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Abstract

The effect of particle geometry and surface asperities on the result of Discrete Element
Simulations

Siyang Zhang

In recent years, analysf the behavior obrittle materials, such as conterocks or
granular materialsjs receiving more attentionThese brittle materials staicommon
characteristis, which are their high complexy and heterogenty, especially when they
fragmentfrom their original shapeénto smallerparticles. Traditioally, it wascommon touse
continuum methods (likehe finite element methodjo reproduce the behavior of these
materials,even thougthese methods require complex constitutive moadetsch containa
lot of parameters and variables. Thescrete ElemenMethod (DEM) originally developed
by Cundall and Strackl979) in contrast to continuum methods, has been proven to be an
irreplaceableand powerful tool for conducting analysis and modelling the behavior of
granular (spherical) and polyhedral (repheical) particle systems, which also focus on
micromechanics of soil particle interactions and displaceméfganwhile, the DEMhas
been proven to be suitable for analysis of continuum materials and maxel®ll. In
addition, there is another method naimEhe Combined Finit®iscrete Element Method
(FEM/DEM) (Munjiza, 2004) which is a numerical solution that focuses on the analysis of
problems for solids that are considered as both continua and discontinua.

This research wlilpresent the basic numerical principles of DEM and FEM/DEM, then by
using these methods, the analysis of the influence of the changes of the geometry or asperities
of polyhedralgranular particlesvill be investigated. Both the influence on solution tiamel
solution accuracy will be critically reviewed and recommendations will be given for practical

use in simulations.
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Chap. 1 Introduction of the Thesis

1 Introduction of the Thesis

Thisthesis isfocusedon theanalysis ofsimulations ofparticle behaviour during collision
eventsfrom the perspective of Discrete Element Method (DEM)ndall and Strack, 1979)
and the application of the Combined Finite and Discrete Element Method (FEM/DEM)
(Munijiza et al,. 1995) during the simulation procéldse mainfocus of the thesis is thssue
tha t I f the increase of particleds geometri ce
weat her wi t h t he numberrotetemans coniprisipgaits tmeshthee 6 s
simulation time will be increased correspondingly.

This thesis will begin th a brief introduction of DEM, then continueswith a
comprehensivehapter about thphysicaland mathematical background lméth DEM and
FEM/DEM for readers to have a general idea about what type of physicahtexebeen
applied and considered thisresearch. After thedellows themost important chapter, which
is the simulation process atite discussion ofesults which is the main contribution of this
research. Then, the thesis concludéh a summary of findings and recommendations

The simuation process is divided into two phrases, one is about having individual particles
discretized intadifferent number ofelemens, collide with a solid blockWhile thesecond
phase simulas the collision of multiple particles inside a containefhe results of
simul ations show t hat dwdretizhtiontrésa@utigrttresimubaos e o f |
duration and CPU time will increasses well especial | ynumbbreohmeghar t i c |
elemensg increased to 1000, both the simulation duration and @R& will have a dramatic
increase Since the time consumption becomes-atinrdable with the increase of element
numbers over 1000 elements, and the accuracy of simulation fgsumitgarison of thenean
value and standard deviatia forces and imputs are showing that therare not many
changes between particles with the lowest resolution to higher resolutions,umdietines
that it is nad necessaryo conductmore simulations withncreasingparticle discretization
beyond1000 elements.

The inportance of this thesis in evaluating the use dhe FEM/DEM method to analyse
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the collision of particlesvith differentdiscretizationsThus the findings contained within the
thesiscan serve as a reference for future reseamiterningsimulation ofsoil, rock or
generalgranular particle collisions to determine thafficient geometricddetail of particles
that stillleads to an affordablesimulationtime, yet without losing the accuracy of simulation

due to oversimplification of geometry.



Chap. 2 Introduction to Numerical Methods of DEM

2 Introduction to Discrete Element Methods

2.1 Introduction to D iscrete Element M ethods

The termDEM could be referred to the abbreviation of two forms; diserete element
method(Cundall and Strack, 1979y thedistinct element methd@'Sullivan, 2011)DEM is
a numerical method which could be used $onulating thebehaviorof soil or granular
materialsUsingCu n d a | Is: s disevaterel@ment method is a simulation method where
the fnite displacements and rotations of discrete bodies are simuld@éckinson, 2013)

After the establishment of formulations by Cundall, these fundamental formulatenes
adopted to develop the commerdHEM codessuchas A Parti cl REC2BDlsadw Cod e
PEC3D (Itasca Consulting Group, 2002008)

The major difference of DEMwith respect tocontinuum methodg¢such asthe finite
element method)s that it explicitlyfocuseson the level of individual particles in order to
conduct discret analygs of interactions or displacement&or spherical or polyhedral
granular particlesthere is a microscopic scale (molecular forces), a mesoscopic scale (single
particles), and a macroscopic scale (distances inside the material over many particle
diameters]Matuttis and Chen, 2014%iven thatcontinuummethodgocus ona macroscopic
scalewhich assunes thathe analyzed modé$ behaving as continuum material, agdores
theinterior movements and rotations of particlesg. soil solids)In contrast, DEMnot only
serves as an ideal method for analyzimgesoscopic scalproblems which the continuum
methodsignore orcan hardly copevith, it also can be used for solving continuum problems
in the first place and providing moreomprehensiveand detaiked analsis Given these
properties of DEMmoreprecise constitutive models aresthneeded for conducting such an

analysisn order torepresent the complexity of thature ofa material.
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2.2 Principles of DEM

In DEM, it is common to use simplified shapes oftiotes (e.g. using spheré@s 3D or
disksin 2D) to simulate inteparticle contacts for reducing the computational cost or time. If
there are additional detailsatshould bemodeledsuch as ta asperity details, then it is also
convenient to modify th detail on the basis of a pestimated simple model than a complex
model (which may bring chaos during the simulatid®)en though the application of basic
numerical modelss using ideal particle geometries, those most outstanding soil mechanical
respases can still be characterized by DEMSullivan, 2011)

DEM is a method based on precise tirstepping calculationgocused on applying
Newt on o0s Sw toroparicledand the focedisplacement law focontacts, where
Ne wt o n 6 s awisainmed at the_determination of particle movement due to contacts or
external forces, and the fordesplacement law is applied for thpdateof contact forces due
to contacts resulting from movemetsd collisionof particles. Inpaticular, Figure 1.1 can
conciselyillustrate thesimulation cycle of DEM,which begins with thanput of initial
geometry characteristics of the systemd the inpubf material propertieexpressed by the
specification of contact model parameters. Aftas, a continuously repeating calculation
cycle includes the identification of particle movememtsd collisions contact forces,
resultant forces, velocities and accelerations in order to update particle position which will be
used as the newarticle arangemenfor the next calculation cycle, whidhk increased by a
small time step. The calculation ends when all the particles to be analyzed are allimtarest
steadystate deformation without collisionsr havereachedh userspecified time

Whatshould be noticed is the choice of time step should be as small as possible in order to
eliminate the propagation of disturbances of any particle during a single time step, and the
particles should have independent movements between each other. Thesseatial §or
defining each particle to be analyzed exclusively by interactions when particles are in
contacts. This is the vital factor for conducting a4iorar analysis for a large number of

particles with no need of an excessive computer memory esgeit.
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t=0: Input

Define system geometry
and
contact model

time t: Calculate

Identify contacting particles
+

1 Calculate contact forces

|

time t: Calculate

Calculate resultant force acting
on each particle,
include body forces,
external forces

time t: Calculate

Calculate particle accelerations
and
Integrate to determine velocities

L

time t: Calculate

Move forward one step (At) in time
Revise boundary positions as required

Calculate particle displacements
and rotations
in current time increment
+

Update particle positions

Figure2.1: Schematic diagram of sequence of calculations in a DEM simul@iGullivan,

2011)

It is advantageous to use DEM for the reason that the objectivbavidlacted atthe steady

state consuning the mininum computer effort.

2.3 Numerical simulation by DEM

As stated byCundall and Hari{(1993) the features ofiumerical simulation ofliscrete
element method that are differelnom the continuum methods can be as: (1) objects or
bodies can have large rotati@and large displacement relative to one another; (2) the
alteration of relative particle geometrical configurations is the main reason for triggering the
interaction forces between particles; (3) the solution scheme is explicit ir{Hiang 1988)

All these three features makhe DEMwell-suited for the analysis of mechanical behavior of
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sphericalbor polyhedralgranular particles

Even for systems which exhibit instability features, the DEM can also be applied without
much numerical difficultiesBy exgdicitly choosing each time step for calculation, and when
the object is subjected to unbalanced externakefahe object will acceleratnd move to a
new point. If all the forces related to the object are balanced, the object may eithavithove
constat velocity or stay at rest.

In a DEM simulation, one important process is cal@mtact detectionwhichfocuseson
the detection and categorization of contacts between patrticles close to each other in order to
determine the intexction. This is a rakivdy time-consuming process given that there may be
alargenumber of particles, and it could tsery computationally expensive. Thus, it is crucial
to eliminate thosgairsof discrete elements that ametin contact(Munjiza, 2004) In other
words, this process is aimed at decreasing CPU requirements and eliminating calculation
times by avoithg the computer to process thqsarsof particlesthatcannot be in contadn
general the process otontact detectiorcan be ided into two phrasg which are the
neighbor searching and geometric soluti®iating with a target particle,hie neighbor
searching focwes on the detectionand identification of objects that are possibly located
within a certain distance or in a tan zone around the target particle. Thiey havinga
neighbor list of these objects, the geometric resolution can be used in order to compare the
target particle geometry with those objects on the neighbor list.

Moreover,in order tosuccessfully coratt the simulation by using DEM for granular
analysis probles) the problem itselimust havethe following features. Firsit should be
specified as a problem related to an asdgrof particles, which contaithe size distribution
and location of partiels second a clearly specified contact behavior and properties of the
material to be analysed; and third, wadifined boundary and initial condition&fter these
pre-defined conditionsare met canthe set of calculations for detecting the movements of

individual particles, the initial equilibrium of displacements and contact forcksibd
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3 Basic Physical and Mathematical Background of DEM

3.1 Particle motion and numerical solutions

3.1.1 Introduction

Generaly, in aDEM analysis particles are analyzed dynamically or transientith focus
on the dynamic interaction for all contacting particles in the system. During the simulation,
particles are created as ideal rigid models, and the connection is simulaggd sysrings for
the simulation of interactionfue to the reason that particles are continuously moving away
from each othewith thebreaking ofthe connectiog) thenthey will be conneced with other
particles in the same time, which creates a newrwctionor startsa sliding motion All
these will bringalonga change in stiffnessnd make the analysis néinear.

Given that the fundamental principles of DEM are directly considering the dynamic
equilibrium of each patrticle in the system, and panng with those methods caee in the
analysis of structurand finite element methods, our discrete elements capdveximately
analogous to the degree of freedom as end pahtslements in structural analysis, or
analogous to nodassedin the finite element method. Then, the general governing equation
for the whole systepwhich, expressing the dynamic equilibriucan be written in the form

as

EC XN £ Yl Ye (3.1

whereM stand for the inertia matrix which contains mass and atibnal inertia,C stand

for the damping matrix,S"u standa for the incremental displacement vectarhich contains

translational and rotational displacemeM¢ stand for the incremental force vectdf, is

referred to as the global stiffness matrjxwhich mainly dependen the geometry of the
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system, an&, ¢ stand for the velocity and acceleration vestoespectively.For solving
this dynamic equilibrium, there are two approactied could be usedmplicit and explicit
approaches.

The implicit approach, the most outstanding featursiisilar to what is used in a finite
element method, whicls by creating a single vectar in order to represent theombined

incremental displacements for all the centroids of particles in the syistem

é
&y O 6
v 5
., &
. 0
Y &

I (;yO &y 3.2)
Do &
&
A &
x &
&0 O

whereéi\‘dﬁé%ég are used for indicatingin the threedimension the incremental

translational displaceents for one particular particfein the system of totall particles.
And in asimilar way the expression for the force vecdr is construced, for the whole set
of Np particles.However, the shortcomingf using the implicit method ishat dumg the
formulation of stiffness matrior the whole systema large amount of resultant equations
will be generatedbecause of numerous particles considerettich createsexcessive
calculation effors and computational castor the simulationlt is mae popular to usan
explicit method (Cundal and Strack, 1979%p solve the dynamic equilibma, which
particularly considering the individual parti@edynamic equilibrium rather than for the
global systemthuseliminates the necessityfor storing theglobal stiffness matrixPotyondy,
2004) According to Zhu et al. (200,//he most general equation describing tfaaslational

dynamic equilibrium for a single partige having massn, can be:
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a -l € € € € € (33

where O represerd the acceleration vectoof particle p; € represerd the contact
forces owing to contaat at the time that there@ 0  contacts between partigieand the
other particles or the boundariesimilarly, € represerd non-contact forcesthe
existence of this force can be exemplified by the capillary force in unsaturatedésail§

and € are fluid interaction forces, gravitational forces and specified applied forces on

particlep, respectively
Besicks, the resuhg torque for every contact point can be calculated simply by teking
crossproduct between the caut force and the vector connecting the contact point to the

center ofa particle.Also, the dynamic rotational equilibrium will be calculated as:

) =— - (3.4)

where ) is the moment of inertia for partech, ] is the vector of angular velocity,
is the moment resuttg from thejth momenitransmitting contact forcesvhich contains the

transmitting force from particlg, and U is the total number of moment transmitting

forces.

3.1.2 Updating particle positions

As stated inSectionl.2, duringa DEM simulation, thegr anul ar materi al 6s

keeps changing and resiilh a continuous altetion of particle position and resultant forces,
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then it is necessary to tethe particle posion in order to update the contact forces based on
the latest particle positiohis indicates anost general assiption that the applied forces

and torques in Eq.3(3) and B.4) are assumetb be known and calculated by applying the
translational and rotational acceleratidnse(ndf) ).

Then, after manipulating tHerces acting ora particle, the acceleration can be calculated
based on dynamiequilibrium by assuming that the translational motion for paricie

isolated, which is given b{O'Sullivan, 2011)

i+ ¢ (3.5)

wherei is themass matrixwhich will be a¢ ¢ matrix in twodimensions (as shown
below in Eq:3.6); & which also equals t¢ is indicating the acceleration vector at titne
which only tales intoconsideration the translational degree of freedom that corttams
components in two dimensionsdathreecomponents in three dimensions; afid is simply
the resultant force vector which also contaiwe components in two dimensions atidee
components in three dimensioi@Sullivan, 2011)

o Tt

1 T (3.6)

By calculaing the values of acceleration,corresponding incremental displacement can be
computed and then used for updatinibe particle position by using the first and second
derivativeswith respect totime, which is known as théme integration methodsThis
method is applied by takinmto consideration of a time incremei® and use itin the
calculation between acceleration and velocity vedtmrparticlep as
P . Vi v Y 3.7
+ Jo N n

v 9

where then 7 and N . are thecorresponding velocity vectors at incremental

time 0 Y§ ¢ andd Y§ ¢. By applying Eqg. 8.5), the calculation of velocitin three

10



Chap. 3 Basic Physical and Mathematical Background of DEM
dimensionsttime © Y& ¢ can be expressed as:
f Yj Yom ¢ (3.8)

which will be treatedas the averageelocity over the incremental time interval frodto

y

o Yo Then, the updated position vectﬁr for particlep can be calculatkas:

Yo ﬁg Y4 q (3.9

-1
&
|

which can provide the particle€artesian coordinates withreedimensionakotation about
the principal axis.
For two dimensional simulatien t he parti cl eds rcompatedoyo n a l %

taking the dynamic rotational equilibrium equation as:

Ol v O (3.10)

where]  is the angular velocity about one specific axis thasgiorough the center af

particle, and nonal to the plane to be dgyaed; 'Q; standg for the moment of inertia,

whichis equal to—— for a circular orsphericaparticlep with radius ofi and densitym

Again, by applying theime integration methodhe incremental solution for the angular
velocity ower the time interval from 0 Y& ¢ to® Y& ¢ can be calculated as:
Y Vi oYU R

] R 1 o Yo—— (3.11)

O

which can be used for the calculation of the tangential fpragswill be seenn further

discusiors.

11
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3.1.3 Determination of computational time step

Based on therecedingdiscussion, it can be noted that #simation ofa value for the

time step Yo is very important It will pose significant influence on the calculation for all

physical componentsalculated above. Ideally, the time increment that is chosen should be
small enough tacontrol the incremental influences of motion during the simulation for a
single particle to its neighboring particles in a certain time step, and in order to mdigtain t
noninearity propertyfor the whole system. As stated by Cundall and Strack (1978)
basicprinciple for DEM simulation is that the chosen time step should be small ersuegh

that the propagation of disturbance from a digk sphere)will not reach its nearest
neighbors.

In the simulation codes, such as the Particle Flow Code (PFC2D and PFC3D), the time

step Yois chosen to be smaller than one of the critical time sfepording to the Particle

Flow Code (PFC3D) by Itasca (2003), tpeneralequationfor the calculation of critical time

step (Y) will be:

A : (3.12)
y el
Qo
where & is the mass of particlp and o) is the maximum contact stiffness for the

assembly of granular matesal
During the DEM simulation, it is more conservative to choose a critical time step by taking
into consideration a factor of safegc cor di ng t o t he study ,by O06S
the critical time step should be determined as a function of assembly comdiguaat the
total number of contacts for each particle. It is suggested by them that the critical time step

for athreedimensionalassembly of granular particles, considering the influence of rotation,

should be smallehant® ¢ pdj Q & e

After the determination of critical time stefhe time step can be simply calculated by

multiplyingby aus er defi ned c oiaéskenceYoe n OY. Accordimghtdo ¢ h i s

12
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the default value specified in PFC2D, 1@ while for different contact models, the value

of | should be carefully chosen.

3.1.4 Damping

Every mechanical syste possesss a property that the mechanical energy will gradually
dissipate during vibration, and end up with the damping out of the vibration foraimg
system. This kind of dissipation alwagyscurs due téwo causes: by friction and damping.

Generally, for discrete element models, we define friction aither solid friction, dry
friction or Coulombfriction thatoccursat the contacts in mesoseogcalebetween particles
(Matuttis and Chen, 2014JF-riction takes place during sliding whenever tseh e ar f or c e
absolute value between contacts exeeé#lte limit point beyond which the relative
movements will be encounterdéor damping,or lack of which, there will be no yieldluring
the separation of particles arstiding, and he simulation of DEM particles will vibrate
constantly,which will result ina highly complex system that all particles are connected by
elastic springs. Then it i'ecessaryo introduce an artificial damping during the simulation in
order to avoidthis nonphysical phenomengrreducing the energy of vibration between
particles in a system that is physically stable, and making the assembliefastexthe state

of equilibrium.

3.1.4.1Mass damping

Based on the propagbof est abl i shing a gl obal dampi ng
effect of dashpots connect i ngdand &tatk (1p78a),t i cl e
which meast hat thi s dampi ng e natb beproporeoaattbtheipar t i c |
relative mass. During the simulation, this concept is implemented as the following equation

(Bardet, 1998)

13
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EA 20 & (3.13

whereM andC represent the mass matrix and damping matebpectively;A, O and &

are the acceleration vector, velocity vector and the force vector at,tmespectively. And
then, by utilizing the Verlet tie integration approach, over an incremental e we

obtain

i Py v Vi
A 5 © O
& Vi Uﬂ 5 o y (3.14)
Yo
o Povi oV
C

where @ is the displacement vector atrtit.

Then, combining Eq3.13 and Eq3.14, with the assumption that the damping matrix is
propotional to the mass matrix with asptimum proportionality constani , the foll ov
general equatignwhich is equivalent to the dynamic relaxation equatioan becomputed

(Bardet, 1998)

w

6V oy B1JS L _e 5 &P
P 1 Y9gq P | ¥Yggq

While, Cundall (1987) stated some limitations about the assumption relating to mass

propational damping such astleept i mum proportional i tyesconst
the eigenvaluesf the stiffness matrix; and equally appbtafor all nodeswhich is in fact

not truein reality.

14
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3.1.4.2Local non-viscous damping

Based on the limitationssastated above, an alternative system of damping was proposed
by Cundall (1987) which was aimed at making the damping force proportional to the
magni t udeutdlh altahfece @t each node, due to which was the cause of
acceleration for each paste. Then, provided by the PFC2D/PFC3D by Itasca (2004, 2008)
for achieving the steaestate within a reasonable calculation cycles about this type of

damping, the general expressioh motion was written as following equation with an

addition of dampingorce for particlg ("O):

& & - Ah E pkliv (3.16)
i ao E pit (317)
D E o
where Eis the indication of dimension& is the damping fare, - and A arethe

components of generalized mass and acceleration respectively; afd tisethe resultant or

Ao-woftoal ancedo force. The following equation

damping force of particlp:

-

& | & OEQ©ih E pklv (318

where| is the damping constant, which was set to be 0.7 by dé@@ullivan, 2011)and
O isthe velocity vector for particlethat:
w E plt (3.19)

O .
1 E o

and the direction of& is opposite to the direction o .

The advantage of using this form of damping can be concluded as: 1)danipsthe

15
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motion of accelerationyhich eliminatesthe erroneous damping forces during the oroof
steadystate; 2) thepr opor ti onal ity const-dimensiothl; 3)the t he
damping will be different among eaghir of points in the system, which is more suitable to

reality that thesystem may have variety of behavior for different parts. And thus, applying

this type of damping will be much more conveniéot simulation and analysisf the

steadystate.

3.2 Force-Displacement Laws

3.2.1 Introduction and a brief overview of contact mechanics

During a DEM simulation, particles are interacting with each qthdrich requires the
interaction analysis for thogmirs thatare in contact and those bodibatare potentially will
get in contactThen, it will be necessary to identify which paeg arein contact andgothe
resultingforces can be determined. These two phases are definedcasmthet detectiomnd
contact resolutionphases during the simulatiofiHogue, 1998) The difficult partis to
developan algaiithm for the contact detection stage&hich is related to the difficulties on
how to keep track those particlethat are in contact and identify those particles will
potentially get in contact.For a more detailed backgroundnd an overview ofcontact
detection codes that are used in DEM simulatitve, readercan be referred to the work by
Munjiza (2004).

For the contact resolution stage, the contact geometry and kinematics are required to be
accurately determined, which will be aided by the implememtatf a constitutive modednd
simplified overlap assumptions.

For the specific calculation of contact forces, which represent the integral of stresses along
contact surfacethat are being considered into two orthogonal parts, normal and tangential
directiors with respectto the point of contactThese two forces alwayare represented by
rheological models which compesof springs, sliders and dashpots, andséwheological

models are usuallyalledascontact constitutive mode(®'Sullivan, 2011)
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In the followingsection different contact constitutive models will be introduced, which are
commonly used during DEM simulation. While, before the detadtl discussionof these
models, it is quite necessary to introduce tiontact mechaniaa referenceto the work of
Jahnson (1985)It was Jbinson who has raised the discussiohsontact responses between
solid bodies, and clearly distinguished contact categories itaforming and
nontconforming For DEM simulations,tiis common to simulate contacts as twomforming
and point contact assumption, due to twelely-used DEM models that employ a
simplificationof geometrysuchas spheres or disks. While reality, the contacting situation
is more likely to bea non-conforming contact initially, and wiltransforminto a conforming
contact with the yielding of asperities

Anotherimportant phenomenon during contact should be clarifvelich is called as
traction that describsthe surface pressure eatalong the conta surfaceas a result of
contact forcesSymbolsf, and fi are used to express the normal and tangential tractions
independently, and the numerical resolutioh contact forcesin normal and tangential
directions can bexpressed by integration of thesactions over the contact ar@aassuch

(Matuttis and Chen, 2014)

(3.20)

3.2.2 Contact response based on linear elasticity

3.2.2.1Elastic normal contact response

It is pedagogicallyjcommon to coduct a linear elastic response assumptiorrdal soils
interpreting the real stress distributipm®mbined with theusage of continuum elasticity
analysis for explaining the responses between soil partidles. by applying the elastic

theory for two ontacting patrticles, the stress distribution and deformation can be expressed
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in algorithms. One of the most outstandimgchanical theags can beattributed toHertz,
who clearly expressed ttierm for the loaddeformation responsdor contacting partiesby
using theassumption thasolid bodiesare initially contacting at a single point followed by
the growth of the contacting area, gwbsequenthanging of traction forces over the surface,
and finally, the constant deforation of surface and theariation of stresses within the
particles (O'Sullivan, 2011) By applying this contact mechanid¢keory the following
assumptions should be obtained in order to f
1 The surface of contact should be assumed gyfesmooth, by neglectirg the
asperities of the surface with frictionless property;
1 The area of contact and the strains induced should be assumed to be small enough to
maintain the property of elasticity;
1 The interaction outside the area that is loadeg$simed to be absent;
1 And the friction should not be taekinto consideratiornf the two contacting particles
hawe the same stiffness.

Thespecificexpression of theircularcontact response by applying the Hertzian theory for

two interacting particles andB contains the effective particle radil¥¥, and the effective

Youngds ®oThedxpression of these two parameters are provided as:

ﬂ ﬂ ﬂ (3.21)
Y Y Y
and
P p L p U (322
O 0O O

where'Y and‘Y are simply the radithe O andO are the Youngos mod!
U are the Poi ss odaB, respactivielp of particl e

Furthermore ac cor di ngthebry theHradiusoavhich mepreseistthe contact
circle is defined as:

gOY | (3.23)
14 0j

18



Chap. 3 Basic Physical and Mathematical Background of DEM

The maximum contact tractiqpressurejs defined as:
@O J (3.24)
13 'YZ

With thedefinition of normaldeformationi() at the contact point as:

0

wo !

WO (3.29
P

3.2.2.2Elastic tangential contact response

With respectto the tangential contact responsmme of the most fundamentahnd
essential models used in DEM simutagus can beattributedto Mindlin (1949) and Mindlin
and Deresiewicz (1953The mostessentiahssumption for these models is that the tangential
tractionis assumed t@ose no influence on the normal traction distribution, which will be
valid as long ashe two contacting spherésvethe same elastic propertiddindlin (1949)
also stated that if during the contact the normal force is not changing, and with the
applicationof tangential force, two different result areas can be observed. One is named as
the A gdgionpwersome portiorof the contacarea and the remaining area can be named
a s t h eregiosdvarwhictothere will be no relative movement.

According to the friction laws proposed by Amontons and Coul@Bullivan, 2011)the

normal and tangential tractions are sharing the following relationship over the slip region, as:

"0 ] t "O i (3.26)

where | standsasthe distancefrom the centerof the contacting circular aré¢a the contact
surface, as long as the normal contact conditiorwitisin the Hertzian contact laws; an€

"Q are the tangentiand normal tractionsespectively.
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3.2.2.3Initial tangential loading

In the initial stage, the tangential force at the contact is assumed to experience an increase
of forcefrom 0 to”O, subjected to the constant normal forGe The following eqgations are

given for defining the tangential traction at a point having distdnde the center of the

contact area:

T — Ve i, b i &

o O _ 5 (327
— 0 | w I hmT i

Qi -
¢

where, o stand for the radius of the stick regionty stands fothe radius of theontact area.

According to Mindlin (1949), the tangential displacement between two contacting particles

(AandB) can be described as:

) o O (I) (3.28)
p@o © B |
where
P ¢ U ¢ U (3.29)
G 0 0

in which the 'O and "O standfor the shear moduli of the contacting partickesand B,

respectively. And thus, theaulting tangential force can be calculated as:

@
O ¢ MQii Qi ‘O p Y (3.30
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3.2.2.4Unloading (reversal of tangential force)

Given that theproperty of the slip process is dissipative, then if the loading cond#ion
reversed, the slip regiends up with three different areas: one without slip, one with slip and
another ongemainingin counter slip conditionThen, &cordingto Thornton (1999), the

tangential traction force distribution over the contact surfandeadefined as:

Qi —Und i, ci &
o O = . .
Ql — (0V) 1 W 1 h w 1 W
¢‘w
00 —— A T = . (331
QI - W 1 ¢ W | w 1 h T |
¢'w

and the corresponding tangenfiaice can then bealculated as the integrad Eq. 2.31, as:

0 "0 p c0 (332

E:l S
e:l ex

3.2.3 Normal force-displacement models in DEM

3.2.3.1Linear elastic confact springs

The simplest model for simulating the normal direction fatsplacement response in

DEM is the linear elastic springvhich, usinganormal force’O can be calculated as:

0 01 (3.33)

where U stand for the rormal directional contact stiffness (e.g. N/min), stand for

the normal overlap depth for the two contacting parti{(hes). And the spring stiffnessan

be separately expressed for two contacting partidlesd B as'Q, Q andQ, Q in

normal and tangential direction®spectively. Then the effective normal stiffness in normal
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and tangential directions at the contact point can be expressed as:

, 00
v Q0
o (3.39
, 00
U -~ ~_
Q0

What should be noticed for using this simple linear elastic mod#iaisit cannot fully
describe the complexity of the properties for the contacting materials, and thus the spring
shoul be treated as fipenalty springso which wi

contact poin{O'Sullivan, 2011)

3.2.3.2Simplified Hertzian contact model

In order to compensate the nphysical character of the stiffnegs the linear elastic
model, some other modelsere developedby applying the Hertzian theoryyhich were
aimed at connecting the material properties of particles to the parameter of the spring that is
defined ina model. And then the stiffness in the naintontact direction can be defined

comlhining the Hertzian contact model as:

A Y — (3:35)
ocp @O
The contact force ithenormal direction is the same as E83. And for spheré contacting

with sphereB condition, theY, §@and Q)O'can be expressed as:

cY'Y

v ST
Y Y

(3.36)
5] g "O O
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e>
o}

N |
CA
C

whereR is the radius of the sphericphrticle,vi s t he Poi sGigptheddastic at i o

shear moduludf the contact condition ia sphere contacting withboundary, then:

oa O (3.37)

3.2.3.3Yield inclusive normal contact models

3.2.3.3.Walton-Braun linear model

Instead of considering that tlewnsevative characteristic, i.eenergy stored during the
loading processwill equal to the energy released during unloadasheld by applying the
elastic contact model, Walton and Braun (198®posedan energy dissipative linear contact
model whichwas assuned that it is norconservative for particle interactions. The normal

force during the first loading is therefaran bedefined as:

00 g (3.38)

and the normal force over the process of unloading will be:

O 0§ 1k (3.39)

where] is the normal directional overlap relative to the contact pbint; is defined as

the plasic deformation whichcan be described as a functioh the maximum historical
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normal force,”O; . For the stiffness over the unloading processy,  will be larger than

the stiffness at the first loading stage, and the value should belyaesfaluated which will
be either usedefined or calculated as a functioh the maximum historical normal force.
The graphical illustration of the WaltdBraun linear model can be referred to the following

figureas used in the PFC codes

I(Zn'Kln

K g
n Ratchet

Mechanism

(a) (b)

Figure3.1. Walton-Braun linear contact model illustrati¢®'Sullivan, 2011)

Anotherspecification that needs to be mentioned is the coefficierstifution e, which
can be used for the quantification of the loss of energy dadhigion between two particles,
and will be calculated by using the relative velocities of these two partiefese and after
collision. To be specific, the following equation is the expression for restitatefficient e,

by considering two partiesA andB:

0 0 (23.40
Q Y ——
U
where) and U are the normal directional velocities before collision, and, U

are the velocities after collision for partideandB, respectively.
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3.2.3.3.2 Spring-dashpot model

The main charactéstic of using a springlashpot model is the implementation of a
dissipative viscous dashpot at the point of contact in order to simulate the dissipation of
energy caused by the plastic deformati¢@'Sullivan, 2011) The forcedeformation

relationship is similato the Kelvin rheological model, and the formulation can be stted

0 09 61 (3.41)

where 0 is thedissipativeterm the other parameters are the samealemsadydefined in

previous sectios

While, Delaney et al. (2007) raised another argument that the dissipation of energy should
be dependent on the velocity, and they proposed an alternative formula that implemented the
Hertziantype nonlinear spring in the simulation; anldusthe expression of the contact force

will be:

o o1 ! 87! (3.42)

where 0° stand for the modified term of dissipation.

3.2.4 Tangential force-displacement moded in DEM

3.2.4.1Introduction

Physich | y, the terom ifi$sangedtfalt fFfodiceating the

exeredalong the contact siace, which will usually be orthogonal to the normal direction of
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contact. Then, it is required to develop tangential contact models which are available to
simulate the particle responses before gross sliding faéiee, also simulating the responses

when sliding occurs By assuming the yielding is in the model of Coulomb friction, the

coefficient of friction, pu(m *  p), is then used taepresent the relationship betwean
normal force’O and tangential forc€D. Whens"Q@s “ "0 the contact condition is
named as fAstucko, which means that there wi

thetwo contacting particles, amhens Qs  ‘ "Q, relative sliding can be observadd the
tangential force wilbeactingin the opposite direction to the slipping direction.
During the simulation, the cumulative tangential contact displacemeagsumed to be
zeroat the moment that the contact i s detecte
the contact force will be calculated as the product oftdhgential spring stiffness and the
tangent directional cumulative displacement (totfathe relative incrementaligblacements
for the interacting particles)or an ideal contact model that is cohesionless, the tangential

force will be calculated as:

L. . . 1 (3.43
O | EIS"Ogi01 h —

where 'O ﬁl represerdthe shear force prior to sliding, and is calculate@dayputing

the contact constitutive modél; represersthe wmulaive relative deformationsand

is the relative velocity at the contact point.

Due to the complexityf the nature of contact, it is difficult to precisely estimate the
coefficient of friction, ando fully understand the response aftontactin the tangential
direction. The commonly used model for the simulatisrto makethe assumption that the
tangential contact forces and the cumulative tangential displacémesiinear reldionship

prior to sliding occurringThus,the presliding sheaforce can be calculated as:

. . : o~ o (3.44)
O7 h v ] Qo uv 7 Yo
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where U is the stiffness of the linear spring represemtthe linear relationship as
mentioned,0 is the pointin time that the contd of two particles are initially detected, and

the integration of the relative velocitigs is for calculating the cumulative displacements.

And when slidingoccurs the following formula can be used to calculate the tangential force:

N N O (3.45)
O % O%pg

where "O is the component that is calculated by using Eq. 2.44.

3.2.4.1.1 Calculation of tangential velocities, # ¢

The calculation of the tangential relative velocity can be referred to Itasca (2004) in

two-dimensional analysis, whidh defined as(for particlea relative to particle):
) b 0V O 1 ® ® 1 ® (3.46)

where O stand for the unit vectorwhich indicaesthe unit vector tangential to the contact,
U andU are indicating the translational velocitiésr particle A andB, @ and @
are the positions of the centroids of partidleand B, @ is standing for thecontact

coordinates, and are the rotational velocities about the axes through the centroids.
For threedimensional case, rit the relative velocity at the contact point should be

evaluated as (Itasca, 2008):

) 0 Q1 ® 0 Q71 ® ® (3.47)
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where Q is the alternating tensor, and then, by subtracting the component of relative

velocity in normal direction, the tangedtrelative velocity can be calculated as

1 1 1 €€ (3.48)

3.2.4.2Mindlin -Deresiewicz tangential models

As developedby Mindlin and Deresiewicz (1953)the specification of the stiffness af
tangential contact spring, the following factors should be considered, as: the current load in
tangential direction, the current load in normal direction, the load history and the loading
condition of the tangential load (whether it is increasingleaeasing).The following two
models are proposed by Mpuoc et al. (2000) and Thornton and Yin (19%i) using
constitutive models during contact, also taking the load history influences into the

consideration to retain the tangential load response.

3.2.4.2.Mu-Quoc model

According to VuQuoc et al(2000), the tangential foraganbe calculated by using their

model, which is a simplified expression of the Minelderesiewicz model, as:

"O O U 81 (3.49)

wherethe tangentiaforce is calculated at timé Qoas O ,and U g stands forthe

tangential stiffness at timé, which is calculated as:
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j

“ "O O . )
Og . .
% o ' . (3.50)
"0 "OQQwi Qi
l\_f h p 1 "O "6

where U ; stands fotthe initial tangential stiffnessnd * is the friction coefficientAnd,

at the last turning pointhe tangential fare ispresentedy "0, which means that when the

magnitude of the tangential forobangedrom increasingto decreasing, or in the opposite

way, the value of O is subsequentlset to the value of the tangential force. For a virgin

loading,the magnitudef "O is set to be zerf/u-Quocet al, 2007)

3.2.4.2.2 Thornton and Yin model

Another modelthat focuses on the oblique contact and simulatihe interaction was
proposed by Thornton and Yin (1991), which was developed based on theuprevio
experimental work by Mindlin and Deresiewicz (1953). The model also contains the analysis
of the impact of particle adhesion, while we only focus on the implementation without

adhesion here and the nor mal f o roroyeuringithle | be

modelling. The relationship of the tangential forc®)( and displacemenf () can be

illustrated in the following figure for a normal force pattern as-oaldadreload cycle:
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F *+uAF - F, for normal
force F +AF

F, for normal
force F,

L )

Figure3.2. Thornton and Yin (1991) model of the tangential force, whigsoblique contact
and with no adhesiof©'Sullivan, 2011)

The tangential stiffness is defined as:

' . YO
0 yo+ “ p —y (3.51)

where duringan unloading process, the negative sign is to be used.fémd two particle

contact (e.g. pale AandB)," O whi ch is t he istoessang dsEGaI ul us

Section3.2.2.2.Also, 7  is the displacement in normal direction and the parametés

calculated as:

s N A

1T ABROIAAOCO (5
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O O ¢YO L. o
— P e OT 11 ABMHETARAC
O O ¢Yo | e o
— 0 OAT T MORIAA C

where 'O and "O° areindicatingthereversal point of loading as illustrated in Fa.

3.3 The CombinedFEM/DEM method

3.3.1 Introduction

In the previous sectionghe discrete element method (DEM) has been introdwaddihe
emphasidocused on discontinuous problenas pioneered by Cundall and Strack (1979).
While in the following disassions, an alternative, or a complemgntanethod will be
introduced the secalled combined finitediscrete element methd@EM/DEM), which was
pioneered by Munjizat al(1995)

The necessity of using ehFEM/DEM methodn a simulation can beomprehensely
interpreted bythe problenthatis called theflexible container probleniMunjiza, 2004) As
discussed by Munjiza (2004he different performance famariablemixture types of particle
distributions in a container, theresuls are concludingthat the deformability (elastic
properties) of the container and each individual particles are posing considerable influences
on the performance of particBBaovemens and arrangementssidea containerConsidering
that the changeof the shape and size for each particle will be a problem of finite strain
elasticity, thenthe deformability ofeach particle is then representagla continuumbased
model. While the interaction among partgknd the interaction between the contaiaed
particles is well represented by discontinubased model. Thus, thigexible container
problem provides us with a gad illustration of the advantages of using both the finite
element method for modelling the continubased phenomena and the discrefEment

method for modelling the discontinudpased phenomena, which is termedhescombined
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finite-discrete element method (FEM/DE)unjiza, 2004)

The major differencebbetweenthe FEM/DEM andthe DEM is the applicatiomf finite
element discretization, which discreszée interior of domains that are in contaend thus
the contact solutions are implemented for contact detection and interaction (Munjiza et al
1997). Specifically, the discretizati@nablesthe indivdual particles to be represented by
single discrete elements that interact with each otlfemn inclose proximity. Meanwhile,
each discrete element will be discretized into finite elements, and possess their own finite
element mesh, which can Iskown onFig. 3.3. The sum of the employed finite element
meshes is equal to the sum of the discrete elements, and each mesh epydegsdethe
deformability of a single discrete eleméhtunjiza, 2004) In addition, the contact foe and

inter-penetratiorbetween particleare well controlled by utilizing penalty function.
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Figure3.3. The FEM/DEM problem containing two discrete elements, which are discretized

into finite elementgMunjiza, 2004)

3.3.2 General considerationsof Combined FEM/DEM

The FEM/DEM (Munjiza, 2004) which is the abbreviation of thembinedfinite-discrete

element method, is an advanced and novel numerical métataims atthoseproblems that
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take the combination of both continuum and discontinuum properties for solids into
consideration, and for those problems that contain transient dynamics of systems which are
comprised by numerous deformable bodies.

In the simulation that uses this method,adefability is represented by using continuum
formulation (FEM) for particles, while discontiuuformat (DEM) will be appliedfor the
motion and interaction among particléss discusse in previous sections, the motion and
interaction between particesthhe DEM si mul ati on is governed
Law, while the FEM is implemented for stress and deformation analysis of each discrete
element.

In the following section, the evaluation of the contact fdarethe FEM/DEM will be
discussedBy corsidering the gradientsf the corresponding potential functioofsa quantity
for two interacting discrete elementsorresponding potentials over the overlapping Jarea
and combining with the application of FEM, the contact forces will be evaltat&D and

3D.

3.3.3 Contact force evaluation

As discussed by Munjiza (28), whodevelopedhe contact force evaluatigmrocessthat
it is based on a contacting model composédwo discrete elements, and expressed the
distribution of contact force. During the otact stage, one element is denoted as the
contactorand the other element is denoted asténget (Munjiza, 2004) During a contact,
the overlapping area between the contactor and target is den@edhash is bounded by a

boundaryy. The detailed illustration can be referred to the following figure as:
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Figure3.4. An illustration ofinfinitesimaloverlap about pointscRnd R, and the resultant

contact forcdMunjiza, 2004)

In 2D, it is asumed thathe contact forcethat is resultingfrom the penetration of any

elemental ared 0 of the contactor into the target will be calculated as:
QQ Qi ®Q Q6 (3.53a)

and, similarly, the resultednfinitesimal contact fore from the target penetrating the

contactor will be:
QQ Qi ®Q0 Q6 (353b)
wherethe 0 , U are points belong target and contactor, respectively (as shown inreg

3.4), "Qi widicates the gradierdf correspoding potential functionsande , ¢ stand

for force potentials on the target and conta@tmment respectively.

According to Munijiza (2004), it is recommended to multiply the previous two infinitesimal
forces(Eq. (3.533) and Eq (3.53b)) by a penalty paramete® which also equals td), as

defined by Munjiza.The penalty parameter is used for controlling and limiting the
penetration between elements. It can be selected based on a function that is proportional to

the modulus of elastity, Q as:
n | O (354)

where| stands for a user defined coefficient. Then, the contribution of the allowed
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penetrationQ to thedisplacement fieldd can be calculated as:
, o]
Q - (355)
In this way, the error in the displacements can tslyeaontrolled by setting reasonable
penaltyf] (Munjiza, 2004)

Thus, thetotal of infinitesimal contact force can be described as:
QO Q ®Q0 Qi ®Q QO (356)
If we take thantegral of Eq. (3.4) over the overlapping ar8detween the contactor and

target element, then the total of contact force yields:
QO M ®Q Q ®QQ0 (357
which also equals to the integration ovee tooundary of the overlapping agea

"Q O S o e Q0 (3.58)

wheren is the outward unihormal perpendicular to the boundary of the overlapping area,

T T equals to the overlapping aréh as can beseen in Figure. 34, and other

parameters are the same as defined previously.

As for the forcepotential3 in 2D calculation over the contactor triangle for linear
triangular elementhere are many different methods can be usedenbned by Munjizaet
al. (2011) For any discrete element, the potential should be constant on the boundary, and
this constraint is satisfied if the following requirement is met: the potential should be constant
on the boundaries of thenite element(Munjiza, 2004) Based on the requirement, the
following equation can be used for calculating the poteBtiadt point P inside the triangular

element, as:
e 0 [ Ebdjdhod johod jo (359)

where® "Q pltlo stands for the corresponding stiangles, as shown in Figusss.
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1

Figure3.5. The potential at any point P on a triatagdinite elemen{Munjiza, 2004)
Besides, in the FEM/DEM programming, Munjiza et al. (2011) defined that the contact

force can be calculated in the FEM/DEM code as:

Q O+ 0 Y (3.60)

wheres 0  stands fothe potential of Gauss point, which is the same as expressed in Eq.

(359); andSis the same as defined previously.
In 3D, instead of considering the overlapping ae#he totalcontact force is calculated

based on the overlapping voluneas:
Q O M ®Q Q ®QQw (3.62)

andthe potential is expressed over the tetrahedron, which can be illustrated in3sgure

3

2

Figure3.6. Potential definition over domain of a single tetrahediuanjiza, 2004)
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By using the tetrahedron model, the coordinates of the centroid of the tetrahedron can be

calculated, which can provide us four getrahedraFor any pointp in the subtetrahedrdi

T JT kT 1), the potentia is defined as:

el E 222 (362)
Wz z 2

wherek stands for the penalty parameté is the volume of the tetrahedroni |

72 Z

T KT I, while (}oZ . ¢ Sstands for the volume of the stdtrahedron T j T KT p. For
more detailed analysis about how to calculate the coordinates of the centroid of the

tetrahedronthe reader can be referred to the work by Munjiza (2004).
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4 Simulation of Particle Contacts Using the Combined

FEM/DEM

This chaptey the simulation process will be introduced by using a program that impkement
the Combined Finite Element Method and the Discrete Element Method (FEM/DEM)
(Munjiza, 2004) together withseveral additional prograntkat help the presimulation and
postsimulation process.
The simulation process is divided into two phases; first phabe gmulaton of particle
samplegdiscretized intaifferentnumber ofelemens) colliding with a solid block; and th
second phrase thesimulaton of 10 particles coltling with each other andcantainer After
the discussionf simulation process, simulation results will be discussed and concluded.
During the two simulation phases, all particlend simulation target®r particles(the
solid block for phase 1 and the container for phase 2) have been set with the property of
concreteThese properties includes: 1) Density: 2340 Kg/m 2) Yo u n ddGpa;B)odul us

Poi ssonds rati o: 0.20

4.1 Obtaining 3D particle geometry using 3D scanning

The simulation has used fifty rock sampiegotal for contactanalysis ¢ontactbetween
each individual rock sampknda solid block)and the reason for using fifty rock samples is
by takinginto consideratio a reasonabletatistical representation of particle size and shape
distributiors. All particle sampleshave been scanned int8D models and saved as
triangulated geometry.obj file formaf). The scanning equipment that has been usedawas
NextEngine3D Laser 8anner(NextEngine Ing 2014) with the 3D Scanner Ultra HD
software This product has a relatively high qualdf scanning resolution, and tlseanned
sample detail t hat 6s been c apt(Nextendinednan be |
2014)

The detailedspecification of the scannes provided by NextEnginand it islisted in the

tables below(NextEngine Ing 2014):
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ARCHITECHTURE

Measurement | NextEngine Patented MultiStripe Laser Triangulation (ML

System technology.

Source Twin arrays 6four, Class 1M, 10 mW solidtate lasers with custo
optics, 650 nm wavelength.

Sensor Twin 5.0 Megapixel CMOS image sensors.

Photo Surface

Optically synchronous -¢olor surface capture for precisiocked

geometry correlation.

Photo Lighting

Built-in spatially diverse LED whitéght texture illuminators with

wide color gamut.

AutoDrive™ | High-precision rotary servo positioner, atbt@remented unde
scanner control. 20lb capacity.
PartGrippel™ | Universal part holder to adjust height, angle, am@ntation of

capture. 10 Ib capacity.

Table4.1. Architectural features of the NextEngine 3D ScaliNextEngine Inc., 2014)

SOFTWARE
ScanStudi®” | Software to scan, Align, Polish, and Fuse 3D mod
High-performance OpenG8D viewer.
Format Scan data can be output as mesh file formats: STL, OBJ, VF
Options XYZ, and PLY files.
File Size 200MB for typical model, based on-1écet scans.
Modeling Assemble views into a model conveniently with binltSmart
Tools Alignment and trim tools.
ScanStudi®® | Pointsto-Mesh solution. Drives scanner and builds 3D m

models.

Table4.2. General software featureshéxtEngine 3D ScannéNextEngine Inc., 2014)
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PERFORMANCE

Object Size No preset limit Object larger than field can m®mposeetaptured

with supplied software.

Field Size 5.1¢& | 3.8& (Macro) and 13.
Ashoeboxo sizes, respectivel

Capture Capture density on target surface is up to 268K poidtgiiacro)

Density and 29K points/if(Wide).

Texture 500DPI on target surface in Macro Mode and 200DPI in V

Density Mode.

Dimensional | .00 micron in Macro Mode and 300 micron in Wide Mode.

Accuracy

Acquisition 50,000 processed points/sec throughpypidally, 2 minutes per

Speed scan of each facet.
Typical Typical small models are a quarmaillion points, after
Datasets oversampling and optimization.

Environmental| Desktop use under ordinary office lighting. No darkroom or sp¢

backgrounds required.

Table4.3. Performance features of tNextEngine 3D ScannéNextEngine Inc., 2014)
For more detail information fahe scanner that is used for scanning particle samples, the

reader can be referred to the official webkite://www.nextengine.com(NextEngine Inc.,

2014)

4.2 Pre-simulation Process’ model generation

4.2.1 The Virtual Geoscience Workbench (VGW)

The experimertl and simulationprocedureis mainly basedon the use of the Virtual
Geoscience WorkbenctVGW), which is a suite of Open Source Tools workbench for

discontinuous modelling based on the combined FDbiserete Element Method
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(FEM/DEM) (Xiang et al, 2008) The VGW is especially suitable for simtiteg
discontinuous systems like granular, blocky or particulate systems, which is exactly what this
thesis is about (the simulation of collision between rock samplea aokild block byusing
thecombined~FEM/DEM method).
The VGW is built from severalparts in which there aréour main partsthat are useth
this thesis, together with some other software and programs for vikualization
pre-processingnd postprocessing
1) Thefirstpartof t he VGW t hat 0 sVitbaESeapelLibrarygXianges t h e
al, 200§ for loading,saving and extracting particl
prescannedas seen on Fig. 4.0Once the mesh data stored in theVirtual Shape
Library, the pair of meshes that are going to be simulated can be selectegartelcex
into a .gid file and will be read by the GiD program, which will be introduced later.
The detailed information about how to load mesh samples intd/itheal Shape
Library, the reader shall download the whole pack of files from the VGW website,
andl ook for the folder AP3DO0 and find the
the instruction about how to load meshBsie to the current version of thértual
Shape Library ability to only record those .mesh files or mesh formats.gial
volumetric meshes, which is specifically required asntidle tetrahedral (tetrahedral
linear/nonl i near f or mat ) , and those particles
thesisare in triangulded format (3node triangular mesh), thus, a conversion from
3-node trangular mesh to 1Bode quadratic tetrahedralwas required Detailed

information for the conversion will be introduced later.

42



2)

Chap.4 Simulation of Particle Contacts Using the Combined FEM/DEM

5 k| Save Selection as DB Selection Tools About

Code Area Volume boc Iy 2z Blipsoidl1 Blipsoidl2 Blipsoidi3 X Sphericty  sRadi gRadi Type Selected Number Selected: 0

0 26 255.99999...| 1706.6666...| 1706.6666... | 2730.6666... | 5.1639777... | 5.1639777... | 25619888... | 24999999... |0.7616184... |3.9369800... |6.0000000.. |14
» 38.846408... | 17.453360... | 14.866396... | 23.554375... | 26.928641... | 22586910... | 1.6164072... | 1.2830120... |2.2836723... |0.8376307... | 1.6091510... |2.4734537... 14
*

Mesh Fie:0002-250msh
Select !

270 X
Al Clear

Total Particles 0
0

Property Index

Config Scalar Legend.

=2

- -1.48
ufaceMap 29.36 -5.09

Figure4.1. Screenshot of the virtual shape ligrand one rock particle is visualized

(by the MayaVi visualizer)

The secondart that is used for the simulation is the B3D library of boundary
conditions(Xiang et al, 2009, which is a folder that contains various totllat are
designed tcenable the implementatioof different boundary condition setting&s
recommendd by he VGW group, the program GiD is used for customsiatulation
settings, like the primitive boundary conditions. As instructed by the VGW group, the
problem type FEM/DEM should be added into the GiD program, for further
instructions, the reader shall kefarred to the VGW website for detailed information
about the adding process.

Once the problemtypgasb e en added to Gi D, the mesh
been exported as introduced in the previous step can be loaded by the GiD program,
and the snulation setting process can be further conducted. When the simulation is
done, a .B3D file will be generated for each simulation, and for each .B3D file, which
contains all the simulation information, will be transmitted through a purgmséd
translaor GID_B3D to build up all the final input information to the final solver Y3D

for theFEM/DEM analysisA flowchart of this process is shown on Hc2.

43

p



Chap.4 Simulation of Particle Contacts Using the Combined FEM/DEM

u

i
i
i

Geometry file
0 .stl
.msh
igs
.acs

\4

GID program (or
other mesh generator)
U Setup boundary
condition and

material properties
U Generate 1oded
tetrahedral mesh

.B3D

A\ 4

GID_B3D

.Y3D

Y3D

Figure4.2. Procedure to generate a required input file for the Y3D FEM/B&ver

(Xianget al, 2009

3) The third mainpart which is also the relatively most important part of Y@W is

the Y3D FEM/DEM solver.By definition, the Y3D is a C language based,

threedimensional computer program combining the fhuiscrete elemenmethod

developed by Munjizand Xiang. Y3D is alsoa solver that casimulate different

physical processgg.g. twoparticle collisionsand/ormulti-body collisions) by using

the B3D library of boundary as introduced ab{¥&ng et al, 2009.

For cetailed information about hothe Y3D computer programworks, and what

kind of input file requirements should be satisfied as required to run the Y3D prpgram

the reader should be referred to the mafarathe Y3D program written by Xiang et
al. (2008).

4.2.2 Supplementaryprograms for simulation

There are several programeedecdas supplementary toofer completing the simulation by

supporting the VGW. For premulation, as required by the VGW, the GIiD programs

used;for mesh resizing and particle statistcollecting purposeshe MeshLalb(Cignoni et

al., 2008) programwas used. Mesh type conversion (from-r®de trianglesto 10-node

tetrahedra was done by using both the GIiD and the TET _MESH_L@urkardt, 2009)

program.

1. GiD is aprogram which interactswith the VGWas a graphical user interfafm

generating the .Y3D filethrough the GiD_B3Dpurposebuilt translabr. Forhow
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to generate mesh file in .msh format that can be loaded by GiD, and for how to
assign conditions and running the simulationrs®uld be referred to the folder
namedMovesin the VGW code files after downloadedser should follow the
instruction during the condition setting process in order to have the simulation run
successfully.
. MeshLab. The original 50meshe®f scanned rdc piecesthat weresaved asobj
files, and were storedwith all the geometricdata,lack realworld dimensions, as
shown in MeshLab. For this thesis, the simulatiolh haveeach particle to collie
with a solid block, which is the size of 8mx8m>4rithusa resizing process was
required to have all the particézescorrespond to the size of the block, which was
doneusingMeshLab( Fi | t ers Y Nor mals, Curvatures
Scale). For this simulation, all particles were scélg8.09relativeto thar original
size. Another reason for applying thes@aling process is due to the fact that the
Y3D program is a higlCPU utilizing program(larger the size o& particle, the
longer thesimulation time will be required
. TET_MESH_L2Q. As introduced previously, the originaiesh fileswere stored
as .objfiles with 3-nodetriangulaed surface while theVirtual ShapeLibrary, that
has been used for loading mesh files and exporting meshes into .msh files for
simulation usage can only read-d6de tetrahedron files. Then a conversion from
3-nodetriangulated surface medb 10-node tetrahedral meshas required. For
this piocess, various programs have been tested, such as gmesh and SAAWOME
programs based on C language such as Distmesh. However, none of these programs
can generate a desired-a0dequadratictetrahedramesh directly from the-Bode
triangularmesh, becawsthe file format are different from what is required by the
Virtual Shape Library. Thus, another method was chosen by converting those
3-nodetriangularmeshes into 4odetetraheda first, and tlen converting 4ode
tetrahedral meshes into-hdde tetraedralmeshes.

Converting 3nodetriangular mesh to 4node tetrahedral mesh can be simply
done in the GID program by applying a GiD code in the command line as

AMescape Meshing MeshFromboundaryo and
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triangles to createetrahedron inside.

After the creation of <4ode tetrahedral mesh, another prograramed as
TET_MESH_L2Q was used for convertintgpe 4-node tetrahedral mesh to-h0de
tetrahedral mesh, and it has three versions available in C++, FORTRAN90 and
MATLAB under the license of GNU LGPL. For this thesis, a MATLAB version
was used.

The TET_MESH_L2Q read¢he3 D poi nt s 6 i imddetetralzedralon an
mesh of those points, then creates a quadratic tetrahedral mesh that has the equal
number of tetrahedronas the 4node tetrahedronThe refinement process is
straightforward asaxh pair of nodeare used for generating a new node latate
the averagecoordinatesof the original two nodes that are used. It also takes
consideration of the situatiersuch asiow to generate a new node exactly once
becausenanytetrahedranight share the same edgand if the node that is going to
be generated has already been cre@eadkardt, 2009)

For detailed coding information, reader should be referred to the MATLAB
source code which is availabfer download via the websitas shown in the
referencgBurkardt, 2009) Reader should follow the examples and tests shown on
the website as well to run the program successfully, and generates desired files.

Once the newt0-node quadratic tetrahedroweregenerated, they could then be
loaded by thévirtual ShapeLibrary, and be extracted asmsh file that is going to
be used by the GiD program for simulation. While, what should be noticed before
generating a new tetrath®n is that the order of new nodes created by the
TET_MESH_L2Q is different from the required order for quadratic tetrahedron as
shown in the manual of Gifas shown in the following Figurd.3). If not

rearranged, a distorted elementiwe created, aseen on Figuré.4.
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]|

2

Figured. 3. | Il lustration of expected order

manual for quadratic tetrahedr@@oll et al. 2016)

329
221

. 832
321

7

2
Figure4.4 lllustration of one element order plotted by the @Done of the

10-node tetrahedral nsb generated by the TET_MESH_L2Q
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4.2.3 Particle description

In describing theparticle statisticsseveralaspects will bediscussep since the thesis is
focusedon theeffect of variation of particle geometry/surface asperities on the simulation
result,itbl | ows that all p ar t icltahgedsfrom flusurface cletail g e 0 me
to almost complete absence of detalius,for thefifty scanned particlesheir geometry was
simplified (e.g. the number of faces/nodes was redudsddifferent amount and been
classifiedinto different groupssuchas with 100, 250, 500 and 100@umber offaces (or
elements) Then several classes of approximate visual judgements and physical
measurementsvere made for presenting particle statistics by the program Maskand
another suppl ement ar myspperasgrPraf.zisakki hat 6s wr i tten
The geometrysimplification process can kachievedby using MeshLabby loading the
mesh and selecting Filters Y Remeshing, Sirt
Edge Collapse Decimation. Then in the dialog bgxenteing the desired face number in the
6Target number foodompleting thessiinplificatipruptocebso x
The rest of the quantitiess referring to the documef(Garcia, 2009)presented by the
VGW (ManuatP3D), werealso calculated as:
1. Inertia tensor
The Inertia tensor for each particle can be obtained by loading particle mesh in
MeshLab then apply the foll owing steps: F
Y Compute Geometric Measure.
2. Principal axes of inertia
Can be obtained from the data preseéritestep 1.
3. Moments of inertia about principal axes b, I2and I3
Can be obtained frommed at a presented in step 1 (showi
4. AspectRati o U and particle lengths L, . S
According to theB3D manual (Garcia, 200), the extentsof particle mesh are
computed along the principal axes. Given thatl> > |3 (obtained from step 3)hen

the three semaxes of the ellipsoid can be calculated as:
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0)
O —0 0 0
a
- VI
G 0 0 0 (4.1)
. v
& — 0 0 0
a

where & is the mass of the particle, which will be shown in the appendix for
obtaining all particle mass informationThen the smallest serakes "Y can be
obtained asY | E tfufo, and the greatest ond) can be obtained &%
i A @fchhd . Thenlength "Owill be the intermediatevalue. Thus, the aspect ratio is
calculated as:

% (4.2)
. Gyration Ratio Rg
According to the B3D manudGarcia, 2009)the gyration ratioY is calculated as
the greatest distance from the center of mass of the mesh to the surface vertices of the
particle. A progranmeshgyrratio(Zsaki, 2015wasusedfor this purposgwhich can
compute the'Y value one the center of gravity (required as cg_x, cg_y and cg_z in

the program) is provided.

. Volume V

Can be obtained from the data presented in step 1.

. Surface Area

Can be obtained from the data presented in step 1.
. Sphericity y
T he s p heanbemmputgdasy

_ 0% 4.3)
~

where "“Yis referring to surface area from step 7.

[

. Equivalent volume sphere radius=| o
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The equivalent volume sphere radiugsléined as the radius of the sphere that has the

eqgual volume as the mesh, which carcalkeulated as:

Y

guantities can be presentied each particle. One example is shoveioty:

(4.4)

Particle statistics (part 1)

Moments of Inertia
Particle | # # Mass Volume | Sfc. Area
11 12 13
ID veriices| elements  (Q) (cmd) (cm?)
(gen) (gen) (gen?)

1
(100 52 100| 104.371| 1439523.1 1302885.7  396195| 37.37396| 71.32307
elements)
1
(250 127 250| 104.371| 1554749 1410144.9 419641.65| 38.82754| 72.71371
elements)
1
(500 252 500 104.371| 1574833.9 1428910.6 424177.9| 39.06975| 73.52756
elements)
1 (1000

502 1000| 104.371| 1584457.5 1437565.5 425222.65 39.14609| 74.00485
elements)

Table4.4 Particle statisticdor Particle I part 1

50




Chap.4 Simulation of Particle Contacts Using the Combined FEM/DEM

Particle Statistics (part 2)
. Rg Rv L I S
Particle U Y
(cm) (cm) (cm) (cm) (cm)
ID
1
(100 3.00654| 4.00290| 0.75794| 2.07409| 335.25779 159.76822 111.50952
elements)
1
(250 3.04207| 4.01520( 0.76260| 2.10063| 349.18895 164.41038 114.78657
elements)
1
(500 3.04475| 4.01709| 0.75729| 2.10499| 351.53490 165.26126 115.45593
elements)
1 (1000
3.05449 4.01359| 0.75338| 2.10636| 352.70723 165.55283 115.47171]
elements)

Table4.5 Particle statistics for Particlg part 2

4.3 Postsimulation process

For the possimulation process, theraere several programs used for presenting the
simulation animation and collecting the simulation datanécessitatetdy theVGW group,
the visualization program May®&i (Ramachandran, 200Mas been used as a default
visualizer.Since the simulation that can only generate files after simulatiorwascomplete,
while the current version of GiD does not have the capability of procesdinifes, thenthe
programParaview (Ahrenset al, 2005)was chosen for posprocessing the data contained
inside thosevtu files.

For extracting simulation data contained inside.#efiles, which weregeneratedy the
Y3D programcan be simply done in tiearaview(Ahrenset al, 2005) Each simulation will

result in a group ofvtu files, and the simulation data contained inside these filesbean
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obtained by loading all thetu files for one simulation, then click the Save Data option and

in the Configure Writer dialoguleox, thenselecing the Write All Time Steps optionJsing

this step, the whole data that contained ingidevtu files can be obtained intasvformat,

which is an editable table that allows the user to make further calculations. For this thesis,
which is mainly focusing on the changkecontact forces, then after loading thtufiles, the

Velocity VectorsandStressoptionswere unselected, since not needed

4.4 Discussion of snulation results

4.4.1 Phase 1- Particle collision with a solid block

The first simulation phase that was conducfecusedon a singleparticle meshcolliding
with a solid block with a given preliminary velocity and under the influence of gravity.
Although each simulation uses a singlaut different, particle, here were atotal 200
simulations performedone for eah of the 50particles at a givenmeshresolution and 4
different resolutions per particlghe results ofvhichwill be discussed.
For each simulation, several aspects of the collision results have been calteatéahction
of the change ofhe numbe of meshelemens (particles with 100 meshelements, particke
with 250 meshelements, partickewith 500 meshelements and partidevith 1000 mesh
elements) which are: 1yesultantforces during collision for each particl2) comparison of
impulses for different simulation results; 3) comparisonpefkforce for different simulation
results; 4comparison ofCPUusage
Ideally, each resultant force versus time curve should overlap each other. However, due to
the differing geometric detail affectingpllision times for some particles the collision and
force behavioumwill be differentt Among the four aspects for e
results, the first aspect is tmeain focus of the discussion of simulation Phase 1, and all
reasons for nowovelapping resultant force curves will be explainedch as thelispersion
of certain curves imesultant force plot are different from other curves; certain curves in the
resultant force plot are havirity ai | 06 and certain cur vesidicsar e ha

All these points will be grouped and discussed below.
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Before the discussion about those particles havingowenlapping resultant force curves,
the following figures (Figureél.5 and Figurel.6) are showing two particlesshich have the

resultant force result perfectly overlapped, and based on these examples, discussions will be

developed thereatfter.

Resultant force during collision for particle 3

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Simulation Time (s)

--------- particle 3 with 100 elements- — - particle 3 with 250 elements
— - - particle 3 with 500 elements—— particle 3 with 1000 elements

Figure4.5 Plot of resultant forces during collision event for Particle 3.

Resultant force during collision for particle 4
350

175

Force magnitude (MN)

0.002 0.006 0.01 0.014 0.018
Simulation time (s)

--------- particle 4 with 100 elements- — - particle 4 with 250 elements
— - - particle 4 with 500 elements—— particle 4 with 1000 elements

Figure4.6 Plot of resultant forces during collision event for Reté.
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4.4.1.1Differences in resultant force curves

Among all the simulation results, some particles show differeincibe resultant force plat

and the total resultant forces are calculated as the summation of resultant forces in x, y and z

directions as:

O O 0 0O (4.5)

As noted earlier, ue to the differing geometric detailffecting collisiontimes for some
particles the collision and force behaviour is differ@ifitere are 8 particles total of out 50
exhibiting this, which are:Particle 1 (with 100 elemenjs Particle 6 (with 500 and 1000
elementy Particle 11 (with 100 elemenis Particle 13 (with 100 elemenis Particle 15 (with
100 elemenfs Particle 17 (with 250 elemenis Particle 24 (with 250 elenentg; Particle 28
(with 100 elemenys Particle 44 (with 100 elemenis

For Particle 1 with 100 elements, the simulation result of thsultant force plot ishown

below:

Resultant forces during collision for particle 1
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--------- particle 1 with 100 elements- — - particle 1 with 250 elements
— - - particle 1 with 500 elements—— particle 1 with 1000 elements

Figure4.7 Plot of resultant forces during collision event for Particle 1.

As shown in the plot, the curve thegpresentsdarticle 1 with 100 elements iexhibiting a

different patternfrom other curvesor the same collision, but with larger number of elements
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used in the discretizatidior this particle The reasotfior this mightmay come from several
aspectsFirst is the simplification process, which has changed the georasfrgrites and
physical properties of the particle thedn lead to the difference of simulation result. By

comparing the particle statistics, the chanpeotume isreadilynoticeable

Particle 1 Volume (cn)
100 elements 37.37396
250 elements 38.82754
500 elements 39.06975
1000 elements 39.14609

Table4.6 Change of volume corresponding to different element number for Particle 1.

which shows thaParticle 1 with 100 elements has relativetynaller volume thairarticle 1

with othernumber ofelemens. This was caused by the simplification process which makes

the particle surface geometry ov@mplified ascompaedto a particle with higher resolutio

by successively removing geometric det&il/ taking a look at their corresponding shapes

after simplification, the asperity changes can be easily observed as shdvigure4.8. It is

obvious that with the increage thenumber ofelemens, Particle 1 with 1000 elemesthasa

better representation dfieoriginalpar t i cl eds geometr yPariclel asper
with 100 elements. And this difference is leading to the second reason that might have caused

the different results in theesultant foces plot.In additian, since the nodal contact detection

process during the simulation is talgorithmt hat 6 s been usEEMDBEM, t he c
then the difference of particle resolution may have influence on the detection process. In
other words, theimplifi cation process applied on particle surface may have changed the
continuity property, ash for particle with 100 elementssfewer contacting nodethat can be

detected by the algahim, while the particle with higher resolutiotmore element}¥ provides

more contacting couples of nodes for the detection process. This difference ended up with a

longer contact duration for particle with higher resolutions, which makes them more likely to
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have a deeper penetration into the solid block,taisgattern an be observed in Figude’.

Image of particle with 100 elements Image of particle with 250 elements

Image of particle with 500 elements

Figure4.8 lllustration of Particle 1 with 4 differemesolution

The second reasothat canexplain the differencaes on the perspective of the contact
mechanism that is used by the FEM/DEM system. As introduced in Cigaseetion3.2.2,
the contact force is obtained by counting the equivalent nodal foeseding from the
contact procesdetweencontactor triangle into targettriangles. Since the first phase of
simulation is focusing on particleollision with a solid block, then the contact force will
always be considered as a contact of contactor trianglesthgtiedge of target triangles.
According to this, and thalgorithm that is used for the FEM/DEM systdndrews, 200Q)
and comparing the poestmplification pictures as shown Figure 4.8, the difference of the

curve for Paitle 1 with 100 elements to other curves rbaycaused bthe fact that there are
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relativelyfewer contactor triangleduring the contact processscompaedto Particle 1 with
other element numberBrom pictures shown iRigure4.8, it is obvious thaParticle 1 with
100 elements has a relatively less geometry aspkriy details than those with higher
resolutiors.

The third reason for explaining the difference is connected to the second reason, which is
thepot ent i al i nf | u epostian. Dod to theagatomn that tted\VSGW ireguirdsi a |
exporting simulation particle and the solid bldek.msh filecontainng both the particle and
solid block)from the Virtual ShapeLibrary into the GiD program, while by importing the
exported .msh filento the GID, the position of the particle is not on the desired place as

required for simulation purpose (as shown below).

-~

@
Figure4.9 Screen shot of the initial place for Particle 1 with #6#mentsand the solid block

from the GiD program.

Then the pdicle needs to be moved and rotated tdeaired position in order to make the

particle and the solid block have more initial contact points rather than one single contact

point. The particleds position aft #dowingr ot at.i

figure.
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Figure4.10The initial position of Particle 1 with 100 elements relating to the solid block.
Ideally, particle with different element numbers should be put in the same pd@sijosame
location of its center of gravity}Jo minimize he influence on simulation process arises from
the difference of initial positionHowever, during the rotation and moving process, in the
GID program, these two process is conductedhieyhoosing of two nodal pointsanually.

While, becausef the diffeence of element numbhenodal pointé p o svill bei cleanged

with the change of geometry resolution as showrFigure 4.8, then it becomes almost
impossible to choose the same nodal points for particle with different element nuamnideits,

is difficult to have all those particles with different element numbers theveameotation

and movementAccording to thealgorthmt hat 6 s been used for cal ct
force exerted from target triangle onto the edge of contactor triangle, whycivesned by

the area of potential that is calculate by the interpolation between the edge node and the
central node corresponding to contacting triangfesdrews, 200Q) Thus, the difference of
rotation and initial position ay pose potential influences on thecuracy ofcontact force
calculationalgorithm, which resulted in the difference of curve as shown in Figufdor
Particle 1 with 100elementdo other curves.

By placing the initialposition of Particle 1 with 100and 250 elements together in the
Paraview, the following Figure can provide a direct view of the difference of initial position,

where a small angle can be observed between these two particles.
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Figure4.11 Comparison of the initial place f&article 1 with 100 elements (blue) and

Particle 1 with 250 elements (red), presenbgdParaview.

The explanation applying on thpdot difference betweeRarticle 1 with 100 elements with

other element numbers in the Resultant Force diagram should also be tpitieeéblbwing

samples, which is showingimilar situatiost h a t t hei rs arpdiferers @ithpat t er
others:

a. Particle 11 with 100 elements, of which fResultant~orcediagram is shown below:
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Resultant force during collision for particle 11
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--------- particle 11 with 100 elements = - particle 11 with 250 elements
— - - particle 11 with 500 elements—— particle 11 with 1000 elements

Figure4.12 Plot of resultant forces during collisi@vent for Particld 1.

b. Particle 13 with 100 el ement s, of whi ch ¢t h

Resultant force during collision for particle 13
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--------- particle 13 with 100 elements = - particle 13 with 250 elements
— - - particle 13 with 500 elements—— particle 13 with 1000 elements

Figure4.13

Plot of resultant forces during collision event for Parti@e

By checking the animation of simulation for Particle 13 withdéflerent element numbers,
the difference from the curvef Particle 13 with100 elements to other curves was mainly
caused by thelifference of initial positioningln the animation, its shown that the lowest
point of Particle 13 with 100 is relativetfoser comparing to other sampledso, after the

simplification processparticle sampleswith different number of elemens resulted in
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different extentof geometry, which means thétose with lower resolutionisave relatively
further protrusions tharhose with higher resolutions, and this resulted in an earlier contact
with the solid block These two aspects combinglbuld be the main reason to explain that

why the simulation started at an earlier time than other samples.

c. Particle 15 with 100 elemé&s) of which the Resultant Force diagram is shown below:

Resultant force during collision for particle 15
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--------- particle 15 with 100 elements- — - particle 15 with 250 elements

— - - particle 15 with 500 elements—— particle 15 with 1000 elements

Figure4.14 Plot of resultant forces during collision event for Particle 15.

d. Particle 17 with 250 elementsf which the Resultant Force diagram is shown below:

Rresultant force during collision for particle 17

0 -2
0.0025 0.005 0.0075 0.01 0.0125 0.015
Simulation time (s)

--------- particle 17 with 100 elements — - particle 17 with 250 elements
— - - particle 17 with 500 elements—— particle 17 with 1000 elements

Figure4.15 Plot of resultant fares during collision event for Particle 17.
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e. Particle 24 with 250 elements, of which the Resultant Force diagram is shown below:

Resultant force during collision for particle 24
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— - - particle 24 with 500 elements—— particle 24 with 1000 elements

Figure4.16 Plot of resultant forces during collision event for Partide

f. Particle 28 with 100 elements, of which the W&t Force diagram is shown below:

Resultant force during collision for particle 28
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--------- particle 28 with 100 elements- — - particle 28 with 250 elements
— - - particle 28 with 500 elements—— particle 28 with 1000 elements

Figure4.17 Plot of resultant forces during collision event for Parti3e
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g. Particle 44with 100 elements, of which the Resultant Force diagram is shown below:

Resultant force during collision for particle 44
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Figure4.18 Plot of resultant forces during cisllon event for Particle 44.

h. For particle 6 with 500 and 1000 elements, the simulation result of the Resultant force

plot is showing below:

Resultant force during collision for particle 6

Force magnitude (MN)
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Simulation time (s)

--------- particle 6 with 100 elements- — - particle 6 with 250 elements

— - - particle 6 with 500 elements—— particle 6 with 1000 elements

Figure4.19 Plot of resultant forces during collision event for Particle 6.

The Resultant Force plathown n Figure4.19 for Particle 6 is presenting different
pattern as shown in the previous ctmeParticle 1For this case, the resultant force plots can

be divided into two groups, one is fBarticle with 100 and 250 element numbers, and the
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other grougs for Particle6 with 500 and 1000 element numbers.
Althoughthecurves forParticle 6 with 500 elements arfeéarticle 6 with 1000 elements are
not fully overlapping each other in the figure, thglots are still showing a same pattern and

provided alnost the same peak force after simulation, as shown in the following figure:

Peak Force
= 165 162.64
2
o 160
©
=
S 155
©
€
38 150
o
L
145
particle 6 with particle 6 with particle 6 with particle 6 with
100 elements 250 elements 500 elements 1000 elements
—@— Peak Force (MN)  «ee--- Average of Peak Force (MN)

Figure4.20 Peak collision for the four particle geometry resolutions for Particle 6.

By analysingthe animation from the Paraview progréon the simulationresults of both
Particle 6 with 500 and 1000 elemenftame by frame, the reasaif the non-overlapping
may be connected to the diff erasonfiencedbyi ni t i
the extend of geometry, which has been discussed in previous exampRai(icte 13).
Same as the reason explained in previous cas
position will be altered, which makes particle with different resolutions can hardly locate at
the same initial position during the moving andatisiy procedure. Ad for Particle 6 with
500 and 1000 elementsom the comparison animation (Figu4€l6), it is clear that these
two samples have more overlapping area at the bottom-padiréction), while they have
relatively less overlapping area the top part (+z direction) referring to the figusleown

below:
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Figure4.21 Comparison animation for Particle 6 with 500 elements (white) and Particle 6

with 1000 elements (blue).

Also, the whole animation for their simulation is providingof for this explanation as
Particle 6 with 1000 elements in the animation process has relatively rotaton about y
axis, while Particle 6 with 500 is experiencing lesstation after the contact. Their final

position is shown in the following figure:
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/\
;
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< \ >

Figure 4.22 Final position comparison for Particle 6 with 500 elements (white) and Particle 6

with 1000 elements (blue).

From theabovefigure, Particle 6 with 1000 elements ha®tatedmore aboutthe y axis
(clockwise) axcompaed to Particle 6 with 500 eéments.This difference mayave resulted
in the differenceof contact duratiorior these tw@articles even though they have almost the
same contact time with the solid block as shown in the Figu& As for the difference
between Particle 6 with 10dnhd 250 elements and Particle 6 with 500 and 1000 elenhbgnts
comparing them as two groups, ttéferencecould be caused by the same reason as for
Particle 1 with 100 elements, which is the difference of initial position. In the Paraview
animation, itis shown that Particle 6 with 100 and 250 elemenitigs almost the same initial
positonaml have turned iIinto a position that S

comparing tdParticle 6 with 500 and 1000 elements, which is shown in Figut8.
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Figure4.23 Animation ofthe initial positon folParticle 6 with 100 elemen¢&/hite) and
Particle 6 with 500 elements (blue).

SinceParticle 6 with 500 and 1000 elements are almost in the same initial position, then
Figure 4.23 only compares two sarfgs asa group. As shown in Figurd.23, the initial
position forParticle 6 with 100 (same for 250 elements) is relatively matatedover at
upper part (+z direction) towardly direction, which resulted in a fastéevelopment ofull
contact with thesolid block duringthe collision event. WhileParticle 6 with 500/1000
elements experienced a longer duration of the contact event with the solid block, starting with
a smaller area contact and then followed with full contaatpmparison withParticle 6 with
100 and 2B elements. This small difference may have gasginfluence on the FEM/DEM
algorithmfor calculating these two groufsontact forces since they have slightly different

nodal contact process, whiossulted in the diérence in the Resiaint Force plat
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4.4.1.2Discussion of resultsthat have relatively large differences in force
magnitude and duration
In all Resultant Force plots, there am@y three result®f particleblock collisionsthat have

G@omalie® i n t he r esul tndoontactfduatiaiRartialesa’g8and JuFdre a

exampleParticle 7, the simulation result for Resultant Force plot is shown below:

Resultant force during collision for particle 7

Force magnitude (MN)
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Simulation time (s)

--------- particle 7 with 100 elements- — - particle 7 with 250 elements
— - - particle 7 with 500 elements—— particle 7 with 1000 elements

Figure4.24 Plot of resultant forces during collision event for Particle 7.

From Figure4.24, it is evidentthat the magnitude of resultant force plats gradually
increasingwith the increasing discretizatiprwhich might be caused by the following
reasons:

First, same the reason that has been explaineBafticle 1, which is the simplification
process that hashanged the geometry, asperity and physical properties of the particle that
may influencethe simulation results. By comparing the patrticle statistics, the change of

volume forParticle 7 is shown below:
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Particle 7 Volume (cnd)

100 elements 4.95651

250 elements 5.00226

500 elements 5.03909

1000 elements 5.05476

Table4.7 Change of volume corresponding to different element number for Particle 7.

from which isevidentthat the simplification process has resultednnarea® of volume for
Particle 7 from 100 elements to 1000 elements. These volumetric differences should have
influences duringhe collision events, since at the ggenulation process, all particles are set

with the same density. Accordingly, given tlat 0, those ones with laeg volume will
have relatively larger mass that influences the simulation results.

In addition as introduced irbection3.2.2, the contact force calculation for 3D models is
based orthe overlapping volum¥, then for those samples with oversimplifiedté elements
and smaller volumes than those with higher resolutions and larger volumes, the resultant
force should be relatively smaller. While, this explanation should be combined with the
following point which supersedes andominates the simulation proess and result
expression.

Second and most important point is the initial position of particles with diffatenber of
elemens, which could result indirect effects on the simulation process anfluene the
collision resultsAs explained in the préaus section4.4.1.1) forParticle 1, the rotation and
moving process for particles with different element numbers was conducted by selecting two
di fferent nodal points in the Gi D program.
geometric proprtieshavelarge differences between four different samples. Then, with the
change of geometric detaitss impossible to select the same nodal points, these samples can
only be rotated and moved to the same initial position as close as pasgsibleomparing to
each other. The following figure is showing the comparison of initial positions (top view and

side view) for four individual particles in differenumber ofelemens as:
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Figure4.25. Top view (X-Z) plane of initial position comparison f&article 7 with 100
elements (blue), 250 elements (blue outlines only), 500 elements (red) and 1000 elements

(red with outlines)as showrvia Paraview.

Figure4.26. Side view (xY) plane of initial position comparison for Particle 7 with 100
elementslflue), 250 elements (blue outlines only), 500 elements (red) and 1000 elements

(red with outlines)as showrvia Paraview.
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From these two figures presented above, particles with diffexenber ofelemens are
showing differences at their initial ptiens as comparetb each other. This directlgadsto
initial contact discrepancieshen colliding withthe block, whichresults inrelatively large
differencesin the contact behaviour during contact. Also, after the simplification process,
those samples with smallenumber ofelemens will have relativelyfewer contactor triangles
that are used by the contact calculation proca@ssntroduced in previous sectioh4.1.1)
than those samples with higher resolutions. This could be interpreted as#moples with
more face elements provide more contacting nodal points for the contact force calculation
algorithm And, combining with the point that, for those with lower resolutions, their
geometrical and asperity details are esienplified comparing d those with higher
resolutions, which potentially affected their continuity characteristics, and directly posed
influences on their behaviours during the contact event. This can be illustrated by the

following comparison figure between four individual gdes when they have full contact

with the solid block, as:

Figure4.27. Comparison of position when full contact occursPRarticle7 with different
element numbers (Particle 7 with 100 in the heftstand 250 is been placed on the right next

to 100, ad so on)shownvia Paraview.

The figuredisplayedabove is showing the momeinttime whenParticle7 (discretizedwith
differentnumber ofelemens) achieves dull contact with the solid block, and the reason that
these samples are having slight siizééerences is due to the manual zooming by using the

Paraview programwhich doesnot mean that they are in different sizes in reaffgrticle
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samples are placed in four different windows in the Paraview program, and when the
screenshot was printed aftthe program, windows borders are deleted automatically)

These samples are all been viewed fronAY ¥lane, and at this momeit time, they are
showdifferent contact situations. By going through animatisase by frameof the contact
events of foudifferent samples with the solid block in Paraview, Particle 7 with 100 and 250
elemens experienced relatively larger deformations thaarticle 7 with 500 and 1000
elemens, which ended up with what is showing in the figure that at the +ZXapdint, they
have more contacting area. This should be linked with the reason presented above that with
lower resolutions, their structural characteristics are -eweplified, which altered their
continuity properties. And this contact difference has posed iafigence on the resultant
force calculation as the contacting area and contacting angle are different.

By combining all the reasons and explanations, the plot pattern for Particle 7 can be
explained as, when the particle samples are having relati@sg Molumetric differences
after the simplification process; initial positions are differing from each other which makes
particle samples having different contact angles form the start of contact events; and during
the contagctthe particle samples arefdeming differently, these all together may explain the
resultingplot in the resultant force pattern as shown in FigL24.

Similar explanationscould be applied for Particle 8 and Particle 9, which have similar

patterns of the resultant force plaas shown below:

Resulatant force during collision for particle 8
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Figure4.28 Plot of resultant forces during collision event for Part&le
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Resultant force during collision for particle 9

Force magnitude (MN)
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--------- particle 9 with 100 elements- = - particle 9 with 250 elements
— - - particle 9 with 500 elements—— particle 9 with 1000 elements

Figure4.29 Plot of resultant forces during collision event for Part&le

4.4.1.3Hump near the end ofresultant force curve

In this section, the situatiomherethere is a hump near the end of tlesultant force curve
will be discussed, and this situation only occurred for one particle, wiasHParticle 19.

The simulation result of resultant force plot is shown below:

Resultant force during collision for particle 19
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Figure4.30 Plot of resultant forces dugncollision event for Particl&9.
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As shown in Figuret.30, the resultant force plots fétarticle19 with differentnumber of
elemens are almost perfectlpverlap yet, after the first peak point (at the simulation time
around 0.006s) there is anothemip (at the simulation time around 0.00773%00785s).
The explanation for this phenomenon is simply duartmclined initial contact between the
contactor Particle19) with the target (solid block), whideadsto a small rotation after the
first pe& force point (also the first full contacth more detail, the procesgas examinety
going through the animation of the full simulation, wh&article 19 experienced a direct
contact with the solid block, while after the first full contact occurbedausedo therewasa
smallangular differencéetweenthe twq Particle19 showed a small rotation that resulted in
another(secondaryfontact between the other partRdrticle19 with the solid block, rather

than directly bouncing back and detexghfrom the solid block.

4.4.1.4Resultant force airves with tails

In this sectionthe particle simulatiors thatproducer e sul t ant f orce curves
be discussed. This characteristias observed forfour particles(Particle 22, Particle 23,
Particle30 and Paitle 34).

For example,he resultant force curve f®article22 is shown in the following figure, as:

Resultant force during collision for particle 22
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Figure4.31 Plot of resultant forces during collision event for Part&2e
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As shown inthe figure, the redtant force plothavea ot,aiwhi ch means t hat
events are not the same as those have been discussed above, they are neither having a simple
Acollide and det acho-cpatttaecrtn wirn dr, likeathefomad Il | ir de
discussed in Sectich4.1.3

The reason to explain this situation is due to the large deformation of the particle with
different numbeof elementsBy going through the animation in Paraview, particle samples
werehaving relatively larger contacting areas comparetb other parti@ collision events,

and a relatively larger deformatiavere observed. For the other particles, like those figures

have been shown in previous sections, thaga multi-nodatpoint contact pattern and the
contacting surface for those particles to thedsblock are along a sharp edge. While, for this

group of particlesthe collision event staetd with a large contact area, which can be

illustrated by the following figures:

Figure4.32 Screenshoof the initial position folParticle22 with 100 elementand the solid

block, viewed from XY plane.
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Figure4.33 Screenshoof the initial position folParticle22 with 100 elements and the solid

block, viewed from XZ plane.

As shown inFigure 4.32 and Figure 4.33, the contacting area is clearly largearththose
particles having a sharp edge collisigoint-like or needldike) with the solid block. This
directly influenced the collision process of the particle sample as there arecontaeting

nodal points, which resulted in a large deformation tlat loe illustrated by the following

figures:

X7

Figure4.34 Screenshoof the initial contacting moment fé&article 22 with 100 elements and

the solid block, viewed from X plane.
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X o

Figure4.35 Screenshoof the initial contacting momeim timefor Paricle 22 with 100

elements and the solid block, viewed fror>plane.

Figure4.36 Screenshoof the contacting momeint timewhenParticle22 having the largest

deformation viewed from XZ plane.
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XY

Figure4.37 Screenshoof the contacting momeint timewhenParticle22 having the largest

deformation, viewed from > plane.

As shown inFigure4.34 and Figure 4.35, at the momenin time thenParticle22 (with 100
element}y hasthe initial contact with the solid block, it still maintaingd shape, androm
the top view (as shown iRigure4.35, X-Z plane), where the color is light is indicating the
contacting part. While, when particle sample is about to detach with the solid block, as shown
in Figure4.36 andFigure4.37, which is the momernin time whenthe particled deformation
hast he | argest deformation to be obser«Xed. By
part of the particle experienced large deformation as that part is showing more contact area
than it was in the state shownhigure 4.34. Also, combining with a small rotation which is
the same situation as been discussed in the pre@eason(4.4.1.3), it follows that the
collision process will be elongated comparing to those with sharp edge contact and quick
detachment. Thesedether are the explanations to interpret the shape of the curves shown in
Figure4.31for the resultant force plots with a tail.

Same explanationsould be applied to the other three particles with diffenemmber of
elemens that show the same patteof resultant force curves, which are:

a. Particle 23
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Resultant force during collision for particle 23
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--------- particle 23 with 100 elements — - particle 23 with 250 elements
— - - particle 23 with 500 elements—— particle 23 with 1000 elements

Figure4.38 Plot of resultant forces during collision event for Parti3e
For Particle23 with 100 elemest which showsthat it started the contact process with the
solid block relatively earliethan the other samples, the explanation that has been discussed
in previous section should be applied, as referrin§dotion4.4.1.1 forParticle13. Same
analysis should be applied for the following case Rarticle 30 with 100 elemestand

Particle 34with 100 elements

b. Particle 30
Resultant force during collision 30
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Simulation time (s)
--------- particle 30 with 100 elements- — = particle 30 with 250 elements
— - - particle 30 with 500 elements—— particle 30 with 1000 elements

Figure4.39 Plot of resultant forces during collision event for Partgfe
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c. Particle 34

Resultant force during collision for particle 34

170

85

Force magnitude (MN)

0.0025 0.0055 0.0085 0.0115
Simulation time (s)

--------- particle 34 with 100 elements- — - particle 34 with 250 elements
— - - particle 34 with 500 elements— particle 34 with 1000 elements

Figure4.40 Plot of resultant forces during collision event for PartBsle

4.4.1.5Resultant force wrves are dispersedn time

In this section, the situatias discussed wheinm the simulation resugtfor the resultant force
plotsthere arecurvesthat have alisperson in time, and this situatiomasbeen observed for
threeparticles(Particle 32, Particle 33 and Particle) 38

For Particle 32, the simulation result of the resultant force plot is shown below:
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Resultant force during collision for particle 32

Force magnitude (MN)

0.0025 0.008 0.0135
Simulation time (s)

--------- particle 32 with 100 elements — - particle 32 with 250 elements
— - - particle 32 with 500 elements—— particle 32 with 1000 elements

Figure4.41 Plot of resultant forces during collision event for PartB2e

As shown inFigure4.41, Particle32 with differentnumber ofelemens is showing that the
resulant force curves ardispersedrom each other, whicbould be caused by the fact that

their initial positions are different. This can be verified by the following figure as:

Figure4.42 Screenshoof initial position forParticle32 with 100 elements liee) andParticle

32 with 1000 elements (red)isualized byParaview.

Given the fact thaParticle32 with 100 elements and with 1000 elements are the two cases
thatrepresenthe most dispersed curves in the resultant force pludstheir initial posion

haverelatively larger differences by comparing the other sampledhen, for the sake of
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illustration, onlyParticle32 with 100 and with 1000 elementdl be discussed

As shown inFigure4.42, Particle32 with 1000 elements is more parallethe Y axisthan
Particle 32 with 100 elementsvhich means that they will experience a different angle of
initial contact, which will influence the collision processes and results. This difference is
caused by thenevitable error of thenanual selectionfahodal pointand moving the particle
sample to desired initial point process, whitgs been discussed in previous sectiec{ion
4.4.1.1).Due to this major difference, it follows that the collision process mgBultin a
different resultant force cues. By looking at the animation of the whole process of collision,
those samples which are more parallel to Y agmesentn deeper penetration to the solid
block and longer contacting time duration than those relatively inclined threction.
Thes together can explain the pattern of resultant force curvEgyure 4.41, and can be
used for the other particles with differentmber ofelemens.

a. Particle 33:

Resultant force during collision for particle 33

50

Force magnitude (MN)
=
o
o

0
0.002 0.0035 0.005 0.0065 0.008 0.0095 0.011 0.0125

Simulation time (s)

--------- particle 33 with 100 elements — - particle 33 with 250 elements
— - - particle 33 with 500 elements—— particle 33 with 1000 elements

Figure4.43 Plot of resultant forces during collision event for Parti3e

For Partick 33 and the following case (Particle 38k plotsshow that the simulation result
of resultant forcebaveachieved almost the sarf@ce magnitudetime (impulse) andthere
is only ashift in ime for certain curves, which is Particle 33 with 100 aB@ 2lementsas
comparedo the resof thecurves; and Particle 38 with 500 elemeasscomparedo other

curves in their groupespectively.
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The explanation for this situation should be connected t¢thea nge o f particl e
after the simplificabn process, which has been explained in previous section (Ségtiaril)

that particle samples simplified into differeamimber ofelemens is showing differenextent

of geometry, and those with lower resolutions have relatifgtper protrusions tha those

with higher resolutions. Also, combining with the different initial contact positions resulted

from inevitable errors durinthe moving and rotating process of particle samples, particles

will correspondingly have different initial contact time,iefimanifested itselés the shift in

time as shown in Figuré.43 and Figure4.45. The initial position forParticle33 with 100

elements and 1000 elements are shown below:

Figure4.44 lllustration of initial position for Particle 33 with 100 eleme(iikie) and 1000

elements (red)

From the figure shown above, the initial position for Particle 33 with 100 elements is

relatively closer to the target block, which is proving the explanation above.
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b. Particle 38:

Resultant force during collision for particle 38

'_\
~
o

85

Force magnitude (MN)

0.002 0.005 0.008 0.011
Simulation time (s)

--------- particle 38 with 100 elements - - particle 38 with 250 elements
— - - particle 38 with 500 elements—— particle 38 with 1000 elements

Figure4.45 Plot of resultant forcesuting collision event for Particlg8.

4.4.1.6 Comparative summary of smulation data and conclusiors

After the completion of simulation for phase one, rsulting data can be compared,
including the impulse, peak force, start time, CPU time and simulation(tiamation of the
collision event). The comparison for each partiGhgth different element numberss

presented as the differencdé analysisresultsrelative to the sameparticle ID with 100

elements. One example of the data comparison is shown below:
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different group of data

Percent difference analysis compawetto Particle 1 with 100 elementsor

particle 1 with 250 particle 1 with 500; particle 1 with
elements elements 1000 elements

Impulse(MN*s) 19.73 30.35 23.04
Peak ForcéMN) 3.73 6.35 7.53
Start Time(sec) 0.00 2.86 0.00
CPU Time(sec) 0.00 800.00 1250.00
Simulation Time

28.00 40.40 24.00

(sec)

Table4.8 Example of data comparison fBarticlel with different elements comparing to

Particlel with 100 elements.

From the data coparison forParticle 1, the percentage difference for impulse, peak force
and start time of simulation for different elements is staawingmuch percentagehanges
when comparing toParticle 1 with 100 elements, and the simulation timesi®wing a
relatively small increase, while the CPU time presented a dramatic increase with the increase
of element numberslhe same was observed fitve other particle simulatiaas well, and
the extreme case for all simulations is that the CPU time increased 14260t ferParticle
22 (with 1000elements) asompaedto Particle 22(with 100 elemenjs this increase in CPU

time can ballustratedon Figure4.46 below:
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CPU Time
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Figure4.46 CPU time vs. model geometry resolutin Particle 22
With all simulation data colleed for all particles, the mean and standard deviatwere
calculated for particle with different element®mparing tathe baseparticle with the same

ID, but discretizedvith 100 elements, which mummarizedn the following tables:

Discretization wih
200 elemers
compare to 100 Mean Std. Dev.

elements for 50

particles

Impulse 2.74 4.29
Peak Force 0.79 6.82
Start Time 0.27 14.44
CPU Time 458.61 312.74
Simulation Time 6.05 10.22

Table4.9 Mean and Standard deviation calculation for all partialiéis 200 elementas

compare to 100 elements
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Discretization with

500 elements

compare to 100 Mean Std. Dev.
elements for 50

particles

Impulse 3.36 5.62
Peak Force 1.54 7.68
Start Time -0.59 13.93
CPU Time 771.04 262.67
Simulation Time 7.05 11.21

compare to 100 elements

Tabe 4.10 Mean value and Standard deviation calculation for all particles with 500 elements

Discretization with

1000 elements

compare to 100 Mean Std. Dev.
elements for 50

particles

Impulse 2.82 5.88
Peak Force 3.16 8.33
Start Time -0.48 11.98
CPU Time 2007.53 3012.19
Simulation Time 6.55 14.09

Table4.11 Mean value and Standard deviation calculation for all particles with 1000 elements

compare to 100 elements
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From the calculation of mean and standard deviatiorartbecorcludel that there is no
really a needor increasing theliscretizationelement numbers for all particles ion extra
simulations, due to the fact that the CPU time increase dramatigalythe increase of
discretizationelements, while the other dafianpulse, peak forcejre not presentinghuch
increasesAlso, from themanual of FEM/DEM thatvasintroduced by Munjizg2004) the
total CPU time will be doubled only for the computational cost for contact detection if the
size of problem doubles, and téiking consideration of the contact force calculation, the
computational cost will be even larger with the increase of geometrical resol{Mangza,

2004)

4.4.2 Phase 2 Simulation of multi -particle collisionsinside acontainer

In this sectionwhich isthe secondphase of simulatia) a model will be simulated iwhich
ten particleswere dropped into a containerand both interparticle and partickeontainer
collisions were investigated. compaison ofthe evolution ofesutant force for each particle
in differentobjectswill be discusseds well

Similar to phase oneof the simulation for a particle collision with a solid block, all
particleswere 3D scannednd theirgeometric detasl have been simplified to 100, 25800
and 1000triangularelemens. After the simplification process, all particles with different
number ofelemens were separatelyplaced into different groupsfhe simplification and
particle generationprocesswas the samas discussed ithe previoussection(Section4.2).
The following figure showthe originallocationsfor particles with 100 elemesithat have

beenimportedfrom the VGWinto the GiD program.
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mJ—v »
ﬁ

Figure4.47 lllustration of the originalocationsafterimportedfrom VGW to GiD for mrticle

samples with 100 elemeratong withthe container

As seen inFigure 4.47, initially the particles wererandomly placed outside thentainer
which means that they need to be placedhtir initial pre-contact positions inside the
container. ltis important thatparticles with differentnumber ofelemens in subsequent
simulations should maintain the same initial positions as much as posgiblespecto the
particles with 100 elementt ensure a basis for comparisovihat should be noticeis that
all particles wereplaced as close as possible to each other at their prigi@ntact positions,
yet there is no contact between each othdris should be donéor all simulations to
minimize simulation timeThe following figures show thiaitial pre-contact positions for all
particles with 100 elemesminside thecontainey since theopaquecontainerwill block the

view of particles insidghusthe containemwasremoved for clarity
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Figure4.48 lllustration of particles initiapre-contact position for partickewith 100 elements,

viewing from X-Y plane

()
Figure4.49 lllustration of particles initiapre-contact position for partickewith 100 elements,

viewing from X-Z plane

Similar to already discussed in a precedsegtion for the particles with higher resolutions,

the selected face nodal points on particles will always be different from lower resolutions due
to the simplification procesdhis resultsin that particle samples with higher resolution can
only be moved to positions atse as possible to particles with 100 elements, and followed

with adjustment of positions in order to make them having the same ipreadontact
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positions as much as possibley aligning their centers of gravity.

The presimulation setting whichinclude the initial velocity (40 m/s oiriZ direction) for
all particle samplgsexcept thecontainey and under the influence of gravity9(81 m*s?),
simulation have been conducted after several tiak Since the simulation for higher
resolutions inolves large numbers of contacting couples, and taking consideration of
computational cost, the simulation timenga was tested fax fewtimes in order to have an
optimal selectionhigh enough resolution for particle geometry but a reasonable computatio
time (a few days)While, for particles with 1000 elements, the CPU time costpratsibitive,
which was estimated to bever a month to have the simulation complete and thus the
simulation for particles with 1000 elements was abandoned.

The following figures show the simulation results of the resultant force comparfison
each particlggeometry discretization

a. Theforces on theantainer

Resultant forces during collision for bucket
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Simulation time (s)

--------- bucket for 100 elements groep— —bucket for 250 elements group
— - - bucket for 500 elements group

Figure4.50 Total resultant forceacted on the containéall forces acted on both bottom and
sides)comparisorduring different collision events.

From the resultant force comparison as shown abovegptitainerexperienced almost the
same forcemagnitude time (impulse) durintpe different collision events, and the curves
shown in Figured.50 are almost overlgpng with each otherlt can be observed from the
figure that the first two peaks (collisions) generally coincide, regardless of the element

discretization used. Subsequent collisions show variation, but their average magnitude
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remains the sam@his verifies that the total resultant force acted on tmomtainerduring
different collision events areery similar in magnitudend exhibit the same pattern during
the whole simulation process.

b. Resultant forc@lotsare almost overfaing and showingery simila pattern:

For example,n this groupa number of selectgehrticle simulation results will be presented,
which is showing that their resultant force cunaee relatively overlapwith each other.
Similar overlap was found for the tesf the particles u=d in the simulationThis select

group includes Particel through6. Their resultant force plo@reshown below:
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Figure4.51 Resultant forces comparison for Particle 1 during different collision events

Resultant forces during collision for particle 2
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Figure4.52 Resultant forces comparison forriae 2 during different collision events
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Force magnitude (MN)
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Figure4.53 Resultant forces comparison for Particle 3 during different collision events
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Figure4.54 Resultant forces comparison for Particle 4 during different collision events
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Resultant forces during collision for particle 5
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Figure4.55 Resultant forcesomparison for Particle 6 during different collision events
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Figure4.56 Resultant forces comparison for Particle 6 during different collision events

From the figures shown above, even though these curves of resultant forces for different
particles dumg different collision events are not perfectly overiagpit can be concluded
thata similar pattern of resultant forckiring the whole simulatioemergesFor those parts
that are not overlapping with each other, it shoulddmalled thathe differance of initial
pre-contac¢ positions and different geometrdiscretization doesnfluence some particlés

behavior in the process of simulation, ahds resulted in those neaverlapping parts on
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these curves presented above.
c. Resultant forc@lotsshowng relatively large differences

In this this groupfall all the particles not included in the previous groBprticles 7 through

10. Their resultant force comparison figures are shown below:

Resultant forces during collision for particle 7
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Figure4.57 Resultant forces comparison for Particle 7 dydifferent collision events

Resultant forces during collision for particle 8
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Figure4.58 Resultant forces comparison for Particle 8 during different collision events
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Resultant forces during collision for particle 9
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Figure4.59 Resultant forces comparison for Particle 9 during different collision events

Resultant forces during collision for particle 10
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Figure4.60 Resultant forces compariséor Particle 10 during different collision events

From the figuresshowna b o v e, these particlesd rpaternl t ant
that at the beginninghe curves are almost overlapping or close to each.dthexr means

that the resultant faes or the initial contact for these particles are similar to each other;
while, after the firstpeak occurs(which represents the first full contact for these particles

with adjacent particle(¥) the resultant force curves adererging fromeach othetboth in

time and magnitudeThis could be related to the initiglre-contactposition and different
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extentof geometry, which influenced the contacting process for these particles with other
particles. Since the simulation is about mpditicles collisio, the influence of initial
position will be enlarged with the progressof collision everd; and for those particles with
higher resolutions, theodal points that are used during the contact event will be much higher
than those with lower resolutionshich also influenced the resultant force calculation during
the whole simulation process. Also, with the chaniggemmetricdetail, the difference of the
extert of geometry Wl influence the contact detection algorithm, which is assuming that all
discrée elementshave cubic bounding objects, and the edge of the boundinge is
determined by the largest discrete element. The algorithm for contact detection will assume
that the contacting couples are in contact once the bounding objects are intelsaching
other (Munjiza, 2004) Thus, with the change of resolution and ektehgeometry, the

contact detection algorithm will be different and provide diffesémiulationresults.
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5 Conclusion and Recommendationsor Future Work

This chapter will conclude the work that has been done in the thesis and summarize the
results. In addition recommendations of improvements for the FEM/DElvhulation of
granular mediavill be given as wellThe ains and targetthat have been proposedSaction

4 have all been achieved. In this thesis, the collision beha¥@iparticleblock collisionand

a group of particlescolliding with each othemand a containewere simulatedusing the
FEM/DEM. The simulation results have all beasllected which include the resultant force,
impulse and CPU time, and these results have all been contpaach other with respetct

the particle that has the lowest resolutidis¢retizedvith 100 elenents).

5.1 Conclusion

The aim of this thesisvas focusedn the study of theffect of geometrical details on the
outcome of DEM simulation results by usinghe FEM/DEM. By comparing different
numerical andexperimental methods, the FEM/DEMas chosen as suitable tool for the
simulation purposeas itsadvantages have been introducedattion3.3. From Section4,
thesimulation process has been introduced in detail, and, as far as the author is aware of, this
is the first time the influence on simulaticgsults from the change of geometiimdasperity
details has been studied, and the process of converting 3D scanned particles into suitable
formats of10-nodetetrahedronss required by the FEM/DEM program should be carefully
applied (the reades referred toSection3.2.2 for more details)

As covered inSection 3.4, the simulation results have all been presented and analyzed
based on individual particleollisions with a solid block and groups of particles cdihg
inside acontainer

For individual particleswith different number ofelemens, colliding with a solid block
under the influence of gravitgespecting thesame initial velocities foeach particle the
resultsof resultant forces show that most of particfesth different number ofelementg

hawe similar resultgoverlapping resultant force plgis-or those particlesvhich simulation

98



Chap.5 Conclusion and Recommendations for Future Work

results present differences in the shape of resultant force pi@sgety of reasons have been
discussedn Section4.4.1 Including the inevitable oprational errors and potential reasons
connected to the computational algorithm that is used by the FEM/DEM.

For the simulatiorwith agroup of particles (10 particlegth differentnumberof elements
colliding inside acontainerunder the influencenitial velocity for all particles and gravity for
both particles and theontainey the simulation resultshow that the containerdid not
experience a significant change in the forces applied as the geadratail of particles was
changedFor individual particles(with different number ofelemens), some ofthe particles
showedsimilar pattern of resultant force plots while some of thesd relatively large
differences in the shape of plots for resultant force curveselthierences also have been
explained inSection4.4.2, which is mainly connected to the influence of initial positions and
potential influences connected to the contact detection algorithm affected by the change of
geometrical details and extend of geometries.

By having all data @mpared forthe two different simulation results, it Bvidentthat the
increase of CPU time with the increase of
nonaffordable with even higher resolutions, especially for simulatiorphase two of tis
thesis having multiparticles colliding inside aontainer which has been detailed explained
in Section4.4.2. Then, as recommended by author, if the readeerf®rming simulations
involving large quantities of particles with differenimber ofelemens, it appears thab00
elemens for each particle should be adopted an upper limitto have a reasonable
computational time with the application of FEM/DEMNhile ensuring that simulation results

are representative

5.2 Future work

Even thoughthe aims and objectivesall have been achieved for this thesis, tharestill
some aspecthatcan be improveth thefuture, which includes the followingsues
1. High computational cost and CRIdage

Generally, the computationabstof FEM/DEM is too high, espmgally for simulation
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of 3D modelgeometrieswith high resolution. It igressingthat a faster execution
should be developetb decrease the computational cost and GRHgein order to
have simulations with higher resolutionsPerhaps a parallel, multore

implementation or a GPUased version should be developed.

. Support of different particlgeometryformats

Currently, as has beetiscussedn Section4.4.2, the VGW only supports particle
formatsas constant strairietrahedran 3D. This is by takingconsideration that they

are the simplest type of elements, which can save the computational cost to some
extent and the contact detection will be simpler. While the drawbaesalso
outstanding as that there will ke greaternumber of elementshat neal to be
generatedas comparedto if the use a highesrder element type is adopted.
Hexahedral elementsr examplewould be an alternativesince there will be five to

six tetrahedraneeded to generate a parallel hexahedron, and in this way the total

numker of elements will be decreased that can save more computational time.

. Restart file and a unifiepre/postprocessing environment

Currently, the pre/pogtrocessing for this thesis includes 3 different progra@&b,
VGW and Paraview, which is not convent for user to collect simulation data and
the whole process imtricate since thereare a lot of files generated from different
programs. Thusa unified pre/posprocessing environment should be developed for

the convenience of simulation and datdeslon.

Anotherconcernis that during the simulation process, there is no restart file in the current

FEM/DEM program. If there are unexpected inciddrappenduring the running process of

simulation, the execution of data will best before the comletion of simulation, and the

user will not be able to execute any data even some output files haagydbeen generated

(.ym files), and the user has to restart the whole simulation from the beginning. Thus, a restart

file is needed to allow the usey continue the simulation from the break point, and this is

helpful for simulations with high resolutions due to the fact that these simulations are about
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to have long simulation tim@ays)and theyhavehigh risks of having unexpected incidents

during the simulation process.
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Summary of particle characteristics and collision simulation details for Particle 1 (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Image of particle with 500 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 11 12 3 Volume | Sfc. Area
ID vertices| elements  (Q) — — — (cm?) (cmP)

1

(200 52 100| 104.371| 1439523.1 1302885.7] 396195| 37.37396| 71.32307
elements

1

(250 127 250| 104.371| 1554749| 1410144.9 419641.65 38.82754( 72.71371
elements

1

(500 252 500 | 104.371| 1574833.9 1428910.6 424177.9| 39.06975| 73.52756
elements

1 (1000

elements 502 1000| 104.371| 1584457.5 1437565.5 425222.65 39.14609 74.00485
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Particle Statistics (part 2)

Particle U Ry Y Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
1
(100 3.00654| 4.00290| 0.75794| 2.07409| 335.25779 159.76822 111.50952
elements)
1
(250 3.04207| 4.01520| 0.76260| 2.10063| 349.18895 164.41038 114.78657
elements)
1
(500 3.04475| 4.01709| 0.75729| 2.10499| 351.53490 165.26126 115.45593
elements)
1 (1000

3.05449| 4.01359| 0.75338| 2.10636| 352.70723 165.55283 115.47171
elements)

Resultant forces during collision for particle 1

Z 500

3

(<))

©

2

=

(@]

©

S

3

S}

LL

0.007

0.012

Simulation time (s)

0.022

--------- particle 1 with 100 elements- — - particle 1 with 250 elements

— - - particle 1 with 500 elements—— particle 1 with 1000 elements

FigureA1.1 Plot of resultant forces during collision event for Particle 1.
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Impulse
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FigureA1.2 Plots of collision impulse for Particle
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FigureA1.3 Peak collision for the four particle geometry resolutions for Particle 1.
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Collision results data analysis

particle 1 particle 1 particle 1 particle 1
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elemants
Impulse
(MN*s) 3.10 3.71 4.04 3.81 3.67
Percent
difference -15.46 1.23 10.20 4.02
from  Avg.
Impulse
Peak Force
(MN) 464.38 481.70 493.85 499.36 484.82
Percent
difference
from  Avg. -4.22 -0.64 1.86 3.00
Peak Force
CPU Time
60 54
3 45 36
>
£
£30
=
=15 4 4
0
particle 1 with particle 1 with particle 1 with particle 1 with
100 elements 250 elements 500 elements 1000 elements

FigureAl.4 CPU canputation time vs. model geometry resolution
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Percent difference analysis compare to particle With 100 elementdor different group

of data
particle 1 with 250 | particle 1 with 500 | particle 1 with 1000

elements elements elements
Impulse 19.73 30.35 23.04
Peak Force 3.73 6.35 7.53
Start Time 0.00 2.86 0.00

CPU Time 0.00 800.00 1250.00
Simulation Time 28.00 40.40 24.00
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Summary of particle characteristics and collision simulation details for Particle 2 (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 11 12 3 Volume | Sfc. Area
ID vertices| elementy  (g) — — — (cm®) (cm?P)

2

(200 52 100| 59.744| 437088.1] 386249.05 243892.7| 23.51913 47.18736
elements

2

(250 127 250| 59.744| 456038.5 398895.125 251763.45 23.94151| 47.95853
elements

2

(500 252 500| 59.744| 459236.35 402343.575 253879.05 24.03775| 48.11104
elements

2 (1000

elements 502 1000| 59.744| 461032.7| 403917.625 254895.55 24.08770 48.15363
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Particle Statistics (part 2)

Particle U Rg ¥ Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
2
(200 1.73247) 2.79305| 0.84128| 1.77737| 220.21341 157.05484 127.10916
elements)
2
(250 1.76046, 2.74828| 0.83763| 1.78795| 224.67657| 160.78725 127.62380
elements)
2
(500 1.75641) 2.76137| 0.83721| 1.79034| 225.51882 161.27189 128.39728
elements)
2 (1000

1.75628| 2.77351| 0.83763| 1.79158| 225.95516 161.59300 128.65586
elements)

Resultant force during collision for particle 2

Z 420
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(]

S5 280

'S

(@]

©

= 140

S

S

LL 0 .

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016

Simulation time (s)

--------- particle 2 with 100 elements- — - particle 2 with 250 elements

— - - particle 2 with 500 elements—— particle 2 with 1000 elements

FigureA2.1 Plot of resultant forces during collision event for Particle 2.
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Impulse
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FigureA2.3 Peak collision for the four particle geometry resolutions for Particle 2.
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Collision results data analysis

particle 2 particle 2 particle 2 particle 2
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 2.55 2.62 2.65 2.62 2.61
Percent
difference
-2.22 0.29 1.41 0.52
from  Avg.
Impulse
Peak Force
(MN) 383.62 409.03 410.98 416.86 405.12
Percent
difference
from  Avg. -5.31 0.97 1.45 2.90
Peak Force
CPU Time
45 41
2 29 28
£ 30
£
£
(O]
E 15
|_
3
0
particle 2 with  particle 2 with  particle 2 with  particle 2 with
100 elements 250 elements 500 elements 1000 elements

FigureA2.4 CPU computain time vs. model geometry resolution
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Percent difference analysis compare to particle @ith 100 elementdor different group

of data
particle 2 with 250 | particle 2 with 500 | particle 2 with 1000

elements elements elements
Impulse 2.57 3.71 280
Peak Force 6.63 7.13 8.67
Start Time 16.67 16.67 5.00

CPU Time 866.67 833.33 1266.67

Simulation Time -7.60 -4.80 -10.40
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Summary of particle characteristics and collision simulation details for Particle 3 (of 50)

Imageof particle with 100 elements

Image of particle with 250 elements

Image of particle with 1000 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 11 2 3 Volume | Sfc. Area
ID vertices| elements  (g) — — — (cm?) (cmP)

3

(200 52 100| 73.84| 472234.6) 410898.5 301908.85 26.14763 49.32647
elementy

3

(250 127 250| 73.84| 494375.9| 431894.75 313737.25 26.83294| 50.25493
elementy

3

(500 252 500| 73.84| 502225.6| 437914.6| 319115.47 27.07433 50.61944
elementy

3 (1000

element} 502 1000| 73.84| 504477.4) 439423.55 320533.475 27.13243 50.82574
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Particle Statistics (part 2)

Particle U Ry Y Rv L ! S

D (cm) (cm) (cm) (cm) (cm)

3

(100 1.55435| 2.85866| 0.86369| 1.84126| 198.38600 156.83354 127.63282
element}y

3

(250 1.56137| 2.86913| 0.86248| 1.85721| 203.65921 159.60966 130.43600
elementy

3

(500 1.56117| 2.86612| 0.86140| 1.86276| 205.06597, 161.13141 131.35381
elementy

3 (1000

elements 1.56205| 2.88102| 0.85913| 1.86409| 205.45240 161.58481] 131.52772

Resultant force during collision for particle 3

0.002 0.004 0.006 0.008 0.01
Simulation Time (s)

0.012 0.014 0.016 0.018

--------- particle 3 with 100 elements- — - particle 3 with 250 elements

— - - particle 3 with 500 elements—— particle 3 with 1000 elements

FigureA3.1 Plot of resultant forces during collision event for Particle 3.
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Impulse
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FigureA3.3 Peak collision for the four particle geometry resolutions for Particle 3.
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Collision results data analysis

particle 3 particle 3 particle 3 particle 3
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elemens
Impulse
(MN*s) 2.779 2.774 2.774 2.765 2.773
Percent
difference 0.22 0.05 0.03 0.30
from  Avg.
Impulse
Peak Force
(MN) 452.63 445 .25 465.99 457.29 455.29
Percent
difference
from  Avg. -0.58 -2.21 2.35 0.44
Peak Force
CPU Time
50 46
40
g 30
230 25
£
.ﬂg’ 20
|_
10
3
0
particle 3 with  particle 3 with  particle 3 with  particle 3 with
100 elements 250 elements 500 elements 1000 elements

FigureA3.4 CPU canputation time vs. model geometry resolution
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Percent difference analysis compare to particle @ith 100 elementdor different group

of data
particle 3 with 250 | particle 3 with 500 | particle 3 with 1000

elements elements elements
Impulse -0.17 -0.18 -0.51
Peak Force -1.63 2.95 1.03

Start Time 3 3 3

CPU Time 733.33 900.00 1433.33

Simulation Time 4.62 1.54 7.69
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Summary of particle characteristics and collision simulation details for Particle 4 (of 50)

Image of paitle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # . # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) s — - (cmd) (cmP)
4

(200 52 100| 65.051| 396339.15 300490.725 286791.925 23.20415| 45.97825
elements

4

(250 127 250| 65.051| 405060.7| 311425.8/ 295183.425 23.57324| 46.66729
elements

4

(500 252 500| 65.051| 408593.575 315061.779 297770.35 23.68872 47.08743
elements

4 (1000

elements 502 1000| 65.051| 410986.45 317349.925 299410.1) 23.77337| 47.17868
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Particle Statistics (part 2)

Particle U Ry Y Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
4
(100 1.46541) 2.50261| 0.85567| 1.76940| 177.52930 171.49576 121.14638
elements)
4
(250 1.44580, 2.48748| 0.85196| 1.77873| 179.95144 172.87467 124.46517
elements)
4
(500 1.44403| 2.46094| 0.84711| 1.78163| 180.92733 173.42597 125.29302
elements)
4 (1000

1.44377, 2.46295| 0.84749| 1.78375| 181.57219 173.81212 125.76298
elements)

Resultant force during collision for particle 4

< 350

Py

©

2

5175

@©

S

3

S

L 0

0.002 0.006 0.01 0.014 0.018

Simulation time (s)

--------- particle 4 with 100 elements- — - particle 4 with 250 elements

— - - particle 4 with 500 elements—— particle 4 with 1000 elements

FigureA4.1 Plot of resultant forces during collision event for Particle 4.
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Impulse
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FigureA4.3 Peak collision for the four particle geometry resolutions for Particle 4.
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Collision results data analysis

particle 4 particle 4 particle 4 particle 4
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elemens
Impulse
(MN*s) 2.535 2.531 2.539 2.524 2.532
Percent
difference
0.11 -0.04 0.27 -0.34
from  Avg.
Impulse
Peak Force
(MN) 314.56 308.44 308.65 311.92 310.89
Percent
difference
from  Avg. 1.18 -0.79 -0.72 0.33
Peak Force
CPU Time
44
45
o 28
% 30 25
£
S
(]
£ 15
|_
3
0
particle 4 with particle 4 with  particle 4 with  particle 4 with
100 elements 250 elements 500 elements 1000 elements

FigureA4.4 CPU omputation time vs. model geometry resolution
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Percent difference analysis compare to particle @with 100 elementdor different group

of data
particle 4 with 250 | particle 4 with 500 | particle 4 with 1000

elements elements elements
Impulse -0.15 0.17 -0.44
Peak Force -1.95 -1.88 -0.84
Start Time 2.86 2.86 2.86

CPU Time 733.33 833.33 1366.67
Simulation Time -1.33 -1.33 -4.00
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Summary of particle characteristics and collision simulation details for Particleés (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 11 12 3 Volume | Sfc. Area
ID vertices| elements  (g) — — — (cm?) (cmP)

5

(200 52 100| 52.607| 305786.875 280801.375 145914.35 18.56999 40.46288
elementy

5

(250 127 250| 52.607| 314575.425 289024.525 149208.7625 18.82316| 41.34569
elementy

5

(500 252 500| 52.607| 316135.225 290826.725 149824.3374 18.85281| 41.70590
elementy

5 (1000 d

elementy 502 1000| 52.607 317601| 292019.25 150422.1375 18.89531| 41.83157
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Particle Statistics (part 2)

Particle U Rg ¥ Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
5
(100 1.90895| 2.61485| 0.83811| 1.64276| 204.65478 127.44831 107.20825
elements)
5
(250 1.91692| 2.63069| 0.82765| 1.65019| 207.81562 128.87950 108.41119
elements)
5
(500 1.91607| 2.63103| 0.82137| 1.65106| 208.44271 129.01703 108.78663
elements)
5 (1000

1.91788| 2.64272| 0.82013| 1.65230| 208.91195 129.33747, 108.92832
elements)

Resultant force during collision for particle 5

0.0025 0.0045 0.0065 0.0085 0.0105 0.0125 0.0145 0.0165

Simulation time (s)

--------- particle 5 with 100 elements- — - particle 5 with 250 elements

— - - particle 5 with 500 elements—— particle 5 with 1000 elements

FigureAS5.1 Plot of resultant forces during collision event for Parfcle
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Impulse
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FigureA5.3 Peak collision for the four particle geometry resolutions for PaBicle
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Collision results data analysis

particle 5 particle 5 particle 5 particle 5
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 1.920 1.915 1.912 2.000 1.937
Percent
difference
-0.88 -1.13 -1.26 3.28
from  Avg.
Impulse
Peak Force
(MN) 330.52 345.66 341.47 344.25 340.48
Percent
difference
from  Avg. -2.92 1.52 0.29 1.11
Peak Force
CPU Time
34
35
30
» 25
9
220
£
o 15
S
=10
5 3 3 4
® o—
0
particle 5 with  particle 5 with  particle 5 with  particle 5 with
100 elements 250 elements 500 elements 1000 elements

FigureA5.4 CPU conputation time vs. model geometry resolution
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Percent difference analysis compare to particle &ith 100 elementdor different group

of data

particle 5 with 250

elements

particle 5 with 500

particle 5 with 1000

elements elements
Impulse -0.25 -0.38 4.20
Peak Force 4.58 3.31 4.15
Start Time 0.00 0.00 0.00
CPU Time 0.00 33.33 1033.33
Simulation Time 0.00 0.00 5.00
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Summary of particle characteristics and collision simulation details for Particles (of 50)

Image @ particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # _ # Mass 11 12 3 Volume | Sfc. Area
ID vertices| elements  (g) — — — (cm?) (cm?)
6

(200 52 100| 18.715| 64855.6625 58671.71875 25174.15625 6.63176| 21.10789
elementy

6

(250 127 250| 18.715| 66286.26875 60008.7| 25617.73438 6.71323| 21.27755
elementy

6

(500 252 500| 18.715| 66924.2375 60543.5125 25876.43906 6.74585| 21.31944,
elementy

6 (1000 d

element} 502 1000| 18.715| 67299.0875 60872.78125 26040.7468¢4 6.76680| 21.31086
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Particle Statistics (part 2)

Particle U Ry ¥ Rv L I S
D (cm) (cm) (cm) (cm) (cm)
6
(200 2.27578| 2.85730] 0.80871| 1.16550| 162.10051] 91.53031] 71.22870
element}y
6
(250 2.28158| 2.15585| 0.80882| 1.17026| 164.00449 92.31100; 71.88200
elementy
6
(500 2.28275| 2.15428| 0.80984| 1.17215| 164.74732 92.83317] 72.17049
elementy
6 (1000

2.28187 2.1556| 0.81184| 1.17336| 165.18444 93.13470, 72.38991
elementy

Resultant force during collision for particle 6

< 165

Py

T 110

g 55

S o

2 0.0025 0.0045 0.0065 0.0085 0.0105 0.0125 0.0145

Simulation time (s)

--------- particle 6 with 100 elements- — - particle 6 with 250 elements

— - - particle 6 with 500 elements—— particle 6 with 1000 elements

FigureA6.1 Plot of resultant forces during collision event for Particle
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Impulse
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FigureA6.3 Peak collision for the four particle geometry resolutions for Paficle
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Collision results data analysis

particle6 particle6 particle6 particle6
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.733 0.762 0.731 0.636 0.715
Percent
difference 2.44 6.55 2.15 11.14
from  Avg.
Impulse
Peak Force
(MN) 147.45 148.16 159.93 162.64 154.55
Percent
difference
from  Avg. -4.59 -4.13 3.48 5.24
Peak Force
CPU Time
40
40
>
=
£ 20
(O]
£
= 10
3 4
o—
0

particle 6 with  particle 6 with  particle 6 with  particle 6 with

100 elements 500 elements 1000 elements

250 elements

FigureA6.4 CPU computatin time vs. model geometry resolution
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Percent difference analysis compare to particle @ith 100 elementdor different group

of data
particle 6 with 250 | particle 6 with 500 | particle 6 with 1000

elements elements elements
Impulse 4.02 -0.28 -13.25
Peak Force 0.48 8.47 10.30
Start Time 0.00 -5.71 -14.29

CPU Time 33.33 733.33 1233.33
Simulation Time 5.88 12.94 -4.71
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Summary of particle characteristics and collision simulation details for Particler (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 11 12 3 Volume | Sfc. Area

ID vertices| elements  (g) (cmd) (cmP)
(gen) (gen) (gen)

7

(200 52 100| 12.039| 48629.43125 40502.7875 16077.4875 4.95651| 18.57455

elements

-

(250 127 250| 12.039| 49629.62188 41460.343745 16338.40468 5.00226| 18.52654

elements

-

(500 252 500| 12.039| 49903.56563 41694.99063 16436.34686 5.03909| 18.47445

elements)

7 (1000

elements 502 1000 12.039 50188.1] 41921.175 16534.8625 5.05476| 18.45878
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Particle Statistics (part 2)

Particle U Ry y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
7
(200 3.03122] 2.07041] 0.75686| 1.05770] 174.18629 100.26158 57.46407
elements)
7
(250 3.02498| 2.03900( 0.76349| 1.06094| 176.19758 100.88833 58.24754
elements)
7
(500 3.02245| 2.04453| 0.76939| 1.06354| 176.68088 101.17041] 58.45625
elements)
7 (1000

3.02335| 2.03025| 0.77164| 1.06464| 177.16470 101.49188 58.59875
elements)

Resultant force during collision for particle 7

z

§180

o 135

©
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€ 90

()]

©

g 45

8

5 O

L 0.0025 0.0045 0.0065 0.0085 0.0105 0.0125

.........

— - - particle 7 with 500 elements—— particle 7 with 1000 elements

Simulation time (s)

particle 7 with 100 elements- = - particle 7 with 250 elements

FigureA7.1 Plot of resultant forces during collision event for Parficle
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Impulse
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FigureA7.3 Peak collision for the four particle geometry resolutions for Paiticle

139



Appendix

Collision results data analysis

particle7 particle7 particle7 particle7
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 0.577 0.594 0.581 0.576 0.582
Percent
difference
-0.89 2.07 -0.15 -1.03
from  Avg.
Impulse
Peak Force
(MN) 150.73 155.06 169.36 173.50 162.16
Percent
difference
from  Avg. -7.05 -4.38 4.44 6.99
Peak Force
CPU Time
49
50
40
g 31
2 30
£
.Gg-’ 20
|_
10 3 3
®
0
particle 7 with  particle 7 with  particle 7 with  particle 7 with
100 elements 250 elements 500 elements 1000 elements

FigureA7.4 CPU conputation time vs. model geometry resolution
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Percent difference analysis compare to particle with 100 elementdor different group

of data
particle 7 with 250 | particle 7 with 500 | particle 7 with 1000
elements elements elements
Impulse 2.8 0.75 -0.14
Peak Force 2.88 12.36 15.11
Start Time 0.00 2.86 2.86
CPU Time 0.00 933.33 1533.33
Simulation Time 5.88 3.53 -10.59
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Summary of particle characteristics and collision simulation details for Particle8 (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) s — — (cm?) (cmP)
8

(200 52 100| 16.043| 39749.225 33676.17188 27038.71563 5.90910| 18.61565
elements

8

(250 127 250 16.043| 40210.06563 33913.75 27436.8125 5.93902| 18.63368
elements

8

(500 252 500| 16.043| 40482.1875 34153.68438 27660.625 5.96237| 18.65242
elenents)

8 (1000

clements 502 1000| 16.043| 40658.49374 34307.75938 27773.63438 5.97626| 18.61401
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Particle Statistics (part 2)

Particle U Ry y Rv L I S
D (cm) em) | (cm) (cm) (cm)
8
(100 1.48745/ 1.69816| 0.84909| 1.12153| 120.23720 101.58589 80.83445
elements)
8
(250 1.48607| 1.70126| 0.85113| 1.12342| 120.62580 102.53462 81.17080
elements)
8
(500 1.48394| 1.71886| 0.85250| 1.12489| 120.99760 102.92295 81.53785
elements)
8 (1000

1.48422| 1.71442| 0.85559| 1.12576| 121.27722 103.12751 81.71115
elements)

Resulatant force during collision for particle 8

= 140
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e 70
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®©
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S

E 0

0.0025 0.0055 0.0085 0.0115

Simulation time (s)

--------- particle 8 with 100 elements- = - particle 8 with 250 elements

— - - particle 8 with 500 elements—— particle 8 with 1000 elements

FigureA8.1 Plot of resultant forces during collision event for Partcle
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Impulse
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FigureA8.3 Peak collision for the four particle geometry resolutions for PaBicle
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Collision results data analysis

particle8 particle8 particle8 particle8
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.474 0.530 0.529 0.510 0.511
Percent
difference
-7.25 3.80 3.60 -0.15
from  Avg.
Impulse
Peak Force
(MN) 126.37 129.17 134.34 134.20 131.02
Percent
difference
from  Avg. -3.55 -1.41 2.53 2.43
Peak Force
CPU Time
39
40
g 24
>
£
£20
(O]
S
=10
2 3
0

particle 8 with  particle 8 with  particle 8 with  particle 8 with

100 elements 500 elements 1000 elements

250 elements

FigureA8.4 CPU conputation time vs. model geometry resolution
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Percent difference analysis comparéo particle 8 with 100 elementdor different group

of data
particle 8 with 250 | particle 8 with 500 | particle 8 with 1000

elements elements elements
Impulse 11.91 11.69 7.65
Peak Force 2.22 6.31 6.20
Start Time 0.00 0.00 0.00

CPU Time 50.00 1100.00 1850.00
Simulation Time 25.00 10.83 10.83
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Summary of particle characteristics and collision simulation details for Particlé (of 50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle |# # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) s — — (cm?) (cmP)
9

(200 52 100 | 39.563| 277986.15 227419.725 88956.35625 14.01484 36.29209
elements

9

(250 127 2501 39.563 283444 232391.025 89938.14375 14.16276| 36.54552
elements

9

(500 252 500| 39.563| 286214.575  234888.5] 90489.8125 14.22713| 36.67860
elenments)

9 (1000

elements 502 1000| 39.563| 287606.15  235942.6] 90948.4875 14.25819 36.65083
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Particle Statistics (part 2)

Particle U Ry Y Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
9
(200 3.29361| 2.87476| 0.77458| 1.49566| 229.41488 132.78926 69.65448
elements)
9
(250 3.30948| 2.81810| 0.77461| 1.50090] 232.00248 133.48617] 70.10232
elements)
9
(500 3.31590| 2.81554| 0.77413| 150318| 233.28354 133.87603 70.35297
elements)
9 (1000

3.31841] 2.81604| 0.77585| 1.50427| 233.82115 134.25130 70.46175
elements)

Resultant force during collision for particle 9
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0.0025 0.0075 0.0125 0.0175

Simulation time (s)

--------- particle 9 with 100 elements- = - particle 9 with 250 elements

— - - particle 9 with 500 elements—— particle 9 with 1000 elements

FigureA9.1 Plot of resultant forces during collision event for Partcle
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Impulse
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Collision results data analysis

particle9 particle9 particle9 particle9
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elemens
Impulse
(MN*s) 1.462 1.463 1.488 1.470 1.471
Percent
difference
-0.59 -0.55 1.19 -0.05
from  Avg.
Impulse
Peak Force
(MN) 187.34 193.34 212.48 211.19 201.09
Percent
difference
from  Avg. -6.84 -3.85 5.67 5.02
Peak Force
CPU Time 45
45
33
0
£ 30
-]
£
E
(D)
£ 15
|_
4 4
®
0
particle 9 with  particle 9 with  particle 9 with  particle 9 with
100 elements 250 elements 500 elements 1000 elements

FigureA9.4 CPUcomputation time vs. model geometry resolution

150




Appendix

Percent difference analysis comparéo particle 9 with 100 elementdor different group

of data
particle 9 with 250 | particle 9 with 500 | particle 9 with 1000

elements elements elements
Impulse 0.04 1.79 0.54
Peak Force 3.20 13.42 12.73
Start Time 40.00 40.00 12.00

CPU Time 0.00 725.00 1025.00
Simulation Time 0.00 5.00 40.00
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Summary of particle characteristics and collision simulation details for ParticlelO (of

Appendix

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statis

tics (part 1)

Moments of Inertia

Particle |# _ # Mass 1 2 3 Volume Sfc. Area
ID vertices| elements  (g) o — — (cmd) (cmP)
10

(200 52 100 45.098| 275190.425 219005.9 117092.05 15.64067| 38.14708
elements

10

(250 127 250| 45.098| 290264.65 230685.15 123095.675 16.10373 38.69846
elements

10

(500 252 500| 45.098| 294745.75 233835.325 125152.5 16.22982 38.95131
elemants)

10 (1000

elements 502 1000| 45.098| 295631.625 234667.175 125675.475 16.26773 38.98197
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
10
(100 2.48826| 2.64461| 0.79647| 1.55139| 204.47353 138.60417] 82.17540
elements)
10
(250 2.50276| 2.63420( 0.79586| 1.56656| 210.02369 142.31351] 83.91673
elements)
10
(500 2.50596| 2.63452| 0.79691| 157063| 211.48993 143.62706 84.39489
elements)
10 (1000

2.50055| 2.63339| 0.79285| 1.57186] 211.80286 143.84959 84.70236
elements)

Resultant force during collision for particle 10

--------- particle 10 with 100 elements- — - particle 10 with 250 elements
— - - particle 10 with 500 elements—— particle 10 with 1000 elements

0.0055

0.0085

0.0115

Simulation time (s)

0.0145

FigureA10.1 Plot of resultant forces during collision event for Parti€le
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Impulse
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Collision results data analysis

particle10 particle10 particle10 particle10
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 1.568 1.589 1.626 1.595 1.594
Percent
difference
-1.65 -0.36 1.98 0.03
from  Avg.
Impulse
Peak Force
(MN) 288.33 299.14 296.98 287.40 292.96
Percent
difference
from  Avg. -1.58 2.11 1.37 -1.90
Peak Force
CPU Time
51
50
g 40 36
2
§,30 29
g 20
=
10 3
0

particle 10 with particle 10 with particle 10 with particle 10 with

100 elements 1000 elements

250 elements

500 elements

FigureA10.4 CPU computation time vs. model geometry resolution

155




Appendix

Percent difference analysis comparéo particle 10 with 100 elementdor different group

of data
particle 10 with 250| particle 10 with 500| particle 10 with 100C

elements elements elements
Impulse 131 3.68 1.71
Peak Force 3.75 3.00 -0.32
Start Time 0.00 0.00 0.00

CPU Time 633.33 1100.00 1600.00
Simulation Time 8.50 12.00 22.50
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Summary of particle characteristics and collision simulation details for Partle 11 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # . # Mass 11 2 3 \Volume Sfc.r:zrea
ID vertices| elements  (Q) (g (gcrd) (gcrd) (cm®) (cnr)
11
(100 52 100| 31.543| 177806.8 | 156352.41 55574.63 11.16326| 30.61088
elements)
11
(250 127 250| 31.543| 182436.® | 160384.95 57071.93 11.32059| 30.92329
elements)
11
(500 252 500| 31.543| 183552.9 | 161284.03 57554.75/ 11.35805| 31.02494
elements)
11 (1000

502 1000| 31.543| 184326.9 | 161995.29 57823.21| 11.38927| 31.04400
elements)
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
11
(200 2.85741| 2.53635| 0.78911| 1.38644| 210.14163 110.49965 73.54262
elements)
11
(250 2.85650| 2.54056| 0.78846| 1.39292| 212.82684 111.99193 74.50626
elements)
11
(500 2.85333| 2.54000| 0.78761| 1.39446| 213.39666 112.48598 74.78868
elements)
11 (1000

2.85106] 2.54345| 0.78856| 1.39573| 213.84807| 112.71902 75.00649
elements)

Resultant force during collision for particle 11

< 300
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8 50 .

LCE 0 ...... -l

0.002 0.004 0.006 0.008 0.01 0.012 0.014

Simulation time (s)

--------- particle 11 with 100 elements — - particle 11 with 250 elements
— - - particle 11 with 500 elements—— particle 11 with 1000 elements

FigureA11.1 Plot of resultant forces during collision event for Partldle
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Impulse
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FigureA11.3 Peak collision for the four particle geometry resolutions for Pafticle
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Collision results data analysis

particlell particlell particlell particlell
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 1.245 1.268 1.252 1.297 1.266
Percent
difference
-1.62 0.20 -1.08 2.50
from  Avg.
Impulse
Peak Force
(MN) 266.67 271.16 260.34 263.80 265.49
Percent
difference
from  Avg. 0.44 2.13 -1.94 -0.64
Peak Force
CPU Time
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particle 11 with particle 11 with particle 11 with particle 11 with
100 elements 250 elements 500 elements 1000 elements

FigureA11.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 11 with 100 elementdor different group

of data
particle 11 with 250| particle 11 with 500 particle 11 with 1000

elements elements elemens
Impulse 1.85 0.55 4.18
Peak Force 1.68 -2.38 -1.08
Start Time -10.00 -10.00 -20.00

CPU Time 425.00 800.00 1100.00
Simulation Time -2.78 8.89 16.67
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Summary of particle characteristics and collision simulation details foParticle 12 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Inertia

Particle | # _ # Mass 1 2 3 \olume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
12

(200 52 100| 16.572| 64963.2875 42998.01875 29843.29375 5.92413| 22.25529
elements

12

(250 127 250| 16.572| 67911.9375 44894.125 31060.11875 6.05032( 22.53997
elements

12

(500 252 500| 16.572| 69134.11875 45736.475 31541.525 6.10434| 22.65887
elements

12 (1000

elements 502 1000| 16.572| 69537.3875 46011.31875 31671.37188 6.11665| 22.69027
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
12
(100 3.14896| 2.00093| 0.71143| 1.12248| 153.52289 125.02542 48.75355
elements)
12
(250 3.18818| 1.99766| 0.71239| 1.13039| 157.04736 127.73431 49.25926
elements)
12
(500 3.19877| 1.98981| 0.71286| 1.13375| 158.56079 128.74743 49.56935
elements)
12 (1000

3.20899| 1.98568| 0.71283| 1.13451| 159.08156 129.04970 49.57368
elements)

Resultant force during collision for particle 12

--------- particle 12 with 100 elements — - particle 12 with 250 elements
— - - particle 12 with 500 elements—— particle 12 with 1000 elements
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0.0065

0.0085

Simulation time (s)

0.0105

FigureA12.1 Plot of resultant forces during collision event for Parti@e
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Impulse
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FigureA12.3 Peak collision for the four particle geometry resolutions for Paftile
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Collision results data analysis

particle12 particle12 particle12 particle12
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.637 0.660 0.666 0.655 0.655
Percent
difference
-2.70 0.88 1.79 0.03
from  Avg.
Impulse
Peak Force
(MN) 178.28 19457 201.82 203.76 194.61
Percent
difference
from  Avg. -8.39 -0.02 3.71 4.70
Peak Force
CPU Time
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FigureA12.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 12 with 100 elementdor different group

of data
particle 12 with 250| particle 12 with 500| particle 12 with 100C

elements elements elements
Impulse 3.68 4.62 2.81
Peak Force 9.14 13.21 14.29
Start Time 10.00 0.00 0.00

CPU Time 666.67 1133.33 1266.67
Simulation Time 7.14 7.14 2.86
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Summary of particle characteristics and collision simulation details for Partle 13 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Image of particle with 500 elements

Particle statistics (part 1)

Moments ofinertia

Particle |# # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
13

(200 52 100 15.118| 59234.1125 44104.92188 25550.1968¢§ 6.03021| 20.51947
elements

13

(250 127 250 15.118| 61414.475 45618.375 26494.80938 6.14478| 20.68477
elements

13

(500 252 500| 15.118| 62041.875 46094.94688 26737.08438 6.18231| 20.71637
elements

13 (1000 i

elements 502 1000| 15.118]| 62341.9875 46306.32813 26881.6125 6.20062| 20.67666

167




Appendix

Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
13
(100 2.73215| 1.85136| 0.78080| 1.12914| 160.39709 115.99120 58.70737
elements)
13
(250 2.74369| 1.85996| 0.78434| 1.13625| 163.20684 118.26639 59.48446
elements)
13
(500 2.74661| 1.85937| 0.78633| 1.13856| 164.07761 118.81478 59.73814
elements)
13 (1000

2.74571| 1.85845| 0.78939| 1.13968| 164.44705 119.13898 59.89240
elements)

Resultant force during collision for particle 13

--------- particle 13 with 100 elements — = particle 13 with 250 elements
— - - particle 13 with 500 elements—— particle 13 with 1000 elements

0.004

0.006

0.008

Simulation time (s)

0.01

0.012

FigureA13.1 Plot of resultant forces during collision event for Partide
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Impulse
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FigureA13.2 Plots of collision impulse for Particle.

Peak Force
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FigureA13.3 Peak collision for the four particle geometry resolutions for Pafi&le
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Collision results data analysis

particle13 particle13 particle13 particle13
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 0.645 0.654 0.693 0.724 0.679
Percent
difference
-5.00 -3.73 2.08 6.64
from  Avg.
Impulse
Peak Force
177.25 17181 181.24 178.92 177.30
(MN)
Percent
difference
from  Avg. -0.03 -3.10 2.22 0.91
Peak Force
CPU Time
45 41

0

2 30 27

E 23

£

(O]

£ 15

|_

3
0
particle 13 with particle 13 with particle 13 with particle 13 with
100 elements 250 elements 500 elements 1000 elements

FigureA13.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 13 with 100 elementdor different group

of data
particle 13 with 250| particle 13 with 500| particle 13 with 100C

elements elements elements
Impulse 1.34 7.45 12.24
Peak Force -3.07 2.26 0.94
Start Time 16.67 16.67 16.67

CPU Time 666.67 800.00 1266.67
Simulation Time 5.00 10.00 10.00
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Summary of particle characteristics and collision simulation details for Pdicle 14 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Momentsof Inertia

Particle |# # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elementsy  (g) o — — (cm®) (cm?)
14

(200 52 100 15.118| 59234.1125 44104.92188 25550.1968¢§ 6.03021| 20.51947
elements

14

(250 127 250| 15.118| 61414.475 45618.375 26494.80938 6.14478| 20.6847
elements

14

(500 252 500| 15.118| 62041.875 46094.94688 26737.08438 6.18231| 20.71637
elements

14 (1000

elements 502 1000| 12.348| 25816.8093§ 22624.05469 18556.39531 4.54133| 15.97491
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
14
(200 2.73215| 1.85136| 0.82620| 1.12914| 160.39709 115.99120 58.70737
elements)
14
(250 2.74369| 1.85996| 0.82678| 1.13625| 163.20684 118.26639 59.48446
elements)
14
(500 2.74661] 1.85937| 0.82807| 1.13856| 164.07761 118.81478 59.73814
elements)
14 (1000

1.39468| 1.65357| 0.83017| 1.02730| 110.00425 93.84429 78.87398
elements)

Resultant force during collision for particle 14

< 150

Py

S 100

'c

S

g 50

8

£ 0

0.0025 0.0065 0.0105

Simulation time (s)

.........

particle 14 with 100 elements - - particle 14 with 250 elements
— - - particle 14 with 500 elements—— particle 14 with 1000 elements

FigureA14.1 Plot of resultant forces during collision event for Partlde
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Impulse
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—@— Impulse (MN*s)  ceceee Average of Impulse (MN*s)
FigureA14.2 Plots of collision impulse for Particl&.
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FigureA14.3 Peak collision for the four particle geometry resolutions for Padftitle
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Collision results data analysis

particle14 particle14 particle14 particle14
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.489 0.471 0.496 0.499 0.489
Percent
difference
0.07 -3.59 1.54 1.98
from  Avg.
Impulse
Peak Force
(MN) 136.66 139.51 144.29 146.42 141.72
Percent
difference
from  Avg. -3.57 -1.56 1.81 3.31
Peak Force
CPU Time
39
40
30
o 30
9
g 21
£20
(O]
S
=10
3
0

particle 14 with particle 14 with particle 14 with particle 14 with

100 elements 500 elements 1000 elements

250 elements

FigureA14.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 14 with 100 elementdor different group

of data
particle 14 with 250| particle 14 with 500| particle 14 with 100C

elements elements elements
Impulse -3.66 1.47 1.91
Peak Force 2.09 5.58 7.14
Start Time -5.71 -5.71 -5.71

CPU Time 600.00 900.00 1200.00
Simulation Time 1.54 6.15 1.54
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Summary of particle characteristics and collision simulation details for Partiad 15 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of hertia

Particle | # # Mass 1 2 3 \olume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
15

(200 52 100| 27.723| 88110.7875 78874.79375 62025.75625 9.74536| 25.90280
elements

15

(250 127 250 27.723| 90570.21875 80916.79375 63972.19375 9.90897| 26.1412
elements

15

(500 252 500| 27.723| 91321.375 81658.33125 64525.675 9.95298| 26.31748
elements

15 (1000

elements 502 1000| 27.723 91687.8| 81979.91875 64780.0125 9.97037| 26.31432
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Particle Statistics (part 2)

Particle U Ry y Rv L I S
D (cm) (cm) | (cm) (cm) (cm)
15
(200 1.41006| 1.93005| 0.85180| 1.32506| 137.58670 113.36869 97.57527
elements)
15
(250 1.40689| 1.98011| 0.85343| 1.33244| 139.25123 115.23366 98.97827
elements)
15
(500 1.40600, 2.00509| 0.85024| 1.33441| 139.85814 115.67349 99.47254
elements)
15 (1000

1.40612| 2.00494| 0.85133| 1.33518| 140.13748 115.90649 99.66228
elements)

Resultant force during collision for particle 15

z

g/250

o 200

=]

2 150

c

& 100

S

o 50

g 0 —

0.002 0.0045 0.007 0.0095 0.012

Simulation time (s)

--------- particle 15 with 100 elements — = particle 15 with 250 elements
— - - particle 15 with 500 elements—— particle 15 with 1000 elements

FigureA15.1 Plot of resultant forces during collision event for Parti&e
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Impulse
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particle 15 with particle 15 with particle 15 with particle 15 with
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—@— Impulse (MN*s)  ceceee Average of Impulse (MN*s)
FigureA15.2 Plots of collision impulse for Particle.
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—@— Pecak Force (MN)  «ee--- Average of Peak Force (MN)

FigureA15.3 Peak collision for the four particle geometry resolutions for Palfttle
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Collision results data analysis

particle15 particle15 particle1l5 particle15
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 1.058 1.019 1.057 1.061 1.049
Percent
difference
0.91 -2.86 0.78 1.17
from  Avg.
Impulse
Peak Force
(MN) 242.39 204.61 229.47 232.78 227.31
Percent
difference
from  Avg. 6.63 -9.99 0.95 241
Peak Force
CPU Time
45 43

j:n: 29

§ 30

.g 21

(O]

£ 15

|_

4
0
particle 15 with particle 15 with particle 15 with particle 15 with
100 elements 250 elements 500 elements 1000 elements

Figure15.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 15with 100 elementdor different group

of data
particle 15 with 250| particle 15 with 500| particle 15 with 100C
elements elements elements

Impulse -3.73 -0.12 0.26
Peak Force -15.59 -5.33 -3.96
Start Time 10.00 0.00 10.00

CPU Time 425.00 625.00 975.00
Simulation Time 3.33 6.67 0.00
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Summary of particle characteristics and collision simulation details for Partle 16 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

N

A
Wi

«A’{vﬂku
QAT

RS

N

Particle statistics (part 1)

) Moments ofinertia
Particle |# . # Mass 1 2 3 Volrl:1r3ne Sfc.n,?zrea
ID vertices| elements  (Q) (gen?) (gcnd) (gen?) (cme) (cnr)
16
(200 52 100| 21.119| 58609.31875 51294.99063 41848.05| 7.41574| 22.83439
elements
16
(250 127 250| 21.119| 61083.025 53551.275 43457.00313 7.58115| 22.88829
elements
16
(500 252 500| 21.119| 61568.1875 54140.275 43853.70313 7.62501| 22.89512
elements
16 (1000 A
elements 502 1000| 21.119 61892.5| 54416.4875 44034.36563 7.64173| 22.87380
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
16
(200 1.40382| 1.86811| 0.82024| 1.20973| 126.93529 107.88592 90.42115
elements)
16
(250 1.40757) 1.87873| 0.81828| 1.21866| 129.81326 109.87162 92.22491
elements)
16
(500 1.40450[ 1.83972| 0.81538| 1.22100| 130.42958 110.18670 92.86516
elements)
16 (1000

1.40605| 1.84522| 0.80537| 1.22190, 130.81009 110.43219 93.03399
elements)

Resultant force during collision for particle 16

< 200

2 150

_.3

<100

©

£ 50

2

g 0

0.0025 0.005 0.0075 0.01 0.0125

Simulation time (s)

.........

particle 16 with 100 elements — - particle 16 with 250 elements
— - - particle 16 with 500 elements—— particle 16 with 1000 elements

FigureA16.1 Plot of resultant forces during collision event for Parti€le
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Impulse
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FigureA16.2 Plots of collision impulse for Particls.
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FigureA16.3 Peak collision for the four particle geometry resolutions for Palft&le
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Collision results data analysis

particle16 particle16 particle16 particle16
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 0.866 0.896 0.896 0.899 0.889
Percent
difference
-2.58 0.72 0.74 1.12
from  Avg.
Impulse
Peak Force
(MN) 183.63 184.28 194.07 194.53 189.13
Percent
difference
from  Avg. -2.91 -2.56 2.61 2.86
Peak Force
CPU Time 40
40
— 29
§ 30
= 21
£ 20
(]
£
|_
10
3
0
particle 16 with particle 16 with particle 16 with particle 16 with
100 elements 250 elements 500 elements 1000 elements

FigureA16.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 16 with 100 elementdor different group

of data
particle 16 with 250| particle 16 with 500| particle 16 with 100C

elements elements elements
Impulse 3.38 3.41 3.79
Peak Force 0.35 5.68 5.93
Start Time -5.71 -5.71 -5.71

CPU Time 600.00 866.67 1233.33
Simulation Time -1.18 -4.71 2.35
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Summary of particle characteristics and collision simulation details for Paiitle 17 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments o Inertia

Particle |# _ # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
17

(200 52 100 | 37.343| 193189.9375 160617.6125 91723.1| 13.14927| 33.75661
elements

17

(250 127 250| 37.343| 198361.025 165913.75 94653.1| 13.39009| 33.89470
elements

17

(500 252 500| 37.343| 200411.125 167664.75 95733.275 13.47670 33.92991
elements

17 (1000

elements 502 1000| 37.343 201359.3| 168515.7875 96188.99375 13.50899| 33.99911
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Particle Statistics (part 2)

Particle 0 Ry y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
17
(200 2.10494| 2.29350| 0.79810| 1.46421| 187.32728 129.00542 88.99398
elements)
17
(250 2.08191| 2.34870| 0.80453| 1.47310] 190.00184 130.45292 91.26325
elements)
17
(500 2.07937| 2.33507| 0.80716| 1.47627| 190.95815 131.15884 91.83443
elements)
17 (1000

2.07859 2.3325| 0.80680| 1.47745| 191.42857, 131.44073 92.09546
elements)

Rresultant force during collision for particle 17

= 300

2 250

S 200

>

£ 150

(@)

g 100

o 50

o

s O ==

L 0.0025 0.005 0.0075 0.01 0.0125 0.015

Simulation time (s)

.........

particle 17 with 100 elements - - particle 17 with 250 elements
— - - particle 17 with 500 elements—— particle 17 with 1000 elements

FigureA17.1 Plot of resultant forces during collision event for Partigle
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Impulse
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FigureA17.2 Plots of collision impulse for Particle.
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FigureA17.3 Peak collision for the four particle geometry resolutions for Palftitle
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Collision results data analysis

particlel7 particlel7 particle1l7 particlel7
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 1.519 1.526 1.531 1.519 1.524
Percent
difference
-0.33 0.12 0.49 -0.29
from  Avg.
Impulse
Peak Force
(MN) 268.58 283.54 281.11 283.52 279.19
Percent
difference
from  Avg. -3.80 1.56 0.69 1.55
Peak Force
CPU Time
50 47

__40

g 32

2 30

[

-g 23

.Gg-’ 20

|_

10 3
0
particle 17 with particle 17 with particle 17 with particle 17 with
100 elements 250 elements 500 elements 1000 elements

FigureA17.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 17 with 100 elementdor different group

of data
particle 17 with 250| particle 17 with 500| particle 17 with 100C

elements elements elements
Impulse 0.45 0.82 0.04
Peak Force 5.57 4.66 5.56
Start Time -5.71 0.00 0.00

CPU Time 666.67 966.67 1466.67
Simulation Time -5.71 3.33 3.33
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Summary of particle characteristics and collision simulation details for Particlel8 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of India

Particle |# _ # Mass 1 2 3 Volume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
18

(200 52 100| 17.938| 76438.3625 71678.69375 18542.85625 6.31897| 21.05293
elements

18

(250 127 250| 17.938| 78690.0625 73716.75 19150.5687H 6.42732| 21.37752
elements

18

(500 252 500| 17.938| 79291.03125 74229.74375 19381.10469 6.46250| 21.41455
elements

18 (1000

elements 502 1000| 17.938 79853.5| 74755.425 19491.47188 6.48498| 21.42781
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Particle Statistics (part 2)

Particle U Ry Y Rv L ! S
D (cm) (cm) (cm) (cm) (cm)
18
(100 3.06609| 2.19813| 0.78512| 1.14688| 190.04536 80.59340 61.98303
elements)
18
(250 3.06583| 2.21936| 0.78201| 1.15340| 192.72665 82.00146/ 62.86285
elements)
18
(500 3.06062| 2.22096| 0.78351| 1.1%50| 193.36444 82.54102 63.17812
elements)
18 (1000

3.06390| 2.21116| 0.78484| 1.15684| 194.06790 82.78912] 63.34023
elements)

Force magnitude (MN)

.........

— - - particle 18 with 500 elements—— particle 18 with 1000 elements

Resultant force during collision for particle 18

particle 18 with 100 elements- — - particle 18 with 250 elements

0.0055
Simulation time (s)

0.0085

0.0115

FigureA18.1 Plot of resultant forces during collision event for Parti@e
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Impulse
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FigureA18.2 Plots of collision impulse for Particle.
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FigureA18.3 Peak collision for the four particle geometry resolutions for Paft&le
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Collision results data analysis

particle18 particle18 particle18 particle18
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN¥s) 0.688 0.707 0.704 0.711 0.702
Percent
difference
-2.04 0.71 0.16 1.17
from  Avg.
Impulse
Peak Force
(MN) 177.63 186.50 182.15 181.99 182.07
Percent
difference
from  Avg. -2.44 2.43 0.05 -0.04
Peak Force
CPU Time
450 409

E”:

= 300

£

£
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£ 150

|_

20 24 27,
0 .
particle 18 with particle 18 with particle 18 with particle 18 with
100 elements 250 elements 500 elements 1000 elements

FigureA18.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 18 with 100 elementdor different group

of data
particle 18 with 250| particle 18 with 500| particle 18 with 100C

elements elements elements
Impulse 2.80 2.24 3.28
Peak Force 4.99 2.55 2.46
Start Time 22.22 11.11 33.33

CPU Time 20.00 35.00 1945.00
Simulation Time 12.50 8.33 5.56
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Summary of particle characteristics and collision simulation details for Particlel9 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Particle statistics (part 1)

Moments of Ineii

Particle | # # Mass 1 2 3 \olume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
19

(200 52 100| 7.622| 15511.94844 12196.83047 7845.27188 2.78082| 12.82016
elements

19

(250 127 250| 7.622| 16076.9375 12629.11094 8138.37734 2.83440( 12.89259
elements

19

(500 252 500| 7.622| 16241.41094 12716.75156 8251.92266 2.84888| 12.85467
elements

19 (1000

elements 502 1000| 7.622|16312.34531 12771.8101€ 8297.54375 2.85620| 12.85457
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
19
(200 2.09397| 1.68914| 0.74594| 0.87236| 114.15068 85.56383 54.51387
elements)
19
(250 2.09402] 1.69144| 0.75125| 0.87793| 116.15639 87.18085 55.47055
elements)
19
(500 2.09289| 1.70917| 0.75603| 0.8™42| 116.54701 87.89419 55.68721
elements)
19 (1000

2.09038| 1.70903| 0.75733| 0.88017| 116.77298 88.12338 55.86213
elements)

Resultant force during collision for particle 19
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--------- particle 19 with 100 elements — - particle 19 with 250 elements

Simulation time (s)

— - - particle 19 with 500 elements—— particle 19 with 1000 elements

FigureA19.1 Plot of resultant forces during collision event for Parti€le
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Impulse
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FigureA19.2 Plots of collision impulse for Particle.
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FigureA19.3 Peak collision for the four particle geometry resolutions for Pafti:le
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Collision results data analysis

particle19 particle19 particle19 particle19
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.282 0.264 0.269 0.269 0.271
Percent
difference
3.95 -2.38 -0.74 -0.83
from  Avg.
Impulse
Peak  Force g0 19 55.47 55.75 54.91 55.56
(MN)
Percent
difference
from  Avg. 0.99 -0.16 0.35 -1.18
Peak Force
CPU Time
361
360

.

£ 240

£

£

£

= 120

> 19 21
0 o
particle 19 with particle 19 with particle 19 with particle 19 with
100 elements 250 elements 500 elements 1000 elements

FigureA19.4 CPUcomputation time vs. model geometry resolution
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Percent difference analysis comparéo particle 19 with 100 elementdor different group

of data
particle 19 with 250| particle 19 with 500| particle 19 with 100C

elements elements elements
Impulse -6.09 -4.51 -4.60
Peak Force -1.13 -0.64 -2.15
Start Time 0.00 -20.00 -20.00

CPU Time 850.00 950.00 17950.00
Simulation Time -2.00 7.33 6.67
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Summary of particle characteristics and collision simulation details for Partle 20 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements
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Particle statistics (part 1)

_ Momens of Inertia
Particle | # _ # Mass 11 12 3 Volume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
20
(200 52 100| 19.278| 82130.33125 59097.43125 38445.575 7.32677| 23.74987
elements
20
(250 127 250 19.278| 84343.84375 61012.31875 39290.63125 7.43014| 24.04223
elements
20
(500 252 500 19.278| 85015.41875 61606.2625 39496.58125 7.46292| 24.04582
elements
20 (1000
clements 502 1000| 19.278 85490.55| 61969.46875 39709.2375 7.48616| 24.02922
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Particle Statistics (part 2)

Particle U Rg y Rv L I S
D (cm) (cm) (cm) (cm) (cm)
20
(200 2.58238| 2.23103| 0.76812| 1.20487| 163.27246 126.27447 63.22561
elements)
20
(250 2.57800] 2.17941] 0.76590| 1.21051| 165.85980 127.44360 64.33663
elements)
20
(500 2.58049| 2.17042| 0.76804| 1.21229| 166.68620 127.73183 64.59476
elements)
20 (1000
2.57995| 2.17997| 0.77016| 1.21355| 167.17227| 128.06094 64.79667
elements)
Resultant force during collision for particle 20
= 200
=
o 150
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‘€ 100
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g 50
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s O
L 0.0025 0.005 0.0075 0.01 0.0125
Simulation time (s)
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— - - particle 20 with 500 elements—— particle 20 with 1000 elements

FigureA20.1 Plot of resultant forces during collision event for Par@€le
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Impulse
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FigureA20.2 Plots of collision impulse for Partick®.
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FigureA20.3 Peak collision for the four particle geometry resolutions for Pagile
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Collision results data analysis

particle20 particle20 particle20 particle20
Model with 100 with 250 with 500 with 1000 Average
elements elements elements elements
Impulse
(MN*s) 0.796 0.825 0.801 0.838 0.815
Percent
difference
-2.31 1.17 -1.71 2.85
from  Avg.
Impulse
Peak Force
(MN) 170.50 172.39 173.81 179.91 174.15
Percent
difference
from  Avg. -2.10 -1.01 -0.19 3.31
Peak Force
CPU Time
45 41

0

% 30 28

= 22

£

£

= 15

3
0
particle 20 with particle 20 with particle 20 with particle 20 with
100 elements 250 elements 500 elements 1000 elements

FigureA20.4 CPU computation time vs. model geometry resolution
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Percent difference analysis comparéo particle 20 with 100 elementdor different group

of data
particle 20 with 250| particle 20 with 500| particle 20 with 100C

elements elements elements
Impulse 3.57 0.62 5.28
Peak Force 1.11 1.94 5.52
Start Time -5.71 -5.71 -5.71

CPU Time 633.33 833.33 1266.67
Simulation Time 12.00 12.00 16.00
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Summary of particle characteristics and collision simulation details for Paticle 21 (of

50)

Image of particle with 100 elements

Image of particle with 250 elements

Image of particle with 1000 elements

Particle statistics (part 1)

Momentsof Inertia

Particle | # _ # Mass 1 2 3 \olume | Sfc. Area
ID vertices| elements  (g) o — — (cm?) (cmP)
21

(200 52 100| 22.354| 108035.7625 68463.24375 58654.5| 8.70083| 26.68504
elements

21

(250 127 250 22.354| 109533.575 69333.15 59188.76875H 8.72861| 26.79313
elements

21

(500 252 500| 22.354| 110918.9875 70156.4875 59986.4375 8.78849| 26.79078
elements

21 (1000

clements 502 1000| 22.354| 111475.2875 70541.975 60234.5625 8.81151| 26.76800
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