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Transformation around intruders in granular media
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Abstract. Sintering, glass melting and other industrially relevant processes turn batches of grains into ho-
mogeneous products. Such processes involve coupled chemical and physical transformations of the granular
packing. For sake of simplicity, we study how local evolutions on grains (volume decreases for example) en-
tail mechanical rearrangements in the overall pile. Inert bidisperse metallic disks are mixed and confined in
a vertical 2D cell. At the bottom of this set-up, initial intruders (one or two) have been previously set and
mechanically linked to a linear motorized jack. While we quasi-statically pull the intruder(s) downward out of
the cell at constant speed and constant liberated surface, we tracked the surrounding granular packing. Events
largely distributed both spatially and temporally occur around intruders. We focus on the influence of the dis-
tance between the intruders on the local dynamic of the packing. We compare the distribution of the size of
the event and their frequency as function of the relative position of the intruder, as a function of their radius.
We show that their influence decreases rapidly. At short distance the mechanical perturbation induced by one
intruder can destabilize the packing around the other.

1 Introduction

Sintering, glass melting and other industrially relevant
processes turn batches of grains into homogeneous end-
products. Such processes lead to complex and mostly
misunderstood phenomena due to chemical and physi-
cal transformations occurring inside the granular packing.
Volume changes due to dilatation coefficients [1] or phase
transitions may obviously affect the particles [2]. Con-
sequently, the particle’s shapes of particles evolves [3] as
well as their contact properties through lubrication [4] or
formation of capillary bridges [5]. In addition, chemical
reactions also modify the surface and the 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 generally involve different fields of research. Typ-
ically, mechanics and statistical physics are used to predict
the behavior of granular assemblies under flow, rearrange-
ment or perturbation [7]. The rich behavior of granular
media has led to extensive studies considering their rhe-
ology [8], the criteria of mechanical stability [9] or the
properties of wet granular assemblies [10]. Other fields
of research has been considered to tackle such problems:
chemical engineering where the behavior of reactive pow-
ders is modeled [11] and geology where rock transforma-
tions have been characterized by focusing on thermody-
namics of reactions [12].

Some recent studies have characterized the rearrange-
ment of a reactive granular packing, often icy particles
than can melt [2, 13], but experimental investigations re-
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main rare, likely because of the difficulties in monitoring
the location of the individual grains as well as their prop-
erties. Therefore, most studies have focused on granu-
lar flows around an unique intruder using a mechanical
approach [14-16], rheological approach [17] or a purely
kinematic point of view [18, 19]. Besides, much attention
has been paid to the understanding of flows in silos and
hoppers [20] through the arching problem [21] or for min-
ing applications for which the grains are quasi-statically
extracted [22].

In this paper we present experimental results on the re-
sponse of bidimensional granular medium when two ini-
tial intruders are pulled out downward. These intruders
are analog of melting grains that will disappear progres-
sively. The 2D situation allows us to accurately charac-
terize the position of each grain during the rearrangement
process under gravity. We show that the behavior around
an intruder is influenced by the other depending on their
separation.

2 A bidimensional reactive pile

The reorganization of the granular medium around two in-
truders has been studied using a two-dimensional system
(Fig. 1). The vertical cell is made of two glass plates (30
cm height and 60 cm width), separated by a gap of 3.1 mm.
The cell is filled with 5000 bi-disperse metallic disks of
4 and 5 mm in diameter (proportion 10:7) to avoid crys-
tallization. In the following of this paper, each displace-
ment, each spatial coordinate and each length is expressed
in terms of the diameter of smallest grains d,. At the be-
ginning of the experiment, both metallic intruders (black
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Figure 1. Picture of the experimental setup showing the two
mechanical intruders in the 2D packing. The white dashed square
shows the typical area studied to measure the influence of the
distance s, which is 35 d,, on the picture.

round plates in Fig. 1) start to be extracted downward at a
constant velocity V of 0.05 mm.s~! involving a quasi-static
evolution of the surrounding media due to the weight of the
grains. We keep the same low velocity for all experiments.

During the experiment, we record the evolution of the
cell recording images each 5 s. We then measure precisely
the position of each grains, and identify their displacement
between successive images using a tracking algorithm. We
will change the distance s between the intruders, as well as
their width w, to measure their impact on the reorganiza-
tion of the media.

3 Results
3.1 Mean displacement field

We first maintain fixed the position of one intruder while
the other is moving down (toward negative values of y).
During this movement, we measure the average vertical
displacement of the grains on the horizontal line y = 1.
While the y coordinates of the grain is pointing upward,
the vertical displacement are generally in the negative di-
rection, so we always report their opposite values y. The
resulting curve is plotted twice in the figure 2a, each time
at the position of one intruder. Then we compare the ex-
perimental vertical displacement observed when the two
intruders are moving together at the same speed with the
superposition of the previous curves as if there were no
correlation (Fig. 2b), for two different initial positions of
the pair of intruders. In both cases, the agreement between
the black and the colored lines is fairly good, meaning that
for such separation (s = 17.5 d,; and 35 d,) the grains
around one intruder are weakly influenced by the other
intruder. On the contrary, for close intruders (Fig. 3a),
the mean displacement in the middle of the cell is larger
than the one expected from the simple superposition of
the displacements from single intruders (fig. 3b). This
result shows that at short distance, cooperation must be
expected between intruders: the destabilization above one
apex must propagate toward the grains around the other
intruder.
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Figure 2. (a) Superposition of two vertical displacements of the
grains along the axe y = 1, obtained from experiments with one
fixed intruder in the cell. Its width is w = 10 d, and we duplicated
the profiles at the place of the twin intruder for s = 17.5. (b)
Vertical displacements of the grains along the axe y = 1, when
pairs of intruders are moving for s = 17.5 d, (yellow dashed line)
and s = 35 d, (blue dashed line). The solid black lines are the
sum of the displacement obtained from a single intruder plotted
ina.
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Figure 3. Vertical displacement y between the first and the last
image of the grains. (a) Displacement field for two close and
narrow intruders of width w = 2.5 d,, separated by s = 5 d,,. (b)
Vertical displacements of the grains along the axe y = 1 for the
close narrow intruders (green dashed line). The solid black line
is the sum of the shifted displacements obtained from a single
narrow intruder.

3.2 Avalanche sizes

To quantify this influence, we first define the size of an
avalanche based on the displacement of the grains. Be-
tween two consecutive images, we count the number of
grains that move at least as much as the intruder. To fo-
cus on a relevant area, we restrict this analysis to grains
inside the white square of the figure 1, whose right bor-
der is aligned with the border of the left intruder. This
number N, defines the avalanche size. In the figure 4, we
plot the distribution of the avalanche size for different dis-
tance s between the two intruders. First, we observe that
the distribution for a single intruder is the asymptotic dis-
tribution when the distance increases between the pair of
intruders. Second, when the distance is shorter than 15
grain-diameters, the distributions start to deviate and the
maximum is shifting toward larger amplitudes, while the
probability to observe a size of 0 decreases strongly. This
means that the closer are the intruders, the less jammed
is the system. Finally, the probability of the large events
decreases as a power law with an exponent of —2.6.
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Figure 4. Avalanche size distributions in the white square of the
figure 1 for a pair of intruders of width 10 d,,. From the lightest
curve to the darkest curve, the distance s decreases. The case of
a single intruder is denoted by s = co.

3.3 Characteristic lengths

The data show that a critical length exists to observe a
notable influence of a near intruder on the distribution of
avalanche size. We measure this effect for different widths
of intruder. To compare the results, we plot only the mean
avalanche size of the distributions < N4 > as a function of
the shifted distance (§ = s — w) for all intruders in figure
5. The sizes for far intruders converges toward the mean
size obtained for a single intruder < N4 >(, as shown by
the horizontal lines in the inset of the figure 5, where the
typical evolution of the mean size with s is shown for a
simulation and an experiment. We then use this value to
normalize our data. The data collapse on a single master
curve except the experimental data for the narrower intrud-
ers. We can fit this curve by an exponential decrease of
characteristic length 4 d,. This results show that the desta-
bilization near an intruder propagates toward the other site
and may trigger an event if they are close enough. This
situation is similar to the case of the silo with multiple ori-
fices, where the flow through one outlet may unjam the
flow of the second outlet [23].

We also note that the very first points at small separa-
tion depart from the master curve. This effect is due to the
lack of space between the intruders. They behave like a
single larger intruder. The increase near the axis § = 0 is
then attributed to the increase of the effective size of the
intruder. Finally, the green triangle do not align with other
points. These points correspond to the narrowest experi-
mental intruder of 2.5 d,; in width. We did not identify the
origin of this difference since the simulation with the same
width collapses on the master curve. One explanation may
be that for such narrow intruder, the formation of stable
arches above the intruder is widely observed. These struc-
tures may be more stable in experiments due to friction
against the glass walls and lead to a different dynamic.
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Figure 5. Normalized mean avalanche size as a function of the
shifted distance (§ = s — w) for different widths of intruders w:
10 d,; (hexagon), 1.5 d, (¢), 5 d,; (O)and 2,5 d,; (o) for the simu-
lations and 10 d, (V) and 2,5 d,, (») for the experiments. Inset:
same data with the horizontal lines representing the measured
reference value < N4 >( in each cases.

4 Conclusion

We measured the behavior of a granular packing around
two intruders to mimic two reactive sites, both numerically
and experimentally. We have shown the influence of one
intruder on the other. The effect increases exponentially
when the distance between them decreases. The charac-
teristic length does not depend on the width of the intruder
but on the size of the grains in the system. We expect to
observe a larger influence if the two sites are not on the
same horizontal line, as it would be the case in a real re-
active packing. Further works will investigate the role of
a vertical gap between intruders and the role of the spatial
concentration of reactive sites.
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