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Abstract
Granular conical pile consisting of a large number of particles of various sizes are
frequently encountered in industries and nature. Size segregation in the pile is known to
occur as the piles are being formed. This work studies the shape, repose angle and size
segregation of a pile of binary size pellets in small-scale experiments as well as
computationally using the discrete element method (DEM). The simulations were found to
be consistent with the experiments, which indicate the applicability of DEM for predicting

the conditions at pile formation of spherical particles. The fines mainly percolate into the
space between the coarses and concentrate in the centre of the pile, while coarses slide
along the free surface, move toward the bottom of the pile and primarily distribute on the
bottom and on the free surface of the pile.
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1. Introduction
Granular materials are in abundance in nature and are also estimated to constitute over 75%
of all raw material feedstock to industry. They have been extensively studied by both the
scientific and engineering communities. They sometimes display behaviour that is counter
intuitive and a full understanding remains elusive. One of the classic problems in granular
mechanics is the formation of sandpiles. Granular piles have attracted much interest due to
the rich physical phenomenology and the number of curious effects that they exhibit. The
behaviors of the granular matter in sandpile can be observed in the fields of soil mechanics,
chemical engineering, powder technology, pharmaceutical engineering, environmental
sciences, mineral processing, ironmaking and steelmaking and so on. A full understanding
of the static and dynamic mechanisms of pile formation could contribute remarkably to
development of new granular storage and transportation and to enhance the efficiency of
various granular technologies. This is the reason why such a large number of studies
concerning the nature of sandpiles and stockpiles have been performed in the past years,

and will be continuing in the future[1-6], where the reference[1, 2, 4] are focused on various
mathematical models to study the pile and others[3, 5, 6] analysized experimentally the static
mechanisms of pile formation.
Along with significant progress in the computational power and algorithms, the discrete
element method (DEM) is becoming a mature and feasible numerical method for analyzing
discontinuous media since its original development by Cundall and Strack[7]. Today DEM
calculations can be performed on a personal computer with less than 1millons particles and
on a supercompter or GPU computer with far more particles. This technology has been
extensively applied to calculate different granular flows in industrial units, including drum
mixers,[8, 9] fluidized beds,[8] hopper charging, discharging flows,[10] inclined chutes[11, 12]
and burden distribution along radial direction in blast furnaces[13, 14]. Herrmann[15] proposed
a simple 1-D model to calculate the reposed angles of a conical pile considering the size
segregation of different types of particles. Standish et al.[3] investigated experimentally the
overall bulk density of a coal pile and found that there was a relationship between bulk
density and a number of variables, viz. flow rate, conveyor belt speed, height of the
disengagement point of the conveyor belt, coal particle density, moisture content, size of
the pile and coal particle size distribution. Matuttis[16] modeled granular piles in two
dimensions using molecular dynamics with convex polygons and pointed out that the
repose angle is dependent on the size dispersion of the particles and the minimum pressure
appears under the apex of the pile. Ai et al.,[17] experimentally studied the pressure dip
phenomenon in a conical pile of granular matter and the effect of the pouring rate, pouring
height and deposition jet size on the pressure dip formation. Other researchers, including
Zhou et al.,[18] Brockbank et al.,[19] Majmudar,[20] Cates et al.,[4] Zuriguel[21], Angelillo et

al.,[22] and Oron by simulations[23] focused on the force (stress) distribution in the pile.
Although many researchers have studied conical in experiment[15, 16, 24, 25] and wedgeshaped piles in experiment and simulation,[1, 2, 16, 18] the shape and repose angles of the pile,
have not attracted much attention in DEM studies, as well as size distribution along the
radial direction. In order to understand the behavior of particles in a pile in more details,
experimental work combined with numerical modeling should be performed.
The primary objective of the present work is to validate a computer model based on DEM
with experimental results. The second section of the paper introduces the simulation
method, procedure and parameters, while the third section describes the experimental
method and the equipment. Additionally, a comparison between the experimental and
numerical results is reported. The final section presents some conclusions of the study.

2. Discrete element method

Fig.1 Model of interaction forces between particles in DEM

In DEM, the motion of particles, both translational and rotational, can be described by
Newton’s second law of motion combined with a force-displacement correlation at the

points of contact between the particles. In the discrete element method (DEM)[7], the
particle contact model (Fig. 1) is represented by a spring and a dashpot, representing the
elastic and plastic nature of particles in the normal direction. In the tangential direction, the
model representsa frictional slider, a spring and a dashpot. For a particle, i, the governing
equations in interaction with another particle (j) are[26]
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Where ui, Ii and ωi are the translational velocity, moment of inertia and angular velocity,
respectively. The forces are the gravitational force and the inter-particle forces: The latter
include the normal and tangential contact forces, 𝐹𝑐𝑛,𝑖𝑗 and 𝐹𝑐𝑡,𝑖𝑗 , and damping forces,Fdn,ij
and Fdt,ij. These forces are summed over the n particles in contact with particle i and depend
on the normal and tangential deformation, 𝛿𝑛 and 𝛿𝑡 . The torque, in turn, includes two
terms, arising from the tangential force, 𝑇𝑡,𝑖𝑗 , and the rolling friction, 𝑇𝑟,𝑖𝑗 .The hardness
of the particles and the dashpot are obtained from Young’s modulus and the coefficient of
restitution, respectively. Finally, the friction is expressed with a Coulomb-type friction law.
All of forces and torques are presented in Table 1[13, 27] with the following equations.
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Where E and  are the Young modulus and Poisson ratio of the particles, R and G denote
the radius and shear modulus of each particles, while g, e, µ𝑠 and µ𝑟 express
gravitational acceleration, the coefficients of restitution, static friction and rolling friction,
respectively.

Table 1 Forces and torques acting on particle i.
Forces and

Symbol

equation

contact

Fcn,ij

−𝑘𝑛 𝛿𝑛

damping

Fdn,ij

−𝜂𝑛 𝑉𝑛,𝑖𝑗

contact

Fct,ij

torques
Normal forces

Tangential forces

damping

Fdt,ij

−𝑘𝑡 𝑡
−𝜂𝑡 𝑉𝑡,𝑖𝑗

Rolling

torque

Tt,ij

𝑅𝑖 × (𝐹𝑐𝑡,𝑖𝑗 + 𝐹𝑑𝑡,𝑖𝑗 )

friction

Tr,ij

−µ𝑟 |𝐹𝑐𝑛,𝑖𝑗 |𝑅𝑖 ′

Gi

𝑚𝑖 g

torque
Global

gravity

The motion of each particle is tracked, and interacted with other particles or boundaries is
considered in the simulation. Forces (normal elastic force, tangential elastic force,
tangential force, normal force and gravitational force) and torques are calculated based on
interaction of particles and the physical properties of the entities, including the hardness of
particles, expressed with a spring, and the particle energy dissipation, expressed with a
dashpot.[28, 29] The hardness of the particles and the dashpot are related to the Young’s
modulus and the coefficient of restitution, respectively. The friction between entities is
defined with a Coulombic type of friction, limited below by the maximum static friction
and implemented with a friction factor based on the physical properties. The particle forces
and torques are calculated which lead to new particle movement and new positions.
Additionally, all the forces and the torques involved in motion are given by the EDEM[30]
software applied in this study.
Procedure of the simulation for the formation of a pellet pile was as follows: two different
size of spherical particles (5501 with diameter=1.5 mm and 3116 with diameter=3.5mm)
were mixed uniformly and adequately and were charged into the hopper without overlap
before each simulation began. The particles were then allowed to settle under gravity onto

the bottom of the conical hopper. After all particles had settled to form a stable bed, as
shown in Fig. 2A, the exit at the bottom was rapidly opened and the particles started
flowing out until the hopper was emptied. The particles formed a pile on a horizontal steel
plane. A vertical and transparent plane (plexiglass, II in Fig. 2A) was inserted along a radial
direction of the pile to investigate size distribution of particles in the pile and the particles
were discharged into a side of the transparent plane through an inclined plane (I) at exit of
hopper.
Physical properties[12] of the binary size particles, hopper and the wall used in the
simulations are presented in Table2. The parameters in Table 2 come from previous
research results by the same materials in blast furnace charging process . Static firction of
pellet comes from the reference[31]. Furthermore coefficient of rolling friction among steel
and particles is higher than among plexiglass and particles due to the surface of carbon
steel is rougher than plexiglass. The simulation was conducted with a constant time step
(4×10-5 s) and the numerical solution required about 3 hours of computation time on a
personal computer. The criteria of time step is around 30% of the Rayleigh time step.
ρ 0.5

Rayleigh time step is calculated by: TR = πR ( )
G

(0.1631 + 0.8766), where R and G

denote the radius and shear modulus of each particles, respectively. ρand  are density
and Poisson ratio of the particles,respectively.

A

B

Fig. 2 Geometry of calculation area (A: whole structure of simulation, B: fines over
coarses in hopper)

Table 2 Baseline parameters[12] with range (if applicable) shown in parentheses. *)
Diameters of the pellets in the simulation are given as average value of each diametral
regions (5501 spherical pellets (1-2 mm in diameter) and 3116 ones (3-4 mm in
diameter)) in the experiment.

Parameter

value

Particle properties
Diameter 1 (mm) *

1.5

Number of particles 1

5501

Diameter 2 (mm) *

3.5

Number of particles 2

3116

Density (kg/m3)

2284

Shear modulus (GPa)

10

Poisson’s Ratio

0.25

Coefficient of static friction of interparticles

0.5

Coefficient of rolling friction of interparticles

0.15

Coefficient of restitution of interparticles

0.7

Steel plane properties
Poisson’s ratio

0.3

Shear modulus (GPa)

10

Density (kg/m3)

7800

Coefficient of static friction of plane-particle

0.7

Coefficient of rolling friction of plane-particle

0.3

Coefficient of restitution of plane-particle

0.5

Plexiglass properties
Poisson’s ratio

0.25

Shear modulus (GPa)

22

Density (kg/m3)

1190

Coefficient of static friction of hopper-particle

0.5

Coefficient of rolling friction of hopper-particle

0.02

Coefficient of restitution of hopper-particle

0.2

Time-step (s)

4×10-5

3. Experimental method and equipment

Pellets is one of the main iron ore raw materials in blast furance ironmaking and produced
by iron ore with almost 100% Fe2O3, a little amount of wast and carbon under 1200ºC
temperature. Pellet as shown in Fig.3 in experiments are 1/4 size of the real pellet particles

(10-14mm) and were created by LKAB in Sweden. Experiments were separated into two
parts: evolution of pellet pile and size distribution in pile. The evolution of pellet pile was
observed by using a high speed digital video recorder as shown in Fig. 4. Before each
experiment, 5501 spherical pellets (1-2 mm in diameter) and 3116 ones (3-4 mm in
diameter) were mixed fully and dumped into the hopper. A stopper at the bottom of the
hopper was removed and the particles flowed out from the exit at the bottom and formed a
pile on a steel plane, as shown in Fig. 4. A video camera was used to film the pile growing
process. Then anlysizing the video, evolution of pellet pile will be invesigated. In
experiments and simulations, the size of hopper and the procedure of experiment are
exactly the same as the simulation.

Fig. 3 Photograph of different sized pellets

Fig.4 Schematic of the laboratory experiment setup

The size of pellet pile is expressed by two parameters: bottom diameter of the pile (D) and
height of the apex from the bottom (H). A ruler in the horizontal and another in the vertical
direction (cf. Fig. 4) were used to measure D and H, respectively. From the diameter and
the height, repose angle (a) of the conical pile can be calculated from
H

a = atan(

) ;

𝐷/2

(8)

When the experiment finished, the pictures of development were obtained from the video
camera and were compared with the simulated results.
Procedure of size distribution analysis along a radial direction of the pile is the same as the
simulation of this part. The camera recorded the video along a radial direction. The pile
was separated into five subregions along the radial direction as shown in the uppermost
panels of Fig. 7. Mass ratio of the particles with fines in each subregion is calculated as

𝑥𝑗 =

𝑚s 𝑁
𝑚l 𝑀+𝑚s 𝑁

;

j=1, 2, …,5

(9)

where ms and ml are the mass of a small pellet and a large pellet, respectively, and N and
M denote the number of small and large pellets, respectively, and their values were obtained
by calculating their numbers on the pictures.

4. Comparison of simulation and experimental results

Evolution of pellet pile profiles can be observed from photos taken during experiments and
simulations, as shown in Fig. 5a-f, corresponding to different times, in which the left
profiles (A) are those of the experiment and the right ones (B) are those of the simulations.
Although minority of particles (3%, see Fig.5) scatter around the base of the pile, majority
of particles still locate in the pile.Two points of the base diameter of the pile is fixed at the
first point of uncontinuous particles (starting points of scattering particles). In the
simulation, 67 particles (62 small and 5 large) flow out calculating area and the situation is
similar to experiment, where 58 (7 large and 51 small) were not recorded by video camera.
From the photographs in Fig. 5a-f, experimental flow rates out of the hopper is observed
to increase at the beginning (t = 0.5 s) and keep the close value with the simulation before
t = 3.2 s. Furthermore, the rate of particles reduces clearly when t > 3.2 s. The changes of
flow rates are similar to those of the experiment. Compared subfigures A to B, profiles of
pile are quite similar between experiment and simulation from t = 1.2 s to t = 5.2 s, except
at 0.5 s. The bottom diameter of the pile (D) at different times has almost equaivalent values
in simulation and experiment. Therefore, the snapshots indicate a good consistency in

terms of the shape of pile between experiments and simulations.

A comparison of diameter, width and repose angle of the pile in experiments and
simulations is presented in Fig.6. They all increase with the increase of the evolution of the
pile. The repose angle reaches its maximum at t = 3.2 s. The diameter and the height arrive
at the maximum at t = 5.2 s and 4.2 s, respectively. This indicates that pellet particles slide
along the inclined surface of pile before respose angle reaching the maximum values.
Furthermore the inclined surface collapses after repose angle reaching the values (at t = 3.2
s). Therefore repose angle decreases and the diameter of pile increases. Compared of repose
angles, the width and diameter of pile between experiment and simulation shows good
agreements, although some occasional deviations are observed, e.g., at t = 2.2 s and at t =
3.2 s. Still, the results indicate overall agreement between experiments and simulations.

3.8 cm

3.55 cm
a. (t = 0.5 s)

6.5 cm

6.29 cm
b.

(t = 1.2 s)

7.6 cm

7.32 cm
c.

(t = 2.2 s)

8.5cm

8.18 cm
d.

(t = 3.2 s)

9.5 cm

9.97 cm
e.

(t = 4.2 s)

10.2cm

10.05 cm
f.

(t = 5.2 s)

A (Experiments)

B (Simulations)

Fig. 5 Comparison of pellet piles in experiments and simulations
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Fig. 6 Comparison of H, D and a of pellet pile in experiments and simulations (D:bottom
diameter of the pile and H: height of the apex from the bottom, a:repose angle of pellet
pile)
Due to the ratio of coarse diameter to the fine = 2.3 (see Table 2), the fines percolates the
space between the coarse in a pile which is defined size segregation. The extent of
segregation was found to be affected mainly by wall-particles rolling and static friction,
the share of fine particles, the filling method and the diameter ratio of coarse to fine
particles. Fig. 7 shows a comparison between video images of experiments and simulation
screenshots to study size distribution of pellets along a radial direction at various moments.
In the beginning, there are only individual coarse particles distributing along the surface of
transparent glass. The fines start to flow out from the exit of hopper and fall on the large
particles at t = 2.1 s. With increasing number of small particles, they mainly percolate into
the space between the coarse ones and distribute in the centre part of the pile (cf. t = 2.1 s
and 3.5 s). Meanwhile, there is not much space for large particles to percolate into the pile,
so they slide along the free surface and primarily distribute at the bottom and the free
surface of the pile. This is consistent with Fig. 6, the general observations of segregation
in piles and also with what was proposed by Drahun and Bridgwater[32]. There is almost
the same distributions of fines and coarse in the pile between experiments and simulations.
An overall comparison of size segregations is plotted in Fig. 8.

Size distribution

a. t = 0.7 s in experiment, t = 0.7 s in simulation

b. t = 2.1 s in experiment, t = 2.1 s in simulation

c. t = 3.5 s in experiment, t = 3.5 s in simulation

d. t = 5.3 s in experiment, t = 5.4 s in simulation

e. t = 8.6 s in experiment, t = 9.5 s in simulation

f. t = 9.4 s in experiment, t = 11.8 s in simulation

g. t = 10.0 s in experiment, t = 14.3 s in simulation

h. t = 15.4 s in experiment, t = 15.9 s in simulation
Fig. 7 Comparison of pellet size distribution between experimental and simulation along a radial
direction at times. The topmost panels show the radial regions studied in Fig. 8.

Figure 8 plots size segregation of pellets along a radial direction at t = 15.4 s for experiment
and at t = 15.9 s for simulation. Mass fraction of fine particles (x) represents only about
30% at the bottom of pile while it is about 70% at the apex. Conversely, the shares of large
particles are 70% and 30% at the bottom and the apex, respectively. Compared the results
for the five subregions (cf. far top of Fig. 7), the experiment determined fine fractions at
the left part of the pile are larger than the corresponding simulated values, while the

opposite holds the true for the right part of the pile. This may be due to some asymmetry
in the flows in experiment. However, there is a good agreement between the experiments
and simulations, which indicates that DEM can be used to predict the properties of a pellet
pile.

1.0

Fine mass fraction (x,%)

0.9
0.8

Exp.
Sim

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
Left bottom

Mid

Centre

Mid

Right bottom

Position of pile
Fig.8 Size segregation along the radial direction at t = 15.4 s for
experiment and t = 15.9 s for simulation.

5. Conclusions
The present work has used the discrete element method (DEM) and experimental methods
to investigate the behavior of binary size pellets during the formation of a pile. The shape
of pile (the height of apex and the base diameter of the pile) as well as size segregation

along a radial direction were measured in experiment and compared with results from DEM
simulations. From the presented results the following conclusions can be drawn.
The discrete model used for the binary size pellet pile prediction was successfully validated
through comparison of the results from experiments and simulations. It was demonstrated
that DEM can be applied to predict the evolution of pile formation, including the outflow
of the particles from the feeding hopper.
In the evolution of pile, the fines mainly percolate into the space between the coarse and
concentrate in the centre part of the pile, while coarses particle slide along the free surface,
locate the bottom of the pile and primarily distribute at the bottom and on the free surface
of the pile.
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