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a b s t r a c t
A vast majority of widely accepted granular segregation mechanisms are attributed to dynamic phenomena such
as percolation, kinetic sieving, convection-induced segregation, condensation, inertia and granular temperature
gradients. We distinguish the ballistics of the particles from such dynamic and material properties and show that
the former is a dominant mechanism in the segregation of particles sedimented in a container. We ﬁrst perform
granular sedimentation experiments with glass beads in water that exhibit size-segregation of bidisperse grains.
We then show through simulations using a simple, ﬁrst-order model that the ballistics of the particles alone is
sufﬁcient to qualitatively predict this segregation.
© 2020 Elsevier B.V. All rights reserved.

Size segregation in granular ﬂows is caused by several mechanisms
often in competition with one another [5,30]. Among these, mostly dynamic mechanisms have been identiﬁed and studied in isolation. In the
presence of externally induced kinetic energy such as in rotating drums,
shear ﬂows and granular shakers, particles are knows to segregate due
to percolation of smaller particles into spaces between larger particles
[24], often caused by squeeze expulsion [25], convection currents [15],
condensation [12], inertial effects [10,22,28], or kinetic sieving [11], all
of which are dynamic mechanisms. For sparse systems, size segregation
in bidisperse systems is explained using the kinetic theory of granular
gases [8,13,33]. In granular stratiﬁcation, the segregation is attributed
to size ratio and difference in surface roughness of the species [9]. In
the studies of granular ﬂows in the presence of water, when the dynamics are considerably damped, dynamic mechanisms are again prevalent
in the literature. For example, in [2], hydrodynamic interaction is shown
to be the dominant mechanism behind stratiﬁcation of grains of different species. In water-immersed granular beds, kinetic energy transfer
between particles of different sizes is shown to cause segregation
which indeed results in stratiﬁcation [14]. Even the simplest models
for granular segregation take into account dissipation of energy in collision, a dynamic effect, in addition to material effects [17,19]. Given the
multitude of mechanisms identiﬁed, granular segregation often occurs
as a result of competition between multiple known and unknown segregation mechanisms [30,31]. There have been models that incorporate
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the competition between percolation, mean ﬂow and collisions [7] and
studies based on the discrete element method (DEM) that incorporate
different dynamic phenomena contributing to the size segregation of
granular media [1].
In dynamically simpler systems, such as in the sedimented ﬁlling of a
silo, a study that isolates the geometric causes of segregation does not
exist to the best of our knowledge. We call such a mechanism as ﬁrstorder to differentiate it from more complex and coupled properties of
dynamic granular systems. A ﬁrst-order segregation phenomenon exists in most ﬂuid-immersed granular systems and can even be the dominant mechanism of segregation. In this paper, we demonstrate, using
both X-ray tomography of experimental ﬂuid-immersed packings and
numerical simulations in the overdamped regime, that the simple ballistic motion of particles can result in size segregation due to the size
distribution of the underlying layer of particles and the geometric conﬁnement in which the grains are poured.
We present an experiment in which bidisperse glass beads were
sedimented (through water) in a cylindrical conﬁnement. Equal volumes of particles of diameter 1 mm and 2 mm were used in all the experiments reported here. Three different pouring source geometries
were considered. A lid corresponding to each of the pouring sources
was 3D printed to be placed on the cylindrical container in which the
particles were to be sedimented. Fig. 1 shows the geometry of the
three different lids considered for pouring the particles. In the ﬁrst geometry (left), bidisperse particles are poured through a speciﬁc point located at the axis of the cylinder. In the second geometry (middle),
particles poured at the axis of the cylinder roll down a conical surface
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Fig. 1. Geometry of the lids 3D printed for hand-pouring the particles. The left most geometry is for pouring particles through a point source at the axis. The middle geometry is for pouring
particles through a ring close to the inner circumference of the cylinder. The right-most geometry corresponds to a ring source located halfway between the axis and the circumference.

in random azimuthal directions and eventually fall down a ring shaped
opening along the inner circumference of the cylinder. In the third geometry (right), the particles roll down the conical surface and fall
through an annular opening located half way between the axis and
the circumference of the cylinder. In each case, the lids have a considerable vertical thickness of about 5 particle diameters, so that the horizontal motion of the particles are restricted and dissipated as they fall
through the vertical openings in the lid, and continue to sediment
along the intended radial location in the cylinder. The smallest dimension of each of the openings in the lids was kept at 1.5 times the diameter of the larger particle. This value was chosen small enough so that
two large particles do not fall while being in contact and large enough
that the particles could ﬂow freely considering the bidispersity in the
sample. The cylinder had an inner diameter of 76 mm. This cylinder diameter was the largest that could be accommodated in our tomography
scans and still provide adequate resolution.
The cylinder was ﬁlled with water to obtain a ﬂuid-immersed packing process. This also overdamps the system and reduces bouncing and
rearrangement of the particles after collision with the underlying bed.
The particles of each diameter were poured alternatively by hand in
portions of 2 ml through the axial location of the cylinder above the
lids. This portion size was chosen to be small enough so that no layering
of monodisperse particles would result. We repeated this experiment
for each pouring source three times, with a new sample of particles.
After obtaining a packing that is over 100 mm height, the water in
the containers in each case was ﬁrst drained carefully without
disturbing the packing using a drain pipe with a valve at the bottom,
for increased contrast in tomography. The packings were further dried
by baking the whole container for 24 h at 65 °C in an oven. Aftering
cooling back to room temperature, each packing was placed on a turntable and 3200 azimuthal projections (radiographs) were scanned (for
360° rotation) using a cone beam X-ray tomograph. Each projection
was obtained by averaging 20 radiographs, which were in turn obtained
by exposing the detector to 100 milliseconds of X-rays produced by a
voltage of 150 kV and a target current of 260 μA. The obtained spectrum
was ﬁltered by a 2 mm thick aluminium ﬁlter, to mitigate beam hardening effects [3]. The detector used for recording the radiographies was
1512NTD Dexela whose relevant features are provided in [21]. The distance from the X-ray tube to the sample and to the detector were
0.395 m and 0.66 m, respectively. A resolution of 22.5 px/mm was
achieved with this setup. These projections were then used to reconstruct the 3 dimensional arrangement of particles in the form of 3D
voxels of grey values using the XrayOfﬁce (v2.0) software provided by
the Fraunhofer Institute for Integrated Circuits. In order to stay within
the memory limit of our computers, we reduced the volumetric resolution by half, making the ﬁnal resolution about 11.75 voxels/mm.
From the reconstructed voxel data of grey values, we obtained the
centroids of each particle and its size using the algorithm described in
[29]. The visualization of the particles reconstructed from the tomogram

are shown in Fig. 2. For the case of the point source, the larger particles
migrated to the circumference of the cylinder, as is well known in literature [6,25] for pouring of heaps of particles. When the pouring direction was reversed, that is when the particles were poured from a ring
near the circumference of the conﬁning cylinder, larger particles migrated preferentially to the center. Interestingly, the segregation was
much more pronounced in the latter case than in the case of the former,
clearly suggesting the effect of the cylindrical shape of the conﬁnement
on the segregation. In the case where the particles were poured midway between the axis and the circumference, an effect mid-way between the earlier two scenarios was observed: the larger particles
migrated both to the axis and the periphery of the cylinder with preferential migration towards the center.
Segregation mechanisms in dynamic scenarios are known and separately identiﬁed in literature. However, the segregation in the manner
observed in our experiments are not previously studied. In order to simplify the system and isolate the prime mechanism, we used a simulation
technique called sequential ballistic [20,24,26] deposition (SBD) which
is agnostic to material parameters, dynamics and contact mechanics.
Hence any similarities between the experiments and the simulation
would suggest a segregation mechanism that is also agnostic to dynamic
parameters of the system. This simulation technique is based on the
simple principle of ballistic motion. As a particle or a particle cluster descends in the direction of gravity, it encounters one of three events—(1)
the particle encounters a surface which it touches at exactly one point
where the ballistic motion stops and the particle ﬁnds the steepest direction of descent to roll over underlying the surface (2) the particle encounters two simultaneous surfaces of other particles that formed the
substrate. In this case the particle rolls about the axis connecting the
centers of these two particles. (3) The particle comes in simultaneous
contact with three other particles and if it is found stable, becomes
part of the substrate layer. This algorithm simulates an over-damped
system with no possibility of perturbing the already sedimented substrate. This algorithm has been used to explain sieving segregation of
particles in the past [20,23,27] and is explained in detail in [26]. This algorithm has also been tested for a number of cohesive systems including nano particle sedimentation [32]. This event driven algorithm
results in many metastable situations due to its non-thermodynamic
nature. In reality many such metastable scenarios are surpassed. For
these reasons, it has never been compared with an experimentally generated granular packing before.
We hypothesise that the size segregation we observe in a ﬂuid-immersed granular system such as that explored here corresponds to a
ﬁrst-order (purely geometric) phenomenon making this the simplest
numerical method to test our conjecture.
Simulations were performed with the same particle size distribution
and particle-to-cylinder diameter ratio as that of the experiments, and
with strictly bidisperse sample and equal volumes for both particle
sizes. The cylindrical wall and the ﬂoor of the container were modelled
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Fig. 2. Visualization of particles (colored by size) for the three types of pouring sources, obtained from computed tomorgraphy of the experiments.

by overlapping spheres of diameter equal to the smaller particles, with
about 95% overlap between each pair of spheres so as to approximate
a smooth surface. The bidisperse particles were then dropped one
after the other in such a way that one larger particle followed 8 smaller
particles in order to maintain equal volumes for both particle sizes. For
each of the pouring geomtry used in the experiments, a corresponding
simulation was performed. For the ring and the middle-ring sources,
the angular location of the particle source was chosen randomly (with
uniform distribution) for each particle. The packings obtained from
these simulations are shown in Fig. 3. Remarkably, for the case of the
ring source and the mid-ring source, very clear size segregation can be
visually observed similar to the experimental granular packings. Since
a simplistic algorithm is used to simulate the packings, it can be convincingly argued that the segregation observed in the experiments is
dominated by a ﬁrst-order mechanism that only involves geometry
and not dynamic or contact characteristics.
In Fig. 4 we show the average diameter along the radial location averaged in bins of ﬁnite annular cylinders. The bottom half of the ﬁgure
shows the diameter distribution of all the particles used in each of the
three experiments used for each pouring source. The diameter proﬁle
shows a region bounded by the maximum and minimum among the
three experiments (shaded region) and also the mean observation
(solid line) in each of the source geometries. The solid black line in
each case corresponds to the simulation with the corresponding
pouring source.
In case of the point source, both the experiment and the simulation
show a radial increase in mean diameter. However, the proﬁle is convex
in case of the simulation and concave in the experiments. In case of the
ring in the middle, both the simulation and the experiments show segregation of large particles towards both the axis and the periphery of the
cylinder. In fact the larger particles segregates much more strongly in
the case of the experiment than in the simulation. Also, the case of the
ring source (middle column in Fig. 4) shows a diameter proﬁle, which
is similar for both the simulation and experiment in terms of the bounds
and the proﬁle of the curve. Also, the simulation corresponds closely to
the mean diameter proﬁle near the axis. Thus this simple simulation
tool qualitatively predicts a segregation mechanism in ﬂuid-immersed
granular systems. This suggests that the dominant mechanism of this

segregation is implicit in the governing mechanism of the simulation,
namely ballistic, overdamped motion over previously sedimented particles. In a general pouring process, where multiple granular ﬂow phenomena compete [30,31], this ﬁrst-order mechanism may either be
favored or overcome. From our experiments and simulations, this
ﬁrst-order segregation mechanism is clearly evident and is seen in isolation. In an engineering application, this suggests that in a ﬂuid-immersed pouring process controlled segregation can be achieved
simply by altering the geometry of the pouring source.
The segregation mechanism can be explained as follows. As the particles fall and roll down the heap of the particles sedimented previously,
they face a resistance proportional to the roughness of the repose surface. This resistance can be considered as a kind of friction originating
from geometry of the repose surface. This mechanism is independent
of the angle of repose: clearly the angle of repose for the experiment
and the simulation are different and there is no material difference between the different size of particles in the experiments. However the
difference between the intensity of segregation between the different
sources shows that the geometric nature of the adipose surface (and
not its angle) is important. We may call the resistance faced by a particle
while rolling down the repose surface, due to its geometric feature or
bumpiness, as geometric friction. The geometric friction experienced is
larger for a smaller particle and is smaller for a larger particle for the
same repose surface. As larger particles get sedimented near the axis,
it further increases the geometric friction faced by the smaller particles
that follow, causing this effect to amplify. This would explain the difference in the intensity of the segregation observed for the different
pouring sources considered here.
In [20], where the two dimensional version of the same simulation
model was employed, such three-dimensional effects dues to conﬁnement and pouring source geometry were not evident. In a minimal
model proposed by [4] the local variation in the angle of repose,
which is in-turn dependent on the species (shape and surface properties) plays an important role in the model. In contrast, we show that
without the consideration of particle shape and the surface properties
of the particles, the ballistics alone can lead to segregation.
Interestingly, our observation is comparable with the segregation
experiments in a rotating cylinder by [34]. In this work, the segregation

Fig. 3. Visualization of particles (colored by size) for the three types of pouring sources, simulated using Sequential Ballistic Deposition.
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Fig. 4. Average diameter proﬁle along the radial dimension in the simulations and the experiments. The columns from left to right correspond to the point source, the circumferential ring
source and the ring source at half the radius of the cylinder. Bracketed (<>) quantities refer to the mean of all the three samples and is indicated by solid lines. The regions colored with low
opacity show the bounds of the data from all the samples for each pouring source geometry. The top row shows the mean diameter of particles at each radial location. The 3 rows at the
bottom show the number distribution of particle sizes used in each of the three samples for each of the pouring sources.

between two types of particles with different frictional properties was
explained using dynamic angles of repose that appeared at the interface
of the two species of particles as they segregated similar to a spinodal
decomposition. However their experiments did not show segregation
between glass spheres of two different sizes in a smooth cylinder. Similarly, segregation during pouring was also shown to exist when the
species of particles had not only size differences but also material differences evidenced by different angles of repose [16,18]. Our observation
that segregation between particles that differ only in sizes but not in
the repose angle, therefore, complements the observations of these
seminal works.
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