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Granular segregation is widely observed in nature and industry. Most research has focused on segregation caused by
differences in the size and density of spherical grains. However, due to the fact that grains typically have different shapes,
the focus is shifting towards shape segregation. In this study, experiments are conducted by mixing cubic and spherical
grains. The results indicate that spherical grains gather at the center and cubic grains are distributed around them, and
the degree of segregation is low. Through experiments, a structured analysis of local regions is conducted to explain the
inability to form stable segregation patterns with obviously different geometric shapes. Further, through simulations, the
reasons for the central and peripheral distributions are explained by comparing velocities and the number of collisions of

the grains in the flow layer.

Keywords: granular materials, cubic grains, shape segregation, segregation mechanism
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1. Introduction

Granular materials are complex systems formed by the
interaction of many discrete solid grains with a granular size
greater than 1 um.!"?] Ever since the Brazil nut effect was pro-
posed, granular segregation has become a popular scientific
topic.[3’4] However, most current research focuses on spheri-
cal grains and studies the influence of size and density on the
segregation process and its outcomes.!>~’! In practice, a gran-
ular system generally comprises irregularly shaped grains. In
nature, rocks of different shapes slide downward during mud-
slides. Segregation can alter the local water flow character-
istics, leading to erosion of the channel bed and compromis-
ing its stability.!3! Therefore, research on segregation during
landslides would significantly contribute to the prediction of
geological disasters, ultimately reducing the loss of life and
property. In the coal industry, mining and washing are com-
monly performed simultaneously. Screening of coal with dif-
ferent shapes is crucial as it aids in producing quality products.
Thus, research on shape segregation has significant social and
economic value in natural, industrial and other contexts.

Segregation of spherical grains in drums has been exten-
sively investigated. Segregation induced by size differences
is often explained by percolation mechanisms.!*! Segrega-
tion occurs in the direction perpendicular to the flow layer,
where grains of different sizes exhibit different packing den-
sities. There are large gaps between larger grains, which al-
lows smaller grains to percolate through and become trapped

fCorresponding author. E-mail: yangh_23@sumhs.edu.cn
© 2024 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ad1092

in the center. Segregation induced by density differences is of-

10.11] This segregation also

ten explained by buoyancy effects.!
occurs in the direction perpendicular to the flow layer, where
grains with lower density experience buoyant forces exceed-
ing their own gravity. Thus, they float to the surface of the
flow layer and are distributed around the drum. However, in
shape segregation where the granular size and density are the
same, the two aforementioned classical mechanisms cannot
completely provide a satisfactory explanation. Thus, in-depth
research is required on shape segregation.

He et al.!'?! studied a mixture of ellipsoids and spheres
at a filling degree of 40% and observed that alterations in the
aspect ratio of the grains caused spherical grains to inconsis-
tently concentrate in the center. They suggested that changes
in the aspect ratio could lead to variations in the void size
on the flow layer surface, thereby affecting the segregation

results. Dube et al.!!3]

conducted simulations of cylindrical
grains and reached a conclusion opposite to that of traditional
segregation results where smaller grains were observed to be
distributed around the periphery. They inferred that the seg-
regation of the two types of cylindrical grains was determined
by their base widths. Claudia ez al.!'*] mixed spherical and el-
lipsoidal grains with the same volume; they observed that in-
creases in the aspect ratio of ellipsoidal grains decreased their
rolling ability, causing them to become trapped in the center of
the drum. Thus, the factors affecting the segregation of spher-

ical and differently shaped grains are not the same. With re-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

044502-1


https://doi.org/10.1088/1674-1056/ad1092
mailto:yangh_23@sumhs.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 044502 (2024)

spect to the segregation of spherical and typical non-spherical
grains, such as block-like grains, Pereira ef al. 051 conducted
simulations and indicated that from the perspective of energy
dissipation, the sharpness of granular edges led to the differ-
ences in energy consumption, resulting in segregation. The
sharp edges of block-like grains increased the degree of seg-
regation. Lu ez al.!'% used simulations to explain segregation
in terms of mobility and the number of granular collisions.
They observed that the change of the segregation degree be-
tween block-like grains with different edge angles and spher-
ical grains was relatively small. A comparison of the simula-
tion results from Pereira et al. and Lu et al. revealed that there
is a low degree of segregation due to the effect of shape. How-
ever, the radial distribution continues to be contentious, and
most existing research is based on simulations only. There-
fore, previous studies suffer from limitations and further ex-
periments are required to address this issue. The achievement
of a universally accepted and consistent result for shape segre-
gation of spherical and cubic grains remains a challenge. This
study identifies the segregation phenomena of cubic and spher-
ical grains via experiments and provides explanations from ex-

perimental and simulation perspectives.

2. Method
2.1. Experimental apparatus and grains

Figure 1 shows the experimental setup for granular seg-
regation. The experimental apparatus comprises a drum, a
motor system, a complementary metal-oxide—semiconductor
(CMOS) high-speed camera and a light-emitting diode (LED)
light source. During the experiment, the LED light source is
directed toward the drum and the CMOS high-speed camera is
used to continuously capture images of the grains. The drum
is made of processed organic glass with a diameter of 150 mm
and an adjustable depth range of 0-250 mm. To ensure that
the system only produces radial segregation, the drum depth is
adjusted to 20 mm during the experiment, with a filling degree
of 50% and a rotation speed of 5 rpm. A high-speed camera
(Revealer 3F04M) is aimed at the drum, which continuously
captures images. The images are collected and processed by a
computer with a sampling interval of 10 ms. To avoid interfer-
ence from reflected light in image acquisition, the LED light
source (SL-200W) is positioned at an angle of 45° & 5° rela-
tive to the drum with an output power of 200 W. The materials
and shapes of the grains are important parameters. Three types
of grains are used in the study; their parameters are listed in
Table 1. Given the difficulty in identifying and distinguishing
two transparent grains in images captured by the high-speed
camera, ten random grains of type B are painted black to track

the changes in their positions to study the distribution.

(a)

LED light source

Rotating drum

-------- Grain C

Fig. 1. System and grains: (a) segregation experiment setup; (b) grain A:
spherical PMMA, grain B: cubic PMMA, grain C: spherical stainless steel.

Table 1. Grain parameters.

Grain Material Shape  Density (g/cm3) Size (mm)
A PMMA sphere 1.2 3
B PMMA cube 1.2 3
C stainless steel ~ sphere 7.93 3

2.2. Discrete element method

Segregation can be studied using a discrete element
method (DEM) model with Hertz—Mindlin contact forces, al-
lowing real-time tracking of grain motion while consider-
ing the interactions between grains and between grains and

boundaries.[!7-18

I The translation and rotation motion of grains
are described using Newton’s second law of motion. For grain

i, interaction with grain j can be expressed as follows:

du;

miditl = 22:1 (Fcn,ij + Fan,ij + Feuij +th,ij) +G;, (1)
dw; n

limt =3 (T4 T), 2)

where u;, @; and I; denote translational velocity, angular veloc-
ity and moment of inertia of grain 7, respectively. Furthermore,
Fen,ij and Fe ;; denote normal and tangential contact forces be-
tween grains i and j, respectively; Fy,;; and Fg;; denote the
normal and tangential damping forces between grains i and j,
respectively; and G; denotes the gravity acting on grain i. The
torque acting on grain i is generated by tangential forces and
rolling friction forces, denoted as Ti;; and T; ;;, respectively.
The forces and torques correspond to the sums of n grains in
contact with grain .

This method is used to simulate mixing of grains A and
B. The drum is a cylindrical vessel with a diameter of 150 mm
and a thickness of 20 mm. The elongated cylinder is modeled
using periodic boundary conditions and neglecting axial segre-
gation. Gravity acts in the negative y-direction. The spherical
grains exhibit a diameter of 3 mm. The cubic grains are mod-
eled using a sphere-packing method where 27 spherical grains
are connected to each other and overlap to form a cubic grain.
Each small sphere has a diameter of 1.5 mm. The distance be-
tween the centers of the spheres is 0.75 mm and results in a
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cubic grain with a side length of 3 mm. The spherical grain at
the center of each cubic grain is referred to as the host grain
and the 26 surrounding grains are referred to as subordinate
grains. For each cubic grain, only subordinate grains are used
to represent the geometric contours of the cubic grain. The ma-
terial properties and motion information of the cubic grains are
represented by the central host grain, including attributes such
as mass, material properties, spatial orientation and center-of-
mass position of the cubic grain. Collisions between cubic
grains can be transformed into binary collisions between sub-
ordinate grains. Using the same approach, any edge-to-edge,
wall-to-wall or edge-to-wall contact between cubic grains can
be transformed into a spherical grain-to-spherical grain con-
tact. To simplify the problem and improve computational effi-
ciency, a restitution coefficient of 0.1 is set in the simulation.
The other system parameters used for the DEM simulations
are listed in Table 2.

Table 2. Numerical parameters in the simulations.

Parameter Value
Grain density (kg/m?) 1200
Grain A diameter (mm) 3
Grain B side length (mm) 3
Grain number (A and B) 3183 and 1926
Shear modulus (Pa) 2.1x108
Poisson’s ratio 0.29
Restitution coefficient between grain—grain, grain— 0.1
wall

Static friction coefficient between grain—grain, grain— 0.8
wall

Rolling friction coefficient between grain—grain, 0.02
grain—wall

The simulation is designed to explain certain phenomena
in the experiments and it is consistent with the experimental
conditions. Preprocessing is performed prior to the simula-
tion. Two sector-shaped containers are created, each with an
area equivalent to one-quarter of the drum surface and a thick-
ness matching the drum depth of 20 mm. The containers are
filled with cubic and spherical grains. The numbers of spheri-
cal and cubic grains required to fill one-quarter of the container
are 3183 and 1926, respectively. The grains are randomly gen-
erated from the top of the drum at an initial velocity of 2 m/s.
After loading is completed, the filling degree of the system is
approximately 50%. Figure 2 shows the typical trajectories of
the two grains with different shapes. Specifically, I represents
the initial position and II represents the final position. Spher-
ical grains start near the edges and eventually stabilize in the
center. Cubic grains start in the center and eventually stabilize
near the edges. The segregation results show that spherical
grains are located in the center and cubic grains are located
near the edges. This is consistent with the distribution ob-
served in the experimental results.

To examine the velocities of the different grains within
the flow layer of the simulation system, the drum surface is

divided into nine perpendicular rectangular containers of the
same size, with a length of 15 mm (five times the granular
diameter), width of 15 mm and height of 50 mm to cover the
entire flow layer. The maximum velocities of the top ten grains
of each shape in each rectangular container are separately cal-
culated. The average velocities of 90 grains of each shape are
determined and the frequencies of the different velocities are
recorded.

(a) (b)

Fig. 2. Typical grain trajectories: (a) spherical grain; (b) cubic grain.

2.3. Degree of segregation

The quantification of the degree of segregation uses the

segregation index Is, !¢

3

where N, denotes the total number of grids, f; denotes the pro-
portion of a certain type of grain in the kth grid and f denotes
the average proportion of a certain type of grain in k grids. A
value of 0.5 indicates more thorough segregation and a value
approaching 0 suggests a higher degree of mixing. The drum
is divided into several equal-sized grids wherein each displays
a length and width equal to five times the granular diameter.
Figure 3 shows the variation curve for the segregation index I
in the DEM, which can be divided into three stages.

0.35

0.30

2 0.25

0.20

0 20 40 60 80 100

Fig. 3. Evolution of the segregation process.
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Initially, the mixing index is relatively low (approxi-
mately 0.2), indicating a higher degree of mixing. The volume
ratios of the grain types are identical to ensure consistency be-
tween the simulated and experimental systems. The number of
spherical grains exceeds the number of cubic grains and there
is a top layer of spherical grains. This results in an initial state
that is not a complete mixture and a numerical value that is
not zero. Within 0—40 s, the overall trend of I5 increases and
reaches a peak of 0.3. This is because the top layer of spherical
grains briefly aggregate while rolling, resulting in a relatively
high degree of segregation when the spherical grains have not
yet dispersed. After 60 s, the granular system stabilizes and
the Is remains at approximately 0.25, indicating a relatively
high degree of mixing and shape segregation.

3. Results and discussion
3.1. Experiment results

Figure 4 shows a superimposition of 2000 consecutive
images of tracked grains acquired in the experiment after the
segregation system is stabilized. For ease of observation and
analysis, the images undergo rotation, color change, binariza-
tion and opening and closing operations. Figure 4(a) shows
the inverted-color-processed result; the white areas indicate
the distribution positions of the tracked grains within 20 s. It
is observed that the tracked cubic grains are mainly distributed
around the granular system after the segregation system is sta-
bilized, with no cubic grains in the center. Figure 4(b) shows
the normalized results where darker colors indicate a higher
frequency of tracked grains at that position. The figure shows
seven small white squares in the center, indicating the absence

of cubic grains in the central area, which accounts for 5.6% of
the calculated region. The volume ratio of the grains loaded
into the system is identical. Only a small portion of the center
lacks cubic grains, indicating incomplete segregation based on
the shapes of the spherical and cubic grains.

(b)

Fig. 4. Distribution of tracked grains: (a) inverted-color-processed result;
(b) normalized result.

3.2. Segregation results for three grain combinations

Figure 5 depicts two additional comparative experiments
based on shape segregation. Each experiment involves two
types of grain with equal volume, resulting in a filling de-
gree of 50%. Grains A and C form a typical experimental
density segregation system, where the buoyancy effects lead
to segregation in a direction perpendicular to the flow layer.
Heavier stainless-steel grains gather in the center whereas
lighter PMMA grains are distributed around the periphery,
creating a distinct segregation boundary, indicated by the red
marks in Fig. 5. This experimental phenomenon is consistent
with previous findings and conclusions.!!?2% A comparative
experimental group composed of grains B and C is established
to investigate the influence of adding the shape factor to den-
sity segregation. The experimental pattern of B+C in Fig. 5
shows relatively clear segregation with yellow lines marking
the boundary between the two types of grains. Although the

Grain A
Cora:
. . Cora: sphere
hlgher.denswy Surroundings: cube
Surroundings: i
lower density o
Segregation

Density+shape

Grain C

Grain B

Cora: stainless steel, sphere
Surroundings: PMMA, cube

A+C

B+C

Fig. 5. Segregation of the three grain combinations.

044502-4



Chin. Phys. B 33, 044502 (2024)

segregation between grains B and C are mainly determined by
buoyancy effects due to the differences in density, the presence
of shape factors competes with the density and this results in
irregular protrusions in the segregation locations of the two
grain types. The combination of grains A and B eliminates the
effect of density and the segregation results are determined by
the granular shape. Cubic grains are denoted in yellow and
spherical grains are denoted in red. As shown in Fig. 5, for
A+B, the segregation pattern does not exhibit distinct bound-
aries.

To further investigate the effect of shape factors on seg-
regation, a local analysis of the segregation results for grains
B and C is conducted. During the descent of these grains, cu-
bic grains form relatively stable clusters at the top of the flow
layer that can persist for a time, as shown in Fig. 6(a). The
relatively stable clusters begin to descend when the drum con-
tinues to rotate. Cubic grains carry more grains as they fall
along the flow layer. Particle image velocimetry is used to an-
alyze grain velocities in the flow layer and reveals that, when
compared with density segregation, the addition of shape fac-
tors increases the thickness of the flow layer. Density segre-
gation can drive approximately three layers of grains to flow
in the center of the flow layer. However, with the added effect
of shape factors, it can carry up to approximately six layers of
grains in the center. The thicker the flow layer in the segrega-
tion system, the more energy it possesses during descent. This
allows some spherical grains to reach lower positions and dis-
rupt the boundaries of the existing cubic grains. This leads to
irregular protrusions, as shown in Fig. 6(b). When the effect of
density is completely eliminated, only the effect of the gran-
ular shape remains and the boundary between the two types
of grains is disrupted to a greater extent, resulting in a lower
degree of segregation.

Fig. 6. Local changes during evolution of segregation: (a) stable clus-
ters at top of the flow layer; (b) disrupted boundary.

3.3. Velocity and collision in the flow layer

Figure 7(a) presents the cubic and spherical grain veloc-
ities in the simulation for a time interval of 90-100 s, with

data collected every 0.2 s. Velocities ranging from 0.13 m/s
to 0.28 m/s are divided into ten intervals, in increments of
0.015 m/s. The number of occurrences of different velocities
in the ten intervals is calculated and a Gaussian curve is used
for fitting. The graph shows that the average velocity of the
cubic grains is approximately 0.24 m/s and the average ve-
locity of the spherical grains is approximately 0.18 m/s. Cubic
grains exhibit greater velocity than spherical grains and this al-
lows them to reach the bottom of the flow layer more quickly
during descent. The variances in the velocities of the cubic and
spherical grains are similar, thereby indicating similar velocity
fluctuations.

15— T T
— Fitting curve-cubes (a)
— Fitting curve-spheres

Bl Cubes
I Spheres

10}

Number of occurrences of different velocity

0
0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
Velocity (m/s)

n 15 r " " -
5 — Fitting curve-cubes (h
iz — Fitting curve-spheres
:O' B Cubes
© Il Spheres
=
8
£ 10}
=
B
72}
g
e
E
5 st
s
B
)
S
g
3
Z.

0

300 350 400 450 500

Number of collisions

Fig. 7. Characteristics of grains in the flow layer: (a) velocity; (b) col-
lision frequency.

When the grains enter the passive layer, they undergo a
rigid motion with the drum. Rolling occurs upon reentry into
the flow layer. More collisions during descent indicate greater
energy dissipation, leading to shorter rolling distances. Fig-
ure 7(b) illustrates the collisions between the two types of
grains. Collisions are recorded at intervals of 0.2 s in a pe-
riod from 90 s to 100 s, yielding 51 datasets. Collision counts
are grouped into 11 intervals where each spans 20 collisions
and ranges from 280 to 500. The frequency of occurrence in
these 11 intervals across 51 datasets is calculated and fitted us-
ing Gaussian curves. The graph shows that the average colli-
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sion count for cubic grains is approximately 350, whereas the
average collision count for spherical grains is approximately
390. This indicates that the spherical grains experience greater
energy dissipation during their motion, resulting in shorter
rolling distances. Consequently, spherical grains tend to ac-
cumulate in the center whereas cubic grains roll farther due
to fewer collisions and are distributed around the periphery.
However, the variance of collision counts for cubic grains ex-
ceeds that for spherical grains and indicates that the collision
counts of cubic grains fluctuate more and are relatively dis-
persed compared to those of spherical grains.

Analysis of the velocity and collision frequency of the
grains in the flow layer demonstrated why the spherical grains
are prone to accumulate at the center, whereas cubic grains are
distributed around them.

3.4. Influence of volume ratio on segregation results

In industry, the proportion of mixed grains is an impor-
tant consideration during the loading process. Grains A and
B are mixed with different volume ratios to study the influ-
ence of volume ratio on shape segregation. Figure 8 shows the
normalized segregation results for cubes : spheres =3:7 and
7:3 with cubes mostly distributed around the periphery and
spherical grains are concentrated in the center. As shown in
Figs. 4(b) and 8, for the three ratios, there are 10, 7 and 4
grids in the central area, which are white. This indicates that
with an increase in the proportion of cubic grains, the available
area in the center where the spherical grains arrive decreases.
When the proportion of cubic grains reaches 70%, the aggre-
gation area of the spherical grains in the center is only 3%
and is significantly less than the overall proportion of 30%.
This indicates that segregation between the cubic and spheri-
cal grains is incomplete and that the shape factor disrupts the
segregation pattern. The rotation speed of the drum also af-
fects segregation. The adjustable range of the rotational speed
is 0-0.612 rad/s. Is increases when the rotation speed of the
drum increases. When the speed exceeds 0.55 rad/s, the Is
does not change significantly.

(a) (b)

0 0

Fig. 8.
cubes : spheres = 3:7; (b) cubes : spheres = 7:3.

Segregation results with different volume ratios: (a)

4. Conclusion

Segregation of cubic and spherical grains is studied via
establishment of an experimental platform and simulations.
The following observations and possible explanations can be
obtained:

When the rotation speed is 5 rpm, the segregation results
for both cubic and spherical grains indicate that the spherical
grains gather in the center and cubic grains distribute around

them. The radial distribution is not affected by changes in the
volume ratio. Moreover, compared to size and density seg-
regation, the degree of segregation is lower and stable seg-
regation patterns with significant geometric shapes cannot be
produced in the shape segregation process. First, the evolu-
tion of the degree of segregation demonstrates the incomplete-
ness of shape segregation. The reasons for the disruption of
boundaries are presented from a structural perspective via seg-
regation of the three types of grains. The cubic grains form
relatively stable clusters at the top of the flow layer and roll to-
gether. During their descent, they carry more spherical grains,
thereby leading to an increase in the thickness of the flow layer
compared with that observed in density segregation. Thus,
they possess more energy during their descent. Some spher-
ical grains reach further positions and disrupt the boundaries
of the original cubic grains, resulting in irregular protrusions
and destruction of the original core segregation patterns. Then,
the velocity and the number of granular collisions of the two
types of grains in the flow layer are calculated in simulations
to explain why spherical grains gather at the center and cu-
bic grains are distributed around them. The typical granular
trajectories also confirm this distribution.
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