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We experimentally study the dynamics of an intruder dragged at a constant force in a horizontally

vibrated monolayer of grains. At moderate packing fractions, the intruder moves rapidly as soon as the

force is applied. Above some threshold value it has an intermittent creep motion with strong fluctuations

reminiscent of ‘‘crackling noise’’. These fluctuations are critical at the jamming transition�J unveiled in a

previous study. The transition separates a regime with local free volume rearrangements from a regime

where the displacement field is strongly heterogeneous and resembles force chain patterns.
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The understanding of the mechanical properties of
amorphous media such as granular media, foams, emul-
sions, suspensions or structural glasses has raised formi-
dable interest in the past decades [1]. At high packing
fractions, such materials eventually jam and sustain a finite
shear stress before yielding [2–4]. Several experiments on
granular systems have emphasized the role of dynamical
heterogeneities in the glassy like increase of the structural
relaxation time [5]. More recently it was shown that dy-
namical heterogeneities, albeit of another type, also control
the time scales of the jamming transition of a horizontally
vibrated granular monolayer [6]. However these experi-
ments do not provide any direct measurement of a me-
chanical response function. Conversely many experiments
report on the stress-strain relation in dense granular pack-
ings [7], but do not have an easy access to the dynamics of
individual grains. Investigating the drag of an intruder, the
subject of this Letter, is a possible way of bridging the gap
between dynamical and mechanical properties. Experi-
ments in colloids [3], foams [2] and granular media [8–
11] as well as simulations of structural glasses [12] were
performed along this line. For loose packings and large
drag, that is in the so-called fluidized regime, the velocity
dependence of the drag force F follows Stokes’ law, F / V
[8]. For denser packings, experiments report either F ’ cst
or F / lnðVÞ [2,9–11] when the velocity is fixed, and F ¼
FY þ V�, with � � 1 and FY a finite yield force, when the
force is imposed [3,12]. In both cases, the dynamics has
been described as very intermittent. Stress fluctuations
have been investigated in detail in [10], but very little is
known about the displacement field and the velocity
fluctuations.

In this Letter we study the dynamics of an intruder
dragged by a constant force, in a bidisperse monolayer of
horizontally vibrated grains. The experiment is run in the
same setup (Fig. 1) and following the same protocol as in
[6], where the jamming transition has been identified with-
out ambiguity: at �J the pressure measured in the absence
of vibration vanishes and dynamical heterogeneities ex-
hibit a critical behavior. Here, we observe that close to �J,

the intruder motion is reminiscent of a ‘‘crackling noise’’
signal [13], with critical fluctuations at the transition.
Investigating the displacements and the free volume fields
around the intruder, we conclude that the transition sepa-
rates a regime dominated by local free volume rearrange-
ments from a regime dominated by the rearrangements of
the force network. This transition is distinct from fluid-
ization [11], observed at a looser packing fraction which
depends on the applied force, when the intruder recovers a
continuous motion.
The experimental setup (Fig. 1) has been described

elsewhere and we shall only recall here its most important
elements together with the modifications imposed by the
drag of the intruder. A monolayer of 8500 bidisperse brass
cylinders of diameters dsmall ¼ 4=5dbig ¼ 4� 0:01 mm

lays out on a horizontal glass plate vibrated horizontally
(f ¼ 10 Hz, A ¼ 10 mm). The grains are confined in a
cell fixed in the laboratory frame. The packing fraction, �,
can be varied by tiny amounts (��=�� 5� 10�4) and the
pressure exerted on the moving lateral wall is measured by
a force sensor. The intruder consists in a larger particle of
same height (dintruder ¼ 2:dsmall) introduced in the system
and pulled by a massM via a pulley perpendicularly to the
vibration. The fishing wire, which stands over the other

FIG. 1 (color online). Left: a monolayer of disks is vibrated
horizontally, while dragging an intruder at constant force. Both
the intruders and the surrounding grains are tracked by a CCD
camera; Right: a strongly intermittent and heterogeneous re-
sponse is observed, see text for details.
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grains, does not disturb the dynamics. Most of the results
presented here are related to experiments performed at a
constant force (F1 ¼ 0:67N, F2 ¼ 1:48N, F3 ¼ 2:62N)
and varying the packing fraction � in the range [0.82–
0.85] but we also conducted experiments at constant pack-
ing fractions, (�1 ¼ 0:8383, �2 ¼ 0:8394, �3 ¼ 0:8399)
increasing the force from 0:67N to 14:25N. For compari-
son, the total weight of the grains is 23:11N and the force
registered at the wall when the grains are highly com-
pressed is of the order of 50N. Note that in the present

study the inertial time scale tin ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

md=F
p ¼ 10�3 is al-

ways much shorter than the vibration one. Also the typical
acceleration of the intruder never exceeds 0:2 ms�2 so that

md2x
dt2

is always much smaller than F ¼ Mg. The motion is

completely overdamped and the elementary time scale is
really that of the vibration. The time unit is set to one plate
oscillation while the length unit is chosen to be the diame-
ter of the small particles.

Starting from a low packing fraction �, we gradually
compress the system until it reaches a highly jammed state
following the same protocol as in [6]. Then we stepwise
decrease the volume fraction. In the absence of an intruder,
it was shown that the average relaxation time increases
monotonically with the packing fraction, while the dynam-
ics exhibits strong dynamical heterogeneities, the length
scale and time scale of which exhibit a sharp peak at an
intermediate packing fraction. The pressure measured at
the wall in the absence of vibration falls to zero precisely
below that packing fraction, hence called the jamming
transition �J. In the present study, the intruder is inserted
at its initial position in place of one big and two small
grains before each downward step in the packing fraction
and the system is kept under vibration until the pressure
has recovered its value in the absence of the intruder. Only
then the force is applied on the wire and the intruder is
dragged through the cell, while its motion together with
that of a set of 1800 surrounding grains is tracked by a
digital video camera triggered in phase with the oscilla-
tions of the plate.

At low packing fraction, and large enough force, the
intruder motion is continuous. When increasing the pack-
ing fraction, it becomes intermittent above some threshold,
which increases with the applied force (Fig. 2, left).
Performing experiments at a given packing fraction and
increasing the force, one observes that the applied force is
proportional to the average velocity of the intruder F / V
in the continuous motion regime, whereas F / lnV in the
intermittent one (Fig. 2, right). We thereby identify this
transition with the fluidization one [11]. Note that for the
largest packing fraction �2 and �3, we could not observe
the fluidization. As a result, there is a very strong contrast
between the continuous motion of the intruder observed at
� ¼ �1 for large enough forces, say F ¼ 10N, and the
strongly intermittent one observed at � ¼ �2 for the same
large force. Typically the intruder averaged velocity loses 3
orders of magnitude and its velocity fluctuations gain more

than 5 orders of magnitude, while � is increased by less
than 1%, already suggesting the existence of a sharp
transition.
We now focus on the experiments performed at constant

and rather small force. When looking at the intruder dis-
placements �x along the dragging direction during one
vibration cycle (Fig. 3, top left), one immediately notices
very strong fluctuations, with bursts of widely fluctuating
magnitude. More quantitatively, the probability density
functions of �x (Fig. 3, middle left) exhibit an important
skewness towards the positive displacements. We charac-
terize the positive part of the distribution, i.e., the displace-
ments in the direction of the drag force, �xþ, by computing
the average value�þ ¼ h�xþi and the relative fluctuations
�þ=�þ ¼ hð�xþ ��þÞ2i1=2=�þ. One observes (Fig. 3,
bottom left) that 1=�þ increases continuously by 3 orders
of magnitude, while varying the packing fraction of only a
few percent, ��=� ¼ 2� 10�2, and that �þ=�þ exhibits
a peak at an intermediate packing fraction. Both behaviors
are directly reminiscent of what has been recalled above
for the dynamics in the absence of an intruder. We could
check indeed that the peak observed in the fluctuations of
the intruder motion coincides with a vanishing pressure in
the absence of vibration and thereby locate it at�J without
ambiguity. Note however that the precise value of �J

depends on the precise packing that has been selected
when the system has been compressed and that the small
and nonmonotonic variations of �J ¼ 0:8369, 0.8383,
0.8379 for the three forces F1, F2, F3 together with the
small difference with the value �J ¼ 0:842 reported in [6]
must be attributed to differences in the initial conditions
and more generally in the compression protocol (see
[14,15] for a detailed discussion in the case of hard
spheres). Figure 3, bottom left, displays both 1=�þ and
�þ=�þ as a function of � ¼ ð���JÞ=� the relative

FIG. 2 (color online). From flow to jammed states: Left:
Parameter space, (force F—relative packing fraction � ¼ ð��
�JÞ=�J): at low � and large F, (�) the packing is fluidized, the
intruder motion is continuous and F / V; at large � and low F
(#), the intruder exhibits an intermittent motion and F / lnV.
The horizontal and vertical doted lines indicate the path followed
in the parameter space in the present study. Right: F versus V
along the paths �1 (4), �2 (�) and �3 (h); Inset: same in
log-lin.
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distance to �J for the three dragging forces. The peak in
the fluctuations is clearly separated from the divergence of
1=�þ and is a new signature of the jamming transition.

To complete the characterization of the intruder motion,
we analyze the duration T and the size L associated with
the displacement bursts, as is commonly done in crackling
noise or Barkhausen noise experiments [13]. We impose a
given reference level �x0 and define bursts as the period of
times where �x is above this level. The duration T of a
given burst is defined as the interval within two successive

intersections of �x with �x0, while the size L is defined as
the integral of �x between the same points. Figure 3, top

right, shows that Lð�;TÞ � L0ð�ÞT1=z, with a dynamical
exponents z ¼ 2=3, and L0 a scaling length, which can be
interpreted as a typical value of L. Note that it is different
from its average value because of the power-law shape
of the distributions of L. Indeed, despite some weakness
of our statistics, the cumulated distributions of T
(Fig. 3, middle right), respectively of L=L0 (Fig. 3,
bottom right) can be described as power laws truncated
by a scaling function: T��fðT=�ð�ÞÞ, respectively
ðL=L0Þ�	gðL=
ð�ÞÞ. The cutoff dependence on the pack-
ing fraction �ð�Þ, resp. 
ð�Þ are estimated by computing
the averages of T, resp. L=L0 and display a diverging
behavior at �J: �ð�Þ / j���Jj��, resp. 
ð�Þ / j��
�Jj��. Our statistics are not large enough to extract pre-
cisely the exponents �, 	, � and �; however estimates of
� ¼ 1=2, 	 ¼ 1=3, � ¼ 2=3 and � ¼ 1 are consistent
with the data and satisfy the relations �z ¼ 	 and � ¼
�z. Also, the same analysis performed on the kinetic
energy of the surrounding grains—not shown here—is
consistent with the above determination. The dynamical
exponent z ¼ 2=3, different from the 1=2 value expected
for inertial mechanisms, underlines the role played by the
collective dissipative mechanisms.
Finally, we characterize the dynamics around the in-

truder. The averaged displacement field (Fig. 4, top left)
is composed of two symmetric recirculation vortices. This
pattern is very robust as evidenced by the shape invariance
of the displacement profiles along the direction perpen-
dicular to the drag (Fig. 4, top right). In particular, the
exponential decay of the displacement amplitude keeps the
same characteristic length across the transition (see inset).
Such a smooth and continuous behavior is in contrast with
the existence of the sharp transition described above and
must be related to the similar absence of signature of the
transition when considering the average relaxation time or
�þð�Þ. Again the transition is to be found in the strongly
heterogeneous instantaneous displacement field (Fig. 1,
right), which exhibits characteristic chainlike motions.
This tendency of forming chainlike motions is strongly
enforced for a packing fraction larger than �J. We also
compute the averaged free volume, extracted from
Laguerre’s tessellation of the packing, around the intruder
(Fig. 4, bottom left) and observe a small asymmetry be-
tween the front and the back of the intruder. Computing for
instance the average free volume in a small window in
front of and behind the intruder (see Fig. 4, bottom right),
one sees that below �J there is a significant excess of free
volume leaving like a ‘‘wake’’ far behind the intruder,
whereas above �J this asymmetry rapidly vanishes to-
gether with a strong decrease of the available free volume.
Altogether, the following pictures emerge. The jamming

transition, which is marked by a critical behavior of the
fluctuations of the intruder displacements separate a re-
gime where the intermittent motion is dominated by rapid

FIG. 3 (color online). Intruder displacements statistics: F ¼
F2 and packing fractions ranges from � ¼ 0:8306 [red (light
gray)] to 0.8418 [blue (dark gray)] when not otherwise specified.
Top Left: Instantaneous displacements �xðtÞ for � ¼ 0:8386 and
� ¼ 0:8396.Middle Left: Distributions of �x. Inset: same in log-
log. Bottom Left Inverse average 1=�þ [(�) right axis] and
standard deviation over average �þ=�þ [(r) left axis] of �xþ
as a function of the reduced packing fraction � for the three
applied force F1 [red (light gray)], F2 [blue (dark gray)] and F3

[green (medium gray)]. Top Right: Scaling of the rescaled size
L=L0 of the bursts with their duration T. Inset: L0 and V (black
dotted line) as a function of �. Middle Right: Cumulated dis-
tributions of the durations T of the displacement bursts; Inset:
Cutoff of the distributions �ð�Þ versus �. Bottom Right:
Cumulated distributions of the rescaled size L=L0. Inset:
Cutoff of the distributions 
ð�Þ versus �.
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reorganization of the free volume from one where the
motion takes the form of chainlike structures, which are
very much reminiscent of the strong force network sug-
gesting the dominant role of the stress fluctuations [16].
Note that the frictional force with the bottom plane is
completely negligible as compared to the drag force and
the displacements’ distribution of the intruder is com-
pletely determined by the collective resistance of the other
grains organized in chain forces. As compared to previous
studies of the motion of an intruder in a granular packing
[8–11], we have confirmed the transition from a linear
viscouslike dependence of the dragging force with the
velocity in the fluidized regime to a logarithmic depen-
dence in the intermittent one. The originality of the present
study is to unveil critical features inside the intermittent
regime and associate them with the jamming transition.
The observation of ‘‘crackling noise’’ statistics suggests a
possible deeper correspondence in the underlying physical
properties with other intermittent phenomena such as the
creep motion observed under yield stress in amorphous
media [17], the subcritical material failure [18] and more
generally, the pinning-depinning transition [19]. We be-

lieve that performing the kind of microrheology experi-
ment sketched out in the present study is a promising path
for a better understanding of the jamming of frictional
systems.
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FIG. 4 (color online). Displacements and free volume around
the intruder (the intruder goes from left to right; F ¼ F2, � ¼
�J ¼ 0:8386). Top Left: Interpolated average displacement field:
the darker, the faster. Top Right: y profiles of the average velocity
along the drag direction (same packing fractions as in Fig. 3).
Bottom Left: Average free volume field. Bottom Right: Average
free volume vs � in front (red 5) and behind (blue 4) the
intruder.
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