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This paper presents a laboratory experimental study on particle breakage of sand subjected to friction
and collision, by a number of drum tests on granular materials (silica sand No. 3 and ceramic balls) to
investigate the characteristics of particle breakage and its effect on the characteristics of grain size
distribution of sand. Particle breakage increased in up convexity with increasing duration of drum tests,
but increased linearly with increasing number of balls. Particle breakage showed an increase, followed by
a decrease while increasing the amount of sand. There may be existence of a characteristic amount of
sand causing a maximum particle breakage. Friction tests caused much less particle breakage than
collision tests did. Friction and collision resulted in different mechanisms of particle breakage, mainly by
abrasion for friction and by splitting for collision. The fines content increased with increasing relative
breakage. Particle breakage in the friction tests (abrasion) resulted in a sharper increase but with a
smaller total amount of fines content in comparison with that in the collision tests (splitting). For the
collision tests, the fines content showed a decrease followed by an increase as the amount of sand
increased, whereas it increased in up convexity with increasing number of balls. The characteristic grain
sizes D10 and D30 decreased in down convexity with increasing relative breakage, which could be
described by a natural exponential function. However, the characteristic grain sizes D50 and D60
decreased linearly while increasing the relative breakage. In addition, the coefficients of uniformity and
curvature of sand showed an increase followed by a decrease while increasing the relative breakage.
� 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Granular flow is widely distributed as a common phenomenon
in nature, e.g. landsides, debris flow, rock avalanche, and sand
movement. The friction and collision of granular materials would
be of co-existence in granular flow to exert their own contribution
on the flow behavior of granular materials (e.g. Strom, 2004;
Boultbee et al., 2006; Crosta et al., 2009; Zhou and Ng, 2010; Zhou
and Sun, 2013; Gray, 2018). The characteristics and mechanism of
granular flow have been investigated comprehensively, e.g. using
ock and Soil Mechanics, Chi-
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physical model tests (e.g. Choi et al., 2017; Gray, 2018; Ng et al.,
2018), numerical tests (e.g. Crosta et al., 2009; Zhou and Ng,
2010; Zhou and Sun, 2013; Gray, 2018; Jiang et al., 2018), funda-
mental theories (e.g. Davies,1982; Thornton,1997; Campbell, 2006;
Gray, 2018), and case studies (e.g. Strom, 2004; Boultbee et al.,
2006).

In granular flow down a slope, the gravity-induced energy of
granular materials would be transformed into the kinetic energy by
the typical representation of continuous friction and collision
among granular particles and boundary, in the process of which
granular particles would be subjected to compression and shearing
that cause the deformation and breakage of granular particles (e.g.
Langroudi et al., 2010; Federico and Cesali, 2019; Zuo et al., 2019;
Buettner et al., 2020). As a consequence, the friction and collision of
granular materials during granular flow result in common breakage
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Table 1
Physical properties of silica sand No. 3.

Property Value Standard

Specific gravity, Gs 2.619 JGS 0111 (2015)
Minimum void ratio, emin 0.699 JGS 0161 (2015)
Maximum void ratio, emax 0.987 JGS 0161 (2015)
Fines content, Fc (%) 0 JGS 0131 (2015)
Coefficient of uniformity, Cu 1.687 JGS 0131 (2015)
Coefficient of curvature, Cc 0.963 JGS 0131 (2015)
Classification Poorly-graded sand (SP) ASTM D2487-11 (2011)

Fig. 2. Illustration of granular flow in drum tests.

Table 2
Physical parameters of ceramic drum.
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of particles (e.g. Wang et al., 2002; Okada et al., 2004; Igwe et al.,
2007; Sadrekarimi and Olson, 2010; Zuo et al., 2019). The resul-
tant changes in the grain size and microstructure of granular ma-
terial induced by particle breakage would exert a great effect on the
mechanical behavior of granular material (e.g. Hardin, 1985; Lade
et al., 1996; Kikumoto et al., 2010; Sadrekarimi and Olson, 2010;
Carrera et al., 2011; Xiao et al., 2016, 2017; Yu, 2017a, b, 2018a, b,
2019), affecting the mobility and mechanism of granular flow
significantly.

Particle breakage in granular soils has been extensively inves-
tigated, e.g. using Brazilian tests (e.g. Mao and Towhata, 2015;
Wang and Coop, 2016), one-dimensional tests (e.g. Takei et al.,
2001; Zhang and Baudet, 2013), ring shear tests (e.g. Igwe et al.,
2007; Sadrekarimi and Olson, 2010), and triaxial tests (e.g.
Donohue et al., 2009; Bandini and Coop, 2011; Sadrekarimi and
Olson, 2011; Ghafghazi et al., 2014; Yu, 2017a, b, 2018a, b, 2019).
In fact, drum tests are widely employed for processing granular
materials in a rotary cylindrical drum in simulating the process of
granular flow for interpreting the behavior and mechanism of
granular flow (e.g. Schneider et al., 2011; Delele et al., 2016;
Brandao et al., 2020; Buettner et al., 2020; Rong et al., 2020).
However, a question arises as to how much of particle breakage of
granular materials is caused by the friction and collision in granular
flow, which is rarely reported yet. As a result, it would be worthy of
clarifying the characteristics of particle breakage of granular ma-
terials in granular flowas a significant and valuable complement for
the past studies.

The main purpose of this study is to investigate the particle
breakage of sand subjected to friction and collision, by a number of
drum tests on granular materials (silica sand No. 3 and ceramic
balls) to interpret the characteristics of particle breakage and its
effect on the characteristics of grain size distribution of sand, i.e.
fines content, characteristic grain sizes, and the coefficients of
uniformity and curvature.

2. Material and methods

In this study, silica sand No. 3 was tested in a number of drum
tests with more crushability in characteristics of larger size, more
irregularity and more angularity in comparisonwith silica sand No.
5 used in the past studies (e.g. Yu, 2017a, b, 2018a). Fig. 1 shows the
grain size distribution of silica sand No. 3, with its physical prop-
erties listed in Table 1.

Drum tests were performed by a constant-speed-rotated
ceramic drum with granular materials inside to simulate the
consecutive granular flow process with a free surface, as shown in
Fig. 2. Table 2 gives the physical parameters of the ceramic drum.
For the granular materials, silica sand No. 3 and ceramic balls were
Fig. 1. Grain size distribution of silica sand No. 3.
employed in the drum tests for investigating particle breakage of
silica sand No. 3 subjected to friction and collision. In this study, the
ceramic balls, with their physical parameters given in Table 3, are
regarded as being uncrushable. Drum tests were conducted on the
granular materials, i.e. silica sand No. 3 (amount of sand: 275 g,
550 g and 825 g) and ceramic balls (number of balls: 0, 2, 6 and 10)
at the designated duration of tests, i.e. 0 s, 600 s, 1200 s, 1800 s,
3600 s and 5400 s, for obtaining the grain size distributions of sand
by sieve analyses. Table 4 shows the summary of the drum tests on
silica sand No. 3. In this study, relative breakage Br, as defined in
Fig. 3, was introduced to quantify particle breakage using the grain
size distributions of silica sand No. 3 in the drum tests.
Property Unit Value

Diameter, Dout cm 24
Diameter, Din cm 22
Height, H cm 24
Thickness, Dt cm 1
Rotation speed, n rps 1.429
Angular velocity, u rad/s 8.979
Linear velocity, V m/s 0.988

Note: The unit rps represents the revolution per second. Linear velocity corresponds
to the inner diameter of drum.

Table 3
Physical parameters of ceramic balls.

Property Unit Value

Diameter, D cm 3.1
Density, r g/cm3 3.526
Mass, W g 55



Table 4
Summary of the drum tests on silica sand No. 3.

Mass of sand
(g)

Number of balls,
N

Duration of tests,
T (s)

Relative breakage, Br

275 0 0 0
600 0.0045
1200 0.0072
1800 0.0144
3600 0.0225
5400 0.0272

10 0 0
600 0.1377
1200 0.2168
1800 0.2613
3600 0.3948
5400 0.5235

550 0 0 0
600 0.0133
1200 0.0188
1800 0.0234
3600 0.0268
5400 0.0281

2 0 0
600 0.0478
1200 0.0788
1800 0.1049
3600 0.1611
5400 0.2068

6 0 0
600 0.1052
1200 0.1619
1800 0.2171
3600 0.3002
5400 0.3462

10 0 0
600 0.1647
1200 0.2555
1800 0.3295
3600 0.4575
5400 0.5618

825 0 0 0
600 0.0038
1200 0.0048
1800 0.0067
3600 0.0089
5400 0.0122

10 0 0
600 0.0969
1200 0.1482
1800 0.1921
3600 0.2844
5400 0.36

Fig. 3. Definition of relative breakage.
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3. Test results

Fig. 4 shows the evolution of grain size distributions of silica
sand No. 3 in the drum tests. In Fig. 4, particle breakage increases
gradually with increase of duration of the tests. In comparison to
particle breakage without using any ball (see Fig. 4a, c and g), more
particle breakage was induced with the use of the balls (see Fig. 4b,
d-f and h), implying the different mechanism of particle breakage
from the friction and collision. Particle breakage was also influ-
enced by the amount of sand and the number of balls. In addition,
particle breakage showed a great influence on the characteristics of
grain size distributions of sand, e.g. the fines content, characteristic
grain sizes, and coefficients of uniformity and curvature.

4. Discussion

4.1. Particle breakage of sand subjected to friction and collision

In granular flow, it is a common phenomenon for the coexis-
tence of the friction and collision of granular materials to cause
particle breakage. Although the coexistence of the friction and
collision to exert a mixed contribution on causing particle breakage
in the drum tests, in line with the comparison of particle breakage
of sand in Fig. 4, the friction of sand is evidently predominant in
generating particle breakage in the drum tests on sand without any
uncrushable ball, whereas the presence of the uncrushable balls
enhances the predominance of collision, causing particle breakage
in the drum tests in comparison with the friction of sand. It implies
the presence of different mechanisms of particle breakage in the
friction tests and collision tests. As a result, for the convenience of
expression, in this study, it would term the friction tests for the
drum tests on sand without balls and the collision tests for the
drum tests on sand with balls in general designation. In addition, it
should be noted that in the collision tests, the total particle
breakage was regarded as the particle breakage induced by the
collision because of the negligibility and inseparability of the par-
ticle breakage due to the friction in the collision tests. Similarly, the
total particle breakage in the friction tests was also taken as the
particle breakage induced by the friction in consideration of the
negligible and inseparable collision in the friction tests.

Fig. 5 shows the evolution of relative breakage against the
duration of drum tests. Particle breakage is shown to increase in up
convexity with increase in the duration of drum tests. The results of
the friction tests showed much less particle breakage than that
caused in the collision tests, as displayed in Fig. 5, revealing the
predominance of collision in the drum tests to cause more particle
breakage in comparison with the friction of sand. In Fig. 5, particle
breakage also showed an increase while increasing the number of
balls, implying that more collision resulted in more particle
breakage.

4.2. Particle breakage of sand subjected to friction

Fig. 6 shows the evolution of relative breakage of sand against
the duration of friction tests for investigating the effect of friction
on particle breakage of sand. In Fig. 6, particle breakage is revealed
to increase in up convexity while increasing the duration of friction
tests. In granular flow, the amount of granular material plays a
significant role in the friction among granular material. The amount
of sand showed a great effect on particle breakage as well, i.e.
particle breakage experienced an increase followed by a decrease
while increasing the amount of sand, as revealed in Fig. 6. It implies
that, in the friction tests, there may be existence of a characteristic
amount of sand causing a maximum particle breakage of sand.

Fig. 7 shows the evolution of grain size distributions of sand in
the drum tests for detailing the change of grain size of the different
amounts of sand. In Fig. 7, particle breakage showed a small change
of grain size distribution of sand but in different extents for the
different amounts of sand.



Fig. 4. Grain size distributions of sand in the drum tests: (a) 275 g sand and 0 ball; (b) 275 g sand and 10 balls; (c) 550 g sand and 0 ball; (d) 550 g sand and 2 balls; (e) 550 g sand
and 6 balls; (f) 550 g sand and 10 balls; (g) 825 g sand and 0 ball; and (h) 825 g sand and 10 balls.

F. Yu et al. / Journal of Rock Mechanics and Geotechnical Engineering 13 (2021) 390e400 393
4.3. Particle breakage of sand subjected to collision

In Fig. 8, particle breakage due to collision showed an up-convex
increase with increase in the duration of drum tests. For a given
number of balls representing a certain amount of collision energy,
e.g. under 10 balls in the drum tests in Fig. 8, particle breakage
experienced an increasewith increasing amount of sand, and then a
decrease with further increasing the amount of sand. This shows
that, under a designated number of balls, the contribution of
collision on particle breakage of sand is changeable against the
amount of sand. As inferred in Fig. 8, for a certain amount of
collision energy, i.e. under a given number of balls in the drum tests,
there may be existence of a characteristic amount of sand causing a
maximum particle breakage of sand subjected to collision.



Fig. 5. Relative breakage of sand against duration of the drum tests: (a) 275 g sand; (b)
550 g sand; and (c) 825 g sand.
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However, the characteristic amount of sand causing the maximum
particle breakage may also be different and changeable for the
friction tests and collision tests in different configurations of fric-
tion and collision energies, because of the different mechanisms of
particle breakage in the friction tests and collision tests, as revealed
in Figs. 6 and 8.

Fig. 9 shows the evolution of grain size distributions of sand in
the collision tests with 10 balls to demonstrate the change of grain
size against the different amounts of sand subjected to collision. In
Fig. 9, particle breakage results in change of grain size of sand to-
wards smaller size, causing a complex change of the percentage of
each grain size. Fig. 9a shows the grain size distributions of original
silica sand No. 3. In Fig. 9bed, the grain size in the maximum
percentage, mainly larger than the grain size of 1 mm, experiences
a decrease and then an increase while increasing the amount of
sand. However, in Fig. 9eef, particle breakage results in reduction of
the grain size in the maximum percentage to less than the grain
size of 1 mm for the collision tests on 275 g sand and 550 g sand. It
can be concluded that, for a given number of balls, i.e. under certain
collision energy, particle breakage induced by the collision is
dependent on the amount of sand due to the complex change of the
microstructure and stress chain of the different amounts of sand
during collision.

Fig. 10 displays the evolution of grain size distributions of sand
subjected to the friction and collision in the drum tests on 550 g
sand with 0, 2, 6 and 10 balls. In the drum tests, Fig. 10a shows that
the friction of sand resulted in very few particle breakage to
generate limited change in grain size distribution of sand, in com-
parison to the particle breakage induced by the collision in the
drum tests with the balls as shown in Fig. 10bed. While increasing
the number of ceramic balls, particle breakage increased dramati-
cally, causing evident reduction of grain size towards the increase of
smaller grain size of sand, as shown in Fig. 10bed.

In Fig. 10, the collision of ceramic balls on sand in the drum tests
showed a great contribution to particle breakage. In Fig. 11, particle
breakage showed a monotonic increase against the increase of the
number of balls in the drum tests. Interestingly, the increase be-
comes perfectly linear from short- and long-duration runs. In line
with Figs. 11 and 12 demonstrates the linear representations of
relative breakage and the number of balls in the drum tests on
275 g sand (Fig. 12a) and on 825 g sand (Fig. 12b).

By a comprehensive view of particle breakage in the friction
tests and collision tests as shown in Figs. 4e10, it is worth noting
that the friction and collision result in different mechanisms of
particle breakage of sand, i.e. by inference in terms of the charac-
teristics of particle breakage in the friction tests and collision tests,
the friction-induced particle breakage of sand was achieved mainly
through abrasion of sand particles, whereas the collision-induced
particle breakage of sand was caused mainly by splitting of sand
particles.
4.4. Influence of particle breakage on characteristics of grain size
distribution

Particle breakage has shown a vital influence on the character-
istics of grain size distributions of sand, e.g. fines content, charac-
teristic grain sizes, and coefficients of uniformity and curvature.
Particle breakage may result in increase of fines content of sand
that significantly affects the behavior of sand, e.g. by changing its
liquefaction potential, microstructure and stress chain, compres-
sion and dilatancy behaviors, seepage ability, and flow mechanism
and characteristics (e.g. Lade and Yamamuro, 1997; Thevanayagam,
1998; Salgado et al., 2000; Ni et al., 2004; Murthy et al., 2007;
Carraro et al., 2009; Yang and Wei, 2012). Fig. 13 shows the evo-
lution of the fines content of sand against relative breakage caused
in the friction and collision tests. In Fig. 13, the fines content of sand
showed an increase as the relative breakage increased. The friction
and collision on sand have resulted in different mechanisms of
particle breakage, mainly by abrasion of sand particles for the
friction tests and by splitting of sand particles for the collision tests,
causing different evolutions of fines content of sand. Particle
breakage in the friction tests (abrasion) resulted in a sharper in-
crease but with a smaller total amount of fines content in com-
parison with that in the collision tests (splitting). For the collision
tests with 10 balls, the fines content induced by particle breakage
experienced a decrease and then an increase while the amount of
sand increased, as displayed in Fig. 13. However, for the collision
tests on 550 g sand with the balls, the collision on sand resulted in
an up-convex increase of fines content while increasing the num-
ber of balls.

In addition, for a certain granular flow, i.e. under a certain en-
ergy of friction and collision on a given granularmaterial, theremay
be existence of a boundary line that is defined as the lowest
boundary line of the data of fines content and relative breakage, i.e.



Fig. 6. Relative breakage of sand against duration of the drum tests subjected to
friction.
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all the data of fines content and relative breakage would be shown
above the boundary line, as given in Fig. 13.
Fig. 7. Grain size distributions of sand in the drum tests on sand without ball: (a) T ¼ 0
Particle breakage resulted in the change of characteristic grain
size, e.g. D10, D30, D50 and D60 that represent the grain sizes cor-
responding to 10%, 30%, 50% and 60% finer by weight, respectively,
which would be investigated by evolution of the characteristic
grain size against relative breakage, for interpreting the effect of
particle breakage on the characteristic grain size of sand. The
characteristic grain size D10 is a significant grain size related to the
seepage ability of sand (Lade et al., 1996). In Fig. 14, the character-
istic grain size D10 is shown to decrease in down convexity while
increasing the particle breakage. The relation between the char-
acteristic grain size D10 and relative breakage can be expressed by a
natural exponential function, as shown in Fig. 14.

In Fig. 15, in consideration of the down-convex decrease of the
characteristic grain size D30 along the increase of particle breakage,
a natural exponential function can also be proposed to describe the
relation between the characteristic grain size D30 and relative
breakage, which is distinguishable from the evolution of the char-
acteristic grain size D10 against relative breakage in Fig. 13.

The characteristic grain size D50 is commonly used as a single
parameter to represent sand in investigating or modeling the
s; (b) T ¼ 600 s; (c) T ¼ 1200 s; (d) T ¼ 1800 s; (e) T ¼ 3600 s; and (f) T ¼ 5400 s.



Fig. 8. Relative breakage of sand against duration of the drum tests subjected to
collision.
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physico-mechanical behavior of sand. In Fig. 16, the characteristic
grain size D50 showed a linear decrease while increasing the rela-
tive breakage. In Fig. 17, a linear expression can be proposed as well
for the linear representation of the relation between the
Fig. 9. Grain size distributions of sand in the drum tests on sand with 10 balls: (a) T ¼ 0
characteristic grain size D60 and relative breakage, i.e. the charac-
teristic grain size D60 decreased linearly as the relative breakage
increased. It should be noted that the relation between the char-
acteristic grain size D50 and relative breakage is not the same as
that between the characteristic grain size D60 and relative
breakage, as shown in Figs. 16 and 17.

The coefficients of uniformity and curvature of granular soil are
usually employed to characterize the physical properties of soil
that affect its physico-mechanical behaviors, e.g. the compaction
and bearing behavior of soil in ground engineering, the seepage
ability of soil in dam engineering, and the mobility and deposition
of soil in landslides. In Fig. 18, particle breakage showed a great
effect on the coefficients of uniformity and curvature of sand. In
Fig. 18a, the coefficient of uniformity showed a linear increase
followed by a linear decrease while increasing the relative
breakage, i.e. particle breakage resulted in a linear increase of the
coefficient of uniformity against the relative breakage, but the
further particle breakage caused a linear decrease of the coeffi-
cient of uniformity. In Fig. 18b, the coefficient of curvature expe-
rienced a linear increase and then a gradual decrease to a constant
with increasing relative breakage.
s; (b) T ¼ 600 s; (c) T ¼ 1200 s; (d) T ¼ 1800 s; (e) T ¼ 3600 s; and (f) T ¼ 5400 s.



Fig. 10. Evolution of grain size distributions of sand subjected to friction and collision: (a) 550 g sand and 0 ball; (b) 550 g sand and 2 balls; (c) 550 g sand and 6 balls; and (d) 550 g
sand and 10 balls.

Fig. 11. Relative breakage of sand against number of balls in the drum tests on 550 g
sand.

Fig. 12. Relative breakage of sand against number of balls
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5. Conclusions

A number of drum tests were conducted by a constant-speed-
rotated ceramic drum with granular materials (silica sand No. 3
and ceramic balls) to simulate the consecutive granular flow pro-
cess with a free surface. This study was to investigate the particle
breakage of sand subjected to friction and collision and the effect of
particle breakage on the characteristics of grain size distribution of
sand, e.g. the fines content, the characteristic grain sizes D10, D30,
D50 and D60, and the coefficients of uniformity and curvature. The
main conclusions can be drawn as follows:

(1) Particle breakage was caused by a mixed contribution of the
friction and collision in granular flow. Particle breakage
showed an up-convex increase with increasing duration of
drum tests. Particle breakage increased linearly while
in the drum tests: (a) 275 g sand; and (b) 825 g sand.



Fig. 13. Fines content of sand against relative breakage.

Fig. 14. Characteristic grain size D10 of sand against relative breakage.

Fig. 15. Characteristic grain size D30 of sand against relative breakage.

Fig. 16. Characteristic grain size D50 of sand against relative breakage.

Fig. 17. Characteristic grain size D60 of sand against relative breakage.
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increasing the number of the balls, implying that more
collision resulted in more particle breakage. Particle
breakage showed an increase followed by a decrease with
increasing amount of sand, implying the existence of a
characteristic amount of sand causing a maximum particle
breakage of sand. However, the characteristic amount of sand
causing the maximum particle breakage may be different
and changeable in the friction tests and collision tests due to
the existence of the different mechanisms of particle
breakage of sand.

(2) Friction resulted in much less particle breakage than that
caused by collision. The friction and collision resulted in
different mechanisms of particle breakage in granular flow,
i.e. by inference in terms of the characteristics of particle
breakage in the friction tests and collision tests, the friction-
induced particle breakage of sand was achieved mainly
through abrasion of sand particles, whereas the collision-
induced particle breakage of sand was caused mainly by
splitting of sand particles.

(3) The fines content increased while increasing the relative
breakage. Particle breakage in the friction tests (abrasion)
resulted in a sharper increase but with a smaller total amount
of fines content in comparison with that in the collision tests
(splitting). For the collision tests, the fines content showed a
decrease followed by an increase as the amount of sand
increased. However, the collision on sand resulted in an up-
convex increase of fines content while increasing the num-
ber of balls. For a certain granular flow, there may be existence
of a boundary line as the lowest boundary line of the data of
fines content and relative breakage. The characteristic grain
sizes D10 and D30 decreased in down convexity with
increasing particle breakage, which could be described by a
natural exponential function. However, the characteristic
grain sizes D50 and D60 decreased linearly with increasing
relative breakage. In addition, the coefficients of uniformity
and curvature of sand experienced an increase and then a
decrease with increasing relative breakage.
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Fig. 18. Coefficients of uniformity (a) and curvature (b) of sand against relative breakage.
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