetup
included a significantly deeper drum, where theruence of the drum end plates is
reduced and the result is a lower dynathjic

DEM simulations of granular materials have previguseen represented using single
spheres (Walton and Braun 1993; Dury et al. 199&uZet al. 1999). However, the
comparative plot in Figure 4.1 (f) illustrates thiging single GB to represent the granular
materials will underestimate the dynamyg., whereas paired GB display a more

representative angle.
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4.2 Confined compressic

The various granular materials have displayed taresting set of results in the rotating
drum device. It can be seen from the results thatbulk behaviour is complex in nature and
predicting bulk responses using numerical simutetiwill require an in depth understanding of

the experimental device and material properties.

4.2.3 Sources of errors

The main potential source of error in the rotatingm experiments comes from a manual
determination of the dynamif,. during the slumping regime as the number of pagialong the
surface profile decreases. To limit the potental érror, ten separate pictures were taken at
random intervals for each rotational speed andntle¢hod of manually estimating, was
systematic throughout the study.

The end plates have a significant influence ondyreamicg, (Dury et al. 1998) and the
experimental setup of the rotating drum had a hligimeter to depth ratio (9.2), therefore the
end plate friction is expected to have a greaftwmence on the results than in a deeper drum.

At higher rotational speeds, a minor amount ofistalectricity was produced between
the PP and the acrylic drum wall and manifesteglfithrough particles adhering to the drum
wall. However, the magnitude of the static electh@rges did not appear to affect the dynamic
¢, significantly, so was ignored. At greater rotaibspeeds, if the dynamig, is seen to be
affected by the static attraction, a static eleatror cohesion model may need to be included in

the numerical simulations when modelling the system

4.3 Confined compression

The confined compression test (also referred ttha, test) is used to investigate the
mechanical response of a granular bulk materiabundrtical loading and the subsequent load
transfer to the containing walls.

The confined compression test is the second expetahdevice used in the parametric
optimisation developed in this study. More speaific the bulk measurement used to calibrate
the DEM models was the bulk loadifgand unloadingc stiffnesses of the system under a
compression stress of 6%a The test was carried out on five granular materand each

material was tested using a dense filling methodchvhnvolved rainfalling (RF) particle
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4.2 Confined compressic

deposition through a sieve (after Chung 2006) ahdoae filling method using an ascending
cone (AC) filled with particles (after Hartl 2008)he granular materials were tested in the
confined compression test as described in sectidr2.3. The results were all analysed in a

systematic manner and each test was repeatedtitne=eto check for repeatability.

4.3.1 Stress-strain responses

The strains incurred from applied stresses in thdilted compression vary throughout
the sample. In this study, the strain is definethasaverage sample strain determined using the
confined compression platen heights, and the sisef=fined as the average stress applied by the
top and bottom platens.

The virgin loading of the confined compression desh the granular materials were
analysed by fitting a regression trendline. As libeding path was found to be non-linear, a
linear trendline would produce a less accurate rgggmn of the loading curve than a second
order polynomial (see section 3.2.2.4). Using gpamial trendline will enable the loading path
to be described as an empirical polynomial in trenf

y=Ax*+Bx+C Equation 4.2

The averagel andB coefficients for the virgin loading line of theréle tests on each the
various granular materials are shown in Table #l# coefficients are gradients of the stress
stain curve and are therefore an indication ofsiystem’s stiffness. The stress iskiha and the
average represents 3 tests with a coefficient obmae (COV),A < 7% andB < 20%. The
polynomial trendline fit was good with a correlatiof R* > 0.98. The single and paired GB
virgin loadings were not included as the low virgpading stress level (1&P3a) resulted in less

repeatable behaviour.

96



4.2 Confined compressic

Table 4.2 Average polynomial coefficient for thegin loading stress strain response of various riadge
and filling methods

Filling method  Coefficient PET pellets Black eyeghbs  Black kidney beans

Ascending cone A 2.6E+05 3.8E+05 9.0E+04
B 3.0E+03 2.6E+03 5.3E+02
Rainfall A 5.4E+05 5.9E+05 1.4E+05
B 6.3E+03 7.7TE+03 2.2E+03

The coefficientB represents the initial gradient when stressesvarg low. Granular
solids are often unpredictable at low stressesthisdis reflected in high COV faB. The two
filling methods produced very large differencewirgin loading gradient with the denser filling
method having a higher gradient (stiffer system@xsected. The smallest gradient is seen in the
ascending cone (loose) filling method of BKB. Tlésprimarily due to the large, of the
material which inhibits a naturally denser packargangement, especially when filled loosely.
When filled using the rainfall filling method (dex)s the PP and the BEB show similar stiffness
gradients.

4.3.2 Lateral pressure ratio

The well established Janssen (1895) formula usesdhilibrium of a horizontal slice of
the granular material to estimate pressures in da@leg. Janssen’s lateral pressure rdtio
describes the relationship between the averagssseacting on the finite dimension of a slice
and the stresses that act on the walls of a diles & widely used parameter for design in
geotechnical engineering and almost all design €ade a Janssen-type pressure distribution to
predict silo pressures (Wilms 1992; Rotter 2001; E®B1-4 1995). Due to the inherent
variability of granular materials, Eurocodes (1996ygest altering the lateral pressure ratio by a
conversion factor when designing silos and tanks.

Janssen assumed that the ratio between the aveffagtve vertical stress,, and the
stress normal to the wall; is a constant for a given bulk material store@ isilo. The lateral

pressure rati®, can be described as

T

K=— Equation 4.3
O-U
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The experimental setup for the confined comprestashrestricted the measurement of
pressures within the apparatus and therefore defined in this thesis using, as the average
horizontal pressure in the sample (determined ustrgin measurements around the cylinder
wall) anday, as the average platen stresses (determined Umrggresses on the top and bottom
platens). The lateral pressure ratios for the warimaterials using the ascending cone and
rainfall filling method are shown in Table 4.3.

Table 4.3 the lateral pressure rdfidor various granular materials and filling methods

Filling method Ascending cone Rainfall
AVG cov AVG cov
Single glass beads 0.65 9.1% 0.64 9.2%
Paired glass beads 0.71 6.7% 0.66 7.8%
PET pellets 0.44 5.3% 0.33 0.6%
Black eyed beans 0.60 3.5% 0.46 17.1%
Black kidney beans 0.53 6.5% 0.45 3.7%

Each test was carried out 3 times for repeatability
AVG: average, COV: coefficient of variance

The lateral pressure ratié depends on the material properties of the graibisture
content, bulk density, packing arrangement and ingdstructure of the grain formed during the
filling process (Horabik and Rusinek 2002). It d@seen from Table 4.3 that for each granular
materialK is greater for systems with a looser filling thithe denser equivalent. This suggests
that for lower bulk densities, the horizontal prees transferred from vertical stresses will be
greater.

The single GB show a relatively minor difference fiing method. As the other
parameters are kept constant during the teststlggests that the packing arrangement is very
similar. During filling, the single GB will roll ah settle into a naturally dense packing
arrangement, regardless of the filling method. Shagle and paired GB have a significantly
larger difference irK as a result of different filling methods than tRE, BEB and the BKB.
One possible explanation is the difference in BRtksson’s ratia,, which is directly linked to
packing arrangements. The squatter experimentap Ser the GB (see section 3.2.2.1) may
have contributed to a highex,, increasing.
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4.3.3 Bulk stiffness parameter

The bulk stiffness of a system is a useful mettmddscribe and predict how solids will
react under a variety of pressures. The bulk lapdimd unloading stiffness parameters are often
used in geotechnics and are the gradients of #dilg and unloading curves in the void ratio
versus compression stress semi-logarithmic platp &nown asA andx respectively. The
advantage of using a semi-log plot is that the amlilog curve is straightened and a logarithmic
trendline can be added to the loading and unloaliiieg. Wheread is a parameter dependent
on the plastic properties of bulk systemjs mainly dependent on the elastic properties (see
section 2.3.1.1). Another advantage of using th& btiffness parameter to calibrate the DEM
models is that they may be described using a sjpayl@meter.

To protect the integrity of the brittle glass bead®wer stress level was used (3%)
than the other granular materials which were cosgwe to 65Pa Each test was conducted
three times for repeatability and each material Villssd using the ascending cone (AC) and
rainfall filling (RF) method. A summary of the saiit results obtained from the confined

compression test for the various granular mateassshown in Table 4.4.

Table 4.4 Bulk stiffness parameters and initiabvaitios of various materials

Material Filling o Loading,A Unloading,k
method AvG cov  AVG cov AVG cov
Single glass beads AC 0.73 2.4% 3.7E-03 2.2% 2.9E-03 3.1%
RF 0.66 52% 3.5E-03 2.6%  3.0E-03 2.5%
Paired glass beaft AC 0.85 0.7% 4.3E-03 10.9%  2.6E-03 0.3%
RF 071 08% 4.1E-03 11.6%  2.7E-02 3.3%
PET pelletd? AC 065 16% 85E-03 50%  2.2E-03 2.9%
RF 049 35% 4.7E-03 43%  1.8E-03 1.7%
Black eyed bearld AC 059 03% 7.5E-03  0.5% 1.9E-03 1.3%
RF 046 6.2% 4.1E-03 45%  1.5E-03 2.3%
Black kidney bean$! AC 063 02% 1.7E-02 1.7% 3.3E-03 2.3%
RF 053 09% 1.1E-02 1.8%  2.7E-03 1.9%

Compression stress levl|35kPa,? 65kPa
AVG: Average, COV: coefficient of variance,: initial void ratio, AC: ascending cone, RF: rfailh Sample size=3
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4.3.4 Observations and discussion

The main observations that were made from the medfcompression test results on the

various granular materials are summarised below:

VI.

The bulk stiffness parametetsandk represent the loading and unloading gradient of a
void ratio versus log-stress graph respectively thedefore, a lower gradient translate to
a stiffer system. As expected, the general trendhi® five different granular materials is
a lower bulk stiffness gradient for a denser fglimethod (RF) than the respective looser
filling method (AC).

Systems with higher initial void ratiag will have higher bulk stiffness parameters and
vice versa. Systems with greater void ratios arasdo packing arrangements will be
more susceptible to incurring larger system stralnsing compression than denser
systems.

The bulk loading stiffness paramefefor BKB is the highest amongst the five materials
(i.e. softest system). This is in part due to thekng arrangement during filling. The
BKB have the largest aspect ratig.€2.20) of the five materials and naturally pacloint
a looser arrangement.

The low COV for of the bulk stiffness parametersalhthe tests (<5%), except for the
loading of paired GB, highlights the repeatabibfithe experiment. The high COV seen
in the paired GB can be explained by the rearraegéwf the system during loading as a
result of the significantly squatter experimenttiup for the GB (see section 3.2.2.1) and
the high a, of the paired spheresa,(=2.00), which lead to an unstable packing
arrangement during filling.

The average initial void ratios, for the single and paired GB systems was 30% highe
than the average, for other materials (0.74 and 0.56 respectivehd & a direct result
of the greater boundary effects of the squatteeexgental setup used for the GB.
Although the rotating drum test did not producensigantly discriminating factors for
the five different materials, it can be seen (TahlB) that the confined compression test
produce a range bulk stiffness gradients (2E-B@X This highlights the importance of
using several tests to calibrate the optimisatiooc@dure. As described in Chapter 3,

each experiment was chosen as the bulk responsametrs were influence by
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contrasting materials properties; the dynamjcis primarily influenced by frictional
forces, and the bulk stiffness parameters by tinécfes shear modulus.

VIl.  As described in Chapter 3, the bulk stiffnessesirdteence by the stress level applied
during confined compression. To preserve the iitte@f the single and paired glass
beads (GB) a maximum stress of BBa was applied. This is reflected in the bulk
stiffness parameters whese for the GB (~3E-3) is relatively similar to thehet

materials, even though the particle shear modslasuch higher.

4.4 The influence of particle aspect ratio on the bulk

response parameters

The various granular materials chosen for this ystuwhve contrasting material
characteristics including the particle aspect ratipwhich is defined as the ratio of major to
intermediate dimensions of the particle. An invgsdiion into the effects af, on the dynamic
¢, and bulk loadingl and unloadingc parameters using the ascending cone (AC) andathinf
(RF) filling method was carried out. The results plotted in Figure 4.3.

It should be noted that the magnitude of the siagié paired GB results for the confined
compression test should not be compared directlly thie other materials as the experimental
setup varied.

Excluding the single GB, it can be seen (Figure d)3hata, has minimal influence on
the dynamiap,. One would expect the dynamjg to increase aas, increases and the particle
inter locking increases; however, the range testellis thesis is relatively small (1.00-2.25) and
therefore an accurate trend cannot be determirteglsihgle GB have a dynamjg. 30% lower
than the other materials. As mentioned previouslig is mainly due to the particles ability to
roll and lack on inter-particle locking.

It can be seen from Figure 4.3 (b) and (c) thaththié stiffness parametedsandk are
significantly influenced the filling method as weal$ thea,.. The BKB have the largest. and
the largest values of andk which translates to a softer system. The greatsstrepancy
between filling methods comes from loading the BKiginly due to the large, during loose

filling (ascending cone) which will naturally inhtlenser formations.
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The single and paired GB show negligible discremnbetween filling methods and

minimal effects ofa,. on the bulk stiffness parameters.
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4.5 Alternative device for calibrating DEM models

The particle packing structure in a bulk solid engrally understood to significantly
influence its bulk behaviour (Chung 2006&tH 2008) and understanding the parameters that
affects the system’s packing arrangement and ukiipdulk properties is therefore essential.
Chung (2006) investigated a dense filling methodctviinvolved rainfalling particle deposition
through a sieve and Hartl (2008) investigated a&doblling method using an ascending cone
filled with particles. An alternative device fomltbrating DEM models was investigated by
studying the effects of these two filling methodstbe bulk properties of the various granular
materials. Each filling method was carried outvio tifferent containers; a control test using a 1
litre mould (BS 1377-4 1990) and a larger acryliodal silo with an internal diameter of 145
mmand the sample which had an average height ofi8aGSilo filling bulk densities and initial
void ratios of various materials using the twarig methods are shown in Table 4.5. The results

for the control test produced similar results aad be found in Appendix A.

Table 4.5 Silo filling bulk densities and initiabid ratios of various materials using two differéhing

methods
Material Filling method e AVG p cov
Single glass beads Ascending cone 0.73 1475 1.0%
Rainfall 0.66 1554 2.0%
Paired glass beads Ascending cone 0.85 1375 0.2%
Rainfall 0.71 1492 0.2%
PET pellets Ascending cone 0.65 756 0.6%
Rainfall 0.49 837 1.1%
Black eyed beans Ascending cone 0.59 747 0.1%
Rainfall 0.46 815 2.0%
Black kidney beans Ascending cone 0.63 781 0.1%
Rainfall 0.53 836 0.3%

AVG: Average, COV: coefficient of variance,: initial void ratio, p: bulk density, Sample size

The very low coefficient of variance (<2%) highlighthe tests’ repeatability. As
expected, for each granular materigl,is higher when filled with the ascending cone $®o

method) than the rainfall (dense) method. As thHel stensity is consistent for each material,
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denser filling methods will lead to a higher bukkngity p. As mentioned previously, of the
glass beads are higher due to the squatter expgahsetup and greater boundary influence.
The difference ip between the two filling methods for each of thaemals is less than
10%. As the difference is not significant, this gests that the filling method is not a
discriminating bulk response and it is thereforé sugtable for calibrating the DEM models in

the parametric optimisation and was therefore setiu

4.6 Summary

This chapter described and analysed the bulk expetal results obtained from two
main devices using the five contrasting granulatemas. The bulk responses that were
measured to calibrate the DEM models were the dimangle of reposep, of granular
materials in a drum rotating atr@m and the bulk loading and unloading stiffness parameters
determined using the confined compression testrua@enstant compression rate ahfr’min.
Compression tests were carried out on systemdl filleng the ascending cone (looser) and
rainfall (denser) filling method. The results for alternative device for calibrating DEM models
using silo filling were also included.

The general trend for all of the granular materialthe rotating drum device (less visible
with paired GB) is an increase in dynampicas the drum rotational speed increases (Figuje 4.1
The five different granular materials showed castirey bulk responses including varying
dynamic ¢, ranges and flow regime transitions speeds. The ftegime transition from
slumping to avalanching occurred at a range oftimtal speeds for various granular materials
(2.5 to 11.5pm). The change in flow regime appeared to be inflednprimarily by the particle
aspect ratia,.

At lower rotational speeds, the paired GB displagedignificantly larger dynamic
¢, than the single GB (53% difference atpln). As angular velocities increase, the discrepancy
reduces, demonstrating that individual particlepprties may not have much influence at greater
rom and the flow regime is influenced primarily by tlentrifugal forces and boundary
conditions.

The two filling methods in the confined compressiest produced significant differences

in virgin loading gradient of the stress strain estve. As expected, the denser filling method
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had a higher gradient (stiffer system) than theséodilling method. The smallest gradient was
seen in the ascending cone (loose) filling methbdIEB. This statement is also true with
regards to the bulk stiffness parameters, wherggéimeral trend for the five different granular
materials is a lower bulk stiffness gradient fademser filling method (rainfall filling) than the
respective looser filling method (ascending cores).expected, in all caseg is higher when
filled with the ascending cone (loose method) asmd aonsequence, the bulk dengitig lower.

Silo filling with the ascending cone and rainfallliig methods did not produce a
significant difference inp for the various granular materials and was theeefdeemed
unsuitable as a bulk response parameter to calibted DEM models in the parametric
optimisation.

It can be seen from the results that the bulk bieliawf granular materials are complex
and diverse in nature and predicting bulk responseserically requires a deep understanding of

the experimental devices and materials’ properties.
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Chapter 5

DEM parametric investigation on granular
bulk behaviour

5.1 Introduction

The previous chapters have discussed the selesfitire experimental devices, granular
materials and bulk response parameters measurenszdsto calibrate the DEM models. This
chapter will focus on the numerical DEM implemeimtatused to simulate the bulk experiments
as well as a parametric investigation of the DEplLinparameters.

The DEM implementation will cover the rotating druapparatus and the confined
compression test and highlight any assumptiongwpldications that were made.

The optimisation procedure will use a matrix of glations to optimise the DEM
parameters. This matrix of simulations will provitthee dataset necessary to establish optimised
parameters using the calibration measurements rachfsrom the physical tests. The parametric
investigation will focus on the other model paraengtthat are not optimised and are determined
separately. Their influence on the dynamic angleepbsep, the bulk loadingl and unloading

Kk stiffnesses are analysed and discussed in theioly chapter.
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5.2 DEM Implementation

5.2.1 General

DEM is based on the use of an explicit numericdleste in which the interactions
between a finite number of particles are monitotedtact by contact and the motion of the
particles is modelled particle by particle. The @ydused DEM with soft contact approach was
used in this study. Specifically, the DEM code EDEDEM Solutions Ltd 2009) was used
exclusively for the simulations mentioned in thigedis. The Hertz-Mindlin no-slip contact
model with damping and a frictional slider in tlaagential direction was adopted. Except where
explicitly stated, a multiplier of 20% was appliéal the computed critical time step for the
simulations carried out. This value was chosenctoexe numerical stability without increasing
the computational cost. It should be noted that dhesen critical time step varied with the
optimisation procedure.

Besides the particle density, the particle sheadulus G and the Poisson’s ratio have
to be specified as well as interactions such aspdamrolling friction and sliding friction. The
walls are treated as entirely rigid and cannot idefonder an applied force.

Establishing an accurate particle shape represemtavas not a priority for the
optimisation procedure and a generic particle timgj of two spheres with equal radii were
used, except where explicitly stated. The aspeéict, i@. (major/intermediate dimensions) varied
according to the requirements in each simulation.

After setting the DEM input parameters, a methadginerating the particles to replicate
the physical packing arrangement as accurately @ssilfde whilst not increasing the
computational cost was required. There are twosygearticle generation methods available in
EDEM,; static and dynamic. Static generation produparticles at a specified time and the
simulation is paused during particle generationenghs the dynamic generation produces
particles over the duration of a simulation and #ivaulation continues as the particles are
created. For the present study, the particles wenerated in a dynamic factory. It is clear that
neither the particle or boundary shape nor thetepadicle deposition method can be modelled

exactly and therefore justifiable assumptions rtedake made.
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5.2 DEM Implementatio

This section will describe the DEM implementatidntioe two laboratory devices used
for the optimisation procedure. The DEM paramegeispted for the various simulations may be

found in Appendix B.

5.2.2 Rotating drum experiment

The rotating drum was modelled at full scale usaangimilar number of particles (as the

experiment) to fill the drum. All of the simulatisrronsisted of three stages;

1. Random particle generation stage within the statipdrum €;,,,:0 - 4s),
2. Drum acceleration stage,:4 - 5s), and

3. Constant drum speed stagg,f:5 -20s).

The dynamic angle of reposg. is determined using images taken frogg,:10 - 20s,
where the drum acceleration effects on the pastidee assumed to be dissipated, and the

rotating drum flow regime has stabilised.

5.2.3 Confined compression test

Initial confined compression simulations were méatel at full scale, using the
experimental dimensions and number of particlesvé¥@r following a parametric investigation
on the dimensional scaling (section 5.4.1), thefined compression cylinder was scaled down
to 60% of its original size for computational eiiocy.

Two methods of filling were used for the confinegimpression experiments; a dense
method (particles rainfalling through a sieve) anlbose method (using an ascending cone). In
an effort to reproduce accurate experimental pgckiensities, several numerical methods were
explored. Preliminary studies simulated the expenital filling methods accurately using a scale
sieve (14mmaperture) as shown in Figure 5.1. Simulatingniglimethods in this manner was

computationally expensive and not essential to gredxperimental packing arrangement.
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(a) Side view

(b) Alternative angle

Figure 5.1 A sequence of images illustrating aiialry study investigating the numerical rainfall
filling of particles through a 14x1smmsieve

Further investigations to produce packing densiiesilar to the physical test led to a
method involving a parametric alteration. This noetlconsisted of three stages;

1. Alter the particle-particle and particle-wall frighal parameters as well as the particle
generation rate to achieve a target packing density

2. Randomly generate the particles within the cylindérich reduces the time they take to
settle.

3. Restore the parameters to their original valuesl@ank to settle

To produce a denser packing arrangement, a lowee \ad friction and a lower particle
generation rate are needed and vice versa forseidqmacking arrangement. The parameters to
achieve a loose and dense packing arrangementedauitd in Appendix B.
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5.2 DEM Implementatio

Unlike Chung’s (2006) experimental setup of thefomd compression test, the acrylic
cylinder in this thesis was not supported at theebdherefore, by applying a load from the top,
the sample is in fact experiencing a two way corsgion from the top and bottom platens.

The boundaries and geometries in EDEM are rigid @gmahot allow for movement as a
result of forces from particles. It was chosenaédq@rm a two way compression on the sample by

loading from the top and bottom at as shown in FEdu2.

1 mmy/s 0.5 mmy/s
2222 2R! W
Sample Sample
(RRRARE)
0.5 mmy/s
(a) Unrestraint geometries (Experimental) (b) Restrgeometries (Numerical)

Figure 5.2 Simulating unrestraint geometries in D&Mulations

After the randomly generated particles have settiled top layer of particles may be
uneven. To flatten the surface, an initial pressireg load of 3.%Pawas applied by lowering
the top platen until the desired stress was actieVkis load corresponded to the experimental
stress applied by the acrylic platen used to fhetites top surface in the physical test.

It is generally understood that the behaviour ahgtar solids at very low stresses can be
highly variable and sensitive to the local partipkcking structure (Hartl 2008; Chung 2006).
For this reason, this study focuses on the behavbustresses greater thankBa in the
experiments as well as the numerical simulations.

All the confined compression simulations were cantéd in a systematic manner and

consisted of four stages;

1. Random particle generation within the cylindgg,{:0 - 4s),

2. Application of 3.5kPapre-stressing to level the top surface by lowedrgp platen
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5.2 Investigation of no-optimised paramete

3. Two way loading to the desired stress level
4. Two way unloading to &Pa

The starting condition of the confined compresgest is the state after the pre-stressing
has been applied and the analysis on the bullnesff is adjusted accordingly. In other words,
the strain of the sample at this point is take®%s however the vertical stress in the sample is
still 3.5kPa

5.3 Investigation of non-optimised parameters

The optimisation in this thesis will focus on opiing three inter-particle parameters
(coefficient of sliding friction, rolling frictiorand restitution) and the particle stiffness. Theéma
reason for choosing inter-particle parameters \masstenario specific nature of the particle to
wall interactions.

These four inter-particle parameters will be vanddlst the other parameters are each
fixed at a constant value. A parametric investmatior each of the non-optimised parameters
was carried out to determine the most suitableevéduadopt. Their influence on the dynamic
angle of repose, and the bulk loading and unloading stiffnesses parameters were analysed

and are discussed herein.

5.3.1 Reference simulation

To carry out a robust parametric study, a referesicrilation was needed. The DEM
implementation for the reference simulation wassemoas typical mid values, based on literature
(Chung 2006; Hartl 2008; Dury et al. 1998) and édperiments (see Chapter 3). The DEM
implementation used for the reference simulatioprissented in Table 5.1. Unless explicitly
stated otherwise, these were the DEM parametergedion the parametric study simulations. In
addition, the y-axis scale for each bulk response is consistent throughout the parametric

study to aid visual comparison (e.g°30 60 for the dynamic angle of repose).
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Table 5.1 Reference simulation case for the parrsttidy

DEM Implementation Value
PP, PW coefficient of sliding frictionuf,, u,w) 0.30
PP, PW coefficient of restitutior,( e ,.,) 0.50
PP, PW coefficient of rolling frictionu ,,, trpw) 0.04,0.00
Poisson's ratiqy 0.30
Particle densityp, [kg/nT] 1200
Particle shear modulu§ [P4d] 1E7
Number of spheres in a particle 2
Aspect ratioga, 1.50
Sphere radiusfini 3.3
Number of particles in drum 600
Scale of experimental drum 100%
Number of particles in confined compression cylinde 3100
Initial void ratio in confined compression cylinder 0.54
Scale of experimental confined compression test 60%
Compression speed of each plateni/set 1
Fixed % of Rayleigh time step 20%

PP: particle to particle, PVparticle to wal

5.3.2 Shape representation

Particle shape representation is an important agp&EM simulations. Creating a more
accurate representation of the grain shapes suabresiltural grains requires many spheres per
particle. It has been suggested (Chung 2006; H2Z008) that an accurate geometrical
representation of a granular material does notgsacy lead to a more accurate prediction of
the bulk behaviour and often a quite crude reptesen with a few spheres can produce
satisfactory results, thereby reducing the comprntat time. Increasing the number of spheres
per particle will drastically increase the compigtaal effort which may not be essential. An
example of increasing the accuracy in shape repi@sen and resolution using an increasing
number of spheres can be seen in Figure 5.3. Howavethe optimisation procedure was

designed to be applicable to a wide range of geanwhaterial, increasing the shape
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representation accuracy for a specific materiasdu# make sense. Instead a generic shape was

used to model the various granular materials s tiesis: two spheres with equal radii.
1 2 3 7 23
oY,

Figure 5.3 Shape representation of a black eyed bgiag increasing number of spheres

5.3.3 Particle density

Altering the particle density; has two main effects in DEM simulations; firstadl, if
the volume of the particle remains constant, thesya the particles will change and secondly
the computational time will be affected. Changihg mass may affect systems where force
calculations have a dominant influence and comjmunal times are important when conducting
numerous or large scale simulations.

What is important for this thesis is the effecthas on the bulk behaviour. Figure 5.4
illustrates the effect of changing, on the dynamic angle of repogg. It can be seen that
increasing the particle density from 120 to 12,801 does not have a significant effect on the
dynamic ¢,.. At very high p,, the dynamic¢, decreases slightly (4%), possibly due to the

increase in bulk weight affecting the rotationabkale numbertr.
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Figure 5.4 Effect of particle density on the dynaisngle of repose

Error bars represent +1 standard deviation, sasipé=10

Decreasingpg will increase the computational time (see secfdh6). The change in
computational time can be estimated using the Rgylgme stepR,. Decreasing, by 100 will
increase the computational time by 10.

As far as the confined compression simulations camecerned, changing the particle
density will change the bulk weight of the particknd the initial pressure on the bottom platen.
In other word, increasing, in the confined compression simulations will leda minor
increase of the initial vertical stresses (the vmaitio vs. log-stress plots will shift accordingly)
however, as the bulk loading stiffnessesand k are gradients, they are not expected to be
influenced.

From a scientific standpoint and for analytic siiwipy, a round value of 100Rg/n? for

the particle density was chosen for the numeriatdset.

5.3.4 Particle Poisson’s ratio

The particle Poisson's ratiois the ratio of transverse contraction strainawgitudinal
extension strain in the direction of the stretchioge. Figure 5.5 demonstrates the influence of

v on the bulk stiffness parameters. It can be skandasv increases, the loading and unloading
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stiffness parameters decrease, which translates stiffening of the system. Increasing the

Poisson’s ratio from 0.1 to 0.45 will decreasandk by 24% and 23% respectively.
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Bulk stiffness parameter
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#-Unloading, k
0.00 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Particle Poisson's ratio, v

Figure 5.5 Influence of Poisson’s ratio on bulkfséss

Albeit a discriminating factory is not a focus for this study and will not be apted. A
mid value between typical organic and inorganicidsolwas chosen for the fixed value.
Agricultural materials have a Poisson’s ratio aurs 0.4 (Chung 2006) and glass beads have
a Poisson’s ratio of = 0.22 (Hartl 2008). Therefore, a Poisson’s rafie = 0.3 was chosen to

be used in the numerical dataset simulations.

5.3.5 Particle to wall coefficient of sliding friction

The particle to wall coefficient of sliding frictiou,,, is very scenario specific and will
vary depending on the properties of the contactases and the particles involved. This
parametric study investigated the effecugf, on the bulk stiffness parameters and the dynamic
angle of reposep,.. In the confined compression test, the shear $oexel mobilised friction
along the wall were examined, and in the rotatingrdthe effect of varying the inner drum wall

Upw Versus the end plage,,, were investigated.
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Typical values ofu,,, for the material used in this study against aylacsurface range
from 0.2 to 0.4 (Chung 2006; Hartl 2008), howevewider range was used in the parametric
study.

Confined compression test

The effect ofu,, on the numerical bulk stiffness parameters wekestigated and
produced the results shown in Figure 5.6. The gérernd forA andk is a decrease in bulk
stiffness gradient ag,,, increases. This translates to a stiffening ofdixgtem. The frictional
forces along the wall act to restrain the compoessluring loading and restrict rebounding

during unloading. Therefore, increasimg, contributes to a stiffening of the system.
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O Loading, A
A Unloading, k
0.00 : . .
0 0.2 0.4 0.6 0.8 1

Particle to wall coefficient of sliding friction, £4,,,

Figure 5.6 The effect of particle to wall coeffieteof sliding frictionu,,,, on the numerical bulk loading
and unloading stiffness parameters

Frictional forces along the boundary wall
To better understand the influencegf, on bulk behaviour, the frictional forces along

the cylinder wall were examined in detail. The nligbd friction coefficienty,,,; is the ratio of
shear forceF, to normalF, force at each contact and is an indicator of pribqo of frictional

forces that exists at that contact. Whgy, = unme, the frictional forces is said to be fully
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mobilised. The wall friction can be analysed usi)g,; of the particles against the cylinder wall
at each contact point. The particle to wall sheacds acts in the opposite direction to the
movement of the particles and theoretically, iwa way compression the intensity will decrease

as it approaches the plane of equilibrium wheresttear force is zero (Figure 5.7).

Direction of compression plates

100 % J L

2 | r f L

§5) 1 r |

% 50 % 1 M l__  Planeof g o

= ! I equilibrium !

g J r

3 \ | 1 )
J l, Direction and '] [\
J l, magnitude of

0% wall friction 1 r
Shear force
(a) Particle to wall shear forces (badmg (c) Unloading

Figure 5.7 Theoretical prediction for the directeomd magnitude of particle to wall tangential farce
during loading and unloading in confined compressio

The total frictional force on the wal], can be written as

E, = J 2nR .1, dh Equation 5.1

WhereR is the radius of the cylindedh is the changed in height anglis the wall shear
stress. The mobilised frictional forces along thallwere examined for the two simulations
referred to in Figure 5.6 whem,,= 0.1 andu,,= 0.9. The forces were examined at two
specific time steps when the average platen vésgtoass was at 3kPaduring loading and at 30
kPa during unloading. Assuming circumferential symmelt,,,, can be plotted against the

contact height (as a percentage of total heightyhemsvn in Figure 5.8 (a, b). Although the
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mobilised friction is a coefficient, for illustra® purposes a negative valuegf,, indicates
upward shear forces in the z- direction.

From Figure 5.8, it can be seen that the magnitideobilised friction is greater when
Upw= 0.9 than whem,,,= 0.1. The plane of equilibrium where the sheacderare zero should
theoretically be located around the mid-heighthef sample if the sample is compressed at the
same rate from both ends. However, it can be damnthis plane is found slightly above the
mid-height of the sample (55-70% of sample heighithy u,,,= 0.1 showing a plane higher than
Upw= 0.9. This is possibly due to the numerical setuged to simulate experiment.
Experimentally, the compression stress is appliethfa top platen (Instron machine) and as a
result of the unrestrained cylinder, two-way consgien of the sample occurs. Numerically this
is replicated by moving the top and bottom plategether (for loading) and in opposite
directions (for unloading). As a result of graviba@l forces, the initial conditions before
confined compression occurs are different neartdpeand bottom platens. The bottom platen
experiences the additional stress due to the stjtw of the sample, whereas the top platen only
experiences the 3&Pa from the pre-stressing. The packing arrangemeantsis denser in the
bottom half of the sample and the particles ars Iaslined to move during compression and
vice versa for the top half.

Preliminary analyses of the scatter plots in Figbu& (a, b) would suggest that many
contacts have been fully mobilised. To reveal aepiwal trend in the numerical confined
compression, averaging methods (moving average® uwsed as shown in Figure 5.8 (c, d). In
addition, a histogram of the mobilised friction wpsoduced (Figure 5.9) to determine the

frequency of the contacts that have been mobilised.
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Figure 5.8 The particle to wall tangential forcisng the cylinder wall during confined compression
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Figure 5.9 Frequency and cumulative frequencytfemhobilised friction along the cylinder boundary

From Figure 5.9 we can see that whep, = 0.1, a majority of the shear force contacts
during loading are either fully mobilised or close full mobilisation. However, during
unloading 50% of the contacts have little to noashmobilisation. Whenu,,, = 0.9, the
mobilised friction is more evenly distributed dugiloading and unloading.

The mobilised friction along the boundary wall whep,= 0.1 (Figure 5.8, c) follows the
theoretical trend as shown in Figure 5.7 (c) wisdrear forces are positive in the top half and
negative in the bottom half for loading, and viesa for unloading. Analysis conducted on the
stiffness parameters showed thgf, had a greater influence on the bulk unloadindnetgfsk
than the bulk unloading stiffnedsand increasing,,,, from 0.1 to 0.9 resulted in a 30% and 55%
decrease il andk respectively.

The loading trend whem,,,= 0.9 (Figure 5.8, d) appear to follow theoretipegdictions.

In this casepu,,,, IS greatest at the extremities which would suggaeste movement near the
compression plates. However the unloading trenplalys irregular results, the reasons for which

are not fully understood.
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5.3.5.1 The effect of inner drum wall and end plate friatim the rotating

drum

Dury et al. (1983) suggested that the dynagicnear the end plates would be heavily
influenced by the particle to wall coefficient aiction ,,,. This forms the basis for this section
of the parametric study.

With respect to the rotating drum device, the inderm wall is the section lining the
inside of the drum and the end plates are the lairqlates on either side of the drum confining
the granular materials (Figure 2.5). A parametticdg was carried out to find the effect of
altering the inner drum wall and the end platetivit i, independently. Figure 5.10 illustrates
the influence of the inner drum wall friction aritetend plate friction on the dynamge¢. It can
be seen that the dynamijg is not significantly influenced by the inner drumall y,,,. This is
because, as long as the rotational Froude nufbisrgreat enough and thg,, > u,,, . (Where
Upw,c IS defined by Mellmann (2001) as the critical mdetto wall friction where slippage no
longer occurs) so that the particles do not slgnglthe inner wall in a sliding, surging or
slumping regime, the particles will be carried he top of the granular material surface profile
height. At this point, the particle’s weight wilase it to roll down the surface profile regardless
of the inner wally,,,. Therefore as long as the inner drug, is large enough to prevent
particles slippageu,,, should have a minimal effect on the dynamjc

Figure 5.10 concurs with Dury et al.'s (1998) obagon on the significant influence of
Upw ON the dynamigp,.. Increasing the end platg,,, from 0.1 to 0.9 will increase the angle of

repose by 40%.
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Figure 5.10 The influence of inner drum wall frigtiand end plate friction on the dynamic angle of
repose at rpm

Error bars represent +1 standard deviation, sasipé=10

The patrticle to wall coefficient of friction is egive to the material of the particle and the
wall. Therefore,uy,, is very problem specific and will depend on thetsgn that is being
simulated. In an effort to establish a systemapipr@ach to this problem, it is proposed to
perform a pre-optimisation to determine an appaiprvalue to fix,,, at. The proposed method

is as follows:

1. Determine the experimental bulk particle to walkffwient of friction u,,, ;. for the
particle and wall materials of interest (Generallgtermined using the Jenike shear
tester). There are various granular materials usetthis thesis with varyingu,,, pux.
however, for the purposes of this study a valugugf ,,,=0.29 will be used. This
represents an average value of the organic matesigl,,;x=0.34, Chong 2006) and

glass beadsuf,, p,i= 0.24, Hartl 2008) against an acrylic surface.

2. Following the determination qf,,, ,,, infer the correct particle input parametey,
that will produce the correct bulk behaviour. H{20D06) ran a series of numerical
simulations to simulate the effects of increasimgt,,, on u,,, p,u (Using particles with

ana, = 1.50) to produce the graph shown in Figure 5.11.
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Figure 5.11 Effect of particle to wall sliding ftiecn on the bulk particle to wall sliding friction
using particle with 2 equal spheres with aspea fab0 as demonstrated by Hartl (2008)

3. To obtain auy,y puik= 0.29, auy,,= 0.30 should be used and was the value chosehior
study.

For the purposes of this study, a particle to wradtion of u,,,=0.3 will be used. Hartl
(2008) has demonstrated DEM'’s ability to simulatkiparticle wall frictions at low values (i.e.
a ppw= 0.3 will produce aup, pux=~0.3). However, for higher values of,,, DEM will
underestimate bulk behaviour of friction. A highey, may be needed to compensate because

surfaces are not always perfectly flat as simulatdeDEM.

5.3.6 Coefficient of rolling friction

When a patrticle rolls along a surface, both thdigarand the surface can deform to
oppose this rolling motion. This is usually reprase as a torque being applied to each of the
bodies. The coefficient of rolling frictiom, is a scalar value used to determine how much &rqu
is required to be applied to an object of a giveatemal at rest on a flat surface to put it into
motion. Rolling friction in DEM simulations has bestudied and reviewed in detail by Ai et al
(2010) and summarised in 2.2.5.
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The rolling friction model,.adopted in EDEM applies a torque to the contactimfpces
using Equation 5.2.

T = — U FRiw; Equation 5.2

whereR; the distance of the contact point from the ceotenass andv; the unit angular
velocity vector of the object at the contact poiftie effect of the particle to wall coefficient of
rolling friction w,,, on the dynamic angle of repagge was investigated and the results are
shown in Figure 5.12. It can be seen that incrgasip,, from 0 to 0.4 will increase the dynamic
¢, by 8%.
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Figure 5.12 The influence of particle to wall cagiéint of rolling friction on the dynamic angle fpose

Error bars represent +1 standard deviation, sasipé=10

The influence ofu, ,, on the bulk stiffness parameters during confinechjgression is
shown in Figure 5.13. The effect of increasing,, from 0 to 0.4 will see a linear increaseiof
andxk by 8% and 15% respectively. The increase ia almost double that of theincrease. As
with the particle to wall coefficient of slidingiétion, the boundary effect plays a dominant role

in the system’s ability to rebound during unloadimgerefore, increasing the rolling friction will
result in a stiffening of the system.
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Figure 5.13 The influence of the particle to waléfficient of rolling friction on the bulk loadingnd
unloading stiffness during confined compression

The rolling friction model adopted in EDEM is aa®Vely simple one based on model A
(Ai et al. 2010). For more information on the vaisamodels see section 2.2.5. It was chosen to
exclude the particle to wall rolling frictiom. ,,,, by setting the value to zero when conducting the
numerical dataset simulations. However, the parttol particle rolling frictionu, ,,,, will be
optimised. Using this setup, the effect of incligland excluding the rolling friction model from

the simulation can be evaluated.

5.3.7 Vertical confined compression stress

The numerical effect of the average vertical corsgimn stresg,, on the bulk stiffness
parameters was investigated. Three simulations weraising the reference simulation values
(Table 5.1) with different maximum compression séréevels to produce the results shown in
Figure 5.14.
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Figure 5.14 The influence of confined compressioess level on the bulk stiffness parameters

The bulk stiffness parameters are seen to incngakancreasing maximum compression
stress level. The numerical trend observed oconflict with the experiementally expected
results. As k is largely dependent on the systems elastic ptiegerthe system’s ability to
rebound should not differ greatly with the unloagstress levels. This would manifest itself by
parallel unloading lines for increasing verticakss levels in the void ratio vs. log stress plots.
However, plastic deformation at the points of cotg#are ignored in the DEM program used in
this study and is based on a Hertz-Mindlin nondmelastic model (discusses further in section

5.5), which will result in a greater rebound duringoading.

5.3.8 Simulation time step

The Rayleigh time stefi; is the time taken for a shear wave to propagatigh a solid

particle and may be described as

1

Tp = mr? (%)2/(0.163117 +0.8766) Equation 5.3

wherer is the radius of the smallest particle in theaysp, is the particle density; the

shear modulus and the Poisson’s ratio (see section 2.2.6 for moraidg In the DEM
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software EDEM, it is possible to fix the computati time step to remain constant throughout
the simulation. This is often expressed a percenté;. A lower percentage will produce more
accurate results than an equivalent higher pergentaut will increase the computational time.
Typically, 20% of T has been used (Chung 2006; Hartl 2008) as thiswedfied to be
adequate for slow shearing densely packed systems.

The effect of the computational time step (as aq@age ofly) on the dynamicp,
(Figure 5.15, a) and the bulk stiffness parameteigure 5.15, b) was investigated. The plots
reveal that increasing the fixd@g from 5% to 50% produces a variance in results%f Zhe
bulk stiffness parameters are also minimally inficed and produce a variance in results less

than 2% for an increase in fix&g from 5% to 20%.
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% of Rayleigh time step % of Rayleigh time step
(a) Dynamic angle of repose (b) Bulk stifness paaimns

Figure 5.15 Influence of the percentage Rayleigtherbulk response parameters

Error bars represent +1 standard deviation, sasipés=10

5.3.9 DEM sphere radius

Altering the particle sphere radius will invarialithange the particle size and volume.
The rotating drum setup uses a 40% fill volume todpce the optimum flow patterns to

determine the dynamig,.. Increasing the particle radius will decrease ribenber of particles
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5.2 Investigation of no-optimised paramete

needed to produce a 40% fill volume. This will rrt decrease the computational time.
However, there are two main drawbacks to increatiagparticle radius:

1. The number of particle along the surface profilerdases, which make the dynamic
determination harder and more susceptible to fatedns. This is illustrated in Figure
5.16.

2. The average number of particles between the endspleill decrease and the boundary
effects will have a greater influence on the dyragni (Dury et al. 1998).

L .

(@)r = 1mm(20,000 particles) () =2mm(2,500 particles)
(c)r = 3mm(750 particles) (d) = 4mm (315 particles)

Figure 5.16 Dynamic angle of repose determinatiwrirfcreasing sphere radius
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5.2 Investigation of no-optimised paramete

A parametric study was conducted to determine fieeteof increasing the particle radius
(decreasing the number of particles between ertdg)lan the dynamig,.. In addition, identical
simulations were run replacing the drum end platiés periodic boundaries to simulate the mid
section of a deep drum. The results are shownguar€i5.17.
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A Periodic boundaries

O End plates
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Figure 5.17 The effect of particle size on the argflrepose with and without periodic boundaries

Error bars represent +1 standard deviation, sasipés=10
length of particle based on the intermediate dinoe

When end plates are present, the dynamic anglepaise ¢, is significantly influenced
by increasing the particle length/drum depth (r@dyche particles radius), however when
periodic boundaries are introduced the effect i€meduced. This highlights the influence of
the end plate friction. When there are fewer plsidetween end plates (2 to 4), the difference
in dynamicg, for simulation with end plates and with periodmubdaries is around 20%. This
significant discrepancy highlights the need toyfulhderstand the influence of the parameters on
the simulation outcomes.

The standard deviation, represented by the erno(idaesed on 10 images) is larger when
the number of particles between end plates is sma#flgain, this echoes the drawback of
determining the dynamig,. using larger particles.

For the simulations with end plates, a tilting pomay be observed between 3 and 5

particles between end plates. The optimisation ggore in this study focused on the inter-
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5.2 Investigation of no-optimised paramete

particle parameters and to limit the boundary iefice, four particles between the end plates
should be a minimum. In light of this, a partickdius of 2.5mmwas eventually used in the

numerical dataset simulations.

5.3.10Particle aspect ratio

Granular materials are almost never perfectly spheand shape representation using
sphere based DEM code may be challenging. Usingnila-spherical method (Kremmer and
Favier 2000; Favier et al. 2001; Matsushima 20043 possible to create a clump of spheres
with varying sizes and positions which may be a@ped to create a desired shape. In this
thesis, the particle aspect ratip is defined as the ratio of major to intermediateahsions. A
parametric study was carried out to determine ffexteof a, using two equal spheres on the
dynamic ¢, and the bulk stiffness parameters. To limit thenbar of variables, the particles
consisted of 2 equal spheres with varying values.dfetween 1.00 and 2.00 as shown in Figure
5.18. Hartl (2008) highlighted the importanceagfby comparing singlea(.= 1.00) and paired
(a,= 2.00) glass beads GB experimental and numengsallts. He found that the inter-particle
locking occurred considerably more in system wilrgd GB particle than in system with single
GB.

a,=1.00 a,=1.25 a,=1.50 a,=1.75 a,=2.00
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Figure 5.18 Range of aspect ratigsexplored in the numerical simulations
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5.2 Investigation of no-optimised paramete

The influence ofa, on the numerical dynamig, is shown in Figure 5.19. The
experimental results of the various granular makerused in this thesis are also plotted

alongside the numerical results for comparison.

60

--©- Numerical results @ PET pellets
O Single glass beads ~ M Paired glass beads
55 | A Black eyed beans A Black kidney beans

wi

35 ¢

Dynamic angle of repose, ¢. [°]

30 1 1 1
0.75 1.00 1.25 1.50 1.75 2.00 2.25

Particle aspectratio, a,

Figure 5.19 The influence of particle aspect réiging two equal spheres) on the numerical dynamic
angle of repose compared with experimental resfiksrious granular materials

Error bars represent 1 standard deviation, sample sQ

As a, increases, the general trend of the dynappiccreases accordingly. Increasing
from 1.00 to 2.00 will see an increase in dynaghiof 26%. All the DEM input parameters are
fixed to the reference simulation values (Tablg,5Herefore the increase is a result of (a) the
inter-particle locking and (b) the increase in badany influence as the number of particles
between end plates decreases (section 5.3.9).

Another important observation is the significartremase in dynamig, (17%) whena,
is changed from 1.00 to 1.25. Spherical objeais{.00) have more degrees of freedom than
non-spherical particles i.e. when placing singld paired GB on a flat surface, the single GB
will be more inclined to roll. In the rotating dryrtinis translates to a lower dynanghe as even
the slightest non-shpericity,(=1.25) will reduce the particle’s ability to move.

In general (excluding PET pellets), the numericasuits tend to overestimate the
experimental results for the dynamjgg. The experimental dynamig, for the paired GB is
significantly higher (29%) than the single GB, erapising Hartl's (2008) findings. Although the
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5.2 Investigation of no-optimised paramete

PET pellets have a low aspect ratig<1.10), the particle’s angularity contributes inteking
forces.

In paired GB and numerical particles witth greater than 1.50, a pseudo friction is
created by the indentation between the spheres. g3gudo friction is not present in the black
eyed beans and black kidney beans, explaining fwegpancy in dynamig, between black
kidney beans and paired GB.

A similar parametric study was carried out on thefmed compression simulations. The
influence of the particler, on the bulk stiffness parameters was determinedth& particle
shape varied, a new set of particles needed t@bergted for each simulation and therefore, the
packing arrangement varied. The results are shawfrigure 5.20 with the initial void ratio

shown in the secondary axis (right).
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Figure 5.20 The influence of aspect ratio on thi& btiffness parameters and initial void ratio in a
confined compression simulation

It can be seen that the simulations with= 1.00 anda,= 2.00 have the highest bulk
stiffness parameters (softest systems) compardtetothera,, however, this coincides with the
highest initial void ratie,. Taking into accoung,, the results would suggest that the partigle
has a less effect on the bulk stiffness paramétarsthe plot would lead to believe.

Based on this parametric study, the most appr@priatto use in the optimisation

procedure ist,.=1.20. This value was chosen to (a) satisfy therepation procedure’s focus on
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5.4 Numerical scaling of the experimental dev

inter-particle properties by reducing the partshape’s influence on the bulk behaviour and (b)
use a non-spherical particle to account for the-stguericity observed in the various granular

materials.

5.3.11Effects of varying multiple parameter simultaneously

The parametric study discussed in this chapterstiyated the effects of varying single
parameters independently as this was the simpleitad of determining and illustrating each
DEM parameter’s effect on the bulk behaviour. Qermrameters may have minimal influence
on the bulk behaviour when varied independently Haxe significant influence when varied
simultaneously. This was not accounted for in #estion, however statistical analysis was
carried out on the numerical dataset to estabtismtagnitude of multi parametric influence on

the bulk response parameters (see section 6.4.4.1).

5.4 Numerical scaling of the experimental devices

Simulating full scale experimental systems can son&s be unfeasible to compute. For
example, a full scale confined compression expertroésingle GB may contain thirty thousand
particles, the experimental loading rate mimin and the particle shear modul@san exceed
1E10 Pa All of these factors will significant increaseetltomputational time. As far as the
optimisation procedure is concerned, conductingilbféctorial matrix of simulations at full
scale could take months to compute. A scaling ithgason was therefore carried out to
determine the effects of scaling on the bulk respqrarameters.

The rotating drum experimental device was designgdg dimensions that could be
accurately simulated without the need for scalifiterefore, this scaling analysis focused on the
confined compression apparatus, more specificakly gffects of scaling on the bulk stiffness

parameters. Scaling was carried out on;

« The apparatus dimensions
« The patrticle shear modulus, and

« The sample compression rate.
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5.4 Numerical scaling f the experimental devic

5.4.1 Apparatus dimensional scaling

The apparatus dimension scaling study investigtitedeffect of scaling the system and
therefore, number the particles (as the particies semained constant) on the bulk stiffness
parameters. Eventually the appropriate scaling apgdied to the numerical dataset used in the
optimisation procedure, therefore reducing the aaatonal time. The error in results incurred
from scaling will be used to correct the final daaparallel study investigated the effect of wall
friction during dimensional scaling by conductingmtical simulations and reducing the particle

to wall coefficient of sliding friction to zero.

5.4.1.1 DEM implementation and numerical setup

The experimental apparatus of the confined commesquipment has a height of 330
mm (based on the average sample height) and a diaofetd5mmas described in section 3.2.2
and the DEM implementation used in this study mvwsin Table 5.2.

Table 5.2 DEM implementation of apparatus dimersiraling investigation for confined compression

PP, PW coefficient of sliding frictionu(,, u,w) 0.34
PP, PW coefficient of restitutior,( e, ,.,) 0.59
PP, PW coefficient of rolling frictionu. ,p,, £y pw) 0.00
Poisson's ratiqy 0.4
Particle densityp, [kg/n] 1200
Particle shear modulu§ [Pa] 1E+7
Number of equal spheres in each particle 2
Sphere radiusfing 3.3
Particle aspect ratia, 1.50
Fixed time step in terms of Rayleigh time step 20%
Compression speed of each platenj/set!™ 0.5

M Two way compression
PP: particle to particle interaction, PW: partitdevall interactiot

The size of the particles was kept constant througlthe scaling investigation. Two

scaling methods were investigated; the first metinwdstigated the effect of scaling the entire
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5.4 Numerical scaling of the experimental dev

cylinder proportionally by keeping the height tcamlieter (H/D) ratio constant. The original
height to diameter ratio is 2.28 (380m'145mmnm) and was compared to three smaller sizes. The
second method investigated the effect of redudiegsample height whilst keeping the diameter
constant at 1451m An illustrations of the various sizes used irsthiudy is shown in Figure
5.21 with the run ID numbers circled for reference.
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(a) Fixed height/diameter ratio (b) Fixadrdeter

Figure 5.21 The various sizes used for the appaditmension scaling investigation of the confined
compression equipment

The dimensions of the numerical systems and thiensavalues for the 8 runs are
summarised in Table 5.3. Run 1 and 5 were identiagak but are named differently for
analytical convenience, where run 1 refers to ikedf H/D and run 5 refers to the fixed D
analysis.
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Table 5.3 Summary of the numerical setup for the® used in the apparatus dimension scaling

investigation

Full scale Fixed H/D ratio Fixed D
Run ID 1/5 2 3 4 6 7 8
Height [mmn 330 260 165 120 230 145 725
Diameter ini 145 114 725 52.6 145 145 145
H/D Ratio 2.28 2.28 228 2.28 1.59 1.00 0.50
Dimensional scaling factog, 100% 79% 50% 36% 70% 44%  22%
Force required for 6EPa[N] 1073 666 268 141 1073 1073 1073
Particles in system 14036 6793 1691 647 9781 6198843
Proportion of full scale 100% 48%  12% 5% 70%  44% %23
Diameter /particles lengtH 18.8 148 94 638 188 188 1838
Initial void ratio, e, 0.58 0.60 065 0.71 0.58 0.60 0.64
Cylinder volume innT) 5581 2742 696 273 3925 2512 1327
Cylinder surface areaif] 1553 969 392 214 1083 693 366
% of original surface area 100% 62% 25% 14% 70945%  24%

1 partce length based on Average of maor. intetate and minor dmenion
Loading stresses
The effect of scaling on the bulk stiffness pararetvas the focus of this study. As
andk are dependent on the loading and unloading dieests, it was important to (a) determine
an appropriate stress level for the analysis apdegbp the stress level constant throughout the
analysis. As the diameter changes, the force redwiill change accordingly. The stress level

chosen for this study was &Paas this was the same used in the experiments.

Number of particles in the system

The main purpose of the scaling analysis is tocedhe computational time. One aspect
of the simulation that greatly influences the cotagional time is the number of particles (and

therefore spheres) in the system. Scaling the mystewn whilst keeping the particle size
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5.4 Numerical scaling of the experimental dev

constant will decrease the cylinder volume andetfoge the number of particles that can reside
in it. The particles in the various runs are shawmable 5.3.

Void ratio

The bulk stiffness parameters are significantlyueficed by the packing arrangement in
the system, e.g. a densely packed system will @xpibater bulk stiffness than an equivalent
looser system with similar granular materials. Ef@re, the initial packing arrangement and the
initial void ratio of the system are important. Mover,A andk are dependent on the initial and
consequent change in void ratio. As described eticge 3.2.3.1, the packing density and initial
void ratio is dependent on various parameters d@ictuthe filling method, cylinder dimensions
and particle contact parameters. To perform a coatipa study, it was essential to limit the
amount of variables (e.g. height and diameter).rdfoee, the particle DEM parameters and
filling methods were kept constant for the 8 runseach test, a factory was placed just above the
required sample height and the particles were géeérdynamically in four seconds. The
predicted sample height was based on the voluniBeotylinder, volume of particles and the
initial void ratio of the full scale experiment [@la 5.2). For example, in run 2 it was predicted
that the number of particles needed to producarplgaheight of 26nmwas 6800 particles.
The particle generation rate was therefore 6800/@6Iparticle per second. After four seconds
of generation, the sample was left to settle fog sacond before any particles above &6
were removed (in the case of run 2, seven partigtre removed). Following the settlement, 10
N were applied from a top plate to level the sangid the height of this plate was used to

determine the initial void ratio.

Particle to wall coefficient of sliding friction

A parallel study investigated the effects of thetipke to wall friction u,,, on x andA
during scaling. This was accomplished by rerunmumgs 2, 4, 6 and 8 with the wall friction
removed f,, = 0). The reruns were conducted using exportedtidpuks from an equivalent

simulation so that the particle packing arrangenaeatporosity would remain consistent.
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5.4.1.2 Discussion and analysis
From Table 5.3 it can be seen that decreasingpparatus by 64% whilst fixing the H/D

ratio will reduce to number of particles by 95%n(rd). This is in part due to the packing
arrangement that will become looser as the Diarpetdicle length ratio decreases. However
reducing the fixed D height by 78% (run 8) will grdee the number of particle decrease by 77%

as the Diameter/Particle length ratio remains @orist
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Figure 5.22 The effects of scaling on the initialdvratio with respect to the (a) experimental heand
the (b) cylinder volume

H/D: height/diameter, height based on average samgght, D:diameter, PW: patrticle to wall

Figure 5.22 (a) shows the variations in initial dvofatio e, with respect to the
dimensional scaling factdr for the 8 runs. It can be seen that as the syseswaled down, the
void ratio increases (sample becomes looser) wikieéhnatural phenomenon in response to the
greater boundary effect. More specifically, thisdige to the particle’s ability to pack more
densely against another layer of particle as opptsdeing constraint by a boundary layer as
shown in Figure 5.23. For similar reasons, the al/dixed diameter runs have a lower initial
void ratio than the fixed H/D runs. Therefore bytfihg the initial void ratio relative to the
cylinder volume (Figure 5.22, b), the discrepandetween the two scaling methods are

reduced.
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(a) Particle to wall (b) Particle to particle

Figure 5.23 lllustration of the effect of boundaran the packing arrangement

Figure 5.24 demonstrates the effects of scalingctitdined compression system height

on the bulk loading stiffness parameter
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Figure 5.24 Confined compression sample heightrecaifluence on the bulk loading stiffnets
H/D: height/diameter, height based on average samgght, D:diameter, PW: patrticle to wall

The general trend is an increaselias the sample height is scaled down; this traaslat
to a softening of the system. This may be atte@tun part to the increase ép when the system
is scaled down and therefore more voidage is availfor compression. In addition, the system
softening can be explained by the wall frictioneetfwithin the system. As explained in section
5.3.5, the particle to wall friction coefficient ffiction p,,, has a significant influence on the

bulk stiffness of a system during confined compmssThe particle to wall frictional forces act
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in the opposite direction to the movement of theigas (by slippage) during compression and
is proportional to the number of contacts alongwal. Therefore, the squatter samples will
have less surface area for frictional forces tanobilised and this will result in a softer system.
Similarly, removing wall friction g,,= 0) would make the system softer because the
compression force is no longer absorbed throughfvietion and more forces are transferred to
particles and the sample will undergo greater cesgon strains.

At low scaling € = 20% to 40%), the effects of wall friction are maamoticeable in fixed
H/D runs than fixed D runs. This is illustrated thye discrepancies ia between runs 4 and 8
with and without wall friction (10% and 2% respeely). This may be explained by the surface
area; although these two runs have simjlarun 8 has almost twice as much cylinder surface
area and patrticles (Table 5.3).

It can be seen that scaling the system down to 60%e original height produces a
relatively linear increase of with a low slope and the results for the fixed Hibd fixed D
scaling trends are very similar. Scaling beyond Gff#gduces an accelerated increasd ahd
discrepancies between the two scaling methods

Figure 5.25 demonstrates the numerical effect @llirsg the confined compression

experimental height on the bulk unloading stiffness
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Figure 5.25 Confined compression sample heightrggaifluence on the bulk unloading stiffnegs,
H/D: height/diameter, height based on average samgght, D:diameter, PW: particle to wall
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As the sample height decreases in the fixed D rtives,system becomes softer ras
increases. However, the fixed H/D scaling appeardd much less influenced by scaling.
Reducing the scale down to 50% of the experimérggght will increasec by 10% and 50% for
the fixed H/D and fixed D scaling respectively.

The particle to wall frictiom,,, plays a significant role in the unloading stiffaess it
restricts the rebounding of the particles duringpading, i.e. removing the wall friction will
cause the system to rebound more readily and vakenthe system softer (highe). This is
highlighted by the discrepancies between runs amith without wall friction (specifically run 4).
As mentioned previously, the cylinder surface aaad particles in contact with the boundary
surface will determine the magnitude of the disargges in runs with and without wall friction;
as the scaling decreases, the surface area aeditaldrictional forces decreases and eventually
(run 8) the discrepancies in runs with and withouatl friction becomes negligible. This is
because a squat sample does not allow for watldndo be mobilised as readily as larger scale
systems where the influence of wall friction is ueed. It is for this reasons that Eurocode 1
(1996) encourages the use of a squat sampleftasting.

Figure 5.26 illustrates the change in results iredifrom numerical scaling ah andxk
relative to the full scale results. It can be st&t although is affected by the fixed H/D and
fixed D scaling in a similar manner, the fixed Dalsog affectsk significantly more than fixed
H/D scaling. Any differences over 5% were considesgnificant and adjustments were

factored into the results when used in the optitiuagorocedure.
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Figure 5.26 The change incurred from numericalisgain the loading and unloading bulk stiffness of
the confined compression test

H/D: height/diameteiheight based on average sample height, D:dianf®r particle to wa

The following equations represent fitted trendliteshe curves in Figure 5.26, where
is the dimensional scaling factor with respect ipegimental sample heighf, and x are

gradients with respect to void ratio and averagepression stress kPa

Loading stiffness scaling influence
Fixed H/D:1 = 0.803¢% — 1.559¢ + 0.76 (R*=0.978) Equation 5.4

Fixed D:1 = 0.416£2 — 0.938¢ + 0.53 (R?=0.978) Equation 5.5

Unloading stiffness scaling influence
Fixed H/D:x = 0.242¢ + 0.244 (R?=0.998) Equation 5.6

Fixed D:k = 0.929¢2 — 2.38¢ + 1.45 (R® = 0.999) Equation 5.7

As up,, has a significant influence on the bulk stiffnegsthe confined compression

system, for parametric sensitivity robustness wuith ideally be removed. Using a squatter
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sample will minimise the effect of wall friction badd greater error to the results. However,
particle to wall friction is a ‘real’ phenomenondashould not be ignored in the bulk sensitivity
study.

Following the dimensional scaling investigationg tinost appropriate and efficient
scaling to be used in the numerical dataset wasdfda beé=60% of the experimental height.

The relevant DEM implementation for a scaling o$ thagnitude is shown in Table 5.4.

Table 5.4 Relevant DEM implementation used in therical dataset simulation for a 60%
scaling of the experimental height

Height [mm 198
Diameter mni 87

H/D Ratio 2.28
Percentage of experimental height 60%
Particle in system 8800
Proportion of experimental particles 63%
Cylinder surface areaiff] 541
Percentage of experimental surface area  35%
Aincrease due to scaling 12%

K increase due to scaling 10%

It can be seen that scaling the system down to 60%e experimental height will
increased andk by 12% and 10% respectively. Although the dimemaicscaling study was
carried out numerically, it will be assumed thae tresults and analysis are applicable to
experimental dimensional scaling. Therefore, fa dptimisation procedure, the change in bulk

stiffness parameters as a result of scaling willdogored into the experimental results.

5.4.2 Numerical particle shear modulus scaling

The patrticle stiffness of granular materials mayyweonsiderably. For example, Chung
(2006) measured corn and glass beads to have armbdalus ofG = 1IEPaandG = 1E10Pa
respectively. The computational time in numerigaiiugations is directly affected by the shear
modulus (see section 2.2.6). Decreasing the sheadlulos by 100 will decrease the

computational time by 10. Chung (2006) reported sweme DEM simulations results were not
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sensitive to accurate and could be scaled down by 1000 times to reduseamputational time
significantly whilst maintaining a relatively higegree of accuracy data. However, as the
particle stiffness is a dominant parameter in thi Istiffness during confined compression, a
parametric study is necessary. This parametricstiy&tion will focus on the effect of scaling
the particle shear moduldson the bulk stiffness parameters.

Three parallel studies were conducted alongsidepéngcle stiffness investigation: the
first examined the effect of the particle aspetibsar, (Figure 5.18) using single{= 1.00) and
paired spheresaf= 2.00). The second investigated the elasto-plastiaf the system by
monitoring the strain through three loading andoading cycles at increasing stress levels.
Finally, the effect of the compression stress legrl the bulk stiffness parameters were

monitored by analysing andk at increasing stress levels.

5.4.2.1 DEM implementation and numerical setup

The sensitivity study DEM implementation was basedthe confined compression of
single and paired glass beads (GB) with a loodadilarrangement (see section 3.2.2). The
sample was typically around 60m high. The DEM implementation used for this study de
found in appendix B. The squat setup was chosaedoce the influence of wall friction and
limit the variables affecting the analysis. The saDEM input file was used for all the single
sphere simulations ensuring a consistent packirapgement and, throughout the study (the
same method was applied to the paired sphere gionjlaThe input file was created by filling a
cylinder (diameter 145m) with sufficient particles to create a Gmhigh sample (5000 single
and 2500 paired spheres) using a mid-range st#foe6 = 1.7E8Pa. Following the filling, the
particle stiffness was altered to the desired valu€& for each run and the system was left to
settle. As the patrticle stiffness was altered, ribenerical particle overlap altered accordingly.
This either resulted in a sample slump (wiis reduced) or expansion (whénis increased)
to satisfy Equation 2.2 and Equation 2.7. Aftertiistem had reached a state of equilibrium, 3.5
kPa of pre-stressing was added by a top platen tdefiathe top surface (similar to the
experiment). This is the initial condition for tikenfined compression analysis. The numerical
compression speed used in this study was constantade of 0.Imnifsec Five different shear

moduli were used in this investigation ranging frdfa6 Pa to 1E10Pa and all the other
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parameters were kept constant. Each compressibmwassconducted in the same manner with

three loading and three unloading cycles at inangastress levels: 13.5, 23.5 and 387

5.4.2.2 Discussion and analysis

The main observations made from the numerical @artstiffness investigation are

summarised below:

Initial void ratio
As the particle shear moduluS,is altered the system either slumps or expandgland
initial void ratioe, will therefore change. The effects of altering plagticle shear modulum e,

for single and paired spheres are shown in FigLg@.5
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Figure 5.27 The effect of particle stiffness onittitial void ratio for single and paired spherasisquat
confined compression cylinder

Paired spheres have a consistently highethan single spheres (15% higher). This is
primarily due to the loose filling methods coupleih the single sphere’s propensity to settling
into a denser packing arrangement. The paired sphbowever, will be more restricted from
denser packing.

For both single and paired spheres, the most ggnif increase i, occurs between a

G=1E6PaandG=1E8Pa. This is a numerical phenomenon as a result ah@}pystem’s slump
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due to the shear modulus reduction and increapariicle overlap and (b) & is reduced, the
top platen will need to be lowered further (relatwto higherG) to achieve the same pre-
stressing of 3.&Pg the results is a decreasesjn

Between e&G=1E8Pa andG=1E10Pa, e, does not appear to be influenced significantly
and in the case of the paired spheres, a minoedseris observed (2%). A macroscopic study of
the paired sphere simulation withGE1E10Pa showed that there was sample settling due to

particle rearrangement as the pre-stressing oabumigich may have been a contributing factor.

Sample strain due to compression stresses

The influence of compression stress on the avevagéeal sample strains, for single

and paired spheres are shown in Figure 5.28.
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Figure 5.28 Average numerical vertical sample sg&br (a) single and (b) paired spheres usingingry
particle shear moduli

In eache, increases proportionally to the increase in cosgom stress applied. This is

illustrated by the peaks in th& 22" and 3" loadings. For both particle sizes, a decreasiegush

modulus incurs a larges, from similar compression stresses. It can be deanever, that the
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difference ine, whenG=1E6 Pa to G=1E8 Pa is considerably larger than fro@=1E8 Pa to
G=1E10Pa

The paired spheres show a greatethan single spheres for matching partiGle The
systems with paired spheres have greajdiFigure 5.27) and are inclined to settle into aeno
unstable packing arrangement than single sphefégse phenomena may help to explain the
highere, found in systems with paired spheres. In additiba,DEM code adopted in the thesis
(EDEM) does not include a plastic deformation molet only includes a non-linear elastic
model. Therefore, any plasticity observed duringdiog and unloading is a direct result of
particle rearrangement. The total plastic deforamatian be quantified by observiag on the
final unloading. The final numerical sample strafrsingle and paired spheres for various shear
moduli are shown in Table 5.5. It can be seen thstip deformation observed for the paired
spheres is typically double than that of the sirsgleeres (excludinG=1E®6).

Table 5.5 Final numerical sample average vertitalrsof single and paired spheres for a range of
particle shear modulus

Shear Modulus, GHa]  Single sphere Paired sphere % difference

1.67E+06 3.66% 4.87% 33%
1.67E+07 1.07% 2.10% 96%
1.67E+08 0.43% 0.84% 95%
1.67E+09 0.41% 0.82% 100%
1.67E+10 0.25% 0.51% 104%

Bulk stiffness parameters

The influence ofG on the bulk stiffness parameters for single aricegaspheres can be
seen in Figure 5.29. The plots highlight the ddfere inA and k for various loading and

unloading vertical stresses and are plotted on log-log scales.
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Figure 5.29 The influence of particle shear mod@um the bulk loading and unloading stiffness
parameters for single and paired spheres

As expected, the overall trend is a decrease ik $tiffness gradient (a stiffening of the
system) wherG increases. In addition, the bulk stiffness gradietecrease as the compression
stress increases. Therefore, at greater compressiesses, the system will behave in a stiffer

manner. This is primarily due to the fact that coesging solids require more stress than
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compressing voids. As compression occurs, the xatid decreases and the stress requires to
produce a greater strain increases exponentidflg.bulk stiffness gradients whénh= 1E10Pa
is higher than the overall trend would predicbitbe. The reason for this is not fully understood
and may be due to the role of contact friction.

The results forl using paired sphere seen in Figure 5.29 (c) simbsvgecting trendlines
from G=1E8 onwards, a phenomenon that does not occurhén dther simulations. A
macroscopic study of the paired sphere simulatstiasved that the system did not have a stable
packing structure and the particles in the systamlevrearrange during compression. This is
especially true at higher values®f As 4 is a function of the elastic and plastic behavioiuthe
system during compression, unstable systems withbee susceptible to particle rearrangement
andA may be influenced. This phenomenon does not ahating unloading as is a function of
the elastic properties of the sample.

The linear relationship seen in the trend linestha various conditions in the log-log

plots in Figure 5.29 means that the bulk stiffiessameters may be expressed as

ALK =— Equation 5.8

WhereG is the particle shear modulusia, C andn are the constants which are derived
from the best fit trendlines excluding the reswlttained for runs usin@=1E10, and the bulk
stiffness gradient are relative to void ratio anchpression stress kPa The values fo€ andn
extracted from Figure 5.29 for the various condisi@re shown in Table 5.6. These values will

provide a reasonable indication for bulk stiffngssdients at various loading conditions.
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Table 5.6 Constants for predicting the bulk stiffa@arameters at various stress levels using Bquais

Single spheres Paired spheres

Loading stressg, [kPd n C n C

13.5 0.526 1905 0.484 109.9

235 0.526 1579  0.497 115.9

335 0.517 107.1  0.447 44.3
Unloading stressg, [kP4|

13.5 0.522 1246  0.508 95.1

235 0.526 1129  0.520 99.8

335 0.534 98.9 0.531 91.6

Adjusted simulation time
One final aspect to consider in the particle stifi& sensitivity study is the simulation
time t, (defined as the numerical time that has been sitedlin the DEM simulation) to
complete the loading and unloading cycles. Thiaasto be confused with the computational
time t, which is the real time taken to run the simulatidtthough reducings will decrease,,
the average sample straip to achieve the desired compression stress wiltase relative the
higher values of5. In other word, decreasir@g will create a softer system and the compression
plates will need to travel further to achieve tlesiced stress compression stress levels. As the
compression speed remains constant throughoututg, she computational time will increase.
For comparative purposes, simulation times werastelg using a time factor. The time
factor is the speed multiple relative to the vatfi€s that results in the shortest (in this study
that is G=1E6 Pa). For example, when using single sphetesto perform a loading and
unloading forG=1E6Pa andG=1E8Paare 236 and 19 seconds respectively. Howeveakést
10 times longer to compute a simulation wh&=1E8 Pa than a similar simulation where
G=1EG6 Pa (see Equation 2.13); so the adjusted simulatiore tior G=1E8 Pa is 19x10=190
seconds. The adjusted simulation timg, is a good indicator at the computational efficient
the various simulations. The effect of varying stear modulu$ ont; , is shown in Figure
5.30.
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Figure 5.30 The effect of varying the shear mod@uwm the adjusted simulation time

The results in Figure 5.30 demonstrate that run@ingmulation usings=1E6 Pa to
G=1E8Pa will have the same efficiency. So usin@secloser to the experimental value will be
more appropriate. However, changing the shear msdinbm 1E8Pa to 1E10Pa will see a
sharp increase ity ,. So if t. is the priority (e.g. when running a large amooihsimulations)

limiting the shear modulus to 1E& would be advisable.

5.4.3 Confined compression plate rate scaling

The experimental compression rate of the Instroohim& is 0.1mm/minfor the single
and paired glass beads andnin/minfor the PET pellets, black eyed beans and bladkdy
beans. At these compression rates, a single tegttak@ up to 5 minutes. Simulating these
durations is unfeasible, especially when considerine amount of runs that need to be
performed to create the numerical dataset usdtkilpptimisation procedure. This study focused
on the effect of varying the compression speedheftop and bottom plates on the bulk stiffness
parameters. Three parallel studies were condudtedjside the compression rate investigation.
The first examined the effects of using two varymg using single and paired spheres. The
second parallel study investigated the elastodplasiof the system by monitoring the sample

strains during three loading and unloading cycteés@easing stresses. Finally, the effect of the
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compression stress level on the bulk stiffnessmaters were monitored using the loading and
unloading gradients at increasing stresses.

DEM implementation

The DEM implementation and numerical setup was dasethe experimental setup of
the single and paired GB with loose filling. A l@ofilling arrangement was used for this study
as it was deemed the most critical scenario foormpression rate investigation. The various
compression rates examined in the study 0.1 (tiperexental rate), 60, 320 and 720rmin.

The sample was typically around 60mhigh and the DEM parameters used in the simulation
can be found in Appendix B. As mentioned previou#itg advantage of using a squat sample is
that the influence of boundary friction is reduced.

Strain response due to compression

Figure 5.31 Illustrates the effects of increading average platen vertical compression

stressg;,, on the average sample straip.at various compression rates.
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Figure 5.31 The effects of vertical stress dueatdous compression rates on the average sampie stra

The stress-strain responses for single and paipbéres at increasing compression

speeds show similar results. However, greater madgs ofe, are observed in the paired
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spheres than the single sphere simulations, pgsdi® to the looser arrangement and higher
void ratio during filling for the paired spheres.

The behaviour of granular material under low pressii~0-10kPa) is significantly less
repeatable for the single and paired spheres. i§Higghlighted by the shift in sample strain at
lower stresses. However, at higher pressures ¢heltnes look very similar for each set of tests.
It can be seen that the higher the compression ttagegreater the initial strain shift. For this
reason, this study focused primarily on the granblkehaviour at higher pressure (>kPa)
which are less affected by this phenomenon. In texidi at lower compression speeds, the
system has more time to adjust the confinementspres, which may allows the particles to
rearrange into more stable/stiffness arrangement.

Figure 5.32 demonstrates the effect of confinedpression speed on the bulk stiffness

parameters at various compression stress leyels
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Figure 5.32 The effect of confined compression cat¢he bulk stiffness parameters at various
compression stress levels

Excluding the first loading to 134, all the trends display a similar pattern; asdhe

level increases, the bulk stiffness parameters edser (system stiffens). In general, the

compression speed appears to have minimal influendeandk.
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It can be seen that the discrepancies betweenrgle &ind paired spheres during loading
and unloading are larger farthan forx. Therefore, it may be concluded that particle shdpes
not have a significant effect an

The overall coefficient of variance @fandxk for the various compression speeds is very
low (~2%). For higher pressures (>HPg) it is not necessary to simulate at experimerngaeds
as the bulk stiffness parameters are not senddizempression rate. For very high compression

rates (>180@nn'min) a 20% Rayleigh time step may not sufficient.

5.5 Sources of error

Numerical stress strain anomalies

In certain confined compression simulations a nuzaéanomaly occurs during loading.
An example is shown in Figure 5.33. From 0O t&R3§ the sample exhibits typical exponential
stiffening which is a behaviour seen in the expental results. However, from 3@Paonwards
the graph suggests that smaller vertical streseases are needed to produce greater strain;

essentially the system is getting softer. Thisfisomrse a numerical anomaly.
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Figure 5.33 Numerical anomaly observed in certaimfined compression simulations
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After further analysis, it was established thas thhomaly occurred as a result of large

particle overlapping in the system. The main reagonthis include:

- Large value of fixed % of Rayleigh time step,

« At very large compressive forces, proportionallsgéx inter particle contact forces may
make the particles more inclined to overlap

+ In static or quasi-static systems with high valaksolling friction, large values of torque
may cause particles to overlap

+ If the shear modulus is alter from a low value telatively high value and the particles

are confined, the system expansion may cause leart overlap.

Throughout this study, any simulations where thigrqmmenon occurred were rerun to

avoid erroneous results.

Lack of elasto-plastic model

Experimental and numerical analysis for confinednpression revealed that some
loading and unloading patterns are similar in tamerical and experimental data. These include
the linear loading curve which increases with puessand the crescent unloading curve with
hysteretic loop on reloading. During the virgin dogg, similar strains occur in both cases,
however, there is one major mismatch between tloe taused by the lack of plasticity in the
contact model used. This means that no plasticrehefiion occurs in the numerical simulation,
resulting in excessive elastic rebound during utitogaand further loading does not incur further
deformation. In the experiment, further permanesfonation occurs during further loading
cycles, which is absent from the current viscotedldSEM contact model. During loading, the

plastic deformation in granular solids is a restfiltwo phenomena:

« The relative displacement of particles throughimgllor sliding

- Plastic deformation of the particles at the poaftsontact

In DEM simulations, relative displacement occursturely. However, plastic
deformation at the points of contact is often igrebn the numerical contact, including EDEM
(DEM Solutions Ltd 2009), the DEM program used histthesis, which is based on a Hertz-

Mindlin non-linear elastic model. Therefore for tsafjricultural grains, EDEM is expected to
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underestimate the total plastic deformation ofdpgtem. Further research could investigate the
introduction of an elasto-plastic contact modehdalress this anomaly. However, for the current

study, this issue will not be addressed.

5.6 Summary

The parametric and scaling sensitivity analysis pesduced some interesting and
important results that will support the model caliion and ultimately, the optimisation

procedure in this study. This section will summatise main conclusions.

5.6.1 DEM input parameters

A thorough parametric investigation was conductsoshgt DEM simulations to gain a
deeper understanding of DEM input parameters infteeon the bulk responses parameters. The

key results are summarised below

I.  Scaling the particle densitp, has a minimal effect on the dynamic angle of repgs
or bulk stiffness parameters andk. It will however, affect the computational time.

Il.  Scaling the particle Poisson’s ratio, will affect the bulk stiffness parameters
significantly. Increasingr from 0.1 to 0.45 will stiffend and k by 24% and 23%
respectively.

lll.  The frictional forces along the wall will restriconfined compression during loading and
prevent the system from rebounding during unloadirigerefore, increasing the particle
to wall coefficient of frictionu,, will contribute to stiffening the system; as,,,
increases the bulk stiffness parameters signifigal@crease.

IV.  As long as the inner drum frictiqn,, is large enough to prevent particle slippags,
has a minimal effect on the dynamgg.. However, the drum end plaig,, has a
significant effect on the dynamig,.. Increasing the end platg,, from 0.1 to 0.9 will see
a 40% increase in dynamif,.. A pre-optimisation procedure should be carrietl asi

specified in section 5.3.5.1 to determine an appaitpvalue ofu,, to use.
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VI.

VII.

VIII.

The particle to wall coefficient of rolling frictig i, ,, has a minimal effect on the
dynamic ¢,.. However, the boundary conditions contribute digantly to the bulk
stiffness in confined compression and increaging, will decreasel andk.

Fixing the time step to varying percentages ofRlagleigh time steplz has a minimal

on the dynamigp, , 1 andk. It will however, affect the computational tim&.minor
variation is results is noticed when a fixgdof more than 10% is used.

The dynamicp, is significantly influenced by increasing the nienbf particles between
end plates (reducing the particle radius) when glates are present. However, when
periodic boundaries are introduced, the effecediced. When there are fewer particles
between end plates (2 to 4), the difference in dyoa, for simulations with end plates
and with periodic boundaries is significant.

The standard deviation of the dynangic determination is greater when there are fewer
particles along the surface profile (larger pagsatadii).

The dynamiap, is significantly influenced by the particle aspedatio, a,.. Increasingz,
from 1.00 to 2.00 will see an increase in dynag)iof 26%. This is due to (a) the inter-
particle locking and (b) the increase in boundafjuence as the number of particles
between end plates decreases. The majority oinitrease happens whenp is changed
from 1.00 to 1.25 as even the slightest non-shiperia,.=1.25) will limit the particle’s
ability for movement.

Simulations wherez,,=1.00 anda,=2.00 have higher bulk stiffness parameters than
particles with intermediate,. (a,=1.25, 1.50 and 1.75); however this was found to
coincide with the higher initial void ratiog,. Ignoring the effects ok, the influence of

a,- on the bulk stiffness parameters is greatly reduce

5.6.2 Scaling sensitivity study

In an effort to maximise the computational effiggna scaling sensitivity study was

performed on the confined compression simulatidinés included the numerical scaling of the

apparatus dimensions, particle shear modGwesd the confined compression plate speed. The

key findings of the sensitivity study were:
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XI.

XIlI.

XIII.

XIV.

XV.

XVI.

XVILI.

Scaling the confined compression cylinder dimersidown to 50% of the experimental
height gives a relatively linear increaseAofvith a low gradient. Similar results may be
observed for fixed height/diameter and fixed dianetcaling. Scaling beyond 50%
produces an accelerated increaselofand discrepancies between the two scaling
methods.

For the fixed D scalings increases as the sample height decreases. Hoviieeer H/D
scaling appears to have much less influence.d®educing the scale down to 50% of the
experimental height will increase by 10% and 50% for the fixed H/D and fixed D
respectively.

Paired spheres have a consistently highethan single spheres for squatted setups. For
both single and paired spheres, the most significarease ine, occurs between a
particle shear modulu§=1E6PaandG=1E8Pa. BetweenG=1E8Pa andG=1E10Pa,

e, does not appear to be influenced.

As the vertical stress applied during confined coeagion increases, the average sample
vertical straing, increases. It was shown, however, that the diffiezens, whenG=1E6

Pa to G=1E8 Pa is considerable larger than fro®=1E8 Pa to G=1E10 Pa. Paired
spheres show greatej, than single spheres for matchi@ The plastic deformation
observed for the paired spheres is typically doubde of the single spheres (excluding
G=1EG6) and as the DEM code does not include ancefdastic contact model, this is a
direct result of particles rearrangement.

Based on the adjusted simulation timg analysis, the use of simulations whé&es
smaller than 1E®a are the most computationally efficient.

As expected, an increase@, will see the bulk stiffness parameters decrestiiefing).
However, changings from 1E9Pato 1E10Pa has a less effect on the bulk stiffness
parameters.

A linear relationship between the compression stieasd the bulk stiffness gradients
means that bulk stiffness parameters may be pestlicsing Equation 5.8, whe@&is the
particle shear modulus iRa, C andn are the constants which are derived from the best
fit trendlines (see Table 5.6).
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XVIII.

ALK=— Equation 5.8

The overall coefficient of variance afandx for compression speeds from @rin/min
to 720 mm/minis low (~2%). Therefore, for higher pressuresQ(kPa), it is not
necessary to simulate at experimental speeds abulkestiffness parameters are not

sensitive to compression rate. For very high cosgoa rates (>180Mnimin) a 20%
Rayleigh time step may not be sufficient.
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Chapter 6

Development of DEM model parameter
optimisation procedure

6.1 Introduction

A great majority of DEM simulations are not validdtagainst experiments and the
model parameters are often assumed and not measortee influence of the model parameters
on the prediction outcomes can be rather obscuner(¢ 2006; Hartl 2008). In certain cases,
when measured particle properties are used, validagtudies have shown discrepancies
between the experimental bulk behaviour and DEMiktion. There is a gap in the literature on
how DEM parameters should be determined to produeatitative DEM predictions. The aim
of this thesis is to develop a robust methodolagyé¢termine optimised parameters that will
predict accurate bulk behaviour in DEM simulatioiiie previous chapters have described
various aspects of the optimisation procedureuthiolg the development of bulk experiments,

material characterisation and DEM parameters seitgistudies.
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This chapter describes two separate attempts tela®\wan optimisation procedure by
assembling the outcomes in the previous chapteasaries of steps.

6.1.1 A preliminary validation study using measured DEM
parameters

A preliminary validation study was conducted to @ame the numerical and
experimental results of the single and paired ghesgls (GB) using the dynamic angle of repose
¢, (Figure 6.1) as a bulk response parameter. The [PBAMmeters used for the numerical
simulations were particle properties measured ftloenlaboratory tests described in section 3.3.

This investigation was conducted to highlight angctepancies between numerical and
experimental results when measured particle prgsentere used.
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Figure 6.1 Numerical and experimental dynamic an§lepose comparison for single and paired glass
beads in a rotating drum

Error bars represent istandard deviation, sample size

It can be seen from Figure 6.1 that DEM predictiorach the experimental results for

single glass beads well for a full range of rotagiodrum speeds, with small discrepancies

observed at lowerpm. However DEM predictions tend to overestimate dyaamic ¢, for
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paired glass beads. The reason for the discremaacee varied and include perfect numerical
sphericity of particles that is not present in éxperimental tests; this does however, highlight
the need for a DEM parametric optimisation methogyplthat will systematically predict correct

bulk behaviour.

6.1.2 DEM parameter optimisation methodology

The DEM parameters optimisation methodology devedofor this study consists of

three main steps:

1. Measure the experimental data that will be usezhlibrate the DEM models;
2. Create the numerical dataset that will describertfieence of the DEM parameters;

3. Optimise the DEM parameters using step 1 and 2

A flow diagram of the optimisation procedure iswian Figure 6.2. Steps 1 and 2 have

been covered extensively in Chapters 2 to 4 asdctimpter will focus on step 3.
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Figure 6.2 Flow diagram of the DEM parameter opation methodology
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6.2 STEP 1: Measure the calibration ¢

6.2 STEP 1: Measure the calibration data

The first step in the optimisation procedure isatguire the data that will be used to

calibrate the DEM model in the optimisation proaed his can be achieved by:

1. Determining the material to be tested

2. Determining the bulk experiments to be used

3. Defining the bulk response parameters that willmbeasured from the experimental
devices, and

4. Measuring the responses.

6.2.1 Determine the material to be tested

An appropriate sample of the material should besehao be used for calibrating the
DEM models. When deciding which material to seleitte granular materials that are
predominately present in the industrial system whigll eventually be modelled should be
considered. In addition, it should be determinecktiver the material properties of the granular
material used in the experiments are representafiieose in the system that will eventually be
modelled. For example, recently harvested grainy rhave higher water contents than
laboratory samples. Higher waters contents wiliease the moisture and mass of the grain and
change bulk behaviour, especially in dynamic system

The optimisation procedure developed in this thegs designed to be generic and
applicable to a wide range of materials. To illasdrthis, two organic and three inorganic

materials were chosen. These were:

« Single glass beads (GB)

- Paired glass beads (GB)

« PET pellets (PP)

« Black eyed beans (BEB)

« Black kidney beans (BKB)

The single and paired GB were chosen as they adelyused in scientific research
(Dury, Ristow et al. 1998; Chung 2006aH 2008) and because their spherical shape makes

numerical shape representation simpler. PP wersethas an industrial material and is relatively
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6.2 STEP 1: Measure the calibration ¢

smaller in volume than the other materials. Finatlyo organic materials with contrasting
properties were chosen to illustrate agriculturahdiing scenarios; BEB and BKB. The BKB
have a significantly larger aspect radiothan the BEB but have a smoother surface. Thewsri

granular materials and their properties are desdrib section 3.3.

6.2.2 Determine the bulk experiments

The following step is to determine which bulk expents will be used in the DEM
model calibration. Choosing the appropriate bulkasugements to calibrate the DEM models is
of paramount importance. When deciding which buigegiment to use, the following should be
considered:

What industrial loading conditions does the granuiaterial experience in the full scale

system?

- Are the loading conditions in the bulk experimeefpresentative of the industrial
conditions?

- Will the bulk experiment produce repeatable bulkapzeters that are relatively easily to
measure?

- Will the bulk experiment produce sufficiently disnmating values from variations in

material properties, so that the optimisation pdoce is well posed to infer the DEM

model parameters from these measurements?

Bearing these considerations in mind, the two latowy devices chosen to be used in this
thesis were: the rotating drum device and the oedficompression test. These devices were
chosen as they can produce bulk responses thaepeatable and easy to quantify, as well as
produce discriminating results in numerical simola when the DEM parameters are varied.
The experimental devices are described in detaéation 3.2.

6.2.3 Define the bulk response parameters

Following the selection of the bulk experimentsg tlappropriate bulk response
parameters to be measured must be defined. Whedirdgevhich bulk experiment to use, the

following should be considered:
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« Is the bulk response parameter highly repeataldeaatively easily to measure from the
bulk experiment?

+ What DEM parameter will eventually be optimised? Eaample, a response that is
heavily influenced by the shear modul@swill produce a more accurately optimised
value ofG.

« Can more than one response be extracted from ke grgeriment?

The bulk response parameter chosen from the rgtatiom device was the dynamic
angle of reposep, which is formed when the granular material is tiotaat a speed of ipm.
The confined compression apparatus was used tondete the bulk stiffness of system by
monitoring the change in void ratio from the strapplied during a loading and unloading cycle.
The gradients of the loading and unloading cuvesdx were the bulk response parameters
used to calibrate the DEM models. The bulk respgre@meters are described in detail in

section 3.2.

6.2.4 Measurement of bulk responses

Following the selection of the bulk response patansethe experimental measurements
should be acquired for each of the granular mdserfasummary of the results for the materials
and bulk response parameters used in this studyresented in Table 6.1.

The simulations that were employed to create threamical dataset for the optimisation
procedure used a scaled down system to reduce dheutational time. However, the
compression cylinder dimensional scaling invesimgatiescribed in section 5.4.1 revealed that
andk are influenced by the scaling, therefore, the appate adjustments were applied to the

bulk stiffness parameters when used to calibrad>fEM model.
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Table 6.1 Summary of bulk experimental responsarmaters measurements used to calibrate the DEM
models in the optimisation procedure

Dynamicg, [°] Confined compression bulk stiffness parameter
Material Filling LoadingA Unloadingk
AVG CoV €o
method AVG Ccov AVG Ccov
Single glass beads 33.0 5.2% AC 0.73 3.7E-03 2.2%9E-03 3.1%
RF 0.66 3.5E-03 2.6% 3.0E-03 2.5%
Paired glass beads 42.3 4.5% AC 0.85 4.3E-03 10.®BE-03 2.7%
RF 0.71 4.2E-03 11.6% 2.9E-03 3.3%
PET pellets 44.4 3.4% AC 0.65 8.5E-03 5.0% 2.2E-02.9%
RF 049 4.7E-03 43% 1.8E-03 1.7%
Black eyed beans 43.3 4.2% AC 0.59 7.5E-03 0.5%9E-D3 1.3%
RF 0.46 4.1E-03 45% 1.5E-03 2.3%
Black kidney beans 40.3 6.6% AC 0.63 1.7E-02 1.798.3E-03 2.3%

RF 053 1.1E-02 18% 2.7E-03 1.9%

AVG: average, COV: coefficient of variance, AC: esding cone, RF: rainfall filling,.einitial void ratio
Sample size for angle of repose=A@ndk=3
A anck are determined based on the change in void ragdaapplied vertical stresskPe

6.3 STEP 2: Creating the numerical dataset for the

parametric optimisation
The second step of the optimisation procedure isréate a numerical dataset that
describes how the DEM parameters influence the nigalebulk response parameters. The

creation of the dataset is achieved by:

Defining the DEM parameters to be optimised
Defining the values chosen for the remaining patarse
Using design of experiment (DOE) methods to deteerrthe matrix of simulations to

generate the numerical dataset
4. Conducting the simulations to create the datasat will eventually be used in the

parametric optimisation
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6.3.1 Define DEM parameters to be optimised

Before defining which DEM parameters will be optsedl, whether the parameter
produces discriminating effects in the predictedkbresponses when varied and which
parameters are important to the industrial systdras will eventually be modelled should be
considered.

Determining which DEM input parameters will produdiscriminating effects in bulk
responses when varied, can be achieved througbusamethods. For the purposes of this study,
this was achieved through parametric studies amvledge from previous DEM studies. By
altering individual and combinations of parametal®e bulk effects can be monitored and
analysed. This method can be time intensive butirassa much deeper understanding of
potential phenomena that can arise and their infleeon the results. Other methods of
identifying discriminating DEM parameters includeqgsential bifurcation which identifies
important parameters whilst valuing parsimony (8etil 1990; Bettonvil and Kleijnen 1997).
In certain cases, a DEM parameter may have nefgigiffect on one bulk response but
significant effects on another. In these casesDtakl parameter should not be excluded.

When defining the bulk experiments and responsestép 1, the parameters that are
important to the industrial systems that will evelty be modelled should be reviewed, so the
parameters to optimise should ideally be known.&@mple, if the industrial scenario that will
eventually be modelled is a granular compressiatesy, a confined compression test would be
a suitable bulk experiment to replicate the indaktoading conditions; and the bulk stiffness of
the system under various loading conditions shbealdneasured as a bulk response parameter.
Furthermore, parametric studies have revealedthieaparticle shear modulus significantly
influences the bulk stiffness; therefo@should be optimised.

As the particle to wall interactions are very specto each industrial or scientific
problem, the optimisation procedure focused onrtex-particle DEM parameters. In this study

it was proposed to optimise the following four mparticle mechanical properties;

- Particle to particle coefficient of sliding frictiou,,,
« Particle to particle coefficient of restitutiog),
- Particle to particle coefficient of rolling frictig u,. ,,,,

« Particle contact shear modulés,

168



6.3 STEP 2: Creating the numerical dataset fopdrametric optimisatio

Preliminary studies revealed thgt had minimal influence on dynamic angle of repose
and the bulk stiffness parameters, primarily asnin@erical systems modelled were quasi static
and dominated by slow shearing. Therefeyeis included as an optimised parameter to illustrat

the effect of including a non discriminating paraene

6.3.2 Choosing values for the remaining parameters

After the selection of the optimised parameters,alues for the remaining parameters
should be decided. In some instances, a paramedgr produce discriminating effects but
optimising it may not be desired. In this case pprapriate value must be chosen. For example,
the particle to wall sliding frictioru,,,, has a significant influence on the dynamic andle o
reposep,., however as the thesis focused on inter-partialameters, it will not be optimised. A
systematic approach was proposed in section 5.218irig a pre-optimisation procedure to
determine an appropriate value foy, .

Although a DEM parameter does not produce disciatimig effects in bulk responses
when varied, it may still be of interest in thelfatale models, and should therefore, not be
ignored. For example, even though the particle rhassminimal effect on the dynamig,., the
optimised parameters may eventually be used irseesywhere force and momentum accuracy
is required. In this case, the mass can eitherited fat the real value or scaled for the
optimisation procedure and eventually changed kackhe original value in the full scale
simulation.

It has been suggested (Chung 2006;Hartl 2008) #mat accurate geometrical
representation of a granular material does notssee#y yield more accurate results, especially
if the system modelled is static or quasi-staticréasing the number of spheres to model a DEM
particle will drastically increase the computatibrdfort which may not be essential. The
optimisation procedure was designed to be appkctbh wide range of granular material and a
generic shape was used to model the various gramalgerials in this thesis.

Parametric scaling can be used to reduce the catnmal time but may affect the
accuracy of the results. A cost-benefit analysisugh be conducted to evaluate where the
priorities lie and scale the parameters accordinbhe fixed values of the remaining parameters
for this study are shown in Table 5.1. A detailedestigation describing the effects of

parametric scaling on the bulk response paramist@resented in Chapter 5.
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It is generally accepted that the bulk stiffnessao$ystem is dependent on the initial
porosity and packing condition of the system. tidd be noted that when attempting to use the
optimisation procedure for the confined compressiest, the initial void ratioe, in the
experiments should match thg for the DEM runs in the dataset within 5%. Once th
optimisation has been performed using the correcbgity, the optimised parameters may then

be used for a range of void ratios.

Table 6.2 DEM implementation used in the simulaitmcreate the numerical dataset

DEM Implementation Value
PW coefficient of sliding frictiong,,, 0.30
PW coefficient of restitutiorg,. ,,,, 0.50
PW coefficient of rolling frictionu, ,,,, 0.00
Poisson’s ratiqy 0.30
Particle densityp, [kg/n] 1000
Number of equal spheres in a patrticle 2
Aspect ratioa, 1.20
Sphere radiusfing 2.5
Number of particles in drum 1600
Scale of experimental drum 100%

Number of particles in confined compression cylinde 8800

Scale of experimental confined compression test 60%
Compression speed of each platenj/seg™ 3
Fixed % of Rayleigh time step 10%

PW: particle to wall interaction
M Two way compressic

6.3.3 Use DOE to determine the matrix of simulation

Design of Experiment (DOE) is a methodical appraacimvestigate a system or process.
Essentially a set of structured tests are carefldlsigned where the input variables are changed
and the responses and effects of these changé® @ne-defined output are then assessed. DOE
is an effective way to maximise the amount of infation gained whilst reducing the amount of

resources used. It is especially useful as it alayyudgment on the significance to the output of
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input variable acting alone and allows for multipariables acting in combination with one
another.

The problem with conventional experimental methadschanging input parameter
independently, then monitoring the magnitude of tesponse in each case (apart from the
obvious time issue) is that various input paranseteray rely on interaction or have
interdependencies. In other words, some large rsgsomay not occur when multiple input
parameters are changed simultaneously. However, pl@ts for all possible dependencies in
the first instance, and then prescribes exactlytwdsa is needed to assess them. This is
particularly useful as it will show whether the esinf the response is based on a single or
combination of input parameters. From this inforomat the exact length and size of the
experiments are known before the testing begins.

Undertaking DOE procedure starts with identifyihg input variables responses that are
to be measured. For each input variable, a numblewels are defined that represent the range
for which the effect of that variable is desiredb®known.

The main goal in step 2 is to create a datasewitlatiescribe how the DEM parameters
affect the bulk responses. To determine the redaligp between a single parameter and a bulk
response is relatively simple: vary the parameteatesired levels between a predetermined low
and high value and measure the response to predwesponse curve. These low and high values
are chosen based on a reasonable range for easheaiar. The response curve can then be used
to predict what value of DEM parameter is requit@groduce the desired bulk response. When
the number of DEM parameters and bulk responseseases, the number of simulations
required to produce all the possible combinatiams ermutations increases exponentially. For
example, with 5 DEM parameters, each with 4 leweld 2 bulk responses, 2 4° = 2048
simulations would be required to produce the fulitix of simulations. For linear response
curves, 2 levels are sufficient to describe theveuflow and high), however, Figure 6.3
illustrates the oversimplification in results whesing 2 levels to describe a non-linear response
curve. Non-linear response curves are typicalgnse granular solids and a minimum of 3
levels are required (low, mid and high) to desctitben adequately. Figure 6.3 (a) shows an
example where 2 levels will underestimate the befiponse between the low and high values. In

the case of Figure 6.3 (b), using 2 levels wouldwsta minimal influence of the DEM
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parameters on the bulk responses, however, 3 leveldd reveal a very different response

curve.
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Figure 6.3 A description of a non-linear responsee using 2 and 3 levels.

Running a full matrix of simulations with 3 levatstime intensive. For example, in this
study, 4 DEM parameters with 3 levels using 3 bidkponses (NB: the bulk loading and
unloading stiffness are extracted from the samdirmmath compression test) were chosen, this
would require 2x 3* = 162 simulations. DOE can be used to reduce tineber of simulations
(and resolution of the dataset) and still producesaful dataset using factorial design. The
statistical package Statistica v9.0 (StatSoft 20083 used for the experimental design in this
study, more specifically, th8¥=?) Box-Behnken factorial design. The Box-Behnken giesi
develops highly fractionalised designs to screen rttaximum number of main effects in the
least number of experimental runs (Box and Behrl&60; Box and Draper 1987; Plackett and
Burman 1946). These designs do not follow a sing#sign generating algorithm, but are
constructed by combining two-level factorial desigith incomplete block designs, and have
complex confounding of interactions. The generatima@ism of generating fractional factorial
designs with 3 levels starts with a full factorssign, and then uses the interactions of the full
design to construct new factors by making theitdatevels identical to those for the respective
interaction terms. An interaction effect may occwken a relation between (at least) two
variables is modified by (at least one) other \@da This ensures that the design remains

balanced and minimises confounding between the eféécts and lower-level interactions.
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Using Box-Behnken factorial design, 2 3** = 54+2 simulations were required to
produce the numerical dataset. The two additiomallations are centre points run using all mid
values, to account for any response curves thatianér to Figure 6.3 (b). The main advantage
of adding extra centre points is that you can edgnpure error without having to replicate the
entire design, while keeping the design balancéds @llows you to perform significance tests
for all of the effects in the design and do a ge@ssnof fit test. The mid level value does not
necessarily have to be the geometric mid value dmtwthe high and low. To increase the
accuracy of the dataset and subsequently the @atiion procedure, choosing a mid value that
will produce 50% of the bulk response increase ftom to high should be used. For example,
from Figure 6.3 (b) we can see that increasingDB®1 parameters by 40% will increase the
bulk response by 50%; therefore, the DEM parameitier value should be 40% of the DEM
parameter range.

Based on the parametric study in Chapter 5, the toid and high values used in the
DOE were chosen to be the values listed in Tal8e 16 should be noted that the optimisation
procedure requires the same low, mid and high salode consistent for all the bulk response
parameters. For further details on performing expemtal design using Statistica, refer to

Appendix C.

Table 6.3 Low, mid and high levels used in the giesif experiments (DOE) to produce the numerical
dataset for the optimisation procedure

DEM input parameter Low Mid High
PP sliding frictiony,, 0.1 0.3 0.6
PP restitutione,. 0.1 0.5 0.9
PP rolling friction, ;. »p, 0.00 0.04 0.10

Particle shear modulus, [Pd] 1E+6 1E+7 1E+9

6.3.4 Conduct simulation to obtain DOE dataset

After the partial factorial matrix of simulationsa been determined, the various
simulations were conducted to obtain the numebcith responses. With factorial experimental
design, there may be a considerable number ofamdsnanually starting each simulation can be
very time consuming and inefficient. The DEM softevaused in this thesis EDEM (DEM
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Solutions Ltd 2009) allows simulations to be runbatch mode from its console. The input
decks for each simulation must be set up before BD&M’'s console will carry out the

processing with the user specified parameters.flitiner information on EDEM batch mode
console processing flags, refer to Appendix C.

The DEM input parameters that were not being optahihave been previously chosen
(section 6.3.2) and these remained constant thmughe DOE. To ensure this, identical input
files (except for the optimised parameters) weredusThe rotating drum simulations were
simpler to model and conducted as specified ini@ecb.2.2. However, the confined
compression simulations posed a problem as the siifless parameters are sensitive to
packing arrangement. Therefore, to establish astotmmparative analysis, a consistent packing
arrangement for the confined compression simulatiwas necessary. A single file containing
generated particles was used as the starting pbedch confined compression simulation using
the implementation method described in sectionr35@.establish am, similar to experimental
values. The particles were generated using a nadrahodulus value @=1E7Pa. As G is one
of the parameters to be optimised, it will invaljabhange and alter voidage in the system (see
section 5.4.2.2 for more information). For exampéglucing the shear modulus to 1E& will
cause the particles in the confined compressiomast to slump and vice versa. One possible
solution to avoid the change in system volume isrdayoving gravity in the simulations as
Chung (2006) implemented in his benchmark teste. ddntact forces between the particles are
based on the weight of the particleg), and reducing the gravity to zero will essenyiaiiake
the particles weightless. Changing Bewith no gravity will therefore not cause the syst®
slump or expand to a new equilibrium. For the pagsoof this thesis, the weight of the particles
on the confined compression bottom platen was itaporfor analysis and gravity was therefore
left at 9.81m/<.

It was found that the difference between the awveragmerical and experimental initial
void ratio was 5.4% (0.53 and 0.56 respectively] #me coefficient of variance between the
initial void ratios in the DOE dataset was 4.9 %e3e differences were deemed satisfactory for
the purposes of this study.

After all the simulations had been conducted, thdk response parameters were

extracted to produce the DOE dataset shown in T&allésee Appendix C for more details).
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Table 6.4 Partial factorial dataset used for ingdpgmisation procedure

DEM input parameters Bulk response parameters
e G e  Hpp  Hrpp br A K
1 1E+06 0.1 0.1 0.00 31.1 1.34E-01 8.62E-02
2 1E+09 0.1 0.1 0.04 36.3 4.43E-03  1.29E-03
3 1E+07 0.1 0.1 0.10 38.9 5.84E-02 2.73E-02
4 1E+09 0.1 0.3 0.00 36.7 3.26E-03  1.37E-03
5 1E+07 0.1 0.3 0.04 43.4 6.77E-02 2.30E-02
6 1E+06 0.1 0.3 0.10 48.4 1.30E-01 9.60E-02
7 1E+07 0.1 0.6 0.00 38.7 6.92E-02  2.44E-02
8 1E+06 0.1 0.6 0.04 44.6 1.29E-01 9.74E-02
9 1E+09 0.1 0.6 0.10 49.0 2.72E-03 1.66E-03
10 1E+09 05 0.1 0.00 30.6 3.02E-03  1.42E-03
11 1E+07 0.5 0.1 0.04 35.8 2.83E-02 1.57E-02
12 1E+06 0.5 0.1 0.10 36.6 1.75E-01 7.71E-02
13 1E+07 0.5 0.3 0.00 37.7 2.45E-02 1.51E-02
14 1E+06 0.5 0.3 0.04 41.3 8.72E-02 4.83E-02
15 1E+09 05 0.3 0.10 48.7 5.76E-03  1.24E-03
16 1E+06 05 0.6 0.00 37.7 T7.90E-02 5.97E-02
17 1E+09 0.5 0.6 0.04 43.7 4.10E-03 1.39E-03
18 1E+07 05 0.6 0.10 519 243E-02 1.79E-02
19 1E+07 0.9 0.1 0.00 30.6 2.70E-02 1.55E-02
20 1E+06 09 0.1 0.04 32.7 9.92E-02  5.14E-02
21 1E+09 09 0.1 0.10 36.1 4.33E-03 1.21E-03
22 1E+06 0.9 0.3 0.00 35.1 8.67E-02 4.84E-02
23 1E+09 0.9 0.3 0.04 42.7 3.65E-03 1.34E-03
24 1E+07 09 03 0.10 48.9 2.55E-02 1.53E-02
25 1E+09 09 0.6 0.00 40.0 2.75E-03  1.57E-03
26 1E+07 09 06 0.04 43.4  2.40E-02 1.76E-02
27 1E+06 0.9 0.6 0.10 50.9 8.02E-02 6.03E-02
28 1E+07 0.5 0.3 0.04 42.6 2.54E-02 1.51E-02

G:particle shear modulus,: coefficient of restitutionyparticle to particle coefficient of sliding frictn, 14 ,,: particle to
particle coefficient of rolling frictiong: dynamic angle of repos@;bulk loading stiffnessg:bulk unloading stiffness
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6.4 STEP 3: Parametric optimisation

After the creation of the numerical dataset and rtteasurement of the experimental
calibration data, the final step is to determine tiptimised DEM parameters (independent
variables) that will produce a best match withdbeof measured bulk response parameters for a
real bulk solid. Searching or optimisation techmsjucan be used to find the optimised
parameters and thereby produce a model that hasdadibrated with experimental results. To
conduct a comparative study, two searching tectesiquere used; the first is a simple method
based on Microsoft Excel’'s Solver algorithm and$keond is a robust method that involves the
use of the commercial statistical analysis prog&atistica.

This section will start by introducing the concept optimisation followed by a

comparative study of the two parametric optimisatizethods.

6.4.1 Concept of optimisation

This section will discuss the concept of optimisatin the context of this study. A vector
X; is the set of DEM input parameters to be optimiged,example the coefficient of sliding

friction, particle shear modulus, contact restdatietc.

Equation 6.1

A set of bulk calibration experiments should be duwied in which several bulk
measurements are made to be used for the inveltg@raoand optimisation procedure. In this
study, the rotating drum and the confined composssests were used to measure the dynamic
angle of repose,. and the bulk stiffness parameters. The veBtarontains these measured bulk

responses:

Equation 6.2
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A matrix of DEM simulations are conducted coverthg appropriate range of values for
the DEM input parameters;. The results of these simulations produce a saferesponse
surfaces describing how the DEM parametérsfluences the selected bulk responses. So we
can express each predicted bulk response as adinétthe DEM input parameters.

Assembled in matrix form, we get the vector of jcestl bulk response§, given by

[Gi] = [M][X{] Equation 6.3

Several methods such as multiple linear regressaambe used to establish the matrix
[M]. Multiple linear regression may not work as wehere the parameters do not have linear
relationship with the bulk response parametershe©possible solutions include the use of a

generalised additive model in the form of

y = sum(f;x;) Equation 6.4

where f; is an unspecified non-parametric function to beeigeined from either known
causal relationships or estimated using a scattdr gmoother technique. This allows the
function f; to pick up possible non-linearities in the effeat©EM input parameterx;.

An optimisation/searching technique is neededrtd the optimum set of vectdi, so as
to minimise the differences between measured aadigied bulk response parameters. This
may be given by the least squares error estimdigiween the predicted responggsand

measured responsBg as given by the objective function

T = (B;] — [C;])? Equation 6.5

The main purpose of the optimisation procedurdnésefore to find the optimurk; by

minimisingT.
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6.4.2 A study of bulk friction as an example of optimisat

A simple regression procedure may be used to éstaptedictive correlations between
bulk and particle properties. Hartl (2008) proposedoptimisation procedure to establish the
influence of particle to particle sliding frictionu,, on bulk internal friction
Upp puik fOr particles with different aspect ratias. For eacha,, a total of fourteen DEM
simulations were carried out on a 1#8ndiameter shear cell with a constant normal loa@%of
kPa Using these numerical results, a curve was fittethe data points based on the Equation
6.6. Error minimisation techniques were used oretiigations coefficientd, B andC to produce

the trendline Equation 6.7.

Ax + B .
= Equation 6.6
Y <x+C> q
(294 -a, —2.09) *hpp (0.33-a, —0.28) ]
= Equation 6.7
Hpp bulk 1oy + (108 - @, — 0.82) d

Superimposing Equation 6.7 over the numerical tegubduces the plot in Figure 6.4. It
may be seen that this simple equation providesod gescription of how the particle aspect ratio

a, and particle contact frictiom,, combine to influence the resulting bulk internattfon,
Uppputk 1N @ densely packed granular assembly. At lowegea ofu,, (0.1-1.0) the trendline
matches the numerical,, ,,;x Closely, however at larger values of,, discrepancies start to

arise.
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Figure 6.4 The influence of inter particle friction the bulk friction for particles with differeaspect
ratios (after Hartl 2008)

This simple parametric optimisation is a useful affiective manner to illustrate the
potential of optimisation techniques to calibrateND models for agricultural grains. However,
as granular behaviour is complex in nature, optmgisndividual parameter independently may
lead to oversimplifications. This section attemfatsexplore and establish the relationships for

multiple parameters using two methods.

6.4.3 Development of model parameters optimisation tealasq

Two optimisation techniques were attempted. Th&t f8 a simple method based on the
Microsoft Excel Solver algorithm. The second is arenrobust method that involves the use of
the statistical analysis program Statistica (Stt&209).

6.4.3.1 Method 1: Microsoft Excel Solver algorithm

The first method uses the inverse distance intatjpol on a response surface represented
by a set of multivariate scattered data points ryibg the numerical dataset and the Microsoft
Excel Solver (MES) searching algorithm.

An Excel spreadsheet was developed to set outgtimisation procedure to evaluate the
DEM input parameters required to produce the degitdk responses. The searching technique

adopted in this model was the inverse distance poveer method, where the influence of the
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dataset on the optimised parameters is inverselygotional to the distance, given the following

equations.
Yw(x)u _
u(x) = Equation 6.8
0 =Tww
(x) = ! Equation 6.9
W) = Dop q .
D = \/(xz —x1)2 4+ Yy —y1)2 + o+ (22 — 21)? Equation 6.10

whereu is the interpolated valuey is the weighting factory adjusts the sensitivity of
the weighting,x is the given value, andl is the distance from. An illustration of the inverse
distance in a two dimensional plane is shown irufgg6.5, wheret, will have more influence

on thex thanus but less tham; .

D,
O

Figure 6.5 lllustration of inverse distance metlisdd in the parametric optimisation
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The graphical user interface (GUI) designed forNteS method is shown in Figure 6.6.

Parametric optimisation: Excel solver

Experiment Rotating drum Confined compression Confined compression

Bulk responses Dynamic ¢, A x
Measured value
Solver predicted value
Experiment importance
Absolute error
Sum of errors squared

Weighting sensitivity, P

DEM parameters Particle - Particle Particle - Wall
Static friction, u

Restitution, e .

Rolling Friction, x,

Shear modulus, log(G) [Pa]

Poisson’s ratio, v

Solid density, o, [kg/m’]

CEH Optimised parameter ’_

Figure 6.6 Graphical user interface designed fefMiicrosft Excel Solver method

The explanations of the terms found in the GUlaéollows:

Experimenis the bulk experimental device used

Bulk responseis the response parameter measured from theimerthat will be used
to calibrate the DEM model in the optimisation @dare

Measured valués the experimental value measured from the bagk t

Solver predicted valuis the bulk response parameter that the optingsedf parameters
will predict using the inverse distance method.

Experiment desirabilitycan be incorporated into the optimised parameteran
experiment is of greater importance. This is adkdeby increasing the experiment
desirability which is directly linked to the ‘errsguared’.

Error squaredis the difference between tiMeasured valuandSolver predicted value
with theExperimental desirabilityactor applied

Sum of errors squared the total sum of errors squared from each etk responses.
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6.4 STEP & Parametric optimisatic

« Weighting sensitivity |5 used to calibrate the sensitivity of the ineedéstance method
using Equation 6.9.

« Optimised parameterare the input parameters determined by the sthamwill produce
the smallessum of errors squaredalue.

+ Resetwill return the optimised parameters back to miigevalues.

Solver optimisation implementation

A sensitivity study on the effects of the varioystions and parameters of the MES
algorithm on the optimised parameters are presemte&ppendix C. From the results of the
parametric sensitivity study, it was establisheat:th

- The initial starting values of the optimised partene are important. As a forward
derivative method was used for searching (seee@i7.1.4), using extreme range
values as the starting value may point the seagchlgorithm in the wrong direction.
Using mid range values as the starting point isetioee advised.

« Due to the low resolution of the numerical datdssduced factorial), optimising using 3
bulk responses without creating an ANOVA model sawaally returned irregular
outcomes. It was therefore chosen to optimise tmarpeters based on two response
parameters; the dynamic angle of repgsand the unloading parameter

- Another drawback of the reduced factorial datas¢fe increased distances between data
points. To increase the influence of each dataseit,pa weighing factop=5 was used.
Further research could investigate the expansiahefdataset by generating additional
points based on the original data.

The Excel Solver implementation of the optimisatfmecedure can be found in Table
6.5. For further information on the various opti@msl their significance see Appendix C.
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Table 6.5 Excel Solver option implementation fag tptimisation procedure

Option value
Max time [sed 32000
Iterations 32000
Precision 1E-06
Tolerance 1%
Convergence 0.0001
Estimates Quadratic
Derivatives Forward
Search algorithm Newton

6.4.4 Method 2: ANOVA software, Statistica

The second parametric optimisation method usedtiditestical software Statistica. This
software was chosen as it included a design of rerpat (DOE) and experiment analysis
section. The parametric optimisation using Staistwas carried out in two parts; first an
ANOVA model was created based on the numerical seéatand second, the optimised
parameters were determined using profiling andrdietity.

6.4.4.1 Creating the ANOVA Model used in the optimisatiaogedure

Analysis of variance (ANOVA) is used to test fogrsficant differences between means
by comparing variances. More specifically, by pemiing the total variation into different
sources, it is possible to compare the variancetdude between-groups variability with the
variance due to the within-group variability.

The determination of the optimised parameters défbend on the ANOVA model used,
and an appropriate model should be determined whilktitharacterise the bulk responses most
accurately. The following section describes varioossiderations to account for when creating
the ANOVA model
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Data transformation

The various DEM parameters (independent variabiesy have contrasting ranges of
data. For example, the coefficient of sliding fioct ranges from 0.1 to 0.6 whereas the particle
shear modulusz ranges from 1E@a to 1E9 Pa. Although Statistica uses standardisation
techniques to limit the influences of range, theater range oG values may influence the
ANOVA model and create a bias in the optimisatibnthese cases, a transformation may be
required.

The simplest method of managing the contrast iadptying a transformation function to
the data, run the optimisation procedure and tipptyahe inverse of the transformation function
to the results as shown in Figure 6.7. In this gdanthe transformation function wsg,,(x)

to change to range of shear modulus from 1E64bE910.

Transformed raw
data
(e.g. log(G) =6)

DOE data point
(e.g. G=1E6 Pa)

Transformation
function

(e.g. log)

Optimisation
procedure
(Statistica)

Inverse
transformation
function
(e.g. 10%)

Optimised parameter
(e.g. G=1.6E7 Pa)

Optimised result
(e.g. 7.2)

Figure 6.7 Flow chart of the data transformatioocpdure

In certain cases a polynomial equation may notdserate enough to describe a response
curve, in which case, other transformation may bedu including generalised linear models
(GLM) (McCulloch and Nelder 1983). GLM generalisegression by establishing a relationship
between a linear model and response variables asirapnsformation function. The advantage of
using a linear model would mean that the responseeccould be described using 2 data points
(high and low), the disadvantage being the adddi@omplexity included in the optimisation
procedure. The majority of the responses curveahismstudy can accurately be described using

second order polynomials and therefore GLM methveel® not explored.
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ANOVA model and regression coefficients

Once the data has been transformed, a multiplesemn is performed on the dataset to
determine the regression coefficient for the vagigarameters. These are computed for the
various bulk response parameters to determine almwith one set of regression coefficient
applicable to all the bulk response parameters. Aog-linearity of the response curves is
accounted for by including linear (L) and quadr&€ coefficient for each parameter. When the
guadratic coefficient is close to zero, the responisve is linear, and the quadratic coefficient
should be ignored from the model. The coefficiehtleterminationk? is an indication of the
correlation of an ANOVA model with the dataset raggfrom O to 1, where 1 is a perfect
correlation in which predictions based on the moaidll be more accurate. To achieveRra

value close to 1, several methods may be usedeThelside:

« Ignoring some effectsome parameters may have minimal effect on thile f@sponse
parameters (e.g. quadratic coefficient of the n&sdin coefficient on the dynamic repose
angle¢, as seen in Figure 6.8, a) and may be ignored fremmodel to increase thi¢
value. It should be noted that some parametershraag minimal influence on one bulk
response but significant influence on another.his tase, ignoring the parameter will
decrease the correlation for that bulk responsanpater. In the present study, however,
no effects were ignored.

« Twoway interaction In some instances, individual parameters indepetiygl may have
less effect on bulk responses than the interaatibthe two. Park and Ahn (2004)
investigated the use of two-way interactions inigleof experiments in addition to
simply considering the main factors individuallydafound an increase in accuracy to
predict optimised parameters. In this study, it wiaand that including a linear
coefficient two-way interaction of the parametersreased the correlation and was

therefore included.

Pareto chart analysis

Pareto principle states that in many events, a ninajof the effects are a result of a
minority of the causes. In the context of the opgation procedure, a few DEM input
parameters will be responsible for a majority of thanges in bulk response parameters. A

Pareto chart of effects can be plotted in Statisticd shows the effect estimates sorted by their
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absolute size. The Pareto chart is useful foiewing a large number of factc and is an
effective manner of quickly determining the mairfeefs that influence the stem. Figure 6.8
shows the Pareto chart of effects using standatdeféect estimates for the various b
responses. The statistical significance paramra, wasset to 5% (highlighted in the Pare
charts by the red dotted line) to indicate anyafdhat were deemed statistically insignifica
However,due to the inherent variability granular materials, &, between 5% and 10Gs

acceptable.

Pareto Chart of Standardized Effects; Variable: AOR
4 3-level factors, 1 Blocks, 23 Runs; MS Residual=1 403458
D AOR

(3)S8tatic Friction(L) g7
[$)Rolling Friction(L)
Static Friction(Q)
3LbyL

Rolling Friction(Q) §
Log ShearMod{Q) |
TLby2L

2Lby3L

(1)Log SheariMod(L)

1Lby3L [
Restitution(Q)
2Lyl

Standardized Effect Estimate (Absolute Value)

(a) Dynamic angle of reposB’(= 0.98)

Figure 6.8Pareto chart of effects using standardised effestimates for the various bulk respc
parametersising thenumerical datasd€tietermined using Statistic

(L):linear coefficient, (Q):quadratic coefficiend,.byxL:two way interaction between lirar coefficients
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Pareto Chart of Standardized Effects; Variable: Load Stiff
4 3-level factors, 1 Blocks, 28 Runs; MS Residual=.0002461
DV. Load Stiff

(1)Log ShearMod(L)
Log ShearMod(Q)
(2)Restitution(L)

2Lby3L
Static Friction(Q)
2LbyL
Restitution(Q) £
{H)Rolling Friction(L} i

Standardized Effect Estimate {(Absolute Value)

(b) loading stiffness parametA (R? = 0.95)

Pareto Chart of Standardized Effects; Variable: Unload Stiff
4 3-level factors, 1 Blocks, 28 Runs; MS Residual=.0000511
DV: Unload Stiff

(1)Log ShearMod(L) E
Log ShearMod(Q) £
1Lby2L
(2)Restitution(L)
Restitution(Q)

[4)Rolling Friction(L)
Static Friction(Q)
3LbwL

p=.05
Standardized Effect Estimate (Absolute Value)

(c) Unloading stiffness parametex (R? = 0.97)

Figure 6.8Pareto chart of effects using standardised effestimates for the various bulk respc
parametersising thenumerical dataset (determinesing Statistice

(L):linear coefficient, (Q):quadratic coefficiend, byxL:two way interaction between liar coefficients
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As expected, (Figure 6.8, a) shows that the sicanti effect on the dynamig, comes
from the linear and quadratic coefficients of tiatis 1, and rollingu, ., friction, where the
linear coefficient have significantly more influenthan the quadratic coefficients. The Pareto
chart of effects also highlights the significarfiiience of the two-way interaction betwegy),
and i, ,,,. In addition, the particle shear modul@sand the coefficient of restitutios). have
minimal influence on the dynamig,..

As expected, the bulk stiffness parametendk are predominantly influenced by the
particle shear modulus (linear and quadratic coefficients). Surprisinglye linear coefficient
of e, has an influence ohandk. As the system is quasi-static anpdwvas not expected to play a
significant role, so this is not easily explicabldie damping ratig,; is directly influenced by
e, (Equation 2.11) when particles are in movement @ussible explanation would suggest that
there is particle movement during the loading anbading of the sample. In additiom,,, and
Urpp appear to have minimal effect on the bulk stiffn@arameters. Although, it should be
noted that as these are standardised effegts,and u,,,, may have effects on the bulk

parameters but are proportionally smaller comp&véal

6.4.4.2 Parametric optimisation using predicted responsd egsponse

desirability

Following the creation of the ANOVA model, profignusing theresponse desirability
function in Statistica is used to obtain the opsed parameters. Response and desirability
profiling allows the inspection of the responsefats produced by fitting the observed
responses using a model based on levels of the P&fsmeters. The profiler will enable the
inspection of the predicted values for the bulkpoese parameters at different combinations of
levels of the DEM parameters, specifying the déditg function for each of the bulk responses
and searching for the levels of the DEM parametieas produce the closest match with the
measured bulk response parameters. The experityemaasured values of the bulk responses
(Dynamic¢,, A andk) are used to calibrate the response surface. &bieathility function can
be used to constrain some of the parameters inofftenisation, so that the optimisation

procedure does not return unrealistic values (tangleu,, < 0).
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Statistica optimisation implementation

A parametric sensitivity analysis on the effectstlod various options available in the

Profiling and Desirabilityfunction was first conducted on a set of fabricag=iilts to determine

to most appropriate setup to use for the optinosgpirocedure and is presented in Appendix C.

From the sensitivity study results, it was deterdithat:

There are two main searching methods in Statistieageneral function optimisatioand
optimum desirability at exact grid pointAs thegeneral function optimisatiodoes not
constrain the optimised values at exact points ¢iwkere not necessary for the purposes
of this thesis) the computational time will deceeand profiling curve will be less
restricted, therefore this method was used. Theckiggy algorithm used to determine the
optimised parameters is based on the simplex meathddnction optimization (O'Neill
1971; Nelder and Mead 1965) which uses a nonliasamation algorithm that does not
rely on the computation or estimation of the demxes of the loss function. Instead, at
each iteration the function will be evaluated mt1l points in them dimensional
parameter space.

The searching method is not confined to exact oidts, therefore, a reasonablember
of stepqdata points along the profile surface) shoulathesen. A total of 20 steps were
used in this study.

Statistica allows for up to three "inflection pahtin the desirability functionfor
predicted values of the bulk responses. Usings8tecurvatureparameters, a value for
the exponent of the desirability function may beafed, representing the curvature in
the desirability function between the low and mediunflection points of the function
and between the medium and high inflection poiritthe function respectively (Figure
6.9, c). It was determined that using a desiraboit 1 for the central inflection point
produced more accurate results (Figure 6.9, a)nancwing the range of the inflection
point constrained the optimisation and lead to tgrearrors (Figure 6.9, b). In addition,
the s&t curvature parameters showed negligible effect on the redqiidigure 6.9, c).
Therefore the range of the inflection points matttiee range of the dataset and $ig

curvaturewas left to a default value of 1.
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Desirability Desirability Desi-ahility
¥ - o 18
i 1
m O 0 158 5 [ 118 &
g € e 11m =10 g
17 I e | =
1o [
1] |z 1@ 1 | §
m
(a) Central inflection point (b) Reduced range §8)t parameters = 5

Figure 6.91lustration of the desirability function in Statisa for the dynamic angle of rep:

« Finally, the current levels of the predictor vatesbfor the prediction profile compoul
graph can be set using tSet factor abption. These can either be <0 themean valug
user specifiedr at optimum valu. The last option will determine the optimum vatbhat
will suit the other option’s criteria. Trat optimum valuevas found to produce the mc
accurate answerwith regards to tr optimisation proceder as this option did ne
constrain thesearchin method.
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6.5 Optimised DEM parameters

Following the creation of the ANOVA model based thre numerical dataset, the
profiling and desirability function in Statistica was used to determine a afebptimised

parameters for each granular material based ondgkperimental measurements.

6.5.1 Results and discussion

The optimised parameters for the single and pa&@BdPP, BEB and BKB can be found
in Table 6.6 and Table 6.7 using the Microsoft ExSelver (MES) and Statistica method
respectively.

Due to the resolution of the partial factorial nuical dataset, the optimisation of the
parameters using the MES method was carried oltiding the bulk loading stiffnesk It can
be seen from Table 6.6 the error between the expetal results and the solver predicted results
are minimal in most cases (<1%) excluding single. GBe reason for this is because the
dynamicg, (33 lies in the lower ranges of the dataset, andother materials (cases 3-10) lie
within the middle of the dataset. This highlightse tsearching method’s difficulty when
optimising values around the extremities of theaset range. In addition, the sliding friction,
Upp N many of the cases is at the extreme low oh If@1 or 0.6). This is due to the MES
computational technique which uses iterative nucaémethods that involve "plugging in" trial
values, Excel Solver performs analyses of the mesg® and their rates of change as the
parameters are varied, to guide the selection wftmal values, until the responses approaches

the desired value or a defined constraint is nmtekample 0.1g,,<0.6 (see section 2.7.1.4).
As u,,, has significant influence on the dynangic, the Solver will monitor a greater response
when altering this parameter and therefore focuthparameter. It can be seen that many of
the optimised parameters are similar to the levetbe data set (e.g,,,= 0.1, 0.3, 0.6). This is
because of the numerical dataset resolution cordhith the high weighting factop,.

For almost all the granular materials, excludihg BEB (case 7-8), this optimisation
procedure does not discriminate between the londedanse filling methods. This is primarily
because the filling method affectawhich is not taken into account in the optimisatiand the

unloading parametex is similar for the two filling methods.
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Table 6.6 Parametric optimisation using Excel Sofeevarious granular materials and filling metsod

Case 1 2 3 4 5 6 7 8 9 10

Experimental results
Single Single Paired Paired

Material GB GB GB GB PP PP BEB BEB BKB BKB
AVG dynamicg, 33.0 33.0 42.3 42.3 44.4 44.4 43.3 43.3 40.3 40.3
Filling method AC RF AC RF AC RF AC RF AC RF

AVG Unloading stifnessx ™ 3.2E-03  3.3E-03 2.9E-03 3.2E-03 24E-03 2.0E-031Ed€3 1.7E-03 3.6E-03 2.9E-03

Optimised parameters

Shear modulus; [Pa) 1.9E+08 1.9E+08 2.0E+08 1.9E+08 2.4E+08 2.6E+086E208 3.2E+08 1.8E+08 2.0E+08
Coeff of restitutiong, 0.15 0.18 0.36 0.29 0.11 0.21 0.10 0.40 0.33 0.28
Coeff of sliding friction u,, 0.10 0.10 0.59 0.60 0.60 0.60 0.60 0.60 0.26 0.28
Coeff of rolling friction,u; ,,,, 0.00 0.00 0.10 0.08 0.10 0.10 0.10 0.10 0.03 0.02

Predicted bulk response

Dynamice, 39.16 39.2 42.3 42.3 42.8 43.01 43.16 43.2 40.3 3 40.
Error 18.7% 18.8% 0.0% 0.0% -3.6% -3.1% -0.3% -0.2% 0.0% 0.0%
Unloading stiffnessg 3.2E-03 3.3E-03 29E-03 3.2E-03 24E-03 2.1E-03 EAA3 1.7E-03 3.6E-03 2.9E-03
Error -0.1% 0.1% -0.1% 0.0% 0.1% 8.3% -0.1% -0.2% .19 0.1%

[ Bulk stiffness parameters have been adjusteddouex for scaling
AVG: average, GB: glass beads, PP: PET pellets,: BBk eyed bean, BKB: Black kidney beans, ACeasiing cone filling, RF: rainfall filling
Error represent the % difference betweee experimental and predicted bulk respiparamete
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Table 6.7 Parametric optimisation using Statiskicavarious granular materials and filling methods

Case 1 2 3 4 5 6 7 8 9 10
Experimental results
Material Srdle  Shgle  Pared  Pafed  pp PP BEB BEB  BKB  BKB
AVG dynamicg, 33.0 33.0 42.3 42.3 44.4 44.4 43.3 43.3 40.3 40.3
Filling method AC RF AC RF AC RF AC RF AC RF
AVG loading stiffnessa 4.1E-03 3.9E-03 4.8E-03 4.6E-03 9.5E-03 5.3E-03 E®3 4.6E-03 1.9E-02 1.2E-02
AVG Unloading stiffnessi ™ 3.2E-03 3.3E-03 29E-03 3.2E-03 2.4E-03 2.0E-03 EsD3 1.7E-03 3.6E-03 2.9E-03
Optimised parameters
Shear modulus; [Pa] 1.9E+07 4.5E+07 2.5E+07 2.2E+07 5.6E+07 7.0E+079E€07 7.3E+07 2.4E+07 3.9E+07
Coef. of restitutione, 0.87 0.27 0.37 0.41 0.10 0.10 0.10 0.10 0.33 0.22
Coef. of sliding frictiony,,, 0.15 0.10 0.32 0.32 0.31 0.28 0.25 0.25 0.42 0.27
Coef. of rolling friction,u, ,,,, 0.00 0.00 0.03 0.03 0.05 0.05 0.05 0.05 0.00 0.02
Predicted bulk response
Dynamic, 33 33 42.3 42.3 44.4 44.4 43.3 43.3 40.3 40.3
Error 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
loading stiffness 8.9E-02 13E-01 14E-02 15E-02 14E-02 1.2E-01 EN3 1.2E-02 19E-02 1.5E-02
Error 2074%  3155% 199% 215% 43% 2234% 55% 168% 0% 8% 2
Unloading stiffnessg 3.2E-03 3.3E-03 29E-03 3.2E-03 2.4E-03 2.0E-03 E©AR 1.7E-03 4.3E-03 2.9E-03
Error -0.1% 0.1% -0.1% -0.1% 0.1% 0.1% -0.2% -0.2% 20.3% 0.2%

[ Bulk stiffness parameters have been adjusteddouat for dimensional scaling

AVG: average, GB: glass beads, PP: PET pellets,: BBk eyed bean, BKB: Black kidney beans, ACeasling cone filling, RF: rainfall filling

Error represent the % difference between the exyaarial and predicted bulk respo paramete
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The optimisation using Statistica, optimised theMDfarameters based on the dynamic
¢, A andk. From Table 6.7 it may be observed that the efbetaieen the experimental bulk
responses and the Statistica predicted bulk regpoarameters are negligible with respect to the
dynamicg, andk (<1%); however they are significant f1(0-3000%). This can be attributed to
two main reasons; the experimental valueg bés at the extremity of the dataset (illustraired
Figure 6.10), and secondly, the lack of plastigitthe DEM contact model makes matchingiup
difficult, which involves plastic deformation atntiale contacts (see section 2.2.2.2). When the
value of the experimental parameters lies neaefiemities of the DOE dataset, the inflection

points in the desirability curve lie close to eaather and profiling may be more prone to
irregular results.

0.173

Load stiff

j_ S I . | .
0.0031 F==77" -

Desirability

Figure 6.10 Typical Desirability plot for the unttiag stiffnessA using the DOE dataset

In addition, the lack of plasticity in the contanbdel results in thé component of the
numerical dataset having a trend dictated by th&icpa relative motion and contact elasticity
(influenced primarily by the particle shear modul@y but not the contact plasticity. The
parameterkx, however, is dictated by the system’s ability tebound under unloading.
Essentially,G is optimised using two bulk response parametets wontrasting trends. In
addition, the Pareto chart of effects reveals Gdias a greater influence anthan on and is
why the optimisation favours (lower experimental to predicted error) thann the case of the
black kidney beans filled with the ascending carasé 9), the profiling favoursoverk (0% to
20% error respectively) as the value lies withie timid range of the dataset and a better
correlation can be achieved.

From the Pareto chart of effects (Figure 6.8) we e two distinct sets of effects; the

dynamic repose anglg, influenced primarily by the frictional parametdys,, andp, ,,,) and
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the bulk stiffnessd and k influenced primarily by the particles shear module which is
reflected in the optimised parameters. In most saGxcluding the black kidney beans) the
optimised parameters for different filling methodave similar values oft,, and u,,,, as
calibration measurement of the dynanpicis the same. The optimised parameters differ only
G, related to bulk stiffness which is influencedthg filling methods. A€ was shown to have a
minimal effect on the dynamig,., it is assumed that the numerical predictionshef dynamic

¢, will be similar for a pair of optimised parametémsm a granular material (e.g. cases 7 and 8

will produce similar predictions of the dynang).

6.5.2 Limitations and sources of errors

The two optimisation methods have shown useful ltesand predictions of bulk
behaviour in granular systems. When applying tmesthods, several limitations and sources of
errors should be considered.

6.5.2.1 MS Excel Solver

The MES method has been shown to be a simple dimierf method of parametric

optimisation, however, several limitations of thigthod include:

+ The use of design of experiment (DOE) methods hasadvantage of reducing the
number of experiments to conduct; however the wiwol of the data will decrease
accordingly. For inverse distance methods, an gp@ate scatter of data points is
essential. When the number of DEM parameters atidrbsponse parameters are low, a
full factorial matrix of simulations should be camied. One possible solution could
investigate the expansion of the dataset by gangratditional data points based on the
original data using interpolations method. Thid witrease the accuracy of the searching
method.

+ MES performs analyses of the responses and thes od change, since the parameters
are varied, to guide the selection until the respsnapproach the desired values or a
defined constraint is met. However, parametersoptenised one at a time and focus is
placed on parameters with the greatest influenbé&hwmay in some cases have negative
influences. The error can be reduced by increasiagesolution of the dataset.

195



6.5 Optimised DEM paramete

Due to numerical dataset resolution, the parameptonisation using more than 2 bulk
response parameters produced irregular behaviouac@ount for the low resolution, the
weighting factorp was increased to 5. In this case, the optimisednpaters will be

biased towards the exact dataset values.

6.5.2.2 Statistica

The Statistica based parametric optimisation methasi shown to be a robust and stable

method; however, several limitations of this methodude:

One possible limitation of the ANOVA model in SHdita is that a single model is used
to describe the response surface for each bullonsgpparameter; therefore compromises
and biases are made. The model may have a goaglatayn with one bulk response but
not another. The model used in this chapter dithah have a good match for all of the
bulk responsesRE > 0.95), however in situations where this is f@ tase, a separate
ANOVA model for each response may be necessaryadpgstments to the optimisation
may need to be carried out accordingly.

Basing assumptions solely on statistical analysay ioe misleading, as the ANOVA
results may be specific to the numerical simulaiamd not transferable to full scale
systems. Sequential bifurcation and Pareto anabsisrmines which parameters have
statistically significant influence on the bulk pesise parameters using the numerical
dataset, however, it does not take into accountuapyedictable behaviour or errors that
arise due to numerical phenomenaithough time consuming, parametric investigation

are useful to form a deeper understanding of wifatences the bulk behaviour and why.

6.5.2.3 General limitations

Some general limitations to the methodology include

Additional bulk response parameters may be relgtieasily added to the numerical
dataset by running a set of simulations using #mescombination of parameters as the
previous DOE (e.g. Table 6.4). However, the additd extra DEM parameters requires

an entirely new DOE dataset to be created.
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6.€ Summar

« For both optimisation methods, the range of thasktis crucial. The experimental value
used to calibrate the models should lie in the mallge of the numerical dataset. For
example, this study aimed to develop a genericnopétion procedure for a range of
granular materials and therefore used particle rshremlulus range from 1E6-1HEPa.
However, this range should be adjusted to suittype of material tested; for example,
glass beads should use a rang&ef 1E8-1E1(Pa.

6.6 Summary

This chapter has described the development of a DidMel parameter optimisation

methodology. The procedure consists of three steps;

1. The measurements of the data that will be usedlibrate the DEM models;
2. The creation of the numerical dataset that willcdés how the DEM parameters
influence the bulk behaviour;

3. The optimisation of the DEM parameters using tisellts from Step 1 and 2

To conduct a comparative study, two searching nusthwere used in the optimisation
procedure; the first was a simple method based mmosbft Excel's Solver algorithm coupled
with an inverse distance weighing. The second washast method which involved the use of
the statistical analysis program Statistica. It wlaswn that the Excel Solver algorithm required
less time to determine the optimised parameters,was limited by the resolution of the
numerical dataset and could only perform an aceyratametric optimisation based on two bulk
response parameters (dynangic andk). Alternatively, Statistica was able to producesb o
DEM parameters that were optimised using the thbedk responses. In addition,

recommendations and considerations for each steplieen proposed.
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Chapter 7

Verification and validation of the model
calibration methodology

7.1 Introduction

Chapter 6 provided a detailed description and amalgf the DEM model parameter
optimisation methodology. Experimental bulk resmmsvere measured and used to calibrate
DEM models based on numerical dataset. The resdtarset of optimised DEM parameters that
were expected to predict the bulk responses forowar granular materials. However, a
verification and validation is required to determithe robustness of the optimisation procedure.

This chapter will verify and validate the set otiopsed parameters for black eyed bean
(BEB). A verification was conducted by simulatingettwo calibration experiments using the
optimised parameters and comparing them with thge@xents. In addition, a validation was
performed by predicting the bulk response in adasgale system. The optimised parameters
determined with the Statistica and Microsoft Ex@elver algorithm for different filling methods

can be found in Table 7.1.
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7.2 Optimised DEM paramer verificatior

Table 7.1 Optimised parameters of black eyed besed in the verification and validation study

Optimised parameters Case 1l Case 2 Case 3 Case 4
Optimisation algorithm Solver Solver  Statistica tBtica
Filling method AC RF AC RF

Shear modulus; [P 2.6E+08 3.2E+08 6.9E+07  7.3E+07
Coefficient of restitutione,. 0.10 0.40 0.10 0.10
Coefficient of sliding frictiony,,, 0.60 0.60 0.25 0.25
Coefficient of rolling friction ;. ,,,, 0.10 0.10 0.05 0.05

AC: ascending cone, RF: rain

7.2 Optimised DEM parameter verification

The first step in the verification and validaticldy is to verify whether the optimised
parameters do in fact produce the bulk responsediqted by the optimisation procedure and
how closely they match the measured experimensailtee This was achieved by rerunning the
calibration experiments using the optimised paramsetTo establish a robust comparison, the
DEM implementation remained consistent with the adoal dataset, except for the optimised

parameters.
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7.2 Optimised DEM parameter verificati

7.2.1 Results and analysis

The discrepancies between the measure experimamiathe numerical bulk responses

using the four sets of optimised parameters are/shio Table 7.2.

Table 7.2 Comparison between measured bulk respamgenumerical bulk responses of simulations
using the optimised parameters

Optimised parameters Case 1 Case 2 Case 3 Case 4
Optimisation algorithm Solver Solver  Statistica at&tica
Filling method AC RF AC RF
Dynamic angle of repose,

Experimentdf’ 43.3 43.3 43.3 43.3

Verification 49.1 48.8 43.1 43.4

Error -11.8% -11.2% 0.6% -0.3%
Loading stiffness}

Experimental 8.4E-03 4.6E-03 8.4E-03  4.6E-03

Verification 7.9E-03 9.0E-03 4.4E-03 9.8E-03

Error 6% -49% 92% -53%
Unloading stiffnessg

Experimentdf! 2.1E-03 1.7E-03 2.1E-03 1.7E-03

Verification 2.8E-03 2.6E-03 1.4E-03  4.9E-03

Error -24% -36% 47% -66%

[ Experimental bulk stiffness parameters have begarsted to account for scaling (see section 5.4.1)
AC: ascending cone filling, RF: rainfall filling
It can be seen that the optimised parameters detednusing the Solver algorithm in

Cases 1 and 2 overestimate the dynagpidy 5.8° (11%), however the parameters determined
using Statistica agree with the dynam¢ well (<1%). The parametric study described in
Chapter 6 revealed that the dynampjcwas primarily influenced by the inter-particle tfazent

of sliding u,, and rolling , ,,, friction. Each pair of cases with respect to timirnisation
algorithm has similar results fer,,, andy,. ., it would therefore be expect to produce similar

dynamicg,.. This is shown in the small differences (<1%) ledw Cases 1-2 and 3-4.
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7.2 Validation study using a large scale experir

The verification of the bulk loading and unloadingc stiffness parameters show larger
discrepancies from experimental values, with errargjing from 6% A for Case 1) to 92%/(
for Case 2). The optimised parameters that matelexiperimental values dfandxk the closest
is Case 1, using the solver algorithm with the adteg cone filling method.

In Chapter 6, the difficulty for the optimisatiomgarithm to find optimal parameters
which lie near the extremities of DOE range washgted (see section 1.1). For example, the
DOE range for the particle shear moduldswas 1E6 to 1E®a The searching algorithm
determined that the optimised parameter lies n&& Fa (using the experimental results for
calibration), therefore, it will be more prone toae. This phenomenon is highlighted in the
verification stage by the greater accuracy seehenmodels predicting the dynami¢ (which
lay in the middle of the DOE range) compareditandx (which lied at the extremities of the
DOE range).

7.3 Validation study using a large scale experiment

Although the verification stage has highlighted sordiscrepancies between the
laboratory measured bulk response parameters aase tlobtained using the optimised
parameters, predicting correct bulk behaviour ngda and more complex systems is the main
goal of this study. The following section will deibe a validation study using one set of
optimised parameters in a large scale system bgigtireg the response of a shallow footing
penetration on a bed of BEB.

7.3.1 Experimental setup

When selecting the large scale validation expertignantitative data of the bulk
responses are needed to compare with numericdtsieButracting usable data from industrial
equipment may often be difficult as they were neteloped for this purpose. The experiment
chosen for the validation was an existing setufihnénUniversity of Edinburgh laboratories which
consisted of a rigid footing penetration test inthén slice as shown in Figure 7.1. The
experimental setup restricted the lateral moveroéparticles and therefore could be considered
a quasi two dimensional planar model representisgction of a strip footing. This experiment

was chosen as it satisfies numerous criteria, dhct)
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7.2 Validation study using a large scale experir

- Laboratory setup facilitated quantitative bulk r@sge data extraction

« The penetration test is well defined (BS 1377-40)99

« Bearing capacities of footings are well definedrgbghi 1943)

« The granular loading conditions replicate some etspef the bulk experimental devices
used for calibrating the DEM models (granular coespron and inter-particle properties
in a thin slice)

« The loading conditions are representative of gr@anbhlndling scenarios in agricultural

equipment (compression and penetration of machiimegyanular material).

The experimental setup consisted of an acrylicaioat (1000x600x3@nm), penetrated
using a 150x25x3thmfooting. The footing was driven by an Instron maehat a constant rate
of 20 mmmin and constant logging rate ofHz. The Instron was also used to determine the
force the footing (it is assumed that the forceligdpto the footingF; is equal to the force
applied by the footing). The experimental testsenearried out on the BEB and the container
was filled using the rainfall filling method frorhe top of the container. This filling method was
used as it produced more repeatable results thraragbending cone filling method. This is
because the ascending cone method created an lenptadking arrangement that was more
susceptible to collapsing and rearrangement dyeretration. Three tests were conducted to

check for repeatability.

Container Fr Attached to
depth=30 ﬁ Instron
B Footing 95
150
[N
o
o
Sample
height Granular material
”1 1000 o

Figure 7.1 Experimental setup of the footing peat&in validation test

(All dimensions irmm)
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7.2 Validation study using a large scale experir

A sequence of images demonstrating the rigid fgotast on BEB at various penetration

depths are shown in Figure 7.2.

(a) Footing depth = thm (b) Footing depth = 26im

(c) Footing depth = 7B1m (d) Footing depth = 106im

Figure 7.2 Sequence of images of the rigid foofiagetration test using black eyed bean at various
penetration depths

7.3.1.1 Vertical stresses along the base of the footing

The experimental loading resistangeon the rigid footing due to penetration is shown i
Figure 7.3. As the depth of penetratignbreath of the footing, the footing may be conseder
shallow.
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7.2 Validation study using a large se experimer
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0 ,/’//’ L L L
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Footing penetration depth [mm]

Figure 7.3 Experimental loading resistance regilesrigid footing during penetration

Three tests were conducted to check for repedtabiti can be seen that the footing
penetration test is repeatable and therefore, anage line was determined by averaging the
stresses for the three tests at similar penetratgmths. This average line was used to represent
the experimental results in the numerical footiagapnetric study described in section 7.3.2.1.

The ultimate bearing capacigy, for a strip footing can be expressed as (TerzaghB)

qu = ¢N; +yDN, + 0.5yBN,, Equation 7.1

wherec andy are the apparent cohesion and bulk unit weighth@fgranular material)
andB are the depth and breadth of the footing ApdN, andN, are bearing capacity factors
respectively. The cohesion in the granular materiglassumed to be negligible=£€ 0 ) and
¥,Ng,B and N, are constants, thereforg, is proportional toD. This is highlighted by the
constant increase in vertical footing stress aslédpeh of penetration increases (Figure 7.3).

It should be noted that Equation 7.1 is used fanel strain calculations and the
experimental setup restricted particles from moiagrally. Therefore, the boundary effects

such as wall friction are expected to contributéhtobulk stiffness of the system.
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7.2 Validation study using a large scale experir

7.3.2 Numerical setup

7.3.2.1 Numerical footing penetration parametric study

Before simulating the footing penetration experitasing the optimised parameters, a
study was conducted to determine to influence obua parameters on the bulk responses. The
numerical setup adopted for the study used thet @aensions of the experiment container and
footing; however, to reduce the computational tiperjodic boundaries were used to reduce the
simulated section of the container. The containas warrowed down to 40@min length as
shown in Figure 7.4. A macroscopic investigatiorthed simulation revealed that there was no
major particle movement across the periodic bounddahe DEM implementation of the
parameters were based on the optimised paramdteas® 4 (to match the experimental filling
method) and the parameters used to create the @iSead in Chapter 6 to give the parameters
shown in Table 7.3. Simulating the physical perigtnarate of was numerically unfeasible;
therefore a loading rate of 1,26thmin was used. Furthermore, 20% of the Rayleigh time ste

was used in the study as opposed to the 10% ugdbd DOE dataset.

Simulated slice
400 mm

[

Container
/

Footing

Periodic
boundaries

Figure 7.4 Numerical setup illustrating the footjpgnetration test simulated container slice using
periodic boundaries

In an effort to match the initial void rati@g of the experiment, a parametric alteration

was carried out similar to the one used to crelagentumerical dataset (see section 5.2). The

205



7.2 Validation study using a large scale experir

inter-particle and boundary frictional parametersrevreduced during the filling stage and
returned to optimised values before starting threepration.

Various parameters were varied independently froraf@rence case for the parametric
study. The reference case DEM implementation usele footing experiment parametric study

for the filling stage and footing penetration canfbund in Table 7.3.

Table 7.3 Reference case DEM implementation us#tkifiooting experiment parametric study

Parameters Filling stage  Footing penetration
Shear modulus; [Pd] 7.3E+07 7.3E+07

PP, PW Coefficient of restitutior,( e, ) 0.10, 0.10 0.10, 0.50

PP, PW Coefficient of sliding frictionu,, u,) 0.10, 0.10 0.25, 0.30

PP, PW Coefficient of rolling frictionu. ,,, trpw) 0.00, 0.00 0.05, 0.00

PF: particle to particle, PW: particle to w

Six separate runs were simulated using variatibtiseoreference case:

Run 1(e,=0.56) used the reference case DEM implementatimm fTable 7.1 including
the parametric alteration during the filling stagenatch the experimentey.

Run 2(e;,=0.70) used the reference case DEM implementatimm fTable 7.1 however
no parametric alteration occurred during fillingage. The result of higher inter-particle and
boundary frictions was a highey.

Run 3(e,=0.56) investigated the footing penetration raterdgucing the reference case
speed by ten times torBm/sec The DEM implementation was identical to Run 1lledmg the
footing rate.

Run 4 (e,=0.54) investigated boundary influence by incregstihe thickness of the
container from 30 to 4éhmand resulted in a lowet,. The DEM implementation was identical
to Run 1 excluding the container depth.

Run 5(e,=0.56) studied the effect of the container wallliglg friction on the system by
reducing the particle to wall friction to zero. TBEM implementation was identical to Run 1

excluding the particle to wall sliding friction déieient.
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7.2 Validation study using a large scale experir

Run 6(e,=0.56) simulated 60éhm of the container length (with periodic boundarits)
determine the influence of scaling the simulatedt@oer slice length on the results. The DEM
implementation was identical to Run 1 excludingsheulated container length.

The numerical loading resistance experienced byabgng during penetration for the 6

runs is compared with the experimental resultsguie 7.5.

[e))
o

— —Experimental
Run1
I | —Run2
Run3
—Run4
| Run5
—Run 6

Ui
o

S
o

[\
o

Footingvertical stress, g, [kPa]
w
o

[
o

0 10 20 30 40 50
Footing penetration depth [mm]

Figure 7.5 The numerical loading resistance expeeéd by the footing during penetration for the Bsru
used in the parametric study compared with the iaxeatal results

It can be seen that each run response (less obwidhe averaged experimental results)
is bilinear and composed of an initial stiffnessl @ahardening phase as illustrated in Figure 7.6
(using run 6). For this analysis, the point of ieéztion is defined as the ultimate bearing

capacityq,, .
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7.2 Validation study using a large scale experir

60

50 - Hardening

— =
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20 - |
Initial
stiffness

Footingvertical stress, g, [kPa]
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o
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Footing penetration depth [mm]

Figure 7.6 lllustration of the footing penetratioifinear response curve

As the container boundary was expected to playgmifsiant role in the stiffness of the
systems, the total vertical force of the footingdaacontainer base and container shear force
during the footing penetration were analysed. Hsellts are shown in Figure 7.7.

250 250
—Footing base —Footing base
— Container wall shear —Container wall shear
200 | | ——Container base /A/\/\/_/ 200 | | ——Container base
Z Z
8 150 8 150
= =
i) i)
5 100 5 100
> >
I I
e =
50 50
0 1 1 0 7I7 B 1 1
0 10 20 30 40 50 0 10 20 30 40 50

Footing penetration depth [mm] Footing penetration depth [mm]

(@ Run1 (b) Run 2

Figure 7.7 Total vertical force on the footing hasentainer base and container shear force dunimg t
penetration in the various runs of the footing paimstudy
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7.2 Validation study using a large scale experir
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(e) Run5
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Figure 7.7 Total vertical force on the footing hasmntainer base and container shear force dunimg t
penetration in the various runs of the footing paimstudy

The initial forces seen in the container wall shaad base are a result of the particle
weight. The total weight of the particles is typige88000 g, therefore+ 30 N are distributed to

the container wall and base.
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7.2 Validation study using a large scale experir

7.3.2.2 Analysis and discussion

Experimental results

The magnitude ofq,, is significantly smaller than the numerical reswif the reference
run (Run 1) and reached at a lower footing perietratHowever, the gradient of the initial
stiffness and hardening phase are similar to Run 1.

Run 1: Reference run

The ultimate bearing capacity is reached at a depthmmwhere g, = 30kPa The
initial stiffness gradient is considerably steefi@an the hardening phase. A look at the shear
forces along the wall and the vertical forces altrgbase (Figure 7.7) shows that a majority of
the footing stresses are transferred to the comtavall during the initial loading. As the footing
penetration depth increases, the forces absorb#tkiwall decrease and a greater proportion is

transferred to the container base.

Run 2: No parametric alteration during filling

The higher wall friction during filling led to a diner e, than the reference case. The
result is softer system illustrated by the loweadient of the initial stiffness. The magnitude and
depth ofg,, is not as clearly defined as the Run 1, howewergradient of the hardening phase is
similar.

Figure 7.7 (b) reveals that a very small proportdrihe footing stresses are transferred

to the container base during penetration.

Run 3: Footing penetration rate

Reducing the penetration rate from 20 tm/seaeduces the magnitude @f by 60%.
The hardening phase gradient is lower than in Ruexhibiting a softer system. However, the
initial stiffness gradient and depgt) are similar.

Although the magnitudes are proportionally smalleigure 7.7 (c) shows that the
proportion of footing stresses that are transfetcethe wall and container base are similar to
Run 1.
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7.2 Validation study using a large scale experir

Run 4: Container depth

Increasing the container depth from 30 tomMth was expected to reduce the boundary
effect. The initial stiffness gradient and magnéudf q,, is similar to Run 1, however, the
hardening phase displays a softer system. Figurddj.shows that as aftet, is reached, the
proportion of stresses transferred to the basd&efcontainer increases sharply. Increasing the
depth of the container has reduced arching of tiéigees and force transfer to the container

wall.

Run 5: No wall friction

When the particle to wall sliding friction is set zero, the influence of the boundaries is
highlighted. The initial stiffness gradient and migde ofq,, is significantly lower than Run 1.
The hardening phase gradient is almost negligibté wcreasing footing penetration depth.
With no wall friction, the stress applied by theofing is entirely transferred to the base of the

container (Figure 7.7, e).

Run 6: Container length scaling
Increasing the simulated length of the containemfd00 to 60Gnmwas found to have
minimal influence on the initial stiffness and thegnitude ofy,,. However, the hardening phase

displays a softer system (smaller gradient).

7.3.2.3 Validation simulation

It was decided to conduct the validation study nae set of optimised parameters. The set
that was assumed to produce the best results (lmsdge verification in section 0) were the
optimised parameters of BEB with the rainfallifif method determined using Statistica (case 4
Table 7.1). Following the footing parametric studysection 7.3.2.1 it was decided to use the

following setup for the validation simulation:

« The numerical particle used in the optimisationcpdure consisted of 2 overlapping
equal spheres with an aspect ratio of 1.20. Theespatween the spheres is a pseudo-
void which is not present in the granular materitierefore matching the

experimental porosity may create a denser systdma.rilimerical setup focused on
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7.2 Validation study using a large scale experir

matching the filling conditions and packing arramgat rather thare, and no
parametric alteration was conducted during thaglstage.

- The optimisation procedure simulations were deslgiee be applicable to a wide
range of granular materials and used a particigaib sliding friction coefficientu,,,
= 0.3. Once the optimised parameters have beemdatzl, an appropriate value of
Upw Should be used in further simulations which isrespntative of the material
being simulated. A value qi,, = 0.13 was chosen based on the laboratory tests
results for black eyed beans (table Table 3.6) thedmethod described in section
5.3.5.

« The simulate container slice length did not appgeanfluence the results and a 400

mmslice was therefore used.

The main discrepancies between the numerical aperemental setups are highlighted in
Table 7.4.

Table 7.4 Numerical and experimental footing peati&tn test setup discrepancies

Experimental Numerical
Footing loading ratenfimimin] 20 1200
Number of particles in container 43600 33406
Average particle length/ container deth 4.3 5.6
Aspect ratio of particlex, 1.40 1.20
Initial void ratio, e, 0.5214 0.66
Average sample heightnjni 396 395

[ Estimated using sample and average particle weight
2 Using particles in a 40Gmslice
Bl Average particle length based on average of majtarmediate and minor dimensions
4 Average ofthree test:
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7.2 Validation study using a large scale expeen

7.3.3 Results and analysis

The numerical results of the validation simulatiming the optimised parameters of BEB
are compared with the experimental results in g8 and the forces found on the footing

base, container wall and container base duringtpsties are show in Figure 7.9.
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Figure 7.8 Comparison between experimental reanlisnumerical simuations results using the
optimised parameters of black eyed beans of thairigaesistance of a footing penetration test
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Figure 7.9 Total vertical force on the footing hasentainer base and container shear force dunimg t
footing penetration using the optimised parameaiéldack eyed beans
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7.2 Validation study using a large scale experir

From Figure 7.8 it can be seen that the DEM sinaratusing the optimised parameters
of BEB predicts loading resistance on the footingirty penetration with an acceptable degree
of accuracy for industrial application. The verticgiress is underestimated by 10% at a
penetration depth of 3thm It can be seen that the numerical simulationgestanated the
initial stiffness gradient and underestimated thedbning phase. The numerical results match
the experimental results reasonably for a depth wf 25mm As the hardening phase gradient
differs between the numerical and experimentalltgsincreasing the penetration depth further
than 25mmwill increase the error proportionally. One possiexplanation for the discrepancy
in hardening phase gradient is the difference betwtbe numerical and experimental particle
size and therefore the average number of partadtesss the depth of the container will change
(Table 7.4). Fewer particles across the contaieetidwill increase particle arching and particle
to wall frictional forces, and stiffen the systeifhis is illustrated by the higher number of
particles across the container depth and lower éméind phase gradient in the numerical
simulations. Based on the parametric study destrilbe section 7.3.2.1, simulating the
penetration test with matching particle size isextpd to increase the gradient of the numerical
hardening curves and match the experimental resndiee accurately. At initial penetration
depths (<5mn) a majority of the vertical forces applied by tweting are transferred to the
container wall as shown in Figure 7.9. As the dejitreases, the proportion of forces
transferred to the container base increases aogbydind the boundary effect is reduced.

The compressive forces experienced by the partwi#sn the system of the validation
simulation at increasing penetration depths austiiated in Figure 7.10. It can be seen that the
numerical results display qualitative bulk behavisumilar to the classical concept for failure
mechanism of shallow strip footings (Hansen etl869; Terzaghi 1943), where the failure of

plastic zone consists of:

- Atriangular zone beneath the footing, pushed dasva block
« Radial shear zones

- Passive shear zones beyond the radial shear zones.

Qualitative discrepancies between the numericalexperimental results were observed
in the magnitude of the particle piles formed abthe footing edges as a result of penetration.
Numerically, the piles are larger than in the ekxpent.
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Figure 7.10 lllustration of the inter particle caregsive force due to footing penetration for thikdedion simulation using the optimised
parameters of black eyed beans at increasing depths
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7.4 Summary and conclusic

7.4 Summary and conclusions

A verification and validation of the optimised pareters for BEB determined using the
parametric optimisation methodology described imtar 6 was presented in this chapter. The
optimised parameters were verified by simulating talibration experiments and one set of
parameters was validated in a large scale system.

The verification of the optimised parameters regeathat running simulations using
input parameters determined with the Solver algoribverestimated the experimental dynamic
¢, by 11%, however, the parameters determined udgigstica agree with the dynamgg. well
(<1%). The optimised DEM parameters had greatdicdifies to produce results similar to the
experimental bulk stiffness parameters. The op&dhiparameters that matched the measured
values ofA andk the closest was Case 1, using the solver algorititm the ascending cone
filling method.

The optimised parameters of BEB determined withiSiea were used in a validation
study. A shallow rigid footing penetration test wamsen as the large scale experiment for the
study and the experimental results were shown teepeatable. DEM simulations predicted
vertical stresses on the footing during penetratoran acceptable degree of accuracy for
industrial application up to 3dmwhere the loading resistance was underestimatdd%y The
numerical simulations overestimated the initialffiséiss gradient and underestimated the
hardening phase; however the smaller numericaicimdize may have led to a softer system as
a result of reduced boundary effects. In additithe simulation predicted accurate vertical
stresses at penetration depth between 5 aman25

The verification and validation has demonstrated thotential of the parametric
optimisation to predict qualitative and quantitatibulk responses in large scale simulations with

a degree of accuracy suitable for industrial ajpilons.
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Chapter 8

Conclusions and recommendations for further
research

The research in this thesis was carried out toystheé experimental and the DEM
predicted bulk behaviour of granular materials éwedop a methodology for calibrating DEM
models using bulk physical tests. This chapter sans®es the conclusions determined

throughout the thesis and suggests recommendatfarevant topics for further research.

8.1 General conclusions

8.1.1 Granular material properties

A detailed understanding of a granular system ugiat when attempting to model it,
whether it is on a micro (particle) or macro (butkple. One aspect that is particularly important
is correctly identifying the granular material pespes which may either be physical (properties
that can be determined without altering its shapagensity) or mechanical (properties that reveal

its elastic and plastic behaviour when a forcepigliad). The optimisation procedure developed
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8.1 General conclusiol

to calibrate DEM models described in this thesis daveloped to be applicable to a wide range
of materials and therefore a contrasting set ofigea materials were chosen. The five granular

materials tested in this study were:

Single glass beads (GB)

Paired glass beads (GB)

Polyethylene terephthalate pellets (PP)
Black eyed beans (BEB)

Black kidney beans (BKB)

o~ 0 DpPRE

It is important to distinguish between particle andk properties, whether referring to
physical or mechanical properties. It has been detnated in Chapter 3 that measured
individual particle properties are different froneasured bulk properties as additional forces
such as those arising from particle interlocking aot accounted for in individual particle

measurements.

8.1.2 Experimental bulk behaviour using rotating drums and

confined compression tests

Bulk physical tests and their bulk responses weetuo calibrate the DEM models in
the optimisation methodology. Two laboratory desi@eere chosen to be used in this study; the
rotating drum and the confined compression tests€hdevices were chosen as they are devices
that can produce bulk responses that are repeatablecsasy to quantify, as well as generate
discriminating results in numerical simulations whbke DEM input parameters are varied.

The bulk response determined from the rotating ddaewvice was the dynamic angle of
reposeg, formed when granular material in a 40% filled drigmwotating at a speed ofrpm.
The confined compression apparatus was used tondate the bulk stiffness of a system by
monitoring the change in void ratio from the strapplied during one loading and unloading
cycle. The gradients of the loadidgand unloading curve were the two bulk response
parameters were extracted from the confined commedest. Compression tests were carried
out on systems filled using an ascending cone €igand rainfall (denser) filling method. The

key results of the bulk physical experiments casuramarised as follows:
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8.1 General conclusiol

VI.

The general trend for all of the granular materigss visible with paired GB) is an
increase in dynamig, as the drum rotational speed increases.

The five different granular materials showed castireg bulk responses including
varying dynamiap, ranges and flow transition speeds. The flow rediraesition (from
slumping to avalanching) appears to be influencetiWm main parameters: the particle
aspect ratiaa, (defined as the major to intermediate dimensidioyand the particle
sliding friction.

At lower rotational speeds, the paired GB displagedignificantly larger dynamic
¢, than the single GB. As the angular velocity wageased, the discrepancy reduced
suggesting that individual particle properties hawealler influence at greatgom and
the flow regimes are influenced primarily by thenttdugal forces and boundary
conditions.

The two filling methods in the confined compressiest produced significant differences
in virgin loading gradient of the stress-strain veur As expected, the denser filling
method had a higher gradient (stiffer system) thanooser filling method.

For the same filling method, the five different evaéls produced a range of bulk
stiffnesses. The softest system was observed iagtending cone filling of BKB which
coincided with the highest, of the five materials.

The single GB showed minimal differences in bulkrstss parameters between the two
filling methods, which was attributed to a sphene&ural ability to roll into a dense

packing arrangement regardless of filling method.
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8.1 General conclusiol

8.1.3 Parametric investigation and scaling sensitivitylgtu

8.1.3.1 DEM input parameters

A parametric investigation was conducted on DEM utations to gain a deeper

understanding into the influence of the input patars on the bulk behaviour. The main

conclusions are:

VI.

Scaling the particle densip; and using 5%-20% of the Rayleigh time stgpwvas found

to have a minimal effect on the dynangic and the bulk stiffness parameters. However,
the computational time was affected.

As long as the inner drum frictiquy,,, is large enough to prevent particle slippags,
was also found to have a minimal effect on the dyina,. However, the drum end plate
upw has a significant effect on the dynamic Scaling the particle Poisson’s ratiavas
found to affect the bulk stiffness parameters digantly, as one would expect.

The dynamicg,. was shown to be significantly influenced by incieg the number of
particles between end plates (reducing the partadieus) when end plates are present.
However, when periodic boundaries are introdudeel effect is significantly reduced.

The patrticlea,, was observed to significantly influence the dynagi due to the particle
interlocking and the increase in boundary influeasethe number of particles between
end plates decreases.

The frictional forces along the wall will restrasonfined compression during loading and
prevent the system from rebounding during unloadifigerefore increasing,,,, will
contribute to a stiffening of the system; g5, increases, the bulk stiffness paramefers
andk decrease significantly (indicating increasingfséss).

Simulations with particlez,=1.00 anda,=2.00 have higher bulk stiffness parameters
than particles with intermediate. values; however, this was found to coincide with a

higher initial void ratioe,. Taking into account,, the effect ota, is reduced.
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8.1 General conclusiol

8.1.3.2 Numerical scaling sensitivity study

In an effort to maximise the computational effiggna scaling sensitivity study was

performed on the confined compression simulatidigs included a numerical scaling of the

apparatus dimensions, the particles shear modGwsd the confined compression plate rate.

The key findings of the sensitivity study are:

Two methods of dimensional scaling were examinedhd the height/diameter (H/D)
ratio and fixing the diameter (D) of the confinedngression cylinder. Scaling the
cylinder down to 50% of the experimental heightduced a relatively linear increase of
A with a low gradient for both fixed H/D and fixed §raling. Scaling beyond 50%
produced an accelerated increasel@nd an increasing discrepancy between the two
scaling methods.

For the fixed D scalingx increased (system became softer) as the sampihthei
decreased. However, the fixed H/D scaling appeatsate much less influence an
Reducing the scale down to 50% of the experimdmagjht will increasec by 10% and
50% for the fixed H/D and fixed D respectively.

The particle shear modulUs was investigated on both single and paired sp(tere
equal spheres;,.=2.00) particles. It was shown that the changedlumetric straine,
from G=1E6 Pa to G=1E8 Pa was considerably larger than fradé+1E8 Pa to G=1E10
Pa. Paired spheres showed a greagahan single spheres for matching valu&of

As G increased, the bulk stiffness parameters decregtégfitning). However, it was
found that changin@® from 1E9Pato 1E10Pa has a smaller effect on the bulk stiffness
parameters.

The experimental compression plate speed wasnOriimin which was numerically
unfeasible. A range of compression plate speeds /d mm/minto 720mm/minwere
simulated to determine the effect of the compresspeed on the bulk stiffness
parameters and the difference was found to be giblgi It was concluded that
simulating the relatively slow experimental comgien speed is unnecessary as the bulk

stiffness parameters are not sensitive to the cesspin rate.
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8.1 General onclusion

8.1.4 Parametric optimisation methodology

The thesis proposed a DEM model parameter optimais@rocedure which consisted of
three steps:

1. The measurement of the physical experimental detvwwas used to calibrate the DEM
models;

2. The creation of the numerical dataset that was teseéscribe how the DEM parameters
influence the bulk behaviour;

3. The optimisation of the DEM parameters using tisellts from Step 1 and 2

The measurement of the bulk response parametellsasalibrate the DEM models was
conducted on the rotating drum and confined consjpoadest (Step 1).

The numerical dataset describing how the DEM imgawameters influence the numerical
bulk responses was created by simulating the blylsipal tests, varying the DEM parameters
and monitoring the effect of the input parametarsthiee numerical dynamig,, 4 andk. The
design of experiments (DOE) method was used torméte a reduced factorial numerical
dataset (Step 2).

Two technigues were used in the optimisation procedStep 3); the first was a simple
method based on Microsoft Excel’'s Solver algoritboupled with a weighted inverse distance
method. The second was a robust method which iedothe use of the statistical analysis
program Statistica. It was shown that the ExcelV&oalgorithm required less time to determine
the optimised parameters, but was limited by théeRfataset resolution and could only perform
an optimisation based on two bulk responses (dyngmandk) in the present setup.

Before using theprofiling and desirability function in Statistica, the creation of an
ANOVA model based on the numerical dataset wasimeduThe profiling was then able to
produce a set of optimised DEM parameters baseteothree bulk responses parameters.

Finally, a verification and validation of the metlubogy was presented using the
optimised parameters of BEB. The optimised pararsetere verified by rerunning simulations
using the same system as the numerical datasevaitdted by predicting the response of a
shallow footing penetration on a bed of BEB.

The verification of the optimised parameters reseathat running simulations using

input parameters determined with the Solver algoribverestimated the experimental dynamic
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8.2 Suggestions for further resea

¢, by 11%, however, the parameters determined udimigstica agree with the dynamgg well
(<1%). The optimised DEM parameters had greatdicdifies to produce results similar to the
experimentall andk.

The experimental results of the validation studyevghown to be repeatable with the
ultimate bearing capacity, reached at a penetration of #m The numerical simulation
overestimated the initial stiffness gradient andarestimated the hardening phase, however, the
smaller numerical particle size may have led toftes system as a result of reduced boundary
effects. DEM simulations predicted vertical stressa the footing during penetration to an
acceptable degree of accuracy for industrial appbos up to a penetration depth of 3@n
where the vertical stress was underestimated by #e¥honstrating the potential of the
optimisation procedure to predict bulk responsefaige scale systems using optimised DEM
parameters.

8.2 Suggestions for further research

The thesis has presented a detailed study on thateon of DEM models using bulk

physical tests. Several areas that are worthyrtfidu research include:

8.2.1 Physical experiments and bulk responses

I.  The end plate friction of the rotating drum was whoto significantly influence the
dynamic¢,, especially in drums with less than 4 particlesMeen endplates. To reduce
the boundary effect of the endplates, a deepetimgtarum should be developed. For
computational efficiency, the deeper drum couldnthiee simulated using periodic
boundaries.

II.  Preliminary investigations used Particle Image Ymhetry (PIV) techniques to identify
velocity flow patterns and magnitudes in the tramse plane of a rotating drum.
Although PIV methods seemed promising, it was datitb focus on a single bulk
response parameter from the rotating drum. Fusearch could investigate the use of

PIV technique as a method of capturing bulk resesns calibrate DEM models.
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8.2 Suggestions for further resea

8.2.2 Numerical simulations

There is one major mismatch between the numeritélexperimental results caused by
the lack of plasticity in the contact model useeirtiz-Mindlin no slip). This means that
no plastic deformation occurred in the numericadudation, resulting in excessive elastic
rebound during unloading. In the experiment, furtbermanent deformation occurs
during further loading cycles, which is absent fritma current visco-elastic DEM contact
model. An elasto-plastic contact model needs tinfjgemented in the EDEM code to
address this anomaly.

Although BEB and the PP produce the same experahdghamice, at 7rpm (~43°),
this angle is a result of different flow patternsdaregimes; the BEB exhibited an
avalanching regime whereas the PP produce an &dhamp a cascading regime. The
parametric optimisation did not focus on reprodgcitcurate flow patterns numerically
and as a result, no distinction was made betweenvib materials with regards to the
dynamic ¢,. Further research could focus on reproducing ateuflow regimes by
describing the flow regime in terms of particle Hedgth, active and passive regions

thicknesses, bed turnover time and filling degree.

8.2.3 Parametric optimisation procedure

The parametric study presented in this thesistititesd the methodology using four DEM
parameters and three bulk responses. Increasingithber of DEM parameters and bulk
responses will in turn increase the number of sitmhs required to build the numerical
dataset, however, a higher degree of detail wilinotuded in the numerical model. The
profiling in Statistica (StatSoft 2009) allows up ten independent (DEM parameters)
and ten dependent (bulk responses) to be analysedtaneously. Several suggestions
for further parameters to optimise are listed below
a. The packing arrangement of particles has been shovamgnificantly influence

the bulk behaviour, specifically with regards tolkbstiffness in the confined

compression tests. In the thesis, this was accdudateby keeping the porosity of

the system constant where possible. Further rdseardd include the initial void

ratio and packing arrangement as optimised paramete
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8.2 Suggestions for further resea

b. Because the systems described in this thesis airdynstatic or slow shearing,
accurate shape representation was not essentigdeasptimisation procedure
incorporated adjustments to the parameters to atdouany discrepancies. For
systems with greater movement and/or greater patticgeometry interaction, it
would be sensible to include shape representatsoone the parameter to be
optimised.

c. This study focused on the optimisation of intertiche parameters primarily due
to the inherent scenario specific nature of theigarwall parameters. Further
research should include particle to wall paramedsreptimised parameters.

Statistica uses the predicting and profiling teedaiine a set of optimised parameters that
will produce the highest desirability base on adpfmed ANOVA model. It has been
shown that various input parameters influence thik besponses with varying degrees.
Therefore, different combinations of parameter galoould potentially produce the same
bulk response. Further research should investitfegerange of combinations that are
possible and what influence this has in full s¢éatkistrial scenarios.

The optimisation searching algorithm using MicrésBikcel Solver coupled with a
weighted inverse distance used a partial fact®i@E to populate the dataset. Further
research could investigate an expansion of thesdhthy generating additional data
points based on the original data using interpategtimethod which would increase the

accuracy of the searching method.
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Appendix A

A.1 Jenike bulk friction experiments

The shearing response for various granular maseoltained from Jenike bulk friction
experiments are show in Figure A.1. The experinvead carried out using a Jenike shear cell
with a diameter of 148 mand the upper shear ring was displaced at a nomatea~1mnimin
in all tests. Two different experiments were conddg the first used two shearing rings to
determine the bulk internal frictiqu,,, ..k, the second used one shear ring on an acryliacirf

to determine the bulk particle to wall frictige,, -

@
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Figure A.1 Shearing response for various granukternials obtained from Jenike bulk friction

experiments
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A.2 Absorption of normal forces in a Jenike shear cell

through wall friction

The normal stress used to determine the coefficdéritiction in the Jenike shear cell
experiments is based on the total load appliedh¢otdp of the sample. It is generally assumed
that the entire load is transferred to the planshafar. However, this may lead to overestimation
of the normal loads as some of the load will beodled through wall friction along the inside of
the shear ring. An equation for the actual strésheashear plane is derived below. Assume the

typical setup of the Jenike shear tester showrngarg A.2.

Fr /oyt

Fw,T || le— o Fg / ovs

Plane of shear

Figure A.2 Typical setup of a Jenike shear tester

o, = Ko, Equation A.1
T = oy, = uKoy,r Equation A.2
Fy = 2nRH.tv = 2nRH.uKo, Equation A.3
Fr = 0,1 * TR? Equation A.4
Fg = Fp — Fyy = 0,7 *mR? — 2nRH.uKo, 1 Equation A.5
Fg = 0,7 *T[R* — 2RH. uK] Equation A.6
Opp = % Equation A.7
Oy = Oy — [1 - W] Equation A.8
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A.3 Dynamic angle of repose for glass beads over a wide

range of rotational speeds

The influence of rotational speed on the dynamiglexsof repose for single and paired
glass beads in a rotating drum is shown in Figu& Ahis covers a wider range of rotational
speeds than was used in the thesis.

65
—, 60 A
= 2257
S 55 r i};//i%/ : %
b . oy o
: REE
£ 50 + y=0.39x+39.90 - é/ 1
= T 4 -
'i‘OJ $ é’c’/@‘/é ///g
&0 45 f/%/// i 4/,} 3
© ~ -
i 41
§ 40 | /4/”} A Single glass beads
E /‘F O Paired glass beads
35 ¥ y= 0.62x+ 29.71 — —Linear (Single glass beads)
— —Linear (Paired glass beads)
30 1 1 1 1 1 L L Il

9 13 17 21 25 29 33 37 41 45 49
Drum rotational speed [rpm]

Figure A.3 The influence of rotational speed ondigmgamic angle of repose using single and pairasisgl
beads for a wide range of speeds

Each data point is an average of 10 images anertbebar represents the standard deviation
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A.4 Control test for bulk densities using a 1 litre riabu

The bulk densities and initial void ratios of tharieus materials were measured using
two filling methods; an ascending cone (loose) abdating plate (dense) method. Each test was
carried out three times for repeatability. A cohtest was carried out using a British Standard
Institute 1 litre compaction mould (BS 1377-4 199Dhe results are shown in Table A.1. See
section 3.2.3.1 for more details.

Table A.1 Control test for bulk density measureraatitgranular material using a 1 litre compaction
mould (BS 1377-4 1990)

Material Filling method e, AVGp COV
PET pellets Ascending cone  0.67 747 0.8%
Vibrating plate 0.53 815 1.0%
Black eyed beans Ascending cone  0.62 732 0.8%

Vibrating plate 0.53 777 0.8%
Black kidney beans Ascending cone  0.66 769 0.9%
Vibrating plate 0.56 819 0.1%

AVG: Average, COV: coefficient of variance, e,: initial void ratio, p: bulk density, Sample size=3
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Appendix B

B.1 DEM implementation for numerical simulations

The DEM implementation for the numerical simulatotonducted in this study have
been highlighted and described in the main bodythiesis, unless specified otherwise. The
remaining DEM input parameters are listed in Tablé. These parameters were used for the
numerical particle stiffness and confined comprEssspeed sensitivity investigations (see
section 5.4). These input parameters are basethply on the measured particle properties of
Chung (2006) and Hartl (2008).

Table B.1 DEM implementation of numerical simulasaused in the optimisation procedure

PP, PW coefficient of static frictiorptzgp, upw) 0.34
PP, PW coefficient of restitutior,(, e ) 0.59
PP, PW coefficient of rolling frictionu. ,,,,, #r pw) 0.00
Poisson's Ratio 0.4
Particle DensityKg/n7] 1200
Sphere radiusfim 3
Fixed % of Rayleigh time step 20%
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B.2 Producing dense and loose packing arrangements in

DEM simulations

To achieve a denser or looser packing arrangenmefBEM simulations, parametric
alteration may be necessary. This may be achiesed) the method highlighted in section 5.2

and the DEM input parameters listed in Table B.2.

Table B.2 DEM implementation used to artificiallyes the packing arrranegement of simualtions

o Filling method
DEM Parameter Original
Loose Dense
Particle-particle coefficient of friction 0.20 1.00 0.01
Particle-wall coefficient of friction 0.24 1.00 ao
Particle generation ratpdrticles/sef 1000 5000 250
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Appendix C

C.1 Available batch mode console flags found in EDEM

The DEM software used in this thesis EDEM (DEM Solus Ltd 2009) allows
simulations to be run in batch mode from a consbie input decks for each simulation must be
set up before and after which the console will yasut the processing based on the user
specified parameter. The possible console proagéisigs for EDEM’s batch mode as shown in
Table C.1.

Table C.1 Console processing flags for EDEM’s baciie

Processing Options Console Flags
Total Simulation run time -r
Write out interval -w
Grid cell size -g
Time step -t
Number of Processors -p
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Example of the batch mode command lines to runtifif@s a, b andc for 20 seconds at
0.1 second write out, using a grid size cellph time step 00.00806and8 processors is shown

below

c:
cd "c:\Program Files\DEM Solutions\EDEM v2.0.0\bin"

edem.exe -console -i "C:\EDEM_runs\a.dem" -r 2M-W-g 2 -t 0.00806 -p 8
edem.exe -console -i "C:\EDEM_runs \b.dem" -r 2M-Wv-g 2 -t 0.00806 -p 8
edem.exe -console -i "C:\EDEM_runs \c.dem" -r 2(-v-g 2 -t 0.00806 -p 8
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C.2 DOE Dataset

The complete set of results for the reduced faaitale@sign of experiment (DOE) dataset

used in the thesis is presented Table C.2.

Table C.2 DOE numerical dataset used in the paramogitimisaiton

DEM input parameters Dynamifs,. Bulk stiffness parameter
Run G ey Hpp Wrpp AVG  COV e 2 K
1 1E+06 0.1 0.1 0.00 311 3.5% 0.48 1.3E-01 8.6E-02
2 1E+09 0.1 0.1 0.04 36.3 3.5% 0.55 4.4E-03 1.3E-03
3 1E+07 0.1 0.1 0.10 38.9 5.5% 0.53 5.8E-02 2.7E-02
4 1E+09 0.1 0.3 0.00 36.7 2.2% 0.56 3.3E-03 1.4E-03
5 1E+07 0.1 0.3 0.04 43.4 4.0% 0.54 6.8E-02 2.3E-02
6 1E+06 0.1 0.3 0.10 48.4 3.2% 0.48 1.3E-01 9.6E-02
7 1E+07 0.1 0.6 0.00 38.7 3.2% 0.54 6.9E-02 2.4E-02
8 1E+06 0.1 0.6 0.04 44.6 3.5% 0.50 1.3E-01 9.7E-02
9 1E+09 0.1 0.6 0.10 49.0 1.9% 0.56 2.7E-03 1.7E-03
10 1E+09 0.5 0.1 0.00 30.6 2.4% 0.55 3.0E-03 13E-0
11 1E+07 0.5 0.1 0.04 35.8 3.4% 0.53 2.8E-02 1BE-0
12 1E+06 0.5 0.1 0.10 36.6 3.0% 0.49 1.7E-01 7ZE-0
13 1E+07 0.5 0.3 0.00 37.7 4.2% 0.54 2.4E-02 13E-0
14 1E+06 0.5 0.3 0.04 41.3 4.2% 0.51 8.7E-02 4 BE-0
15 1E+09 0.5 0.3 0.10 48.7 2.7% 0.56 5.8E-03 12E-0
16 1E+06 0.5 0.6 0.00 37.7 2.1% 0.51 7.9E-02 6.DE-0
17 1E+09 0.5 0.6 0.04 43.7 3.7% 0.57 4.1E-03 13E-0
18 1E+07 0.5 0.6 0.10 51.9 3.2% 0.55 2.4E-02 13E-0
19 1E+07 0.9 0.1 0.00 30.6 2.8% 0.53 2.7E-02 13E-0
20 1E+06 0.9 0.1 0.04 32.7 4.3% 0.50 9.9E-02 52E-0
21 1E+09 0.9 0.1 0.10 36.1 3.2% 0.55 4.3E-03 12E-0
22 1E+06 0.9 0.3 0.00 35.1 3.8% 0.50 8.7E-02 4 BE-0
23 1E+09 0.9 0.3 0.04 42.7 3.7% 0.56 3.7E-03 13E-0
24 1E+07 0.9 0.3 0.10 48.9 5.5% 0.54 2.6E-02 13E-0
25 1E+09 0.9 0.6 0.00 40.0 2.1% 0.56 2.8E-03 138E-0
26 1E+07 0.9 0.6 0.04 43.4 3.0% 0.55 2.4E-02 13E-0
27 1E+06 0.9 0.6 0.10 50.9 5.7% 0.51 8.0E-02 6 DE-0
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C.3 Parametric investigation on Microsoft Excel's salve

algorithm coupled with a weighted inverse distamethod

This parametric study investigated the effect efihrious options in the Microsoft Excel

solver on the optimised parameters. In each chseadlibration data used in each run was:

Dynamicg, = 40

Bulk loading stiffness] = 0.009
Bulk loading stiffnessg = 0.002
Weighting sensitivityp = 1

The description of the various runs are as follows

Reset: The starting values of each run 11. Run 3, withp =1C
1. Optimise Dynamigp, only 12. Run 4, withp =10
2. OptimiseA only 13. Run 5, withp =10
3. Optimisek only 14. Run 6, withp =10
4. Optimise Dynamigp, andA 15. Run 7, withp =10
5. Optimise Dynamiap, andk 16. Run 1 with low starting values
6. Optimised andx 17. Run 1 with high starting values
7. Optimise Dynamicp,, A andx 18. Run 16, withp =10
8. Rerunrun 1 19. Run 17, withp =10
9. Run 1, withp=10 20. Experimental desirability, Dynamic
10. Run 2, withp=10 $»=100%,1=50% andc=10%
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Table C.3 Optimised parameter results obtained ffmparametric study conducted using the MicroBaétel Solver algorithm

Run RESET 1 2 3 4 5 6 7 8 9 10
PP static frictionupp 0.40 0.11 0.31 0.30 0.20 0.10 0.30 0.30 0.11 0.20.40 0
PP restitutione, 0.40 0.42 0.50 0.50 0.50 0.50 0.50 0.50 0.42 0.38.44 0
PP rolling friction,ur_pp 0.05 0.00 0.10 0.10 0.05 0.00 0.10 0.10 0.00 0.00.05 0
Particle Stiffnessi [Pa] 8.00 8.71 9.00 9.00 9.00 9.00 9.00 9.00 8.71 8.04.10 8
Sum of Error 1699% 0.0% 0.0% 0.0% 426% 283% %1.2479% 0.0% 0.0% 0.0%
Run RESET 11 12 13 14 15 16 17 18 19 20
PP static frictionupp 0.40 0.60 0.22 0.28 0.20 0.18 0.12 0.60 0.20 0.55.24 0
PP restitutione, 0.40 0.15 0.43 0.26 0.10 0.51 0.13 0.90 0.13 0.88.36 0
PP rolling friction,ur_pp 0.05 0.03 0.01 0.00 0.10 0.10 0.03 0.00 0.06 0.10.00 0
Particle Stiffnessi [Pa] 8.00 8.21 8.10 8.19 8.12 8.10 6.24 9.00 6.25 8.85.11 8
Sum of Error 169.9% 0.0% 0.0% 0.0% 46.3% 50.7% 0.0%0.0% 0.0% 0.0% 4.9%
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C.4 Microsoft Excel Solver options

Various parameters are available in the Microsoftdt Solver (MES) package. A

graphical user interface is shown in Figure C.le Thosen input values used for in

optimisation procedure described in Chapter 6iated and explained below.

the

Solver Parameters Solver Options
Set Target Cell MaxTine: |G| seconds
Equal To: M Mi Walue of: i}

Ey Changing CE")S._aX O " @ e g Ikerations;: 32000
$E§21,§E$23, $E 525, $E527 Precision: 0.000001 Load Madel...
Subject ko the Constraints: Tolerance: 1 Yo Save Model...
$E$21 <= 0.6 A~ Convergence: 0,0001
$E$21 ==10.1
igzgg := g? [ assume Linear Maodel [[] use automatic Scaling
$E$25 <= 0:1 | Reset Al [ Assume Mor-Megative [ Show Iteration Results
$E$25 ==10 [ Estimates Detivatives Search
O Tangent @ Forward @ Mewkan
(%) Quadratic () Central () Conjugate

Figure C.1 Graphical user interface for Microsaft& Solver options windows

Max time is how long Solver should work on the problem.

Iterations is the number of iterations solver will go thrbuduring the optimisation.
Precision is how precise Solver should be working on a idsssolution against the
constraints.

Tolerance is how precise Solver should be on meeting integastraints.
Convergencelets Solver know when to quit looking for a beselution

Assume Linear Modelets Solver know that a linear model is beingdseaking the
solution time faster.

Assume Non-negativiets Solver know variables are >= 0

Show lIteration Resultéets Solver know to pause between iterations.

Use Automatic Scalindets Solver know variables are of different magaes.

Estimates Choose Tangent or Quadratic extrapolations; usad€tic for non-linear
optimisation models.

Derivatives provides clues as to how the adjustable cellsishioe varied.

Search allows the choice of the algorithm for Solvewuse to find the optimal solution.
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C.5 Parametric investigation on theProfiing and

Desirability tab in Statistica

A parametric study was conducted on to determirestnsitivity of the various options
and parameters when using the Profiling and Deiityaind 3*-?) and Box-Behnken Design
tab in Statistica v9.0.

3(-P) and Box-Behnkedesigns will generate and analyse designs witkvatHfactors.

In the analysis, the main effects and interactioas be partitioned into linear and quadratic

components.

Introduction

Using STATISTICA for the optimisation of the DEMpuat parameters involved the use
of the Response Desirability ProfilingRDP) function that can be found under thediction
and Profiling tab. The program option path in Statistica to getthe response desirability

profiling tab is shown in Figure C.2.

i *k(K.
. In.d u_strlal Experimental 3™(K-p) and Analyse Prediction Re_sp onse
Statistics statistics and . Box-BehnKen . . desirability
L design (DOE) . designs & profiling e
six sigma Designs profiling

Figure C.2 Program option path in Statistica v9.0

Images of theResponse desirability profilingption window is shown in Figure C.3

where key options highlighted with circled letters.
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& profiler: DATA for Simulat[2 [ | (] &l profiler: DATA for Simulat{?2 (2| %] il Specifications for ... [2]fX]
@ Dep. vars: | ADR-BR3 Cancel | @ Dep. vars: I AOR-BR3 Cancel
- ~ - = << Prev. | Mext >> | | oK I
H) ver | @ 1|EHz| B ~| B vew |1©1|EH2] B -
R : Factor: | Frichion -
QW@*}‘]W] Options | Quick | Save/Open Options |
CB> sf:t l:;tm <! = T Intervals Dbserved
93".\"5*-'53 User specified %] r Nung - Miraiif: ,T— 10000
" At optimum l—@ * Confidence intervals e -
Ve _ " Prediction intervals Masimurn: |1, @ 1.00000
CC> Eiiction ad :D Search options (for optimum desirability)
Desirability function @ |Jse general function optimization Ho ol sténe [=] al
ps: hi] Apply to
¥ Show desirability function " Optimum desirability at exact grid points @
(D) Vatiable>> IADR - Options for profile plots -
Valie Desirabilty [~ Show Spreadshests with plotted values
Low 15, [ooo I Label conf/pred limits for pred. values
Mediurm: Eg*—g ﬁm— @ ¥ Show text labels for factor settings
High: l%—@ [,ﬁr Fit options floc desirability s;:ﬂcif:mﬂm
" Quadratic surface for fiting "': M"‘:d“
(cDs feurvature, low): 1.0 E " Least squares to the desirability
Heuvatue, highy [100 [ " Negative exponential "3
* Spline
Apply to all vars [ Fleselspacsl lotalivars[ I~ | Shiow ihe caid poirks

(a) Quick tab (b) Options tab (c) Factor grid

Figure C.3 Various profiler windows

Fictitious data

A set of fictitious data was created with threeunparameters and three bulk response
parameters. This data was manufactured using enedieed trends to see if the optimisation
procedure could detect these. Introducing the rata dnto Statistica gave rise to several
problems that were subsequently addressed as dhgdi in later on. The final set of data that

was used in the sensitivity study is shown in T&hlk.
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Table C.4 Transformed fictitious raw data usedmdensitivity analysis

RUN Input Parameters Bulk responses
Friction  Log stiffness Restitution  AOR UNLD Stiff HB
1 0.1 6.22 0.1 15 20000 100
2 0.1 6.22 0.5 16 19000 500
3 0.1 6.22 0.9 17 18000 900
4 0.1 8.22 0.1 17 15000 150
5 0.1 8.22 0.5 18 14000 550
6 0.1 8.22 0.9 19 13000 950
7 0.1 10.22 0.1 19 10000 200
8 0.1 10.22 0.5 20 9000 600
9 0.1 10.22 0.9 21 8000 1000
10 0.5 6.22 0.1 25 19500 110
11 0.5 6.22 0.5 26 18500 510
12 0.5 6.22 0.9 27 17500 910
13 0.5 8.22 0.1 27 14500 160
14 0.5 8.22 0.5 28 13500 560
15 0.5 8.22 0.9 29 12500 960
16 0.5 10.22 0.1 29 9500 210
17 0.5 10.22 0.5 30 8500 610
18 0.5 10.22 0.9 31 7500 1010
19 1.0 6.22 0.1 30 19000 120
20 1.0 6.22 0.5 31 18000 520
21 1.0 6.22 0.9 32 17000 920
22 1.0 8.22 0.1 32 14000 170
23 1.0 8.22 0.5 33 13000 570
24 1.0 8.22 0.9 34 12000 970
25 1.0 10.22 0.1 34 9000 220
26 1.0 10.22 0.5 35 8000 620
27 1.0 10.22 0.9 36 7000 1020
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Uniform Low/Mid/High input parameter values for @éaBulk Experiment

The analysis method used in Statistica v9.0 isShkect 3**(K-p) and Box-Behnken
designs which is a 3-level factorial analysis. Tiheut parameter values chosen for the bulk
experiments should remain consistent for each begkonse. For example frictional values of
0.1/0.5/1.0 are chosen for the Low/Mid/High in t@nfined compression experiment, the same

values for should be used for the angle of repsperament.
C.6 Option sensitivity analysis

The following section will investigated the varioaptions available in the profiler tab

and their influence on the optimised parameters.

Reference case

A reference case was setup to evaluate the paianr@luence. The implementation
values for the reference case can be seen in Tablelt can be seen that the target values (b)

have been achieved.
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Table C.5 Reference case implementation values

(a) Profiler TAB Options

Profiler Tab Figure C.4 legend

Quick tab Set factor at At optimum value B
factor grid (number of steps) 10 J
s' 1 G
t' 1 G

Option tab Intervals Confidence intervals
Search option use general function I
fit option for desirability spline

Target Value in bold  Desirability (LOW/MID/HIGH) (0,1.0,0.0) F
AOR 152936 E
UNLD Stiff 7000/1100020000 E
BR3 100660/1020 E

(b) Results of the optimisation procedure

Bulk response AOR 29
UNLD Stiff 11000
BR3 700

Input Parameters Friction 0.49
log (Stiffness) 9.11
Restitution 0.62

Desirability achieved 0.99

Search Options for optimum desirability (Figure :G)3

There are two main search optionsse general function optimisatio(GFO) and
optimum desirability at exact grid poinf©DEG). The GFO option (the simplex method of
function optimisation) is generally faster, howettes default method is ODEG, except when the
number of predicted values that must be computgetimrm the exhaustive grid search exceeds
200,000. In this case GFO becomes the default mgtidhe ODEG option will perform
exhaustive searches for the optimum desirabilitg\vary grid point. Using the GFO instead of

the ODEG will produce a set of bulk responses #natcloser to the target value as well as a
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desirability closer to 1 whereas the ODEG will fecaround the user-defined grid points and
may therefore not be as accurate as well as betveeyconsuming. Examples of the two search

methods for optimum desirability are shown in.

45

45

& _ g |
2 283F 7 3 o 29 F
g - | 2 - [
g | g |
= r I £ |
5 10 | E 10 T TR T TN I T |
Friction Friction
(a) Optimum desirability at exact points (b) Useegral function optimisation

Figure C.4 Various search methods avaiable insSizdiv9.0

Factor Grid - Number of steps (Figure C.3 : J)

Enter the no. of steps to specify the number @rials to apply to the required variable.
3 and 10 step intervals are show in Figure C.5. Mseng the GFO search method, the number
of steps was shown to have minimal effect on tlsalte. However, when using tloptimum
desirability at exact points search methods will constraint the search methodthis case,

increasing the number of steps will give a greateuracy.

45 45

FECCans

ﬂ

29 F

o

|
10 i |
Friction Friction

3

Dynamic angle of repose [°]

Dynamic angle of repose [°]

(a) 10 Step interval (b) 3 Step intervals

Figure C.5 Varying number of intervals

Desirability Function (Figure C.3 : D)

When theShow desirability functiocheck box is set, desirability function specificas

may be entered for the dependent variable displayede Variable box. These specifications
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will determine the desirability function values wEsponding to predicted values on the
dependent variable.

The various fields for the Desirability functionttsegs and their sensitivity are described
below.

Values and desirability (Figure C.3 : E,F)

STATISTICAallows for up to three "inflection points" in thleesirability function for
predicted values for each dependent variable. default the Low and High are set as the lowest
and highest values from the raw data and the Medaitihhe mean. However these can be
changed to suit needs. Desirability values (frothfOr undesirable to 1.0 for very desirable) can
be specified for the corresponding inflection psionf the desirability function for each of the
dependent variables. So, for the optimisation prape the target value (e.g. angle of repose =
29°) has the highest desirability. Several comlpmatof the values and desirability were carried

out as shown in Table C.6.

Table C.6 Various value and desirability combinasifor the Bulk response: Angle of repose target
values are in Bold

Low Mid High Error TARGET value
Reference Description Value 15 29 36

Desire 0.0 1.0 0.0 0.00%
1 Narrow range Value 26.1 29 31.9

Desire 0.0 1.0 0.0 -1.40%
2 Desire=0.5 Value 15 29 36

Desire 0.0 0.5 0.0 0.00%
3 Desire plateau Value 15 26.1 29

Desire 0.0 0.5 1.0 0.00%
4 High Target Value 15 35 36

Desire 0.0 1.0 0.0 -8.57%
5 Low target Value 15 18 36

Desire 0.0 1.0 0.0 -8.57%

It can be seen that narrowing tveues range (Table C.6: 1) will constrain StatisticaOs9.
and lead to errors. Reducing the Target value alatity from 1.0 to 0.5 (Table C.6: 2) will not
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affect the results as long the target desirablldg the highest value. Making the target value the
HIGH instead of the Mid inflection point will noffact the results greatly.
When the target values are near the extremitiethefdata range (Table C.6: 4,5)

Statistica v9.0 has a little more trouble to detamihe optimised parameters.

s&t curvature (Figure C.3: G)

The desirability of responses need not decreasm¢oease) linearly between inflection
points in the desirability function. Assuming thaat intermediate response is most desirable, a
curvature can be added to the desirability betwa#lection points by changing to values ®f
andt (values from 0 to 50 can be used). The effect ofing s&t on the desirability function are
shown in Figure C.6.

36.[

Desirability Desirability Desirability

36 |k

29

Dynamic angle of repose [°]
Dynamic angle of repose [°]
Dynamic angle of repose [°]

@s/t=1 (b) s/t=0.1 (c)sit=10

Figure C.6 The effect of varying s&t on desirapilit

The sé&t did not influence the optimised results greatlgci2asing the&t value (Figure
C.6: b) will allow the searching technique moresttem and may introduce a slight error in the
optimised results.

Altering thesé&t values may be useful if there is a "critical rediclose to a desired, Mid
response on a dependent variable beyond whichasieathility of the response at first drops off
very quickly, but drops off less quickly as the depre from the "targeted" value becomes
greater.

Set factor at (Figure C.3 : C)

The current levels of the predictor variables foe prediction profile compound graph
can be set with this th&et factor abption. This can either be set to tinean values (e.qg. if the
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restitution parameter ranges from 0.1 to 0.9, #stitution will be fixed at 0.5) auser specified
or at optimum value. This last option will determine the optimum valimat will suit the other
option’s criteria.

The at optimum value was found to produce the most accurate answersthier

optimisation procedure as this option did not camstStatistica optimisation method.

Optimisation procedure with a known result

This final sensitivity analysis was a quantitatikexification. This was done by using the
bulk response from 2 runs of the raw data (Tablé) @ see how accurate the Statistica

predictions were.

Table C.7 Quantitative verification of Statistiesults

Run Fric. Stiff. Rest. AOR UNLD STIF BRS3
9 0.1 10.22 0.9 21 8000 1000
Statistica 0.1 10.22 0.9 21 8000 1000
14 0.5 8.22 0.5 28 13500 560
Statistica 0.5 8.22 0.5 28 13500 560

The results and profiling output graphs of the gty analysis can be found in sections

C.8 and C.9 respectively.
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C.7 Statistica v9.0 option sensitivity analysis data

Run REFERENCE CASE 1 2 3 4

Description Target value Search method Factor Grid 5 steps| changéesire to 0.5 Set factor at

Profiler Tab

Quick tab

Set factor at At optimum value mean values

factor grid (number of steps) 10 4

s’ 1

t 1

Option Tab

Intervals Confidence intervals

Search option use general functioh use general function

fit option for desirability spline

Target Value in bold

Desirabilty (LOW/MID/HIGH) (0.0,1.0,0.0) (0.0,0.5,0.0)

AOR 152936

UNLD Stiff 7000/1100¢20000

BR3 100560/102(

Results of optimisation procedyre

AOR 29 28.24 29 29 28.593
Error from TRAGET valug 0.00% -2.62% 0.00% 0.00% -1.40%

UNLD Stiff 11000 11346 11000 11000 13462
Error from TRAGET valug 0.00% 3.15% 0.00% 0.00% 22.38%

BR3 700 659 700 700 560.75
Error from TRAGET valug 0.00% -5.86% 0.00% 0.00% -19.89%

INPUT VALUES

Friciton 0.4919 0.46 0.4918 0.4918 0.5333
Error from TRAGET valug 0.00% -6.49% -0.02% -0.02% 8.42%

Stiffness (log) 9.1064 9.02 9.1064 9.1064 8.22
Error from TRAGET valug 0.00% -0.95% 0.00% 0.00% -9.73%

Restitution 0.61807 0.58 0.61807 0.61807 0.5
Error from TRAGET valug 0.00% -6.16% 0.00% 0.00% -19.10%

Desirability achieved 0.9999 0.9463 0.9999 0.5000 0.8152
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Run REFERENCE CASE 5 6 7 8
Description Target value arrow Desire range+1(J Increasing Desire High taget values Low Target values
Profiler Tab

Set factor at

At optimum value

Quick tak leactor grid (number of steps) - 10
t 1
. Intervals Confidence intervals|
Option

Search option

use general functio

tab fit option for desirability spline
Target Desirability (LOW/MID/HIGH) (0.0,1.0,0.0) 0.0,0.5,1.0
Value in AOR 15P936 26.129/31.9 15/26.129 15/35/36 15/18/36
UNLD Stiff 7000/1100¢20000 99004100012100 7000/9900/1000 70004900020000 7000800020000
ST 1006601020 6301700770 100/630700 1000501020 10040071020
AOR 29 28.593 29 32 32
o Error from TRAGET valug 0.00% -1.40% 0.00% -8.57% -8.57%
3 UNLD Stiff 11000 13462 11000 17000 17000
§ Error from TRAGET valug 0.00% 22.38% 0.00% -10.53% -3%5
S BR3 700 560.75 700 920 920
S Error from TRAGET valug 0.00% -19.89% 0.00% -3.16% -3016
e INPUT VALUES
‘§ Friciton 0.4919 0.5333 0.4919 0.9999 1
5 Error from TRAGET valug 0.00% 8.42% 0.00%
Jo| Stiffness (log) 9.1064 8.22 9.1064 6.22 6.22
7 Error from TRAGET valug 0.00% -9.73% 0.00%
& Restitution 0.61807 0.5 0.61807 0.9 0.9
Error from TRAGET valug 0.00% -19.10% 0.00%
Desirability achieved | 0.9999 | 0.0000 | 1.0000 0.8808 0.2138 |
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Run REFERENCE CASE 9 10 11 12 13
Description Target value Mixed High/Low target| Target value =run 9 | Target value = run 14 Low s'/t' High s'/t'
Profiler Tab
Set factor at At optimum value
Quick ta factor grid (number of steps) 10
s' 1 0.1 10
t 1 0.1 10
. Intervals Confidence intervals
Option - -
tab Search option use general functiop
fit option for desirability spline
Target Desirability (LOW/MID/HIGH) (0.0,1.0,0.0)
~ |AOR 15/2¢/3€ 15/30/36 1521/36 1528/36
Var'zz "ONLD stif 700011000/2000C 7000000020000 7000300020000 | 7000/350020000
BR3 100560/202( 100/750/1020 10010001020 100%560/1020
AOR 29 32 21 28 29 29
o Error from TRAGET valug 0.00% -8.57% 0.00% 0.00% 0.00% 00%
3 UNLD Stiff 11000 17000 8000 13500 11000 11000
§ Error from TRAGET valug 0.00% -10.53% 0.00% 0.00% 0.00% .00%
a BR3 700 920 1000 560 699.99 700
s Error from TRAGET valug 0.00% -3.16% 0.00% 0.00% 0.00% 00%
IS INPUT VALUES
§. Friciton 0.4919 1 0.1 0.5 0.49018 0.49016
5 Error from TRAGET valug 0.00% 0.00% 0.00% -0.35% -0.35%
2| Stiffness (log) 9.1064 6.22 10.22 8.22 9.1064 9.1064
7 Error from TRAGET valug 0.00% 0.00% 0.00% 0.00% 0.00%
& Restitution 0.61807 0.9 0.9 0.5 0.61806 0.61806
Error from TRAGET valug 0.00% 0.00% 0.00% 0.00% 0.00%
Desirability achieved | 0.9999 | 04323 | 1.0000 0.9999 | 1.0000 0.9999 |
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C.8 Output graphs for the Statistica v9.0 sensitivitglgsis

The profiling and desirability plots obtained frddtatistica for the various cases studied in tharpatric sensitivity study
discussed in section C.6 are shown in Figure C.7.

Profiles for Predicted Values and Desirability Profiles for Predicted Values and Desirability
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Figure C.7 Profiling and desirability plots obtaineom Statistica for the various cases studiethénparametric sensitivity study
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Profiles for Predicted Values and Desirability Profiles for Predicted Values and Desirability
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Figure C.7 Profiling and desirability plots obtainfeom Statistica for the various cases studietthénparametric sensitivity study
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C.9 Parametric optimisation procedure profiling and

desirability plots

Using the profiling and desirability function inadistica, the parametric optimisation was
carried out for the single and paired glass be@d®,(PET pellets (PP), black eyed beans (BEB)
and black kidney beans (BKB). Each granular mdtdillad into the confined compression
cylinder using either the ascending cone (AC) erriunfall filling (RF) method. The profiling
and desirability output plots from Statistica foetparametric optimisation are shown in Figure
C.8. A total of ten cases were as described inerais.

Table C.8 Parametric optimisation cases used ithiss

Case Material Filling method
1 Single glass beads Ascending cone
2 Single glass beads Rain fall
3 Paired glass beads Ascending cone
4 Paired glass beads Rain fall
5 PET pellets Ascending cone
6 PET pellets Rain fall
7 Black eyed beans Ascending cone
8 Black eyed beans Rain fall
9 Black kidney beans  Ascending cone
10 Black kidney beans  Rain fall
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Profiles for Predicted Values and Desirability
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Profiles for Predicted Values and Desirability

Log ShearMod Restitution Static Friction Rolling Friction Desirability
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Profiles for Predicted Values and Desirability
Log ShearMod Restitution Static Friction Rolling Friction Desirability
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Profiles for Predicted Values and Desirability

Log ShearMod Restitution Static Friction Rolling Friction Desirability
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D.1 Rotating drum dynamic angle of repose verification

Rotating drum simulations were run using the opédi parameters of black eyed beans
at 7 rpm for the verification described in section 0. 10ages were extracted from each
simulation at various time steps. The dynamic amgleespose was then manually estimated to

determine an average dynamic angle of repose amshadrigure D.1.
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Case 1

Excel Solver
Ascending cone filling

G = 2.6E8 Pa
er= 0.10

Lpp = 0.60
Hrpp = 0.10

Dynamic ¢
AVG:49.1°
SD:1.9°

COV:3.9%

Figure D.1 Dynamic angle of repose determinatiarttie verfification of the optimised parametersgdblack eyed beans

AVG: Average, SD: standard deviation, COV: coe#iti of varianc
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Case 2

Excel Solver
Rainfall filling

G = 3.2E8 Pa
er= 0.40

Lpp = 0.60
frpp = 0.10

Dynamic ¢r
AVG :48.8°
SD:1.4°

COV:2.9%

Figure D.1 Dynamic angle of repose determinatiaritie verfification of the optimised parametersgdblack eyed beans
AVG: Average, SD: standard deviation, COV: coe#iti of varianc
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Case 3

Statistica
Ascending cone filling

G =6.9E7 Pa
er= 0.10

Hpp = 0.25
trpp = 0.05

Dynamic ¢
AVG:43.1°
SD:1.2°

COV:2.7%

Figure D.1 Dynamic angle of repose determinatiaritie verfification of the optimised parametersgdblack eyed beans
AVG: Average, SD: standard deviation, COV: coe#iti of varianc
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Case 4

Statistica
Rainfall filling

G =7.3E7 Pa
er= 0.10

pp = 0.25
Hrpp = 0.05

Dynamic ¢r
AVG:43.4°
SD:1.2°

COV:2.8%

Figure D.1 Dynamic angle of repose determinatiartte verfification of the optimised parameterangsblack eyed beans
AVG: Average, SD: standard deviation, COV: coefiti of variance
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