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DEM model that includes all real material properties is not computationally fea

In order to obtain more realistic results, particle energy loss due tgrioltion has

been highlighted by many researchers using various muoaéisplement a reverse
torque.On account of the complexity of the problem, there is no unique model for all
applications (i.e. dynamic and psetatatic regimes). In this researclonk, an in

house developed DEM software (KMPCDEM®) was used to assess the robustness of
three models by comparing the repose angle obtained through the draw down test. The
elastieplastic spring dashpot model was then modified based on considering the
individual parameters instead of the relative parameters of two contact entities. The
results showed that the modified model could produce a higher repose angle. The
modified model was used for the calibration of DEM input parameters in the
simulation of repse angle of iron ore pellets in a laboratory setup of the draw down
test. Comparison of the calibrated DEM simulation (using 0.0007 and 0.75 for the
rolling and sliding friction coefficients, respectively) with the laboratory results
showed a good agreent between the predicted and measured angle of repose. The
non-calibrated DEM simulations are susceptible to error, and therefore, it is strongly
recommended to use the laboratory experiments to characterize the materials before
using the DEM simulatioas a design tool of industrial equipment.

1. Introduction

1.1 Discrete element method (DEM)

It has been about 40 years since the original
development [1] of the discrete method (DEM) and
now it is used with numerous granular assembly
applications [24]. DEM simulation provides a
basic understanding ahe processes undehe
controlled conditioa [5]. This understanding of
the process can also help to modify the strategy of
processes, prevent the test prototypes, identify the
deficiencies in equipment designand likely
redesignof some equipment {8]. Hence, almost
no design could be accegtéor the construction
stage without verification by numerical simulation
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methods (i.e., DEM) or pilot testing. Although
DEM simulation is a powerful design tool, finding
a DEM modethatincludes real material properties
(e.g., shape, cohesion and fracti coefficients) is
not computationally feasible [6]. A real bulk
material for examplea typical conveyor belt [9],
is composedof millions of particles withvery
varied physical and dynamicfeatures different
shapesand size distributions Despite all the
improvements in DEM such asolution ofcontact
modek and attempts to utilizéhe more realistic
particles [10], DEMrequiresa high degree of
simplifications Therefore, the accuracy of the
DEM simulation results and their degree of
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reliability for application in designs depends on the
ability of finding a representative model ftre
bulk materias. Since the bulk behavior of a
particle system is affected bthe collective
interactions of individual particles, it is very useful
to study the nizrial behavior on the particle scale
which is the primary concern of this paper.
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1.1.1 Modelling particle behavior in DEM

In DEM, movements of particlesth@t are
considered as spherésr simplicity) falls into two
groups free falling and collidingstates[7, 11].
Figure *a shows an ith contact betweehe
particles A and B irthe contactpoint of C. A
contact force (fy is working, which is decomposed
to normal (N) and tangential (J components [12].
The in-depth presentations of the mathematica
formulation and computer implementation can be
found elsewhere [11].

@

Generally, the contact deformation and rolling
are two phenomenthatmay occur in the contact
between two particlegl4]. The former isusually
separated into relative translatiomsc{uding both
normal and tangential) and relative rotations. The
relative tangentialdeformation is called sliding.
The governing equation for the translational
motion of particle A (shown ifrigurel-a) can be
written as [12]:

@_ .
|—@— IC+ ‘|@:(O\+ €) 1)

where m and V are the mass and velocity of
particle A respectivelyand t is timeBesides the
contact forceamother force acting on particle A is
the gravitational force, mgSince theforces act at
the contact point between particles A and B mathe
than the particle cemea torque(M;, shown in
Figurel-b) will generate causng particle A to
rotate [13. Thus, the governing equation for the
rotational motion of particle A is:

t
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(b)
Figure 1. A 2D illustration of forces acting on particle A in contact with particle B, a) translational ancb)
rotational motions (Zhou et al., 1999 [13]).

where Xis the angular velocity, and | is the
moment of inertia of particle A. In additidn the
translational and rotational motions, two particles
may roll across each otheiThe tanslational and
rotational motions are clear, but this is not the case
for the rolling. The composition of the translation
of particle centroids and the rotations of the
particles about their centroids is called rolling
motion. It has generally been accepted that particle
roling is a major microscopic deformation
mechanism dunig the flow of cohesionles
granular materials [12, 13].

In DEM simulation, where the particles are
considered spherical, the particlesllide in a
single contact point which mek them rolls freely
[12, 15]. The free rolling feature makes patrticles
move continuously which makes the formation of
a stable heap impossibland finally a flatten
shape is obtained [2, 5, 13Pn the other hand, a
problem of steady movement by rolling is that the
flow behavior developed in this simulation is
completely diffeent from that observed ithe
natural processesThe difference seems to be
originated from a lack of rolling friction (or rolling
resistance in some literature) at contacts.
Hysteresis at the contact point and the effect of
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shape are two main sourcékat contribute to
energy loss due to rollingn real physical systems
[9, 16]. The former is of importance for granular
materials, howevetin practice the effect of shape
is the predominant effect [9, 17, 18].

Figure 2 illustrates the effect of shapm the
energy loss of particleswWhen two circular
particles are in contact, the contact point is always

/n

MierTi

(a)
Figure 2. Calculation of torque for, a) two circular particles and b) arbitrary 2D patrticles (Bagi and Kuhn, 2004
[14)).

Asit was statedheshape plays an important role
in the behavior of granular materials, but it is a
complex factor to model in DEM [9]. As a result,
using the rolling friction as a simple way to
introduce shapike behavior has been highlighted
by many researchers [2, 9,,167, 19, 2e23].
Consequently, they have attempted to express a
reverse torque for rolling friction using different
models. In order toimplement the idea, the
conservation law of angular momentum for the
particle (i.e. Equation?) is rewritten as:

3
i (Ix €+ [g) = @

L G ©)

1.1.2 Application of rolling friction in DEM

Six model types are commonly used to form a
resistive torque and consequently the rolling
friction in DEM.

Group A modek: In these casespnly the
direction of relative angular velocity of the
particles forming the contad important[13, 24,
25]. The rolling resistance torquk|, is defined
as;

€ ds (s 4

where, J,, Fi, Xycjand Ry are the rolling
friction coefficient, contact normal force, relative
angular velocity of the particles forming the
contact and effective radius, respectively.
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in the same direction dhe line connecting the
centers of two paitles (i.e., normal direction)n

this case, the normal force could not prodace
torquethat could resist to rolling. For the case of
two arbitrary particles (with real shape), botie
tangential and norah forces could create torque.
The former causes the rotation of particle and the
latter acts to oppose rolling motion [14].

M;=rxT;
Mir =1 X N;

(b)

Group Bmodels Despite the above modelsoth
magnitude and direction afelative angular (or
translational) velocity at the contact due to rolling
are important{5]. The resistive torque in type B
models is of the form;

| = Fésds (i1 F i) (5)

Group Cmodels Is a class of elastiglastic
spring dashpot maids that compositesthe elastic
and viscous part414, 16, 26, 27]. The general
form of group C models is defined Bguation(6).

l:= 1F+ 17 (6)

The elastic part of the group C models rolling
resistance ¢M ) is defined in an incremental way
by the following;

(7)

wherek is a parameter known as the rolling
stiffnessthatcharacterizes the compliance (defined
as 2JRf with J being a dimensionless
coefficientthatvaries theoretically from 0.25t0 0.5
and found to be close to 0.5 for hard particles on a
flat surface [16). and & is the time step in DEM
calculations. The cumulative form Bfuation(7)
is:

¢ F= Fliiggel

F _ £ .
I sec= it ek

> 8
Héf(><'(+c/£a ()

Where
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is the limiting spring torquéhatis achieved at a
full mobilizationrolling angle

The viscous componeiii F*D is of the form

Mo, = G e EME g <M
’ [4

. (10)
0, otherwi

wherethe damping rateQ) is defined asC,=
2D¥ k, with | jbeingthe equivalent moment of
inertia and O, being the rolling viscous damping
ratio.

Group Dmodels These models tend to apply a
resistive torque that is related to the angular
velocity of eachindividual particle (i.e.,Xgor Xy
rather than the relative behavior of a pair of
contacting particles [15, 19]. Equation (11)
describes one example of this type of rolling
friction models.

X X

_ 7 A= %
Mi=- o F Al Mj=- 4 F; Y
Group Emodels These models are related to the

rolling velocity (V,; defined inEquation(12)). The
form of these models is given Bguation(13).

&= F4; Ix (i F) (12)

with the unit vectom pointing from the center of
particlej to the center of particle i.

le= G&el G& Q& (s (13)

Group F models The force base models are
defined as:

| = 4;

c c

(11)

x4 (14)

The rolling force R;) can be computed as two
following equations:

Ry=sgn(-Vye) xmin ( 6myl Vigll, oI Nil);

(15-a)
Vier=rx(" %+ X)
Ry= Fo xmin ( Roxs «|Nl)
Rok ’ (15-b)

Rox=-kr U-GV

To the best of our knowledge, llemajor types
of rolling friction models used in DEM simulations
could be classified in one of the six outlined model
groups. It has also been reported the successful
application of almost all models to reproduce the
real results by various researchers 19, 20, 24,
27-30]. In general, the difference betwedme
rolling friction models arises from the nature of the
specific problem studied. For instance, some of
these models have been presented to stiiee
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geomechanical problems such as the simulatfon o
shear band development [2, 12, 18, 28, 29]. Others
were related tdehe theoretical investigation of the
particle rolling on a flat surface [5] or the role of
therolling friction in granular packing [30]. The
main objective of a large number of studies
been to reproduce a stable pile with a specific
repose angle [9, 13, 20, 24, 27, 30]. Accordingly,
it seems thathe rolling resistance models are case
specific. For example, the simulation results
reported bythe researchers have been shown that
the group B modelsdo not have the necessary
efficiency to form a stable pile. In short, it could
be stated that on account of complexity of the

problem, there is no unique model for all
applications (i.e. dynamic and psetstatic
regimes).

we believe tht the best way to solve the problem
of the ambiguity of the rolling friction model
selection in the DEM relations is to evaluate the
existing models and try to modify theragarding
the objective of the research. In addition to the
difficulty of selectirg the optimal rolling friction
model, the determination tfie model parameters,
such as rolling friction coefficient, and generally
all the input simulation parameters (i.e.,
calibration) is a challenging et in DEM
simulations [3637].

1.2 Calibration of DEM simulations

Individual simple experiments such as the angle
of repose (AoR) in various testing methods are
commonly used akereference for the calibration
of cohesionless and frdé@wing bulk materials
[24, 27, 31, 32, 34, 36, 38, 39]. The coomtests
are lifting cylinder, shear box, hopper and draw
down. Generally,the calibration isarried outby
systematic variation of the parametére., triat
anderror) or using the optimization algorithms
[40] until a suitable combination of input
pamameters is found. In other wordbg key input
parameter®f DEM simulation(rolling and sliding
friction coefficients) which mainly influence the
macroscopic behavior of bulk materialare
regularly changeduntil similar results tothe
laboratory testare numerically replicated in DEM
Since the lifting cylinder, shear box and hopper
tests describe onlypseudestatic regime, the draw
down box focusing on botlthe dynamic and
pseudestatic regimes is preferred by researchers
[41].

A full access toan inhouse developed DEM
software (KMPGev®) source codes enabled us to
add or modify the algorithms and related
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relationships. The objective difie present work

was to assess the robustness of three models of

rolling friction and calibration of input pameters

by comparing the repose angle of iron ore pellets
obtained through the draw down test in a laboratory
setup. A welaccepted model of rolling friction
was then modified and applieelDEM relations of
KMPCpen®. The simulation results showeHat
the modified modelwas able to produce high
repose angles. Finally, a comparison of the
calibrated DEM simulation andhe laboratory
results showed a good agreement.

2. Materials and methods
2.1 Experimental setup

The calibration experiments were conducted
using the draw down test representing the

Journal of Mining & EnvironmenPublished onlin

discharge of a hopper. The dimensions of the
experimental setup (including two boxes) are given
in Figure3-a. The depthsvere 100 mm and 160
mm for the upper and lowéox, respectively. The
outlet opening was set to a width of 110 mithe
overviews of the draw down tesbefore andafter
opening the flapare shown inFigure 3-b. As a
result, four experimental reference criteiishown

in Figure 4) in one testcould be generated41].
The criteria are the followirgg

X AoR in the lower box §,)
X Mass flow raterf§; )
X Shear angle in the upper boX ()

X Discharged mass in the lower baow ()

-
g
=
(=3
(=3
e}

600 mm

(@)

)

beads).

(a)
Figure 4. The schematicrepresentationof the four criteria in the calibration process a) dynamicregime, b) static
regime.

'I“h-

b8

e,
o .

(b)
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2.2 Experimental conditions and procedures

A sample of iron ore pellets classified as 17 mm
(i.e., the top size) was uséor the experimental
investigations. The pellets generally have high
porosity and a mechanical strengthand low
adhesion Figureb). The material was easy to
handle and represented a typical «cohesive and
free flowing material. Furthermore, this material is
a common typéhatKMPC often deals with and it
wasrequiredto characterize to find a DEM model
for future works. The patrticle size distributioh
the pellets is given in Table 1. The test was
repeated three times to chablerepeatability. The
test procedure was filmedising a high-speed
camera andsome photos were also taken.

Table 1 Patrticle size distribution of iron ore pellets

Size (mm  Fraction (%
17 8
15 13
14 39
11 28
10 12

The repose and shear angles in photos were
exactly measured in degrees by an electronic
protractor goniometegifMB-Ruler version 5.0)The
mass flow rate was estimated by image processing
the films based on 2 seconds of entire falling time.
In the conducted experiment, the discharged mass
in the lower box was weighed.

Journal of Mining & EnvironmenPublished onlin
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Figure. Sample of iron ore pellets.
2.3 Simulation conditions and procedures

For the numerical investigations, identical
conditions (both setup and PSD)thé laboratory
experiments were used for the simulations. Table
2 indicates the parameters used in the simulations.
Consideringthe four criteria and based on tral
anderror praedure (at different coefficients of
friction with 0.0001 intervals for rolling and 0.05
for sliding), the calibration was carried out. In this
way, 35 simulations wereequireduntil a suitable
combination ofthe rolling and sliding friction
coefficients was found. After performing each
simulation, three snapshots were taken and the
repose and shear angles the photos were
measured. Knowing the position and velocity of
all particles in DEM simulations, the mass flow
rate was calculated for 2 s of sition for the
falling particles. The discharged mass in the lower
box was calculated by means of the density and
radius (i.e., volume) dthe particles located in the
lower box.

Table 2. DEM parameters used forthe calibration simulations.

Parametet Initial value Calibrated value’ Unit
Number of particle 3237(
Density 786( Kg/m?
Elasticity modulu 0.24 MPa
Coefficient of rolling frictior 0 0.000°
Coefficient of sliding frictiol 0.t 0.7t
Coefficient of restitutio 0.7t
Viscous rollingdamping rati 0.2
< for calculation of rolling stiffnes 0.4
Cohesive forc 0 N
Time ste| 1.7x10* s
Poisson’s rati 0.2

"Explained in Section 3

3. Results andDiscussion
3.1 Assessment of rolling friction models

The primary objective of the present work was to
evaluate the performance of three more accepted
models of rolling friction (i.e.models A, B, and

C). To this end, these models were investigated
based on producing an AdR the lower box for

the static regime. Since we were interested in the
overall understanding of the performance of
models, we chose the scaled down setup (i.e., 1:10)
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with low resolution to quickly perform the
evaluation. In other words, three simubais
(Figure 6) were conducted for 31886 mesized
particles (i.e., 1.7 mm) and for a period of 20 ke
results obtained showed that for a given rolling
friction coefficient (i.e., 0.1) these models could
produce similar AoR in the lower box for thetgta

Journal of Mining & EnvironmenPublished onlin

spring dashpot model) provided a more stab&ar
angle in the upper boxt was inagreementvith
the researchers whwadreported thathe group C
modelscould provide stable torques and appehr
towork in various cases [12, 16, 4Hccordingly,
this wellaccepted model was selected for more
investigations irthe dynamic regime.

regime, but onljthetype C model (elastiplastic

@ (b) (©

Figure 6. AoR tests- particle size: 1.7 mm- simulation time: 20 s- A = U U a) type C model, b) type
B model and c) type C model.

Figure7 showsacomparison between AoR in the
lower box for the dynamic regime at different
rolling friction coefficients. Since this model could
not produce relatively high repose angles (e.g., 29°

for the repose angle of iron ore pellets) even by
using high values of rolling friction coefficient
(e.g., 0.7), it was decided to modify the general
form of the model.

o :«:';r‘ = 4

.
e 2w

(@ (b) (c)
Figure 7. AoR tests- particle size: 1.7 mm- simulation time: 2 s- type C model, a) A = U(without applying the
rolling friction model), b) A= UUandc) A= Ua

Ai et al. [16] have claimed thatthe models in
category D are not efficierdincethe contact pair
torques are not at equilibrium. In all models, except
for the group D models, the resistance torque is

applied as an equal to the particles forming the
contact. In this manner, the variables (e.g.,
angular velocity, radius and momeniradrtia)
requiredto calculate theesistance torque are



Nematollahet al

consideredasthe relative quantities It seems
that referring tadheNewton’s third lawthe torque
applies in this manner [17], while there is no
rational reason to applis law to moments like
forces.

When the particle size distribution is narrow, the
variables of particles such as linear amular
velocity during a simulatio run are close to each
other. Hence, using the relative parameters in
resistance torques cannot create the sufficient
friction in cases except facing collisions to stiop
steady movement of paes by rolling.
Accordingly, two different resistance torques must
be applied tahe particles forming the contact by
consideringthe individual parameters instead of
therelaive values

(@)
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In spite of rejection of group D models by &t
al. [16], the results of the present papeig(ire8)
showed that the modification ahe group C
models based on the concept of group D models
could producea higher AoRfor a given rolling
friction coefficient. By this approach, a fewer
number of simulationss requiredo be performed
in trial-anderror procedure (i.e., systematic
variation of the parameters) for the calibration
process because the desired similargyfaster
observed. The general formtbe modified model
is similar tothegroup C models but the individual
angular velocity, radius and moment of inertia of
each of two contact entities are used insteatef
relative angular velocity, effective radiuand
equivalent moment of inertia, respectively.

(b)

Figure 8. AoR tests- particle size: 1.7 mm- simulation time: 2 s- A = U Ja) type C model, b) modified type C

model.

3.2 Calibration results

The modified model was exerted ithe
KMPCpen® codes and then identical conditions
(both setup and PSD) tife laboratory experiment
were used fothe calibration simulationslable 3
provides a summary of four reference criteria
measured ithelaboratoy setup and in simulations
with only three combinations of rollingJp) and
sliding ( Jq) friction coeficients from 35
combinations. Each measurement was repeated
three times (for bottheleft and right anglesknd
then the average and standard dewsti(5TD)
were reported (Table 3).

The final results of the calibration for iron ore
pellets using coefficient of sliding friction of 0.75

and coefficient of rolling frictionof 0.0007 are
shown inFigure 9. Comparison of the simulation
and laboratory rests showed a good agreement
between the predicted amlde measured angle of
reposeThe small differences seem to be originated
from not considering the particle shape effects and
assuming aspherical shape for particle®n the
other handthe shape cartauseboth rotationand
resistancewhereasrolling friction always actsn

the opposte direction ofrolling motion. In this
way, it is not unusual to observe somewhat higher
angles in simulations in comparison tite real
systems.The main outcome of thisork could be
stated as the accuracy tife simulation results
considerably depeimb on the calibration process.
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Table 3. Four reference criteria (simulation and experiment) at differentombinations of rolling and sliding
friction coefficients.

A Simulation Experiment
’ 0; 0.F 0.0003; 0.6 0.0007; 0.7

Sut Average (deg.) 22.6 25.7 28.6 28.5
STD (deg. 0.4 0.8 0.8 1.C

Thy Average (deg.) 16.6 20.4 36.8 35.5
STD (deg. 0.7 2.€ 0.€ 11

my, Average (kg) 67.6 59.3 55.6 57.1
STD (kg 0.E 0.€ 11 0.4
me; Average (kg/< 4.5 4.C 3.1 3.t
STD (kg/s 0.8 0.8 1.C 0.5

(a) (b)

() (d)
Figure 9. Results of the calibration: a) laboratory experiment, b) simulation usingA = 0 and A = 0.5, ¢)
simulation using A = 0.0003 andA = 0.65 and d) final simulation usingA = 0.0007 andA = 0.75.

4. Conclusions ca® of pellets used in theork must be to 0.0007
The inhouse developed DEM software and 0.75, respectivelin orderto make spherical
(KMPCoen®) was used to assess the robustness of particles to behave like a bulk material made up of

. - real particles. Since the non-calibrated DEM
three models of rolling friction. The results simulations are brone to erroit is stronal
obtainedshowed that the modified elastptastic P v ; gy
spring dashpot model could produce a more recomme_ndedotusetheI_aboratory experiments to
realistic angle brepose for iron ore pellet8y characterize the materials before using the DEM

performing simulations, it was found that the simulation as a design tool in plants.
coefficient of rolling and sliding frictions in the



Nematollah et al

Acknowledgemens

The authors would like to thartke Gol-E-Gohar
mining and industrial company for suppog this
researchwork. A special appreciation is also
extended to Mr. Ansari ag member of the
KMP Cpen® development group.

References

[1]. Cundall, P.A. andStrack, D.L.(1979. A discrete
numerical model for granular  assemblies.
Geotechnique?9: 47-65.

[2]. washita, K. and Oda, M. (2000. Micro-
deformation mechanism of shear banding process based
on modified distinct element methodPowder
Technology 109 192-205.

[3]. Scharpf, D(2008. DEM Applications: Simulation
of Particulate Solids Handling and Processing
Operationasing the Discrete Element Method. Vision
of Engineering Analysis and Simulation: NAFEMS
Company, Developer of EDEM Softwa@30.

[4]. Coetzee, C.J. aridls, D.N.J.(2009. Calibration of
discrete element parameters and the modelling of silo
dischargeand bucket fillingComputers and Electronics

in Agricultures 65: 198-212.

[5]. Kondic, L. (1999. Dynamics of spherical particles
on a surface: Collisiecinduced sliding and other effects.
Physical review E60: 751-770.

[6]. Grima, A., Hatel, D., Curry, D., Wypych, Rand
LaRoche, R.(2011). The beginning of a new era in
design: Calibrated discrete element modelling.
Australian Bulk Handling Reviewi4-21.

[7]. Hasankhoei, A.R., Malekiloghaddam, M. Haji-
Zadeh, A., Barzgar, M.E. arghnisi, S.(2019. On dry
SAG mills end liners: Physical modeling, DEbAsed
characterization and industrial outcomes of a new
design. Minerals Engineering41 105835

[8]. Ghasemi, A.R., Hasankhoei, A.R., Parsapour,
Gh.A., Razi, E.and Banisi, S.(2020. A combined
physical and DEM modelling approach to improve
performance of rotary dryers by modifying flights
design.Drying Technology1-18.

[9]. Wensrich, C.M. andKatterfeld, A.(2012. Rolling
friction as a technique for modelling particle shape in
DEM. Powder Technology17: 409-417.

[10]. Podlozhnyuk, A., Pirker, S. artloss, C.(2017.
Efficient implementation of super quadric particles in
Discrete Element Method within an opsource
framework, Computational Particle Mechani¢s101-
118.

[11]. Ghasemi, A.R., Razi, E. arBanisi, S.(2020.
Determining a lower boundary of elasticity modulus
used in the discrete element method (DEM) in

Journal of Mining & EnvironmenPublished onlin

simulation of tumbling mills. Advanced Powder
Technology31: 13651371

[12]. Iwashita, K. and Oda, M. (1998). Rlling
resistance at contacts in simulation of shear band
development by DEM. Journal of Engineering
Mechanics 124 (3): 285292.

[13]. Zhou, Y.C., Wrght, B.D., Yang, R.Y., Xu, B.H.
and Yu, A.B. (1999). Rolling friction in the dynamic
simulation of sandje formation. Physica A269 536
553.

[14]. Bagi, K. andKuhn, M.R. (2004). A definition of
particle rolling in a granular assembly in terms of
particle translations and rotations. Journal of Applied
Mechanics71: 493501.

[15]. SakaguchiH., Ozaki,E. andigarashi, T.(1993.
Plugging of the flow of Granular materials during the
discharge from a silo. International Journal of Modern
Physics B7: 19431963.

[16]. Ai, J., Chen, -F., Rotter, J. M. andoi, J.Y.
(2011. Assessment of rolling resistaneeodels in
discrete element simulations. Powder Technal @9
269-282.

[17]. Wensrich, C.M., Katterfeld, A. an&ugo, D.
(2014. Characterization of the effects of particle shape
using a normalized contact eccentricity. Granular
Matter. 16: 327-337.

[18]. Zhao, C., Li, C. andHu, L. (2018. Rolling and
sliding between nospherical particles. Physica 492
181-191.

[19]. Bardet, J.P. andHuang, Q.(1992, Numerical
modeling of micropolar effects in idealized granular
materials. Mechanics of Granuldiaterials and Powder
Systems37: 85-92.

[20]. Baxter, J., Tuzun, U., Burnell, J. ahtbyes, D.M.
(1997. Granular dynamics simulations of two
dimensional heap formation. Physical review 35:
35463554.

[21]. Estrada, N., Azéma, E., Radjai, F. afaboada, A.
(201)). Identification of rolling resistance as a shape
parameter in sheared granular media. Physical Review
E: Statistical, Nonlinear, and Soft Matter Physics,
American Physical Societ$$4: 011306

[22] Fukumoto, Y., Sakaguchi, H. amdurakami, A.
(2013. The role of rolling friction in granular packing.
Granular Matter15 (2): 175-182

[23] Horabik, J., Parafiniuk, P. ahdolenda M.(2017.
Discrete element modelling study of force distribution
in a 3D pile of spherical particleBowder Technology
312 194203.

[24]. Zhou, C, Xu, B.H., ZOU, R.P., Yu, A.B. ardulli,

P. (200]). Stress distribution in a sandpile formed on a
defected base. Advanced Powder Technolagy401-
410.



Nematollah et al

[25]. Zhou, C., Xu, B.H., Yu, A.B. andulli, P. (20).

An experimental and numerical study of the angle of
repose of coarse spheres. Powder Technolt®fy 45

54.

[26]. Jiang, M.J., Yu, HS. andHarris, D.(2005. A
novel discrete model for granular material incorporating
rolling resistance. Computeasnd Geotechnic82: 340-
357.

[27]. Li, C., Honeyands, T., O'Dea, D. ahbrenc
Atanasio, R.(2017. The angle of repose and size
segregation of iron ore granules: DEM analysis and
experimental investigation. Powder Technolo820C:
257-272.

[28]. Oda, M.,Konishi, J. andNematnasser, S1982.
Experimental micromechanical evaluation of strength of
granular materials: Effects of particle rolling.
Mechanics of Materialdl: 269-283.

[29]. Oda, M.and Kazama, H1998. Microstructure of
shear bands andsitrelation to the mechanisms of
dilatancy and failure of dense granular soils.
Geotechnique48 (4) 465481.

[30]. Barrios, Gk.P., Carvalho, R.M., Kwade, A. and
Tavares., L.M(2013. Contact parameter estimation for
DEM simulation of iron ore pellehandling. Powder
Technology 248 84-93.

[31]. Frankowski, P. andMorgeneyer, M. (2013).
Calibration and validation of DEM rolling and sliding
friction coefficients in angle of repose and shear
measurementsProc, 7th International Conference on
Micromechaics of Granular Media (AIPL542. pp.
851-854.

[32]. Santos, K.G., Campos, A.V.P., Oliveira, O.S.,
Ferrera, L.V., Francisquetti, M. C. ariBarrozq M.A.S.
(2014). DEM simulations of dynamic angle of repose of
acerola residue: A parametric study using a response
surface technique, Proc, XX Brazilian Congress of
Chemical Engineering, Brazil.

[33]. Boemer, D. andPonthot, G.P. (2016). DEM
modeling of ball mills with experimental validation:

Journal of Mining & EnvironmenPublished onlin

influence of contact parameters on charge motion and
power draw. Computational Particle Mechanics. 4.
https://doi.org/10.1007/s405001.6-01254.

[34]. Cheng, N.S. andZzhao, K. (2016). Difference
between static and dynamic angle of repose of uniform
sediment grains. Internatial Journal of Sediment
Researchhttps://doi.org/10.1016/}.ijsrc.2016.09.001

[35]. Bablena, A. andHungary, G. (2017). DEM

Calibration: a complex optimization problem,
International Conference on Control, Artificial
Intelligence, Robotics & Optimization, Athens, Greece.
pp. 198201.

[36]. Beakawi, HM., Al-Hashemi, Baghabra, O.S. and
Al-Amoudi, (2018. A review on the angle of repose of
granular materials. Powder Technology. 330:-327.

[37]. Alizadeh, M., Asahi, M., Ghadiri, M., Bayly, A.
and Hassanpour, A. (2018). A methodology for
calibration of DEM input parameters in simulation of
segregatio of powder mixtures, a special focus on
adhesion. Powder Technology. 339: 5.

[38]. Roessler, T. anHatterfeld, A. (2018). Scaling of
the angle of repose test and its influence on the
calibration of DEM parameters using upscaled patrticles.
PowderTechnology. 330: 586.

[39]. Jin, F., Xin, H., Change, C. ar®un, Q. (2011).
Probabilitybased contact algorithm for nepherical
particles in DEM. Powder Technology. 212: 1B44.

[40]. Benvenuti, L., KlossC. andPirker, S.(2016.
Identification of DEM simulation parameters by
Artificial Neural Networks and bulk experiments.
Powder Technology291: 456-465.

[41]. Roessler,T., Richter, C., Katterfeld, A. and/ill,

F. (2019. Development of a standard calibration
procedure for the DEM parameters of cohesionless bulk
materials— part I: Solving the problem of ambiguous
parameter combinations. Powder Technol@43 803

812.



https://doi.org/10.1007/s40571-016-0125-4.
https://doi.org/10.1016/j.ijsrc.2016.09.001.

UBEOcM —lv» A %] -Ew, Y Y% Ye. FAdY

E<,o- FEZA°"-FliPe Af""3 EY, BYZ$AdkZA
LANAIEZAA |A® E{+A» A -Z"»

TECTA] |AEY . BESENZ« ZEGIN'ZAE Y

VY EEWEE Y BZB%EE €AAZ] |1E« AZ  ©e¥{ ,%| » Ef|ALE» Sz]
BYEEX»EZE{YA» EcAMEQcCcZAl-~ve , €»

%o € Ep Bt Y

Banisi@uk.ac.ir cZ*eZ°» pAX"» A|A"EA,

All°q

AJAE» we cY,i@lrve BEAr|EH §-FETEN ERIXA — |IEPe HXE|%AY @ TARAAAY BYsmY % A

B3 A 1AYeRAe |(BASLIEERZ AT Zv>» ™ Zhu YAEME A efBEEY « A QERY « FEEfNEBF 3 A —

EBIA AWAPE HifleWRE] J&eBZ{«AM di|] EY & B s XiFg vh YR (YA EZYRFA

o ERTAART E{€7]1€// wAA Zle ,piAT& A% EAT E€EZM A ZA{Y M STAZ IVZ]s YA ZEH WP

AZE» 2E€— Nifui»ECAMRNCELC) E»AlSy &fFi-ve MEY AJEA{ANBaYYZAE{ °A A «Y|EZa -E

of €13+{ cYe} EW,m EZAEf»Y -ZEABTECIRH UG & O V.L7 Y €A1 €2 K HM»M d//f]|] Y€« AEA

YBATIIEYEN-Z7 of py» BEWOINEFBABY$Z]sO//Y p|» ATHY 8 Q/ZIYERMEZTEZAEf»YeZa EZ|

A EAZ IBREZAIMBIZ~» |/« BABSM YA B [/ZBEAS M AR AT {» ©E AL BAANE {B Al EZAET» Y o Z

BLARE™ Y|iaBEdAY AT % YikeokGA £ -Z°"« YENEEN B OF5AM0007 €E {2-A{Z {H{y 1Z3 BIP<E+Z

JEf ABIEZEAE] EYAENZIEZT oY A{ZESHYRIYARNGE M EEDZ] EZ7y | " »EvNINYBRI{Z™ %A|]
{A< A{ZZAIY< BEeX»} BhMby EYE] EAZBAEEY »M EZA

Y RWME EBZPABAT LY ZAKYE EZAEI» VefZ223 EYEMY %A Ys,



mailto:Banisi@uk.ac.ir

