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We report on observations of the flow of plastic particles floating on the surface of water in a
rectangular channel. The system is driven by moving one wall of the channel at a constant velocity.
The opposite side of the channel is open, and the particles are pushed into a region free of material.
During the flow, video of the particle motions is captured, and the average force on the pushing wall
is measured. We have studied particle shapes that are both circular disks and rectangular bars. We
find that when the rectangular bars form a layer at the side walls of the channel (whether or not
the central region is filled with disks or additional rectangular bars), the system exhibits sudden
increases and decreases in the average force on the driving wall. This behavior is consistent with the
existence of jamming in the system. We report on the shape and velocity dependence of these force
fluctuations, and the evidence that buckling of the rectangular blocks at the wall is responsible for
generating the jamming dynamics.

PACS numbers: 83.80Fg,83.80.Nb,83.50.Ha

Jamming in particulate systems has been an area
of active research [1–6]. One of the more significant
features of jamming is its occurrence in a wide range
of systems, including soft particles, such as colloidal
systems and foams, and more rigid particles, such as
dry granular matter, and a wide range of flow ge-
ometries. In general terms, jamming occurs when a
system reaches a sufficiently high density that it can
support a shear stress. A major question in jam-
ming studies is the nature of the critical jamming
density, the J-point. In particular, one would like
a better understanding of how to predict its value
under a diverse set of microscopic conditions (fric-
tionless versus frictional particles, attractive versus
purely repulsive, etc.) [6–9]. Equally important is
understanding the transition from a static state to a
flowing state, or vice versa, under applied stresses,
in an otherwise jammed system.
Studies of the flow of potentially jammed systems

have focused on two main geometries: closed flow
systems (such as cylindrical Couette flow) [10–14]
and hopper, or silo, flows [15–19]. In closed flow
systems, the density is well-defined, and one is gen-
erally interested in the transition between flowing
and stationary states under conditions of either con-
stant applied stress or constant applied rate of strain.
In the case of constant stress, a jammed system is
static (or responds elastically) below a critical stress,
and unjams when the applied stress exceeds the crit-
ical value. This behavior is generally connected with
the existence of a yield-stress in many soft-materials
[20, 21]. Under a constant, applied rate of strain,
the signature of a jammed system is generally large
stress or force-fluctuations [10, 14]. Because an ex-
ternal constant rate-of-strain is enforced, the system
as a whole flows on average. However, particles can
jam in local regions, generating large scale stress in
the system. These large scale stresses manifest as

periods of a steady increase in the magnitude of the
average stress, or force, required to maintain a con-
stant rate-of-strain that are followed by a relatively
rapid decrease in stress or force, often referred to
as stress drop. The rapid decrease is due to sud-
den rearrangements of the particles as the local re-
gions un-jam. The statistics of stress fluctuations,
or avalanches, have been of interest in many systems
[10, 20, 22–28]. In a hopper flow, the question under
study is the flow of the system through a constric-
tion. Generally, the system is gravity driven, and
either two or three-dimensional. The opening of the
system is narrower than the main flow region, and
jamming occurs as a function of particle size and
opening size [15–19, 33].
For both the closed flow and the hopper geome-

try, there exists strong evidence of the importance of
stress chains for the onset of jamming [1, 14, 19, 34–
36]. Briefly, stress chains occur when a connected
group of particles have sufficiently large contact
forces to resist flow. Stress chains have played a cen-
tral role in modeling jamming [1, 34], and have been
directly observed in granular systems using photo-
elastic disks [14]. There is evidence that stress-chains
can be self-organized during flow, especially in re-
cent work showing a shear-induced jamming transi-
tion [36]. Additionally, stress chains have been con-
nected with percolation transitions [37, 38]. It is im-
portant to note that the details of the stress chains
can be very different depending on the microscopic
interactions between particles and the geometry of
the system.
Our work focuses on a very different geometry

and system of particles when compared to standard
closed flow and hopper geometries. We consider a
rectangular channel that is open at one end, with the
particles driven from the opposite end. Unlike the
closed systems, the global density is not well-defined,
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FIG. 1. Images of the initial state for the six particle sys-
tems reported on in this paper. At the right hand side of
each image is the wall-spring combination used to mea-
sure the force required to drive the system. (a) rectangu-
lar blocks along the wall (b) rectangular blocks through-
out the system (c) rectangular blocks at the wall and
disks in the middle (d) disks at the wall and rectangular
blocks in the center (e) monodisperse disks throughout
the system (f) bidisperse collection of disks in the system.
The width of the channel is 10 cm in all six cases.

as the particles flow into open space, and in contrast
to the hopper system, there is no constriction of the
flow. Naively, the system should exhibit some type of
plug flow and move smoothly out the open end with-
out any jamming. And indeed, this was our initial
observation for both spherical particles and circular
disks, with and without friction at the wall. A second
feature of the system is that we use a quasi-two di-
mensional particle raft - plastic particles floating on
the water surface. This is a variation on the standard
Bragg raft of bubbles on a water surface [39]. Our
group has considered the behavior of this system in
cylindrical Couette flow, a more classic closed flow,
for spherical particles. In this case, the system does
exhibit an approach to jamming as the density is in-
creased [40] and an anisotropic response indicative of
shear-induced stress chains [41]. However, because
the particles are on water, they are free to move
above and below each other. In the Couette system,
we observed this motion into the third dimension for
spherical particles at approximately the same pack-
ing as the jamming transition, which prevented mea-
surements at densities above the jamming transition.
This collapse behavior adds an interesting dimension
to jamming in this system. For the work reported
here, the use of flat disks and rectangular bars in-
hibits the collapse into the third-dimension, but it is
still a degree of freedom present in the system.

The experiments utilized a 10 cm wide channel.
The total pushing distance was L = 82 mm, and
we defined the strain as the distance moved (∆L)
divided by the total pushing distance, ∆L/L. The
side walls of the channel were covered in sand paper
to provide friction between the wall and the parti-
cles. Particles of approximately 1 cm in lateral scale
(diameter for disks and length for rectangular bars)
were floated on the water surface in the channel. Ini-

FIG. 2. (color online) Force as a function of the total
applied strain for five of the systems used in the study:
(a) rectangular blocks along the wall (v = 8.6 mm/s,
blue dot) (b) rectangular blocks throughout the system
(v = 8.6 mm/s, black dashed) (c) rectangular blocks at
the wall and disks in the middle (v = 8.6 mm/s, red)
(d) disks at the wall and rectangular blocks in the center
(v = 8.6 mm/s, gray) (e) monodisperse disks throughout
the system (8.6 × 10−3 mm/s, purple dash-dot). The
resolution of our force measurement is 0.025 N.

tially, the particles were randomly loose packed into
the channel adjacent to the boundary used to drive
the flow. The driving boundary consisted of two
pieces connected by springs. The natural frequency
for the driving boundary is about 17.5 hz. The piece
not in contact with the disks was driven at a constant
velocity in the range from 10−3 mm/s to 10 mm/s. It
pushed the piece in contact with the disks through
the springs. The force required to drive the disks
was measured directly from the compression of the
springs, or the relative distance between the two
pieces of the driving boundary. The resolution of
our force measurements is 0.025 N. Video of the par-
ticle motions was captured using a standard CCD
camera. The end of the channel opposite the driv-
ing boundary was open and free of particles. During
rare, but sufficiently large, events, the particles could
be ejected into the open area and lose contact with
the driving wall. For this paper, we focus on the
events for which the particles maintain contact with
the driving wall.

We used six different arrangements of particles to
identify some key features of jamming in this geom-
etry. An image of the typical initial state for each
case is presented in Fig. 1. The relevant difference
between the systems was whether disks or rectan-
gular blocks formed the first layer of particles along
the side wall. During flow, disks rolled freely along
the side walls, with the rotation of the disks gen-
erated by friction with the sandpaper. In contrast,
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the rectangular blocks exhibited a clear buckling due
to the interaction between the blocks and the wall.
This behavior was particularly obvious in the system
with just blocks at the wall. In this case, a single
buckling event would always occur, releasing blocks
into the open center of the system (videos of the dy-
namics of all six systems are available in the supple-
mentary material [42]). For either rectangular blocks
throughout the system or rectangular blocks on the
wall with disks filling the system, one would observe
repeated “attempted” buckling events. These corre-
spond to the initialization of a buckling at the wall
that would generally be suppressed to some degree
by interaction with the particles in the central region.
This would “reset” the blocks at the wall, eventually
leading to another buckling event.

The main signature of a jamming event was a sig-
nificant increase in the force required to maintain
constant velocity, followed by a sudden drop in the
force (stick-slip type dynamics). This is illustrated
in Fig. 2. It is important to clarify the impact of
different particle packings on the force curves. First,
in any arrangement with disks on the wall, we ob-
serve no force events. Second, there are three distinct
behaviors with rectangular blocks in contact with
the wall. If we use only a single layer of blocks at
the wall, we observe buckling of the structure at the
boundary, but we do not detect a significant force in-
crease due to this isolated event. In contrast, when
the system is filled with either blocks or disks, we
observe force events. The largest force events occur
when the system is filled with blocks. This suggests
two things. First, lateral forces generated by buck-
ling at the wall induces force chains in the system
that are able to apply a significant force against the
driving wall. Second, the blocks are more efficient
at generating forces in the direction of the average
motion down the channel. This general feature is
supported by initial observations of particle motions
during the buckling events.

For the disk system, it is easier for particles to
move relative to each other in response to the buck-
ling. This has two consequences. First, the blocks
buckling from the wall penetrate into the system
more freely, presumably generating weaker stress
chains. Second, the fact that the disk rearrange eas-
ier produces a quicker release, or unjamming, limit-
ing the maximum force that is achieved. In contrast,
the block system appears to confine the buckling to
the wall region, and the particles have a greater resis-
tance to rearrangements due to greater geometrical
constraints. Presumably, this creates stronger stress
chains that generate the larger force events, but ad-
ditional studies are needed to quantify these ideas.

Given that the rectangular blocks represented the
most efficient system for jamming, we made addi-

FIG. 3. (color online) Force as a function of the total ap-
plied strain as a function of driving speed for rectangu-
lar blocks throughout the system. Driving speeds shown
are: 0.009 mm/s (black); 0.09 mm/s (red dashed); 0.86
mm/s (gray); and 8.6 mm/s (blue dash-dot). As the
driving speed is increased, the force variations become
smoother and the maximum force that is reached is gen-
erally larger. The resolution of our force measurement is
0.025 N.

tional studies of the velocity dependence of the gen-
erated force in this system. The results are shown
in Fig. 3. We measured the average number of jam-
ming events during flow down the channel using 18 -
20 runs per driving velocity. Given a constant push-
ing distance of 82 cm and driving velocities in the
range of 0.009 mm/s to 8.6 mm/s, we observed on
average 3.19±0.15 events per run (see supplementary
material for a plot of this data [42]). However, there
is a decrease in the average peak force of a jamming
event as one decreases the driving velocity. Also, as
one increases the driving speed, the events become
less sharp, especially the decrease in the force. Fig-
ure 4 emphasizes the difference between a small event
for the lowest speeds and fluctuations in the force
during the driving of three systems that do not ex-
hibit jamming, even at relatively high speeds where
the jamming force is maximized. We also considered
the probability distribution of the maximum force
generated during flow. We observed a very weak
dependence on velocity, with no dependence of the
overall force distribution [42].

To quantify changes in the density of the system
during jamming, we focused on changes in local den-
sity between consecutive images in the flow. We used
a spatial bin of size 1.3 cm by 1.3 cm, and com-
puted δρ = ρ(xi, ti) − ρ(xi, ti−1), where xi was the
location of the spatial bins, and ti indexed the im-
ages. The images were taken every 50 ms. We con-
sidered six different runs for the pushing velocity of
0.86 mm/s. The brackets indicate the average over
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FIG. 4. (color online) Comparison of the force as a func-
tion of the total applied strain between a system of all
rectangular blocks that is driven at the slowest achiev-
able speed (0.001 mm/s (purple solid curve)) and the
other particle systems driven faster to maximize poten-
tial jamming force: rectangular bars at the boundary
(v = 8.6 mm/s, black dashed); disks at the boundary
with rectangular bars in the system (v = 8.6 mm/s, red
short-dash) and bi-disperse disks (v = 0.86 mm/s, blue
dash-dot). The resolution of our force measurements is
0.025 N. This is indicated by the error bars for the black
and red curves (the error on the other measurements is
the same, but for clarity, the error bars are not shown.)

spatial bins and each run. If the local density is
constant, δρ = 0. Figure 5 compares the behavior
during “normal” flow (defined as periods of strain
not near a jamming event) (red circles) and just be-
fore a jamming event (black squares). Even during
normal flow, there are small fluctuations in the den-
sity. The distribution is symmetric, indicating that
the blocks remain confined to a constant area despite
the open nature of the flow. Just before the onset of
jamming, the distribution widens, presumably due
to the formation of the stress chains. Of particular
significance is the fact that the distribution remains
symmetric. Therefore, as regions of the raft increase
their density, regions of lower density are created.
Again, this symmetry suggests that the overall area
covered by the raft remains roughly constant. Also,
we did not notice any other significant changes in
density during the increase of the force, until the
maximum value is reached and the system unjams.
During unjamming, there is a greater variation in the
probability distributions for density changes, and the
distribution is often asymmetric. A video of the dis-
tribution of local ρ(xi, ti) − ρ(xi, ti−1) as a function
of time before and during a single jamming event is
available in the supplementary material, along with
the probability distribution for density changes right
after unjamming [42].

FIG. 5. (color online) Probability distribution for change
in local density between two consecutive images taken
during the flow of rectangular blocks with a compression
speed of 0.86 mm/s (δρ = ρ(xi, ti)−ρ(xi, ti−1)). Solid red
circles are data taken during “normal” flow that is not
in the vicinity of a jamming event. Solid black squares
are data taken just before the increase in force due to a
jamming event. The insert indicates the typical location
in a force versus strain curves used to compute the data,
with the red dashed box corresponding to the “normal”
flow and the black box to the jamming precursor. The
curves are fits of the corresponding data to decaying ex-
ponentials: red dashed curve is P (δ) = 0.27e−|x|/0.004

and solid black curve is P (δ) = 0.15e−|x|/0.007 .

The results presented here clearly point to an
interesting jamming mechanism for open flows (a
class of systems for which jamming is not neces-
sarily expected): boundary induced jamming. In
this case, jamming is achieved by a combination of
frictional interaction with the walls that results in
the transmission of lateral forces through a buckling
mechanism. The arrangement of blocks significantly
changes during the jamming and unjamming with
the time. This opens up a number of areas for future
exploration, including the details of the force chains
generated by the buckling, the precise role of parti-
cle shape, motion in the third-dimension, the veloc-
ity dependent effects, and the possibility of jamming
event occuring in a steady-state. Of particular inter-
est is the role of particle shape in the buckling. Our
expectation is that the key feature for the buckling is
the symmetry of the particles, and not the existence
of corners for the rectangular particles. Future stud-
ies with ellipsoidal particles will focus on this issue.
It is also worth noting that positional fluctuations of
the particles, if they induce jamming at all, do so at
a significantly lower rate than the wall bucking. For
example, the bi-disperse disks are not observed to
jam during the flow despite strong fluctuations and
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significant non-affine motions, including particle re-
arrangements.

This work was initially motivated by observations
of ice melange in fjords [43]. These are layers of ice
floating on water in a channel. The ice melange is
often pushed at constant velocity by a glacier. One
can ask whether or not, and under what conditions,
the ice melange is able to jam and generate larger
than expected forces. This work demonstrates that
at least one set of conditions is able to generate jam-
ming in this geometry - buckling of the material at
the walls of the channel. Future lab studies will

help elucidate the full jamming phase behavior for
this system, and the likelihood of such events in ice
melange systems.
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