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Abstract  

Spherical (pellet), cylindrical and conical iron ore particles were produced to study the 

effect of particle shape on repose angle and bottom porosity distribution of a heap 

formed by natural piling. The effects of coefficient of static friction, rolling friction and 

restitution and particle shape on the repose angle and porosity of the pile for three 

particle shapes were numerically studied by discrete element method. The results show 

that the primary influential factors on repose angle and porosity is the static friction and 

followed by particle shape. The repose angle of sphere piles is smaller than that of non-

spheres, but there is little difference in repose angle between non-spherical particles. 

The value of porosity in the three kinds of piles decreases from spheres to cones to 

cylinders, but all shows a V shape. The porosity shows a minimum value when the 

sphericity is about 0.85. Piles of cylindrical particles show the smallest porosity due to 

parallel planes.  

Key words: iron ore, particle shape, discrete element method, physical parameters, 

repose angle, porosity 
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1 Introduction 

Impact of properties of granular matter on the structure of piles are significant in 

industries and fundamental phenomenon in nature. Therefore, heaps of granular matter 

have been studied intensively [1-3] in the past few decades. The research has mainly 

focused on loose packing and dense packing [4, 5], dynamic and static states, stress 

distribution, size segregation, packing density and repose angles[6] . Among these 

studies, repose angle and packing density (porosity) have been investigated extensively. 

These two properties are two aspects of a heap. The former is a macroscopic parameter 

of the granular pile and the latter is another to define degree of compaction reflecting 

the internal structure. 

Repose angle is defined as the angle of inclination of the free surface of a bulk pile to 

the horizontal plane and is determined by internal behavior of particles. It is widely 

used in the field of agriculture, entomology[7], geotechnical engineering[8], 

hydrodynamics and sedimentology[9], particle technology and materials science[10, 

11]. Al-Hashemi[3] reviewed the studies of repose angle in the several past decades 

and presented in detail the theory of repose angle, its various definitions, method of 

measurements, appropriate applications and the influencing factors. Values of repose 

angle can be obtained by simulation or directly measured by experiment. However, the 

opacity of a pile, discontinuity and randomness of particles in granular pile lead to 

difficulties in experimental studies of internal structure, porosity. Experimental studies 

often require huge manpower, financial resources and a lot of time. Therefore, 

numerical analysis is a feasible and robust option, especial discrete element method 

(DEM) [12], which can present parameters of each particle and the internal structure of 

the bulk. In addition, physical parameters of particles decide the accuracy of calculation 

results. Therefore, the repose angle is usually used to verify the accuracy of physical 

parameters, such as coefficient of static friction and coefficient of rolling friction. It has 

been found that the repose angle increases with the increase of coefficients of sliding 

and rolling friction, and with the deviation of the shape from the sphere[13] [14]. 



However, the relationships of repose angle and iron ore particle shape have not been 

reported.  

Packing density reflects internal structure of granular piles, which is related to particle 

shape. It has been reported that the packing density of random loose, close and ordered 

packing are 0.6 [15], 0.64 [16] and 0.74 [13], respectively. The packing density of 

ellipsoidal particles shows a similar M-type relationship with the aspect ratio and the 

maximum occurs at an aspect ratio of 0.6 for oblate spheroids, and 1.80 for prolate 

spheroids[17]. Fibers have lower packing density than spherical or other compact non-

spherical particles[18, 19]. The packing density increases to a maximum and then 

decreases with the decrease of particle sphericity [20, 21]. For tetrahedral particles, the 

maximum packing density can reach about 0.74 in an infinite sized “container” [22] 

without wall effects. For cylindrical particles, the packing density tends to fluctuate 

between 0.36 and 0.68, because cylinders have both flat and curved surfaces [13].  

Porosity is the reciprocal of packing density and especially significant in gas solid 

chemical reaction engineering. For example, gas flow distribution and non-uniform 

heat loss in packed beds were numerically investigated by predicting the porosity 

distribution through Monte Carlo Simulation[23]. An accurate prediction of local 

porosity by Ergun equation is useful for stability analysis [24, 25] and reactor control 

in packed beds. But the porosity in the above and other gas solid reaction literature are 

simple and constant. Particle shape has a significant influence on porosity. For example, 

ironmaking raw materials, such as coke and sinter, have variable particle shapes which 

are believed to affect porosity of burden layers in the shaft of the blast furnace. Two 

researchers[6, 26] have just numerically studied the influence of particle shape on 

porosity. They found that a small deviation of particle shape from the sphere would 

decrease porosity in random packing significantly, but further deviation would increase 

the porosity. The above investigations are not enough to discover the effect of particle 

shape on porosity distribution. Because particles with different size and irregulars are 

randomly packed in the bed. It’s difficult to find mathematical to express describe the 

voidage. 



In this paper, we researched the effects of particle properties on repose angle and 

porosity distribution of iron ore heaps by experimental and numerical methods. 

Spherical, cylindrical and conical iron ore particles with the same bottom diameter and 

height, but different sphericity, are used to describe different particle shapes. In section 

2, the simulation method, procedure and physical parameters are introduced. Section 3 

describes the experimental apparatus and materials preparation. In section 4, the 

accuracy of DEM parameters is firstly validated and the effects of particle shape on the 

repose angle and porosity are studied. Finally, conclusions of the work are presented. 

2. Physical experiment 

2.1 Material preparation 

In order to investigate the effects of iron ore particle shape on the repose angle and 

porosity of a pile, three shapes of particles, spheres (pellets), cylinders and cones are 

chosen with a sphericity of 1.0, 0.86, and 0.67, respectively. Sphericity (𝜑) is a measure 

on how closely the shape of an object approaches that of a mathematically perfect 

sphere, and is defined as the ratio of the surface area of a sphere to the surface area of 

the particle where both particles have the same volume, i.e.,   

𝜑 =
𝜋
1
3(6𝑉𝑝)

2
3

𝐴𝑝
                                 (1) 

Where Vp is the volume of the particle and Ap is the surface area of the particle. 

Pellets were taken from a steel plant in China and the selected particle size is 13-15mm 

after sieving. There are two methods to describe pellet in simulation: clusters and 

spheres with larger coefficient of rolling friction[27]. Due to limitations of post-

processing the LIGGGHTS results in overlapping mode [28], it is appropriate to choose 

spheres with larger coefficient of rolling friction in this study. As for cylinders and 

cones with the same bottom diameter (14 mm) and height (10 mm), we imitated the 

preparation conditions of pellets and the process is shown in Fig. 1. Firstly, 2 wt% of 



fine bentonite (90% of the size > 74 um) was added to magnetite powder (95% of the 

size > 74 um), cf. Fig. 1a-b. Next, some water was added into the mixture to form a 

slurry after mixing. Then the slurry was packed into a mold (Fig. 1c) for 10min, after 

which green cylinders and cones were formed as the molds were opened. Finally, the 

two particle types were heated to 1250C and kept at 1250C for 30 min in nitrogen 

atmosphere (Fig. 1d). To measure crushing strength of cylinders and cones, thirty 

particles were randomly selected to fall from 0.5m height to a 5mm thick steel plate. 

Slight cracks on pellet surface would occur only after falling more than 50 times, which 

indicates the strength is enough for the following-up experiment. The number of 

cylindrical and conical particles was 10000 and 5000, respectively.  

 

Figure 1.  

2.2 Experimental measurement 

There are some different measurements of repose angle[3]: tilting box, fixed funnel, 

revolving cylinder/drum, hollow cylinder and tilting cylinder. In this research, we chose 

the second method, open the bottom of the funnel where the particles are loaded so that 

the particles fall onto the table with known roughness and then stop pouring when the 

heap reaches a predetermined height or width. The experimental equipment (Fig. 2) 

include a hopper, a holder, a table, a high-definition camera and five plastic sample 

beakers, which are buried along a bottom line of the pile to measure the porosity 

distribution and the volume is 25 mL (spheres and cylinders) and 15 mL (cones). 

Photographs of pile shapes from two different directions were taken by a fixed camera 

at the same level of the table, and the photos were processed to determine the repose 

angle of the pile. The way of image processing is described in detail in a previous article 

[29]. Porosity is measured by drainage method. Beakers fully filled with particles were 

gently removed from the pile to estimate the porosity distribution. The bottom porosity 

distribution (BPD) of particles along the diameter of the pile was calculated at five 

different equidistant locations by 



𝑃 =
𝑉0

𝑉
× 100%                            (2) 

Where V0 is the volume (mL) of pores obtained by measuring the volume of water with 

particles in beakers, and V is the volume of the empty beaker (mL), and P is the porosity 

(%). The experiments were repeated nine times and average values of each three groups 

of measurements are retained. 

Figure 2.  

 

3 Simulation method and conditions 

3.1 Discrete element method (DEM) 

DEM was originally proposed by Cundall and Strack [12] as a powerful numerical 

method to describe the static and dynamic behavior of granular matter. DEM defines 

two motion states of a particle, translational and rotational, which are determined by 

Newton's second law of motion combined with a force-displacement correlation at the 

points of contact between particles, as shown in Fig. 3. In our study, the open-source 

software LIGGGHTS 3.5.0 [30, 31] was used. This DEM tool is an extension of the 

basic molecular dynamics code LAMMPS [31], which is used to describe granular 

matter and granular heat transfer.  

Figure 3.  

The elastic contact force model used in this work is non-linear Hertz-Mindlin no-slip 

model[32]. The governing equations for a particle (i) in interaction with another (j) are 

given by  

𝑚𝑖
𝑑𝑢𝑖

𝑑𝑡
= ∑ (Kn𝛿𝑛𝑖𝑗 − γn𝑣𝑛𝑖𝑗) + (Kt𝛿𝑛𝑖𝑗 − γt𝑣𝑡𝑖𝑗)

𝐾
𝑗=1 +𝑚𝑖g                 (3) 

𝐼𝑖
dω𝑖

d𝑡
= ∑ (𝑀𝑟

𝑘 +𝑀𝑟
𝑑𝐾

𝑗=1 )                          (4) 

Where δn defines the overlap distance of two particles, Kn and Kt  are the elastic 

constant for normal and tangential contact, respectively, while γn and γt express the 



viscoelastic damping constant for normal contact and tangential contact, respectively. 

K is the number of particles in contact with particle i, vn and vt are the normal 

components of the relative velocity of the two particles. The ui, Ii and ωi are the 

translational velocity, moment of inertia and angular velocity, respectively. The former 

equation describes the translational motion including the normal contact force and the 

tangential contact force, as well as the corresponding viscous damping forces (negative 

items) and gravity force, mig. The friction is expressed with a Coulomb-type friction 

law. The torque, (Eq. (4)) on particle i includes a component from the tangential force, 

𝑴𝑟
𝑘 and another from the rolling friction, 𝑴𝑟

𝑑. More details about forces and torques 

between the particles are given in Table 1. 

Table 1 

3.2 Numerical conditions 

3.2.1 Particle model 

There are some methods to describe real particle shape: super-quadrics, polygon, 

ellipsoid and glued-sphere clusters. The first two methods can be more effective to 

describe real particle shapes that involve straight line. We directly used sphere to 

represent pellets due to the selection of samples (13-15mm) in experiment. For non-

spherical particles, we take glued-sphere clusters to mimic real particle shapes. Because 

this method is precise enough to describe the shape. The process of creating the model 

is as follows: (1) using a cartographic software to draw a cylinder and a cone as a 

container; (2) dropping small balls into the container from the top; (3) locking the 

particles and removing the container. Finally, a glued-sphere object representing the 

real particle is obtained. For a better comparison with actual particle shapes, a glued-

sphere particle was post-processed into pictures by ParaView. The simulated and real 

particle shapes are shown in Fig. 4. All particle models are consistent with the real ones. 

The size of the spheres (pellets) is 13-15 mm in experiment and 14 mm in simulations. 

The non-spherical particles have the same bottom diameter (d = 14 mm) and height (h 



= 10 mm). Increasing the number of small balls will increase the accuracy of the particle 

model, but at the same time increase the amount of calculation. Therefore, the cylinder 

particle model consists of 23 balls (r = 2 mm), and the conic consists of 11 small balls 

(r = 1.3 mm) and 9 big balls (r = 1.6 mm). The volume deviations ((VContainer-

VNonspheres)/VContainer×100%) from the real particles are 1.9% and 2.4%, respectively. 

 

 

Figure 4.  

 

3.2.2 Calculation procedure for three particle shapes 

The calculation procedure mimicked the experiment. The particles were randomly 

generated without overlaps and dropped from the top to form a stable bed in the hopper. 

Then a baffle at the exit of the hopper was removed and the particles fell on the table, 

which is made from wood. The physical (DEM) parameters between particle-particle 

(P-P) and particle-wall (P-W) are shown in Table 2. Since raw materials of the different 

particle types are the same, some DEM parameters are equal. Different values of the 

coefficient of rolling friction of non-spherical particles have been reported in the 

literature [20, 33], typically applying small (< 0.1) values, but in other works [34, 35] 

the values are large (> 0.1). Here, we choose a larger value of the rolling friction. The 

time steps in the simulation are all 1×10-5s, but the calculating time for spheres, 

cylinders and cones is 8.2 s, 8.3 s and 5.8 s, respectively. The simulation was undertaken 

using 20 cores on a server. The final state is captured and processed by image processing 

to get the repose angle of the pile. Five virtual units with the dimensions 5cmх5cmх

7cm (spheres and cylinders) and 5cmх2.5cmх7cm (cones) on the central line of the 

bottom of the piles are used to calculate porosity distribution. Porosity can be calculated 

by noting the number of particles and calculating the volume of the single virtual unit. 

It’s noteworthy that a particle belongs to the unit if its center coordinate belongs to the 

virtual unit.  

Table 2  



 

4 Results and discussion 

4.1 Factors influencing repose angle 

4.1.1 Coefficient of static and rolling friction on repose angle  

In the DEM simulation, physical parameters include coefficient of static and rolling 

friction, coefficient of restitution, Young’s modulus and Poisson’s ratio, etc. Based on 

results of previous studies [29], the repose angle is known to be sensitive to the 

coefficient of static (μs), rolling friction (μr) and coefficient of restitution(COR). In 

present study, the effects of the three variables on repose angle of different particle 

shapes have been researched. When studying the effect of one, other DEM parameters 

were kept at the same values as in Table 2. Figure 5 shows the effects of μs and μr on 

repose angle of piles of different particle shapes. The influence of μs on sphere piles is 

greater than on non-spherical piles. When the μs changed from 0.01 to 0.4, the repose 

angle of spherical and non-spherical particles has increased about 20° and 15°. The 

effects of μr on repose angle is relatively small compared to μs , which is consistent with 

findings from earlier work by the authors [29] and other investigators [11]. An 

exponential relationship (𝜃 = a · 𝜇𝑠
𝑏) between repose angle and μs is observed in Fig. 6. 

It can be seen that the cone piles shows the best fit (R2=0.99) and the slope (𝑘 = a · b ·

𝜇𝑠
𝑏−1) of the curve becomes smaller with an increase of μs. 

 

Figure 5.  

Figure 6.  

 

Figure 7 a, b and c show 3D graphs on effects of μr and μs on the repose angles for 

sphere, cylinder and cone piles. Spherical particles give rise to the lowest repose angle 

compared with the other two shapes, because non-spherical particles are easier to lock 

on the slope, so it makes the heap steeper. This finding is consistent with those of 



Mohammadreza [36], Höhner [37] and Zhou [38]. However, repose angles of cylinder 

and cone piles are very close to each other. Furthermore, the effect of μr on repose angle 

becomes stronger if the particle shape deviates from spherical and dramatic reduction 

of repose angle can also be observed when rolling friction is less than 0.1.  

 

Figure 7.  

 

4.1.2 Coefficient of restitution on repose angle 

The coefficient of restitution (COR) defines the ratio of the final velocity to initial 

velocity of an object as it collides with a surface, and is related to material hardness, 

shape of the material and collision conditions. Figure 8 is repose angle of the piles of 

the three types of particles for different values of COR. When COR increases from 0.1 

to 0.7, the repose angle shows a decreasing trend, and this effect is more obvious for 

spherical particles. Because spherical particles are more likely to make an elastic 

collision, so spheres will have higher velocity after collision and have higher probability 

to bounce out than to settle down along the free surface. Non-spherical particles are 

anisotropic in shape, which may have some different contact points when colliding. 

Therefore, the effect of COR on the repose angle of non-spherical particle is weak. 

What should not be neglected is that the repose angle of cylinder and cone piles have a 

fluctuation with the increase of COR. A possible explanation is that, initially, particles 

with high velocity would fall into the void generated by the previous non-spherical 

particles and increase the repose angle. But when COR reaches a certain value, particles 

with higher velocity would bounce on the surface of the slope. This leads to the 

instability of the pile and eventually collapse.  

 

Figure 8.  



4.1.3 Comparisons of repose angle in experiment and simulation  

There are two main methods to calibrate contact parameters in DEM: direct 

measurement approach and bulk calibration approach[39]. The former defines that 

material properties are measured and are directly used as input parameters. The latter 

expresses that relatively simple laboratory or field tests are performed and the 

parameters change until simulation results are consistent with experiments. We chose 

the latter in the study. Physical experiments have been repeated for nine times and the 

repose angles can be obtained after picture processing. The average value of repose 

angles of different types of particles are reported in Table 3. Comparing the repose 

angle of experiment and simulation (Fig. 7), an appropriate combination of μr and μs 

can be selected, which is shown in Table 4. Figure 9 provides comparisons of the free 

surfaces of the piles obtained in simulations with the parameters from Table 4 and the 

physical experiments, which show a good consistency. Therefore, the selection of 

physical parameters is reasonable and can be used for future research. 

Table 3  

Table 4  

Figure 9. 

4.2 Bottom porosity distribution（BPD） 

The porosity distribution is a very important property of a heap, and particularly in 

processes where mass transfer and chemical reactions occur between a gas and the bed. 

In this study, we pay attention to the BPD along the bottom of the pile. Figure 10 shows 

a comparison of the BPD of experiment and simulation, where the simulation 

parameters come from Table 4. To keep the consistency between experiment and 

simulation, simulation results of porosity in Fig. 10 is calculated by a real container, 

whose size is the same to the beakers used in experiment. However, the virtual box 

mentioned earlier in this paper is still used to study the influence factors of porosity in 

simulation. The porosity increases from the center to the edge of the pile and displays 

a V-shape distribution for all three kinds of particles. The formation process is after the 



initial formation of a small pile, the pile alternately grows and collapses, and particles 

slide or roll on both sides of the pile center to form the edge. Therefore, particles in the 

center of the heap are better configured with surrounding particles and the inner 

structure is more compact than the region at the edge. 

Figure 11 shows that the porosity of the piles increases with an increase of μs. Porosity 

of cylinder piles are smaller than the other two piles, as a result that cylinders have 

parallel planes and are easier to have densely packed, which can be observed both in 

simulation and experiments. The porosity fluctuation of spherical particles is more 

remarkable than for the other two shapes, because spherical particles are easier to roll 

on the free surface and percolate among particles. 

 

Figure 10. 

Figure 11. 

 

4.3 Effect of particle shape on porosity of a pile  

Figure 11 shows the effects of particle shape on the BPD (from figure a to c). The 

differences in porosity between sphere and cone piles are smaller than that between 

cones and cylinder piles. There is a gap between the porosities of the piles of different 

particles, and the gap keeps constant whatever μs changes. The average porosity was 

determined by the arithmetic average of the five points of the BPD. Figure 12 depicts 

the average porosity of the three kinds of piles. With the increase of μs, the porosity 

increases but the rate of increase gradually slows down.  

In order to compare the effects of μs and μr on the average of porosity, 3D graphs of the 

relations have been depicted in Fig. 13. Obviously, for the three particle shapes, μs has 

greater (and positive) influence on the porosity than μr. A large coefficient of friction 

implies a large friction force, which restricts the relative movement or rearrangement 

of the particles, and hence a pile of high porosity is generated. μr has more influence on 

the porosity of non-spherical particles than on spherical ones. The results are consistent 

with previous studies on the effects of repose angles of different shapes. Comparing 



Fig. 13 and Fig. 8, the trends of the repose angle with respect to μs and μr are consistent 

with that of porosity, which reveals the change of repose angle in the external parts of 

a pile, in fact, reflects the change of internal structure (porosity). Some researchers have 

explored the reason and explained it by an internal force chain[13]. Figure 14 shows 

the average value of the porosity of piles with different COR. When COR increases, 

the porosity varies very little and shows irregularity and randomicity. It can be 

concluded that no effect of COR on porosity was observed. 

  

Figure 12. 

Figure 13. 

Figure 14. 

 

In order to summarize the effects of particle shape on porosity of a pile, the results of 

the experimental study by Zou et al. [21], the DEM study by Zhou et al. [17] and the 

present work are summarized in Fig. 15. There is a minimum value of the porosity of 

the pile with the change of sphericity(about  = 0.85). The trend in literatures [17, 21] 

is similar to what was found in the present study, but the porosity determined in our 

work is a somewhat higher (relative difference 13%). A reason that the present work 

focuses on the porosity of bulk materials in natural piling, but references[17, 21] studied 

compacted porosity in a cylindrical container. It is also worth noting that the cylindrical 

particles have the smallest porosity among the three shapes of particles, because 

cylinders with two parallel planes are easier to arrange in order, thus reducing the 

porosity.  

 

Figure 15. 

5. Conclusions 

Blast furnace raw materials, coke and sinter, have different particle shapes, which are 

believed to lead different burden porosity. Three particle shapes are selected to 

empirically study the packing of particles in a pile. Cylindrical and conical particles 

were prepared in the laboratory by magnetite powder. Pellets, which were taken from a 



steel plant, are used to represent spherical particles. A corresponding study was 

undertaken computationally using the DEM approach. Effects of particle shape, 

coefficient of friction and restitution were investigated. Based on the findings, the 

physical parameters of three kinds of particles could be determined for future DEM 

simulations. 

For particles of a certain size, the repose angle of a pile is influenced by μs, μr as well 

as particle shape. The most influential factor is μs. When μs increases from 0.01 to 0.4, 

the repose angle of sphere, cylinder and cone piles increases about 20°, 14° and 17°, 

respectively. The next influential factor is particle shape. Spherical particles have the 

lowest repose angle compared with the other two shapes, and the repose angles of 

cylinder and cone piles are very close to each other. Finally, the coefficients of rolling 

friction and restitution have little influence on the repose angle. The former is more 

sensitive to non-spherical particles but the latter has more influence on spherical 

particles. 

Porosity of a pile is also affected by μs ,μr and particle shape. For the three shapes of 

particles, μs has greater influence on the porosity than μr, but both show a positive 

correlation with porosity. There is no obvious effects of COR on porosity compared to 

the μs and μr. The overall value of porosity decreased from spheres to cones to cylinders. 

Porosity showed a minimum when sphericity is about 0.85. Cylindrical particles have 

the smallest porosity among the three shapes of particles due to parallel planes. 
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Table 1 Components of interaction forces and torques between particles 

Coefficients Equations 

Elastic constant for normal and tangential Kn，Kt 
𝐾𝑛 =

4

3
𝛾∗√𝑅∗𝛿𝑛，𝐾𝑡 = 8𝐺∗√𝑅∗𝛿𝑛 

Elastic damping constant for normal and tangential 

contact γn，γt 
𝛾𝑛 = −2√

5

6
𝛽√𝑠𝑛𝑚∗ ≥ 0，𝛾𝑡 = −2√

5

6
𝛽√𝑠𝑡𝑚∗ ≥ 0 

Sn，St 𝑆𝑛 = 2𝛾∗√𝑅∗𝛿𝑛，𝑆𝑡 = 8𝐺∗√𝑅∗𝛿𝑛 

β 
𝛽 =

ln(𝑒)

√𝑙𝑛2(𝑒) + 𝜋2
 

 𝐾𝑛𝛿𝑛𝑖𝑗 − 𝛾𝑛𝑣𝑛𝑖𝑗 = 𝐹𝑡 ≤ 𝜇𝑠𝐹𝑛 = 𝜇𝑠(𝐾𝑡𝛿𝑛𝑖𝑗 − 𝛾𝑡𝑣𝑛𝑖𝑗) 

1

𝛾∗
 

1

𝛾∗
=
(1 − 𝑣1

2)

𝑌1
+
(1 − 𝑣2

2)

𝑌2
 

1

𝐺∗
 

1

𝑅∗
，

1

𝑚∗ 

1

𝐺∗
=
2(2 − 𝑣1)(1 + 𝑣1)

𝑌1
+
2(2 − 𝑣2)(1 + 𝑣2)

𝑌2
 

1

𝑅∗
=

1

𝑅1
+

1

𝑅2
，

1

𝑚∗ =
1

𝑚1
+

1

𝑚2
 

Δ𝑀𝑟
𝑘 Δ𝑀𝑟

𝑘 = −𝑘𝑟𝛥𝜃𝑟，𝑘𝑟 = 𝑘𝑡 · 𝑅
∗2 

 |𝑀𝑟,𝑡+𝛥𝑡
𝑘 | ≤ 𝑀𝑟

𝑚 

 𝑀𝑟,𝑡+𝛥𝑡
𝑘 = 𝑀𝑟,𝑡

𝑘 + Δ𝑀𝑟
𝑘，𝑀𝑟

𝑚 = 𝜇𝑟𝑅
∗𝐹𝑛 

𝑀𝑟,𝑡+𝛥𝑡
𝑑  𝑀𝑟,𝑡+𝛥𝑡

𝑑 = −𝐶𝑟𝜃�̇�(|𝑀𝑟,𝑡+𝛥𝑡
𝑘 | < 𝑀𝑟

𝑚) 

𝑀𝑟,𝑡+𝛥𝑡
𝑑 = −𝐶𝑟𝜃�̇�(|𝑀𝑟,𝑡+𝛥𝑡

𝑘 | = 𝑀𝑟
𝑚) 

𝐶𝑟 = 𝜂𝑟𝐶𝑟
𝑐𝑟𝑖𝑡，𝐶𝑟

𝑐𝑟𝑖𝑡 = 2√𝐼𝑟𝑘𝑟 

𝐼𝑟 = (
1

𝐼𝑖 +𝑚𝑖𝑟𝑖
2 +

1

𝐼𝑗 +𝑚𝑗𝑟𝑗
2)

−1 

 

Where: Ft and Fn are the tangential and normal force, respectively. Y, G, υ and e define the Young’s 

modulus, Shear modulus, Poisson ratio and the coefficient of restitution, respectively. 𝑘𝑡, 𝐶𝑟, 𝜇𝑟 

and 𝜇𝑠 express the tangential hardness, the damping coefficient, the coefficient of rolling and static 

friction, respectively.  

 

 

 

 

 

 

 



Table 2 Particle parameters of three kinds of particles used in DEM simulations 

      DEM physical 

parameters 

Pellet Iron ore cylinder Iron ore cone 

     Shape description Spherical  Cylindrical  Conical 

Mean particle size 14 mm 

Number of particles  5000 10000 

Density 3990 kg/m3 

Young's Modulus (p-p, p-w) 1×107 Pa, 2×107Pa 

Poisson's ratio (p-p; p-w) 0.24, 0.24 

Restitution coefficient (p-p; p-w) 0.4, 0.59 

Static Friction (μs) (p-w) 0.4 

Rolling Friction (μr) (p-w) 0.4 

Time step 1×10-5s 

 

Where: P-P and P-W are the coefficient between particle-particle and particle-wall, respectively. 

Particle density is true density and is measured by Micrometrics AccuPycⅡ1340 and the average 

value of three times. Poisson's ratio between particles are measured by Dynamic elastic modulus 

tester RFDA, IMCE, Belgium and the average value of five times. Restitution coefficient is 

measured by a high speed camera VW-9000. Others are from literature[22]. 

 

Table 3 Equal value of experimental repose angles of spheres, cylinders and cones  

     sphere cylinder cone 

Repose angles(°) 33.2 35.5 37.8 

 

 

Table 4 The μr and μs of sphere (pellet), cylinder and cone 

particles Coefficient of static friction Coefficient of rolling friction 

Sphere(pellet) 0.4 0.2 

cylinder 0.3 0.2 

cone 0.3 0.4 

 

  



 

 

Fig. 1. Preparations of cylinders and cones in laboratory: (a) Iron concentrate (magnetite) powder, 

(b) Bentonite, (c) mold, (d) products after calcination. 

 

 

 

Fig. 2. Experimental apparatus (left), including emptying device and BPD measuring device and 

the size of the hopper (right) used in simulation, which is in agreement with the experimental 

ones. 

 

 

Fig. 3. Depiction of interaction forces between two particles (i and j) in DEM. 
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Fig. 4. Comparison of spherical and non-spherical particle shape between simulation models (a) 

(c) (e) and real particles (b) (d) (f).  

 

 

 

 

 

Fig. 5. Extraction of three shapes of pile with different μs: (a) sphere (pellet) pile, (b) cylinder pile, 

(c) cone pile. (Coefficient of restitution is 0.4. x and y are dimensionless, which are only used to 

express the outline of piles) 

 

 

   
Fig. 6. Relationship of repose angle and particle shape: μr of (a), (b), and (c) are 0.2, 0.4 and 0.6, 

respectively, and μs changes from 0.01 to 0.4.  

 

 

   

Fig. 7. 3D graphs of the relationship of repose angles, μr and μs of three kinds of piles: (a) sphere 

(pellet), (b) cylinder, (c) cone. 

 



 

 

Fig. 8. Effects of COR on Repose angle. (COR is the coefficient of restitution.) 

 

  
Fig. 9. Comparisons of the free surface of calculation and experimental ones (Ex): (a) sphere 

(pellet), (b) cylinder, (c) cone. The red dashed line represents the numerical value (Sim), and the 

other three colors represent experimental ones, which are repeated thrice. 

 

 

 

Fig. 10. Comparison of BPD of simulation piles (with real container) and experimental ones: 

Black curves represent experimental values (E) and red lines represent simulated ones (S) of three 

kinds of piles.  

 

 



  

Fig. 11. BPD of three kinds of piles with different μs: (a) Sphere (pellet), (b) cylinder and (c) cone. 

 

 

 

   

Fig. 12. Average value of porosity of three kinds of piles with the increase of μs when the μr is 0.1, 

0.3 and 0.5. 

 

 

     

Fig. 13. Three dimensional graphs of the relationship of the porosity both μr and μs of three kinds 

of piles: (a) sphere (pellet), (b) cylinder, (c) cone. 

 

 

 

Fig. 14. Average of porosity with different COR (coefficient of restitution) 



 

 

 

Fig. 15. Relationships of sphericity and average of porosity: equal porosity of this work represents 

the average of porosity along the bottom line of a pile. 

 

 


