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Sliding through a superlight granular medium
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We explore the penetration dynamics of an intruder in a granular medium composed of expanded polysty-
rene spherical particles. Three features distinguish our experiment from others studied so far in granular
physics: (a) the impact is horizontal, decoupling the effects of gravity and the drag force; (b) the density of the
intruder p; is up to 350 times larger than the density of the granular medium p,,; and (c) the way the intruder
moves through the material, sliding at the bottom of the column with small friction. Under these conditions we
find that the final penetration D scales with (p;/p,,) and the drag force F,; and D saturate with the height of the

granular bed.
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A projectile impacting against a granular medium exem-
plifies the interesting nature of granular matter. Whether the
projectile is an asteroid striking the crust of a planet [1,2] or
an object thrown against a granular bed in the laboratory
[3-16], once the intruder makes contact with the medium it
inevitably encounters a stopping force. It is the character of
this force that granular physics aims to understand. Fortu-
nately, although there are still unanswered questions, great
progress has been made. It is known, for instance, that the
energy of the impact determines the strength of the stopping
force [4] and also how the penetration depth scales with the
relevant variables of the collision [7,8]. It is known, as well,
that the continuous creation and collapse of jammed states,
within the trajectory of the intruder, explains the fluctuating
essence of the drag force [6,17-19]. If the system is con-
fined, as is normally the situation in experiments carried out
in the laboratory, the walls and bottom affect the penetration
dynamics [15,16,20]. In the case of intruders pulled through
granular systems the drag forces have a linear dependence
with depth although nonlinear components have been ob-
served [21]. All in all, the physical picture we have about
these phenomena seemed to be reasonably drawn. However,
all the previous experiments have been carried out with in-
truders and granular systems whose densities are of the same
order of magnitude. Even in the case of experiments in dry
quicksand [9-12], the density contrast between intruders and
grains is relatively small.

What would occur with the rheology of a granular me-
dium if, instead of reducing the packing fraction like in dry
quicksand, the density of the bed constituents is considerably
small? In this Rapid Communication we explore such a case:
the penetration dynamics of an intruder in a column com-
posed of expanded polystyrene beads. As far as we know,
these beads are much lighter than any other particles of simi-
lar size studied in granular physics. We study the horizontal
impact of an intruder at the bottom of a granular bed. We
measured drag forces and final penetrations and found that
both of them saturate as a function of the bed height in a
Janssen-like fashion. A third distinctive feature of this ex-
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periment is the way the intruder penetrates the medium. Nor-
mally, intruders are forced to move in granular materials at-
tached to rods, which perturb the system [21]. In our
experiments, the intruder moves by its own inertia sliding
with small friction on top of the first monolayer of the col-
umn.

Figure 1(a) shows a schematic view of the experimental
setup. It consists of a rectangular Plexiglas container whose
dimensions are 240 cm (length), 60 cm (height), and 20 cm
(wide). The first part of the container is a 110 cm ramp. The
ramp is smoothly connected, in its lower part, to the channel
that confines the particles. There is a wall at the middle of
the container that does not touch the base, leaving a gate
where a sliding object can eventually pass through, penetrat-
ing the column. The angle the ramp makes with the horizon-
tal base is 17°. The diameter and density of the polystyrene
particles are, respectively, 5.0+x0.3 mm and 0.014
+0.002 g/cm?. The intruder is a hollow acrylic disk with
diameter d=5.2 cm and thickness 7=1.6 cm. Its density is
varied by putting inside circular lead sheets. The ramp is
covered by a monolayer of particles and the channel is filled
to a height 4 [see Fig. 1(a)]. The disk released from rest at a
height H sliding downhill mounted on the monolayer, ac-
quires a final velocity V,, and penetrates the bed and stops at
a distance D, where the zero of D is the position at which the
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FIG. 1. (Color online) (a) Experimental setup, details are ex-
plained in the text. (b) Bottom view, and (c)—(e) lateral views, from
which a traveling lump is observed for & equal to 6, 8, and 10 cm.
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FIG. 2. (Color online) This figure shows the kinematics of the
penetrating disk: (a) x vs 7 and (b) v vs ¢. The horizontal dotted line
in (a) represents the linear field of view, 76 cm; beyond this point
the disk disappears from the field of view of the camera. These
particular curves, corresponding to different values of 4, were ob-
tained with H=37 cm and p;,=2.8 g/cm?.

intruder has begun to penetrate. The reader will have a clear
idea of the experiment by looking at the frontal and lateral
views of the movie given as supplementary information [22].
The height & is varied from one monolayer to 48 cm with
increments of 4 cm, and five repetitions are made for each
height. After each repetition, the material is removed and
poured again, in order to start always with the same packing
(filling fraction of 0.58). Four intruder densities were consid-
ered: 0.7, 1.0, 1.7, and 2.8 g/cm?. High-speed films permit
us to observe the sliding mechanism, verifying that the disk
digs through the granular bed sliding on top of its bottom
monolayer. The spheres, in contact with the flat surface of
the intruder, roll few diameters in the direction of the passing
disk. Even if individual spheres are deformable, they are able
to collectively support a heavy flat object with negligible
deformation. To improve the visualization of the intruder, a
bright light-emitting diode (LED) powered by a small and
flat battery is put inside the disk pointing toward the base of
the container, see Fig. 1(b) and the bottom view of the movie
in the supplementary information [22]. We follow the LED
spot by a high-speed camera (Lightning RDT Plus) at 500
fps from below and use IMAGEJ to analyze the films. Figures
1(c)-1(e) depict lateral views of the experiment for different
heights, where a lump accompanying the disk is observed as
it moves inside the bed. Note that the surface of the bed
flattens after the passage of the disk. To avoid static charges,
the granular bed was treated with anti static spray. All the
experiments were made in air [23].

In order to evaluate its full dynamics, we investigated the
kinematics of the disk as it moves through the medium. Fig-
ure 2(a) depicts the penetration x(¢) vs 7 as h is varied. Figure
2(b) shows the velocities of the intruder measured from the
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FIG. 3. (Color online) (a) Effective deceleration of the intruder
as a function of z/L for different intruder densities. (b) Effective
friction forces are calculated by simply multiplying the mass of the
intruders by the decelerations plotted in (a). (c) Drag force F, vs
z/L. The sliding friction ma,sA1) has been subtracted to all points.
The dotted line is the best fit to the set of points corresponding to
(pi/ p) =126 using a(1-ePYL), with a=0.52 N and $=0.8. With
these values we find that k=31.4. The inset shows the linear depen-
dence of the drag force with the cross section of the intruder [shown
in the inset of part (b)]. Error bars represent the standard deviation
of five events.

tracking trajectories. The fact that they are linear with time
means that the curves in Fig. 2(a) can be fitted by the expres-
sion x(#)=Vyr—1/2a,, obtaining easily the effective decel-
eration of the intruder a,s. At h=ho, where hy=1 cm (I cm
of beads guarantees to have always a monolayer underneath
the intruder), x(¢) is almost a straight line, meaning that the
disk travels along the channel with a small deceleration
a,hg)=a.. This deceleration is caused by the disk-
monolayer contact.

Figure 3(a) shows a,, as a function of z/L, where
L=20 cm is the width of the channel and z is the depth (the
distance from the surface of the bed to hy, z=h—h;). Each
point is the average of five events and each set of points
corresponds to a different density.

To find the effective force acting on the intruder, we mul-
tiply a,z by its mass [see Fig. 3(b)]. F,s has two contribu-
tions: F., the friction at the bottom face (disk-monolayer
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contact, where the beads are rolling) obtained by multiplying
a. by the mass of the intruder, and F;, the drag force due to
the granular bed acting on the lateral and top faces of the
intruder. Figure 3(c) depicts F,=F,;—F.. We have consid-
ered that the contribution of the weight of the particles above
the disk to the friction force is negligible, and thus, F. is
constant with z/L. Two interesting behaviors are observed.
First, the drag forces collapse for values of z/L <1 showing
a linear behavior. Second, for larger values of z/L, although
the points do not collapse, they saturate. Despite the intruder
slides at the bottom of the bed on the first monolayer (and
not through a randomly packed granular medium) the first
behavior is expected, considering that the intruder is not
forced to move inside the bed attached to a vertical rod
[21,24]. The second behavior is even more interesting; the
saturation of the drag forces observed in Fig. 3(c) suggests a
Janssen’s effect. As a matter of fact, at z~ L the weight of the
material inside the channel is redirected toward the walls
giving rise to a saturated pressure P(z)=8"p,gL(1—e 5",
where S is a constant and p,,=0.58p, (p, being the density of
the beads). In a first approximation, the drag force may be
taken as proportional to the pressure, where the proportion-
ality constant is the effective area A,;;=kA=k7d, see inset of
Fig. 3(b). k is a constant that depends only on geometry and
on the granularity of the material, independently of the den-
sity ratio.

Similarly to P(z) the drag force increases hydrostatically
at small heights then it saturates. The only data reasonably
well fitted by this expression, however, are the ones corre-
sponding to the lower intruder densities. Due to their larger
kinetic energies, the densest intruders fluidize the medium
and the drag forces show a delayed saturation.

We also measured the drag force acting on the disk as we
vary its thickness 7, keeping its diameter, its mass, and the
height of the column (20 cm) constant (being the top area of
the disk always the same). A linear dependence with the
cross section area is observed [lower inset of Fig. 3(c)].
When A is zero the drag force is only due to the top face-
particle contact, which is the major contribution to the drag,
explaining the large value of k.

We now focus on the final intruder penetration D as z
changes. Figure 4(a) shows D vs z, where similar behaviors
are obtained for all the intruder’s densities. Each point rep-
resents the average of five events. In order to find a suitable
expression to model these results, let us analyze what occurs
with a given intruder density, for instance, p,=0.7 g/cm?
(pi/ p,y=91). When z is around 4 cm the total penetration of
the intruder is 64 cm, and it rapidly diminishes to 10 cm as z
increases to 20 cm. Thereafter, D does not decrease further
regardless the value of z. A mathematical expression to
model this behavior must include then the inverse depen-
dence between D and z together with a saturation effect.
Both conditions are obtained if we consider that the impact
energy of the intruder is lost by the work done by the drag
force [25], i.e., F;D=1/2mVj. Taking F,=A,;P(z), a simple
manipulation of this expression gives the following equation:

cpiVad 1
D:uw’ (1)
pmgL 1 -7
which can be written as D’=c(1-e /)7l where

D'=gL(p,,/p)Vy’d"'D and c=pBm/8k. Figure 4(b) shows
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FIG. 4. (Color online) (a) Intruder penetration D as a function of
depth z for different intruder densities. All these data were taken
using H=37 cm. Inset shows a linear dependence of D as a func-
tion of H and Vg for p=2.8 g/cm? and z=23 cm. The line does not
cross the origin because the linear behavior corresponds to the case
where the intruder is completely inside the medium. (b) Rescaling
D and z by (p;/p,)Vad(gL)™" (see the text), and L respectively, the
data collapse reasonably well. The dotted line is the best fit of
equation D’ =c(1-e 871~ to the points corresponding to (p;/p,,)
=126, giving ¢=0.01 and $=0.8. Inset shows the dependence of
V,, with the intruder density, see the text. For the symbols see Fig. 3.

that with this new variable, coming from the saturation effect
of the drag force, the data collapse reasonably well. As a
matter of fact, the parameters ¢ and 8 give the same value of
k obtained when fitting F; in Fig. 3(c). Note that D scales
with (p;/p,,) instead of (p;/p,,)"? as found in vertical im-
pacts, where gravity is coupled with the drag dynamics. The
points corresponding to the larger density ratios are not well
fitted with the above parameters. It is clear that the fluidized
state, previously invoked to explain the deviation from Jan-
ssen’s behavior in Fig. 3(c), could explain also this mis-
match. It is worth to mention that even at constant H, V,
changes with p; [inset in Fig. 4(b)]. This is because at larger
intruder densities, the energy of the inertial rotation of the
beads becomes less significant. Equation (1) suggests, for
example, that if the height of the beds were 10 cm our dens-
est intruder would penetrate approximately 3 mm in sand
(2.3 g/cm®) and 7.6 cm in fresh snow (0.1 g/cm?) com-
pared to the 95 cm in the material studied here.

The photographs shown in Fig. 5 illustrate graphically the
singular rheology of the material used in the experiments
reported here. A channel is filled with the polystyrene par-
ticles and then slowly tilted to find the angle of avalanche
[Fig. 5(a)]. Normally, in conventional granular materials
made of spherical beads, an intruder buried inside would
remain at rest even under avalanche conditions (considering,
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FIG. 5. (a) Angle of avalanche of a bed of polystyrene particles
in a tilted channel. (b) Angle of sliding of an intruder inside the bed
(see the movie [22]).

of course, that the intruder is buried below the shear band
associated with the avalanche). In this superlight material, an
intruder with density 2.8 g/cc moves downhill at a small
angle without perturbing the bed [see Fig. 5(b) and the movie
[22]]. This may indicate that in order to see the same effect
in standard granular systems, for example, glass beads, the
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intruder would be required to have a density of 460 g/cc,
well above the density of any known material.

In conclusion, we have studied the dynamics of an in-
truder moving inside a granular medium with an exception-
ally low density. Normally, on denser media the drag forces
are very large and impacting intruders stop almost immedi-
ately. In the experiments reported here, the intruder pen-
etrates horizontally into a granular medium a long-distance
scaling with (p;/p,,). As the height of the bed is increased,
the shear forces are first hydrostatic and then show a Janssen-
like saturation.

This work has been supported by Conacyt, Mexico, under
Grant No. 46709.
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