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Abstract. Particle segregation in geophysical and industrial granular flows is typically driven by gravity and
shear. While gravity-induced segregation is relatively well understood, shear-induced segregation is not. In par-
ticular, what controls segregation in the absence of gravity and the interplay between shear- and gravity-driven
segregation remain unclear. Here, we explore the shear-induced segregation force on an intruder particle in
controlled-velocity granular flows where the shear profile is systematically varied. The shear-induced segrega-
tion force is found to be proportional to the shear rate gradient, which effectively pushes the large intruder from
lower to higher shear rate regions. A scaling law is developed for the segregation force that is accurate over a
wide range of overburden pressures and shear rates, and hence inertial numbers.

1 Introduction

Granular materials consisting of different particle species
tend to segregate by species size, density, and other prop-
erties, which is of great importance in many geophysical
and industrial problems [1, 2]. The understanding and pre-
dictive capabilities for segregation in dense granular flows
has significantly advanced over the last decades, especially
for gravity-driven mechanisms such as kinetic sieving for
size segregation and buoyancy for density segregation [3–
5]. However, segregation induced purely by shear (occur-
ring perpendicular to, or in the absence of, gravity) such as
in a vertical silo [6] or lateral fault [7], and its significance
relative to gravity-related mechanisms, are much less un-
derstood.

Shear-induced segregation has previously been associ-
ated with the gradient of shear rate [6], shear stress [8], ki-
netic stress [9], granular temperature [7, 10], and/or solid
fraction [6, 11]. However, a fundamental understanding
and general characterization of what drives segregation
in the absence of gravity remains elusive. In particular,
since the shear profile of a granular flow is typically due
to boundary conditions and external forcing, it is difficult
to intentionally vary the shear profile for systematic inves-
tigation in common flow geometries.

Here, we computationally explore shear-induced seg-
regation using controlled-velocity flows, where a desired
velocity profile is imposed via a stabilizing force algorithm
[12]. We measure the net segregation force on an intruder
particle in various flows with systematically varied shear
rate gradients, in the absence of gravity, and therefrom de-
velop a scaling law for shear-induced segregation forces in
terms of the shear rate gradient and other flow conditions.
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2 Methods

2.1 Velocity-controlled flow

We simulate controlled-velocity dense granular flows us-
ing the open-source discrete element method (DEM) code
liggghts [13]. Controlled-velocity flow has been previ-
ously applied to study granular rheology [14–16] and seg-
regation induced by gravity [12, 17, 18], but it has not been
used to explore segregation induced purely by shear.

As shown in Fig. 1(a), bed particles of diameter d and
density ρ are sheared in a box with periodic boundaries in
the streamwise (x) and spanwise (y) directions, whereas
the normal (z) direction is confined by rough walls. A
constant overburden pressure P0 is applied to the top wall,
which is reactive in z and translated in x; the bottom wall
is stationary. The depthwise profile of the flow velocity
u(z) is imposed by applying a stabilizing force (in the x-
direction) to each particle at each DEM time step [12], and
the top wall is translated at a matching speed u(h), where
h is the flow thickness. The stabilizing force applied on a
particle is A(u(zp) − up), where zp and up are the instan-
taneous particle position and velocity, respectively, and
A = 0.1 N · s/m (we have verified that varying A by an or-
der of magnitude does not change the results). As shown
below, the stabilizing force algorithm effectively maintains
a global velocity profile u(z) without modifying the rheol-
ogy of the flow; that is, particle-particle collisions dom-
inate the granular rheology in the presence of stabilizing
forces.

To systematically vary a spatially uniform shear rate
gradient, i.e., the curvature of the velocity profile, we spec-
ify u(z) as

u(z) = (γ̇0 −
C0h

2
)z +

C0

2
z2, (1)
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Figure 1. (a) Controlled-velocity granular flow with imposed velocity u(z) and a virtual spring that measures the segregation force on
a red intruder particle. Measured (b) kinematics profiles and (c) intruder displacements from DEM simulations for three representative
cases (P0 = 1000 Pa, γ̇0 = 30 s−1). Top to bottom: velocity profiles are varied by specifying C0h/γ̇0 = {0,−2, 2}.

where γ̇0 and C0 are the characteristic shear rate and cur-
vature, respectively, such that

γ̇(z) = γ̇0 −
C0h

2
+ C0z, (2)

and

∂γ̇

∂z
= C0. (3)

With this form of u(z), a constant shear rate gradient
C0 is generated, and C0 can be varied from negative to
positive to manipulate the curvature of the velocity profile
(C0 = 0 produces a linear profile); see Fig. 1(b). Note that
the local shear rate in the middle of the flow (where the
intruder particle is placed for segregation force measure-
ment) is γ̇(h/2) = γ̇0, independent of C0, which allows us
to control the local flow conditions (P0 and γ̇0) around the
intruder. Note also that there is no gravity (g = 0) in all
simulations reported here.

2.2 Segregation force measurement

We study shear-induced segregation by determining the
net segregation force Fseg acting on an intruder particle
(diameter di) for various shear rate profiles.

As illustrated in Fig. 1(a), the intruder particle is teth-
ered to a virtual spring that acts only in the z-direction
[8, 18, 19]. In steady state, the intruder position zt fluctu-
ates about a mean position zeq = 〈zt〉 and the spring force
balances the segregation force, i.e., Fseg = k〈∆z〉, where
k is the spring stiffness, ∆z = zt − z0 is the intruder dis-
placement, z0 is the initial position of the intruder (and the
equilibrium position of the spring), and 〈·〉 =

∫ t
0 · dt rep-

resents averaging over elapsed time t [see Fig. 1(c)]. The
uncertainty in Fseg (error bars) is estimated based on tem-
porally correlated fluctuations in zt [20]. We use a spring
stiffness k = 100 N/m to ensure a small ∆z, such that zeq

and hence the local flow condition are a priori known. It

is important to note that, by definition, Fseg is the net con-
tact force (in the z-direction) on the intruder exerted by
neighboring particles. As such, Fseg alone determines the
direction of segregation (no gravitational force is present
as g = 0).

2.3 Model parameters

The primary goal here is to explore how Fseg depends on
∂γ̇/∂z, which is varied by specifying C0 [see Eq. (3)], for
a wide range of flow conditions. Therefore, we vary the
dimensionless shear rate gradient C0h/γ̇0 from −2 to 2
for particular values of P0 and γ̇0 [see Fig. 1(b) for ex-
ample], and then vary pressure and shear rate (1000 6
P0 6 3000 Pa and 10 6 γ̇0 6 40 s−1) to achieve a
wide range of inertial numbers around the intruder, i.e.,
I(zeq) = γ̇(zeq)d

√
ρ/p(zeq), ranging from 0.05 to 0.44.

Other parameters are kept constant in all simulations,
including the domain size (30d, 20d, 30d) and the intruder-
bed particle size ratio R = di/d = 2. Note that R is a
key parameter controlling gravity-driven segregation [18].
However, the influence of R on shear-induced segregation
will be explored in separate work [21]. Particle contact
forces are solved using the Hertz model, and particle prop-
erties are identical to those in [18]: d = 5 mm (with a
uniform 10% polydispersity), ρ = 2500 kg/m3, Young’s
modulus is 5 × 107 Pa, Poisson’s ratio is 0.4, the coeffi-
cient of restitution is 0.8, and the coefficient of friction is
0.5.

3 Results and discussion

3.1 Intruder displacement

For a representative set of P0 and γ̇0, three values of C0
are considered in Fig. 1(b–c) to demonstrate the influence
of velocity profiles on the intruder displacement. For a
linear velocity profile (∂γ̇/∂z = 0), the intruder position
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Figure 2. (a) Normalized segregation force vs. normalized shear rate gradient. Local inertial numbers I(zeq) ranging from 0.05 to 0.44
(color bar) are generated with 1000 6 P0 6 3000 Pa and 10 6 γ̇0 6 40 s−1. For for each combination of P0 and γ̇0, C0h/γ̇0 is varied
from −2 to 2 to generate negative to positive curvatures ∂γ̇/∂z [see Eq. (3)]. The slope of the linear fit through the origin is 0.32. (b)
Local µ(I) data at z = zeq. The curve represents µ(I) = 0.36+(0.94−0.36)/(0.8/I +1), which is obtained using simple shear simulations.

fluctuates about the initial depth, 〈∆z〉 ≈ 0, indicating that
there is no net segregation force for a uniform shear. Al-
though expected by symmetry, it is interesting to note that
the gradient of velocity (i.e., the shear rate) alone does
not drive segregation. For a concave-up velocity profile
(∂γ̇/∂z < 0), the intruder moves toward negative z, i.e.,
〈∆z〉 < 0. Likewise, for a concave-down velocity pro-
file (∂γ̇/∂z > 0) the intruder moves toward positive z, i.e.,
〈∆z〉 > 0. These results confirm that a non-zero shear rate
gradient (or, equivalently, a non-linear velocity profile) can
indeed drive size segregation, and the large intruder always
migrates from lower to higher shear rate regions, consis-
tent with the direction of shear-driven segregation in dense
silo flows [6].

3.2 Segregation forces

Intruder displacement is driven by the net segregation
force Fseg, which depends on the shear rate gradient ∂γ̇/∂z.
Indeed, using P0d2

i and γ̇0/di to normalize Fseg and ∂γ̇/∂z,
respectively, Fig. 2(a) shows that Fseg is proportional to
∂γ̇/∂z for C0h/γ̇0 varied from −2 to 2 for various com-
binations of P0 and γ̇0 (hence various I; see color bar).
Remarkably, all results collapse for I ranging from 0.05
to 0.44. Figure 2(b) shows the rheological data measured
at zeq, around which the intruder fluctuates, for all simula-
tions. The data fall on a reference µ(I) curve that we obtain
for simple shear DEM simulations (uncontrolled and with
no intruder) for the same particle properties we use for
controlled-velocity flows. This agreement indicates that,
as noted above, applying stabilizing forces to control the
velocity profile does not affect the rheology of the granular
flow.

Based on the data collapse shown in Fig. 2(a), we pro-
pose a scaling law for shear-induced segregation forces:

Fseg ∝
p
γ̇

∂γ̇

∂z
d3

i , (4)

where p, γ̇, and ∂γ̇/∂z are local flow conditions around the
intruder, and the constant of proportionality is insensitive
to I at least for the range we explore (0.05 6 I 6 0.44).
Note that we have verified that the particle size, but not the
system size, is the relevant length scale to collapse the data
in Fig. 2(a).

4 Conclusion

Using controlled-velocity dense granular flows, in the ab-
sence of gravity, we explore segregation induced purely by
shear and measure the net segregation force on an intruder
particle. The segregation force is proportional to the shear
rate gradient, which drives large particles from lower to
higher shear rate regions. Based on dimensional analysis,
a scaling law is developed for the shear-induced segrega-
tion force, which is valid for a wide range of overburden
pressures, shear rates, and inertial numbers. In work be-
ing prepared for publication [21], effects of the size ratio
and density ratio between intruder and bed particles are
studied, and the relevance of the proposed scaling law is
tested in more general flow configurations where shear-
and gravity-induced mechanisms are both present.
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