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Physical and chemical transformation processes in reactive granular media involve the reorganiza-
tion of the structure. In this paper, we study experimentally the rearrangements of a two-dimensional
(2D) granular packing undergoing a localized transformation. We track the position and evolution
of all the disks that constitute the granular packing when either a large intruder shrinks in size or is
pulled out of the granular structure. In the two situations the displacements at long time are similar
to 2D quasistatic silo flows whereas the short-time dynamic is heterogeneous in both space and time.
We observe an avalanchelike behavior with power-law distributed events uncorrelated in time. In
addition, the instantaneous evolutions of the local solid fraction exhibit self-similar distributions.
The averages and the standard deviations of the solid fraction variations can be rescaled, suggesting
a single mechanism of rearrangement.

I. INTRODUCTION

Sintering, glass melting and other industrially relevant
processes turn large assemblies of grains into homoge-
neous final products. Such processes are often complex
as they can involve both chemical and physical transfor-
mations of the granular packing leading to the rearrange-
ment of the structure of the material. For instance, di-
latations of the material and phase transitions affect the
volume of the particles [1, 2]. Consequently, the shapes
of particles are modified [3] as well as their flowing prop-
erties through a lubrication film [4] or the formation of
capillary bridges [5]. In addition, chemical reactions can
also modify the surface and nature of each individual
grain [6]. These different phenomena occur at the same
time and lead to the final homogeneous product through
complex paths. Modeling the behavior of such systems
involves different fields of research. Typically, mechan-
ics and statistical physics are used to predict the behav-
ior of granular assemblies under flow, rearrangements or
perturbations [7]. The rich behavior of granular media
has led to extensive studies considering their rheology [8],
the criteria of mechanical stability [9], and the properties
of wet granular assemblies [10]. Other fields of research
have been considered to characterize a granular assembly
in more complex situations. For instance, the behavior
of reactive powders is modeled in chemical engineering
[11] and rock transformations have been characterized in
geology by focusing on thermodynamics of reactions [12].

However, despite these different approaches, the reor-
ganization of a granular assembly at short time scales re-
mains poorly understood. In particular, few studies have
considered a granular medium whose particles are un-
dergoing reactive transformations. Some recent studies
have characterized the rearrangement of a reactive gran-
ular packing, often icy particles than can melt [1, 13], but
experimental investigations remain rare, likely because of
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the difficulties in monitoring the location of the individ-
ual grains as well as their properties. Therefore, most
studies have focused on granular flows around a unique
intruder using mechanical [14–16], rheological [17], or
purely kinematic approaches [18, 19]. In addition, these
different studies were often performed using an intruder
penetrating the granular packing. Flows of granular ma-
terials induced by gravity in silos and hoppers were also
largely considered [20] and mainly deal with mean field
flows of the granular material over a long time. But such
flows induce significant reorganizations of the granular
packing leading to jamming problems [21, 22]. Similar
silo problems have been considered in mining applications
where grains are also extracted from a bottom orifice un-
der gravity at very low flow rate [23, 24]. However, all
these studies only characterized and modeled the mean
displacement fields of the granular assembly but did not
characterize the instantaneous response of the packing
and the distribution of the size of events during the flow-
ing process. The rearrangements at small time scales and
length scales remain poorly explored although they can
govern the evolution of a reactive granular packing.

In this paper, we experimentally investigate the qua-
sistatic response of a two-dimensional (2D) granular as-
sembly undergoing a localized transformation. We model
the transformation using two methods: (i) with a single
large grain that shrinks in size and (ii) with the slow ex-
traction of a large intruder in the granular assembly. The
position of each grain during the rearrangement process
is accurately characterized. This method also allows us
to observe the rearrangements of the granular assembly
over large spatial and time scales. We thus quantify the
typical amplitude of a rearrangement - the fraction of the
granular assembly that is involved in the localized trans-
formation. We also determine how the granular structure
is modified during the reorganization. We present our
experimental methods in Sec. II. We qualitatively de-
scribe the long-term displacements using a melting grain
and a mechanical intruder in Sec. III. We then rely on
the experiments performed with a mechanical intruder to
characterize the statistics of reorganization events. These
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FIG. 1. (a) Picture of the experimental setup showing the
mechanical intruder and the 2D packing. (b) Zoom on the in-
truder used in the mechanical-intruder experiment and on (c)
the initial DMSO disk used in the melting block experiment.
Pictures in both (b) and (c) are 6.5 cm wide.

quantitative results are reported in Sec. IV where we
describe the reorganization process in term of both the
dynamics of displacements and instantaneous structural
evolutions. Finally, the results are discussed in Sec. V.

II. EXPERIMENTS

The reorganization of a granular medium around a lo-
calized transformation is studied using a two-dimensional
system, shown in Figs. 1(a)-(c), which allows us to track
the time evolution of the position of each individual grain.
We consider two types of localized transformation: the
shrinkage of a large grain and the extraction of a large
intruder. The first method is called the melting block
experiment and the second one the mechanical-intruder
experiment. In both cases, we use a two-dimensional cell
made of two parallel glass plates (30 cm high and 30 cm
wide for the melting block experiment or 60 cm wide for
the mechanical-intruder experiment) separated by a gap
of 3.1 mm. The cell is filled with 5000 or 3000 (depend-
ing on the width of the cell) bidisperse rigid disks 4 and
5 mm in diameter (proportion 10:7) to avoid crystalliza-
tion. In the following all lengths are expressed in terms
of the diameter of smallest grains, dg = 4 mm.

In a melting block experiment, a pure dimethylsulfox-
ide (DMSO) disk 40 mm in diameter (10 dg) and 3 mm
thick is placed at the bottom of the granular assembly
and surrounded by inert metal disks [Fig. 1(c)]. To pre-
vent the formation of capillary bridges during the melt-
ing process and to provide a better thermal homogeneity,
the entire granular packing is immersed into a mixture
of DMSO and water (20% v/v) initially thermalized at
−5 oC. The melting point of the DMSO is 18.5 oC; there-
fore, the reactive grain slowly melts while the system
warms up to room temperature, leading to the reorga-
nization process. Hydrodynamic interactions are present
but they remain negligible compared to the weight of the
disks since the density of the metal disk is ρg = 8 g cm−3

and the dynamic viscosity of the water/DMSO mixture

is ηmixture ≈ 8 mPa s. The typical time scale of the melt-
ing of the DMSO disk is about 40 min, which ensures a
quasistatic evolution of the surrounding granular assem-
bly. However, the control of these experiments is very
sensitive as some heterogeneities can be present in the
DMSO disk leading to variations in the melting process.
In addition, this method, although the closest to a reac-
tive transformation, makes it difficult to conduct a large
quantity of experiments. To overcome the challenges, we
use an alternative method, the mechanical-intruder ex-
periment, that also produces a quasistatic reorganization
of the granular assembly.

In a mechanical-intruder experiment, a semicircular
metallic intruder 40 mm in diameter (10 dg) and 3 mm
thick is inserted at the bottom of the cell and is sur-
rounded by inert disks [Figs. 1(a) and 1(b)]. To mimic a
decrease of volume similar to the melting grain, the in-
truder is slowly pulled down out of the cell at a constant
speed of 0.05 mm s−1 using a linear translation stage.
Similarly to the melting block experiment, the granular
assembly follows a quasistatic evolution. In this situa-
tion, the granular packing remains perfectly dry in con-
trast with the melting block experiment so that grains
only interact through friction.

In both situations, the experimental protocol is the
following. First, the inert grains are mixed and horizon-
tally inserted in the 2D cell at the same moment as the
intruder to ensure that no preloading forces are exerted
close to the intruder which could lead to an inhomogene-
ity in the packing. The method ensures that the granular
packing forms a dense and disordered assembly at the
beginning of the experiment. Metallic weights are also
set horizontally. Then, the cell is tilted into a vertical
position so that the system is driven by gravity. Metal-
lic weights at the top ensure a uniform load all along
the top of the granular assembly throughout the experi-
ment. Because of the low friction forces compared to the
weight of the disks, the granular packing instantaneously
reaches an initial stable state. Therefore, the rearrange-
ments that may appear at the beginning of an experiment
are not due to initial fragile states. Finally, depending
on the experiment, the intruder is attached to the linear
translation stage and then pulled down or the packing is
immersed in the mixture mentioned above and the disk
starts to melt, which defines the time t = 0 in our ex-
periments. A light-emitting diode panel is set behind the
granular assembly and a high-resolution camera (Nikon
D7000) records the time evolution of the packing at time
intervals δt = 10 s for the melting block experiment and
δt = 5 s for the mechanical-intruder experiment with a
resolution of 4928 × 3264 pixels. For the mechanical in-
truder, the vertical displacement of the intruder between
two snapshots is equal to 0.25 mm = dg/16. The pictures
recorded during the experiments are processed with a
segmentation protocol [25] to obtain a subpixel accuracy
(inferior to 33µm) of the position of the disks. Then,
tracking techniques are used to measure the short-term
and long-term displacements. We have also performed
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tessellation methods to analyze the structural evolutions
at different spatial scales. It is worth noting that the
length scale of both the translation of the mechanical in-
truder and the shrinking intruder between two snapshots
is far above the resolution of the image processing. To
obtain reliable statistics and compare the two situations,
we have performed 20 times the melting block experiment
and 100 times the mechanical-intruder experiment.

We first present the phenomenological behavior ob-
served in the experiments. As the intruder is melting
or as it is being pulled down, we observe that the re-
sponse of the granular packing is heterogeneous in space
and time. For instance, although some reorganization
events involve only few grains, large events mobilize al-
most the entire granular packing. In addition, the tra-
jectories of some grains can be relatively steady in time
whereas strongly intermittent behavior can be found else-
where in the packing. Moreover, local structural varia-
tions, i.e., grain density, can be observed through com-
pacting and dilating zones that are not necessarily close
to the intruder.

III. LONG TERM DISPLACEMENTS

We first analyze the long-term displacements and com-
pare the two methodologies. The long-term vertical dis-
placements inside the packing (predominant to horizontal
ones due to gravity) are shown in Fig. 2(a) for the melting
block and Fig. 2(b) for the mechanical intruder. These re-
sults are obtained by averaging the total vertical displace-
ment fields over each set of experiments. As the main re-
organization effects are induced by gravity, static zones
are observed below the intruder and we thus choose to set
the intruders at the bottom of the cell. Both vertical dis-
placement fields share strong qualitative similarities even
if the amplitudes are different. Indeed, in a melting block
experiment, because of the quasiradial shrinking of the
intruder, the maximum vertical displacement is limited
to 6.6 dg instead of 10 dg that is the intruder’s stroke in
a mechanical-intruder experiment. However, normaliz-
ing the amplitude of the displacements by the maximum
amplitude leads to a collapse of both experiments as de-
picted in Fig. 2(c) along the vertical axis at x = 0. As
a consequence long range displacements are qualitatively
equivalent for both experiments and the mechanical in-
truder is a good method to characterize the displacement
due to a shrinking grain although the amplitudes of some
radial components are reduced.

In addition, the two displacement fields present sim-
ilarities with velocity profiles obtained in bidimensional
silos when a hole replaces the intruder. However in this
study, the amplitude of displacements of the grains is
limited by the shape and the geometrical evolution of
the intruder and not by free fall dynamics as observed in
silos. Our setups are indeed closer to experiments per-
formed for block caving applications [24]. In that study,
the authors suggest an analytical formulation for the ver-

tical displacement field in 2D quasistatic silolike systems:

δ(x, y) = −δ0
2

[
erf

(
x+R√

4Dpy

)
− erf

(
x−R√

4Dpy

)]
, (1)

where x and y are the horizontal and vertical coordinates,
respectively; δ0 is the vertical displacement at the aper-
ture, R is the half width of the aperture; and finally Dp

is the diffusion coefficient that links the vertical to hori-
zontal displacements. For the calculation, R is set equal
to 20 mm, the radius of the intruder, and δ0 to the maxi-
mum displacement at the edge of the intruder. The only
fitting parameter is Dp. In our case, this parameter is
found to be close to 6 dg for both systems. The diffusion
coefficient Dp shows large discrepancies in the literature
and is usually closer to dg [20], and eventual dependence
on the system parameters is not described. For instance,
the geometry of the intruder could play a role. Vertical
displacements experimentally found along several hori-
zontal axes are compared to the Eq. (1) in Fig. 2(d) for
the mechanical intruder. The agreement is again very
good for the shrinking intruder as soon as δ0 is prop-
erly set. In summary, these similarities imply a silolike
behavior of our experiments for long-term displacements
but give no information on the short-term dynamic. In
the next section, we focus on the instantaneous responses
of the granular packing.

IV. SHORT-TERM DISPLACEMENTS

Because of several experimental limitations mentioned
in Sec. II, melting block experiments are not conducive
to reliable statistics. Besides, as the size of the intruder
is evolving in time, the response of the granular medium
is time-dependent and the averaged displacements de-
crease with time (Fig. 3). Indeed, reducing the block
size below a few dg increases the probability for the sur-
rounding structure to jam. Therefore, instantaneous re-
sponses at different moments cannot be compared quan-
titatively. Therefore, we mostly analyzed the short-term
displacements using the mechanical-intruder experiment
and some qualitative comparisons are established with
the melting block experiment.

A. Avalanches

The instantaneous response of the granular packing is
analyzed for the mechanical-intruder experiment. An
avalanche of size NA is defined as the number of disks
that have an absolute displacement larger than the dis-
placement of the intruder between two consecutive snap-
shots (dg/16). No phenomenological differences on dis-
placements have been found between the beginning and
the end of a mechanical-intruder experiment as shown
by the dimensionless mean displacement 〈h〉 averaged
over all disks between two consecutive snapshots with
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FIG. 2. Vertical displacement field between the initial and the final state for (a) the melting block setup (averaged over 20
experiments) and (b) the mechanical-intruder setup (averaged over 100 experiments). (c) Vertical normalized displacement
field obtained at x=0 for the melting block (brown crosses) and mechanical-intruder (green circles) experiments. (d) Horizontal
normalized displacement field extracted at y= 2.7, 13.6, 27.1 for the mechanical-intruder experiments. In (d) the dotted line
corresponds to the equation for 2D quasistatic silos [26].

FIG. 3. Evolution of the dimensionless mean displacement
〈h〉 averaged over all disks as a function of the normalized
time t/tmax for the melting block (blue triangles) and the
mechanical-intruder (orange circles) experiments. Note that
the typical standard deviation on each orange circle is equal
to 4.6× 10−3.

respect to the normalized time in Fig. 3. Consequently,
the avalanche sizes for the 100 mechanical-intruder ex-
periments have been gathered on a single distribution in
Fig. 4. The distribution spans over three decades, up to
large ones involving about one third of the total number
of disks. This distribution is characteristic of the length
scales and the granular nature of the system. First, there
is a nonzero probability to have NA = 0 that can be as-
similated to quasijamming events even for an intruder as
wide as 10 dg. Quasijamming events cannot be assimi-
lated to purely jamming events because the amplitudes of

FIG. 4. Probability density function of the avalanche sizes for
16000 events with the mechanical intruder. The frequency
distribution has a slope of -2.5 and the dotted vertical line
corresponds to the number of disks in contact with the top of
the intruder. The blue region shows the events used for the
analysis performed in Fig. 5.

displacements are never strictly null all over the packing.
Second, the most frequent avalanche size corresponds to
the mean number of disks in contact with the intruder
as shown by the dotted vertical line in Fig. 4. Most of
the time, only disks touching the intruder are involved
in the avalanche and the perturbation induced by the
intruder is damped by frictions or geometrical frustra-
tions over grains. Third, largest events are distributed
following a power law. This behavior is characteristic of
processes ruled by scale invariance like snow avalanches
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FIG. 5. Probability density function associated with the wait-
ing durations between two events (only events with NA ≥ 30
are considered) normalized by the time step ∆t = 5 s for the
mechanical-intruder experiments.

[27] and earthquakes [28]. Note that this property is
independent of the threshold used to define avalanches.
For the system size and the chosen threshold, a slope
of the power-law equal to −2.5 captures the behavior of
the large events. Although slightly different, this result
is qualitatively consistent with other avalanche like sys-
tems, in which the slope of the probability of occurrence
of largest events is usually found between −1 and −2
[29–31].

In avalanche like systems, the predictability of largest
events is a crucial point [29]. The distribution of the
waiting times between two large events is shown in Fig. 5.
Here, the largest avalanches have been arbitrarily defined
as NA ≥ 30. This threshold has been chosen for being in
the power-law distribution of avalanche sizes and keep-
ing a good probability of occurrence (Fig. 4). Another
cutoff in the power law would provide the same quali-
tative results. For correlated events, a power-law distri-
bution of waiting times is expected [32]. However, the
largest avalanches exhibit an exponential decay as shown
in Fig. 5, with a characteristic time of occurrence τ of
five time steps for the threshold chosen (τ ∼ 5 δt):

p(tw) ∝ exp(−tw / τ) (2)

This exponential decay can be related to uncorrelated
events in time. For short waiting times, a steeper slope
is observed and can be attributed to time clustering of
avalanches. This corresponds to quasiconsecutive large
events assimilated to foreshocks and aftershocks even if
the sequence of events seems unpredictable [29].

To conclude, the short-term displacements share sim-
ilarities with avalanche like systems, i.e., power-law dis-
tributed events uncorrelated in time. In the following
part, the structural response is analyzed with respect to
the event amplitudes.

FIG. 6. Solid fraction variations at the grain scale following a
rearrangement event of 〈h〉 = 0.018 in a mechanical-intruder
experiment. The range of solid fraction variations has been
limited to−2×10−2 and 2×10−2. Being under the accuracy of
the measurement, grains with solid fraction variations smaller
than 6 × 10−3 appear in white. Darkest regions correspond
to largest amplitudes of solid fraction variations.

B. Structural evolution

Dynamical rearrangements entail microstructural reor-
ganizations at different spatial scales. In this part, the
evolution of the granular structure during an event is
discussed. To sort the events in order of increasing am-
plitudes in the rearrangement process, we measure the
mean displacement 〈h〉 averaged over all disks between
two consecutive snapshots, which is less arbitrary than
the avalanche size. Solid fractions at disk scales are mea-
sured using Voronoi tessellations [33]. Such a construc-
tion defines a unique spatial division that allocates a local
volume to each disk, thus defining the solid fraction at the
scale of disks. The local densities are tracked over time
and the corresponding local solid fraction variations are
then measured between two consecutive snapshots with
an accuracy of 6 × 10−3. The forthcoming analysis has
been performed on a subdomain, in restricted popula-
tions of grains, with different geometries to focus on rel-
evant data: the rectangular frame depicted in Fig. 2(a)
or the radial geometry in Fig. 6, for example.

A spatial view of the local solid fraction variations is
plotted in Fig. 6 for an event corresponding to 〈h〉 =
0.018. Significant amplitudes of compaction (δφ > 0)
and decompaction (δφ < 0) occur all over the system
and not only close to the intruder. This observation in-
dicates that the granular medium as a whole is involved
in the reorganization process even for a localized per-
turbation. Moreover, the regions undergoing compaction
and decompaction are not isolated, but rather intercon-
nected.

The probability density function of the local solid frac-
tion variations p(δφ) is displayed in Fig. 7 for three events
with different amplitudes (〈h1〉 = 0.014, 〈h2〉 = 0.031,
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FIG. 7. Probability density function of local solid frac-
tion variations for three events of different amplitudes in
mechanical-intruder experiments: 〈h1〉 = 0.014 (yellow
squares), 〈h2〉 = 0.031 (orange circles) and 〈h3〉 = 0.052
(brown triangles). Inset: Probability density function of
rescaled local solid fraction variations.

and 〈h3〉 = 0.052). These distributions are almost cen-
tered on δφ = 0 implying that most of the disks do
not undergo strong structural variations. Then, large
local compactions always go along with large local de-
compactions, which is consistent with Fig. 6. An expla-
nation could be that the packing needs to create voids
somewhere to unjam elsewhere. Finally as the amplitude
of events decreases, the local solid fraction variation dis-
tribution gets narrower. This result suggests that there
is a relation between the structural evolution and the
amplitude of events.

The same conclusions can be obtained in the melt-
ing block experiment, as shown in Fig. 8. We note that
the amplitudes of displacements are different because the
populations considered are not the same. Indeed, we se-
lect a smaller population of grains for the melting block
experiment due to the smaller size of cell and boundary
effects. However, the probability density functions of the
local solid fraction variations are quantitatively close for
similar amplitudes of displacements in both experiments.
We then conclude that the structural evolutions observed
in the mechanical-intruder experiment are very similar
to the ones observed in the melting block experiment. In
the following, we expand on the results obtained with the
mechanical intruder rather than on the ones of the too
sensitive experiment of the melting block.

In the following, statistical informations on the distri-
bution of the solid fraction variations [average 〈δφ〉 and
standard deviation σ(δφ)] is plotted with respect to the
mean displacements: the average 〈δφ〉 in Fig. 9(a) and
the standard deviation σ(δφ) in Fig. 9(b) respectively.
All events associated to the mechanical-intruder experi-
ments are plotted in this figure and so correspond to a

FIG. 8. Probability density functions associated to the vari-
ations of the local solid fractions for three different events
showing different mean displacements in melting block ex-
periments. The average variations of solid fractions are
〈δφ1〉 = −2 × 10−4 (yellow squares), 〈δφ2〉 = −10−4 (orange
triangles) and 〈δφ3〉 = 6× 10−4 (red circles).

reliable statistics of about 16 000 points. In Fig. 9, the
points are dense around small values of 〈h〉, in agree-
ment with Fig. 4, where small avalanches are very fre-
quent. The selected population of grains (the same as
in Fig. 6) shows higher mean displacements than in the
overall packing (Fig. 3). Looking at moving averages in
Fig. 9, several qualitative features can be deduced. First,
the average solid fraction variations close to zero corre-
spond to short-range mean displacements. Low values
of solid fraction variations are associated with small dis-
placements in the packing. Second, a high level of com-
pactions is associated with high average displacements.
To get denser, the medium starts from a looser state
that allows large amplitude displacements. Third, the
moving average of standard deviations monotonically in-
creases with 〈h〉. Since each distribution is mainly cen-
tered around zero, higher standard deviations necessar-
ily correspond to higher amplitudes of local solid fraction
variations and so wider distributions. Knowing the link
between event amplitudes and parameters of local solid
fraction variations distributions, we center and normal-
ize the previous distributions in the inset of Fig. 7 by
their average 〈δφ〉 and standard deviation σ(δφ). The
three curves collapse on the same distribution. There-
fore events with different amplitudes share a common re-
arrangement mechanism that leads to self-similar statis-
tics of solid fraction variations. This common rearrange-
ment mechanism is described by two parameters: 〈δφ〉,
the mean value of local solid fraction variations basically
being the outcome response, and σ(φ), the standard de-
viation of local solid fraction variations.

We ensured that this result does not depend on the po-
sition of disks. Indeed, the same analysis is performed for
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FIG. 9. (a) Mean value 〈δφ〉 and (b) standard deviations
σ(δφ) of local solid fraction variations as a function of the
mean displacements 〈h〉 in mechanical-intruder experiments.
White circles correspond to averaged values. In (b) the hashed
area corresponds to the limit of detection.

three populations of grains at different distances from the
intruder. Given the number of disks in each population,
the distribution of the solid fraction variation is mea-
sured over three experiments to obtain sufficient statis-
tics. These distributions are shown in Fig. 10 and colored
according to their vertical positions in the packing. Nor-
malized distributions also collapse (Fig. 11). Choosing a
different geometry or another location does not change
the conclusions supporting the universality of structural
rearrangements in a granular medium undergoing a lo-
calized transformation.

V. DISCUSSION

In this part, the underlying mechanism leading to these
distributions of local solid fraction variations is discussed.
The forms of the distributions can give clues about the
mechanism involved (e.g., [34]). In our study, the shapes
of the distributions are conserved independently of the
event amplitude. Those distributions are then fitted with
Gaussian and exponential curves on Fig. 11. A Gaussian
fit does not capture the tails on both sides of the solid
fraction variation distributions whereas exponential fit
does. Other studies on two-dimensional silo discharges
[35, 36] show similar probability density functions with

FIG. 10. Probability density functions of local solid fraction
variations in different regions on top of the intruder (see inset)
in mechanical-intruder experiments.

FIG. 11. Probability density functions of normalized distri-
butions of Fig. 10 in mechanical-intruder experiments. The
dashed line corresponds to a Gaussian fit over all the distri-
bution. The continuous lines correspond to exponential fits

calculated over values of δ̃φ in [-5,-1] and [1,5].

fat tails on relative displacement fluctuations as long as
mean displacements are lower than a particle diameter.
Interestingly, this threshold is found to set the transition
from a superdiffusive to a diffusive regime. Even if the
fluctuations of displacements and the variations of the
solid fraction at the grain scale are not strictly equiva-
lent, they still depict the same phenomenon: indeed a
small fluctuation of relative displacements induces a lo-
cal density variation. Such shapes are found in our study
for mean displacements 〈h〉 between 0.03 and 0.2 that
are consistent with the superdiffusive regime found in
both references. In addition, it is worth noting that the
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FIG. 12. Averaged local solid fraction variations in
mechanical-intruder experiments as a function of the corre-
sponding standard deviations using the data of Fig. 9.

previous references deal with flowing grains whereas we
analyze quasistatic experiments. Looking at the expo-
nential tails, we propose a scenario that can give some
explanations about the evolution of solid fraction vari-
ations. During an event, each disk has a given prob-
ability to reach a characteristic value of compaction or
decompaction. This value sets the range of solid fraction
variations and certainly depends on disk properties. But
during this process of reorganization, all the disks evolve
until they suddenly stop at a random time which does
not depend on either the elapsed time or the amplitude of
solid fraction variations reached. Such a scenario would
explain the tendencies observed in Fig 11. Indeed, expo-
nential tails on both sides indicate a memoryless process
for which a uniform and random process is involved.

In addition, structural variations of the packing are
found to be correlated to the amplitudes of displacements
as depicted in Fig. 9. Interestingly, in compaction exper-
iments [37], similar conclusions can be found linking the
amplitude of the shear perturbation to the amplitude of
compaction at the scale of the packing. Our results show
that only two parameters are needed to entirely describe
the probability density functions of local density varia-
tions during an event: the mean and the standard de-
viation of the solid fraction variations. Moreover, this
description could be done with only one parameter, since
σ(δφ) and 〈δφ〉 appear to be strongly correlated as illus-
trated in Fig. 12.

The circular geometries have been chosen to induce
radial solicitations and may promote the formation of
arches. It is worth noting that the mechanical-intruder
experiment does not fully reproduce the lateral influence
induced by a pure radial melting like in a melting block
experiment. However, because of the gravity, the ver-
tical motions remain predominant in the rearrangement

process, reducing the phenomenological differences be-
tween both experiments. Moreover, as depicted in Figs. 7
and 8, quantitative similarities are found between the
structural evolutions of the packing between both ex-
periments. However, some differences still remain. As
depicted in Fig. 3, the characteristic size of the melt-
ing block plays an important role in the reorganization
process. The probability to get large mean displacements
decreases with the intruder size, as observed in silos, since
the number of disks in contact with the block decreases.
In a mechanical-intruder experiment, the mean number
of disks in contact with the top disk-shaped region of the
intruder remains constant, so this effect does not appear.
In addition, the melting of a block within the granu-
lar structure remains intrinsically closer to real processes
than a mechanical intruder. But such experiments are
still too sensitive to get reliable statistics, that is why we
decided to expand our results on mechanical-intruder ex-
periments that are more accurate. Therefore, numerical
simulations could benefit this study to explore the pro-
cess of rearrangements with different dynamics of melting
or with higher numbers of melting grains with a better
repeatability.

In conclusion, we have studied experimentally the rear-
rangements of a granular medium undergoing a localized
transformation. Mainly driven by gravity, the granular
systems exhibit long-term displacements similar to those
from 2D quasistatic silos. In the mechanical-intruder ex-
periment, local instantaneous displacements are analyzed
statistically through the concept of avalanches whose
sizes range over three decades. The size distribution of
the largest events follows a power law, which is charac-
teristic of processes ruled by scale invariance. Moreover,
these large events are uncorrelated in time. Finally, all
events participating in the structural evolution of the sys-
tem share a common mechanism of rearrangements inde-
pendently of their amplitudes. It shows that only two pa-
rameters are necessary to fully describe these structural
reorganizations: the mean value that sets the outcome
response and the standard deviation. We propose that
the origin of the underlying mechanism is governed by a
homogeneous and random process.

Most industrial processes involve fully reactive pack-
ings. In this study, we only considered a localized trans-
formation due to a single intruder. Even for such a local-
ized perturbation, the granular packing exhibits a long-
range response that can involve almost all the packing.
Therefore, we expect that multiple and localized trans-
formations, such as a second intruder, may have a sig-
nificant influence on the packing and exhibit cooperative
effects [38].
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