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While convective flows are implicated in many granular segregation processes, the associated particle-
scale rearrangements are not well understood. A three-dimensional bidisperse mixture segregates under
steady shear, but the cyclically driven system either remains mixed or segregates slowly. Individual grain
motion shows no signs of particle-scale segregation dynamics that precede bulk segregation. Instead, we
find that the transition from nonsegregating to segregating flow is accompanied by significantly less

reversible particle trajectories and the emergence of a convective flow field.
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When mixtures of granular materials are continuously
disturbed by external forcing, such as vibration, gravity,
rotation, or shear, the grains often separate based on their
species properties, such as size or density [1-10]. This
phenomenon, known as segregation, has been a subject
of scientific interest for several decades because of its
widespread applicability in both nature and industry,
from stratification of avalanche deposits to the nonuniform
settling of mixed nuts and cereals.

Previous studies have looked at the onset and patterns of
segregation, and several theoretical models have been pro-
posed [1,4,11,12]. A universal feature of the models is
gradient-driven segregation flux. In the specific case of
dense shear-driven segregation, however, the relative con-
tributions of gradients in friction, shear, and average ki-
netic energy (or kinetic temperature) are not well
established. In addition, most candidate models for shear-
driven segregation are linear [12,13]. A key nonlinearity
missing from the current models is granular convection,
which can play a vital role in the segregation process
[3,9,14]. Indeed, the behavior of experimental shear-driven
systems deviates from what current models predict [10].

In particular, convective flows can lead to the rise of
large particles in vibrated beds [3]. Even under quasistatic
vibrations with very low kinetic temperature and convec-
tion, critical size ratios for the rising of large intruders have
been observed [2,15]. While this has inspired further work
on vibroexcited systems, there is little discussion in the
current literature about shear-driven segregation in the
absence of kinetic temperature.

One distinguishing feature of shear-driven flows is that,
unlike vibroexcited systems, they can exhibit flow driven
by bulk shear forces, with particle-particle interaction po-
tential energies that are orders of magnitude larger than
kinetic energies [16]. Driven slowly, granular shear flows
can then exhibit close to reversible particle trajectories
under oscillatory driving [17,18]. Continuum models of
segregation are based on gradients, therefore invariant
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under reversal of shear direction, and predict the same
segregation flux for both steady and oscillatory shears.
Indeed, the absolute size of individual particles relative
to the amount of shear does not enter into these models, nor
does a characteristic length scale over which gradient-
induced segregation manifests.

In this Letter, we provide insight into these challenges
by presenting experimental results from a dense three-
dimensional (3D) shear-driven bidisperse granular mate-
rial. Using the refractive index-matched scanning (RIMS)
imaging technique [19], we are able to experimentally
determine the trajectories of almost all particles in the
mixture as the system is slowly sheared, both steadily
and cyclically, in a split-bottom geometry. We directly
measure the bulk segregation patterns under steady and
cyclic shear and characterize segregation at the micro- and
mesoscale by quantifying the reversibility of particle rear-
rangements and examining the resulting secondary flows of
the system.

Setup and procedure.—The granular system is a dense
bidisperse mixture of polymethyl methacrylate spheres,
with small and large diameters of Dg = 3.175 mm and
D; = 4.7625 mm, respectively. The mass ratio between
the two species of grains (Mg/M; = 16/27) is selected
such that the number ratio of small to large grains
Ng/N; = 2. The sides of the square tank containing the
pile are 15 cm long, and the pile height is 4.6 cm, approxi-
mately equal to the radius of the shearing disk R, =
4.5 cm, as well as 10D; .

The grains are immersed in an index-matched interstitial
fluid, Triton X-100. The index matching allows light from
two laser sheets, mounted on either side of the tank, to pass
through undeflected. We also add a laser dye, Nile Blue
690 Perchlorate, that fluoresces at the laser wavelength
(635 nm), as well as a small amount of hydrochloric acid
to stabilize the mixture. With the laser sheets aligned at a
particular height, a high-sensitivity Sensicam camera cap-
tures a horizontal cross section of the pile from the top
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FIG. 1 (color online). (a) The split-bottom shear cell and a
sample horizontal cross section (an aligned second laser sheet
and a high sensitive camera that captures images from the top
down are not pictured). (b) Sample trajectories of a small (light
green to dark blue) and large (light yellow to dark red) grain
under steady shear. The black circle represents the shearing disk.

down. The laser sheets and camera move incrementally
along stepper motors, with cross sections taken about every
200 pum in height. All of the cross sections together con-
struct a full 3D image of the pile. An illustration of our
setup is shown in Fig. 1(a).

We consider the response of the granular system to both
steady and cyclic shear, with amplitudes of 10° and 40°.
The shearing disk is separated from the rest of the tank
floor and rotates at a rate of 1 mrad/s, with static 3D
images captured every 2°. At this shearing rate, the flow
profiles of the pile resemble that of a dry pile and are also
rate independent [20]. In addition, the circular split-bottom
geometry allows for the formation of wide and robust shear
zones far from the system walls [21,22].

When an experiment is complete, particle center posi-
tions are determined using a 3D-adapted convolution ker-
nel [23], which also distinguishes between large and small
grains. In each frame, we are capable of extracting the
position of at least 95% of particles, with a particle center
resolution of about 100 um. Then, a Lagrangian predictive
particle tracking algorithm [24] identifies individual parti-
cles and their trajectories. Examples of individual particle
trajectories, for a large and small grain under steady shear,
are shown in Fig. 1(b).

Bulk segregation.—A standard segregation pattern that
is seen in many polydisperse mixtures is the Brazil nut
effect (BNE), in which large particles rise to the top of the
pile, leaving smaller sizes to settle toward the bottom. In
this slowly sheared system, a pattern similar to the BNE is
observed under steady shear. Figure 2 shows how a cross

FIG. 2 (color online). Cross sections of the granular pile at
3.8 cm above the shearing disk, or about 2 large grain diameters
from the free surface, (a) in the initial mixed state and (b) after
29.3 revolutions of the shearing disk. Large red and small blue
circles represent large and small grains, respectively.

section at a height of 3.8 cm (eight large grain diameters)
becomes primarily populated with large particles after
almost 30 revolutions of steady shear. This height is close
to the free surface of the pile, only two large grain diam-
eters away. This effect is also indicated by the sample
trajectories shown in Fig. 1(b). The pile as a whole rear-
ranges such that large particles inhabit a cylindrical region
at the top 60% (= V; /V,,, Where V; is the total volume
of large grains and V., is the total volume of all grains) of
the pile, directly above the shearing disk. To quantify bulk
segregation, we calculate the volume fraction of large and
small grains in this region of interest. The inset of Fig. 3(a)
illustrates that over about 30 rotations of the shearing disk,
the pile is continually segregating, with a total volume
fraction that remains consistent throughout.

Under oscillatory shear, however, segregation is not
necessarily observed. The results for bulk segregation
under steady shear and the two oscillatory amplitudes
considered are summarized in Fig. 3. When the amplitude
is 10°, the volume fractions of large and small particles
appear to remain constant throughout. This indicates that
the system is not segregating over the time interval mea-
sured. Individual particle trajectories are consistent with
this observation, as discussed in the following section.

For sufficiently large amplitudes of oscillatory shear, the
pile does slowly segregate. For an amplitude of 40°, the
rate of segregation is smaller than under steady shear.
However, segregation is apparent over the measured time
period and the associated changes in volume fraction are in
accord with BNE.

Microscale reversibility.—The RIMS technique allows
us to also probe segregation microscopically by consider-
ing particle contact networks and mean square displace-
ments (MSDs) within the shear zone of the split-bottom
geometry, where most rearrangements occur [18,21,22].

In order to verify that the granular material is segregat-
ing, we must see that grain motion is irreversible in terms
of both grain-to-grain contacts and displacements. The pile
starts in a highly mixed state, so each individual grain
touches a combination of small and large grains. Under
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FIG. 3 (color online). (a) Volume fractions of large and small
grains under all shearing procedures considered: steady (red +’s
and blue X’s), #, = 10° (filled orange and empty cyan circles),
and 6, = 40° (filled gold and empty green squares) in the top
60% of the pile, directly above the shearing disk. Inset: Same as
(a), but showing only steady shear and including total volume
fraction (black asterisks). (b) The average rate of change of ¢ of
large and small grains for [A#| = 1000°.

segregation, particle contacts must be constantly changing,
in order to form new contacts with similar particles. At the
same time, segregation requires significant and irreversible
motion within the pile, so that an increasingly segregated
state develops.

We determine grain contacts by finding particle pairs
that, within some distance cutoff, are increasingly likely to
move perpendicular to each other by sliding or rolling, as
described by Herrera et al. [25]. Three contact length cut-
offs are defined: large-large, large-small, and small-small.
MSDs are simply calculated from the average square dis-
placement of grains from an initial reference state to a new
state at a later time.

Figure 4(a) shows the fraction of broken links at the end
of a single shear cycle, with respect to the reference net-
work taken at the end of the previous cycle. For all three
contact types, there is a decreasing fraction of contacts that
are broken over time for the 10° experiment; however, the
fraction of broken links for the 40° experiment remains
fairly steady from cycle to cycle. Similar trends are

0 1
10 (a) —Large-Large 10 (b) —Large
Large-Small % —Small
8,=40° |—Small-Small 2 6=40°
o 3
o Q
> 5
q) o
3 2
g €
5, E
[a]
2
2 -3
10 10
10° 10' 10° 10° 10’ 10°

Reference cycle Reference cycle

FIG. 4 (color online). (a) Fraction of broken grain contacts and
(b) MSDs over a single cycle versus that particular cycle number.

observed if we measure the MSDs of large and small grains
over individual cycles, as shown in Fig. 4(b). This distin-
guishing behavior of reversible and irreversible flows was
also seen by Slotterback et al. in a monodisperse system
with particle size D; , with the same shear amplitudes [18].
This indicates that in this split-bottom geometry, there is a
connection between a shear-driven granular material
undergoing irreversible flows and having the capacity to
segregate.

We have described the bulk segregation patterns we see
under steady and cyclic shear and linked our segregating
and nonsegregating regimes to changes in particle-scale
reversibility. However, segregation requires rearrange-
ments on much larger than particle scales. To capture
such larger-scale rearrangements, we are motivated by
the prevalence of convective flows in other segregating
systems to examine secondary flow profiles.

Secondary flows.—The motion of the grains is primarily
in the 6 direction, as grains near the bottom are driven
locally by the rotation of the shearing disk. However, the
grains are also free in move in the other two cylindrical
coordinates r and z. The time- and azimuthal-averaged
motions of grains in r and z are referred to as secondary
flows. Simulations in the split-bottom geometry suggest
that secondary flows are a key component of the segrega-
tion process [9].

For steady shear, the secondary flows for large and small
particles are shown in Fig. 5(a). The flow profiles of the
two species are vastly different; while the large particles
form two distinct convection rolls, the small particles
primarily drift toward the bottom. There is a net downward
flux of small particles above the shearing disk, which is in
line with the bulk segregation pattern. Also shown in
Figs. 5(a)-5(c) is the outer border of the shear zone, which
is determined from the shape of the azimuthal, or primary,
flow profiles [21,22]. The secondary flows exist within this
boundary, suggesting that the segregating region is neces-
sarily determined by the size of the particles and the
shearing disk. Furthermore, the symmetry of our system
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FIG. 5 (color online).
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Time- and #-averaged flows of large (dark red arrows) and small (light cyan arrows) grain flows plotted

together for all shearing procedures considered: (a) steady, (b) 8, = 10°, and (c) 6, = 40°. Vectors are scaled such that the grid
spacing corresponds to 5.6 X 1073 mm/degree shear. (d) Average magnitude of secondary flow vectors within the shear zone outer

boundary [black curves in (a)—(c)].

indicates that the magnitude and direction of the flow fields
are independent on the direction of steady shear.

Under oscillatory shear, the secondary flow profiles are
dependent on the shear amplitude. For an amplitude of 10°,
the secondary flows of both species are suppressed, as
illustrated in Fig. 5(b). This is to be expected, given the
increasing reversibility of the system over time, and is also
reflected when averaging over only positive and negative
strain. The motion illustrated in Figs. 6(a) and 6(b) indicates
that the system merely exhibits alternating phases of com-
paction and dilation. When the shear amplitude is increased
to 40°, such reversibility in the fabric is not observed due to
overall trajectory irreversibility. While granular convection
remains mostly undeveloped for large particles, small par-
ticles, particularly those close to the shearing disk, drift
downward, as shown in Figs. 5(c), 6(c), and 6(d). For higher
amplitudes, as irreversibility increases, we expect to see
stronger downward drifts of small particles, as well as
granular convection of large grains to approach that of
steady shear.

Discussion.—Using the RIMS technique, we image and
track individual grains in a dense 3D bidisperse granular
mixture under the influence of shear in a split-bottom
geometry. We observe that in a regime of slow, rate-
independent steady shear, the system segregates with large
particles occupying the top portion of the pile directly
above the shearing disk. When the system is sheared cycli-
cally, there is a critical shear amplitude below which
segregation is suppressed.

We find that bulk segregation may be linked to the
microscopic reversibility of small and large grain trajecto-
ries. Under 10° oscillatory shear, trajectories of small and
large grains are increasingly reversible over time, as
observed structurally from their grain contacts and spa-
tially from their MSDs. However, at 40° oscillatory shear,
the degree to which the large and small grain trajectories
are reversible remains steady over all cycles. These trends
of microscopic reversibility are very similar to observa-
tions of the monodisperse system [ 18], indicating that they
are not due to any additional forces, unique to granular
mixtures, that drive segregation.

Finally, we investigate the secondary flow profiles
brought about by the (ir)reversibility of the system.
Under steady shear, we find clear convective flows of large
grains, which help drive the segregation mechanism by
allowing large grains to settle at the top of the pile, while
a net flux of small grains falls toward the bottom of the
container. These flows are also confined within the outer
boundary of the shear zone, suggesting that the size and
shape of these flows are dependent on the system geometry.
For small amplitude oscillatory shear, however, secondary
flows are reversible between positive and negative strain,
indicating that the system fabric retains its original con-
figuration. Above some critical shear amplitude, the fabric
breaks sufficiently and the flow profiles are less distin-
guishable between positive and negative strain. While
convection of large grains has not completely formed, there
is a clear downward drift of small grains near the shearing
disk.

In this system, we observe distinct rates of segregation
for steady and adequately large amplitude oscillatory
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FIG. 6 (color online). For 6, = 10°, reversible secondary
flows can be seen when averaging over (a) positive and (b)
negative strain. For 8, = 40°, such a strong distinction cannot
be made between (c) positive and (d) negative strain. Flow
vectors are shown on the same scale as in Fig. 5.
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shear. However, we cannot immediately attribute these
rates to relevant system parameters, such as shear ampli-
tude, diffusion coefficients, or gradients of local strain.
A recent study also indicates the presence of gravity is a
determinant of granular convection [26], which would be
relevant for segregation rates in astrophysical applications.
Future work on this system should focus on probing the
functional dependence of segregation rate on these varia-
bles, which is key to determining a general predictive
model for shear-driven segregation [27].

We are encouraged by the apparent existence of a critical
shear amplitude that brings about segregation. In fact, a
critical strain of similar magnitude also exists for fracture
[25] and irreversibility [18], suggesting that this granular
system may have a universal length scale that drives inher-
ently bulk rearrangements, yet arises directly from
particle-scale dynamics. This length scale could be instru-
mental in the development of not only segregation models
but also predictive constitutive models for granular flows
that rely on a characteristic length for cooperative rear-
rangements [28].
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