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Abstract：Previous study of our group showed that the compaction of sand particles is observed
before while dilatancy occurs during avalanches in the active layer (es. Chen et al., Sci Sin Phys
Mech Astron 49(6), 2019). In current works, we investigated the dynamic of irregular particles in
the passive layer by speckle visibility spectroscopy, discovering two types of cycle
rearrangements. We determine that one kind of rearrangement corresponds to the compaction of
the pre-avalanche granular bed, and the other rearrangement is triggered by granular avalanches
occurring in the active layer. The rearrangement caused by avalanche has a greater dissipation
energy by comparing the other rearrangement. We describe simple mechanisms which account for
the non-uniformity of dissipated energy. We further found that the propagation speeds of the
rearrangements in the passive layer are an order of magnitude faster than that in the active layer
and the propagation directions for both rearrangements are opposite to each other.
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1 Introduction
Granular materials are important and ubiquitous in everyday life[1]. The poet William Blake
inspiringly described how to see a world in a grain of sand. Scientists have been equally fascinated
when seeing unexpected phenomena and unique static and dynamic properties in ensembles of
thousands and thousands of sand grains[2,3]. The granular flow behaviour is extremely complex,
so gaps persist in the understanding of various phenomena such as rheology transition,
compression, and dilatancy[4,5,6]. Because the granular movement in rotating drums is easy to
control and measure, it has become one of the main methods to study the dynamics of granular
flow[7]. There are two regions with significantly different solid behaviour in a rotating drum,
namely, the active layer and passive layer[8,9]. The study of particle dynamics in the passive layer
is helpful to improve the mixing efficiency of granular materials and revealing the principles of
debris flow and collapse in nature. Therefore, it has attracted more attention[10,11,12].
Numerical modelling based on the discrete element method (DEM) has been used to study
the particle dynamics in the passive layer. A numerical study on two-dimensional disk packing by
Sirono suggested that the grains in the passive layer are deformable and can be rearranged if
prescribed disturbances are applied[13]. The Ottawa coarse sand in a slumping numerical
simulation by Yin et al. suggested that particle motion is produced in the active layer and is
transported to the passive layer[14]. These DEM simulation results for passive layer problems
should be validated with experiments. In studying the spherical particle motion in passive layers
of a rotary cylinder by double speckle-visibility spectroscopy technology, Li et al. discovered that
the rearrangement of grains in the passive layer starts after the beginning of the surface flow[15].
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However, the authors did not study the movement of irregular particles in the passive layer despite
the fact that particle shape is known to have a significant impact on the flow behaviour[16,17].
Dub é used radioactive particle tracking to study the dynamic properties of non-spherical
particles. It was observed that the rearrangement of particles in the passive layer can lead to
dilatancy in the particle packing before an avalanche[18]. In studying the dynamics of granular
materials in a rotating drum by multiradioactive particle tracking technology, Rasouli et al.
discovered that the dilation of cylindrical particles in the passive layer is significantly higher than
that of spherical particles at the same rotational speed[19]. However, this method can only track
two particles at the same time and requires the distance between two particles to be greater than 4
cm. Therefore, an effective experimental method is needed to study the tiny displacements of
multiple grains (typically less than 1/10 of the particle radius[13]) in the passive layer.
To perform these investigations, a wide selection of experimental techniques for the study of
particle dynamics in rotating drums, such as magnetic resonance imaging (MRI)[20], in situ bed
freeze[21,22], fiber optics probe[23], positron emission particle tracking (PEPT)[24], particle
image velocimetry (PIV)[25], particle tracking velocimetry (PTV)[26], and radioactive particle
tracking (RPT)[27] have been used. In general, particle displacement in the passive layer is too
small and the time of movement change is too short to be resolved accurately with these
conventional approaches. Diffusion wave spectroscopy (DWS) is able to resolve the average of
the three components of the motions of particles in dense systems with spatial and temporal
resolutions that allow for probing of the microdynamics of granular packing[28]. However, as it is
based on temporal correlation functions calculated as a time average, this method is not
appropriate for the bulk motion that occurs in the case of a rotating drum. The spatial resolution of
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Speckle-visibility spectroscopy (SVS) can reach 0.1 µm based on the principle of optical
interference. Meanwhile, a high-speed CCD camera is used to measure the image, so its time
resolution can reach 1 µs. By calculating the contrast of a single speckle image within a certain
exposure time, the change speed of the speckle is obtained, and then the granular temperature
curve of the particle flow is obtained. This curve represents the state of particle movement in the
measurement area at different times[29].
The current paper focuses on the rearrangement of 0.5 mm diameter sand particles in a 50%
full rotating drum operating in the slumping regime. We used a double SVS technique to
synchronize measurements of the active layer and passive layer. Then, the position information of
the particle rearrangement and the propagation speed were judged based on the time difference of
the motion occurrence in different zones. Subsequently, the granular temperature information of
the rearrangement in these two regions was extracted. Furthermore, the duration of rearrangement
of different positions in the passive layer was also discussed.

2 Experimental Setup
Figure 1 shows the experimental setup for studying the dynamics of irregular particles in the
passive layer of a drum. The light source is two semiconductor lasers with wavelengths of 671 nm
and 532 nm, power of 100 MW, and output beam diameter of 2 mm. Then, an incident beam with
a diameter of 8 mm is obtained by expanding with a concave lens. The drum is a cylinder made of
transparent Plexiglas with a wall thickness of 5 mm, length of 200 mm, and inner diameter of 140
mm. The drum is placed horizontally on a platform consisting of four synchronous wheels. The
synchronous wheels are connected to a DC motor, and the motor voltage is adjusted so that the
rotating speed of the drum is 0.3 revolutions per minute (RPM).
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When the incident light is irradiated onto the particles of the filling, scattered light is
generated in the forward direction owing to the random migration of the photons between the
particles. Finally, the scattered light is received by the two linear-array CCDs through the filters of
671 nm and 532 nm and converted into electrical signals. The linear-array CCD camera model is
the Spyder, the number of pixels is 1024, unit pixel size is 14 μm, and maximum sampling rate is
68 kHz.
In this paper, the active layer and passive layer are measured synchronously. A spatial
rectangular coordinate system is established with the center axis of the drum as the origin 0, as
shown in Fig. 1(a). To reduce the influence of the wall effect on the measurement results, the
position of the active layer is point A, which is consistent with the initial position of the
avalanche[30]. Fig. 1(b) is a schematic diagram showing the selection of the positions of the
measuring points in the passive layer.
The maximum thickness of the active layer was observed by the image method to be about 5
mm, so the distance between the measurement points in the passive layer and the surface of the
particle packing was not less than 15 mm[31]. In the figure, θ is the inclination angle of the
packing particles, θi is the angle between the measurement lines P0Pn and P0Pi, and Di is the
length between points Pi and P0. The image of the side surface of the drum was taken by a camera,
and the angle of the packing particles was obtained by binary processing of the image with
MATLAB[32].
Transparent glass sand was used as filler particles in the drum. Fig. 2(a) is an image of a
particle taken under a microscope. Irregular particles were characterized by the image method.
The particles were magnified 25 times by the microscope (Olympus SZX16), and the image was
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collected. Using the image toolbox of MATLAB, the edge contours of the particles were
recognized, and the projections of the particles were obtained, as shown in Fig. 2(b). Generally,
the size of irregular particles is characterized by the equivalent projected area diameter (DEQPC)
and Feret diameter (DF) (Barrett, 2010), as shown in Fig. 2(c). The shapes of the particles are
described by the aspect ratio (AR) and circularity (CQP)[33]
AR = d Fmin d Fmax ，

（1）

CQP = 2 πA P ，

（2）

where dFmin and dFmax are the minimum and maximum Feret diameters, respectively. A is the
projected area of the particle, and P is the equivalent perimeter of the particle.

The characteristic parameters of the sand particles are listed in Table 1. Particles were filled
from the side wall surface of the drum by free fall, and the drum was then closed with a soft
rubber plug. The filling degree was 50%, and the total mass of the particles in the drum was
2303.7 g.

3 Double SVS
Fig. 3(a) is a picture showing the variation of the speckle image of particles with time in a
stationary state. The speckle image is a strip of light and shade. The collective motion of particles
as a rigid body leads to spatial and temporal fluctuations of the scattered light, resulting in a
random intensity of light across the pixels. Fig. 3(b) is a speckle image of the movement of the
filler particles in the period 0 to 0.2 s at 0.3 RPM. For a given exposure time, the faster the
dynamics of the grains, the more the speckle image is blurred, and the less contrast the speckle
image possesses. Therefore, the particle velocity can be obtained by calculating the contrast of a
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single speckle image at a certain exposure time, i.e. the granular temperature (δv2)[34]. According
to statistical optics theory[35], the contrast of a speckle image can be expressed by the mean of the
light intensity and the variance of the light intensity:
æ s
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where < > is the ensemble average, T is the exposure time, I is the scattered light intensity, and
<I>T and σT are the mean and variance of the light intensity during the exposure time T,
respectively. According to the Siegert formula[36], the expression of the contrast between the
speckle image and the granular temperature is obtained as

V2 (T ) = b

exp(-2ΓT ) + 2ΓT - 1
,
2(ΓT ) 2

(4)

where β is the system coherence factor, Γ = 4πdv λ is the attenuation line width, λ is the
wavelength of laser light, and dv = < dv 2 > . Owing to the noise of the linear-array CCD camera
itself, β cannot be measured. Therefore, the speckle contrast values at 1× and 2× exposure times
are generally divided to eliminate the system coherence factor and calculate the granular
temperature:
V2 (2T )
e -4 GT - 1 + 4GT
=
.
V2 (T ) 4(e - 2 GT - 1 + 2GT )

(5)

Fig. 3(c) is a granular temperature curve calculated from the speckle image of Fig. 3(b).
In this experiment, a double SVS device was used to synchronously take the granular
temperature at different positions in the drum. Because the linear-array CCD has different time
delays in data collection, the time compensation of the measurement data is needed. When the
granular temperatures obtained by the linear-array CCD are dv12 and dv22 , the two sets of signals
are correlated by the cross-correlation method. According to the definition of the cross-correlation
function, the variable τ corresponding to the maximum value of the function is the time difference
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between the two sets of measurement signals[37], i.e.
Q1，2 (t ) =

ò

+¥

-¥

dv12 (t ) * dv 22 (t + t )dt,

t m = t max{Q1，2 (t )，t ³ 0},

(6)
(7)

where Q1,2 is the cross-correlation function, and tm is the compensation time of dv22 .

4 Results and discussion
4.1 Two types of granular bed rearrangement
Fig. 4(a) shows an example of the synchronized granular temperature <δv2> measured at
points A and P [indicated in Fig. 1(a)] from 0–19 s. For the active layer, it can be seen that there
are two kinds of granular temperature pulses during a slumping cycle time T, corresponding to
different kinds of particle motions (i.e. granular compaction and avalanche)[38]. The duration of
granular compaction is shorter than that of the avalanche. When the compaction or avalanche
occurs, particle rearrangement occurs in the passive layer, as shown by the black curve in Fig. 4(a).
It can be concluded from this curve that two types of particle rearrangement occurred during a
slumping cycle time and that the rearrangement is stable and cyclic. Further, it is found that the
granular temperature at point A is higher and the duration of motion is longer than the point P0.
This indicates that the rearrangement of the passive layer is weaker. This may be owing to the
structure of packing particles in the active layer is looser than the passive layer[39].
Fig. 4(b) shows the synchronized granular temperature at a slumping cycle time T. When
compaction or avalanche occurs, the granular temperature at point A increases first, and then the
granular temperature at point P begins to increase after a period of time. It is indicated that the
particle motions in the passive layer and active layer are not synchronous. To further investigate
the rearrangement of the passive layer and its relationship with the active layer, we define two
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kinds of rearrangement pulse duration, tc and ta. The peaks of the granular temperatures, dvc2 and dva2
are associated with the passive layer. These parameters can be straightforwardly measured from
the slumping cycles. The lag times, tcd (tad ), are defined as the time between the beginning of the
compaction (avalanche) of the active layer, and the rearrangement of the passive layer is
determined as well. See Fig. 4(b) for details. The SVS method was used to continuously measure
200 cycle times to obtain the characteristic time and granular temperature.
4.2 Rearrangement spread
Compaction occurs when the tilt angle of the packing particles is increased to 37.6° ± 0.3°.
Fig. 5(a) is a schematic diagram showing the position of the measuring zone in the passive layer at
the beginning of compaction. Taking Pc0 as the origin point, the measurements were carried out in
three directions of θi = 0°, 26.2°, and 52.4°, and the distance between adjacent measurement points
in each direction was 10 mm. The length of tcd in different zones was proportional to the speed of
the rearrangement spread in the passive layer. Fig. 5(b) shows the variation of tcd in these three
directions. It can be seen that the value of tcd is less than 0 in a range of 20 mm from Pc0, as shown
by the green ellipse in Fig. 5(b).
It is shown that some particle rearrangements in the passive layer occur before the movement
of the active layer. In other words, the particle rearrangement first occurs in the passive layer and
then propagates to the active layer through the interaction (collision) between the particles.
Through a linear fit to the data, we determined that the propagation speeds of particles in the
passive layer are 2.13, 2.23, and 2.94 m/s along the three measurement lines. It reflects the speed
of the change of the particle packing in different directions. And it can be seen that the
propagation speed of the particle rearrangement increases when the angle θi increases. According
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to the force chain model, the stability of the force network increases with the depth of packing,
which results in the diversity of propagation traces and an increase in the lag time[40].
With the drum rotating, the tilt angle of the packing particles continues to increase after
compaction. An avalanche occurs when the tilt angle is increased to 40.8° ± 0.4°. Fig. 6(a) is a
schematic diagram showing the position of the measuring zone in the passive layer at the
beginning of the avalanche. Taking Pa0 as the origin point, the measurements were carried out in
three directions of θi = 0°, 24.6°, and 49.2°, and the distance between adjacent measurement points
in each direction was 10 mm. Fig. 6(b) shows the variation of tad in the passive layer. It can be
seen that the value of tad is greater than 0 at different positions, which indicates that the particle
rearrangement of the passive layer occurs after the avalanche of the active layer. In other words,
the rearrangement in the passive layer is triggered by granular avalanches.
Through a linear fit to the data, we determined that the propagation speeds of particles in the
passive layer are 3.23, 2.50, and 2.38 m/s along the three measurement lines. Compared with the
avalanche propagation speed (0.2 m/s) in the active layer as measured by J. Rajchenbach[41], the
propagation speeds of the particle dynamics in the passive layer are an order of magnitude faster.
In addition, the propagation speeds of the rearrangement decrease as the angle θi increases. This is
contrary to the rule of particle rearrangement during compaction, which shows that the two types
of particle rearrangement have different directions of velocity decrease. This difference may be
related to the starting zones of the compaction and avalanche.
4.3 Spatial distribution of granular temperature in passive layer
Figs. 7(a) and (b) are pseudo colour images of the granular temperature distribution for the
two types of particle rearrangement in the passive layer. It can be seen that the change in granular
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temperature at different locations is significant. In addition, the granular temperature is highest
near the starting zone of the compaction or avalanche, and the granular temperature in some
measurement zone decreases to 0 as the depth of the particle packing increases. It is revealed that
rearrangement does not occur for some of the packing particles.
The granular temperatures of rearrangement at the same distance Dm from Pc0 and Pa0 on
different measuring lines are arithmetically averaged, as shown in Fig. 7(c). It can be seen that the
granular temperature of rearrangement during compaction is smaller, which indicates that this kind
of rearrangement is weaker than the other rearrangement. Meanwhile, the granular temperature
decreases linearly with an increase in Dm, which is similar to the rearrangement of spherical
particles in the passive layer[16]. In the range of Dm ≧ 100 mm, the granular temperature of
rearrangement during compaction is 0. However, the granular temperature of rearrangement
triggered by the avalanche is not 0 within this range. It is revealed that the number of particles in
the rearrangement triggered by the avalanche is higher and the dissipation energy is greater than
the other rearrangement.
4.4 Characteristic time statistics
Fig. 8 shows the distribution of the duration of particle rearrangements at points Pc0 and Pa0.
It can be seen that the duration distributions of the two types of particle rearrangement satisfy the
normal distribution. In addition, the duration of the rearrangement triggered by the avalanche is
longer, the mean and variance are 0.148 s and 0.021 s, respectively. The cause may be that the
maximum tilt angle before compaction (37.6°) is smaller than the maximum tilt angle before the
avalanche (40.8°).
Fig. 9(a) shows the various mean values of tc at different zones in the passive layer. It can be
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seen that the duration of rearrangement tc for different measuring lines decreases with an increase
in Dm. It is revealed that the duration of the rearrangement dissipation energy decreases with an
increase in the packing depth. Furthermore, tc in different directions is almost equal at a distance
of 10 mm and 20 mm from Pc0, and this area in Section 4.2 is the starting zone of the
rearrangement. This suggests that the structure of packing particles in this range is like a cage, so
that the duration is constant. Meanwhile, when Dm > 30 mm, the duration of rearrangement at the
same Dm decreases with an increase in the angle θi. It is worth noting that the increasing of tc
around Dm=30~40 mm. This change may be related to the thickness of the particles packing,
which needs further study.
Fig. 9(b) shows the variety of the mean value of ta at different zones in the passive layer. It
can be seen that ta in different measuring lines is also decreased with an increase in Dm.
Meanwhile, when Dm > 20 mm, the duration of rearrangement at the same Dm decreases with an
increase in angle θi. This is consistent with the rule of the rearrangement during compaction (Dm >
30 mm). However, the duration of rearrangement at the same Dm in the range of Dm < 15 mm is
proportional to the angle θi. At the same time, an arch structure after compaction was observed on
the granular bed, as shown in the inset of Fig. 9(b). Therefore, we believe that the difference in the
duration of the rearrangement in the range of Dm < 15 mm is directly related to the change in the
particle packing structure.

5 Conclusion
The filling degree was 50% in a rotating drum. The double speckle visibility spectroscopy
technique was used to observe the motion of irregular particles with an equivalent particle size of
0.5 mm in the slumping regime. New insight was obtained into the dynamics of the passive layer.
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Our results reveal that two types of rearrangement in passive layer were found which are stable
and cyclic. One kind of rearrangement corresponds to the compaction of the pre-avalanche
granular bed, and the other rearrangement is triggered by granular avalanches. The rearrangement
caused by avalanche has a greater dissipation energy by comparing the other rearrangement. In
addition, we found that the duration of the rearrangement dissipation energy decreases with an
increase in the packing depth and proposed a simple mechanisms qualitatively accounting for our
experimental findings. We further found that the propagation speeds of the rearrangements in the
passive layer are an order of magnitude faster than that in the active layer and the descent
directions of propagation speeds for both rearrangements are opposite to each other.
The spatial distribution of granular temperature in the passive layer reveals the heat transfer
law of the granular flow in the drum, and provide reference data for improving the control
technology of the flow and heat transfer of the granular material in industrial production. At the
same time, the experimental results suggest that the measurement device based on speckle
visibility spectroscopy can be used to monitor the micro-second and micro-meter motion of debris
flows, which may greatly improve the accuracy and timeliness of geological hazard warning.
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Figures:
（a）

（b）

Fig. 1. (a) Annotated photo of experimental setup. (b) Schematic diagram of position of measuring point in passive
layer, where ω is rotating speed, point P0 (x = 0 mm, y = 60 mm, z = 15 mm), point Pn (x = 0 mm, y = -60 mm, z =
15 mm), point P (x = 0 mm, y = 20 mm, z = 15 mm), Point A (x = 40 mm, y = 60 mm, z = 0 mm) in active layer
was focus of SVS analysis reported here.

（a）

（c）

（b）

Fig. 2. (a) Taking glass sand image with a microscope. (b) Projection image of glass sand. (c) Characterization of
irregular particle size.

Fig. 3. Measurement principle diagram of SVS method: (a) intensity across CCD pixels vs. time when filled

particles are stationary, (b) intensity across CCD pixels vs. time when flag signal appears during rearrangement
events at rotational speed of 0.3 RPM, and (c) granular temperature calculated from data in (b).
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Fig. 4. (a) Example of time series of synchronized granular temperature: δv2 of A (red) and P (black) at rotating
speed of 0.3 RPM. T is slumping cycle time. (b) Details of synchronized SVS signal from 3.1 to 6.6 s. (For
interpretation of references to colour in this figure legend, the reader is referred to web version of this article.)
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Fig. 5. (a) At beginning of compaction, schematic diagram of position of measuring point in passive layer,
where q c = 37.6 o , point Pc0 (x’ = 0, y’ = 65 mm, z’ = 15 mm). (b) Variance of mean value of tcd vs. distance from
Pc0, Dm. When Dm > 90 mm, granular temperature in measurement area decreases to zero. Thus, there are only 10
data points in direction of θi = 0°. Linear fits are for different measuring lines. Measurement zone in passive layer
is changed by moving SVS device, while other SVS device measuring position of point A in active layer is fixed.
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Fig. 6. (a) At beginning of avalanche, schematic diagram of position of measuring point in passive layer, where

q a = 40.8 o , point Pa0 (x” = 0, y” = 65 mm, z” = 15 mm). (b) Variance of mean value of tad vs. distance from Pa0,
Dm. When Dm > 100 mm, granular temperature in measurement area decreases to zero. Thus, there are only 11 data
points in direction of θi = 0°. Linear fits are for different measuring lines.
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Fig. 7. Spatial distribution of granular temperature in passive layer. (a) Pseudo colour image for distribution of
granular temperature in compaction rearrangement. (b) Pseudo colour image for distribution of granular
temperature in avalanche rearrangement. (c) Distribution of average dvc2 and dva2 .
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Fig. 8. Distribution of duration of two particle rearrangements in passive layer. Curve presents best Gaussian fit.
Black is particle rearrangement of Pc0, and red is particle rearrangement of Pa0.
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Fig. 9. Duration of two particle rearrangements in passive layer. (a) Variety of mean value of tc vs. distance from
Pc0, Dm. (b) Variety of mean value of ta vs. distance from Pa0, Dm. Inset image shows structure of surface of
granular bed.
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