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Shear localization in quasi-two-dimensional frictionless hydrogel layer con-
trolled by packing fraction and system geometry
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Abstract. How do packing fraction and system geometry affect shear banding, which controls the entire sys-
tem’s rheological properties? In this study, we demonstrate that both increases in packing fraction and in shear
channel width decrease shear band width, leading to shear localization. We conducted shear experiments on a
hydrogel granular layer floating on a liquid surface in a Couette cell. A relationship between torque and rota-
tion rate was measured and in-situ particle motions were recorded at packing fractions of 0.6–0.8 and channel
width normalized with particle size of 9–33. A sudden formation of a shear band was captured at the initial
yielding point. At the steady state, we tracked each particle’s motion and quantified the velocity field. Based on
the velocity distribution, the measured shear band width exhibits a decrease with channel width. This system-
geometry-induced localization simply depends on channel width regardless of strain rate. High packing fraction
also causes the shear localization. We also measured the flow law of the granular layer. It demonstrates the
typical transition with strain rate from constant stress yielding to viscous flow. However, the shear band width
is not affected by the regime transition from yielding to viscously flowing.

1 Introduction

Understanding the connection between local particle mo-
tions and bulk deformation properties (shear structure and
constitutive law) is a fundamental challenge in both geo-
physics [1] and soft matter physics [2]. Despite extensive
research, a long-standing unresolved question is what con-
trols the shear localization structures of granular media, a
phenomenon known as shear banding.

Shear banding is characterized by the spatial distribu-
tion of velocity. It varies widely and unexpectedly de-
pending on system geometry, particle properties, and shear
conditions, even using the typical Couette cell geometry
[2, 3]. Especially, the packing fraction affects shear band-
ing [4, 5] and the system size is also considered a key pa-
rameter controlling shear band width rather than particle
size [6]. However, a comprehensive understanding of how
these factors control the shear band width and its relation
to the bulk rheological properties of granular media is still
lacking. It would help control the powder manufacturing
process and elucidate the physical mechanism of shear lo-
calization within granular flow.

In this study, we investigated the effects of packing
fraction and Couette channel width on the shear band
width. To bridge the gap between extensively explored
bubble raft [4] and rigid dry particles [5], we studied the
shear banding and flow law of soft and frictionless hydro-
gel particles floating on a liquid surface. The empirical law
of shear band width is obtained, providing new insights
into the governing mechanisms of shear localization.
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2 Methods

We conducted shear experiments on a granular layer float-
ing on a lubricating fluid surface. Using our newly devel-
oped Couette cell [7], a quasi-two-dimensional granular
layer was sheared by the central rotating cylinder. The
sidewalls of the cylinder and cell are covered with the
same particles, namely Couette flow between the rough
surfaces (note that runs #27, 29, and 30 in Table 1 were
conducted in the cell with a smooth sidewall). As a Cou-
ette cell, we used a transparent acrylic cylindrical con-
tainer.

To constrain the rheological constitutive law of this
granular layer, the rotating rate was varied across 0.06–
120◦/s, corresponding to the strain rate of γ̇ = 10−4–5 /s
depending on system size. The torque of the rotating cylin-
der and particle motions were recorded with a viscometer
at 2 Hz and with a USB camera at 10 fps, respectively.
Details of the experimental setup are described in [7].

2.1 Materials

We used spherical hydrogel particles with a diameter of
d = 4.3 mm, which have low friction and low rigidity
compared to typical glass beads. In addition to their low-
friction nature, we floated them on a lubricating fluid sur-
face without any basal friction. We limited the number of
particles as the layer thickness is within the diameter of the
particle to maintain a quasi-two-dimensional setup. This
enables us to observe in-situ particle motions and shear
banding phenomena by visually recording from the bot-
tom of the transparent container. Before each experimen-
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Table 1. Summary of experimental conditions.

Run # wch (mm) dcyl (mm) φ γ̇ (/s)
97 40 19 0.68 10−3–5
27 43 19 0.77 10−3

29 43 19 0.81 10−3

30 43 19 > 0.81 10−3

99 47 144 0.66 10−3–10−1

106 66 19 0.66 10−3–10−1

108 78 144 0.66 10−3–10−1

102 110 19 0.66 10−3–10−1

79 141 19 0.59 10−3–100

69 141 19 0.72 10−3

83 141 19 0.80 10−4–100

tal run, we stirred up the floating particles to make them
disperse randomly.

Using a transparent aqueous solution of sodium poly-
tungstate, the granular layer can float on its surface. We set
the solution concentration of 2.6–2.9 g/cm3 (correspond-
ing viscosity ∼ 2 × 10−2 Pa s). This density is just above
the particle density of around 2.6 g/cm3 and makes a liq-
uid surface nearly smooth, leading to a reduction of the
surface tension. We also added 1 wt% of the surfactant
of dish soap (sodium alkyl ether sulfate) to reduce the
interparticle tension, which was applied only to runs at
packing fractions of φ = 0.66–0.68 (Table 1). The solu-
tion depth was set to approximately 10 mm, more than the
maximum thickness of laminar boundary layer of approx-
imately 6 mm, calculated under viscous drag by the fastest
rotation of a cylinder with a diameter of 19 mm at 120◦/s.

2.2 Experimental conditions

We investigated the effects of packing fraction and sys-
tem geometry on shear banding. The experimental con-
ditions are summarized in Table 1. The packing fraction
was varied across φ = 0.6–0.8, where the number of par-
ticles varies depending on the system size. The channel
width wchannel normalized to particle diameter d was varied
across 9–33, by using three cylindrical containers (outer
sidewall) with diameter of 100, 150, 240, 300 mm and ro-
tating cylinders (inner sidewall) with diameter of dcylinder =

19, 144 mm. At each condition, we obtained the flow law
from the measured stress τ and strain rate γ̇, and quantified
the shear band width w from the recorded binary images.

3 Results and Discussion

We investigated the temporal evolution of mechanical
torque (Sec. 3.1) and shear banding with particle motions
(Sec. 3.2) under various channel widths (Sec. 3.3) and
packing fractions (Sec. 3.4). The obtained flow law τ(γ̇)
is compared with the shear band width (Sec. 3.5).

3.1 Temporal evolution of mechanical response

Temporal evolution of torque in the granular layer typ-
ically shows the initial elastic deformation, subsequent
yielding, transient and steady flow with stick-slip events,
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Figure 1. Example of experimental data in run #99. (a) Mea-
sured torque (N m) and (b) angular velocity (◦/s) set for the mo-
tor with the rotating cylinder. After ∼ 3500 s, the velocity was
changed in a stepwise manner.

at a constant rotating rate (Fig. 1). On the yielding point,
e.g., at ∼ 30 s in Fig. 1, we captured the sudden formation
of a shear band with cooperative particle motions from the
initial homogeneous and random structure. Velocity step
changes cause another transient flow and stick-slip phe-
nomena with different periods.

3.2 Shear band structure

We tracked and quantified the particle motions using
the particle tracking velocimetry with Open CV software
functions [8]. Fig. 2a, b show the velocity field of the par-
ticles at γ̇ = 10−3 /s and φ = 0.66 in the system of wchannel =

78 and 47 mm, respectively. The velocity V of each parti-
cle is obtained by the difference between its positions over
100 s (1000 frames), and Fig. 2a, b demonstrate examples
during specific 1000 frames under the steady state. Ar-
rows indicate each particle’s velocity vectors and the back-
ground contours are obtained by linearly interpolating the
data with a 300×300 grid, a spacing of approximately a
quarter of the particle diameter.

Using the interpolated particle velocity field data,
we obtained the radial distributions of particle velocity
V(r), with the radial distance from the cylinder center,
r (Fig. 2c). It can be clearly seen that the faster shear
zone is concentrated around the rotating cylinder surface
(r = dcylinder/2) with wider channel systems. This distribu-
tion was consistent at γ̇ = 10−3 (Fig. 2c) and 10−1 /s.

Fig. 2c shows that the radial distribution V(r) follows
the exponential decay away from the cylinder surface, as
exp(−r/α) with a characteristic length α. The exponential
decay of the particle velocity has been consistently recog-
nized in soft bubbles [4] and frictional plant seeds or plas-
tic beads [3, 9] under the Couette flow with some models.

Besides, in Fig. 2c, wider channel systems hold the
wider outer creep region with distinctively slow decay of
V(r), resulting in shear localization. This creep region
constrain the width of inner shear band by a deviation from
the exponential decay of particle velocity. Such tailed ex-
ponential distributions have been reported previously for
bi-dispersed photoelastic disks [5] and corresponding sim-
ulations [10] in the Couette geometry, and mono-dispersed
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19, 144 mm. At each condition, we obtained the flow law
from the measured stress τ and strain rate γ̇, and quantified
the shear band width w from the recorded binary images.

3 Results and Discussion

We investigated the temporal evolution of mechanical
torque (Sec. 3.1) and shear banding with particle motions
(Sec. 3.2) under various channel widths (Sec. 3.3) and
packing fractions (Sec. 3.4). The obtained flow law τ(γ̇)
is compared with the shear band width (Sec. 3.5).
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sured torque (N m) and (b) angular velocity (◦/s) set for the mo-
tor with the rotating cylinder. After ∼ 3500 s, the velocity was
changed in a stepwise manner.

at a constant rotating rate (Fig. 1). On the yielding point,
e.g., at ∼ 30 s in Fig. 1, we captured the sudden formation
of a shear band with cooperative particle motions from the
initial homogeneous and random structure. Velocity step
changes cause another transient flow and stick-slip phe-
nomena with different periods.

3.2 Shear band structure

We tracked and quantified the particle motions using
the particle tracking velocimetry with Open CV software
functions [8]. Fig. 2a, b show the velocity field of the par-
ticles at γ̇ = 10−3 /s and φ = 0.66 in the system of wchannel =

78 and 47 mm, respectively. The velocity V of each parti-
cle is obtained by the difference between its positions over
100 s (1000 frames), and Fig. 2a, b demonstrate examples
during specific 1000 frames under the steady state. Ar-
rows indicate each particle’s velocity vectors and the back-
ground contours are obtained by linearly interpolating the
data with a 300×300 grid, a spacing of approximately a
quarter of the particle diameter.

Using the interpolated particle velocity field data,
we obtained the radial distributions of particle velocity
V(r), with the radial distance from the cylinder center,
r (Fig. 2c). It can be clearly seen that the faster shear
zone is concentrated around the rotating cylinder surface
(r = dcylinder/2) with wider channel systems. This distribu-
tion was consistent at γ̇ = 10−3 (Fig. 2c) and 10−1 /s.

Fig. 2c shows that the radial distribution V(r) follows
the exponential decay away from the cylinder surface, as
exp(−r/α) with a characteristic length α. The exponential
decay of the particle velocity has been consistently recog-
nized in soft bubbles [4] and frictional plant seeds or plas-
tic beads [3, 9] under the Couette flow with some models.

Besides, in Fig. 2c, wider channel systems hold the
wider outer creep region with distinctively slow decay of
V(r), resulting in shear localization. This creep region
constrain the width of inner shear band by a deviation from
the exponential decay of particle velocity. Such tailed ex-
ponential distributions have been reported previously for
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Figure 2. Radial profile of particle motions during specific 100 s
in steady state at γ̇ = 10−3 /s. (a, b) Instantaneous particle ve-
locity distributions at wchannel = 78 and 47 mm, respectively. The
central cylinder rotates counterclockwise. Arrows are the veloc-
ity vector of each particle and background contours indicate their
interpolated values. (c) Radial distribution of the velocity V nor-
malized to the cylinder surface velocity V(r=dcyl) (symbols) and its
interpolated field values (lines) at γ̇ = 10−3 /s and various wchannel.

rigid glass beads in the ring shear geometry [6], although
their physical origin remains unclear until today.

3.3 Effect of channel width

The shear band and channel widths can be related as
shown in Fig. 3. We defined the shear band width as
w = 2.2α with a characteristic decay length α, corre-
sponding to the velocity decay by a factor of 10. α is
obtained by the exponential fitting to the inner part of the
radial profile in Fig. 2c. When we plot the measured shear
band width normalized to the channel width, w/wchannel,
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Figure 3. Relationship between shear band width and channel
width. Data plots are at various γ̇ and φ. The Newtonian solution
should correspond to the blue line.

Figure 4. Effect of packing fraction on shear band width. (a–
c) Time-lapsed differential images at φ = 0.77 (#27), 0.81 (#29),
and higher conditions (#30), respectively. Darker regions corre-
spond to active particle motions. Dashed lines indicate the con-
tainer sidewall, which is out of the camera’s field of view.

against the channel width normalized to the particle di-
ameter, wchannel/d, another exponential relation is obtained
with a weak dependence on γ̇ and dcylinder (Fig. 3). Con-
trary to purely Newtonian fluid (φ = 0), higher φ poten-
tially causes enhanced shear localization with wider chan-
nel geometry. Therefore, the effect of packing fraction is
also a controlling factor of shear localization in addition
to the channel width. These relationship can be expressed
as w = wchannel exp(−wchannel

dλ(φ) ) with a characteristic channel
scale λ(φ).

3.4 Effect of packing fraction

We, thus, also investigated the effect of packing fraction.
Fig. 4a–c are the time-lapse of 10-second-differential se-
quences of binary images at φ = 0.77, 0.81, and higher, re-
spectively. All runs were conducted under the same geom-
etry with wchannel = 43 mm and γ̇ = 10−3 /s. Note that the
outer edge regions are not captured due to the refraction
by the tapered edges of a container base, with dashed cir-
cles indicating the channel sidewall. In the larger system
in run #83, we also found a similar shear localization with
higher φ [7]. In the Couette cell, higher packing fractions
are associated with stress concentration near the surface of
the rotating cylinder, leading to the shear band formation.
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Figure 5. Flow law of the floating granular layer. The relationship between strain rate γ̇ and stress τ is plotted in a log-log scale.
Each pair of symbol and color corresponds to the same wchannel and φ. Larger symbols mean the larger dcylinder = 144 mm. A blue line
indicates the linear viscosity (2 × 10−2 Pa s) of the pure interparticle solution.

3.5 Flow law (effect of strain rate)

To clarify the microscopic deformation process, we inves-
tigated the flow law, the relationship between shear stress
τ and strain rate γ̇ under the steady state. Fig. 5 exhibits
a transition at γ̇ ∼ 10−1 /s from solid-like behavior with
constant yield stress τ0 to flow behavior, following the
Herschel-Bulkley model or μ(I) rheology with the iner-
tial number I [11] as τ = τ0 + kγ̇n (n ∼ 1.3 in this study)
with a constant k. Packing fraction φ modifies these flow
law parameters (ref. [7]). Surprisingly, the channel width
wchannel weakly affects the flow law of the bulk system, al-
though it controls the local shear band width w at γ̇ = 10−3

and 10−1 /s. This means that the shear band width relation
w(wchannel, φ) (Fig. 3) seems to be maintained regardless of
the strain rate, namely, the microscopic deformation mech-
anisms: yielding or viscous flow (corresponding to I). To
further ensure this universality, experiments under varied
conditions are needed, as the current parameter ranges of
wchannel, φ, γ̇ are still limited.

Our results of shear band width variations with the ex-
ponential distribution of velocity remain valid across var-
ious conditions: flow law regimes in this study, and also
particle frictions, rigidities, system dimensions in the pre-
vious studies (Sec. 3.2). This suggests that the shear band
structures are controlled by shear channel width and pack-
ing fraction, regardless of the details of deformation mech-
anism. This insight leads to the advancement in physically
interpreting geological shear zone structures as an indica-
tor of porosity and effective tectonic-fault thickness.

4 Conclusions
We investigated the effects of channel width and packing
fraction on the shear band width. By experimentally shear-
ing a soft hydrogel granular layer, both channel width and
packing fraction cause the shear localization, while the
former has little effect on the flow law. The radial distri-
bution of shear follows a tailed exponential function, the
physical origin of which requires further investigation.
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