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We present an experiment and a simple model of the impact between a granular projectile and
a granular medium. Experiment consists in impacting an half space filled of PVC beads with a
single bead. Numerous beads are then ejected around the impact point. The loci of ejection and
velocities of the ejecta were measured. The experimental data were compared with the predictions
of a simple discrete model. In this model, the energy is transferred from grain to grain on a
frozen disordered medium following the law of binary collisions. This theoretical description is in
remarkable agreement with the experimental observations. Besides, the present model provides a
clear picture of the mechanism of energy propagation.

Introduction. The impact of a projectile onto a granular
medium is a phenomenon which is encountered in various
physical and geophysical situations, such as the forma-
tion of impact craters [1, 2], the formation of planets[3],
or the aeolian sand transport [4]. In the latter case, sand
grains are transported by the wind through ”saltation”
motion: they follow ballistic trajectories and produce a
splash of new ejected grains when impacting onto the
ground [4, 5].
The collision process of a single grain with a granu-

lar medium is a complex process which depends on the
material properties of both target and projectile, on the
parameters of impact (velocity and angle of incidence).
The central question is the description of the mechanisms
of the energy propagation, and dissipation within the
granular bed in order to predict how the energy trans-
ferred to the packing during the impact is redistributed
to the grains of the medium. Only a part of the energy of
the impact particle is restituted as kinetic energy of the
splashed particles or used for the creation of a crater, the
rest of the energy being dissipated by the granular mate-
rial. The different modes for the conversion of the initial
kinetic energy results from the way the energy propagates
and dissipates through the granular material.
Experiment. Experiments consist to impact a half-

space of granular material made of d = 6 mm diameter
beads by one grain. The angle of impact is varied be-
tween 10◦ to 90◦ and the impact velocity between 10 to
80

√
gd, with g the gravity.

The impact is recorded with two fast-speed camera (see
fig. 1), and the trajectories of the projectile and of ejected
beads are then reconstructed [6, 7]. Different quantities
as the number of ejected beads, the distribution of their
ejection velocities, etc.. are calculated. For each set of
impact parameters θi and Vi investigated, experimental
data are averaged on about 50 impacts.
The main features revealed by the 3D experimental

analysis can be summarized as follows. (i) The incident
particle loses much more energy for head-on impacts than
for grazing collision. (ii) An increase of the impact speed
V0 mainly results in an augmentation of the average num-
ber of ejected particles: n̄ej = n0(1 − ē2)(V0/ζ

√
gd − 1)

FIG. 1. A splash event. Snapshot are every 5ms.

where n0 and ζ are numerical constant depending on the
material properties of the particles but not on the projec-
tile velocity V0 and impact angle θ. (iii) The distribution
for ejection velocities of the splashed particles, as well as
that for ejection angles, are weakly dependent on both
the impact speed and angle. (iv) The sum of the kinetic
energy of the splashed beads Etot is proportional to the
energy communicated to the granular packing (1− ē2)E0

where E0 is the kinetic energy of the incident particle :
Etot = r(1 − ē2)E0 with r a constant coefficient which
depends on material properties.

Binary collision model. The problem of the propaga-
tion of a compression pulse in a 3D disordered granular
material is complex. The more simple problem of the
propagation of a compression pulse in a linear chain of
beads was treated by Nestenrenko[8] and revisited re-
cently [9, 10]. The result of the collision of one sphere
with a linear chain of spheres is the same as if the colli-
sion were treated as successive binary collisions. In our
model, although the beads are not aligned but randomly
distributed in a 3D space, we will treat all the collisions
as a succession of binary collisions.

Figure 2.a shows the impact of a projectile (bead 0)
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FIG. 2. (a) Collision of one bead on a packing of beads at
rest. (b) The associated graph representing the succession of
binary collisions.
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FIG. 3. (a) Restitution coefficient of the projectile as func-
tion of the impact angle. Symbols are experiment and lines
as result of the model. (b) Velocities distributions P (V ∗

z ) for
the vertical ejection velocity of the splashed particles for dif-
ferent impact velocities. Symbols are experiment for different
impact velocities, and lines are result of the model.

on a granular material. Bead 0 impacts bead 2 and is re-
flected. A part of the momentum is transferred to bead
4, and a part is kept by 2. The sequence of collisions
with split of momentum and kinetic energy then contin-
ues. Beads that encounters no beads are ejected, and if
energy is smaller than mgd/2, the chain of collisions is
stopped. One impact may be represented as a tree as
shown on Figure 2.b where all the successive collisions
are calculated.

Results. The restitution coefficients ē and ēz for the
reflected bead (defined respectively as ē = Vr/V0 and
ēz = Vrz/V0z where Vr is the rebound velocity and V0

the incident one) are found velocity independent as ex-
perimentally observed. The results of the simulations are
plotted as a function of the impact angle θ0 in figure 3.a.
The values obtained from the model are very close to the
experimental ones in the full range of impact angles. The
angle dependence appears to be due to purely geometric
effects and is completely dependent on the macroscopic
roughness of the top surface of the packing and on the
actual angle of collision between the incident bead and
the first impacted bead. The averaged number of ejected
beads n̄ej (figure not shown here) are found very close to
e to the experimental observations. Moreover, it is found
experimentally and numerically that the mean number

of ejected beads n̄ej depends, at fixed impact velocity V0

on the impact angle θ0.
Figure 3.b shows the numerical and experimental nor-

malized distributions of V ∗
z = V z/

√
gd for different im-

pact velocity V ∗
0 = V0/

√
gd. The different numerical dis-

tributions P (V ∗
z ) collapse on a single curve : the distri-

butions are therefore independent of the impact velocity.
This feature is in agreement with the experimental obser-
vations. Moreover, as shown in figure 3.b the numerical
distributions exhibit a quantitative agreement with the
experimental data [11, 12].

Conclusion. The description of the collision of a grain
onto a packing of grains can be understood by consider-
ing a simple transfer of momentum from bead to bead.
In this picture, the propagation of energy may be in-
terpreted as a random walk in a disordered packing of
spheres. This process can be seen as a three-dimension
extension of the one-dimension Newton cradle experi-
ment. There is however two main differences regarding
the energy propagation. First, in a 3D packing, the mo-
mentum and energy are split after each collision, induc-
ing a ”fragmentation” of energy between beads during
the propagation. Second, the energy propagation is not
directed along a straight line, but the direction of prop-
agation is modified at each step, such that a part of the
projectile momentum is ”backscattered” by the packing
of beads. This leads to bead ejection. All experimental
accessible quantities were accurately reproduced by our
simplified collision model. This work has been supported
by ANR grant (ANR-05-BLAN-0273).
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