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Experimental study of particle shape dependence of avalanches inside a rotating drum
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Abstract. We investigate the avalanches of spherical and non-spherical granular particles inside half-filled

rotating drums. The time series of the center of gravity of the particle assemblies are obtained via image
analysis and their single-sided amplitude (SSA) spectra are analyzed. The spectra features of this new indicator
turn out to be characteristic for the avalanches, in terms of the existence of peaks in the low-frequency range and
the decay rate of high frequency components. The SSA spectrum has a peak for the packings of non-spherical
particles but not for the spherical particles. The high frequency part is characterized by a power law decay
1/ f a (a > 0) . A 1/ f -decay is found only for the spherical particles. For the packings of cornered particles, the
exponents significantly deviate from a = 1. As 1/ f spectra are often associated with self-organized criticality
and therefore a scale invariance of the dynamics, we may conclude that there is no scale-invariant structure for
granular avalanches. Considering the small number of particles and the regularity of convex particle shapes
being used, the spectral features revealed in this study could be utilized for validating particle simulations.

1 Introduction
There exists a vast literature on granular avalanches due to
the lasting interest on this “old" topic probably initiated by
P. Bak, C. Tang and K. Wiesenfeld (BTW) [1] who argued
that Self Organized Criticality (SOC) is the mechanism
to explain the 1/ f noise (also referred as “flicker noise")
abundant in nature, see e.g., the reviews [2, 3]. BTW used
only a theoretical concept of sand piles and avalanches,
to explain the basic idea of SOC, without considering any
“real" granular avalanches.
The experiment on sand piles of spherical glass beads
by Jaeger et al. [4] contradicted the SOC conjecture that
the size distributions of avalanches of sand pile should follow a power law. For varieties of rice of di↵erent aspect
ratio, Frette et al. [5] reported results which, depending on
the kind (shape) of the rice grains, could be consistent with
SOC or the opposite. Besides the (controversial) size distribution, other interesting aspects of granular avalanches
have also attracted great attention, e.g., the transition from
discrete to continuous avalanches [6, 7], the formation and
growth of avalanches [8, 9], the relaxation dynamics [10],
and various dynamic properties of avalanches [11–14].
In this paper, we study the avalanches of spherical and
non-spherical particles inside a rotating drum to reveal the
influence of particle shape on avalanche dynamics. Instead
of conventional slope angles, we focus on a novel indicator, the variation in the center of gravity, for avalanches.
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We show that the spectral features of this indicator can
capture the characteristics of avalanches with di↵erent particle shapes. Our results can serve as reference data for
validating particle simulations, for the regularity of particle shapes and the small particle numbers being used.

2 Methodology
2.1 Experimental setup

The experimental setup is shown in Fig. 1 (a): An acrylic
cylindrical drum was driven by a motor (4IK25GN-SW2
with controller FE100A from ORIENTAL MOTOR corporation) while the depth d of the drum along the axial
direction was fixed. The videos were taken in axial direction by a CASIO EX-F1 camera.
Two drums were used to ensure the number of particles are large enough for statistical measurement: a large
drum with inner radius of r = 96 [mm] and a small one
with r = 71.5 [mm]. The depth of both drums was fixed
to 65 [mm], about 4 polyhedral particles. The drum was
half-filled with spherical particles or with acrylic polyhedra. One type of polyhedral particles has 14 corners and 24
faces and the other is cubic, as shown in Fig. 1 (b). Those
polyhedral particles are of density 1200 [kg/m3 ], Young’s
modulus 3.2 [GPa] and friction coefficient about 0.4 to 0.5
(in-house measurement on inclined slopes). Spherical particles (beads for airsoft guns) of diameter 8 [mm] were
used. The spherical particles are made from ABS with
surface coating, with a density of 1230 [kg/m3 ], Young’s
modulus 6 [GPa]. About 2000 spherical particles and a

A video is available at https://doi.org/10.48448/c8wh-vw85
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Figure 1. (a) Sketch of the experimental setup; (b) Particles used
and snapshots along the depth direction.
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mixture of 72 cubes and 135 particles with 24 faces were
used for the large drum. A mixture of 38 cubes and 76
particles of 24 faces were used for the small drum.
Depends on the drum dimensions and rotation speed,
the granular avalanches can be discrete or continuous
[6, 7]. To admit discrete avalanches of polyhedral particles, we kept the rotation speed ⌦ relatively slow, as
⇡/6 ± 0.01, ⇡/4 ± 0.01 and ⇡/3 ± 0.01 [rad/s] (or 5±0.1,
7.5±0.1, 10±0.1 [rpm] respectively). Note that those
speeds are a few orders higher than those admitting a discrete avalanche of spherical particles as reported in [6, 7].
For sufficiently large rotation speeds, the dynamics is dominated by the rotation of the drum and the avalanches become continuous even for polyhedral particles. We took
videos about 90 seconds long with a standard video format with a frame rate of 29.97 frames per second. For
each case (combination of particle shape, drum size and
rotation speed), four experiments have been conducted.
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Figure 2. Image analysis: (a) One frame (640 ⇥ 480 pixels)
from a video; (b) Image analysis to obtain the projected center of
gravity of the particles, as the star mark; (c) A time series of the
center of gravity in the height direction, with ⌦ = ⇡/6 [rad/s].

the projected center of gravity from each frame, we obtain
a time series of the vertical height, as shown in Fig. 2 (c).
Based on the time series, we compute the corresponding single-sided amplitude (SSA) spectrum using fast
Fourier transform (FFT). Though ordinary power spectra from FFT would yield similar results, we present SSA
spectra hereafter since they retain the same unit for the yaxis in a spectrum as the input signal being transformed.
For a convenient comparison with the rotation speed, we
scaled the horizontal axis of a spectrum from frequency
[Hz] to angular frequency by multiplying 2⇡ [rad]. To
show clearly the spectral characteristics, we present the
SSA spectra plots both in linear and in log-log coordinates.

2.2 Data processing

The videos (mov-file) are taken in the axial direction so
that the whole system is projected on the circular black
backplate of the drum. The frames are then converted to
successive images, e.g., as in Fig. 2 (a). Since the variation of the RGB values for the colored particles is much
larger than the variation of the nearly pure color (black
and white) of the background, the standard deviation of
the RGB values of each pixel is used to distinguish the
particles and the background. The background is then removed, see e.g., Fig. 2 (b). The center of gravity of the
particles projected on the plane of view is then approximated as the averages of the coordinates in pixels. From

3 Experimental results
We focus on a novel indicator, the time series of the height
of the projected center of gravity, instead of conventional
slope angles. As will be shown, this indicator is also representative for granular avalanches. The underlying physics
is that this indicator encloses directly the variation of the
potential energy induced by drum motion and avalanches.
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Figure 3. Influence of particle shape: (a) The SSA spectrum for
spherical particles in the large drum with ⌦ = ⇡/6 [rad/s]; The
shifted fitting line (’+’ marker) for the 1/ f a -decay has a slope
about a = 1.0. (b) The SSA spectrum for polyhedral particles
in the large drum with ⌦ = ⇡/6 [rad/s]; The shifted fitting line
(’+’ marker) for the 1/ f a -decay has a slope about a = 1.4. The
vertical dashed line indicates the rotation speed of the drum.

Figure 4. Influence of rotation speed on SSA spectra (the results
for ⌦ = {⇡/4, ⇡/3} [rad/s] were o↵set for legibility): (a) spherical
particles and (b) polyhedral particles in the large drum.

3.2 Influence of rotation speed

Since the characteristic peaks for discrete avalanches of
polyhedral particles are in a relatively low frequency
range, we plot the SSA spectra of the three rotation speeds
up to 15 [rad/s] in the same figure, Fig. 4 (b). For better
readability, the power spectra for the rotation speed of ⇡/4
and of ⇡/3 [rad/s] are shifted upwards. As can be seen,
the frequency corresponding to a peak increases with the
increase of rotation speed. The peaks are at about 6 to 7
times of the rotation frequency of the drum. In comparison, the results for the spherical particles show no peak in
the same frequency range and the decay rate is not a↵ected
by the rotation speed, as shown in Fig. 4 (a). In terms of the
angle of marginal stability, the peaks correspond to angles
about 2⇡/7 to ⇡/3. The rotation speed positively a↵ects
the location of the peaks in the SSA spectra for polyhedral avalanches while show no significant influence on the
spectra for avalanches of spherical particles.

3.1 Influence of particle shape

Typical SSA spectra for spherical particles and polyhedral
particles are shown in Fig. 3 (a) and (b) respectively. The
di↵erences between the two typical SSA spectra are threefold: First, a transition frequency range before the powerlaw decay for polyhedral particles is featured by a peak,
which is is absent in the spectrum for spherical particles.
Second, the spectrum for polyhedral particles decays faster
than that for spherical particles, with a decay exponent a =
1.37 ± 0.07 versus a = 1.04 ± 0.02. Third, there is a clear
peak near the rotation frequency for the spherical particles
which does not exist for the polyhedral particles.
The di↵erence in the SSA spectra shows that the dynamics of the avalanches is influenced heavily by the particle shape. The existence of peak for polyhedral particles is a unique characteristic for the spectra of discrete
avalanches. In contrast, the spectra for avalanches of
spherical particles are featured by a plateau (or gradual decay) frequency region, indicating a continuous avalanche
(flow) of surface layers. In the 1/ f a -power-law decay region, the avalanches of polyhedra have a faster decay rate
than the 1/ f decay rate from the avalanches of spheres.

3.3 Limitation and strength of system size

We admit that the system sizes being studied are small.
But we should also point out that the number of particles, though limited, are large enough to admit statistically
meaningful results. As can be seen from Fig. 5 (a) and (b)
for ⌦ = ⇡/3 [rad/s], the SSA spectra for the two drums are
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4 Conclusions

10 0

In this study, we investigated the avalanches of spherical
and non-spherical granular particles inside half-filled rotating drums, by the SSA spectrum of the time variation of
the center of gravity. We show that the spectra are characteristic with respect to the shapes of the particles. In
the low frequency range of the spectrum, it has a peak for
the discrete avalanches of polyhedral particles. There is
no peak for the continuous avalanches of spherical particles. The high frequency tails are characterized by a power
law decay 1/ f a (a > 0). A 1/ f -decay is found only for
spherical particles. For non-spherical particles the exponent significantly deviates from a = 1.0. We conclude that
there is no scale-invariant structure in general for granular
avalanches, since the 1/ f spectrum is only observed for
spherical particles. The spectral features presented in this
paper could serve as reference data to validate computer
simulations, considering the small number of particles and
the regularity of the particle shapes being used.
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Figure 5. Influence of drum size: (a) The SSA spectrum for
polyhedral particles in the small drum with ⌦ = ⇡/3 [rad/s]; The
shifted fitting line (’+’ marker) for the decay has a slope about
a = 1.5. (b) The SSA spectrum for polyhedral particles in the
large drum with ⌦ = ⇡/3 [rad/s]; The shifted fitting line (’+’
marker) for the decay has a slope about a = 1.4. The vertical
dashed line indicates the rotation speed of the drum.

very similar. Both spectra have distinct peaks corresponding to the dominant frequencies of discrete avalanches.
The decay of the tail of the spectrum for the small drum
is slightly faster than that of the large drum. For the other
rotation speeds, the decay exponent for the small drum is
a = 1.53 ± 0.04 and is a = 1.41 ± 0.06 for the large drum.
These decay exponents for the polyhedral particles are far
from a = 1.04 ± 0.02 for the 1/ f -decay of the spherical
particles. No qualitative di↵erence is observed for the two
drums. This proves that the system sizes studied are large
enough to capture the avalanche dynamics inside drums.
The influence of the filling depth along the axial direction is another factor need to be considered. In the current settings, a large influence from the two parallel walls
would increase the angle of marginal stability and consequently reduce the frequency of avalanches. In the future, larger drums with smaller particles and varying filling
depth, need to be investigated to quantify the system-size
dependent peak frequency and decay rate.
A strength of the small system sizes should be noted:
the experimental results could serve as reference data to
validate computer simulations of granular materials, without a limitation by the computational resources.
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