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Shear-driven segregation of dry granular materials
with different friction coefficients

Katalin A. Gillemot,* Ellák Somfai and Tamás Börzsönyi

We report the first experimental demonstration of bulk segregation in a shear-driven dry granular

mixture, where the particles only differ in their surface friction coefficients. We found that the smoother

particles tend to sink to the bottom of the shear zone, while rough particles migrate to the top of the

sample. This phenomenon is similar to the well known kinetic sieving in particle mixtures with size

heterogeneity. In the present case the smooth particles have a higher probability to penetrate into voids

created by the shearing than the rough ones. Discrete element simulations were carried out and

reproduced the experimentally observed segregation patterns. Moreover, simulations performed in the

absence of gravity revealed that rough particles tend to remain in the shear zone, while the smooth

particles are being expelled from it. We propose a mechanism in which the smooth particles are driven

towards regions of lower shear rate.

1 Introduction

Segregation phenomena in granular materials are very complex,
and their prediction is often challenging.1–3 An efficient mixing
or demixing of materials is highly desirable in industry, while
in nature, e.g. in geological processes, segregation often plays a
key role.

Granular mixtures subjected to flow or vibration can segregate
due to differences in grain size, density, shape or surface properties.
Size4–15 and density15–17 segregation are both well known and
well investigated; however less attention has been given to further
effects like segregation due to differing particle shapes18–21 or the
diversity in the surface friction coefficients of the particles, the
case we wish to discuss in the current paper. Furthermore
different external conditions (like system geometry, filling rate,
particle-wall friction coefficient) or various driving forces (like
vibration or shear) may invoke different segregation mechanisms
(for example kinetic sieving6 or convection7), and in the real world
it is highly likely that a combination of these conditions exists,
causing complex spatial patterns that are not easily explained.
One example is the sharp transition from the reverse Brazil nut
effect to the Brazil nut effect observed in vibrated granular
mixtures, assumed to be caused by aging of the particles resulting
in a drift in their friction coefficients.22

Segregation in surface flows has been observed due to the
different angles of repose (internal friction) of the constituents
arising from grain shape differences and/or microscopic

surface roughness. In an early experiment Zik et al. investigated
axial segregation (banding) of binary mixtures of sand and glass
beads of similar grain size in a rotating tube.23 They have
already concluded that the size difference between the particles
itself would not be enough to induce the observed segregation,
but their shape and surface roughness also play an essential
role. Using the model proposed by Bak et al.,24 Lai et al.25 found
that in a rotating drum radial segregation occurs. Similarly,
effects of the angle of repose differences (caused by grain shape
variations) were investigated theoretically in heap flows by
Makse.18 Using a granular-media lattice gas model Károlyi
et al. have also detected segregation when filling a silo,26 with
the smooth particles accumulating at the base of the pile. By
applying different system geometries in their numerical models
both Bantang et al.27 and Farkas et al.28 were able to efficiently
separate particles with different angles of repose. Interestingly
enough when it finally came to experiments by using quasi-two
and -three dimensional rotating tumblers Pohlmann et al.29

have found no trace of radial segregation or banding for bidisperse
mixtures of rough and smooth particles. Furthermore, changing
the surface roughness of a single intruder particle in a pool of
similar particles can change its dynamics.30,31

Due to the difficulty of fabricating samples where only the
surface roughness of the particles differs while their size,
density and shape are kept unchanged, the problem of surface
friction-difference induced bulk segregation could be tackled
typically mostly in numerical simulations30–33 or analytically.34

A vibrating system was investigated by Ciamarra et al.32 using
discrete element simulations. In this case the two components
segregated in the bulk with the rough particles rising towards
the top of the system. In a granular mixture immersed in a
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viscous fluid in a Couette device Plantard et al.33 found that the
rough particles accumulate in regions with a higher shear rate.
These all highlight the intriguing fact that just as in the case of size
segregation, surface roughness driven segregation is a complex
and important phenomenon with a strong dependence on the
external properties of the system.

In the current paper we focus on the following questions:
(1) into which regions do smooth particles migrate in a sheared
mixture of dry granular particles, where only the friction
coefficients of the particles differ; (2) what happens to the same
system in the absence of gravity and (3) what are the mechanisms
behind the segregation patterns observed.

2 Methods

The experiments were carried out in a cylindrical split bottom
shear cell [shown in Fig. 1(a)] with a radius of Rcell = 52d, where d
is the diameter of the particles. The bottom of the cell consisted
of a rotating inner plate with a radius of R = 41d and a static
outer ring. The ratio of the filling height H to the radius of the
inner plate R was H/R = 0.48, resulting in a mostly radial shear
gradient in the region indicated by red in Fig. 1(a). The rotation
speed was 1.2 rpm resulting in quasistatic shear. The whole
bottom area of the cell was roughened in order to minimize
crystallization of the grains.

High precision ABS plastic spheres were used with an
average diameter of d = 5.953 mm and a mass of 0.12 g. We
have measured the diameter of 500 beads with a digital caliper
(resolution 0.01 mm), and these measurements yielded a poly-
dispersity of 0.6% for the smooth beads. Half of the sample was
roughened with an apparatus designed exclusively for this
purpose. During the roughening process the beads were gently
compressed between two rough surfaces with a nominal rough-
ness of 0.2 mm and the surfaces were moved tangentially with
respect to each other. This way the beads were rolling during
compression, and depressions were created all over their surface
[see Fig. 1(b)] without rubbing any material away, and thus
without changing the size or the density of the particles. These
roughened particles were then painted by an alcohol based ink;
the whole process resulted in an altogether maximum 0.01%
gain in particle weight, and 0.05% increase in average diameter
(determined again from 500 particles), where the latter was
comparable to measurement uncertainty and is much smaller
than the measured polydispersity of 0.6%. After roughening the
difference between the friction coefficients m of the two types of
particles was determined by measuring their angle of repose a
during heap formation. A picture of the heap was recorded after
each major avalanching event, and the angle was measured by
numerically fitting a line on the middle of the slope of the heap
from 1/3rd of its height up to 2/3rd of its height. The averages of the
measured angles of repose for the rough and smooth particles are
�aR = 23.41� 1.61 and �aS = 19.21� 0.91 respectively. These correspond
to a difference in the friction coefficient mE tana of the two types of
grains mR � mS = 0.433 � 0.348 = 0.085 [see Fig. 1(e)]. This friction
contrast is similar to that obtained by etching glass beads.35

During shearing the surface of the sample was recorded with
a Nikon D5100 camera, by taking snapshots at 5 s intervals.
After the measurement was stopped the material was excavated
layer by layer in order to explore the final segregation pattern
inside the sample. This was done by each time removing a
sheet of the granular material with a thickness of 20 � 1 mm
and photographing the surface again. The particle removal was
done by a specially designed machine with a constant suction
power and adjustable height, ensuring that the excavation
was controlled. The recorded pictures were then analyzed by
counting with a specific detection algorithm the number of the
different particles in 2.61 particle wide concentric rings on the
given surface.

Altogether two sets of measurements were carried out.
(i) First starting with a non-mixed layered configuration, where
the smooth particles were layered on top of the rough particles

Fig. 1 (a) Schematics of the experimental setup. The shear zone is
coloured red. (b) Photograph of a smooth (top, light) and a rough particle
(bottom, dark). (c) Schematics of the simulation setup for the gravitational
case. (d) Schematics of the simulation setup for the case without gravity.
(e) Distributions of the measured angles of repose for the rough and
smooth particles, acquired by fitting a Gaussian on the histograms of the
measured angle of repose values.
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(labeled ‘‘Non-mixed’’). For the second measurement the particles
were thoroughly mixed beforehand (labeled ‘‘Mixed’’). We note
that in order to minimize the erosion of the surface of the
particles the experiments were stopped before the fully segregated
steady state was reached. The diameter of 500 rough particles was
measured again after the experiments, and a minor (0.12%)
decrease of the average diameter was detected.

Extensive numerical calculations were carried out using the
discrete element method in order to gain a deeper insight into
the dynamics of the system. The simulations were done using the
LIGGGHTS package36 with the contact force based on the Hertz–
Mindlin contact model of sliding friction; a detailed description of
the particular model can be found in ref. 36. In addition, we also
made tests with rolling friction included as well, and have found no
significant change in the system behaviour. The particles used had
no polydispersity in order to avoid size segregation. The friction
coefficients were mRS = 0.5, mRR = 0.6, mSS = 0.4, mRW = 0.55, and
mSW = 0.45, where the indicies indicate the type of particle pairs:
R for rough, S for smooth, and W for wall particles. However we
also made tests with both smaller and larger roughness differences
resulting in the same segregation pattern, but on different time-
scales. Two types of simulations were performed: (i) in the presence
of gravity a linear split bottom geometry was modeled by two
L-shaped walls [see Fig. 1(c)] and a size of 28 � 13 � 12 particle
diameters. The top of the box was covered with a frictionless static
wall to keep the particles inside, and boundary conditions in the
shear direction were periodic. The box was filled to result in a free
surface on the top, and during the simulations we found an average
volume fraction of f = 0.63 in the shear zone. (ii) In the absence of
gravity we used a double split geometry in order to avoid effects
caused by the static wall on the top. Here two U shaped walls
formed the two splits at the bottom and top of the cell [see
Fig. 1(d)]. The cell size was once again 28 � 13 � 12 particle
diameters, and filled to result in an average volume fraction of
f = 0.63. Furthermore we have also tested several cases with f
down to 0.54 and up to 0.65 and found the same segregation
patterns as described below. In both cases volume control was
imposed on the system. The walls were made of slightly over-
lapping particles glued together, and they were moving with a
constant speed, but in opposite directions along the y axis shearing
the system. To avoid the effects of the initial transient, a sample of
identical particles was sheared at first, and only then the two
different friction coefficients were assigned to particles at random
to start the real measurements. The simulation parameters
were set up so that the inertial number was in the range of
0.0001 o I o 0.003, corresponding to the quasistatic regime.
Any physical quantities were then extracted from the simulations
by making an ensemble average over the particles found in
1 � 1 � 1 particle diameter sized bins in the simulation space.

3 Results and discussion

First we present the experimental results obtained in the
cylindrical split bottom shear cell. Fig. 2(a) and (d) depict the
time evolution of the radial particle distribution on the surface

of the sample focusing on the transient region, for both the
initially layered Non-mixed and the Mixed cases respectively.
Here, the difference between the number fraction of the rough
nR and smooth nS particles (the number density of one type
normalized by the total number density) is averaged along the
angular coordinate, i.e.

dnH(r,t) = h(nR � nS)|z=Hij,

where r, z and j are the radial, vertical and angular coordinates,
respectively and t is the time. After the initial mixing of the
particles we can see a clear accumulation of rough particles on
the surface with a nonuniform spatial distribution, with two
maxima developing at the two sides of the shear zone. While in
the Mixed case the two maxima are clearly distinguishable, in the
Non-mixed case the second maximum is only starting to develop.
Here we note again that we did not wait until the system reaches
the fully developed stationary state, since the process was slow
compared to the erosion of the beads. This allowed us to perform
these two subsequent experiments with the same sample. On one
hand erosion of the grains leads to decreasing optical contrast
between the two types of grains due to the smudging of the paint,
and thus identifying smooth and rough particles becomes
increasingly difficult. On the other hand erosion also leads to
slow degradation of the friction contrast between the grains.

In Fig. 2(b) and (e) the full time dependence of dnH is shown,
averaged over different concentric rings on the surface. The
black curve (labeled ‘‘r1’’) corresponds to the innermost circle
(see top of Fig. 2(c) and (f)), while the green curve (labeled ‘‘r5’’)
to the outermost ring, and the rest of the curves cover up the
shear zone itself. While the particle distribution of the inner-
most circle changes only slightly during the experiments, the
outermost ring starts to accumulate rough particles after a
certain time. This asymmetry and the fact that the inner side
of the shear zone (red curve, labeled ‘‘r2’’) accumulates the most
rough particles is probably associated with the circular nature of
the cell. One more thing to note is that the ring covering the
middle of the shear zone (blue curve, labeled ‘‘r3’’) is the first to
start to fill up with rough particles, but starts mixing again
before an equilibrium state is reached, a phenomenon probably
associated with the secondary flow in the system discussed later.
As mentioned earlier there is clear accumulation of rough
particles with two maxima on the top of the sample for the
Mixed case (see Fig. 2(e), red and yellow curves, labeled ‘‘r2’’ and
‘‘r4’’ respectively). In the Non-mixed case – due to the termina-
tion of the experiments before the equilibrium state is reached –
this second maximum has not yet developed. However from the
increase of the yellow curve (labeled ‘‘r4’’, corresponding to the
outer side of the zone) and the decrease of the blue curve
(labeled ‘‘r3’’, corresponding to the center of the zone) in
Fig. 2(b) it is expected that this second maximum would be built
later, just as it happened in the Mixed case.

Fig. 2(c) and (f) show the averaged vertical cross section of
the sample at the end of the experiments, once the shearing
was stopped. The difference in particle numbers is now:

dnT(r,z) = h(nR � nS)|t=Tij,
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where T is the time when the rotation was stopped. Once again
we can see in both the Non-mixed and Mixed cases the clear
accumulation of the rough particles on the surface, but now we
can also note that the two density maxima of rough particles
observed at the surface corresponds to deeper regions at those
radii. The smooth particles on the other hand concentrate at
the bottom of the shear zone, near the split (indicated with a
wedge). This effect is less dominant in the Mixed case most
probably due to the particles losing their difference in surface
friction coefficients during the experiments. The material
exchange takes place solely in the shear zone, while outside
the zone the initial configuration is mostly preserved.

Numerical simulations provide further insight, as monitoring
the evolution inside the sample as well as turning gravity on/off
is easily feasible. In order to directly compare the simulation
results to the experiments we have plotted the same quantities in
Fig. 2(g)–(i) as in Fig. 2(d)–(f). Both the time evolution at the

surface and the resulting spatial patterns are very similar to the
experimental observations. The rough particles accumulate at
the top of the shear zone while the smooth particles sink to the
bottom. Once again the upper central region of the shear zone
accumulates rough particles the fastest (blue curve, labeled
‘‘r3’’), but after the initial increase the curve slightly decreases
as also seen in the experiments. Furthermore we can see the two
regions at the two sides of the shear zone with a higher number
of rough particles just as in the experimental cell. For simplicity
in the simulations we have used a straight shear cell (instead
of the cylindrical geometry), such that the resulting pattern
(x–z plane) is symmetric [Fig. 2(i)].

To test the effect of gravity a further set of simulations has
been performed in the absence of a gravitational force. In this
case the setup was slightly modified as two splits were included
on the opposite sides of the system. This resulted in a simpler,
more symmetric shear zone, making the interpretation of the result

Fig. 2 (a, d, g, j) Particle distribution as a function of displacement between the two sides of the shearzone (in particle diameter units) on the surface of
the sample (z = H) for (a), (d) and (g), and at the middle of the sample (z = H/2) for (j), pictured on a log scale, thus showing mostly the transient region. The
red colour on the graphs shows that dn 4 0, meaning that there are more rough particles in that particular area, while blue is dn o 0 meaning an
accumulation of smooth particles. The colour scale is only shown in (a), but corresponds to all pictures. (b, e, h, k) Particle distribution as a function of the
displacement of the two sides of the shearzone summed up for different concentric rings on the surface of the sample (z = H) for (b), (e) and (h), and at
the middle of the sample (z = H/2) for (k). The black curve (labeled ‘‘r1’’) corresponds to the innermost circle, while the green curve (labeled ‘‘r5’’) to the
outermost ring. The colour-legend for the curves, showing their exact spatial extent can be found next to the top row plots and also above the bottom
row of plots. As a reference the cumulative strain is shown on the top axis of the simulation plots: measured at the middle of the top lid for (g), (h) and in
the middle of the simulation box for (j), (k). (c, f, i, l) Spatial distribution of the particles in the cross section of the cell, the colour scale is the same as in (a).
The black triangles show the exact location of the split. (a–c) Experiment started from the Non-mixed initial condition. (d–f) Experiment started from the
Mixed initial condition. (g–i) Numerical simulation with gravity. (j–l) Numerical simulation without gravity. We note here that in order to better visualize
the discrete results from counting the particles a set of further datapoints were linearly interpolated onto the graphs in spatial directions.
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more obvious. Now the rough particles accumulate inside the
full shear zone, with the smooth particles being expelled from
it, resulting in a thin layer of smooth grains around the zone
[see Fig. 2(j)–(l)].

Our goal now is to understand the physical origin of the
segregation patterns discussed above. In a shear driven, disordered
environment the smooth particles have higher mobility, because
when experiencing the same force as the rough particles, they have
a higher probability of both loosing contact with the particles they
were in contact with, as well as penetrating into any void nearby. In
the gravitational case the dynamics is dominated by the gravita-
tional force, causing the more mobile smooth particles to percolate
downwards inside the zone, resulting in the rough particles being
lifted upwards. This is similar to the well known kinetic sieving
effect in systems with size heterogenity. In Fig. 3 we plot the
averaged vertical x–z cross sections of the simulations. The colours
in Fig. 3(a) denote the shear rate, so the shear zone can be identified,
whereas the background colours in (b) show the particle distribution
dn averaged over time for large times [for the moment ignore the
black arrows in (b)]. One can see that inside the shear zone the
smooth particles migrated to the bottom, and the rough ones to
the top; outside the zone the initial random distribution persisted.

The location of the smooth and rough particles is slightly
distorted from a simple layered structure, which we argue is a
consequence of a secondary flow. Fig. 3(c) shows the average velocity
of the particles within the x–z plane, perpendicular to the primary
streamlines. One can identify a vortex pair in the shear zone, driving
particles upwards in the middle, and downwards near the edge of
the shear zone. The velocities involved are rather small, e.g. the
upward stream in the middle is about three orders of magnitude
smaller than the typical perpendicular shear velocities.† As a
consequence, the layer of rough particles on the top is thinner in
the middle, and thicker at the sides of the shear zone [Fig. 3(b)]. The
effect of this secondary flow is visible in the experiments as well, in

the splitting of the rough (red) layer in Fig. 2(f); here we mention
again that the asymmetry is due to the curved primary streamlines.

In the absence of gravity neither of the above two mechanisms
are operational: there is no body force which would drive the more
mobile smooth particles in one direction, and the secondary con-
vection is absent as well [Fig. 3(f)]. Still, we observe that the rough
particles end up at a higher concentration in the middle of the shear
zone, and the smooth ones form a layer near the edge of the zone.
We propose a third mechanism, which is responsible for this pattern
in the absence of gravity. In an environment of inhomogenous shear
rate, a given particle receives collisions from all directions, but the
number of collisions and the amount of fluctuating sideways force
are larger from the direction where the shear rate (velocity difference)
is larger. Therefore the fluctuating forces push the particles towards
regions of smaller shear rates, and the more mobile smooth particles
are more susceptible to convert it to displacement. Effectively this is
a force pushing smooth particles opposite to the direction of the
shear rate gradient. Fig. 3(e) shows the shear rate gradient as arrows;
these arrows have the largest magnitude near the borderline separ-
ating smooth-rich and rough-rich regions, and their direction is
perpendicular to this borderline.

Of the three mechanisms in typical situations the kinetic
sieving-based migration of the smooth particles is the strongest,
followed by the secondary flow; but these two only operate in the
presence of gravity. The third mechanism, based on the anisotropy
of fluctuating forces, is present regardless of gravity [see arrows
in Fig. 3(b)], but in the presence of gravity it is much weaker
and therefore is completely dominated by the other two. In the
simulations the segregation pattern in the no-gravity case
appears at much later times (much larger deformation) than
in the gravitational case.

4 Conclusions

Our experimental and numerical investigations reveal that dry
granular particles with different friction coefficients driven by
shear segregate inside the shear zone, with the less mobile

Fig. 3 Numerical results. (a–c) Gravitational case. (a) Shear rate. (b) Gradient of the shear rate (black vectors) plotted over the averaged particle
distribution. (c) Secondary flow observed when gravity is on. (d–f) Gravity is turned off. (d) Shear gradient. (e) Gradient of the shear rate (black vectors)
plotted over the averaged particle distribution. (f) No secondary flow observed, when gravity is off.

† The large arrows at the top of the figure are liable to noise, some of the bins
near the surface contained too few particles.
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rough particles accumulating on the top of the sample –
interestingly in two spatial domains, as a result of a secondary
flow – while the more mobile smooth particles sink to the
bottom. When switching off gravity in the simulation we found
a new and interesting segregation pattern, with the smooth
particles being expelled from the shear zone, while the rough
ones are being stuck inside. This phenomenon is driven by the
asymmetry of fluctuating forces due to the gradient of the shear
rate. These results – while highlighting interesting new segregation
mechanisms – stress the fact that in order to fully understand
complex segregation patterns friction induced segregation may
need to be taken into account. As a future step it would be
highly intriguing to systematically investigate the segregation
patterns found in mixtures of particles with slight shape
differences, bridging the gap between roughness and shape
driven segregation.
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