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 A B S T R A C T

Small body surfaces are covered by granular material of varying particle sizes and depths. This material is 
observed to be easily mobilised from the surface through natural processes or spacecraft interaction. The 
material can escape or re-impact to the surface as a result of this process. The latter may be considered as a 
low-speed cratering activity under microgravity. In this paper, a set of simulations of normal impacts at 5–10 
cm/s under 9.81 × 10−5 𝑚∕𝑠2 is presented with gravel-type realistic material properties. The simulated craters 
are investigated for their qualitative impact outcomes, as well as quantitatively for the coefficient of restitution 
and crater and ejecta scaling properties. The results are compared with the results of impacts in glass beads 
type materials from authors’ previous work under the same conditions and wider literature experimental and 
observational literature. It was shown that most impacts result in a rebound with non-negligible coefficient 
of restitution values. The crater sizes are smaller compared to those in glass beads material and follows the 
crater scaling relationships across different impact energies with a 𝜇 coefficient of 0.55. Ejection is shown to 
continue beyond the final size with a significant quantity of material mobilised at speed below escape speed 
under the selected gravity level. The depth-to-diameter ratio of the craters is within the range of small craters 
of asteroid Bennu, with qualitative impact outcomes displaying similarities with those found in this paper. 
These results suggest a possible low-speed impact and secondary cratering activity in small bodies as a result 
of natural and artificial particle ejection events, such as in the case of Bennu and Didymos.
1. Introduction

Space missions thus far have shown that asteroids and comets 
are covered with loose granular material of variable depths called 
regolith. This regolith is observed to mobilise easily, either by natural 
processes or during the surface operations of a spacecraft. An example 
of the former is high-energy impacts, which often result in large-
scale outcomes which may be observed even by terrestrial platforms 
such as telescopes, similar to planetary defense mission DART’s kinetic 
impact on Didymos (Daly et al., 2023). However, another class of 
impacts may also be defined, hereafter called low-speed impacts, which 
may be secondary, low-energy impacts resulting from high-energy im-
pacts (Nakamura et al., 2008), seismic shaking (Tancredi et al., 2012) 
or due to material ejection in small bodies, such as the particle ejection 
and re-impact events recently observed asteroid Bennu (Lauretta et al., 

∗ Corresponding author.
E-mail addresses: o.celik-1@tudelft.nl (O. Çelik), ronald.ballouz@jhuapl.edu (R.-L. Ballouz), scheeres@colorado.edu (D.J. Scheeres), kawakatsu@jaxa.jp 

(Y. Kawakatsu).
1 A part of this study was performed when Onur Çelik was a Ph.D. candidate at the Graduate University for Advanced Studies, SOKENDAI, Sagamihara, 

252-5210, Japan and a visiting scholar at University of Colorado Boulder CO 80903, USA

2019). Bennu’s material ejection is attributed to a number of different 
possible mechanisms (Chesley et al., 2020; Bottke et al., 2020) and, as 
observed, particles with low energy (i.e., below the necessary escape 
energy), would re-impact the surface or even ricochet (Pelgrift et al., 
2020). Low-speed impacts in this context can then be approximately 
defined as impacts at or below speeds of the order of escape speed 
of small asteroids, which is typically around a few tens of cm/s (for 
example, ∼30 cm/s for Bennu). Impacts at this energy level would only 
be observable during close observations and would contribute to a more 
subtle but potentially gradual physical and dynamical evolution of a 
small body (Scheeres et al., 2019). In addition, regolith mobility may 
also be possible due to spacecraft-surface interaction, namely through 
ballistic landings of small landers (Çelik and Sanchez, 2017; Çelik et al., 
2019a), through the sampling operations of spacecraft (Tsuda et al., 
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2020) or through dedicated impact experiments (Arakawa et al., 2020). 
These artificial impacts in small bodies may also be viewed from a low-
speed impact perspective, from which the outcomes of the impacts may 
help understand the surface of a small body (particularly in terms of 
its strength) (Murdoch et al., 2021; Ballouz et al., 2021; Walsh et al., 
2022) and help build confidence in landing operations (Çelik et al., 
2017, 2019b).

The low-speed impacts discussed above can be considered as a form 
of impact cratering in microgravity. Indeed, the dimple-like structures 
in Itokawa’s regolith-covered plains have boulders within the crater 
bowl with sizes are approximately between 25% and 50% of the crater 
size and could be associated with low-speed impacts (Kiuchi et al., 
2019). As an example, the impact of the largest ejected particles of 
Bennu (∼10 cm (Lauretta et al., 2019; Pelgrift et al., 2020)) at 25 cm/s 
could create a crater of nearly 70 cm in diameter (Çelik et al., 2022). 
Moreover, recent observational results from Bennu’s small craters (as 
small as ∼ 1 m) show nearby boulders as large as half the size of the 
crater (Daly et al., 2022), which may be associated with low-speed 
impacts. Similarly, the observations and simulations of the ejecta of 
DART impact suggests that there may be a secondary impact activity, 
which are more likely to occur below the escape speed of asteroid 
Didymos (Kareta et al., 2023). Some of the re-impacting particles have 
likely created secondary craters and even potentially rebounded off 
the surface to be temporarily captured in the binary system (Kareta 
et al., 2023; Moreno et al., 2024). The latter rebound behaviour is 
also observed in experimental and numerical studies of low-speed 
impacts (Katsuragi and Blum, 2017; Brisset et al., 2018, 2020; Çelik 
et al., 2022). Given the low cohesive strength found in these aster-
oids (Walsh et al., 2022), the source of strength primarily comes from 
the frictional interaction between the particles. Therefore, simulating 
low-speed impacts with realistic material properties is paramount to 
understanding these impact outcomes.

It is, however, challenging to test this regime in the Earth-based 
platforms. In impacts at a few tens of cm/s under terrestrial grav-
ity, gravitational overburden pressure dominates over frictional effects 
leading to surface strengths that are orders of magnitude larger than 
those encountered on the surfaces of small asteroids. Note the SCI 
experiments as an example, where material ejection is observed for 
minutes after the impact of 2 km/s projectile (Arakawa et al., 2020). 
Terrestrial artificial low-gravity platforms, such as the International 
Space Station, parabolic flights, drop towers or air-bearing platforms 
either lack the necessary low-gravity level and/or duration or they 
present other challenges (e.g., accessibility, handling of granular ma-
terial in low gravity, etc.) that make low-speed cratering experiments 
at this regime very challenging (Colwell and Taylor, 1999; Gautier 
et al., 2020; Van wal et al., 2021). Such challenges often limit the 
low-speed cratering studies to post-impact crater size measurements 
only (Boudet et al., 2006; De Vet and De Bruyn, 2007; Kiuchi et al., 
2019; Takizawa and Katsuragi, 2020), indirect deductions of ejecta 
speeds (Deboeuf et al., 2009) or rather qualitative analysis of ejected 
mass (Brisset et al., 2018). Nevertheless, combined with other impact 
experiment studies at 10-to-100 m/s range in both terrestrial and low-
gravity environments (Cintala et al., 1989; Yamamoto et al., 2006; 
Tsujido et al., 2015), the validity of crater scaling relationships (Housen 
et al., 1983) are confirmed in lower speed impacts.

Discrete element method (DEM) simulations, on the other hand, 
provide a particle-level quantitative framework to test low-speed im-
pacts in this regime in virtually any gravitational environment (Wada 
et al., 2006; Sánchez and Scheeres, 2011; Maurel et al., 2018; Thuillet 
et al., 2018; Çelik et al., 2019a; Ballouz et al., 2021; Çelik et al., 
2022). Each particle’s state can be recorded, allowing opportunities 
for more detailed investigations without the measurement limitations 
of experimental platforms. Its deterministic nature means that the 
simulations can be carried out only once, thus reducing the number 
of tests necessary. To that end, Çelik et al. (2022) recently used DEM 
simulations to extend the applicability of crater-scaling relationships 
2 
in gravity regime, including ejecta velocity (speed and angle), ejected 
mass and crater formation time, to impacts at 5–50 cm/s in local 
vertical under microgravity similar to small asteroids such as Ryugu 
and Bennu, via a particle-level post-processing framework. The authors 
found the scaling exponent 𝜇, signifying the mode of coupling between 
impactor and target, as 𝜇 = 0.56, implying an impactor energy-driven 
cratering (Çelik et al., 2022). This value is higher than terrestrially 
observed ∼0.4 (Housen and Holsapple, 2011), with a very weak re-
lationship to impactor density (Çelik et al., 2022). The exaggerated 
cratering behaviour is attributed to emulated smooth glass-bead ma-
terial used in the simulations (Çelik et al., 2022; Wada et al., 2006; 
Housen and Holsapple, 2011) and argued that more frictional material 
properties would result in more realistic cratering (Çelik et al., 2022).

In this paper, therefore, a new set of impact simulations is pre-
sented with gravel-like material to test low-speed cratering in small 
solar system bodies in a more realistic manner. The simulations are 
performed with soft-sphere DEM (SSDEM) code pkdgrav (Schwartz 
et al., 2012) where the impacts are parallel to the surface normal and 
at 5–10 cm/s under 9.81 × 10−5 or 10−5𝑔 (where 𝑔 is the Earth’s 
gravitational acceleration). A quantitative analysis on the coefficient of 
restitution is first presented as the rebound behaviour is the dominant 
post-impact outcome. Then, the results of crater size scaling are anal-
ysed alongside the properties such as the depth-to-diameter ratio, ejecta 
properties, including the number and the mass of the particles ejected. 
A comparative approach is taken throughout the paper and the results 
are compared against the simulations with glass-beads materials (Çelik 
et al., 2022) and other experimental and observational results. The 
implications of the results are also discussed.

The paper is structured as follows: In the next section, a summary 
of the crater scaling relationships will be presented. After summarising 
the simulation conditions in Section 3, the results will be discussed in 
Section 4, alongside a comparison with glass beads like material. A 
comparison with the existing literature is provided in Section 5 before 
a discussion and conclusions in Sections 6 and 7, respectively.

2. The crater-scaling relationships

The crater scaling relationships are initially derived for high-energy 
impacts where thermo-mechanical processes such as melting, vaporis-
ing and breaking occur (Melosh, 1989). The physics of such complex 
processes can be simulated by sophisticated hydrocode simulations, but 
if this process is bypassed, the properties of the resulting craters can 
be connected to the impact, impactor, and surface properties through 
the crater-scaling relationships (Holsapple and Schmidt, 1982; Housen 
et al., 1983; Housen and Holsapple, 2011). These relationships rely on 
dimensional analysis with 𝜋-theorem (Buckingham, 1914) and express 
crater or ejecta properties in the form of power-law scaling in relation 
to impact speed, impactor size and density and macro surface properties 
gravity, density and strength to avoid granular level complexity (Fig. 
1) (Holsapple and Schmidt, 1982; Housen et al., 1983; Housen and Hol-
sapple, 2011). This section will present the fundamental relationships 
for crater sizes and ejecta properties.

2.1. Scaling of crater sizes

The main assumption of the relationships is that a few key macro 
parameters can be used to express a functional relationships between 
them and a crater parameter, such as its volume, 𝑉 : 

𝑉 = 𝑓 (𝑎, 𝛿, 𝑈, 𝜌, 𝑌 , 𝑔) (1)

The definitions of the parameters will be referenced frequently in the 
remaining of the paper, hence Table  1 is used to describe each of them 
alongside their units.
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Fig. 1. Profile of a crater and power-law scaling.
Source: Adapted from Housen and Holsapple 
(2011), Çelik et al. (2022).

Table 1
Glossary of crater-scaling relationships.
 Symbol Definition  
 V Crater volume [m3]  
 R Crater radius [m]  
 d Crater depth [m]  
 a Impactor radius [m]  
 𝛿 Impactor density [kg/m3]  
 m Impactor mass [kg]  
 U Impact velocity [m/s]  
 𝜌 Target bulk density [kg/m3]  
 Y Target strength [Pa]  
 g Gravitational acceleration [m/s2]  
 r Ejecta launch position on the target surface [m] 

By using the units of mass, length and time, the number of parame-
ters can be reduced to 4 from 7, which can be expressed as individual 
𝜋 parameters: 
𝜋𝑉 = 𝑉

𝜌
𝑚

(2a)

𝜋2 =
𝑔𝑎
𝑈2

(2b)

𝜋3 =
𝑌

𝜌𝑈2
(2c)

𝜋4 =
𝜌
𝛿

(2d)

 where 𝜋𝑉  is normalised volume, 𝜋2 is inverse Froude number or gravity 
scaling parameter, 𝜋3 is nondimensional strength and 𝜋4 is target-to-
impactor density ratio. These four parameters can be combined to 
describe the functional relationship: 
𝜋𝑉 = 𝐾𝑉 𝜋

−𝛼
2 𝜋−𝛽

3 𝜋−𝛾
4 (3)

where 𝐾𝑉 , 𝛼, 𝛽, 𝛾 are empirical constants (Holsapple and Schmidt, 
1982). Making use of a coupling parameter such as 𝐶 = 𝑎𝑈𝜇𝛿𝜈 and 
rewriting Eq. (1) yields (Schmidt and Housen, 1987): 
𝑉 = 𝑓 (𝐶, 𝜌, 𝑌 , 𝑔) (4)

Here 𝐶 is a parameter to describe the concept ‘‘late-stage equivalence,’’ 
which, for high-energy cratering, means that cratering process far 
from the impact point is not affected by the impactor dimensions, 
and justifies the use of a point-mass impactor (Schmidt and Housen, 
1987). It is not yet clear whether this can be applied to such low-
energy impact craters discussed here, but previous studies successfully 
demonstrated the applicability of the crater scaling relationships for 
low-speed impacts (Çelik et al., 2022; Takizawa and Katsuragi, 2020) 
hence, the validity is assumed in this study. Dimensional analysis can 
be applied again to Eq. (4) to finally find the relationship: 

𝜋𝑉 = 𝐾1

[

𝜋2𝜋
6𝜈−2−𝜇

3𝜇
4 +

(

𝐾2𝜋3𝜋
6𝜈−2
3𝜇

4

)
2+𝜇
2

]
−3𝜇
2+𝜇

(5)

where 𝐾1, 𝜇 and 𝜈 are two empirical constants (Housen et al., 1983). 
𝜇 describes a mode of coupling between the impactor and target and 
3 
its values are constrained between 1/3 and 2/3, where the lower end 
signifies dependency on impactor momentum whereas the higher end 
signifies dependency on impactor energy (Housen et al., 1983). 𝜈 on the 
other hand describes a density dependency of cratering, whose value is 
constrained to ∼0.4 (density independence) for high-energy cratering 
in dry sand, but the literature presents values as high as 0.57 (Tsujido 
et al., 2015). Eq.  (5) also describes two regimes of cratering (Holsapple 
and Schmidt, 1982; Housen et al., 1983). If the first term in the square 
bracket is significantly larger than the second, the crater is said to 
form in a gravity regime, whereas in the opposite situation it is said to 
form in a strength regime (Holsapple and Schmidt, 1982). This study 
does not consider cohesive strength in the target material. The strength 
arising due to frictional interaction within the granular materials is 
not considered part of the material structure and is not included in 
the 𝑌  term in Eq. (5) (Holsapple and Schmidt, 1982). The remaining 
derivation will therefore omit the second term in the square bracket, 
i.e., 

(

𝐾2𝜋3𝜋
6𝜈−2
3𝜇

4

)
2+𝜇
2 . Substituting 𝜋 values into Eq. (5) would then 

yield (Holsapple, 1993): 

𝑉 = 𝐾1

(𝑚
𝜌

)

[

( 𝑔𝑎
𝑈2

)(𝜌
𝛿

)
6𝜈−2−𝜇

3𝜇

]
−3𝜇
2+𝜇

(6)

It is often easier to measure a crater’s radius or diameter than its 
volume. Craters occur after an impact in local normal would typically 
take the form of a circular paraboloid (Melosh, 1989), whose volume 
can be written as: 
𝑉 = 1

2
𝜋𝑅2𝑑 (7)

where 𝑑 denotes the depth of the paraboloid, specifically for the craters 
in this paper. Assuming 𝑅 ∼ 𝑉 1∕3 and substituting in Eq. (6) yield: 

𝑅 = 𝐾𝑅

(𝑚
𝜌

)
1
3

[

( 𝑔𝑎
𝑈2

)(𝜌
𝛿

)
6𝜈−2−𝜇

3𝜇

]
−𝜇
2+𝜇

(8)

Finally, a normalised crater size can be defined such that: 

𝜋𝑅 = 𝑅
( 𝜌
𝑚

)1∕3
(9)

𝜋𝑅 can then be used as a term of equivalency to evaluate crater size for 
a given impact, impactor, and target properties.

2.2. Scaling of ejection properties

The magnitude of the velocity of the ejected material can also be 
scaled similarly to the crater size as a function of the launch position 
from the impact point on the target surface, 𝑟 (Housen and Holsapple, 
2011): 

𝑣(𝑟) = 𝐶1
√

𝑔𝑅
( 𝑟
𝑅

)−1∕𝜇
(10)

where 𝐶1 is an empirical constant. Eq.  (10) is another power law 
scaling, meaning that the ejecta speed may be expected to be much 
higher close to the impact point and rapidly decreases towards the 
crater radius. One potential drawback of this expression is that 𝑣
tends to zero at the crater radius, but recent studies show that the 
ejection may indeed extend beyond the crater radius for low-speed 
impacts (Çelik et al., 2022; Neiderbach et al., 2023), which will also 
be discussed in this paper.

Another aspect of the ejected material is its quantity, which can be 
found as a function of ejecta speed (Housen and Holsapple, 2011): 

𝑀(> 𝑣) = 𝐶2𝜌𝑅
3
( 𝑣
√

𝑔𝑅

)−3𝜇
(11)

where 𝑀(> 𝑣) describes the total mass ejected faster than speed 
𝑣 (Housen and Holsapple, 2011). Again, 𝐶2 is another empirical con-
stant. Because of the intrinsic position dependency of 𝑣(𝑟), i.e., 𝑀(>
𝑣(𝑟)), Eq. (11) may also be considered as the total mass ejected within 
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Table 2
Summary of SSDEM material parameters (Ballouz et al., 2015). 𝑘𝑛 value is 
calculated from Schwartz et al. (2012).
 Parameters Glass beads (GB) (Çelik et al., 2022) Gravel (GR) 
 𝜖𝑛 0.95 0.55  
 𝜖𝑡 1.0 0.55  
 𝜇𝑠 0.43 1.31  
 𝜇𝑟 0.1 3.00  
 𝑘𝑛 75.25 kg/s2

a given radial distance. It is worth noting that equivalent expressions 
of Eqs.  (10) and (11) may be found as a function of impactor proper-
ties (Housen and Holsapple, 2011). The applicability of these scaling 
relationships is described from some 𝑟 = 𝑛1𝑎 to 𝑟 ∼ 𝑅 (Housen and 
Holsapple, 2011). Even though the exact range applicability is unclear, 
it is generally assumed that 𝑛1 ≈ 1.2 (Housen and Holsapple, 2011), as 
also shown in Fig.  1. This will not be tested specifically in this paper and 
will be shown intrinsically while presenting scaling relationships after 
the simulations. Next, the details of these simulations are presented.

3. Discrete element method (DEM) simulations

The simulations in this paper are performed with a granular me-
chanics code pkdgrav. pkdgrav handles the interactions between 
the particles via the soft-sphere discrete element method (SSDEM)
(Schwartz et al., 2012). The multiple contacts and frictional interac-
tions between particles are simulated by springs and a set of coefficients 
of normal (𝜖𝑛) and tangential (𝜖𝑡) restitution, Coulomb (𝜇𝑠), rolling 
(𝜇𝑟) and twisting (𝜇𝑡𝑤) frictions (Schwartz et al., 2012). The twisting 
friction is not used in the simulations presented here, but expresses 
the energy dissipation between particles as they rotate around the 
normal of their contact region, i.e. ‘‘grind’’ each other (Schwartz et al., 
2012). In addition to material parameters the coefficients of rolling 
and twisting frictions, pkdgrav also has the capability to account for 
the non-sphericity of particles through a user-defined, statistical real 
shape parameter, 𝛽, which defines the contact width of interparticle 
penetration, scales rolling and twisting frictions and can be chosen 
by comparing the internal friction angle of the granular assembly to 
the target granular material (Jiang et al., 2005; Zhang et al., 2017). 
More details about pkdgrav and the material parameters can be found 
in Schwartz et al. (2012), Zhang et al. (2017).

pkdgrav is extensively tested against real world materials and 
a range of parameters are identified through angle-of-repose, impact 
and simple avalanche experiments for glass-beads and gravel type 
materials (Richardson et al., 2012; Yu et al., 2014; Ballouz et al., 2015, 
2021; Schwartz et al., 2014). The spring coefficient, 𝑘𝑛, represents the 
coefficient of a normal spring, used to control the amount of interparti-
cle penetration, typically at approximately 1% (Schwartz et al., 2012). 
𝑘𝑛 is set in relation to the maximum expected impact speed between 
particles (Schwartz et al., 2012), which is controlled by the free-fall 
speed of particles during the preparation stage of the simulated target 
material. In this study, gravel-like material parameters are used for 
the impact simulations, as presented in Ballouz et al. (2015), and also 
shown in Table  2 below.

Note also the glass-beads-like (GB) material parameters in Table  2, 
which the authors previously used to perform low-speed impact sim-
ulations under the gravitational acceleration 9.81 × 10−5 m∕s2 (Çelik 
et al., 2022). The gravel-like parameters (GR) used in this paper are 
more frictional with lower coefficients of restitution compared to the 
GB parameters. Higher friction between particles provides additional 
strength to the surface, which leads to higher angle of repose values (Yu 
et al., 2014; Housen and Holsapple, 2011).

The granular bed used in the impact simulations is generated by 
first setting a cloud of 40000 2 cm-diameter monodisperse spherical 
particles. The particles are smooth spheres but angularity is introduced 
4 
Fig. 2. Initial setup of pkdgrav.

with the 𝛽 parameter. The particles are randomly located within a cylin-
drical diameter of 1.1 m initially, i.e. the same as the diameter of the 
granular bed. The particle sizes are not varied to remove any particle-
size dependencies in the impact outcomes. The cloud of particles are 
released for a free fall into the container of aforementioned diameter 
and 0.28 m of depth. A post-processing code is used to remove any 
particles that are higher than this depth at the end of the settling, 
such that a flat surface is created. The final number of particles in the 
container is equal to 38723. Fig.  2 shows the appearance of this final 
granular bed after the post-processing.

The density of particles, 𝜌𝑝, is selected to be 1600 kg/m3. No 
specific material is targeted in this study, but the selected density is 
an estimated value for porous carbonaceous materials (Kuzmin et al., 
2003). The porosity value in the final settled granular bed is equal to 
39.04%, resulting in a bulk density 𝜌 = 975.4 kg/m3. This relatively 
lower bulk density is close to the density values measured in the 
upper layers of asteroid Bennu (Walsh et al., 2022), thus it may be 
representative of such a case.

Finally, the impacts on this granular bed are performed with a 
10 cm-diameter spherical impactor. pkdgrav also allows simulations 
with other simple geometric shapes (Ballouz, 2017) such as cylinders 
and rectangular, which are used in ballistic landing simulations previ-
ously (Maurel et al., 2018; Çelik et al., 2019a). The impactor density 
values are 100, 260, 347, 520, and 1910 kg/m3. Such a range of densi-
ties is included to explore a wide variety of impact outcomes, but recent 
observations suggest that boulders on the floors of small craters (<20m) 
on Ryugu may be very porous (>70%) (Sakatani et al., 2021), such that 
low-density boulders may exist. Moreover, many lander spacecraft have 
relatively low densities. For example, Philae lander onboard Rosetta 
mission is approximately 100 kg with dimensions 1 m x 1 m x 0.8 m 
in all directions (Biele et al., 2015). With the assumption of a cube 
shape, the lander density becomes 125 kg/m3. Therefore the selected 
density range covers both natural and human-made objects. Finally, the 
selected densities for the particles and impactor result in a 6.7 g particle 
and an impactor mass between 52 g to 1000 g, approximately between 
8 to 150 times the particle mass.

The impacts are performed in the container’s local vertical parallel 
to the gravity vector. In the container frame, as shown in Fig.  2, the 
𝑧 direction is defined as the direction opposite to the gravity vector 
in a left-handed reference frame, the 𝑦-axis points the out-of-paper (of 
the viewer) direction while the 𝑥-axis completing the triad. Two impact 
speeds, 5 cm/s and 10 cm/s are considered, which are among the 
most common ejection speeds observed in Bennu (Pelgrift et al., 2020), 
representative of the touchdown speeds of OSIRIS-REx (Lauretta and 
OSIRIS-REx TAG Team, 2021) and Hayabusa2 (Tsuda et al., 2020), as 
well as, close to first and within the secondary impact speeds of ballistic 
landers such as MASCOT (Scholten et al., 2019). The gravitational 
acceleration is 9.81 × 10−5 m∕s2, similar to Bennu and Ryugu (Scheeres 
et al., 2019; Kitazato et al., 2019). Table  3 summarises the parameter 
space covered in this paper.



O. Çelik et al. Icarus 450 (2026) 116981 
Table 3
Covered parameter space during simulations.
 Parameter Value  
 𝑎 [m] 0.05  
 𝛿 [kg/m3] 100, 260, 347, 520, 1910 
 𝑈 [m/s] 0.05, 0.1  
 𝜌 [kg/m3] 975.36  
 𝜌𝑝 [kg/m3] 1600  
 𝑟𝑝 [m] 0.01  
 𝜙 [%] 39.04  
 𝑔 [m/s2] 9.81 × 10−5  

The selected diameters of the impactor and particles result in an 
impactor-to-particle size ratio of 5, which is smaller than the ratios 
in terrestrial high-speed impact experiments, but is within the range 
where it is considered to be not influencing the crater-scaling outcome 
as discussed by Housen and Holsapple (2011) for high-energy impacts. 
This means that, even though the crater size or ejection speed is 
different between different impactor-to-particle size ratios, the scaled 
outcome would be on the same empirical relationship defined primarily 
by 𝜇, 𝐾1 and 𝜈. The interpretation of the effect of impactor-to-particle 
ratio by Housen and Holsapple (2011) is also confirmed by Çelik et al. 
(2022) for low-speed impacts and suggested that the ratio may even be 
lower at  3, at least in the impact regime considered here. Related to 
this point, the container-to-impactor size ratio is equal to 11, well above 
the minimum ratio (i.e., 5) below which the container size is considered 
to affect impact outcomes (Seguin et al., 2008). The container walls are 
assigned a coefficient of restitution value of 0.1 such that the reflection 
from the container walls are minimised.

The simulations were stopped after approximately 6 min, within 
which particle speeds are found to be below 0.1 mm/s. An integration 
time step is 0.7 mm/s and an output step of 2500 is selected, such 
that an output file is generated approximately every 1.8 s of the impact 
process. General features of low-speed cratering and its ejection process 
are captured for the purposes of this study by the selection of this data-
output frequency. The obtained data is then post-processed to extract 
the information related to cratering, including crater radius, ejection 
velocity and ejected mass according to the post-processing procedure 
described in Çelik et al. (2022). The results of the analysis is presented 
in the next section.

4. Low-speed cratering with gravel-like material

4.1. Qualitative impact outcomes

Some generic properties of the craters will be discussed first. As 
such, the qualitative impact outcomes are presented in Fig.  3.

Among all the impactor density, 𝛿, values, only those with
𝛿 = 1910 kg/m3 (or 𝑚 = 1 kg) are submerged while others rebounded 
off the surface after a brief penetration and mobilising some material 
from the surface. Rebound behaviour of spherical impactors in local 
vertical impacts is a relatively unobserved phenomenon in dry sand, 
even though it was previously reported in cohesive granular mate-
rial for low-speed impacts under low gravity (Brisset et al., 2018) 
and under terrestrial gravity (Katsuragi and Blum, 2017). For non-
spherical impactors, it may occur depending on the impactor attitude 
and rotation at impact for the low-speed impact regime under low 
gravity (Maurel et al., 2018; Çelik et al., 2019a). However, it is a much 
more frequent occurrence in oblique impacts under both terrestrial and 
low-gravity environments for both low- and high-speed impacts (Gault 
and Wedekind, 1978; Takizawa and Katsuragi, 2020; Wright et al., 
2020b; Chesley et al., 2020; Suo et al., 2024).

These impacts also result in a variety of qualitative impact out-
comes. These qualitative impact outcomes may be of additional interest 
to relate a boulder to a nearby crater in small body surfaces. Four of 
those are depicted in Fig.  4.
5 
Fig. 3. Qualitative simulation outcomes with gravel-like (GR) material.

In the figure, the red circle denotes the final location of the im-
pactors in a quasi-two-dimensional view, where the depth is only 
two-particle length, that is why the upper left panel appears as if the 
impactor is filled with particles. The first case in the upper left panel 
is an example of a submerged impactor, which steers towards the +𝑥
direction after the impact instead of penetrating in the -𝑧 direction, and 
stays in the crater wall. In the second case at the upper left panel, the 
impactor instead rebounds from the surface and disappears from the 
view. In the bottom two case, the outcomes appear similar, but the 
process prior to that is different. In the case of the lower left panel, 
the impactor initially rebounds and follows a projectile motion before 
coming to stop. Instead in the case of the lower right panel, the impact 
rebounds off the surface and makes a very brief projectile motion before 
it starts rolling in the +𝑥 direction and comes to a stop. This rolling 
behaviour is also discussed in Brisset et al. (2020), and they argued that 
it may be a result of the impactor-to-particle size ratio. A smaller ratio 
would correspond to a smaller interaction area between the impactor 
and the surface, whereas in the opposite case an almost continuous 
interaction surface is created. This may result in a motion determined 
by the interaction between a few grains and the impactor. Additionally, 
in the simulations here, low restitution coefficients, and high static and 
rolling friction between particles could further enhance this behaviour, 
both in the rebound and submerge cases, such as in the outcome in the 
upper left panel in Fig.  4.

Fig.  4 also shows the crater profiles. In the submerging case in the 
upper left panel, a prominent crater structure is apparent, with raised 
rims and a bowl shape. Despite the burial of the impactor in one of 
the crater walls, the shape is relatively symmetric around the 𝑧-axis. In 
the rebound cases, it can be observed that craters become shallower 
with lower rims, although the bowl shape is still apparent. In the 
next subsection, the impact outcome will be investigated from a more 
quantitative perspective by considering the coefficient of restitution.

4.2. The coefficient of restitution

As the rebound behaviour is the dominant post-impact outcome in 
these impacts, the coefficient of restitution is of interest. In this paper, 
it is defined as the ratios of outgoing and incoming velocity magnitudes 
such that: 
𝜖 = 𝑣+

𝑣−
(12)

where 𝜖 denotes the coefficient of restitution, whereas 𝑣+ and 𝑣−
are outgoing and incoming velocity magnitudes, respectively. This 
formulation is adopted to account for the post-impact motion of the 
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(a) Example outcome #1 (𝑈 = 10 cm/s, 𝛿 = 1920 kg/m3)

  
(b) Example outcome #2 (𝑈 = 10 cm/s, 𝛿 = 260 kg/m3)

 

 
(c) Example outcome #3 (𝑈 = 5 cm/s, 𝛿 = 520 kg/m3)

  
(d) Example outcome #4 (𝑈 = 5 cm/s, 𝛿 = 347 kg/m3)

 

Fig. 4. Various qualitative impact outcomes found in this study.
Table 4
The coefficient of restitution values in each impact simulation with gravel-type 
materials.
 Density [kg/m3] Coefficient of restitution, 𝜖 [-]
 𝑈 = 5 cm/s 𝑈 = 10 cm/s  
 100 0.278 0.256  
 260 0.158 0.204  
 347 0.121 0.194  
 520 0.124 0.175  

impactor, which is not necessarily in the local vertical direction due 
to the interaction with the granular surface. 𝜖 is then calculated at the 
first instance where the impactor’s 𝑧 component of the velocity vector 
is positive, which is not the same point in all impact cases due to the 
discrete data collection. The 𝜖 values are presented in Table  4.

It is worth noting that the impactor is given a coefficient of restitu-
tion value of 0.6 in the simulations to consider real-world cases such as 
landers. Hence the calculated values in Table  4 may be higher or lower 
depending on the coefficient of restitution of the impactor material.

In general, 𝜖 decreases with increasing density values. The highest 
𝜖 is equal to 0.278 and calculated for the lowest impact speed and 
density. 𝜖 decreases with each subsequent density value for both cases, 
though there is a small increase at 𝛿 = 520 kg/m3 case of 5 cm/s impact 
case. This may be due to the discrete data collection strategy. Except 
for the lowest density case, all impacts with 10 cm/s speed have higher 
𝜖. In the GR-like material, increased friction between the grains likely 
provides some additional resistance to the material penetration.

4.3. Crater morphology and ejecta properties

The post-processing procedure described in Çelik et al. (2022) is 
applied to the raw impact data, and the cratering results in Table  5 
are obtained.

The values in Table  5 can now be used to investigate various crater 
scaling relationships. Consider the following expression from 𝜋-scaling 
relations provided in Section 2: 

𝑅
( 𝜌
𝑚

)
1
3 = 𝐾𝑅

( 𝑔𝑎
𝑈2

)− 𝜇
2+𝜇

(𝜌
𝛿

)
6𝜈−2−𝜇
3(2+𝜇) (13)

In 𝜋-scaling terms, the equation would take the following form: 
𝜋 = 𝐾 𝜋−𝛼𝜋−𝛾 (14)
𝑅 𝑅 2 4

6 
Table 5
Tabulated simulation conditions and outcomes. All simulations under 9.80665×
10−5 m∕s2 (1 × 10−5𝑔). The radius of all impactors is 0.05 m. Outcome: 
Qualitative simulation output. S: Submerge. B: Rebound/Bounce.
 # U

[m/s]
𝛿
[m3]

𝑅
[m]

𝑑
[m]

Outcome 

 1 0.05 100 0.0884 0.0173 B  
 2 0.10 100 0.1159 0.0392 B  
 3 0.05 260 0.1085 0.0425 B  
 4 0.10 260 0.1577 0.0523 B  
 5 0.05 347 0.1273 0.0422 B  
 6 0.10 347 0.1735 0.0612 B  
 7 0.05 520 0.1372 0.0553 B  
 8 0.10 520 0.1739 0.0770 B  
 9 0.05 1910 0.2001 0.1056 S  
 10 0.10 1910 0.2731 0.1349 S  

where note 𝜋4 as the term describing the target-to-impactor density 
dependency on crater scaling. At this stage, it is worth investigating this 
dependency first, as the highest 𝛿 is an order of magnitude higher than 
the lowest 𝛿 considered. Fig.  5 below shows normalised crater radius 
𝜋𝑅 as a function of 𝜋4.

The 𝜋𝑅 values at the impacts at 5 cm/s lie between 2 and 2.5, 
whereas for the 10 cm/s impact cases, they lie between 2.75 and 3.25. 
Qualitatively, there is not a discernible 𝛿-dependency for the range of 
𝜋4 values between 1 and approximately 10. This could be confirmed 
by a fitting function as well. By assuming a constant 𝐾𝜋2  such that 
𝐾𝜋2 ≈ 𝐾𝑅𝜋−𝛼

2  (Housen and Holsapple, 2011), Eq. (14) can be rewritten 
as: 
𝜋𝑅 = 𝐾𝜋2𝜋

−𝛾
4 (15)

Then, the curve-fitting results in a function in the following form: 
𝜋𝑅 = 2.457𝜋−0.052

4 (16)

The 𝛾 exponent is found to be equal to 0.052, suggesting a weak 
dependency on the impactor density. In a recent study, the authors of 
this paper reported no discernible density dependency in impacts onto 
glass-beads-like material, with a 𝛾 = 0.07 (Çelik et al., 2022). Given 
the relatively limited set of simulations here, it cannot be conclusively 
stated that the density dependency is non-existent, but it may be less 
discernible in the impact regime considered here and warrants further 
studies on the subject. Nevertheless, given the results available here and 
the literature, hereafter it will be assumed that the impactor density 
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Fig. 5. Density dependency on crater scaling with gravel-like material. Darker 
and lighter blue data points are simulations with 5 and 10 cm/s impact 
speeds, respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

does not affect the cratering results and will be omitted from Eq. (14). 
The 𝜋𝑅 relation will then take the following form: 

𝜋𝑅 = 𝐾𝑅𝜋
−𝛼
2 (17)

where 𝐾𝑅 ≈ 𝐾𝑅𝜋
−𝛾
4 , as per the earlier discussion. The curve fitting to 

the data would result in a relationship in the form as: 

𝜋𝑅 = 0.567𝜋−0.217
2 (18)

From Eq. (13), the following relationship can then be found: 

𝜇 = −2𝛼
1 − 𝛼

(19)

Finally, 𝜇 is found after substituting 𝛼, such that: 

𝜇 = 0.55 (20)

Substituting 𝜇 in the exponent of 𝜋4, i.e. −6𝜈+2+𝜇3(2+𝜇)  from Eq. (8) results 
in 𝜈 = 0.358. This again suggests a weak impactor-density dependency, 
as per the discussion provided Housen and Holsapple (2011) where the 
empirically value 𝜈 = 0.4 corresponds to no dependency of impactor 
density on cratering (Housen and Holsapple, 2011).

The 𝜇 value found (0.55) is at the higher end of the admissible 
values (1∕3 ≤ 𝜇 ≤ 2∕3), which suggests an impact-energy dependency 
in cratering (Housen et al., 1983). Therefore the crater radii estimated 
in this paper are shown against the corresponding impact energies in 
Fig.  6.

The estimated crater radii are related to the dimensional function 
of energy, i.e. 𝑅 = 1.096𝐸0.264, where the crater radius 𝑅 is in the units 
of metre and the impact energy 𝐸 is in the units of Joule. The goodness 
of fit value (conventionally defined as 𝑅2, and not to be confused by 
the square of the crater radius), is equal to 0.974. This relationship is 
consistent with the existing literature.

Another aspect of low-speed cratering that may be of interest is 
crater depth through depth-to-diameter ratio, whose results are pre-
sented in Fig.  7.

The depth-to-diameter ratio is found ranging between 0.097 and 
0.247 and a mean value of 0.19, with a fitted relationship 𝑑 = 0.21𝐷, 
where 𝐷 denotes the crater diameter. The root mean square error 
(RMSE) and the goodness of the fit (𝑅2) values are calculated as 0.0143 
and 0.83, respectively.
7 
Fig. 6. Crater radius as a result of impact energy in GR type material. Colours 
denote individual impactor density values.

Fig. 7. Depth-to-diameter ratio in different simulations in GR type material.

Before discussing the wider implications of these cratering results, 
it is also worth investigating ejecta properties. Fig.  8 shows the scaled 
ejecta speed in the simulations with GR-like materials.

The expected ejecta speed scaling profile is obtained even at very 
small craters. The scaling is expected to fail near the impact point 
and towards the crater size and generally appears as the breaking of 
the power law region, shown in the inset in Fig.  8. It appears that 
the scaling continues beyond the crater radius, in fact almost up to 
the point twice the crater radius. Ejection beyond the crater radius 
was also observed in the same impacts in GB-like materials, but the 
power-law region appeared to break beyond the crater radius (Çelik 
et al., 2022). Ejection beyond the crater radius is observed in terrestrial 
low-speed impact experiments (Neiderbach et al., 2023), although the 
results here show that there may be cases where the scaling is still valid 
beyond the crater radius. This consideration may be important when 
interpreting ejecta from craters and at the impact locations of landed 
assets. As for ejection speeds, individual profiles will not be shown for 
conciseness, but the maximum particle-level ejection speed is found to 
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Fig. 8. Normalised ejection speed results of the impacts in GR type material. 
The black vertical line denotes the normalised crater radius. Insert figure shows 
expected qualitative appearance of the profile (Housen and Holsapple, 2011).

be approximately 4.5 cm/s at the impact case of 𝑈 = 10 cm/s with an 
impactor density of 𝜌 = 1910 kg/m3, and a significant portion of the 
particles are ejected with speeds greater than 1 to 2 cm/s in all cases. 
Particles ejected at these speeds may be captured in asteroid systems.

In complex dynamical systems such as asteroids, the angle of ejec-
tion is an important property that governs the direction of particles that 
determines their escape or capture in the system. Fig.  9 below shows a 
normal distribution of the angle and the mean values of each simulation 
and the mean value for all simulations.

The mean ejection angle is found to be greater than typically 
assumed 45 deg and generally smaller for larger density impactors and 
vice versa. This may be related to smaller craters formed with lower 
density impactors although it is not entirely clear from Fig.  10 whether 
there is a clear correlation between the two.

Each ejected particle will finally contribute to the ejected mass from 
the impact process. This is considered from two different perspectives 
in this paper. The first is a more conventional crater-scaling perspec-
tive, in which, following the earlier discussion, the ejected mass faster 
than some ejecta speed 𝑣 is investigated, both in normalised units, and 
shown in Fig.  11

The profile approximately follows the expected profile from crater-
scaling relationships (Housen and Holsapple, 2011). Breaking of power-
law scaling close to the impact point is represented well, even though 
the breaking towards the crater radius is less obvious. However, it 
should be noted that this representation of ejected mass could be 
misleading in some cases, as the ejection is shown to continue beyond 
the crater radius. Due to comparable effect of solar radiation pressure 
to gravity around asteroids, such material mobility can contribute to 
material loss and surface evolution in geological timescales, despite 
the low energy level. Therefore, this paper will also present the to-
tal mobilised material within and beyond the crater radius. This is 
an opportunity allowed by DEM simulations as the motion of each 
particle can be tracked. Particles moving in the positive 𝑧 direction 
after the impact, with a speed greater than 0.1 mm/s are considered 
mobilised. The counting will then include many extremely low-energy 
particles but also a considerable number of particles that have speeds 
comparable to the impact speed. Table  6 then presents the total number 
of particles mobilised in each impact cases. As expected, the number 
of particles mobilised increases as the impactor density increases, as 
8 
(a) Cumulative distribution of ejection angles

(b) Normal distribution of ejection angles

Fig. 9. Ejecta angle results. (a) Cumulative distribution of individual impact 
cases (b) Normal distribution of individual impact cases. f(x) denotes the prob-
ability density function for normal distribution. Each colour line represents a 
simulation in this work whose mean values are also presented in Fig.  10.

a result of increased impact energy and crater size. However, it may 
be rather unexpected that the number of particles mobilised beyond 
the crater size is always larger than that of within the crater bowl. 
Evidently, the mobilised particles in those regions have much lower 
energies than those close to the impact point due to lower ejection 
speeds, as shown in Fig.  8. However, the number found is as high as 
double the number of particles ejected within the crater. The number 
of particles ejected within the crater bowl can be as few as 43 to as 
high as 1905, depending on the impactor density and impact speed. 
Similarly, those mobilised beyond the final crater size vary between 
268 and 2511. According to Table  6, as high as 30 kg of particles 
may be mobilised from the surface, approximately 13 kg from the final 
crater itself. At lower speeds and generally in the rebound cases, this 
value decreases, down to approximately 300 grams from the crater 
bowl and 2 kg in total.
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Fig. 10. Mean values in each impact case and the mean value in all impacts, 
denoted with a horizontal line.

Fig. 11. Profile of normalised ejected mass. Inserted figure shows expected 
qualitative profile (Housen and Holsapple, 2011).

Now that the detailed results are presented for low-speed impact 
cratering with gravel type material, this may be compared against the 
cratering results with glass beads material simulations as presented 
in Çelik et al. (2022).

4.4. Comparisons with glass beads like material

Crater size scaling : In terms of crater scaling, GR-like materials are 
anticipated to behave similarly to more realistic materials as opposed 
to smooth GB-like materials. This was observed in general with smaller 
craters due to the increased strength mentioned earlier. However, the 
crater-scaling exponent, 𝜇 is found to be 0.55 which is similar to GB-
like materials, 𝜇 = 0.56 (Çelik et al., 2022). 𝜇 found here is higher 
than the typically considered value, ∼0.4 for high-energy cratering in 
9 
Table 6
Number of ejected particles. IN and OUT denote the number of particles 
ejected from inside and outside the region defined by the crater bowl, 
respectively. Similarly, 𝑀IN denotes the mass of particles ejected from inside 
and 𝑀tot denotes the total mass of the ejected particles, respectively.
 𝛿 [kg/m3] 𝑈 [cm/s] # (IN/OUT) 𝑀IN [kg] 𝑀tot [kg] 
 100 5 43/268 0.288 2.084  
 100 10 121/335 0.811 3.056  
 260 5 117/327 0.784 2.976  
 260 10 326/493 2.185 5.489  
 347 5 160/424 1.072 3.914  
 347 10 402/633 2.694 6.937  
 520 5 228/433 1.528 4.430  
 520 10 526/975 3.525 10.060  
 1910 5 696/1123 4.664 12.191  
 1910 10 1905/2511 12.767 29.596  

Fig. 12. Crater radius scaling results. Circle and square data points represent 
GB and GR materials, respectively. Black and dashed black lines are fitted 
relationships to the data for GB and GR type materials, respectively. Colours 
denote individual impactor density values for a given impact case. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

terrestrial experiments, but certainly not unobserved. The individually 
scaled crater radii 𝜋𝑅 and 𝜋2 parameters alongside the fitting function 
in both of these sets of simulations are presented in Fig.  12.

Similarity in fitting functions is apparent. In gravel-like materials, 
the craters are smaller at the same impact, impactor, and target prop-
erties than those of glass-beads-like materials. But in this paper, it 
was found that higher dissipation in material properties only changes 
the linear multiplier, but does not change the exponent significantly. 
The variation in impactor density does not seem to affect the crater 
size scaling in GR-like materials, which was shown through 𝜈 = 0.358 
value. This was also the case observed with GB-like materials (Çelik 
et al., 2022). The lack of impactor density dependency in crater size 
scaling in both GR- and GB-like materials, especially considering the 
order of magnitude difference (19.1 times) between the lowest and 
highest impactor density, is noteworthy, but the set of simulations is 
still relatively small (a total of 31) and warrants further studies on the 
impactor density dependency. In terms of impact energy dependency 
of crater sizes, 𝑅 = 1.096𝐸0.264 is found in GR-like material. A similar 
function is previously found as 𝑅 = 1.014𝐸0.217 in GB-like material (Çe-
lik et al., 2022). The energy dependency found here is consistent with 
the majority of low-speed cratering studies, as it will be discussed later.
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In the simulations with GB-like material, the mean depth-to-
diameter ratio of craters is found to be approximately 0.13 with values 
between 0.09 and 0.22. The mean value was 0.145 (Çelik et al., 2022). 
While the range of values is similar in both GB- and GR-like material 
simulations, the ratio is approximately 1.6 times higher for GR-like 
materials. This is mostly due to smaller crater diameters in GR-like 
materials, rather than deeper craters.

Ejecta properties: The maximum ejection speed is found to be below 
5 cm/s with GR-like materials and at the greatest impactor density and 
speed (i.e., 𝛿 = 1910 kg/m3 and 𝑈 = 10 cm/s). In comparison, for the 
same case the maximum found in GB-like materials is approximately 
10 cm/s (Çelik et al., 2022). The difference may be explained by the 
exaggerated cratering behaviour due to smoother materials (Housen 
and Holsapple, 2011). It may be expected that at higher speeds and 
denser object result in higher speed ejecta.

In GB-like materials, the mean ejection angle is also found greater 
than 45 deg in all cases, with the overall mean slightly higher than that 
of here with 53 deg (Çelik et al., 2022). Note, however, that study had 
two other simulation cases at 25 cm/s and 50 cm/s, where the mean 
value is higher (Çelik et al., 2022). Neither in GB-like materials nor in 
GR-like materials here, there is an obvious trend of the mean ejection 
values with impact cases. Nevertheless, it can be argued that, relatively 
higher values of ejection angles at lower-density impactors are a result 
of small craters where the ejection does not extend well beyond the 
impact craters in GR-like material. The similarity of mean values at 
𝛿 = 100, 260 and 347 kg/m3 impactors at both impact speeds (∼56, 
∼51 and ∼53 deg, respectively) are also noteworthy, even though their 
probability distribution appears to be separated in the left figure of Fig. 
9. These are all rebound cases, with relatively small craters and small 
numbers of mobilised particles, which may explain the higher ejection 
angles. In the remaining two impact speeds, where one is a rebound 
case and the other is a submerge case, the mean angle appears to 
increase with the impact speed, which may be explained by increasing 
crater size as a result of increasing impact energy, leading to higher 
ejection angles for particles.

As for ejected quantity of material the number of particles ejected 
is higher in both from inside and outside of the final crater radius in 
GB-like material. This can be explained with the exaggerated impact 
behaviour, both in crater size and ejection properties in smoother ma-
terials (Housen and Holsapple, 2011). For comparison, in 𝑈=10 cm/s - 
𝛿=1910 kg/m3 case, the ejected mass from crater bowl is approximately 
15 kg in GB-like material, whereas it is 13 kg in GR-like material. It 
is worth reiterating that only a fraction of the number of particles in 
Table  6 would potentially orbit around or escape from a small asteroid, 
but even then a considerable mass may be launched. These results will 
have implications for both understanding small-body environments and 
designing space missions that explore them.

5. Comparisons with other studies

The coefficient of restitution: The 𝜖 values calculated here are lower than 
that of an observed ricochet event in Bennu, where a value of 0.57 
is estimated (Chesley et al., 2020). While the impact and impactor 
properties may not necessarily be comparable, the particle on Bennu 
impacted with a tangential velocity component, at a 67 deg angle from 
the local horizontal plane (Chesley et al., 2020). It is shown previously 
that oblique impacts have a higher coefficient of restitution values 
than those purely at local vertical (Çelik et al., 2019a), therefore lower 
values may be expected without accounting for any other effect at 
the impact. In the literature, the coefficient of restitution values in 
small body surfaces vary in a large range. In the Hayabusa mission’s 
touchdown at 6.9 cm/s, a coefficient of restitution value of 0.85 is 
estimated (Yano et al., 2005). However, the reported value may be 
strongly affected by the sampling horn and its springs and may not be 
representative of actual asteroid surface. In the similar range of impact 
speeds, Brisset et al. (2018) reported 𝜖 values of 0.01 to 0.28 from 
10 
different low-speed impact experiments (10–110 cm/s) onto cohesive 
sand under 10−2-10−4𝑔 (Brisset et al., 2018; Colwell, 2003; Colwell 
et al., 2017). In ballistic landings, the 𝜖 value was estimated between 
0.6 and 0.8 from the Hayabusa2 images in MINERVA-II landing at 
approximately 30 cm/s (Van wal et al., 2019). Again in the Hayabusa2 
mission, the authors of this paper used the three-dimensional velocity 
magnitudes (highest impact at ∼17 cm/s) and impact events reported 
for the MASCOT lander (Scholten et al., 2019) in Eq.  (12) to estimate 
the coefficient of restitution values between 0.3 and 0.98 and in an 
increasing trend with decreasing impact speed similar to those found 
here. However, it is important to note that the coefficient of restitution 
is also highly dependent on impact angle, attitude and rotation for 
MASCOT’s cuboid shape, and non-spherical shapes in general (Van wal 
et al., 2021). Both in Maurel et al. (2018) in the impact simulations of 
MASCOT and Çelik et al. (2019a) for non-spherical landers that verti-
cal impacts mostly resulted in submerging in the absence of attitude 
rotation under microgravity. Reporting on no-initial-spin cases, Maurel 
et al. (2018) found some cases of rebound with 𝜖 of approximately 
0.1 and up to 0.35 with spin. 𝜖 is also reported between 0.0–0.25 in 
no-boulder granular beds, with an initial spin at the impacts (Thuillet 
et al., 2018). For higher impact speeds on the order of m/s in small-
body environments, Durda et al. (2012) estimated the coefficient of 
restitution of Eros’ surface in between 0.09–0.18 on average in different 
craters, with individual cases as high as 0.29. The variability in the 
coefficient of restitution values is therefore very large, and covers 
almost the full range of possible values between 0 and 1. Nevertheless, 
the values calculated here are closer to those reported by Brisset et al. 
(2018, 2020) and Durda et al. (2012). Brisset et al. (2018, 2020) studies 
consider only vertical impacts and in fact, gravity levels as low as that 
of Eros (i.e., ∼10−4𝑔), even though with a cohesive granular material. 
However, it may still be more representative of the results presented in 
this paper.
Crater scaling : Some of the experimental studies under reduced gravity 
and lower speed impacts, as well as reduced atmospheric pressure, 
seem to exhibit higher 𝜇 values than typically assumed 0.4 for dry 
granular materials, some as high as the values found here (Cintala 
et al., 1989; Kiuchi et al., 2019). While there need to be further studies 
performed to constrain the values, higher 𝜇 values may be a property 
of the impact regime itself.

It is discussed in Çelik et al. (2022) that more dissipative particles 
would likely result in 𝜇 values closer to the values expected from 
higher energy cratering, 𝜇 ∼ 0.4. This was also stated in a DEM-based 
impact cratering study by Wada et al. (2006) and implied in Housen 
and Holsapple (2011) that impact craters in GB-like materials have 
more exaggerated properties, both in size and ejecta speed. Wada et al. 
(2006) considered impact studies greater than 100 m/s and found 𝜇
closer to 0.4. However, at similar impact speeds, Tsujido et al. (2015) 
found 𝜇 = 0.56, closer to the one found here. Tsujido et al. (2015) 
also considered a large variation in impactor density and found a 
little dependency. Under low gravity and low atmospheric pressure 
(0.83 atm), Cintala et al. (1989) found 𝜇 = 0.444 at 65 to 130 m/s 
impacts. Kiuchi et al. (2019) considered much lower impact speeds and 
found 𝜇 value between 0.44 and 0.56. Kiuchi et al. (2019) is potentially 
the most relevant study to this paper, as the authors both considered a 
lower gravity and lower impact speed, as well as lowered atmospheric 
pressure, and found no impactor density dependency and 𝜇 similar to 
that of found here.

It is worth considering these results in the context of some of the 
existing crater size scaling results in both high- and low-speed impacts 
under terrestrial or low gravity, as shown in Fig.  13.

The figure shows crater size scaling results of several experimental 
studies, initially discussed in Çelik et al. (2022). The blue reference line 
is by using impact and target properties from Takizawa and Katsuragi 
(2020), by using generic parameters 𝐾1 = 1.03, 𝜇 = 0.41 and 𝜈 = 0.4 
from Holsapple and Housen (2007). The black dotted reference line 
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Fig. 13. Crater size scaling results from previous experimental studies, together with the DEM simulations with gravel-like material in this study and glass 
beads-like material from Çelik et al. (2022). Light blue solid line is drawn as a reference with target properties from Takizawa and Katsuragi (2020) and generic 
cratering parameters 𝐾1 = 1.03, 𝜇 = 0.41 and 𝜈 = 0.4 from Holsapple and Housen (2007). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
is drawn with the results here. The figure also includes crater size 
scaling results with GB-like from Çelik et al. (2022). The scaled craters 
in this study fit within the region bounded by previous experimental 
studies despite the greater 𝜇 value found. This is further evidence of 
the applicability of crater scaling in this regime and the validity of the 
results presented in this paper.

Housen and Holsapple (2011) have previously shown a
𝛿-dependency in three different high-speed impact experiments where 
the impact speed is higher than 1 km/s. However, likely in a more 
relevant impact regime, Tsujido et al. (2015) considered a set of 
impactors whose densities vary by an order of magnitude and impact 
speeds a few hundreds of m/s. Tsujido et al. (2015) also identified a 
weak impactor-density dependency, albeit they obtain a higher 𝛾 value 
(∼0.11), and concluded that it may be due to relatively low speed 
impacts. Tsujido et al. (2015) considered much lower impact speeds 
(1 to 4.6 m/s) under 0.2𝑔 to 1𝑔 and found almost no dependency to 
impactor density.

As for impact energy dependency, De Vet and De Bruyn (2007) 
found the exponent of energy as 0.226 when scaled with crater volume 
for impact experiments in dry granular material at 0.6–4.4 m/s at 1𝑔, 
although the authors also included a term representing particle size in 
the functional relationship. In a different set of low-speed (∼5 m/s) 
experiments with different dry granular materials, Dowling and Dowl-
ing (2013) also found a similar exponent here, but the crater size is 
measured from rim to rim. Takizawa and Katsuragi (2020) reported 
the exponent as approximately 0.19. The results obtained here are 
higher than Takizawa and Katsuragi (2020) but it is consistent with 
impact-energy scaling as a result of the 𝜇 value Holsapple and Schmidt 
(1982), which is confirmed by a quarter-root energy scaling, expressed 
as 𝑅 = 1.097𝐸−0.264.

In the cratering literature, the depth-to-diameter ratio is also var-
ied in a large range depending on the impact, impactor, and target 
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conditions. For very large-scale cratering events, Melosh (1989) states 
that the ratio would be approximately 0.25–0.35. For lower energy 
events, Tsujido et al. (2015) reported higher values, 0.35–0.4 at approx-
imately 200 m/s impacts for very small craters generated by mm-sized 
projectiles. The values closer to the one found here are reported in Ya-
mamoto et al. (2006) at 0.11–0.14 for 11–329 m/s impacts. Thuillet 
et al. (2020)’s reported range of 0.3–0.35 is found under low-gravity 
conditions but attributed the results to incomplete cratering.

In small asteroids, the ratio is reported as 0.08 ± 0.03 (range 
0.01–0.15) for Itokawa (Hirata et al., 2009) and 0.09 ± 0.02 (range 
0.03 to 0.15) for Ryugu (Noguchi et al., 2021). Neither dataset has 
craters as small as those investigated here, but the mean ratio reported 
for smaller craters of Ryugu (diameter<25 m) 0.06 ± 0.02 (range 
0.03–0.09) (Noguchi et al., 2021). Noguchi et al. (2021) also note that 
in smaller craters (diameter<50 m), the ratio tends to increase as the 
crater diameter increases, which is also the observation in Fig.  7.

At OSIRIS-REx target Bennu, the ratio is calculated to be 0.10 ± 0.03 
with a range between 0.02 to 0.19 for craters larger than 10 m in 
diameter (Daly et al., 2020). Daly et al. (2020) also investigated small 
craters of Bennu (<10 m and as small as ∼1 m) which are potentially 
more relevant to this study. They found the mean ratio 0.13 ± 0.04 in 
a range 0.04–0.27 (Daly et al., 2022). The mean ratio reported by Daly 
et al. (2022) is almost exactly the value (including the range) that 
was found in Çelik et al. (2022) with simulations in GB-like material. 
Similarly the estimated range with the impacts in GR-like material also 
matches with the results of Daly et al. (2022), albeit with a higher mean 
ratio in this paper. Moreover, the same study also noted the presence 
of boulders near Bennu’s small craters with sizes more than half of 
the crater diameters (Daly et al., 2022). Similar impact outcomes are 
also displayed in this paper in Fig.  3. The apparent similarity between 
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the observational results on Bennu and this paper is encouraging for 
observable low-speed impact activity in small solar system bodies.
Ejecta properties: For a relevant comparison with ejection speeds in 
low-speed impact cratering, Chesley et al. investigated the trajectories 
of some 313 particles around Bennu with speeds varying between 
0.07 m/s and 3 m/s (Chesley et al., 2020). Such number of particles 
is approximately counted in a single impact case in this paper, in 
which the highest ejection speed found is approximately 0.045 m/s. 
This is lower than Chesley et al. (2020) but similar to those reported 
in Lauretta et al. (2019) for Bennu.

It is typically assumed in the literature that the mean ejecta angle 
is 45 deg (Richardson et al., 2007). It is also argued in Cintala et al. 
(1999)’s impact experiments, in which the ejecta was recorded in high-
speed cameras, that ejecta angle varies approximately around 45 deg. 
It has been observed previously that ejecta angle is higher (measured 
from local horizontal) close to the impact point, almost jetting like 
with near 90 deg ejections and roughly decreases towards the crater 
radius (Housen and Holsapple, 2011). Here, it is observed that the 
mean ejection angle is always greater than 45 deg, and higher than 55 
deg for the lowest 𝛿 cases. The overall mean ejection angle is 52 deg. 
The ejection profiles can be described as normal distributions where 
standard deviations vary between 11 deg–15 deg in different cases.

6. Discussion

Of the 10 simulations in gravel-like material, 8 simulations resulted 
in a rebound. The rebound behaviour is previously observed in local 
vertical impacts (Brisset et al., 2020; Katsuragi and Blum, 2017), but 
those reports have all been with materials that possess some cohesive 
strength, here it was shown that it may also occur in dry granular 
materials. The rebound behaviour can be explained by the frictional 
strength in gravel-like materials.

As for the craters sizes ejecta from the impact craters, it was shown 
that it follows the scaling relationship as previously demonstrated (Çe-
lik et al., 2022). The ejected particles have speeds at the lower end of 
ejected (and tracked) particles of Bennu (Lauretta et al., 2019; Chesley 
et al., 2020) in both gravel and glass beads like materials, hence may 
be of interest in interpreting these events. Related to this point, the 
number of particles mobilised beyond the final crater volume is higher 
than that of within. Therefore, a considerable quantity of mass may 
be mobilised by a low-speed impactor within and beyond the final 
crater bowl, ranging from a few hundred grams to a few tens of kilo-
grammes depending on the impact case. Combined with the ejection 
speed results, some materials may be ejected while others orbiting and 
eventually re-impacting. These possible events may lead to a variety 
of changes in a small body in geological timescales (Scheeres et al., 
2019, 2020b). Material loss through the escape of particles may change 
the orbit of the body, whereas a preferential direction in ejection may 
lead to a change in rotation period, though more likely in oblique im-
pacts (Scheeres et al., 2020b). Ejection may therefore be an additional 
contributing process (Scheeres et al., 2020b; Vance et al., 2022). Of 
the particles that have enough energy to have a trackable (sub-)orbital 
motion, higher resolution gravity may be extracted by tracking their 
motion (Chesley et al., 2020), which may give an indication on the 
internal structure of the body (Scheeres et al., 2020a).

Further to crater sizes, the crater depth-to-diameter (𝑑∕𝐷) ratio also 
has similarities with observational findings. In simulations with GR-like 
material, the crater 𝑑∕𝐷 ratio is found to be 0.21. It is higher than that 
of small craters (as small as ∼1 m) of Bennu (𝑑∕𝐷 =0.13 ± 0.04), but 
the range of values (0.097–0.24) found here is within that of Bennu 
(0.04–0.27) (Daly et al., 2022). Crater degradation over time generally 
reduces the 𝑑∕𝐷 ratio, and the craters here can only be representative 
of fresh craters. The craters in this study are still at least an order 
of magnitude smaller than those of Daly et al. (2022). Nevertheless, 
small craters could be generated by either small but very high-energy 
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Fig. 14. Two example small craters on Bennu (Image credit: NASA/OSIRIS-
REx/UA/OCAMS). Arrows point to possible impactors close to small craters.

impactors, such as meteoroids, or larger but low-energy impactors as 
per the crater scaling, such as those in this paper. Indeed, there may be 
signs of the latter within or near the small craters of Bennu. Daly et al. 
discuss that there are small boulders near the small craters whose size 
ratio with respect to crater size is greater than 0.5, i.e. the impactors 
have more than half the size of the craters (Daly et al., 2022). Two 
such examples are shown in two of Bennu’s small craters in Fig.  14. 
Similarly, dimple-like structures in Itokawa’s Sagamihara and Muses 
Sea regions also have boulders at the bottom of craters, whose sizes 
are 0.25–0.5 times the size of crater diameters, which may be created 
by the impacts of those boulders at speeds below the escape speed of 
Itokawa (∼0.17 m/s) (Kiuchi et al., 2019).

The qualitative impact outcomes presented in Fig.  3 have displayed 
similarities with Bennu’s small craters seen in 14, where the impactors 
either submerged but stayed in the final crater wall, or rebounded but 
landed nearby. Some of those outcomes in Fig.  3 are a result of low-
mass impactors, which would require high porosity boulders, assuming 
that their density is similar to that of target density. Sakatani et al. 
(2021) discuss that boulders of as high as 70% porosity are present 
in the floors of fresh small craters (<20m-diam) of Ryugu, even though 
this may be intrinsic to the surface, rather than created by some impact 
process (Sakatani et al., 2021). It is also possible that boulders may 
be launched as a result of a larger impact (Nakamura et al., 2008) or 
some other process, such as seismic shaking, which may strand large 
boulders on the surface but may allow smaller ones to launch (Wright 
et al., 2020a; Tancredi et al., 2012, 2022).

The pre- and post-impact predictions of the outcomes of DART 
impact on Didymos have shown that some of the launched boulder may 
have impacted on Didymos or its companion Dimorphos (Rossi et al., 
2022; Kareta et al., 2023; Moreno et al., 2024; Langner et al., 2024). 
While the studies rely on various assumptions in dynamical model, 
boulder sizes and its properties, all predictions suggest the outcome 
of re-impact of one of the two bodies. The numbers vary between a 
few tens of boulders up to ten thousand and impact speeds from a 
few cm/s to up to a m/s, which are dependent on the model and the 
simulation setup (Rossi et al., 2022; Moreno et al., 2024; Langner et al., 
2024). A potential evidence of a re-impact activity was in fact shown 
through telescopic observation of the dust tail following the DART 
impact (Kareta et al., 2023). The dimming in the dust tail brightness 
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paused after the first eight days, the brightness increased again before 
dimming. The most plausible explanation is found to be a re-impact 
of a boulder and release of material afterwards (Kareta et al., 2023). 
Combined with the simulations and considering low escape speed (a 
few cm/s) of Didymos-like object, such impacts can only happen at 
speed ranges similar those in this paper. It may therefore be possible 
to observe the traces of these impacts, especially in smoother regolith 
covered regions, upon the arrival of Hera mission (Michel et al., 2025). 
The images from DART mission suggest that equatorial regions of 
Didymos may harbour such regolith covered region similar to asteroids 
Ryugu and Bennu (Chabot et al., 2024). Crater size-frequency distribu-
tions may need to account for these secondary cratering activities. The 
secondary craters will also likely expose fresh materials on the surface, 
which may present an opportunity to compare against space weathered 
surface.

The results presented in this paper have implications for missions 
that interact with the surfaces of their targets, as well. Indeed, every 
low-energy ballistic landing and touchdown on a small body is are 
examples of low-speed impact (Ballouz et al., 2021). Hence, the con-
ditions leading to rebound behaviour may be used to constrain bounc-
ing motion of small ballistic landers and to characterise small-body 
surfaces (Murdoch et al., 2021). Moreover, ejected material during 
landing, sampling and hovering operations may damage the spacecraft 
or its instruments, as reported for one of the cameras during Hayabusa2 
touchdown on Ryugu (Kouyama et al., 2021). Craters and their ejecta 
properties (speed, angle and mass) as found here can be used for 
safeguarding strategies to protect spacecraft (and its equipment) during 
those operations. Alternatively, the same knowledge can be used to 
devise novel sampling strategies from orbit or without touchdown 
by mobilising surface material via small low-speed impactors. Such 
missions may be of lower cost and of interest for asteroid prospecting 
missions and planetary science missions in general.

7. Conclusion

Recent small-body exploration missions have demonstrated exis-
tence of potential low-speed impact activity on regolith covered surface 
of asteroids. Such low-speed impacts are similarly of interest from 
space engineering perspective, as the bouncing motion of small landers, 
landing and sampling operations on larger spacecraft on small bodies 
can also be characterised in a similar way. In this work, discrete 
element method simulations are used with gravel-like realistic material 
to simulate the cratering process in ∼cm/s low-speed regime under mi-
crogravity found at small asteroids. The simulation results are discussed 
in comparison with the results of simulations with smoother glass 
beads-like material, broader experimental literature and observational 
findings from small-body exploration missions

The results show that most impacts in gravel-type material rebound 
off the surface. While rebounds have been observed in this regime 
previously, it is confirmed further that it can also be observed in non-
cohesive material and impacts to local vertical as well. The increased 
strength due to more frictional gravel-like material results in higher 
density objects to be rebound, as opposed to glass-beads-like material. 
The resulting craters are smaller in gravel-like materials than in glass-
beads-like materials, which may be expected due to the increased 
frictional strength, but the resulting crater size scaling exponent is 
similar in both materials (𝜇 ≈0.55) and does not seem to be affected by 
impactor’s density. Nevertheless, the craters in gravel-like materials in 
this regime appear to align much better with the experimental studies 
in the literature which confirms the applicability of crater scaling re-
lationships in the considered regime. Ejecta properties similarly follow 
the scaling relationships. However, material mobility after an impact 
extends beyond crater dimensions. More particles are mobilised be-
yond the crater boundaries compared to within. The impact outcomes 
demonstrate similarities with OSIRIS-REx target asteroid Bennu’s small 
craters. The depth-to-diameter ratios of the craters in both gravel and 
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glass-beads-like materials are found within the range of small craters of 
Bennu. The similarities between final impactor positions within and in 
the vicinity of the simulated impact craters and the images of boulders 
near small craters of Bennu may indicate a low-speed impact activity 
and craters formed as a result.

The simulations performed with more realistic material properties 
help build confidence in applying crater scaling relationships in low-
speed impacts under microgravity. It is evident that further studies will 
be necessary to constrain scaling coefficients and understand various 
dependencies of cratering in this regime. Nevertheless, the results 
presented shed light on the potential low-speed impact on small bodies 
and may aid in the design of surface operations of space missions.
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