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Penetration of a spinning sphere impacting a granular medium
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We investigate experimentally the influence of rotation on the penetration depth of a spherical projectile
impacting a granular medium. We show that a rotational motion significantly increases the penetration depth
achieved. Moreover, we model our experimental results by modifying the frictional term of the equation de-
scribing the penetration dynamics of an object in a granular medium. In particular, we find that the frictional
drag decreases linearly with the velocity ratio between rotational (spin motion) and translational (falling motion)
velocities. The good agreement between our model and our experimental measurements offers perspectives for
estimating the depth that spinning projectiles reach after impacting onto a granular ground, such as happens with
seeds dropped from aircraft or with landing probes.
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I. INTRODUCTION

Granular materials, consisting of discrete, macroscopic
particles, are ubiquitous in our daily lives and play a crucial
role in a wide array of natural and industrial processes. From
the grains of sand on a beach to the particles in pharmaceu-
tical manufacturing, granular media are encountered across
various scales and applications. Understanding their behavior,
especially when subjected to external forces like impacts, is
essential not only for scientific curiosity but also for solving
practical engineering challenges. Impact, defined as a sudden
application of force or energy, can lead to a cascade of in-
tricate interactions among granular particles. The outcome of
these interactions can vary widely, ranging from simple grain
rearrangements to complex phenomena like energy dissipa-
tion, wave propagation, and even the onset of granular flows.
The interest in impact within granular media spans across
multiple disciplines, including physics, engineering, geology,
and material science.

The penetration dynamics of a sphere in a granular medium
has been extensively studied both experimentally [1–4], nu-
merically [4–6], and by modeling [7–10]. The mechanical
actions involved when an object impacts a granular material
are often related to the drag force. This drag force generates
penetration resistance, and, for a sphere impacting a gran-
ular material, it consists of a sum of two terms. The first
term is frictional, linked to the hydrostatic pressure prevailing
beneath the sphere during penetration. The second term is
of collisional origin, linked to the dissipation of energy by
collisions between grains. However, most of those studies are
limited to the case of pure translation of the sphere, with no
rotational motion. Taking this rotational movement into ac-
count is important for many problems of locomotion [11–15],
physical biology [16], and military applications [17].

Although substantially less studied in granular materials
[5,6,14,18,19], the effect of rotation has been widely stud-
ied in Newtonian fluids. The Magnus effect is a well-known

phenomenon that finds applications ranging from boat sail-
ing to the physics of sports. In those situations, the rotation
applied perpendicular to the direction of the flow creates lift
forces on the object. The Magnus effect has also been ob-
served for granular materials; however, the direction of the
lifting force was found to be opposite to that normally found
in viscous fluids [14]. Considering the flow of a Newtonian
fluid around a sphere, the drag force, i.e., parallel to the flow
direction, is not significantly affected by the rotation of the
object. In particular, if the axis of rotation is aligned with
the flow direction, then the drag force remains similar to
the case without rotation for both high and low Reynolds
numbers [20]. Granular media exhibit a different behavior in
comparison with a Newtonian fluid, their ability to modify the
pressure under shear being a major feature of those materials.

In this paper, we investigate experimentally the impact
dynamics of a sphere colliding with a granular bed, consid-
ering rotational effects. We observe that the rotation has an
influence on the penetration dynamics, increasing the sphere
penetration as it rotates faster. Additionally, we develop a first-
order model that takes the effect of spinning into account to
describe our experimental observations. The resulting model
can be used for estimating the depth reached by spinning
projectiles, with important applications in agriculture, refor-
estation, civil constructions, and planetary exploration.

II. EXPERIMENTAL SETUP

The penetration depth δ of a spherical projectile of diam-
eter d and density ρ is investigated by dropping it onto a
fine granular material confined in a cylindrical container of
diameter D and height b (Fig. 1). The granular medium con-
sists of slightly polydisperse glass spheres (diameter dg = 1 ±
0.3 mm and density ρg � 2.5 × 103 kg m−3). To ensure the
randomness of the initial conditions, the cylindrical container
is overfilled with grains which are gently mixed with a thin
rod before each experiment, then the free surface is flattened
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FIG. 1. Sketch of the experimental setup and notations introduced.

using a straight edge. We found that this procedure leads to
reproducible measurements, with only small variations and an
initial packing fraction of φ ≈ 0.6 (measured by weighing the
container’s contents).

Different materials and sizes of spherical projectiles were
used to highlight the influence of the sphere density ρ and
diameter d on the penetration depth δ. For a container of
diameter D = 140 mm and height b = 90 mm, three different
metallic projectiles were used, with diameters d = 20, 25,
and 30 mm and densities ρ � 14920, 8160, and 7710 kg m−3,
respectively. For a plastic projectile with diameter d = 80 mm
and density ρ � 1150 kg m−3, two different cylindrical con-
tainers were used, with diameter D = 400 mm and heights
equal to b = 50 mm and b = 180 mm. This allows us to keep
a ratio D/d � 5, avoiding any confinement effects [21]. Note
that for all cases studied here, the grain size dg remains much
smaller than the projectile diameter d , with dg/d � 0.05.

The projectile is initially held by a magnet at a distance h
above the granular surface, so that it is released without any
initial velocity nor rotational motion (the nonmetallic sphere
is held by inserting a small magnet inside it). The impact
velocity is adjusted by varying the releasing height h from
2 mm to 2.17 m. Hence, the corresponding speed at impact vi,
given by vi = √

2gh, where g is the gravitational acceleration,
varies from 0.2 to 6.5m s−1. Note that the projectile is released
just above the center of the cylindrical container and falls
along its axis.

Rather than releasing a rotating projectile to impact a
nonrotating granular bed, it is more feasible to release a
nonrotating projectile onto a rotating granular medium. In
the absence of relatively strong centrifugal effects, these sit-
uations are equivalent, since they induce the same relative
motion between the projectile and grains. Hence, the cylin-
drical container is placed on a rotating platform allowing its
rotation around its main axis at a constant angular velocity
ωi in the range 0–10 rad s−1. In this way, the relative angular
velocity between the projectile and the granular bed reaches
a zero value at the end of each experiment. We note that the
experiments are limited to angular velocities of the order of
10 rad s−1 since beyond this value, grains begin to be ejected
due to the centrifugal force. In addition, at the maximum

FIG. 2. Penetration depth δ0 as a function of the total dis-
tance H0 = h + δ0 traveled by the projectile for (�) d = 20 mm,
ρ � 14920 kg m−3, and 55 � h � 412 mm; (�) d = 25 mm, ρ �
8160 kg m−3, and 54.5 � h � 400 mm; and (◦) d = 30 mm, ρ �
7710 kg m−3, and 2 � h � 391 mm. Inset: δ0 as a function of H0 for
(�) d = 80 mm, ρ � 1150 kg m−3, and 3 � h � 2170 mm. Solid
lines are the best fits of experimental data following δ0 ∝ Hα

0 , with
α = 0.35, 0.40, 0.39, and 0.35 for increasing projectile sizes.

rotation rate of the system, we do not observe any surface
deformation [22,23]. At the end of a release experiment, the
angular velocity of the container is slowly reduced until it
stops completely. The penetration depth δ is then measured
using a thin probe that locates the top of the projectile with an
accuracy higher than 1 mm. In the following, we will denote
by an index “0” the quantities referring to the case without any
rotation (ωi = 0).

III. IMPACT WITHOUT ROTATION

Figure 2 displays the penetration depth δ0 as a function of
the total distance H0 = h + δ0 traveled by the projectile, for
a motionless reservoir (ωi = 0) and four different projectiles
of different diameters d and densities ρ. As expected, and as
already observed in several studies, the bigger and/or denser
the projectile, the deeper it sinks into the granular medium
[21]. Moreover, the greater the drop height, the deeper the
penetration depth, with a power-law dependence close to
δ0 ∝ H0.4

0 in good agreement with the empirical power laws
proposed in previous studies [1–3,21].

Let us then write the equation describing the dynamics
of the projectile. The projectile experiences its own weight
and a force resulting from its interactions with the granular
medium, the latter having collisional and frictional origins
that are proportional to v2 and z, respectively [9]. Hence, the
equation of motion for the projectile can be written as

ρ
πd3

6

d2z

dt2
= πd3

6
ρg − Kvρgφd2v2 − Kzρgφgd2z, (1)

where Kv and Kz are coefficients. Based on previous theoreti-
cal studies [10], we can define a dimensionless depth z̃ and a
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FIG. 3. Nondimensional penetration depth δ̃0 as a function of the
nondimensional total distance H̃0 = h̃ + δ̃0 traveled by the projectile
in log-log scales for the same data as in Fig. 2. (- - -) Best fit of the
data, with δ̃0 = 0.49 H̃ 0.4

0 . (—) Solution of Eq. (3), with Kv = 0.39
and Kz = 7.2.

dimensionless time t̃ as

z̃ = 6ρgφ

πρd
z and t̃ =

(
6ρgφg

πρd

)1/2

t . (2)

This allows one to build the dimensionless penetration depth
δ̃0 and the dimensionless total distance H̃0 = h̃ + δ̃0, which
are plotted in Fig. 3. We observe that all the experimental
data collapse remarkably well on a single curve following the
scaling law δ̃0 = AH̃α

0 , with A � 0.49 and α � 0.4 (dashed
line in Fig. 3).

By using the same scaling from Eqs. (2), Eq. (1) can be
made dimensionless,

d2z̃

dt̃2
= 1 − Kv

(
dz̃

dt̃

)2

− Kzz̃, (3)

and be solved numerically with the initial conditions z = 0
and dz/dt = vi = √

2gh at t = 0, for the position and the
impact velocity of the projectile, respectively, i.e., in di-
mensionless notations z̃ = 0 and ṽi = (6ρgφ/πρgd )1/2vi. The
final penetration depth δ̃0 corresponds to the depth where the
velocity vanishes, the characteristic time of the penetration
linked to the impact being typically Tv = (6ρgφg/πρd )−1/2.
Integrating this equation with the values Kv = 0.39 and Kz =
7.2 leads to the red solid curve shown in Fig. 3, which is
very close to the empirical power-law fit (dashed line in the
same figure). A large range of variations is reported in the
literature for the Kv and Kz coefficients, depending on material
properties (density, friction coefficient, shape) and/or packing
fraction φ [10,24,25]. In particular, note that we expect these
coefficients to increase with φ, leading to a decrease of the
penetration depth δ̃0 with φ [5,26]. Since our experiments
are performed with the same grains and at approximately the
same packing fraction, we decided to use a single pair of
coefficients Kv and Kz. We point out that the values obtained
for both coefficients are in the same order of magnitude as
compared to other similar studies [8–10,25,27].

FIG. 4. Nondimensional penetration depth δ̃ divided by the
nondimensional penetration depth without rotation δ̃0, as a function
of the nondimensional velocity ratio ν = ωi d/vi, for the following
configurations: d = 20 mm and (�) h = 57 mm, (�) h = 412 mm;
d = 30 mm, (◦) h = 2 mm, (�) h = 45 mm, (�) h = 391 mm; and
d = 80 mm, (�) h = 3 mm, and (�) h = 8 mm. (�) Numerical
simulations from Ref. [5]. (- - -) Best fit of both experimental
and numerical data with δ̃/δ̃0 = 1 + 0.08 ν. Inset: Same data in
linear plot.

IV. IMPACT WITH ROTATION

A. Experimental and numerical results

In the reference frame of the tank, the spherical projectile
has an initial spin ωi. This rotational velocity can be compared
to the impact velocity using the velocity ratio ν:

ν = ωi d

vi
. (4)

Note that ν can be interpreted as the square root of the ratio
between angular and translational kinetic energies.

Figure 4 displays the evolution of the relative penetration
depth δ̃/δ̃0 as a function of the velocity ratio ν (note that δ̃/δ̃0

is also simply δ/δ0). We observe that the data collapse on a
single curve, as well as a slight increase in penetration depth
with rotation. Indeed, within the experimental range of ν, the
relative rotation between the projectile and the grains leads
to variations in the penetration depth of up to approximately
15%.

To enhance the experimental data, we supplement them
with numerical results extracted from a previous study
obtained from three-dimensional discrete element method
computations [5]. Their granular medium consisted of spheres
(dg = 1 ± 0.4 mm, ρg = 2600 kg m−3) confined in a cylin-
drical container (D = 125 mm, b = 76.5 mm), leading to a
granular packing fraction of φ � 0.554. The projectile (d =
15 mm, ρ = 7865 kg m−3) was released from a height h =
10 mm, with an angular velocity ωi that varied from 0 to
418 rad s−1. The results of these simulations are plotted in
Fig. 4 (dark symbols) and complement our experimental find-
ings at large ν, in a range of parameters that are difficult
to access experimentally, since if ωi is too large, then the
grains tend to be ejected due to centrifugal forces. A very
good agreement between experimental and numerical data is
observed, with an overlap zone around ν � 1. For rotating
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projectiles impacting a granular bed [5], part of the rotational
kinetic energy of the projectile agitates the bed, helping to
dislodge more grains and excavate it, leading to an increase in
the penetration depth.

The inset in Fig. 4 shows the same data in linear plot
and suggests that the relative penetration depth δ̃/δ̃0 increases
linearly with the velocity ratio ν, following a law of the
form δ̃/δ̃0 = 1 + Bν, with B � 0.08. Finally, considering that
δ̃0 = AH̃α

0 , the data are well described by the general fit,

δ̃ = AH̃α
0 (1 + Bν), (5)

where A � 0.49 and α � 0.4 come from the case without
rotation (ν → 0). The penetration depth δ of the projectile,
expressed in terms of impact velocity vi and rotation velocity
ωi, writes

δ = Ad

(
πρ

6ρgφ

)1−α(
v2

i

2gd
+ δ0

d

)α(
1 + B

ωi d

vi

)
. (6)

We note that the scaling drawn in Fig. 4 is not a master curve
since Eq. (6) cannot be written in a separable form with vi and
ωi. Consequently, δ̃/δ̃0 is still a function of both variables vi

and ωi. However, the dependence of δ̃/δ̃0 with vi is quite soft,
which is why we observe that all the data collapse on a single
curve for the range of ωi and vi explored.

B. Model update and discussion

We observed in Fig. 4 that the penetration depth varies
continuously across the different angular velocities (spins), for
all initial heights and angular velocities tested experimentally
and numerically [5]. This suggests that the dynamics of the
projectile should be continuous across different initial spins as
it penetrates the granular bed. Therefore, we aim at modifying
Eq. (3) by incorporating the contribution of the projectile spin.

The increase in penetration depth with the initial spin in-
dicates that rotation enhances the fluidization of part of the
granular medium around the projectile. As a result, the pres-
sure beneath the projectile decreases, with its angular velocity
decreasing over a characteristic time Tω due to a resisting
torque exerted by the granular medium on the sphere. This
resisting torque corresponds to a local solid friction force per
unit area between the grains and the sphere, τ f , independent of
the spin and geometrical properties of the projectile. So a rea-
sonable scale for this resistive torque should be d3τ f . Carrying
out a dimensional analysis for the conservation of angular
momentum leads to ρd5ωi/Tω ∼ d3τ f , i.e., Tω ∝ ρd2ωi. As
rotation and vertical penetration are decoupled in our exper-
iments, there is no obvious reason for the two corresponding
timescales Tω and Tv to be of the same order of magnitude. For
example, for low rotational velocity, the characteristic time Tω

is such as Tω � Tv , so that the rotation of the projectile can be
neglected. Conversely, for high rotational velocity (Tω � Tv),
the projectile can keep on rotating while final penetration is
reached. It is then reasonable to assume that the resisting
torque arises from contact between the grains and the pro-
jectile and is therefore frictional rather than collisional in
origin. Hence, we will suppose that only the coefficient Kz

will be affected by the rotation of the projectile ω(t ), while
the coefficient Kv will not depend on it. Let us consider two
limiting cases: (i) The first one is the regime where the impact

0 1 2 3 4 5
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0.5

1.0

K
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0
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K
z(

)]
K
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0
)

FIG. 5. [Kz(0) − Kz(ν )]/Kz(0) as a function of the nondimen-
sional ratio velocity ν = ωi d/vi. Symbols correspond to the same
data as in Fig. 4. Numerical data have been integrated with Kz(0) =
26.84 and Kv = 0.68 corresponding to values for the nonrotating
projectile in numerical simulations. (- - -) Fit of both experimental
and numerical data with [Kz(0) − Kz(ν )]/Kz(0) = 0.08 ν.

velocity vi dominates and leads to a penetration time Tv much
greater than the characteristic time for spinning Tω. In this
situation, rotation will have no effect on penetration depth. (ii)
The second one is the regime where the characteristic time due
to rotation Tω is much greater than that due to translation Tv .
In this case, the angular velocity can be considered constant
over time, so that ω(t ) ∼ ωi. Both extreme cases are well
describe by the relevant dimensionless number ν = ωi d/vi.
Consequently, in first approximation, the effect of rotation can
be modeled by defining a function Kz(ν). Let us set

Kz(ν) = Kz(0)[1 − |χ (ν)|]. (7)

Note that the absolute value allows to overcome the direction
of rotation of the projectile.

Let us determine χ (ν) in our experiments. To do so,
we set Kz(0) = 7.2 and Kv = 0.39 (same values as for the
nonrotating projectile) and determine χ for solving Eq. (3)
continuously across different values of ν. Figure 5 shows the
evolution of [Kz(0) − Kz(ν)]/Kz(0) as a function of ν for both
experimental and numerical data. Although with a significant
dispersion of data at low values of ν, we observe that the
coefficient Kz decreases with ν, which is consistent with the
fact that the penetration depth δ increases with the angular
velocity. This decrease is rather linear, so that we can define
the function χ such that χ (ν) = Cν with C � 0.08 to fit the
data (dashed line in Fig. 5). In this way, we are now able to
modify the initial model [Eq. (3)] for taking rotation effects
into account, leading to:

d2z̃

dt̃2
= 1 − Kv

(
dz̃

dt̃

)2

− Kz(0)(1 − |Cν|)z̃. (8)

We observe a discrepancy between the experimental data for
the highest diameter (d = 80 mm) and the dashed line on
Fig. 5. These experiments always exhibit a penetration depth
smaller than the projectile diameter (δ/d < 1). Since the
model is based on the assumption that the projectile is a point
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FIG. 6. Nondimensional penetration depth δ̃ as a function of the
dimensionless total distance H̃0 and the nondimensional velocity
ratio ν. Black surface corresponds to the solution of Eq. (8). Blue
surface corresponds to the scaling law (5).

object, it is not precise enough to capture such limiting cases.
It should be noted, however, that the trend remains consistent,
since these data follow a curve parallel to the dashed line. In
addition, we believe the dispersion observed for the densest
sphere (d = 20 mm) to be associated with the fact that Kz(0)
and Kv are supposed to be constant (although the data are well
described by one single pair of coefficients, as seen in Fig. 3).
Moreover, the linear model proposed in Eq. (8) works only for
cases where |χ (ν)| < 1, ensuring energy dissipation.

The resolution of Eq. (8) generates the black surface dis-
played in the three-dimensional graphic of Fig. 6, which
describes the penetration depth δ̃(H̃0, ν) as a function of the
total height and the velocity ratio. Figure 6 also shows a blue
surface that represents the scaling law described by relation
(5). We can see that both surfaces are very close to each
other, showing that the proposed model correctly captures the
observed scaling law.

V. CONCLUSION

In this study, we have shown that rotational velocity in-
creases the penetration depth of a projectile impacting a
granular material. However, the effect of rotation on the pen-
etration depth is of a lower order than that of impact velocity.
It is possible to take the effect of rotation ν into account in
the penetration depth δ̃ by modifying the usual scaling law
for penetration depth without rotation δ̃0. The new scaling
law is an affine relation that reads (δ̃ − δ̃0)/δ̃0 ∼ ν. More-
over, by implementing rotation effects, we have adapted the
dynamic equation for penetration of a projectile into granular
materials. The influence of rotation ν essentially reduces the
frictional drag term (proportional to depth). The resolution of
this updated equation leads to a solution δ̃(H̃0, ν) represented
by a nonplanar surface very close to the aforementioned new
scaling law.

Despite the progress achieved, some important questions
remain to be further investigated experimentally, such as how
crater morphology is affected by projectile rotation as well
as the case of oblique impact of rotating projectiles. Fur-
thermore, it would be interesting to propose a more complex
model that fully takes the deceleration of the projectile spin
ω(t ) into account during the collisional process. Nevertheless,
the model proposed in this article can be used to estimate the
depth reached by spinning projectiles, with important indus-
trial, geotechnical and environmental applications. Overall,
our results represent a new step for understanding the mechan-
ics of impact in granular media.
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