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Abstract: Granular materials are widely prevalent in nature and industry, and the discrete element
method (DEM) is the most effective method for the mechanical analysis of granular materials. Because
of the difficulty inherent in friction coefficient determination, the friction behavior of granular
geomaterials has always been a difficult problem in DEM. In order to study the variation rules of
the sliding friction coefficients in DEM, an experiment designed to determine the sliding friction
coefficient between particles with different shapes and different contact forms and an experiment
designed to determine the sliding friction coefficient between particles and different boundaries
were proposed, and the experimental results were fitted. In order to verify the reliability of the
experiments, the fitting results were embedded into DEM software, and several packing experiments
and simulation experiments were carried out and compared. The simulated results are detailed
and discussed with reference to the experimental results as part of this paper. The results indicate
that the simulation results are highly consistent with the experimental results, and the sliding
friction coefficient obtained by the proposed experiment is in accordance with that determined
theoretically. The sliding friction coefficient determined by fitting according to the experimental
results can determine the sliding friction coefficient in DEM simulation and improve the accuracy of
simulation results.

Keywords: sliding friction; DEM; packing; friction coefficient

1. Introduction

Granular materials are widely prevalent in nature and industry, being found in weath-
ered slopes, rockfill materials, railway slag, etc. The discrete element method (DEM) is
the most effective method for the mechanical analysis of granular materials. DEM is a
numerical approach proposed by Cundall and Strack [1-3] based on Newton’s second
law. As a numerical method, DEM can be used for discontinuous media; therefore, this
method is widely used in particle breakage [4-6], stress distribution [7-9], avalanching [10],
stratification [11], and self-organization [12]. Because of the difficulty inherent in friction
coefficient determination, the friction behavior of granular geomaterials has always been a
problem in DEM. Present research methods of friction coefficient calibration in DEM mainly
include the theoretical method, experimental method, and numerical simulation method.

The linear model [3] is one of the most widely used theoretical models. Many schol-
ars [13-16] have conducted studies on the key parameters utilized in the linear model. The
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contact bond model is an optimized model based on the linear model. Several scholars [17-19]
have used the model for simulation and applied different values of the friction coefficients
according to uncoded values. Based on the theory of Mindlin and Deresiewicz [20], the
Hertz contact model [21-23] is another widely used model. In order to study the mechanical
behavior of soft particles interacting via frictional contacts, Nezamabadi [24] combined
the Hertz contact model and the contact dynamics method. Ai [25] found, by compar-
ing a variety of rolling resistance models, that the rolling friction coefficient is closely
related to energy dissipation. Because of some assumptions made in DEM theory and
the simplification of theoretical models, it is difficult to ensure the accuracy of associated
research results.

Compared with the theoretical method, the experimental method is more intuitive and
can provide a basis for theoretical research and numerical simulation research. Therefore,
the experimental method is more widely used to study the friction coefficient in DEM. The
uniaxial compression test and shear test are methods used to effectively determine the fric-
tion coefficient in DEM through laboratory testing [26—-29]. Coetzee and Els [30] obtained
stiffness coefficient and friction coefficient groups by combining uniaxial compression tests
and direct shear simulation tests and obtained relevant parameters through simulation.
On the other hand, the sandpile experiment is the most commonly used method for the
DEM parameter calibration [31-34]. Frankowski [35] studied the influence of particle
diameter and particle material on the friction coefficient by using 1.5 mm and 3 mm glass
balls and 3 mm nylon balls in sandpile formation and rotating drum experiments and
carried out numerical simulations simultaneously. Zhou [36] found, through experiments
with glass spheres, that the sliding friction and the rolling friction between particles and
between particles and boundaries both affect the stability of the sandpile. Some schol-
ars [37,38] have also determined the friction coefficient with newer experimental methods.
Boikov [39], through their experiment, determined the static friction coefficient and the
dynamic friction coefficient.

Because the experimental method has inevitable defects, and subsequent research
usually adopts the method of numerical simulation, numerical simulation is a research
method that has developed rapidly in recent years. With the development of DEM-related
theory and computing technology, more and more scholars have begun to implement
numerical simulation methods to study the friction coefficient in DEM. In order to study
the influence of the friction coefficient between particles in a ball mill, Rosenkranz [40] sim-
ulated the mechanical behavior of particles in a three-dimensional ball mill under different
values of the sliding friction coefficients and found that the number of collisions decreased
with an increase in the rolling friction coefficient. Liu [41] established a three-dimensional
DEM particle sandpile simulation under different gradations based on experiments and
studied the influence of rolling friction tangential force on particle contact. As part of a
study investing the influence of the rolling friction coefficient on particle motion, Zhou [42],
through the numerical simulation of sandpile formation and rolling drum experiments,
found that the angle of repose increases with an increase in the rolling friction coefficient
and decreases with an increase in particle size.

In addition, Horabik [43], Markauskas [44], and Iwashita [45] conducted a variety of
simulations by using DEM, indicating the advancement of numerical simulation methods
in the study of the friction coefficient in DEM.

Although the parameter calibration of the friction coefficient in DEM has been studied
extensively, most research focuses on the rolling friction coefficient. There are still many
underrecognized areas in the study of the sliding friction coefficient between particles and
the friction coefficient between boundaries and particles. The purpose of this paper is to
study the influence of particles with different shapes and sizes on the sliding friction coeffi-
cient between particles and the sliding friction coefficient between boundaries and particles
in DEM by experiment. In the following content, experiments designed to determine the
sliding friction coefficient between particles and the sliding friction coefficient between
particles and different boundaries are first introduced. Then, numerical simulations parallel
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to the experiments were carried out by using particles with different shapes and sizes. The
simulated results are detailed and discussed with reference to the experimental results.
Finally, the influence of the boundaries on the sliding friction coefficient of particles was
also studied.

2. Experimental Methods

In order to study the variation rules of the sliding friction coefficients in DEM, an
improved method for measuring the sliding friction coefficient is proposed according to
the methods of Liu [41]. This method can not only measure the sliding friction coefficient
between particles and boundaries but can also measure the sliding friction coefficient
between particles of different shapes and sizes.

2.1. Particles and Pad Materials

In this study, spheres, ellipsoids, and polyhedron particles were made in cement, and
embedded into cement plates as samples [46,47]. The cement mortar samples were made
according to a mass ratio of cement:water:lime paste:sand = 1:0.68:0.29:3.3. All particles
were divided into nine groups according to different sizes and shapes. The group name,
average size, and number of particles of each group are listed in Table 1. Under Table 1’s
group label heading, S, E, and P represent sphere, ellipsoid, and polyhedron, respectively;
subscripts indicate the diameter of the spheres; maj and min subscripts indicate ellipsoid
contacts with the major axis, and the ellipsoid contacts with the minor axis, respectively;
the subscripts p, e, and f represent the point contact, edge contact, and face contact of
polyhedron, respectively. The same naming method is used henceforth. Individual groups
of particles were divided into two parts on average, the parts were then embedded into two
cement plates, and the peaks of the outside part were kept horizontal, as shown in Figure 1.

Table 1. Average sizes, and number of particles for twelve particle groups.

Group Label Average Size (mm) Number of Particles
S3 29.62 32
S35 34.69 32
Sy 40.08 32
S45 45.02 32
S5 49.72 32
Ss5 55.26 32
Se 60.12 32
Emaj 60.30 x 43.32 x 43.32 32

Emin 60.30 x 43.32 x 43.32 32
Pp 40.24 32
Pe 40.24 32
P¢ 40.24 32

(b)

Figure 1. (a) Photograph of a block with embedded sphere particles; (b) Photograph of a block with
embedded ellipsoid particles; (c) Photograph of a block with embedded cube particles.
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In order to measure the sliding friction coefficient between the particles and bound-
aries, four kinds of pad materials were applied, including wood board, glass board, crocus
paper, and flint paper.

2.2. Determination of the Sliding Friction Coefficient

Based on the methodology of Liu [41], an improved experimental method for measur-
ing the sliding friction coefficient is proposed. This method can reduce the deviation that
may be caused during the experiment and is more convenient than the original method
and can determine the sliding friction coefficient between particles and the sliding friction
coefficient between particles and boundaries.

The main steps in determining the sliding friction coefficient between particles were
carried out as follows: (1) After the test bench was leveled, the peaks of the two plates
were placed on the test bench so that they were in contact with each other, and a lifting
platform was placed on the rear side of the test bench. The height of the lifting platform
was measured at the point of minimal contact with the test bench, recorded as h;, as shown
in Figure 2a; (2) The distance from the front of the test bench to the rear of it was measured,
recorded as s. The height of the rear side of the lifting platform was slowly raised, so that the
test bench was gradually tilted, as shown in Figure 2b; (3) When the sliding phenomenon
occurred in the upper sample, the rising of the lifting platform rising stopped, as shown in
Figure 2c. The rising height h, of the lifting platform was measured at this time, and the
sliding friction coefficient under different contact forms was calculated. The sliding friction
coefficient can be calculated as follows:

s — hy — Iy (1)
2= (hy —n)?

(b) (©)

Figure 2. Measurement method of the sliding friction coefficient between particles. (a) Initial state.
(b) Lifting state. (c) Final state.

The test was repeated five times, each value of experimental data was recorded, and
the average value of the sliding friction coefficient was calculated. The experimental results
are shown in Table 2.

The test process for determining the sliding friction coefficient between particles and
the pads was the same as the experimental method described above. The only difference
was the replacement of the sample plate placed on the test bench with a pad. The test was
repeated five times under the same contact condition, each value of experimental data
was recorded, and the average value of the sliding friction coefficient was calculated. The
experimental results are shown in Table 3.
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Table 2. Sliding friction coefficients between particles.

Group Name S3 S35 S4 S45 Ss Ss.5 Se Emnaj Emin Py P, P¢
S3 0.46 0.47 0.48 0.49 0.49 0.50 0.51 \ \ \ \ \
S35 0.47 0.48 0.48 0.49 0.50 0.50 0.52 \ \ \ \ \
Sy 0.48 0.48 0.50 0.50 0.51 0.52 0.53 \ \ \ \ \
Su5 0.49 0.49 0.50 0.50 0.52 0.52 0.53 \ \ \ \ \
S5 0.49 0.50 0.51 0.52 0.53 0.54 0.56 \ \ \ \ \
Ss5.5 0.50 0.50 0.52 0.52 0.54 0.57 0.58 \ \ \ \ \
Se 0.51 0.52 0.53 0.53 0.56 0.58 0.58 \ \ \ \ \
Emaj 0.46 0.47 0.48 0.50 0.53 0.53 0.54 0.42 \ \ \ \
Emin 0.47 0.48 0.49 0.51 0.53 0.54 0.57 0.44 0.45 \ \ \
Pp 0.46 0.48 0.52 0.54 0.55 0.57 0.60 0.51 0.59 0.35 \ \
Pe 0.50 0.52 0.55 0.56 0.56 0.58 0.61 0.56 0.60 0.54 0.55 \

P¢ 0.56 0.57 0.58 0.59 0.60 0.61 0.61 0.58 0.61 0.55 0.59 0.62

Table 3. Sliding friction coefficients between particles and pads.
Pad
Glass Wood Board Crocus Paper Flint Paper
Group Name

S3 0.20 0.44 0.46 0.46

Sss 0.22 0.44 0.47 0.47

Sy 0.24 0.45 0.49 0.48

Sys 0.24 0.46 0.49 0.49

Ss 0.24 0.46 0.49 0.51

Ss55 0.25 0.47 0.50 0.52

Se 0.26 0.48 0.50 0.52

2.3. Method of Packing

In order to verify the reliability of the sliding friction coefficient determined by the
above experiment, packing experiment was carried out. Three different particle shapes
are shown in Figure 3. The name, average size, and number of particles of three groups
of differently shaped particles are shown in Table 4. According to the different sizes and
shapes of particles, the number of particles contained in each group is different. The particle
shape and number of particles contained in each group are shown in Table 5.

(@) (b)

Figure 3. Particle shapes: (a) Sphere particle; (b) Ellipsoid particle; (c) Polyhedron particle.

Table 4. Average size and number of particles of packing samples.

Particle Name Average Size (cm) Number of Particles
Sphere D =497 66
Ellipsoid 6.03 x 4.33 x 4.33 66

Polyhedron As is shown in Figure 4 29
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Figure 4. Average size of polyhedron.

Table 5. Constituent particles and number of particles of packing samples.

Group Name Contain Particles Amount
S-S Sphere 66
E-E Ellipsoid 66
p-p Polyhedron 29
S-E Sphere and ellipsoid 33 for each
S-P Sphere and polyhedron 28 for each
E-P Ellipsoid and polyhedron 28 for each

A rectangular container with an upper opening was placed on the platform, and the
particles were poured into the center of the container one by one. After the samples were
stable, a pile was formed.

3. Simulated Method

Based on the M-D theory [20], a container with an upper opening was generated first.
According to the group division as shown in Table 5, fixed-size particles were generated
one by one above the center of the top of the container, as shown in Figure 5a. After, all the
particles were stabilized by gravity, as is shown in Figure 5b.

(a) (b)

Figure 5. Two configurations during the process of sandpile formation for group S-S. (a) Initial state.
(b) Final state.

4. Results and Discussion

The discrete element method (DEM) is the most effective method for the mechanical
analysis of granular geomaterials. Because of the difficulty inherent in friction coefficient
determination, the friction behavior of granular materials has always been a problem in
DEM. The friction coefficient includes the rolling friction coefficient and sliding friction
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coefficient [34]. There are many influencing factors that are not only related to the character-
istics of the material itself but also to the environment in which the material is located [48].
In this study, packing experiments and numerical simulation were carried out simultane-

ously, and the simulation results of each group were compared with the corresponding
packing experiments.

4.1. Analysis of Sliding Friction Coefficient

The samples had slight defects on the surface due to insufficient vibration, but these
defects had minimal impact on the results. According to the sliding friction coefficient
obtained from Tables 2 and 3, the results were fitted. The fitting result of the sliding friction
coefficient between sphere particles is shown in Figure 6. Because the variation range
of the sliding friction coefficient of the sphere—ellipsoid group was very small, bilinear
interpolation was used to calculate the sliding friction coefficient of the sphere—ellipsoid.
The sliding friction coefficient of the ellipsoid—ellipsoid group was fitted by plane fitting,
and the sliding friction coefficient of the ellipsoid—polyhedron group was fitted by linear
fitting. The fitting result of the sliding friction coefficient of the sphere—polyhedron group is
shown in Figure 7a. The fitting result of the sliding friction coefficient between the sphere
particles and the four different pads is shown in Figure 7b.

It can be seen from Figure 6 that when two sphere particles are in contact, the sliding
friction coefficient changes obviously with the curvature of the particles. The sliding friction
coefficient decreases with an increase in the curvature of the two spheres. When the two
contact spheres differ in size, the sliding friction coefficient cannot be determined from the
curvature of the single sphere. Comparing the fitting results of sphere—sphere, ellipsoid—
ellipsoid, and sphere—ellipsoid groups, it is shown that the fitting result shown in Figure 6
is not applicable when ellipsoid particles are involved in contact. The main reason is that
the ellipsoid particles have different curvatures at different positions.

It can be seen from Figure 7a that when the sphere particles and the polyhedron
particles are in contact, the sliding friction coefficient of the point—face contact is the largest,
the sliding friction coefficient of the point-point contact is the smallest, and the sliding
friction coefficient of the point-edge contact lies between the two. The sliding friction
coefficient decreases with an increase in the curvature of the sphere. The sliding friction
coefficient of the point—face and point-edge contacts change slowly with an increase in
curvature, however, the sliding friction coefficient of the point—point contact changes
sharply with an increase in curvature. The same conclusion can be obtained by the fitting
result of the sliding friction coefficient of the ellipsoid—polyhedron contact.

B
_— —
- T

o
(3
>®

R-Square (COD) 096513

SIS
o
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Sr JUSYR0D LONIUY Buy

Figure 6. Relationship between the sliding friction coefficient and the curvature of sphere particles in
the contact of sphere particles with sphere particles.
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It can be clearly seen from Figure 7b that the sliding friction coefficient of the glass
in contact with the sphere particles is the smallest, and it is the largest when the flint
paper is in contact with the particles; the sliding friction coefficient during contact between
the crocus paper and the sphere particles is the second largest, and the sliding friction
coefficient during contact between the sphere particles and the wood board is slightly lower
than that during contact between the flint paper and the wood board.

0.55 4
0.62 i = Contact with polyhedron point S
Py ® Contact with polyhedron edge i OB o
A .50 g —— v
E 0.60 4 iy = Contact with polyhedron face : o 4 -y \ 4 "
& R =4 - . .. .
€ 0.58 e ke g 0459 o s
.g | N SAT -f—j m Glass
£ 056 o = ® Wood board
o A o 0404
bl . bod 4 Crocus paper
5} P O
0.54 - - v Flint paper
s : S 035 —_—
2 052 - Ay kE)
= - =
= c
5 050 S i
%] 0 0.25 L
0.48 - n = .
0.46 = 0.20 L
T T T T T T T 1 T T T T T T T 1
030 035 040 045 050 055 060 065 0.70 0.6 0.7 0.8 0.9 1.0 14 1.2 1.3 1.4
Curvature k Curvature k
(a) (b)

Figure 7. (a) Relationship between the sliding friction coefficient and the curvature of sphere particles
during the contact of sphere particles with polyhedron particles; (b) Relationship between the sliding
friction coefficient and the curvature of sphere particles during the contact of sphere particles with
different boundaries.

4.2. Analysis of Sandpile Formation

According to the grouping described in Table 5, a packing experiment was carried out
in a container with dimensions of 35 cm x 35 cm X 35 cm, and the chosen pad was glass.
Numerical simulation was carried out simultaneously, and the friction between particles
and the vertical boundary was ignored. The parameters used in the simulation are shown
in Tables 4 and 6. In Table 6, p, E, and v were selected by referring to Liu [41].

Table 6. Parameters for the simulations.

Variable Symbol Value
Particle density 0 2500 (Kg/m?)
Young’s modulus E 35 (GPa)
Poisson ratio n 0.2
Sliding friction coefficient HUs Based on fitting of experiments

The results of the packing experiment and numerical simulation are shown In Figures 8 and 9.
It can be seen from the figure that the packing morphologies obtained by the experiment
and by the numerical simulation are basically the same, and the packing heights of the
particles are very close between the methods. The above analysis results indicate the
correctness of the experimental method proposed in this study.

Table 7 displays the average ordinate value and the deviation of each group of specific
particles after the simulation and experiment, and 10 particles in each group were selected as
specific particles. As is shown in Table 7, the deviation between simulated and experimental
results is nearly 1%. The deviation in the S-E group is slightly bigger than other deviations,
but the difference in average ordinate values between the simulation and experiment of
the S-E group is only 0.22 cm. Comparing this difference with the dimensions of the
sphere particles and ellipsoid particles (about 5 cm—6 cm) used in the study, it is acceptable.
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The results indicate that the simulation and the experiment are basically the same. The
experimental method proposed in this study can effectively determine the sliding friction
coefficient between particles in DEM, and the sliding friction coefficient determined by
fitting according to the experimental results can be applied to the numerical simulation of
DEM, which improves the accuracy of the simulation results.

Figure 8. (a) Simulated and experimental sandpile configurations of S-S group (glass pad); (b) Simu-
lated and experimental sandpile configurations of E-E group (glass pad); (c) Simulated and experi-
mental sandpile configurations of P-P group (glass pad).

Figure 9. (a) Simulated and experimental sandpile configurations of S-E group (glass pad); (b) Simu-
lated and experimental sandpile configurations of S-P group (glass pad); (c) Simulated and experi-
mental sandpile configurations of E-P group (glass pad).
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Table 7. The repose angle and the deviation of several groups under the condition of glass pads from
simulated and experiment results.

Average Ordinate Average Ordinate .
Group Name by S%mulation by Eiperiment Deviation

S-S 3.93 cm 3.89 cm 1.03%
E-E 4.20 cm 4.25 cm 1.18%
P-P 13.89 cm 14.12 cm 1.63%
S-E 413 cm 4.35cm 5.06%
S-P 10.53 cm 10.66 cm 1.22%
E-P 10.50 cm 10.42 cm 0.77%

4.3. Sliding Friction Coefficient between Particles and Boundaries

The S-S group as defined in Table 5 was used for a packing experiment in a 30 cm X
30 cm x 30 cm container, and the pads used were made of glass, wood board, flint paper,
or crocus paper. Numerical simulation was carried out simultaneously, and the friction
between particles and the vertical boundary was ignored. The parameters used in the
simulation are shown in Table 6. According to Figure 7b, the sliding friction coefficient of
the sphere particles in contact with different boundaries was applied.

The results of the packing experiment and numerical simulation are shown in Fig-
ures 10 and 11. It can be seen from the figure that the packing morphologies obtained by
the experiment and the numerical simulation are basically the same, and the packing height
of the particles is very close between the methods. The above analysis results indicate the
correctness of the experimental method proposed in this study.

Figure 10. (a) Simulated and experimental sandpile configurations of S-S group (glass pad); (b) Sim-
ulated and experimental sandpile configurations of S-S group (crocus paper pad).

Table 8 displays the average ordinate value and deviation of each group of specific
particles after the simulation and experiment, and 10 particles in each group were selected
as specific particles. As is shown in Table 8, the deviation between the simulated and
experimental results is very small, between 1% and 3%. It is proven that the simulated
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height is basically consistent with the experimental height, indicating that the experimental
method proposed in this study can effectively determine the sliding friction coefficient of
particles and boundaries in DEM, and the sliding friction coefficient determined by fitting
according to the experimental results can be applied to the numerical simulation of DEM
to improve the accuracy of simulation results.

Figure 11. (a) Simulated and experimental sandpile configurations of S-S group (wooden board pad);
(b) Simulated and experimental sandpile configurations of S-S group (flint paper pad).

Table 8. The repose angle and the deviation of S-S group under several conditions of pads from
simulated and experiment results.

Average Ordinate by = Average Ordinate by

Group Name Simulation Experiment Deviation
Glass 4.07 cm 413 cm 1.21%
Wood board 420 cm 4.35cm 3.45%
Crocus paper 5.66 cm 5.72 cm 1.05%
Flint paper 5.75 cm 5.81 cm 1.03%

5. Conclusions

In this paper, an experiment designed to determine the sliding friction coefficient
between particles with different shapes and different contact forms and an experiment
designed to determine the sliding friction coefficient between particles and different bound-
aries were proposed, and the experimental results were fitted. In order to verify the
reliability of the experiments, several packing experiments and simulation experiments
were carried out and compared. The following conclusions are derived:

1.  The sliding friction coefficient between two sphere particles varies with curvature and
cannot be calculated based solely on the curvature of a single sphere. However, due
to the variations in curvature at different points, this fitting result is not valid when
the ellipsoid is involved in contact.

2. Based on the sliding coefficient acquired using the suggested experiment approach,
the packing experiment and the numerical simulation of the particles in the container
are essentially the same. The experiment approach presented in this work can be used
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to efficiently determine the sliding friction coefficient between particles and between
particles and boundaries in DEM.

3. The sliding friction coefficient found by fitting the experimental data can be used to
increase the accuracy of the numerical simulation of the DEM.
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