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We report experimental results on the dynamics of a granular packing submitted to high-intensity focused ultrasound. Acoustic
radiation pressure is shown to remotely induce local rearrangements within a pile as well as global motion around the focal spot
in an initially jammed system. We demonstrate that this fluidization process is intermittent for a range of acoustic pressures and
hysteretic when the pressure is cycled. Such a first-order-like unjamming transition is reproduced in numerical simulations in
which the acoustic pressure field is modeled by a localized external force. Further analysis of the simulated packings suggests
that in the intermittent regime unjamming is not associated with any noticeable prior structural signature. A simple two-state
model based on e↵ective temperatures is proposed to account for these findings.

1 Introduction

Besides noninvasive imaging at low intensities, ultrasound is
commonly used at high acoustic powers in therapeutic appli-
cations such as kidney stone lithotripsy or tumor treatment1,2.
Indeed high-intensity focused ultrasound (HIFU) can induce
strong mechanical stresses and shear wave propagation in bi-
ological tissues3 or even cell membrane permeabilization and
rupture through cavitation4,5. Surprisingly, HIFU has not
yet been used in the fundamental context of soft disordered
“jammed” systems although the physics of jamming has at-
tracted tremendous attention over the last two decades6–11.
Soft jammed materials range from emulsions, foams and col-
loidal suspensions to granular materials and typically show a
transition from fluidlike to solidlike behavior upon increas-
ing the volume fraction12–16. Among them granular packings
have emerged as model amorphous systems to study such a
jamming transition at zero temperature9,17–24.

To date previous works probing granular packings with in-
tense acoustic waves have been dedicated to dry grains under
unfocused, low-frequency ultrasound, reporting rather limited
fluidization e↵ects such as creep motion of weakened con-
tacts25,26 or shock wave propagation27–29. In this article we
introduce HIFU as a useful, versatile tool to remotely exert a
localized volumic force onto a dense three-dimensional gran-
ular assembly and to trigger its unjamming. Above a critical
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ultrasonic intensity, stresses due to the so-called acoustic radi-
ation pressure30,31 become high enough to induce large-scale
flows within the pile. We show both experimentally and nu-
merically through space- and time-resolved velocity measure-
ments that this local unjamming transition displays intermit-
tency and hysteresis. Further analysis of the simulated stress
tensor reveals that in the intermittent regime, after an acoustic
pulse has unjammed the system, the state of the packing at rest
is undistinguishable from the previously jammed state so that
unjamming cannot be predicted from standard static observ-
ables. A simple two-state model involving an e↵ective noise
temperature reproduces qualitatively the observed features.

We first describe our experimental setup and numerical
methods in Sect. 2. There we also emphasize the structure of
the ultrasonic field and show that acoustic radiation pressure
dominates over other nonlinear acoustic e↵ects. Experimental
and numerical results are detailed in Sect. 3. Finally, in Sect. 4,
we analyze the structure of the simulated packings, devise the
two-state model and compare our work to previous studies on
more classical fluidization modes in granular materials. We
conclude this article by listing a number of questions that re-
main unanswered and some possibilities for future research.

2 Materials and methods

2.1 Experimental setup

As sketched in Fig. 1(a) a dense packing of spherical beads
is submitted to mechanical solicitations from HIFU gener-
ated by a high-power hemispherical piezoelectric transducer
(Imasonic, diameter 25mm, center frequency 5MHz, wave-
length 300µm in water at room temperature) whose acoustic
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impedance is matched with water. Polydisperse glass beads
(USF Matrasur, batch F03 7911, density 2.5g.cm�3) were
sieved to achieve a mean diameter d = 550µm with a stan-
dard deviation of 80µm. These grains are first poured up to a
height of roughly 1cm into a cell of size 0.5cm⇥1cm⇥3cm
filled with distilled water and whose open face is closed with a
thin plastic membrane that has been checked to be transparent
to ultrasound. The cell is finally reversed upside down so that
the grains sediment under gravity and rest onto the membrane.
Both the cell and the ultrasonic transducer are immersed in a
large water tank (⇠ 1L) filled with water at 20.0±0.5 �C.

Images of the granular packing are captured with a CCD
camera (Baumer HXC20) at up to 300 fps. Bursts of sinu-
soidal waves at 5MHz and of duration 0.5s, hereafter referred
to as “pulses”, are emitted every 2s using a low frequency
generator (Agilent 33522A) and a power amplifier (Kalmus
150C). The duty cycle is limited to 25% to avoid heating of
the transducer and the maximum achievable acoustic pressure
at focus is 1.2MPa. In all cases the rest time of 1.5 s between
two pulses is long enough so that all grains in the packing
come to a complete stop. No cavitation bubbles were detected
during or between pulses in both the water tank and the exper-
imental cell. Prior to any experiment, the pile is submitted
to two successive cycles of ultrasonic pulses whose ampli-
tude is progressively increased up to the maximum acoustic
power and then decreased back to 0, in order to reach a re-
producible initial state (see also the discussion on hysteresis
in Sect. 3.3). Next various protocols and analyses are applied:
time-resolved studies of grain motion within a single pulse
(Sect. 3.1), long series of successive pulses with a constant
amplitude (Sect. 3.2), and cycles of pulses with increasing
then decreasing amplitudes (Sect. 3.3). We checked that all
our results are qualitatively unchanged when the pulse dura-
tion is varied.

2.2 Pressure field characterization

Figure 1(b) shows pressure field measurements P(x,y,z) ob-
tained by scanning a needle hydrophone (Precision Acous-
tics 1659SN with active element diameter 40 µm) in water
in the absence of the experimental cell. For these measure-
ments we use short, low-intensity pulses of sinusoidal waves
at frequency f = 5 MHz with a fixed amplitude, a duration of
10 µs and a pulse repetition frequency of 1 kHz. The output
voltage from the hydrophone is digitized by an oscilloscope
(Agilent 33522A) and the pressure amplitude P(x,y,z) is com-
puted from an average over 1,000 successive pulses. The po-
sition of the hydrophone is controlled by three-axis precision
translation stages (Physik Instruments M-410PD) and the ori-
gin (x = 0,y = 0,z = 0) is taken at the focal point where the
pressure amplitude reaches its maximum value Pmax.

The two-dimensional scans of Fig. 1(b), performed with

steps �x = �y = 20 µm and �z = 50 µm, show that the acous-
tic field generated by our focused transducer is axisymmet-
ric around the direction of propagation and that the acoustic
power is localized in a small focal spot of diameter 0.6mm
and focal depth 2mm at �3dB, located at 25mm from the vi-
brating surface. As reported in the lower panels of Fig. 1(b)
experimental measurements are well fitted by the following
theoretical expressions for a hemispherical transducer32 with-
out any free parameter:

P(x,0,0) = Pmax
�`f
⇡ax

J1

 
2⇡ax

�`f

!
, (1)

P(0,0,z) = Pmax
`f

z+ `f
sinc

 
a

2

2�`f
z

z+ `f

!
, (2)

where J1 is the Bessel function of the first kind, a = 12.5 mm
is the radius of the transducer, `f = 25 mm is its focal length
and � = cf/ f = 300 µm is the acoustic wavelength (with cf =
1500 m s�1 the sound speed in water at 20 �C).

Pressure measurements in the presence of grains are dis-
played in Fig. 1(c). In this case, as scanning the pressure field
directly within the grains would damage the hydrophone, a
couple of grain layers were deposited on the membrane lo-
cated in the focal plane z = 0 and the needle hydrophone was
scanned just above the grains. We checked that the pulse du-
ration was short enough to ensure the absence of any grain
motion due to acoustic radiation forces. The pressure field
of Fig. 1(c) shows strong heterogeneity and speckle-like fea-
tures: due to the acoustic impedance mismatch between the
glass beads and the surrounding water, the ultrasonic incident
beam gets scattered and the acoustic field behind the grain lay-
ers is strongly distorted. Although a marked increase can still
be observed around the focal spot, the lower panel in Fig. 1(c)
shows that the pressure strongly drops due to the grains: it
only reaches about 0.1Pmax while the pressure level in the ab-
sence of grains for z0 = 1 mm is about 0.7Pmax [see Fig. 1(b)].

We conclude from Fig. 1(c) that when the cell is filled with
grains the pressure field rapidly decays after a few grain layers
due to strong scattering by the glass beads. For this practical
reason we chose to locate the ultrasound focal spot within the
first grain layers (at about 0.5 mm behind the membrane). In
order to optimize the visualization of the grain displacements,
the ultrasonic beam is focused at about 1 mm behind the wall
of the cell facing the CCD camera [see Fig. 1(a)]. In the fol-
lowing the intensity of the ultrasonic pulses is simply given
as the acoustic pressure P measured at the focal spot in the
absence of grains.

2.3 Orders of magnitude for acoustic radiation pressure
and acoustic streaming

It is well known that HIFU can generate steady stresses in
a particulate suspension via two nonlinear phenomena: (i)
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Fig. 1 (a) Schematics of the experimental setup. The pressure field emitted by the transducer is focused around the thin membrane that
constitutes the cell bottom and about 1 mm behind the wall of the cell facing the CCD camera (not shown). “PC” stands for computer, “LFG”
for low frequency generator and “PA” for power amplifier. (b) Pressure measurements in the absence of the experimental cell: (top) P(x,y,0)
across the horizontal focal plane at z = 0 and P(0,y,z) along the vertical plane at x = 0 and (bottom) P(x,0,0) and P(0,0,z) normalized by the
pressure Pmax measured at the focal point. The red solid lines in the bottom left and right panels correspond respectively to Eqs. (1) and (2) with
no adjustable parameter. (c) Pressure measurements in the presence of grains: (top) P(x,y,z0) across a horizontal plane located at z0 ' 1 mm,
just above a couple of grain layers and (bottom) P(x,0,z0) normalized by the pressure Pmax measured at the focal point in the absence of grains.
The color scales correspond to the acoustic intensity in decibels relative to Pmax, i.e. to 20log(P/Pmax).

acoustic radiation pressure due to the acoustic impedance con-
trast between the particles and the surrounding fluid30,31 and
(ii) acoustic streaming, i.e. the flow of the suspending fluid it-
self due to the absorption of the acoustic wave during its prop-
agation33,34.

Acoustic radiation pressure results from a momentum trans-
fer caused by reflexion and refraction of an acoustic wave on
an obstacle. In the case of a plane obstacle of density ⇢o, sound
speed co and acoustic impedance Zo = ⇢oco, submitted to a
constant, uniform acoustic beam of pressure amplitude P and
denoting by cf the sound speed in the surrounding fluid, ⇢f
its density and Zf = ⇢fcf its acoustic impedance, the acoustic
radiation pressure reads35:

⇧rad =

2
6666641+

 
Zf�Zo

Zf+Zo

!2

� cf

co

4ZfZo

(Zf+Zo)2

3
777775

P

2

2⇢fc
2
f
. (3)

Although it only applies for a plane obstacle in a uniform
acoustic beam, we can use Eq. (3) to estimate the acoustic ra-
diation force on a sphere of radius r = d/2 along the acoustic
propagation axis as Frad ⇠ ⇧rad⇡r2. With ⇢o = 2.5103 kg m�3,
co = 5,600 m s�1 for glass and ⇢f = 103 kg m�3 and cf =
1,500 m s�1 for water and taking d = 0.6 mm and P = 1 MPa,
we find frad ' 10�4 N i.e. frad ' 35mg with mg the average
grain weight. This estimate is however obviously very crude
as, in our case, (i) the sphere has a diameter comparable to the

acoustic wavelength and (ii) the acoustic field is strongly fo-
cused over a few acoustic wavelengths. Therefore one has to
take into account the exact forms of both the acoustic field ra-
diated by the sphere and the focused incident beam. This more
general case of a small elastic sphere in a focused beam has
been worked out in31. Beside the longitudinal wave velocity,
it involves the velocity c

s

of shear waves within the obstacle
(c

s

= 3,800 m s�1 for glass). Implementing the full compu-
tation in our experimental conditions leads to frad ' 3mg for
P = 1 MPa.

Nonlinear acoustic propagation also induces attenuation
which results in momentum transfer from the acoustic wave to
the fluid and hence in a flow field with velocity~vs

33. Modeling
the acoustic beam around the spherical obstacle as a cylinder
of radius `

x

and length `
z

, the magnitude of ~vs at focus can be
estimated as34,36:

vs =
!2`2

x

2⇢2
f c

5
f

 
1
3
+
⇣

4⌘

!
ln

0
BBBBBBBBBB@

q
4`2

x

+ `2
z

+ `
z

q
4`2

x

+ `2
z

� `
z

1
CCCCCCCCCCA
P

2 , (4)

where ! = 2⇡ f is the wave pulsation and ⌘ and ⇣ are the dy-
namic and bulk viscosities of the fluid respectively. This phe-
nomenon is referred to as “acoustic streaming.” For our exper-
iment at f = 5 MHz in water, with `

x

= 0.3 mm and `
z

= 2 mm,
we find a typical streaming velocity of vs ' 2 cm s�1 for
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Fig. 2 (a) Initial packing in DEM simulations. (b) Force field f(x,y,z)
used in the simulation and plotted in a logarithmic color scale (dB).
d is the grain average diameter.

P = 1 MPa. Note that this estimate does not account for the
presence of bounding walls and obstacles. In practice this ve-
locity most probably largely overestimates the actual stream-
ing velocity which is strongly limited by both the presence of
the membrane and the large compacity of the granular pack-
ing. In any case, if present, such streaming flow is the cause
of a steady inertial force acting on the obstacle that reads37:

finertia =
3mf

2
k(~vs ·

�!r)~vsk '
3mfv

2
s

2`
z

, (5)

where mf = ⇡⇢fd
3/6 is the mass of the fluid displaced by

the elastic sphere. Finally, for small Reynolds numbers, the
streaming flow also exerts a viscous drag on the obstacle:

fdrag = 6⇡⌘rvs . (6)

Eqs. (5) and (6) respectively yield finertia ⇠ 0.01mg and
fdrag ⇠ 0.04mg for P = 1 MPa. Therefore the forces due to
acoustic streaming are about two orders of magnitude smaller
than frad ' 3mg. Since frad ⇠ P

2 ⇠ fdrag and finertia ⇠ P

4 this
remains valid over all our experimental pressure range. We
conclude that acoustic radiation pressure always dominates
forces due to acoustic streaming. This result is also supported
by movies of the granular packing that show that the typical
velocity and acceleration of the grains within the focal spot
are ⇠ 0.1 m s�1 and ⇠ 10 m s�2 respectively, well above the
(over)estimated vs and similar to the acceleration due to acous-
tic radiation pressure.

2.4 Numerical methods

In order to model the experimental situation while access-
ing more internal observables characteristic of the grain pack-
ing, three-dimensional numerical simulations of soft-sphere
molecular dynamics, a.k.a. discrete elements method (DEM),
are performed using spherical frictional grains that interact
through collisions. As shown above, neglecting acoustic
streaming is justified so that in the experiments interstitial

water simply serves as a transmission medium for the ultra-
sound. Therefore the simplest numerical approach consists
in simulating only dry grains. The force scheme is a linear
damped spring for the normal component38 and a Cundall
history-dependent force for the tangential component39. To
avoid crystallization we use polydisperse grains of density ⇢
with average diameter d and standard deviation 0.11d simi-
lar to experiments. Lengths, masses and accelerations are re-
spectively normalized by d, m = ⇡⇢d3/6 and g the acceleration
of gravity, so that in dimensionless units the other parameters
are: time step=5.10�4, spring constant=104, friction coe�-
cient=0.1 and restitution coe�cient=0.86 (see40 for full tech-
nical details).

A cell of size 10d⇥20d⇥50d with frictional bounding walls
contains up to 10,000 grains which are initially left to rest
under gravity [see Fig. 2(a)]. The acoustic radiation force
is modeled by a localized force f applied on the center of
mass of individual grains and directed upwards: f(x,y,z) =
Fe

�x

2/2�2
x

e

�y

2/2�2
y

e

�z

2/2�2
z e

z

, where the origin is taken at the
center of the bottom wall, F is given in units of the grain
weight mg, and �

x

= �
y

= d, �
z

= 2.5d which mimics the ex-
perimental focal spot [see Fig. 2(b)]. For comparison with
experiments we define PDEM ⌘

p
F/mg as the analogue of

the pressure amplitude P since acoustic radiation forces scale
as P

2. Note that f is independent of the local packing frac-
tion, which is clearly not the case in the experiment where
the pressure field is coupled to the grain spatial distribution
through the scattering of the incident acoustic wave as shown
in Fig. 1(c). Due to this idealized force field and to the lack
of interstitial fluid, our DEM simulations are only expected to
show qualitative agreement with experimental results. How-
ever they shall provide more physical insight into the e↵ect of
a localized force on the grain packing, especially on its inter-
nal structure. In order to model the experimental pulses, the
driving force is switched on and o↵ at a frequency such that
the grains go back to full rest after each pulse.

3 Results

3.1 Unjamming

In a first series of experiments, we study the e↵ect of a sin-
gle 0.5 s ultrasonic pulse on the granular packing. For low
acoustic intensities the pulse has no noticeable e↵ect [see
Fig. 3(a)] while for high intensities the acoustic radiation pres-
sure unjams the pile with grains at the ultrasonic focus being
pushed upwards while the surrounding grains recirculate [see
Fig. 3(b,c) and Movie 1 in the ESI†].

In order to quantify the local grain motion, we use parti-
cle image velocimetry (PIV) and compute the number of PIV
cells in which the velocity exceeds the noise level (induced
by image acquisition and processing) to extract the apparent
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Fig. 3 (a,b,c) Pictures of the granular packing highlighting (in red) the total area fluidized during one pulse of amplitude for P = 0.27, 0.81
and 1.2 MPa respectively and (d) fluidized area Af versus time t for the same amplitudes from bottom to top. (e,f,g) Simulated velocity fields
in the focal plane averaged over the whole pulse duration for PDEM = 4.4, 9.5 and 11 respectively. The red lines surround fluidized regions.
(h) Fluidized volume Vf (t) in DEM simulations for the same amplitudes from bottom to top. Vtot is the total volume occupied by the grains and
t is made dimensional so as to match the experimental time. A grain is counted in V

f

if its displacement between two successive time steps
exceeds d/100. See also Movies in the ESI.†

“fluidized area” Af as a function of time [see Fig. 3(d) and
Movie 2 in the ESI†]. At low amplitude (P = 0.27MPa), the
acoustic radiation force is too small to induce rearrangements
and the packing always remains in a jammed state. For an in-
termediate amplitude (P = 0.81MPa), close to the unjamming
threshold, a few rearrangements occur at the beginning of the
pulse but the pile quickly reaches a new jammed state. Finally,
when P is further increased (P = 1.2MPa), acoustic radiation
forces induce a global yet erratic motion of the grains around
the focal spot.

A similar unjamming behavior is observed in DEM simu-
lations for the “fluidized volume” Vf occupied by grains with
noticeable velocity [see Fig. 3(e,f,g)]. As shown in Fig. 3(h)
however, the simulated Vf (t) signals display large peaks right
after ultrasound is turned on and o↵. This indicates that the
grains are first pushed upwards creating a small depleted zone
at the focal point and then settle back after the end of the pulse
(see Movies 3 and 4 in the ESI†). This phenomenon is much
less pronounced in experiments and may be due to the absence
of interstitial fluid in the simulations. In any case Fig. 3 clearly
shows that HIFU can unjam a granular packing and set it into
motion remotely and locally. This constitutes our first impor-
tant result.

3.2 Intermittency

In order to better probe the dynamics close to the unjamming
threshold, we now submit the packing to long series of up to
N = 1,500 pulses of constant amplitude P and duration 0.5 s,
separated by rest periods of 1.5 s, and we measure the total

area A fluidized during each pulse. For low values of P the
pile is never fluidized whereas at higher P every pulse induces
motions in the pile. Remarkably, in the intermediate regime,
the packing unjams intermittently from one pulse to another as
illustrated in Fig. 4(a). The simulated dynamics also show that
for a given intermediate value of the amplitude, some pulses
induce large-scale recirculations whereas others only trigger
limited motion of individual grains which settle back to the
same position after the pulse [see Fig. 4(b)].

From such data we extract the fraction � of pulses that in-
duce unjamming. To discriminate between unjammed and
jammed states, a noise level (due to image acquisition and
processing rather than to physical causes) was extracted from
images recorded without ultrasound. A pulse is counted as in-
ducing unjamming when A exceeds twice the noise level [see
dotted line in Fig. 4(a)]. Similarly, in DEM simulations, a
pulse is counted in � if more than two grains move by a dis-
tance larger than their diameter between their positions at rest
before and after the pulse. The resulting � vs P curves are dis-
played in Fig. 4(c). Experiments and DEM simulations show
remarkably similar trends that are both well captured by the
simple model introduced below in Sect. 4.2.

3.3 Hysteresis

We finally sweep the pulse amplitude P successively upwards
and downwards by steps of N = 25 pulses where P is kept
constant. Here again each pulse lasts 0.5 s and the packing
is left at rest for 1.5 s between two pulses. For each step at
fixed P, the fluidized area A is averaged over the N pulses
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Fig. 4 (a) Fluidized area A normalized by its maximum value Amax
vs pulse number n

p

for P = 0.83 MPa. The dotted line is the thresh-
old used for computing �. (b) Fluidized volume V/Vmax vs n

p

for
PDEM = 10. (c) Fraction � of pulses inducing unjamming as a func-
tion of the pulse amplitude P in experiments (lower axis, blue circles)
and of PDEM in simulations (upper axis, red squares). As no direct
quantitative relationship between P and PDEM can be made, the up-
per axis was scaled so that � values roughly overlap. The error bars
show the dispersion over di↵erent experiments. The solid line cor-
responds to the model discussed in Sect. 4.2 with ⌃0 = 0.525 MPa,
! = 0.15 MPa, �f = 0.02 and �j = 0.2.

for which the pressure amplitude is kept constant. Several cy-
cles are performed successively on the same granular pack-
ing starting from the poorly controlled initial state that results
from the sedimentation of the grains. During the first two cy-
cles the grains gradually compact and the fluidized area de-
creases upon compaction. After two cycles a reproducible
decreasing branch is obtained in A(P), which indicates that
a well-controlled packing state is reached. This latter state
was taken as the initial state for all the experiments presented
above. In the simulations however, no significant compaction
is observed so that the initial state is always taken as a random
packing resulting from simple “rainfall” preparation as shown
in Fig. 2(a) (see also Movies 3 and 4 in the ESI†).

Figure 5 presents an example of a subsequent cycle and
shows that unjamming under HIFU is hysteretic (see blue
symbols): when decreasing P, the amplitude P

� ' 0.75 MPa at
which ultrasonic pulses stop fluidizing the pile is significantly
lower than the amplitude P

+ ' 1.05 MPa at which the fluidiza-
tion starts upon increasing P. While jamming along the robust
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Fig. 5 Normalized fluidized fraction A/Amax in experiments (lower
axis, blue filled symbols) and V/Vmax in simulations (upper axis, red
open symbols) when sweeping the pulse amplitude P upwards (N)
then downwards (H). The error bars show the standard deviation
over the N = 25 successive pulses for which the pressure amplitude
is kept constant. Simulations use N = 5.

decreasing branch is rather progressive, we note that unjam-
ming upon increasing P is much sharper and that P

+ varies
from one cycle to the other, with P

+ only slightly larger than
P

� in some cases. This dispersion is consistent with the fact
that intermittency is observed over the very same amplitude
range P ' 0.8–1 MPa in Fig. 4(c). Similar results are found
for di↵erent values of N = 5–100 or of the height of the pack-
ing (1–2 cm) as well as in DEM simulations yet with smaller
hysteresis (see red symbols in Fig. 5).

4 Discussion

4.1 Structural analysis of the simulated packings

As a first step to better grasp the physics behind the e↵ects
described above, we further analyze our DEM simulations in
terms of structural parameters derived from the state of the
granular packing when it is at rest between two successive
pulses. Not unexpectedly, after a pulse in the unjamming
regime, the packing displays large-scale arch-like structures
in both the force chains and the principal stress directions (see
Fig. 6). Indeed once an acoustic pulse that fluidizes the pack-
ing is stopped, grains come back to rest but keep the finger-
print of the recirculating area around the focal spot. These
arch-like structures also appear as strong spatial variations in
the pressure ⇧(r,np) defined as the trace of the stress tensor
at point r once the packing has reached equilibrium after np
pulses [see Fig. 6(b)].

Much more surprisingly Fig. 7(a) shows that in the inter-
mittent regime the distribution of ⇧(r,np) taken after fluidiza-
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Fig. 6 (a) Typical state of the simulated packing at rest between two
pulses in the unjamming regime (PDEM = 11) and across the focal
plane x = 0. Red lines show the force chains network with a thick-
ness proportional to the local normal force. (b) Map of the average
pressure h⇧(r,np)i, defined as the trace of the local stress tensor and
coded in linear color levels, for PDEM = 11. Black lines are average
streamlines of the principal direction of the stress tensor. Averages
are taken over x and over 200 packings at rest.

tion events is undistinguishable from that taken over packings
that remain jammed. Such a similarity between the packing
states is confirmed by computing the correlation coe�cient C
between two successive pressure maps at rest, defined as

C(np) =
h⇧̃(r,np)⇧̃(r,np+1)i

q
h⇧̃2(r,np)i

q
h⇧̃2(r,np+1)i

, (7)

where ⇧̃(r,np) = ⇧(r,np)�h⇧(r,np)i and the average is taken
over all points r. One expects C ' 1 for two identical suc-
cessive packings and the more successive packings di↵er, the
smaller the values of C. In the intermittent regime, C takes val-
ues intermediate between the jammed and fluidized cases [see
Fig. 7(b)], while one would expect it to jump from one case to
another if the two packing states at rest were structurally very
di↵erent.

Similar results are obtained when only a small region
around the focal spot is considered or when using other stan-
dard structural observables including the local number of con-
tacts, the principal direction of the stress tensor, its anisotropy
and force histograms. This implies that, at least for the sim-
ulated dry grains, it is very di�cult to predict whether the
system will unjam or not based on static features alone. Yet,
looking more closely at C(np), one notices that the correla-
tion coe�cient is slightly smaller for pulses that induce un-
jamming [red points in Fig. 7(b), hCi = 0.873± 0.017] than
for pulses for which the packing remains jammed [blue points
in Fig. 7(b), hCi = 0.921± 0.035]. This subtle di↵erence be-
tween the two groups of pulses can also be evidenced by in-
vestigating the statistics of the pressure increments from one
pulse to the next one, �⇧(r,np) = ⇧(r,np+1) �⇧(r,np). As

shown in Fig. 7(c), the distribution of �⇧(r,np) slightly de-
pends on whether pulse number np has induced unjamming or
not. When grains remain in a jammed state, the average and
standard deviation of the increments are respectively +0.196
and 28.8, while one gets �0.218 and 36.0 when fluidization
occurs. This means that the local pressure tends to increase
when the system remains in the jammed state (i.e. the packing
is consolidated by successive pulses) while fluidization leads
on average to smaller pressure levels yet with larger spatial
variations (i.e. increased disorder). We also note that in the
intermittent regime, the probability density function of �⇧ dis-
plays exponential tails that lie between the fully jammed and
unjammed cases which respectively display tails that are close
to power-law and Gaussian distributions. These features cer-
tainly deserve more attention and should be addressed in fu-
ture work as they could provide some hints on the mechanisms
by which the previous history of the packing is encoded into
its structure at rest.

4.2 Simple two-state model

The above analysis of the simulation results suggests that un-
jamming depends on dynamical phenomena that occur when
the localized force is applied and somehow a↵ect the sub-
sequent structure and history-dependent response in a subtle
way. Based on this observation we propose a minimal heuris-
tic model that relies on assumptions reminiscent of trap mod-
els41 and of the Soft Glassy Rheology (SGR) model42. The
state of the pile is described by an internal stress ⌃ represent-
ing its ability to resist shear and randomly taken with a Gaus-
sian distribution of mean ⌃0 and standard deviation !:

P(⌃) =
1p
⇡!

exp
2
666664�

 
⌃�⌃0

!

!23777775. (8)

Acoustic pulses are characterized by a stress �p that can
possibly be changed in time. We consider only two behav-
iors of the granular packing when submitted to an ultrasonic
pulse: either it is fluidized or it remains jammed. The history
of the packing response to successive pulses is thus given by
a sequence (m

i

)
i2N with values in {0,1} indicating the state of

the packing: if the i

th pulse (corresponding to a stress �p,i)
fluidizes the pile then m

i

= 1 while m

i

= 0 if the pile remains
jammed.

At step i the following procedure is applied:

• if ⌃
i�1 <�p,i the pile is fluidized: we set m

i

= 1 and a new
internal stress ⌃

i

is taken from the Gaussian distribution
[Eq. (8)].

• otherwise the pulse alone is not strong enough to over-
come the internal stress. Nonetheless it still induces me-
chanical fluctuations in the pile that could allow for flu-
idization. Following the SGR model42, we consider an
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Fig. 7 Statistical analysis of simulated packings at rest. (a) Probability density function of ⇧(r,np) in the intermittent regime (PDEM = 10)
when discriminating between pulses that induce unjamming (red solid line) and pulses for which the packing remains jammed (blue dotted
line). (b) Correlation coe�cient C between two successive pressure maps [see Eq. (7)] and (c) probability density function of the increments
�⇧(r,np) =⇧(r,np+1)�⇧(r,np) for PDEM = 9 (black), 10 (red and blue) and 11 (gray), respectively in the jammed, intermittent and unjamming
regimes. As in (a), red corresponds to pulses inducing unjamming while blue indicates pulses for which the packing remains jammed.

Arrhenius-like probability of fluidization with an e↵ec-
tive inverse temperature � and an energy barrier ⌃

i�1 �
�p,i. We then draw the value of m

i

2 {0,1} with probabil-
ity {1� p, p} where p = exp[��(⌃

i�1��p,i)]. Moreover
we include a memory e↵ect: if the pile was fluidized at
the former step, fluctuations are assumed to be stronger
than if the pile was previously jammed. Therefore, when
⌃

i�1 � �p,i,

– if the pile was fluidized at the former step (m
i�1 =

1), we set the e↵ective temperature 1/� to a “high”
value 1/�f ,

– if the pile was jammed at the former step (m
i�1 = 0),

the e↵ective temperature is set to a “low” value 1/�j
corresponding to smaller fluctuations.

These assumptions are consistent with the fact that the re-
sponse of the packing to acoustic pulses mostly depends on
its dynamical state (with some memory e↵ect). Indeed ef-
fective temperatures characterize the packing during the pulse
only and the above model does not involve any static ingre-
dient. More refined versions of our model could incorporate
some interplay between the fluidization history and the pack-
ing structure, e.g. by making the internal stress distribution of
Eq. (8) history-dependent or by including an e↵ect of the num-
ber of pulses over which the packing has remained fluidized.

Keeping a constant value of �p the present model aims
at reproducing the results on intermittency while cycling the
value of �p corresponds to our hysteresis protocol. The model
contains four adjustable parameters, ⌃0, !, �f and �j, some
of which can be estimated from experimental data. For in-
stance, Fig. 4(c) shows that for Pmax > 1.05 MPa ⌘ ⌃max all
pulses fluidize the granular packing. Consequently values
of ⌃ should be under this stress. Moreover negative values

of ⌃ are physically excluded. This constrains the acceptable
values of ⌃0 and !. Here we choose ⌃0 = 0.525 MPa and
! = 0.15 MPa, which ensures a reasonably large distribution
accounting for the range of internal stresses, with a low proba-
bility of drawing negative stresses or values above ⌃max given
by (1� erf[(⌃max �⌃0)/!]) ⇠ 10�6. Note that using a uniform
distribution or a lognormal distribution for ⌃ would avoid the
problem of negative stress values. We checked that the predic-
tions of the model are not significantly a↵ected by the proba-
bility density function provided the mean and variance of P(⌃)
are kept constant.

The choice of �f and �j is a priori free but their values
strongly impact the predictions of the model. Here we take
�f = 0.02 and �j = 0.2. With this choice of parameters, the
model yields intermittency for the stationary protocol as seen
in Fig. 8(a). The fraction � of pulses inducing fluidization
is shown as a solid line in Fig. 4(c). In the case of the cy-
cling protocol, hysteresis is predicted with properties similar
to the experiments. Upon increasing the pulse amplitude �p
the system always unjams above a threshold that is signifi-
cantly larger than that obtained for jamming upon decreasing
�p. On the decreasing branch there is generally no new flu-
idization event once a jammed state has been reached. How-
ever the decreasing branch displays important variability and
some intermittency is observed on the increasing branch. A
typical example of a single hysteresis cycle is displayed in the
inset of Fig. 8(b) for pulse amplitudes up to 1.2 MPa, steps of
0.03 MPa and N = 25 pulses per step where �p is kept con-
stant. The hysteresis cycle obtained by averaging 100 di↵er-
ent realizations of the model is displayed in the main panel of
Fig. 8(b). This last figure shows that despite important vari-
ability in the cycles there exists a clear hysteresis and typical
values for jamming and unjamming thresholds are consistent
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Fig. 8 (a) Typical example of intermittency obtained in the model
over 1,000 successive pulses. The model parameters are �p =
0.8 MPa, ⌃0 = 0.525 MPa, ! = 0.15 MPa, �f = 0.02 and �j = 0.2.
(b) Hysteresis cycle averaged over 100 realizations of the model. In-
set: Typical example of hysteresis cycle obtained in a single realiza-
tion of the model with the cycling protocol. Same parameters as in
(a).

with the boundaries of the intermittent regime obtained in the
experiments. We note however that the number of pulses over
which the system remains (un)jammed is much larger in sin-
gle realizations of our model (typically hundreds of pulses)
than in experiments and simulations (typically tens of pulses).
More intermittent signals can be obtained by tuning the pa-
rameters of the model but the corresponding cycling protocols
no longer provide clear hysteresis branches and rather remain
strongly intermittent throughout the intermediate regime.

When �
f

or �
j

is increased while keeping P(⌃) and N con-
stant, i.e. when lowering the e↵ective temperatures, the �(P)
curves and the hysteresis cycles are observed to shift towards
larger �p values but their shapes are roughly conserved. On
the other hand, when �

f

or �
j

is decreased, the curves shift
to smaller �p and the hysteresis eventually disappears. This
is expected as larger (smaller resp.) stresses are required to
unjam the system for lower (higher resp.) e↵ective tempera-
tures. When the number of pulses per step N is increased in
the cycling protocol with �f = 0.02 and �j = 0.2, the hystere-
sis cycle keeps roughly the same amplitude but shifts to larger
�p, most likely because the probability of getting trapped in a
deep energy minimum largely exceeds that of being fluidized
again.

Finally the hysteresis cycle inferred from the model is much

smoother and more symmetric than the experimental and nu-
merical ones [compare Fig. 8(b) and Fig. 5]. This is due
to the fact that Fig. 8(b) results from an average over inde-
pendent realizations that are intrinsically symmetric, jumping
from 0 to 1, as the material can only be either fully jammed
or fully fluidized in the model. In the experiments and simu-
lations however, only part of the system may be jammed or
fluidized and local heterogeneities can be highly correlated
through avalanches or long-range force chains. Capturing the
asymmetry of the hysteresis certainly requires to include such
local e↵ects in the model.

4.3 Comparison with previous studies

Classical methods for perturbing grain assemblies include
shear43–46, vertical vibrations47–49, thermal cycling40 and in-
jection/suction of an interstitial fluid50–52. They all involve
a global driving of the material at the scale of the container.
So far unjamming a granular packing locally had only been
achieved through intrusive methods, e.g. by moving an in-
truder or by blowing a fluid through a granular material53–58.
Here we have shown that HIFU can remotely induce local flu-
idization through acoustic radiation pressure, in contrast with
previous ultrasonic studies on granular packings that reported
much weaker e↵ects25,26.

Moreover this fluidization mode displays intermittency and
hysteresis, two distinctive features that are commonly encoun-
tered in the physics of granular materials. For instance, ex-
periments in a rotating drum have shown both features in
avalanching behavior along the grain surface59–61. Hysteresis
is also typical of the compaction kinetics of a granular column
under vertical tapping62,63 and of fluidization in tapered gran-
ular beds53. In the latter case hysteresis was attributed to the
formation of a fluidized cavity at the bottom of the bed which
compresses the jammed region when the inlet flow velocity is
progressively ramped up. In the present acoustically-induced
fluidization however, energy is injected discontinuously into
the granular packing and the system is given enough time to
come to full rest and to relax possible density heterogeneities
between two pulses, so that a similar mechanism is unlikely to
explain hysteresis. To build a proper comparison with previ-
ous works on fluidized beds, future HIFU experiments should
focus on a continuous insonification of granular packings by
using transducers that can sustain high power levels on dura-
tions much longer than 1 s without overheating.

Finally we note that arguments similar to those expressed
in the heuristic model of Sect. 4.2 have already been used in
the context of granular materials by20,64. There, activated pro-
cessed were invoked to describe the logarithmic strengthening
of granular materials under continuous shear.
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5 Open questions and conclusion

The present results open a number of questions regarding
(i) the state of the HIFU-induced fluidized state compared to
the jammed state, (ii) the possibility of long-range e↵ects sim-
ilar to those induced by steady shear in split-bottom cells46

and (iii) the physical interpretation of intermittency and hys-
teresis from microscopic approaches. Throughout this arti-
cle we have highlighted subtle –yet most probably physically
relevant– di↵erences between experimental and numerical re-
sults. For instance the fact that simulated hysteresis cycles
are smaller than in the experiments [see Fig. 5] hint at weaker
memory e↵ects. This would be consistent with the time series
of Figs. 4(a) and (b) where the experimental fluidized area A(t)
appears to remain correlated over a larger number of succes-
sive pulses than the simulated V(t). Together with the obser-
vation of di↵erent short-time transient responses in Figs. 3(d)
and (h), these discrepancies between experiments and simu-
lations point to the possible influence of the interactions be-
tween grains, of their surface roughness and/or of the intersti-
tial fluid on the fluidization characteristics and more specifi-
cally on its history-dependence. Since friction has been rec-
ognized to crucially influence the jamming of granular pack-
ings, whether static65,66, sheared21,22 or compressed23,24, it
can also be naturally expected to play a significant role in
HIFU-induced unjamming. Therefore addressing the above
issues calls for more work where the grain properties shall be
systematically varied.

To conclude HIFU appears as a useful, nonintrusive tool to
locally unjam granular packings. More generally it could be
further used to probe the physics of jamming in assemblies of
soft particles. By tuning the acoustic properties of both the
fluid and the grains so that radiation pressure still dominates
over streaming but with much less scattering, e.g. by using
packings of hydrogel particles in glycerol–water mixtures, we
can expect to target virtually any position within the bulk. This
should allow us to map the local susceptibility of the pack-
ing in three dimensions and hence identify stronger/weaker
zones within the jammed material. Such heterogeneities could
then be analyzed in terms of local correlation lengths as a
function of the initial packing fraction, in an e↵ort to ad-
dress the long-standing issue of diverging scales upon three-
dimensional jamming13,67. Finally, on the applicative side,
HIFU-induced unjamming could prove relevant for practical
situations where fluidizing granular sediments remotely and
locally is required, e.g. for unclogging or filtration problems.
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Supplementary movies†

Movie 1 presents the evolution of our granular packing dur-
ing a single high-intensity focused ultrasonic pulse of dura-
tion 0.5 s and pressure amplitude P = 1.2 MPa. Images are
recorded at 300 fps. The granular packing is first submitted
to two cycles of pulses with increasing then decreasing ampli-
tude in order to start from a reproducible initial state.

Movie 2 shows the results of image analysis from Movie 1
based on particle image velocimetry. Grains with an instan-
taneous velocity larger than 1.2 mm.s�1 are counted as “flu-
idized” and the corresponding PIV cells are colored in red.
This allows one to directly visualize the fluidized area Af on
the original images. The resulting Af (t) signal is shown as the
upper curve in Fig. 3(d).

Movie 3 displays the results of our DEM numerical simu-
lation for PDEM = 11. The packing is first prepared by letting
about 7,500 grains settle under gravity. Then a cut through
the middle of the cell is shown to emphasize the localized ef-
fect of ultrasound on the grains in the bulk. This simulation
corresponds to the topmost curve in Fig. 3(h).

Movie 4 shows the velocity field inferred from the DEM
simulation shown in Movie 3. Velocities are computed by
tracking the motion of the grains located within the middle
plane of the simulation box i.e. at x = 0.
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Fig. 1 (a) Schematics of the experimental setup. The pressure field emitted by the transducer is focused around the thin membrane that
constitutes the cell bottom and about 1 mm behind the wall of the cell facing the CCD camera (not shown). “PC” stands for computer, “LFG”
for low frequency generator and “PA” for power amplifier. (b) Pressure measurements in the absence of the experimental cell: (top) P(x,y,0)
across the horizontal focal plane at z = 0 and P(0,y,z) along the vertical plane at x = 0 and (bottom) P(x,0,0) and P(0,0,z) normalized by the
pressure Pmax measured at the focal point. The red solid lines in the bottom left and right panels correspond respectively to Eqs. (1) and (2) with
no adjustable parameter. (c) Pressure measurements in the presence of grains: (top) P(x,y,z0) across a horizontal plane located at z0 ' 1 mm,
just above a couple of grain layers and (bottom) P(x,0,z0) normalized by the pressure Pmax measured at the focal point in the absence of grains.
The color scales correspond to the acoustic intensity in decibels relative to Pmax, i.e. to 20log(P/Pmax).

acoustic radiation pressure due to the acoustic impedance con-
trast between the particles and the surrounding fluid30,31 and
(ii) acoustic streaming, i.e. the flow of the suspending fluid it-
self due to the absorption of the acoustic wave during its prop-
agation33,34.

Acoustic radiation pressure results from a momentum trans-
fer caused by reflexion and refraction of an acoustic wave on
an obstacle. In the case of a plane obstacle of density ⇢o, sound
speed co and acoustic impedance Zo = ⇢oco, submitted to a
constant, uniform acoustic beam of pressure amplitude P and
denoting by cf the sound speed in the surrounding fluid, ⇢f
its density and Zf = ⇢fcf its acoustic impedance, the acoustic
radiation pressure reads35:

⇧rad =

2
6666641+

 
Zf�Zo

Zf+Zo

!2

� cf

co

4ZfZo

(Zf+Zo)2

3
777775

P

2

2⇢fc
2
f
. (3)

Although it only applies for a plane obstacle in a uniform
acoustic beam, we can use Eq. (3) to estimate the acoustic ra-
diation force on a sphere of radius r = d/2 along the acoustic
propagation axis as Frad ⇠ ⇧rad⇡r2. With ⇢o = 2.5103 kg m�3,
co = 5,600 m s�1 for glass and ⇢f = 103 kg m�3 and cf =
1,500 m s�1 for water and taking d = 0.6 mm and P = 1 MPa,
we find frad ' 10�4 N i.e. frad ' 35mg with mg the average
grain weight. This estimate is however obviously very crude
as, in our case, (i) the sphere has a diameter comparable to the

acoustic wavelength and (ii) the acoustic field is strongly fo-
cused over a few acoustic wavelengths. Therefore one has to
take into account the exact forms of both the acoustic field ra-
diated by the sphere and the focused incident beam. This more
general case of a small elastic sphere in a focused beam has
been worked out in31. Beside the longitudinal wave velocity,
it involves the velocity c

s

of shear waves within the obstacle
(c

s

= 3,800 m s�1 for glass). Implementing the full compu-
tation in our experimental conditions leads to frad ' 3mg for
P = 1 MPa.

Nonlinear acoustic propagation also induces attenuation
which results in momentum transfer from the acoustic wave to
the fluid and hence in a flow field with velocity~vs

33. Modeling
the acoustic beam around the spherical obstacle as a cylinder
of radius `

x

and length `
z

, the magnitude of ~vs at focus can be
estimated as34,36:

vs =
!2`2

x

2⇢2
f c

5
f
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q
4`2
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z
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z

1
CCCCCCCCCCA
P

2 , (4)

where ! = 2⇡ f is the wave pulsation and ⌘ and ⇣ are the dy-
namic and bulk viscosities of the fluid respectively. This phe-
nomenon is referred to as “acoustic streaming.” For our exper-
iment at f = 5 MHz in water, with `

x

= 0.3 mm and `
z

= 2 mm,
we find a typical streaming velocity of vs ' 2 cm s�1 for
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Fig. 3 (a,b,c) Pictures of the granular packing highlighting (in red) the total area fluidized during one pulse of amplitude for P = 0.27, 0.81
and 1.2 MPa respectively and (d) fluidized area Af versus time t for the same amplitudes from bottom to top. (e,f,g) Simulated velocity fields
in the focal plane averaged over the whole pulse duration for PDEM = 4.4, 9.5 and 11 respectively. The red lines surround fluidized regions.
(h) Fluidized volume Vf (t) in DEM simulations for the same amplitudes from bottom to top. Vtot is the total volume occupied by the grains and
t is made dimensional so as to match the experimental time. A grain is counted in V

f

if its displacement between two successive time steps
exceeds d/100. See also Movies in the ESI.†

“fluidized area” Af as a function of time [see Fig. 3(d) and
Movie 2 in the ESI†]. At low amplitude (P = 0.27MPa), the
acoustic radiation force is too small to induce rearrangements
and the packing always remains in a jammed state. For an in-
termediate amplitude (P = 0.81MPa), close to the unjamming
threshold, a few rearrangements occur at the beginning of the
pulse but the pile quickly reaches a new jammed state. Finally,
when P is further increased (P = 1.2MPa), acoustic radiation
forces induce a global yet erratic motion of the grains around
the focal spot.

A similar unjamming behavior is observed in DEM simu-
lations for the “fluidized volume” Vf occupied by grains with
noticeable velocity [see Fig. 3(e,f,g)]. As shown in Fig. 3(h)
however, the simulated Vf (t) signals display large peaks right
after ultrasound is turned on and o↵. This indicates that the
grains are first pushed upwards creating a small depleted zone
at the focal point and then settle back after the end of the pulse
(see Movies 3 and 4 in the ESI†). This phenomenon is much
less pronounced in experiments and may be due to the absence
of interstitial fluid in the simulations. In any case Fig. 3 clearly
shows that HIFU can unjam a granular packing and set it into
motion remotely and locally. This constitutes our first impor-
tant result.

3.2 Intermittency

In order to better probe the dynamics close to the unjamming
threshold, we now submit the packing to long series of up to
N = 1,500 pulses of constant amplitude P and duration 0.5 s,
separated by rest periods of 1.5 s, and we measure the total

area A fluidized during each pulse. For low values of P the
pile is never fluidized whereas at higher P every pulse induces
motions in the pile. Remarkably, in the intermediate regime,
the packing unjams intermittently from one pulse to another as
illustrated in Fig. 4(a). The simulated dynamics also show that
for a given intermediate value of the amplitude, some pulses
induce large-scale recirculations whereas others only trigger
limited motion of individual grains which settle back to the
same position after the pulse [see Fig. 4(b)].

From such data we extract the fraction � of pulses that in-
duce unjamming. To discriminate between unjammed and
jammed states, a noise level (due to image acquisition and
processing rather than to physical causes) was extracted from
images recorded without ultrasound. A pulse is counted as in-
ducing unjamming when A exceeds twice the noise level [see
dotted line in Fig. 4(a)]. Similarly, in DEM simulations, a
pulse is counted in � if more than two grains move by a dis-
tance larger than their diameter between their positions at rest
before and after the pulse. The resulting � vs P curves are dis-
played in Fig. 4(c). Experiments and DEM simulations show
remarkably similar trends that are both well captured by the
simple model introduced below in Sect. 4.2.

3.3 Hysteresis

We finally sweep the pulse amplitude P successively upwards
and downwards by steps of N = 25 pulses where P is kept
constant. Here again each pulse lasts 0.5 s and the packing
is left at rest for 1.5 s between two pulses. For each step at
fixed P, the fluidized area A is averaged over the N pulses
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(a)

Fig. 6 (a) Typical state of the simulated packing at rest between two
pulses in the unjamming regime (PDEM = 11) and across the focal
plane x = 0. Red lines show the force chains network with a thick-
ness proportional to the local normal force. (b) Map of the average
pressure h⇧(r,np)i, defined as the trace of the local stress tensor and
coded in linear color levels, for PDEM = 11. Black lines are average
streamlines of the principal direction of the stress tensor. Averages
are taken over x and over 200 packings at rest.

tion events is undistinguishable from that taken over packings
that remain jammed. Such a similarity between the packing
states is confirmed by computing the correlation coe�cient C
between two successive pressure maps at rest, defined as

C(np) =
h⇧̃(r,np)⇧̃(r,np+1)i

q
h⇧̃2(r,np)i

q
h⇧̃2(r,np+1)i

, (7)

where ⇧̃(r,np) = ⇧(r,np)�h⇧(r,np)i and the average is taken
over all points r. One expects C ' 1 for two identical suc-
cessive packings and the more successive packings di↵er, the
smaller the values of C. In the intermittent regime, C takes val-
ues intermediate between the jammed and fluidized cases [see
Fig. 7(b)], while one would expect it to jump from one case to
another if the two packing states at rest were structurally very
di↵erent.

Similar results are obtained when only a small region
around the focal spot is considered or when using other stan-
dard structural observables including the local number of con-
tacts, the principal direction of the stress tensor, its anisotropy
and force histograms. This implies that, at least for the sim-
ulated dry grains, it is very di�cult to predict whether the
system will unjam or not based on static features alone. Yet,
looking more closely at C(np), one notices that the correla-
tion coe�cient is slightly smaller for pulses that induce un-
jamming [red points in Fig. 7(b), hCi = 0.873± 0.017] than
for pulses for which the packing remains jammed [blue points
in Fig. 7(b), hCi = 0.921± 0.035]. This subtle di↵erence be-
tween the two groups of pulses can also be evidenced by in-
vestigating the statistics of the pressure increments from one
pulse to the next one, �⇧(r,np) = ⇧(r,np+1) �⇧(r,np). As

shown in Fig. 7(c), the distribution of �⇧(r,np) slightly de-
pends on whether pulse number np has induced unjamming or
not. When grains remain in a jammed state, the average and
standard deviation of the increments are respectively +0.196
and 28.8, while one gets �0.218 and 36.0 when fluidization
occurs. This means that the local pressure tends to increase
when the system remains in the jammed state (i.e. the packing
is consolidated by successive pulses) while fluidization leads
on average to smaller pressure levels yet with larger spatial
variations (i.e. increased disorder). We also note that in the
intermittent regime, the probability density function of �⇧ dis-
plays exponential tails that lie between the fully jammed and
unjammed cases which respectively display tails that are close
to power-law and Gaussian distributions. These features cer-
tainly deserve more attention and should be addressed in fu-
ture work as they could provide some hints on the mechanisms
by which the previous history of the packing is encoded into
its structure at rest.

4.2 Simple two-state model

The above analysis of the simulation results suggests that un-
jamming depends on dynamical phenomena that occur when
the localized force is applied and somehow a↵ect the sub-
sequent structure and history-dependent response in a subtle
way. Based on this observation we propose a minimal heuris-
tic model that relies on assumptions reminiscent of trap mod-
els41 and of the Soft Glassy Rheology (SGR) model42. The
state of the pile is described by an internal stress ⌃ represent-
ing its ability to resist shear and randomly taken with a Gaus-
sian distribution of mean ⌃0 and standard deviation !:

P(⌃) =
1p
⇡!

exp
2
666664�

 
⌃�⌃0

!

!23777775. (8)

Acoustic pulses are characterized by a stress �p that can
possibly be changed in time. We consider only two behav-
iors of the granular packing when submitted to an ultrasonic
pulse: either it is fluidized or it remains jammed. The history
of the packing response to successive pulses is thus given by
a sequence (m

i

)
i2N with values in {0,1} indicating the state of

the packing: if the i

th pulse (corresponding to a stress �p,i)
fluidizes the pile then m

i

= 1 while m

i

= 0 if the pile remains
jammed.

At step i the following procedure is applied:

• if ⌃
i�1 <�p,i the pile is fluidized: we set m

i

= 1 and a new
internal stress ⌃

i

is taken from the Gaussian distribution
[Eq. (8)].

• otherwise the pulse alone is not strong enough to over-
come the internal stress. Nonetheless it still induces me-
chanical fluctuations in the pile that could allow for flu-
idization. Following the SGR model42, we consider an
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