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Impact craters formed by spinning granular projectiles
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Craters formed by the impact of agglomerated materials are commonly observed in nature, such as asteroids
colliding with planets and moons. In this paper, we investigate how the projectile spin and cohesion lead to
different crater shapes. For that, we carried out discrete element method computations of spinning granular
projectiles impacting onto cohesionless grains for different bonding stresses, initial spins, and initial heights. We
found that, as the bonding stresses decrease and the initial spin increases, the projectile’s grains spread farther
from the collision point, and in consequence, the crater shape becomes flatter, with peaks around the rim and
in the center of the crater. Our results shed light on the dispersion of the projectile’s material and the different
shapes of craters found on Earth and other planetary environments.
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I. INTRODUCTION

Craters formed by the impact of projectiles are commonly
observed in nature, such as kilometer-size asteroids colliding
with planets and moons and centimeter-size seeds falling from
trees. While the latter involves very low energies (as low as
10−7 J, the equivalent of lighting a LED lamp for approxi-
mately 0.0000001 s), the former involves huge energies that
surpass that of a hydrogen bomb (from 1016 J on). Because
those scales differ by more than 23 orders of magnitude, the
cratering processes and resulting shapes are not the same in
all cases. For example, under low energies (low masses and
velocities) the impact results in the partial penetration of the
projectile and ejection of ground material, while under high
energies it also involves melting and evaporation.

Craters of distinct shape and size have been observed in
environments with different ground properties and gravity
accelerations [1], so that strong variations occur, and classi-
fication is not straightforward [2,3]. In general, small craters
have a bowl shape [also called simple craters; Fig. 1(b)],
and as the craters become larger, they present a flat floor
and a central peak or peak rings. Even larger craters have,
in addition to the flat floor and central peak (or peak rings),
external rings that are formed by the partial collapse of steep
walls [Fig. 1(d)]. For reference, lunar craters with diameters
smaller than approximately 10 km are bowl shaped; those
with diameters of the order of 100 km have the external rings,
flat floor, and peak rings, and craters between those values
vary between bowl shaped and a flat floor with a central peak
[1]. Notwithstanding their ubiquitous nature, the mechanisms
leading to different crater shapes are far from being com-
pletely understood.

Besides the energies and sizes involved, other properties
such as the projectile and ground compositions [4], confine-
ment [5], projectile spin [6], and microscopic friction [6]
can strongly influence the crater shape. By using dimensional
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analysis, Holsapple [7] showed that the dimensionless volume
of the crater is a function of two pressure ratios and the density
ratio ρp/ρ, where ρp and ρ are the densities of the projectile
and ground materials, respectively. One of the pressure ratios
consists of the projectile weight divided by its surface area
and normalized by the dynamic pressure,

Fr−1 = Dpg

V 2
p

, (1)

where Dp is the projectile diameter, Vp is the velocity of the
projectile at impact, and g is the modulus of gravity accel-
eration �g. This pressure ratio is the equivalent of the inverse
of the Froude number Fr−1 (gravitational effects compared
to inertia), which is important in geophysical processes, for
which 10−6 � Fr−1 � 10−2. Impact cratering is usually con-
sidered in the so-called gravity regime when Fr−1 � 10−2, but
for cohesionless grains the upper limit is acknowledged to be
greater [7].

Because impacts of kilometer-scale asteroids are rare
events within the human timescale (millions of years on
Earth’s surface, for example), laboratory-scale experiments
and numerical simulations have proven essential in the in-
vestigation of crater formation [5,8–16]. By ensuring Fr−1 �
10−1 in most cases and using targets consisting of cohesion-
less grains, those works allowed extrapolations of laboratory
results to geophysical problems [17]. For example, Uehara
et al. [8,18] carried out experiments in which solid spheres
were allowed to fall onto cohesionless grains for different ρp

and heights from the bed h, resulting in partially penetrating
projectiles (penetration depth δ = crater depth hc). They found
that the crater diameter Dc varies with (ρpD3

pH )1/4, so that
Dc ∼ E1/4 (the crater diameter varies as a 1/4 power of the
energy), where E is the available energy at the impact and H =
h + δ is the total drop distance. They also found that the crater
depth hc does not scale with E , but hc ∼ H1/3. In addition,
they showed that the diameters of the grains and the friction
and restitution coefficients of the projectile do not affect the
crater diameter Dc.
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FIG. 1. (a) Craters on Earth’s moon (in the middle, with a smaller bow-shaped crater inside, is Poinsot crater). (b) Craters on Vesta, with
a recent 20-km-diameter crater at the top of the image. (c) Layout of the numerical setup (the y coordinate points downward, and although
shown on the bottom, the origin of the coordinate system is on the bed surface centered horizontally in the domain). (d) The 445-km-diameter
crater on Saturn’s moon Tethys. (e) The 76-mm-diameter crater obtained numerically from the impact of a 25-mm-diameter steel sphere
falling from 50 mm onto a bed of particles (glass spheres with a mean diameter of 1 mm). (f) Topography (elevation) of a crater formed by
a spinning projectile consisting of bonded grains (we notice at least one internal peak close to the rim). In this panel, the bonding stresses
are 107 N/m2, the ratio between linear and angular kinetic energies is 1, and the color bar shows the elevation from the undisturbed surface
(pointing downward). Images in (a), (b), and (d) are courtesy NASA/JPL-Caltech.

Although most experiments on impact cratering were for
solid projectiles, many problems, in particular in geophysics,
concern the impact of aggregates. For example, in the case
of asteroids or meteors impacting the surface of a planet,
aggregates can be divided into smaller parts which, in turn,
penetrate into the target and excavate the crater. This process
can be responsible for the spreading of materials on Earth
just below the ground surface, such as nickel, platinum, and
gold [19–21]. The impact of nonspinning aggregates was
looked into by Pacheco-Vázquez and Ruiz-Suárez, who first
investigated the sinking of collections of a few intruders in a
low-density granular medium [22] and later investigated the
impact of aggregates on a granular bed [4]. They showed that
the same scale Dc ∼ h1/4 found for solid projectiles remains
valid, but Dc is larger for aggregates, with a discontinuity
accounting for the energy necessary for fragmentation. As
a consequence, complex crater shapes that depend on the
packing fraction of the projectile appear. They also showed
that hc ∼ h1/3 is valid only for small energies: hc decreases
abruptly above a threshold value and remains constant for
higher energies. Finally, if the fragments once forming the
projectile sink in the granular bed (which can happen in low-
density beds), they move with a cooperative dynamics [22].

Recently, we [6] carried out three-dimensional (3D) dis-
crete element method (DEM) simulations and showed that the
microscopic friction considerably affects the crater morphol-
ogy. In addition, we showed that differences in initial packing

fractions can engender the diversity of scaling laws found in
the literature [5,8,9,16,18] and proposed an ad hoc scaling that
collapsed our data for the penetration length and can perhaps
unify the existing correlations. Finally, we investigated the
initial spin of the projectile and showed that both δ and Dc

increase with the projectile spin, that large asymmetries can
appear depending on the spin axis, and that the final rebound
of the projectile is suppressed by the spin.

Even though previous studies explained important aspects
of impact cratering, many questions remain open. One of them
concerns the mechanics of cratering for spinning aggregates
impacting a granular ground. In this specific case, close to
impacts observed in nature, the total or partial collapse of
projectiles can engender different crater structures, explaining
some of the crater shapes observed in nature and how mate-
rials from the projectile spread below and over the ground.
This paper inquires into these questions. For that, we carried
out 3D DEM computations of spinning granular projectiles
(aggregates) impacting on a bed consisting of cohesionless
grains, for different bonding stresses (between the projectile’s
grains), initial spins, and initial heights. We show that, as the
bonding stresses decrease and the initial spin increases, the
projectile’s grains spread farther from the collision point, and
in consequence, the crater shape becomes flatter, with peaks
around the rim and in the center of the crater. In addition, we
find that the penetration depth of rotating projectiles varies
with their angular velocity and degree of collapse (the number
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TABLE I. Properties of the materials used in the simulations: E is Young’s modulus, ν is Poisson’s ratio, and ρ is the material density. The
last column corresponds to the diameter of the considered object.

Material E (Pa) ν ρ (kg/m3) Diameter (mm)

Bed grains Sanda 0.1 ×109 0.3 2600 0.6 � d � 1.4
Projectile grains 0.2 ×1011 0.3 15523 1.0
Bond material 0.2 ×1011 0.3 0.1
Walls Steelb 0.2 ×1012 0.3 7865 125

aSee Ucgul et al. [32–34] and Derakhshani et al. [35].
bSee Ucgul et al. [32–34].

of detached particles), but not necessarily with the bond-
ing stresses, indicating that under high spinning velocities
the excess of breaking energy contributes only to the larger
spreading in the horizontal plane and formation of peaks. Our
results shed light on the different shapes of craters found
on planets and moons, as well as on the distribution of the
projectile material below and over the ground.

II. BASIC EQUATIONS AND NUMERICAL SETUP

As in Ref. [6], we carried out 3D DEM computations
[23] using the open-source code LIGGGHTS [24,25]. The code
solves the linear [Eq. (2)] and angular [Eq. (3)] momentum
equations for each individual particle at each time step:

m
d �u
dt

= �Fc + m�g , (2)

I
d �ω
dt

= �Tc . (3)

For each particle, m is the mass, �u is the velocity, I is the
moment of inertia, �ω is the angular velocity, �Fc is the resul-
tant of contact forces between solids, and �Tc is the resultant
of contact torques between solids. The contact forces and
torques are computed using the elastic Hertz-Mindlin contact
model [26], and we take into account the rolling resistance
(see the Supplemental Material [27] or Ref. [6] for the model
description).

The numerical domain consists of (i) N ∼ 106 spheres
with a diameter of 0.6 � d � 1.4 mm following a Gaus-
sian distribution and fixed density ρ = 2600 kg/m3, which
formed a granular bed in a cylindrical container (the distri-
bution of diameters used in the simulations is shown in the
Supplemental Material [27]), and (ii) Np = 1710 spheres with
dp = 1 mm and ρp = 15523 kg/m3 bonded together, which
formed a round projectile with total diameter Dp = 0.015 m
and bulk density ρp,bulk = 7865 kg/m3 (packing fraction
φp = 0.507). Prior to each simulation, around 106 grains (bed
spheres) were allowed to fall freely and settle, and grains
that were above that height were deleted in order to have a
horizontal surface (around 104 grains were removed), with the
number N then depending on the initialization (being always
∼106). With that, we obtained a granular bed with diameter
Dbed = 125 mm, height hbed = 76.5 mm, and packing fraction
φ = 0.554. For the projectile, the value of ρp ensured that the
agglomerated material had the same size and mass of solid
projectiles investigated in [6], and we applied a given bonding
stress σp to all grain-grain contacts. In our simulations, σp was
modeled through a breakup-tension threshold, and we used

either σp = 1 × 107, 5 × 107, or 1 × 1032 N/m2 in order to
investigate the effect of bonding stresses on cratering. The
highest value was chosen to avoid the projectile collapse, and
the others were chosen to have partial or total collapses. The
material that bonds two or more particles together can be
modeled in several ways [28–31]. In this work, it acts as a
spring and damper system, where the bonds can twist, bend,
stretch, and break due to both normal and tangential stresses.
The damping system is based on Guo’s model [28], whereas
the bond normal force and the bending and torsional moments
are determined using linear models. More details are available
in the Supplemental Material [27], and validation and details
of the model can be found in Guo et al. [28] and Schramm
et al. [29].

The properties and coefficients of grains forming the
bed and projectile were taken from the literature and are
listed in Tables I and II (together with those for the walls).
In addition, we validated the friction coefficients listed in
Table II by measuring the angles of repose obtained numer-
ically (details are available in Ref. [6]). Because we used
spherical particles, we embedded angularity in the rolling fric-
tion μr (for typical sand, Derakhshani et al. [35] showed that
μr = 0.3). The simulations began by imposing on the projec-
tile a collision velocity Vp corresponding to the free-fall height
h, i.e., Vp = √

2gh. For the values used in our simulations,
Froude numbers were within 3.8 × 10−3 � Fr−1 � 7.5 ×
10−2, and we used a time step �t = 1 × 10−7 s, which corre-
sponds to less than 10% of the Rayleigh time [35]. Figure 1(c)
shows a layout of the numerical setup, and animations show-
ing impacts and cratering are available in the Supplemental
Material [27].

III. RESULTS AND DISCUSSION

Figure 2 shows top view images of the final position of
grains for nonrotating and rotating projectiles with different
bonding stresses σp. The bonding stresses are listed on the left,
the corresponding elevation (from the undisturbed surface) of
each grain is shown on the right, and initial heights h (nonro-
tating cases) and ratios of rotational to linear kinetic energies
Kω/Kv available at the impact (for spinning projectiles) are
shown on the top. We used three different values of σp: σp =
1032 N/m2, which is strong enough to ensure that the agglom-
erate behaves as a single solid (no breaking) for the range of
energies simulated; σp = 5 × 107 N/m2, for which the aggre-
gate collapses partially within the ranges of energy simulated;
and σp = 1 × 107 N/m2, for which the projectile col-
lapses completely for the highest energies simulated. For the
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TABLE II. Coefficients used in the numerical simulations.

Coefficient Symbol Value

Restitution coefficient (bed grain–bed grain)a εgg 0.60
Restitution coefficient (bed grain–projectile grain)a εgp 0.60
Restitution coefficient (projectile grain–projectile grain)b εpp 0.56
Restitution coefficient (bed grain–wall)a εgw 0.60
Restitution coefficient (projectile grain–wall)a εpw 0.60
Friction coefficient (bed grain–bed grain)a,c μgg 0.52
Friction coefficient (bed grain–projectile grain)a μgp 0.50
Friction coefficient (projectile grain–projectile grain) μpp 0.57
Friction coefficient (bed grain–wall)a μgw 0.50
Friction coefficient (projectile grain–wall) μpw 1.00
Coefficient of rolling friction (bed grain–bed grain)c μr,gg 0.30
Coefficient of rolling friction (bed grain–projectile grain)a μr,gp 0.05
Coefficient of rolling friction (projectile grain–projectile grain) μr,pp 0.30
Coefficient of rolling friction (bed grain–wall)a μr,gw 0.05
Coefficient of rolling friction (projectile grain–wall) μr,pw 1.00

aSee Ucgul et al. [32–34].
bSee Zaikin et al. [36].
cSee Derakhshani et al. [35].

nonrotating case, we observe that the crater diameter Dc re-
mains roughly constant and the height of the corona (rim)
increases with the decrease in the bonding stresses and, con-
sequently, with the number of broken bonds [shown below
in Fig. 6(c)]. In the rotating case, craters are shallower and
wider and have lower rims when compared to the nonrotating
case. This is caused by the stronger spreading of grains when
the projectile has an initial spin, which we analyze further in
the following. In addition, we observe that large asymmetries
can appear for rotating cases in which partial breaking occurs,
such as when σp = 5 × 107 N/m2 and Kω/Kv = 200% [the
partial breaking is confirmed in Fig. 6(f) below]. The asym-
metries then come from a small number of chunks spreading
in the horizontal plane (when σp = 5 × 107 N/m2 and

Kω/Kv = 200%, three large pieces were spread by the
centrifugal effect; see the Supplemental Material [27] for
snapshots of the final positions of grains originally in the
projectile and a movie of the entire process).

Most of the aforementioned comments can be observed
in Figs. 3 and 4, which show the topography (elevation)
of the final craters for nonrotating and rotating projectiles,
respectively, for the same variations of the bonding stress and
available energy as in Fig. 2. Although variations in Dc are
more easily observed in Fig. 2, Figs. 3 and 4 allow for easier
and direct observations of the crater depth and the formation
of small peaks (we note that the scales of figures are not
the same). We notice that the crater shape becomes flatter,
with peaks around the rim and in the center of the crater as

FIG. 2. Top view of final positions of grains, showing the final morphology of craters for nonrotating and rotating projectiles with different
bonding stresses. For spinning projectiles, h = 0.1 m. The color bar on the right shows the elevation of each grain from the undisturbed surface
(coordinate pointing downward). The same figure in gray scale is available in the Supplemental Material [27].
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FIG. 3. Topography (elevation) of the final craters for nonrotating projectiles with different bonding stresses. The color bar to the right of
each panel shows the elevation from the undisturbed surface in meters. The same figure in gray scale is available in the Supplemental Material
[27].

the bonding stresses decrease and the initial spin increases
(although peaks can also appear in low-energy cases without
fragmentation). Some of these observations are corroborated

by Fig. 5, which shows profiles of the elevations of final
craters for both nonrotating and rotating projectiles, with dif-
ferent bonding stresses. Profiles corresponding to different

FIG. 4. Topography (elevation) of the final craters for rotating projectiles with different bonding stresses. The color bar to the right of each
panel shows the elevation from the undisturbed surface in meters, and h = 0.1 m for all panels. The same figure in gray scale is available in
the Supplemental Material [27].
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FIG. 5. Profiles of the elevations of the final craters for both nonrotating and rotating projectiles, with different bonding stresses. The
heights and rotational energies are shown in the legend, and h = 0.1 m for rotating projectiles. All profiles were plotted in a vertical plane
of symmetry (and therefore include the crater center). These profiles include the projectile’s grains (see the Supplemental Material [27] for
profiles excluding the projectile’s grains).

heights are superimposed for nonrotating cases and for dif-
ferent rotational energies for rotating cases, allowing direct
comparisons. We observe that craters have higher diame-
ters and lower depths when projectiles have high rotational
energies and low bonding stresses and that some oscillations
appear in the region near the corona (corresponding to pe-
ripheral peaks). We can observe a central peak in low-energy
nonfragmenting cases, but they correspond to the projectile
itself (which was not completely buried; see the Supplemental
Material [27] for profiles excluding the projectile’s grains).
Therefore, the final topographies indicate that the formation of
central and peripheral peaks is due to the stronger spreading
of grains when the projectile has higher rotational energies.
In addition, the central peak can also be formed by a partially
penetrating projectile when the available energy is relatively
low.

In order to inquire further into the crater shape and the
level of fracture of the projectile, we plot in Fig. 6 the crater
diameter Dc, the penetration depth δ, and the percentage
of broken bonds as a function of the initial height h or
the ratio of rotational to linear kinetic energies Kω/Kv for,
respectively, nonrotating and rotating projectiles. The crater
diameter Dc was determined as the diameter of a circle fitted
over the corona and corresponds to an equivalent diameter
in the case of asymmetric craters. Whenever the projectile
collapsed, we computed δ based on the center of mass of the
projectile’s grains. For the nonrotating case, we observe that

Dc [Fig. 6(a)] is roughly independent of σp (for the levels
of energy investigated in this paper), varying as Dc ∼ h1/4,
in agreement with Pacheco-Vázquez and Ruiz-Suárez [4],
although they measured the packing fraction of agglomerates
instead of σp (to which we have access in our simulations).
However, Pacheco-Vázquez and Ruiz-Suárez [4] identified
a discontinuity in Dc as a result of fragmentation, which
depended on the projectile packing fraction. We did not
observe the discontinuity, perhaps because our projectiles
were lighter than those in Ref. [4] (13.9 g in our simulations
versus 33.0–45.5g in their experiments). The penetration
depth δ [Fig. 6(b)], on the other hand, depends on σp, varying
with the percentage of broken bonds [Fig. 6(c)]. In addition,
the rate of change of δ with h decreases as h increases, and it
is possible that a plateau is reached for values of h higher than
those simulated in this work. This would be in agreement
with the results of Ref. [4] but remains to be investigated
further. For δ, Pacheco-Vázquez and Ruiz-Suárez [4] also
found a discontinuity resulting from fragmentation which
our simulations did not show. As stated for Dc, the absence
of discontinuity is due, perhaps, to the lighter weight of our
projectiles. For the rotating case, the situation is different:
Dc varies strongly with σp [Fig. 6(d)], and variations for
δ are even stronger [Fig. 6(e)]. Figure 6(d) shows that
Dc increases up to approximately 2 times when σp varies
from the largest (nonbreaking) to the smallest (breaking)
values (for Kω/Kv varying between 0% and 200%), and

054904-6



IMPACT CRATERS FORMED BY SPINNING GRANULAR … PHYSICAL REVIEW E 108, 054904 (2023)

FIG. 6. (a) Crater diameter Dc, (b) penetration depth δ, and (c) the percentage of broken bonds as a function of the initial height h for a
nonrotating projectile; (d)–(f) show Dc, δ, and the percentage of broken bonds as a function of Kω/Kv for spinning projectiles falling from h =
0.1 m, respectively. The graphics are parameterized by the bonding stresses [shown in the legend in (a)], and the results for the solid projectile
reported in Carvalho et al. [6] are shown for reference.

for moderate stresses (σp = 5 × 107 N/m2) we notice that
partial breaking makes Dc deviate from the curve for the
nonbreaking case toward that for the breaking case [which
occurs for Kω/Kv around 100% in Fig. 6(d)]. The inverse
behavior occurs for δ: it decreases by one order of magnitude
when σp varies from the largest to the smallest value, also
with partial breaking (σp = 5 × 107 N/m2) leading to the
breaking case as Kω/Kv increases. Finally, Fig. 6(f) shows
that, indeed, the percentage of broken bonds is 0% for
the largest σp and 100% for the smallest σp when Kω/Kv

� 30%, while that for moderate σp evolves toward 100%
for increasing Kω/Kv . At the same time, values of δ for
σp = 5 × 107 N/m2 evolve toward those for σp

= 1 × 107 N/m2 [Fig. 6(e)]. This implies that the
penetration depth of rotating projectiles varies with
their angular velocity and degree of collapse (number
of detached particles), but not necessarily with the
bonding stresses, indicating that under high spinning
velocities the excess of breaking energy contributes only
to the larger spreading in the horizontal plane and the
formation of peaks.

After the impact has occurred, the projectile collapses if
the bonding stresses are not strong enough to maintain the
agglomerate integrity. In these cases, besides considerably
changing the crater shape, the once agglomerated material is
spread on or within the ground, over distances that depend
on the initial height, bonding stresses, and initial spin of the

projectile. Understanding how this process occurs can help us,
for example, to interpret whether materials found today under
the surface have their origin in the ancient impact of asteroids
and how they are distributed, with important applications in
geophysics and mining. Therefore, we inquire now into the
dispersion of the projectile’s grains.

Figure 7 shows the final positions of grains initially form-
ing the projectile for σp = 1 × 107 N/m2 and different
Kω/Kv . Figure 7(a) shows the frequencies of occurrence of
the projectile’s grains in the r-θ plane (radius-angle plane,
independent of the depth), corresponding to top views of the
distributions of the projectile’s grains (in the polar plane).
We clearly observe that the projectile material reaches dis-
tances farther from the collision point as the rotational energy
increases. In order to have more quantitative measurements,
Figs. 7(b) and 7(c) show the frequencies of occurrence of
the final positions in terms of the angle θ and radius r for
all depths, where the angles are given in degrees and the
radius is given in meters [see Fig. 1(c) for θ and r]. We
observe that in this weak-bond case the projectile’s grains
spread in a roughly symmetrical way along the angles, and
distances reached in the radial direction increase with Kω/Kv:
the most probable values of the radius increase from approx-
imately 0.007 m when Kω/Kv = 0 to 0.03 m (one order of
magnitude greater) when Kω/Kv = 200%. Finally, Fig. 7(d)
shows the frequencies of occurrence of the final positions
in terms of depth (all angles and radii). Interestingly, we
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FIG. 7. Final positions of the projectile’s grains after the impact has taken place for σp = 1 × 107 N/m2 and different values
of Kω/Kv . (a) Frequencies of occurrence of the projectile’s grains in the r-θ plane (radius-angle plane, independent of the depth),
(b) frequencies of occurrence of final positions in terms of the angle (all depths), (c) frequencies of occurrence of final positions
in terms of radius (all depths), and (d) frequencies of occurrence of final positions in the y coordinate (depths for all angles and
radii).

observe that the most probable value decreases with Kω/Kv ,
so that on average the projectile’s grains tend to remain closer
to the surface for higher spinning velocities, different from
the behavior of solid projectiles (which reach deeper depths
for increasing Kω/Kv [6]). However, the depth distribution
widens, so that the projectile’s grains populate depths that
span larger values, including negative ones corresponding to
peaks or the corona. Snapshots of the final positions of grains
originally in the projectile are available in the Supplemental
Material [27].

We note that we did not investigate the effect of initial
packing fractions on the dynamics of cratering in this paper
(that was the object of Carvalho et al. [6]). However, we
measured how the bed packing fraction far from the colli-
sion point varies with the linear and rotational energies for
the different bonding stresses used. For that, we selected a
20-mm-high cylindrical region occupying the bottom of the
cylindrical container (corresponding to 26% of the container)
and measured the average packing fraction before and af-

ter the impact. For rotating projectiles, we found no change
at all in the packing fraction, while negligible variations
(increasing with h) were measured for nonrotating projectiles.
The maximum variations were 0.34%, 0.30%, and 0.20% for
σp = 107, 5 × 107, and 1032, respectively, and h = 2 m. We
also note that, under some conditions, the dynamics of both
cratering and projectile fragmentation change with the stiff-
ness of grains and bonds. Due to the presence of bonds, the ef-
fect of stiffness is rather complex and needs to be investigated
further.

IV. CONCLUSIONS

In this paper, we investigated numerically how the projec-
tile spin and cohesion lead to different crater shapes and how
the projectile’s materials spread over and below the ground.
We found that, as the bonding stresses decrease and the ini-
tial spin increases, (i) the projectile’s grains spread radially
farther from the collision point; (ii) the projectile’s grains
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remain on average closer to the surface (lower penetration
depths) but spread horizontally over longer distances, with
some grains buried deep in the bed while others are above
the surface populating peaks or the corona; and (iii) as a
consequence, the crater shape becomes flatter, with peaks
around the rim and in the center of the crater. In addition, we
found that the penetration depth of rotating projectiles varies
with their angular velocity and degree of collapse (number
of detached particles) but not necessarily with the bond-
ing stresses themselves, indicating that under high spinning
velocities the excess of breaking energy contributes only to
the larger spreading in the horizontal plane and formation
of peaks. Our results represent a significant step for under-
standing how cratering occurs, helping us, for example, to
interpret whether materials found today under the surface have

their origin in the ancient impact of asteroids and how they
are distributed, with important applications in geophysics and
engineering.

The numerical setup of our simulations, output files, and
scripts for postprocessing the outputs are available from
Mendeley Data [37].
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