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Small asteroids are often considered to be rubble-pile objects, and such asteroids may be the most likely 
type of Near Earth Objects (NEOs) to pose a threat to Earth. However, impact cratering on such bodies 
is complex and not yet understood. We perform three low-velocity (≈ 400 m/s) impact experiments in 
granular targets with and without projectile-size boulders. We conducted SPH simulations that closely 
reproduced the impact experiments.
Our results suggest that cratering on heterogeneous targets displaces and ejects boulders, rather than 
fragmenting them, unless directly hit. We also see indications that as long as the energy required to 
disrupt the boulder is small compared to the kinetic energy of the impact, the disruption of boulders 
directly hit by the projectile may have minimal effect on the crater size.
The presence of boulders within the target causes ejecta curtains with higher ejection angles compared 
to homogeneous targets. At the same time, there is a segregation of the fine ejecta from the boulders, 
resulting in boulders landing at larger distances than the surrounding fine grained material. However, 
boulders located in the target near the maximum extent of the expanding excavation cavity are merely 
exhumed and distributed radially around the crater rim, forming ring patterns similar to the ones 
observed on asteroids Itokawa, Ryugu and Bennu. Altogether, on rubble-pile asteroids this process will 
redistribute boulders and finer-grained material heterogeneously, both areally around the crater and 
vertically in the regolith. In the context of a kinetic impactor on a rubble-pile asteroid and the DART 
mission, our results indicate that the presence of boulders will reduce the momentum transfer compared 
to a homogeneous, fine-grained target.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The fraction of the asteroid population that has survived since 
Solar System formation has experienced numerous collisional, dy-
namical, and thermal events, which have shaped their structures 
and orbital properties. As a result, small such asteroids are of-
ten considered to be rubble-pile objects: aggregates held together 
by self-gravity or small cohesive forces (Richardson et al., 2002; 
Sánchez and Scheeres, 2014). Rubble-pile asteroids may be the 
most likely type of Near Earth Objects (NEO) to pose a threat to 
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Earth in a future collision event (Popova et al., 2011). A better un-
derstanding of cratering processes on heterogeneous, rubble-pile 
like targets would therefore aid interpretation of the collisional 
history of small Solar System bodies as well as efforts to design 
effective asteroid deflection technology.

NASA’s Double Asteroid Redirection Test (DART) is the first 
space mission to test the controlled deflection of a near-Earth 
asteroid, the secondary of the 65803 Didymos asteroid system, Di-
morphos. The DART spacecraft will impact the small moon and al-
ter its orbital period around the primary, by a measurable amount 
(Cheng et al., 2018). ESA’s Hera mission (Michel et al., 2018) will 
arrive at Dimorphos a few years after the DART impact and pro-
vide a detailed characterization of the impact outcome, including 
le under the CC BY-NC-ND license 
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the morphometry and morphology of the DART impact crater. Both 
of the Didymos system components, the 780 m main asteroid and 
the 160 m moon, Dimorphos, are assumed to be rubble-pile ob-
jects that have separated due to the spin initiated by the YORP 
effect (e.g., Rozitis et al., 2014; Zhang et al., 2021).

Rubble-pile asteroids are thought to be composed of blocks 
(boulders) up to tens of meters in size embedded in finer material. 
The presence of large boulders may affect the crater morphology, 
as is apparent on the relatively well-studied asteroids Bennu (e.g., 
Lauretta et al., 2019; Walsh et al., 2019) investigated by NASA’s 
OSIRIS-REx mission and Ryugu, explored by JAXA’s Hayabusa2 mis-
sion (e.g., Arakawa et al., 2020; Cho et al., 2021). Studies of craters 
on the rubble-pile asteroid Ryugu, for example, show that abun-
dant boulders on and under the surface have affected crater mor-
phology (Cho et al., 2021). On this asteroid, craters typically have 
relatively large boulders remaining on the rim forming a circu-
lar pattern outlining the crater. Likewise, large craters (diame-
ter >100 m) host abundant and sometimes relatively large boul-
ders on their floors compared with the crater size, whereas small 
craters (<20 m) are characterized by smooth floors with relatively 
few boulders compared with the exterior.

Cho et al. (2021) suggest that the intra-crater boulders in the 
larger craters were exposed by preferential excavation of finer ma-
terial, similar to what was observed for the SCI impact experiment 
(Small Carry-on Impactor; Arakawa et al., 2020). However, at the 
smaller craters the crater-forming impact merely removes boulders 
on or near the surface, which leads to exposure of finer materials 
just below the near-surface boulders. The SCI impacted a boulder-
rich area on Ryugu, and produced a crater approximately 15 m in 
diameter (Arakawa et al., 2020), causing boulder movement in the 
close proximity to the crater.

Recent impact experiments and numerical studies (e.g., Housen 
and Holsapple, 2011; Jutzi and Michel, 2014; Luther et al., 2018; 
Raducan et al., 2019) have shown that the ejection behavior and 
the resulting kinetic impact deflection efficiency depend strongly 
on the target properties and structure, and are non-unique (i.e., the 
same spacecraft impact onto asteroids with different target prop-
erties can result in the same deflection (Raducan et al., 2020)). 
For an unambiguous interpretation of the DART impact outcome, 
therefore, it is imperative to measure both the impact deflection 
efficiency (often referred to in terms of β , where β represents the 
change in momentum of the asteroid/impactor momentum) and 
the crater size and morphology, to help infer the target proper-
ties of the asteroid independently. In addition, it is important to 
understand the influence of asteroid properties on the cratering 
process, including the effect of target heterogeneities. For this rea-
son, laboratory scale experiments and rigorously validated impact 
simulation software, so-called shock physics codes, are essential to 
predict asteroid deflection by a kinetic impactor.

A number of previous impact experiments have studied im-
pact cratering in granular media involving projectiles larger than 
the target grain size (e.g., Cintala et al., 1999), granular media in-
volving projectiles of similar size with the target grain size (e.g., 
Barnouin-Jha et al., 2005; Güttler et al., 2012; Tatsumi and Sugita, 
2018), or granular media involving projectiles much smaller than 
the target grain size or heterogeneity (e.g., Durda et al., 2011). We 
are only aware of one study where impact cratering was investi-
gated in granular media with projectile-sized embedded objects, 
which are more similar to asteroid surfaces: Housen and Holsap-
ple (2014) performed a set of preliminary experiments at the NASA 
Ames Vertical Gun Range into targets with grain sizes about the 
same as the projectile, or larger. In one experiment they used a 
50/50 random blend of roughly projectile-size grains and clasts 
with diameters about ten times that of the projectile. The target 
was suspended with springs of known strength so that the mo-
mentum transfer and, thus, β could be calculated.
2

Housen and Holsapple (2014) compared their deflection results 
with results from similar experiments into both homogeneous and 
heterogeneous targets of various grain sizes (e.g., Holsapple and 
Housen, 2012). They concluded that β is fairly insensitive to the 
size of the rubble-pile constituents, even when they are nearly an 
order of magnitude larger than the impactor. However, the exper-
iment with the 50/50 mixed target produced a β value that was 
higher than for all the various homogeneous grain size targets. 
Nevertheless, it was not certain what the reason for the larger β
value was. Thus, the influence of heterogeneous granular targets 
on cratering remains poorly understood despite its important im-
plications for the cratering on rubble-pile asteroids.

Here we present new impact experiments into targets specifi-
cally designed to mimic rubble-pile asteroid surfaces, with
projectile-size, porous boulders (ceramic balls) embedded in a fine-
grained matrix (beach sand). One target configuration considers a 
scenario with a relatively homogeneous distribution of boulders, 
whereas a second scenario applies a distinct lateral change in the 
boulder distribution. A third scenario, with a homogeneous target 
of the same sand as used as matrix between the ceramic balls, 
serves as reference. We investigate the effect on crater formation, 
material ejection, and the final crater morphology. The results are 
used for the validation of numerical simulations carried out in 
concert with the experiments.

2. Methodology

2.1. Impact experiments

The impact experiments were conducted at the Experimental 
Projectile Impact Chamber (EPIC) at Centro de Astrobiología CSIC-
INTA, Spain (Fig. 1A). The design, capacities, and procedures for 
target and gun preparations of the EPIC, as well as reproducibil-
ity of results, are described in detail by Ormö et al. (2015). The 
main component of the EPIC is the compressed-gas gun that can 
launch 20 mm in diameter projectiles at velocities up to approxi-
mately 420 m/s and at varied impact angles. In this study, we used 
spherical projectiles of Delrin, which is a micro-crystalline polymer 
of high strength, hardness, and rigidity that disrupts upon impact 
at the velocities and target properties used in this study. Ormö et 
al. (2015) concluded that Delrin projectiles are well suited for dry 
sand targets. They also showed that repeated shots with the EPIC 
gun into granular targets have high reproducibility (less than 10% 
difference) and scale consistently with impact craters in the hyper-
velocity regime both in the laboratory and in nature. These tests 
suggest that the uncertainty introduced by the experiment set-up 
is very small. The experiments included in our current study fol-
low the same experimental methodology.

The experiments were recorded with a NAC Memrecam GX-8 
with a resolution of 800 × 600 pixels when set at a frame rate of 
5000 fps and the, for these experiments necessary, recording time 
(approximately 2.5 s). The target was illuminated by five Fotodiox 
PRO LED100WB-56 Studio LED High-Intensity Daylight lamps.

We carried out three quarter-space experiments (cf. Pieku-
towski, 1980; Ormö et al., 2015) with different target set-ups: 
Experiment 1 – a complete target of ceramic balls embedded in 
beach sand (Fig. 1B–D); Experiment 2 – half the target consisted 
of ceramic balls embedded in beach sand and the other half was 
pure beach sand (Fig. 1E–F); and Experiment 3 – a completely ho-
mogeneous target of pure beach sand as a reference.

The properties of the target beach sand are described in Ormö 
et al. (2015). Grain size data were measured at Centro de Astro-
biología CSIC-INTA by standard sieving technique. Friction angle 
and density were measured at the Boeing laboratory in Seattle (for 
details see Ormö et al., 2015). The beach sand was in all cases ap-
plied as “slow pour” to achieve maximum compaction (cf. Ormö et 
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Fig. 1. The Experimental Projectile Impact Chamber (A) The target set-up for Experiment 1 (complete rubble-pile target). (B) Front view through the camera tank window 
(5 cm thick to eliminate vibrations) showing the projectile (at beginning of the arrow) just before impact and the embedded layers of ceramic balls (“boulders”) for quarter-
space Experiment 1. The point of impact is at the end of the red arrow. (C) Top view during preparations for Experiment 1: Four layers of porous ceramic balls were 
positioned directly on top of each other, with one ball-diameter spacing between each ball in x, y and z directions. The uppermost layer was just barely covered by sand (D, 
top view). The red circle indicates the point of impact, which was at the flank of ball 7 in the row next to the window. (E) Top view of the target set-up for Experiment 2 
(half ̀ rubble-pile’, half homogeneous sand target). The photo shows the ball distribution of the topmost layer out of three layers. The distance and relative positions between 
balls are the same as in Experiment 1. Likewise, the top layer was then just barely covered by sand (F, top view). The red circle indicates the impact point. To study the 
coupling between the projectile and the sand target, there was no ball placed at the impact point (cf. Experiment 1). (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)
al., 2015; Housen et al., 2018), with a density of 1.8 g/cm3 and a 
friction angle of 34.6◦ . Physicochemical properties of the ceramic 
balls such as dimensions, mass, density, porosity, and chemical 
composition were measured at the Centro de Astrobiología CSIC-
INTA, and the micro X-ray fluorescence laboratory at Museum für 
Naturkunde Berlin (for methodology and details see Suppl. Mate-
rial 1).

The porous ceramic balls, hereafter called “boulders”, are ap-
proximately 2.25 cm in diameter, have an estimated unconfined 
compressive strength of ≈1 MPa, and a porosity of about 66%. 
Notwithstanding differences in chemical composition, the ceramic 
material of the balls is considered to be a good mechanical ana-
logue for the boulders found on the rubble-pile asteroids Ryugu 
and Bennu (cf. Ballouz et al., 2020). The balls were chosen because 
they have a diameter and density similar to the projectiles. For 
more details on the target materials see Table 1. All targets were 
covered by a thin layer (<1.5 mm) of colored sand in order to fa-
cilitate the analysis of ejecta emplacement.

This is a qualitative study of the effects of boulder inclusions in 
the target. The setup is complex and time consuming and it was 
not possible to apply a quantitative approach. Therefore, we must 
rely on the high reproducibility of similar EPIC experiments men-
tioned above. Nevertheless, there are several additional parameters 
that we would have liked to have varied but could not because of 
the said limitations, e.g., spacing between boulders, irregular vs. 
regular distribution, variable and different boulder size. The ex-
tensive experimental effort allowed more systematic studies using 
numerical methods (see section 2.2); however, further numerical 
modeling of the experiments are very demanding in terms of com-
putational resources and are beyond the scope of this paper.
3

2.2. Numerical model

To further study the impact scenarios described above, we used 
Bern’s grid-free smoothed-particle hydrodynamics (SPH) shock 
physics code (Jutzi et al., 2008; Jutzi, 2015) to reproduce the EPIC 
impact experiments. SPH is well suited to model high velocity 
impacts on heterogeneous asteroids. The code includes material 
models relevant for geological materials, various equations of state 
and a porosity compaction model, the P-α model (Jutzi et al., 
2008).

The granular target matrix was modeled using a Tillotson EoS 
for SiO2 (adapted from Melosh, 2007) and a Drucker-Prager rheol-
ogy, with a coefficient of internal friction of f = 0.56. The initial 
porosity of the target matrix was kept constant at ≈30% and was 
modeled using the P-α model, with a simple quadratic crush curve 
(Jutzi et al., 2008) defined by the solid pressure, P s = 0.2 GPa, elas-
tic pressure, Pe = 1 MPa, transition pressure, Pt = 0.2 GPa, transi-
tion distension, αt = 1, exponents n1 = 2 and n2 = 2, and initial 
distension, α0 = 1.48. The full description of the P-α model imple-
mented in the Bern SPH code is given by Jutzi et al. (2008). The 
choice of crush curve parameters was informed by the experimen-
tal crush curve data for Lane Mtn. 20/30 sand (Housen et al., 2018). 
The boulders were modeled using a Tillotson EoS for SiO2, and a 
tensile strength and fracture model as described in (Jutzi, 2015), 
with parameters corresponding to a tensile strength of YT ≈ 1 
MPa. The porosity of the boulders was set to match the size, mass 
and bulk density of the boulders, and was modeled using the nom-
inal parameters P s = 0.1 GPa, Pe = 1 MPa, Pt = 0.1 GPa, αt = 1, 
n1 = 2, n2 = 2 and α0 = 2.0.

The target was modeled as a half-sphere, with a radius of 
28 cm, and was made of 6 million SPH particles. Due to the very 
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Table 1
Projectile and target details for the EPIC impact experiments.

Projectile Boulders Experiment 1 
(rubble-pile)

Experiment 2 
(half rubble-pile)

Experiment 3 
(homogeneous)

Material Delrin Ceramic Beach sand* + full 
target ceramic 
boulders

Beach sand* + half 
target ceramic 
boulders

Beach sand*

Diameter, d 20 mm 22.5 ± 1.6 mm – – 0.25-1 mm (grain 
size)

Mass, m 5.7 g 5.7 ±0.5 g – – –
Density, ρ0 1.36 g/cm2 ≈0.96 g/cm3 – – 1.8 g/cm3

Porosity, φ0 – ≈66% ≈32% (sand) +
≈66% (boulders)

≈32% (sand) +
≈66% (boulders)

≈32%

Impact velocity, U – – 397 m/s 380 m/s 405 m/s

*For details see Ormö et al. (2015). The sand porosity was calculated based on given mineral composition and densities.

Table 2
Inputs for the SPH impact simulations.

Description Delrin impactor Ceramic boulders Beach sand

Material Delrina SiO2
b SiO2

b

Equation of state Mie Gruniesen Tillotson Tillotson
Strength model Hydrodynamic Tensilec Drucker-Prager
Initial bulk modulus, A (GPa) 7.52 35.9 35.9

Drucker-Prager strength parameters

Cohesion, Y (Pa) – – 0.1
Strength at infinite pressure, Ylim (GPa) – – 0.1
Internal friction coefficient, f – – 0.56

a Ormö et al. (2015).
b Melosh (2007).
c Jutzi (2015).

Table 3
EPIC experiments results.

Experiment 1 
(rubble-pile)

Experiment 2 
(half rubble-pile)

Experiment 3 
(homogeneous)

Transient crater diameter, DT C 17.3 cm 19.3 cm (Equal radius on 
both sides)

21.4 cm

Transient crater depth, hT C 2.9 cm 2.6 cm (sand side) 2.5 cm
2.9 cm (rubble-pile side)

Transient crater growth time, T T C 40 +/−5 ms 65 +/−5 ms 70 +/−5 ms
Same for both sides

Final crater diameter, D F C 20.4 cm 21.2 cm (Equal radius on 
both sides)

22.5 cm

Final crater depth, hF C 2.9 cm 2.6 cm (sand side) 2.5 cm
2.9 cm (rubble-pile side)

Diameters and depths are relative to the target surface.
long crater growth times, the EPIC experiments described above 
are very computationally expensive to replicate with SPH. To en-
sure numerical stability, the maximum simulation time-step, dt, is 
limited by the Courant criteria (e.g., Anderson, 1987), which for 
the simulations of the EPIC experiments means that the maximum 
time-step must be: dt < resolution/cs ≈ 10−7 s, where cs is the 
sound speed in the target. However, the ejecta and boulder re-
accumulation occurs after a few hundred ms. To model the entire 
process with SPH, therefore, we switch to a so-called “fast time in-
tegration scheme” in the shock physics code calculation at the time 
ttransition = 30 ms, after the transient crater is formed. At this time, 
the initial shock and fragmentation phase is over and the late-stage 
evolution is governed by low-velocity granular flow. This allows us 
to artificially change the material properties of the target to a low 
sound-speed (cs) medium allowing for a larger timestep. This “fast 
integration scheme” was described in detail in Raducan and Jutzi 
(2022). In this phase of the calculation, we apply for all materials 
a simplified Tillotson EoS, in which all energy related terms are set 
to zero. The remaining leading term of the EoS is governed by the 
bulk modulus P = A(ρ/ρ0 − 1), which also determines the mag-
nitude of the sound speed. We use A ≈ 1 MPa and also reduce 
4

the shear modulus proportionally. The SPH input parameters are 
summarized in Table 2.

3. Results

3.1. Crater growth and the transient crater

Visualizations and details on the development of the craters in 
the three experiments are given in Suppl. Material 2. Crater excava-
tion in Experiment 1 begins with a symmetric bowl-shaped cavity, 
similar to the homogeneous target Experiment 3, and the grow-
ing crater retains this shape until the maximum depth is reached 
(cf. Melosh, 1989). Analysis of high-speed video footage shows that 
after the maximum depth is reached the lateral expansion contin-
ues until T ≈ 40 ms, when a “kink” develops in the ejecta curtain 
(Fig. 4A). The emergence of this kink marks the end of excavation. 
After this time the excavation flow inside the crater has ceased 
and the ejecta curtain travels away from the crater cavity deposit-
ing near-field ejecta behind it to form the crater rim. In the gravity 
regime, the crater cavity stops growing when the residual kinetic 
energy is insufficient to displace the target against its own weight. 
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Fig. 2. Time evolution of Experiment 1 (rubble-pile target). In the experiment, only boulders from the topmost layer participated in the cratering to any noticeable degree. 
The boulder at the impact point was crushed, the boulders next in line outwards were ejected at lower angles than the sand ejecta curtain, causing them to pass through the 
curtain and land about 0.6 m from their original positions. The rest of the boulders spanned by the growing crater were displaced to positions on top of the crater rim. The 
boulder in layer two just below the crushed boulder was displaced 0.5 cm downwards. Both the transient and the final crater had a relatively steeper wall than the reference 
crater in homogeneous sand (see Experiments 3, Fig. 5). Except for a slightly shallower crater in the experiment, the SPH simulation shows a good fit in crater dimensions 
and shape. Please note that the fast SPH ejecta are not displayed in the simulation (see section 3.3).
Thus, in the experiments, the moment when the ejecta curtain 
starts to bend over the forming crater rim, creating the observed 
kink, defines the time of transient crater formation (T T C ). This 
time should correspond to the moment of maximum crater vol-
ume; however some uncertainty from the definition of the ejecta 
kink in the video frames is present (Table 3). The crater rim forma-
tion can be seen until T ≈ 60 ms, after which the ejecta curtain 
continues to move across the surface and the ejecta and boulders 
are deposited on the target surface by T ≈ 300 ms.

During the lateral expansion of the crater prior to T T C , the 
cavity becomes relatively flat-floored and steep-walled (Fig. 2). 
The crater in the numerical simulation, on the other hand, main-
5

tains a deeper, more bowl-shaped profile, albeit with a relatively 
steep crater wall. This is likely due, at least in part, to the rela-
tively low spatial resolution employed which results in a relatively 
thick ejecta curtain as well as visualization artifacts (e.g., material 
around the crater rim is diffuse and has lower density yet it is vi-
sualized as an opaque material). It may also be due to a deficiency 
in the material model used to describe the behavior of the sand. 
Nevertheless, the fit of the final crater profile between experiment 
and simulation is good.

The earliest stage of crater excavation in Experiment 2 is similar 
to that observed in Experiment 1 (Fig. 3). However, later excava-
tion is clearly affected by the absence of boulders on one side 
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Fig. 3. Time evolution of Experiment 2 (“half” rubble-pile target). In this experiment, there was no boulder directly at the point of impact. However, it had negligible effect 
on the excavation and the boulder ejection, which followed an identical pattern as that of Experiment 1 (Figs. 2, 5). In the time frame 60 ms (just before the transient 
crater reached its maximum dimension), it is apparent that the wall of the sand-side part of the crater (left) is shallower, and with lower ejecta curtain angle, than for 
the rubble-pile side (right). Except for a slight ‘hump’ on the floor of the experiment crater, the SPH simulation shows a good fit in crater dimensions and shape. Layers of 
colored sand in the experiment target (dark horizontal lines) show the displacement of the sand within the target. Please note that the fast SPH ejecta are not displayed in 
the simulation (see section 3.3).
of the target. On the side of the target with boulders, cavity ex-
pansion follows that of Experiment 1, whereas on the side with 
homogeneous sand the cavity obtains a shallow bowl-shape with a 
lower wall slope angle, as well as lower ejecta curtain angle sim-
ilar to that of Experiment 3. Nevertheless, there is no noticeable 
difference in the emergence of the kink in the ejecta curtain (T T C ) 
between the two halves of the crater (Table 3). However, the tran-
sient crater is reached at different times for the full rubble-pile 
target (Experiment 1) compared with the other two, which may 
be considered equal in time (Table 3).

When the transient crater shape of the two rubble-pile exper-
iments is compared with that of the homogeneous sand target in 
6

Experiment 3 (Fig. 4A; Suppl. Mtrl. 2), it is noticeable that the 
existence of boulders in the target affects the crater growth. In 
Experiment 1 and 2 the crater wall and ejecta curtain angles are 
steeper than in the homogeneous sand target (Experiment 3). The 
transient crater formed in Experiment 1 (rubble-pile target) is 16% 
deeper, but almost 20% smaller in diameter than the equivalent Ex-
periment 3 crater in homogeneous sand. The Experiment 2 crater 
in the half-and-half target, as expected, falls in between the Exper-
iment 1 and Experiment 3 craters. The transient crater dimensions 
are summarized in Table 3. Seven repeated shots by Ormö et al. 
(2015) in homogeneous sand targets show an error of 10% in the 
transient and final crater-diameters, and 5% in their depths, all fac-
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Fig. 4. Transient and final crater morphologies. (A) Transient crater profiles of Experiments 1 and 2 overlaid over the transient crater of Experiment 3 formed in a ho-
mogeneous sand target. This transient stage of the crater development is determined when a “kink” is visible in the angle of the ejecta curtain just after it has detached 
from the crater cavity to form the crater rim. The crater in the sand-target part of Experiment 2 (left hand side) fits to the Experiment 3 crater (background), whereas the 
rubble-pile part of Experiment 2 (right hand side) fits to the smaller and more steep-walled rubble-pile crater in Experiment 1. (B) Final crater profiles from Experiment 1 
and Experiment 2 overlaid over the final crater from Experiment 3. A layer of colored sand (dark horizontal line) shows the slight displacement of the sand within the target.
tors kept equal. Therefore, we consider the observed differences 
between our three experiments to be significant.

3.2. Final crater size and morphology

The observed size difference in transient crater dimensions be-
tween the rubble-pile target in Experiment 1 and the homoge-
neous sand target in Experiment 3 remains to some extent also 
for the final craters (Fig. 4B) although the difference in crater di-
ameter decreases to only about 10%. However, there is no change 
in crater depth between the transient and final craters. An analysis 
of the high-speed videos indicates a slight collapse of the initially 
steeper transient crater wall, especially for the craters formed in 
targets with embedded boulders.

3.3. Impact ejecta distribution

Figs. 5A–C show the crater profiles, including the ejecta cur-
tain, from the three experiments, at three different times (T = 20, 
60 and 80 ms). Our experiments show that the presence of the 
boulders within the target (i.e., Experiment 1 and the right half of 
Experiment 2) results in a steeper ejection angle and hence a few 
degrees steeper ejecta curtain compared to a homogeneous target 
scenario (Experiment 3).

Our SPH simulations show good agreement with the experi-
ments in terms of the crater growth and final crater size (Figs. 2, 
3). For the visualization of the simulation data, the SPH kernel in-
terpolation is used to compute the continuum density distribution. 
Using this visualization approach, the fast ejecta (represented by a 
relatively small number of SPH particles) are not fully resolved and 
are therefore not visible. However, the underlying mass-velocity 
distribution of the SPH particles can be used to investigate quan-
titatively the differences in the ejecta mass-velocity distribution 
between the three impact scenarios. Figs. 5D–F show the cumu-
lative mass fraction of the ejecta material that is ejected at speeds 
7

higher than v/U , where U is the projectile speed, at three different 
times (T = 20, 60 and 80 ms). The data from the SPH simulations 
show that there is more mass ejected at a given time in the homo-
geneous target case, compared to the two rubble-pile cases. This 
result suggests that the presence of the boulders within the target 
inhibits the ejection process at certain velocities.

We integrated the ejecta mass velocity-distribution to deter-
mine the cumulative, vertically ejected momentum pej(z)/mU =
(β − 1), as a function of ejection speed in the vertical direction 
vz, at T = 20, 60 and 80 ms (Fig. 5G–I). The differences seen in the 
ejecta mass-velocity distributions between the homogeneous tar-
get (Experiment 3) and the rubble-pile targets (Experiments 1 and 
2) are also present in the ejecta momentum distribution, suggest-
ing that the boulders also inhibit the vertically ejected momentum.

3.4. Boulder ejection and redistribution

The process of boulder ejection in Experiments 1 and 2 is com-
plex and the boulder’s fate depends on where in the excavation 
zone they were initially placed (Fig. 6A). In Experiment 1, the boul-
der below the impact point was crushed to dust. During the initial 
stage of the crater formation (induced by the initial shock wave 
propagation), there is a 0.5 cm downwards displacement of the 
boulder closest to the impact point in the layer below, but no other 
boulder displacement is visible. In Experiment 2, the absence of 
the boulder at the impact point seems not to affect the boulder 
ejection behavior. A comparison between the final crater morphol-
ogy (Fig. 4B) and boulder redistribution (Fig. 6B) shows that the 
boulders in the fully rubble-pile target of Experiment 1 and those 
of the rubble-pile half of the target in Experiment 2 have nearly 
identical behavior during displacement and ejection.

Boulders that were initially placed in the top layer of the tar-
get well within the transient crater were excavated with the rest of 
the sand matrix (Fig. 6A). In both experiments only boulders from 
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Fig. 5. (Left) Crater and ejecta profile from Experiments 1 and 2, overlaid over the Experiment 3 crater, at (A) T = 20 ms, (B) T = 60 ms and (C) T = 80 ms. (Middle) 
Cumulative mass of ejected particles at speeds greater than v, as a function of normalized ejection speed v/U, from the SPH simulations of the three experiment, at (D) T =
20 ms, (E) T = 60 ms and (F) T = 80 ms. (Right) Cumulative momentum of ejected particles at speeds greater than vz , as a function of normalized vertical ejection velocity, 
vz /U, at (G) T = 20 ms, (H) T = 60 ms and (I) T = 80 ms.
the top layer were excavated. Fig. 6A (left) shows a schematic rep-
resentation of the crater excavation and displaced zones.

The boulders remained entrained within the ejecta curtain until 
they reached an altitude of about a few cm above the pre-impact 
target level. Here, the boulders become separated from the ejecta 
curtain and pierce through the ejecta cone (see Figs. 2 and 3), ac-
quiring a ‘topspin’ (i.e., forward rotation over the top) at the same 
time. The observed trajectories of the ejected boulders suggest that
after detaching from the rest of the ejecta curtain, the boulders 
have lower ejection angles compared to the finer sand material 
ejected from similar target positions relative to the impact point. 
As a result, these boulders land at a greater distance than the 
continuous sand ejecta layer, i.e., approximately 60 cm from their 
original positions (see Suppl. Mtrl. 2). Even though these experi-
ments were carried out in the presence of the Earth atmosphere, 
the difference in the observed trajectories of the boulders and the 
fine ejecta is not consistent with atmospheric effects, suggesting 
that a different mechanism (e.g., interaction with the sand parti-
cles in the ejecta curtain) is responsible for the boulder and fine 
ejecta detachment.

The passage of the boulders through the ejecta curtain cre-
ates transient holes in the sand ejecta curtain (see Suppl. Mtrl. 2). 
The presence of boulders also results in the focusing of fine sand 
ejecta into streams that follow the boulders and produce crater 
rays (Fig. 6B). The effect of embedded objects on ejecta ray forma-
tion has also been studied by Kadono et al. (2019).

The boulders located at a distance of about three boulder di-
ameters from the impact point (and initially close to the transient 
crater cavity wall) were exhumed and uplifted onto the crater rim 
(Fig. 6A, right), None of the ejected or displaced boulders show 
any visible damage. Fig. 6B shows the final boulder configuration 
8

around the crater. The boulder movements were well reproduced 
by the numerical simulation.

4. Discussion

4.1. Experiments and numerical simulations

Two of the most conspicuous differences between the part of 
the experimental craters formed in rubble-pile targets and the part 
formed in homogeneous sand are the sand matrix ejection angle 
and focusing of ejecta into rays. The ejection angle is generated 
by the interplay of pressure gradients (from the radially expanding 
shock wave, the gradient towards the free surface and the release 
wave). The ejected boulders behave like one particle, but on much 
larger scales compared to the sand grains, which means that the 
boulders on the surface are mobilized later than the surrounding 
fine material. As a result, the boulders induce a fine-material flow 
around them, which causes the steeper ejection angle of the fine 
material (i.e., the sand) and the ejecta rays.

In our experiments 1 and 2 and numerical simulations we ob-
serve only a small effect on crater dimensions whether or not 
there was a boulder at the impact point. Nevertheless, there is a 
small, but noticeable, difference (1 cm) in transient crater radius 
between Experiment 1 and the boulder-side of the crater in Exper-
iment 2 (Table 3, Fig. 4A), and a more significant difference in T T C

(Table 3). To investigate if these differences could be due to the 
crushing of the porous boulder in Experiment 1, we can calculate 
the energy required to disrupt the boulder: According to previous 
studies, the specific impact energy threshold for catastrophic dis-
ruption at the boulder size scale is around 1e3-1e4 J/kg (e.g., Jutzi 
et al., 2010). Assuming a mass of the boulders of around 5 g, this 
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Fig. 6. A) Schematic representation of the crater excavation mechanism. The projectile impacts the target at a velocity U and fragments the boulder placed at the impact 
point. The shock waves and the subsequent rarefaction waves set the material into motion, in the direction of the material flow lines. The material in the excavation zone 
(orange) is ejected beyond the crater rim, while the material in the displaced zone (gray) is displaced and does not reach the surface. The boulders close to the transient 
crater cavity are uplifted to the crater rim. B) Final boulder configuration around the crater. The dotted circles show the initial position of the boulders. The impactor and 
the boulder placed at the point of impact (red dotted circle) were fragmented (Experiment 1), while the boulders placed in immediate proximity to the impact point (black 
dotted circles) remained intact but were ejected to distances of about 0.6 m. Experiment 2 did not have a boulder at the impact point. Boulders placed more than three 
boulder diameters away from the impact point (blue dotted circles) also remained intact and were displaced towards the crater rim. The SPH simulations were able to closely 
reproduce these observations. The sand ejecta were focused into rays at significantly greater extent in Experiment 1 and the rubble-pile side of Experiment 2 than in the 
homogeneous sand target-half of Experiment 2 and in Experiment 3. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
gives an energy of <50 J needed for disruption. While this value 
is not an upper limit of the energy needed to pulverize the boul-
der, it is very small compared to the kinetic energy of the impact, 
which is around 449 J (397 m/s impact velocity and 5.7 g projec-
tile mass). However, we also note that the initial kinetic energy 
in Experiment 1 was slightly (∼37 J) higher than in Experiment 
2. Therefore, we can say that there is a difference between the 
experiments (most noticeable in the T T C ), but we cannot exactly 
quantify to what extent this is an effect of the boulder crushing.

The reason for the different T T C between Experiment 1 and 
Experiments 2 and 3 may be due to a combination of factors: 
Firstly, there is a higher amount of sand in Experiments 2 (the 
sand side) and 3, compared to Experiment 1, which may result in 
slightly different bulk properties (i.e., effective friction) of the tar-
gets; Secondly, the relationship between T T C and the crater size is 
non-linear (i.e., a large difference in T T C corresponds to a rather 
small difference in the crater size (Schmidt and Housen, 1987)); 
Thirdly, the coupling to the target may be affected by the presence 
of the boulder at the impact point, albeit as we show above, it may 
have only a small effect on the crater size. Lastly, part of the dif-
ference in T T C can also be attributed to the errors associated with 
the measured T T C (Table 3).

Our results suggest that impacts on heterogeneous targets simi-
lar to the ones investigated in our study produce the displacement 
9

of boulders, rather than fragmentation, except for the boulders 
directly hit by the projectile. Similar results were obtained by 
Housen and Holsapple (2014) for their 5 km/s impact experiments 
into coarse gravel. Our results are also in line with the recent SCI 
impact on Ryugu that displaced several boulders on the asteroid 
surface (Arakawa et al., 2020).

The small ‘hump’ at the center of the craters, most notably in 
Experiment 3, is not a central peak known from natural complex 
craters (e.g., Melosh, 1989 and references therein) nor is it a ‘cen-
tral mound’ due to target layering (cf. Quaide and Oberbeck, 1968; 
Raducan et al., 2020). This effect was seen previously in other im-
pact and half-buried explosion experiments into compacted gran-
ular targets (e.g., Piekutowski, 1977; Mizutani et al., 1983; Schultz 
and Gault, 1985). We are currently investigating its formation in 
both quarter-space and half-space target configurations. Prelimi-
nary results show that target configuration (e.g., quarter space vs. 
half-space, rubble-pile vs. homogeneous) is not a factor. Our pre-
ferred explanation is that it is an effect of the relatively higher 
effective compressive strength of densely packed sand grains (i.e., 
the “slow pour” sand used here, cf. Ormö et al., 2015). Densely 
packed sand is harder to compress downward than to shear out-
ward, compared to a loosely packed sand, which provides less 
resistance to downward flow. Recent impact experiments in sands 
of different compaction (Cline and Cintala, 2022) investigated the 



J. Ormö, S.D. Raducan, M. Jutzi et al. Earth and Planetary Science Letters 594 (2022) 117713
formation of these humps in more detail and they concluded that 
the humps might be a consequence of greater shear strengths in 
granular materials with high coefficients of static friction. Never-
theless, the formation of this small central feature is considered of 
no significance to the current study.

Previously, impact experiments into coarse-grained targets 
studied the “armouring effects” (e.g., Tatsumi and Sugita, 2018), 
where the cratering efficiency is reduced due to the energy dissi-
pation at the collision site. It is important to note that armouring 
effects do not always occur for projectile-to-target grain-size ra-
tios lower than 1 (e.g., Fig. 17 in Tatsumi and Sugita, 2018). The 
ratio between the projectile kinetic energy to the energy required 
to disrupt the larger clast in the target is more important than the 
projectile to grain size ratio (Housen and Holsapple, 2014). More-
over, in our experiments the boulders are loosely packed and are 
embedded in a much finer granular medium, placing these impact 
experiments in a different regime facilitating the crater growth 
compared to the experiments conducted by Tatsumi and Sugita 
(2018).

4.2. Consequences for impacts on rubble-pile asteroids

On asteroid surfaces we expect to find a wide size-distribution 
of grains and boulders (e.g., from mm to m sized boulders; Del-
laGiustina et al., 2019; Michikami et al., 2019). An impactor at the 
average impact velocity in the main asteroid belt catastrophically 
disrupts a surface grain more than 20 times its own size (Tatsumi 
and Sugita, 2018). Consequently, only very large surface boulders 
(larger than a few meters) may affect the craters made by meter-
size impactors.

Our results suggest that a large proportion of the craters we 
see on asteroids might not have been influenced by armouring ef-
fects, and the classical crater scaling (e.g., Holsapple and Schmidt, 
1987) still applies. Consequently, the age estimations for rubble-
pile asteroids, based on these scaling laws, might also be valid. The 
boulder size-frequency distribution was not varied in our experi-
ments, however, it may be an important factor when determining 
the impact outcome.

In our experiments, boulders within close proximity of the im-
pact point are ejected at angles close to ∼45o, lower than the sand 
matrix and, thus, land at a relatively larger distance. This suggests 
that impacts on rubble-pile asteroids will redistribute boulders and 
finer-grained material heterogeneously, potentially resulting in seg-
regation of boulders from fine-grained material.

Moreover, boulders that were initially positioned close to the 
edge of the transient crater are exhumed onto the crater rim. The 
ejection and exhumation of boulders in the excavation zone results 
in a depletion of boulders between the pre-impact surface and the 
maximum depth of excavation. Recent observations of the surface 
morphologies on Ryugu and Bennu observed textural differences 
between the interior of the craters and their exterior. Craters about 
∼10 m in diameter generally have smoother interiors than the sur-
rounding and compared to larger, >100 m craters. Cho et al. (2021)
attributed this textural difference to the presence of a subsurface 
layer, about 2 m thick, of fine grained material.

Our laboratory and numerical results are consistent with these 
observations and we propose that this observed vertical boulder 
size sorting is produced by impact cratering. Small impacts (which 
are also the most numerous) exhume the boulders within the ex-
cavation zone and produce a segregation of fine material from the 
boulders.

Boulders much more massive than the projectile will probably 
remain on the crater floor, as seen in the case of the SCI impact 
(Arakawa et al., 2020). Moreover, an increase in kinetic energy 
would expose deeper located boulders within the target. However, 
due to the current experimental set-up limitations (i.e., maximum 
10
projectile diameter and velocity was applied), this could not be in-
vestigated.

The quasi-circular distribution of boulders along the crater rim, 
observed in this study, is consistent with observations of craters 
at Ryugu (cf. Cho et al., 2021). Similarly, some craters on asteroid 
Itokawa have smooth floors and concentrically distributed boulders 
(e.g., Hirata et al., 2009). The accumulation of relatively large boul-
ders on crater rims is also known from much larger impact craters, 
for instance on the Moon and Earth (Melosh, 1989, fig. 6.1).

Another main consequence of the presence of the boulders 
within the target is a change in crater ejecta morphology. The 
boulders in our simulations caused a steeper ejecta cone compared 
to a homogeneous target impact, as well as distinct ejecta rays. 
Similarly, in the SCI impact, the south side of the crater was ob-
scured by a large ≈5 m boulder and the ejecta cone was separated 
into four rays of material, as opposed to a continuous uniform 
ejecta curtain observed for homogeneous targets.

In the context of the DART mission, it is likely that the presence 
of the boulders on, and within, the asteroid surface will affect the 
ejecta cone and, ultimately, the mass-velocity distribution of the 
ejecta (similar to the experiments and numerical results presented 
here) and the momentum transfer efficiency.

While the momentum transfer efficiency, β , was not directly 
measured in the experiments, the results from our SPH suggest 
that for the targets investigated here, the presence of the boulders 
causes a lower β . However, ejected boulders from the asteroid’s 
surface, which will depend on the initial boulder configuration on 
the surface, will also drastically affect our current understanding of 
asteroid deflection by a kinetic impactor. Future numerical studies 
with the Bern SPH code will need to investigate in more detail the 
effects of boulders on Dimorphos, at the scale of the DART impact.

5. Conclusions

Crater formation on a rubble-pile like target is a complex pro-
cess, which involves fragmentation, ejection and displacement of 
boulders. We used the EPIC facility at CAB CSIC-INTA, Spain, to 
perform three low-velocity (≈ 400 m/s) impact experiments in 
granular targets with and without projectile-scale boulders. We 
considered three different target configurations: a granular sand 
target with boulders embedded in the target at regular intervals 
across the entire target and with a boulder being disrupted at the 
impact point, a similar configuration but with boulders only em-
bedded across half of the target and with no boulder at the impact 
point, and a homogeneous sand target. We conducted SPH simula-
tions that closely reproduced the impact experiments.

Our experimental and simulation results suggest that, at least 
for the impact conditions applied here, cratering on heteroge-
neous targets displaces and ejects boulders, rather than fragment-
ing them, except for any boulders directly hit by the projectile. In 
such cases, we see indications that as long as the energy required 
to disrupt the boulder is small compared to the kinetic energy of 
the impact, the disruption of boulders directly hit by the projectile 
has minimal effect on the crater size.

On the other hand, the presence of boulders in the target no-
ticeably affects target excavation and ejection. Impacts into the 
rubble-pile target produced ejecta with higher ejection angles 
compared to the homogeneous sand target. Boulders well within 
the transient crater are ejected at lower angles (∼45o) than the 
sand matrix and, thus, land at a relatively larger distance. This sug-
gests that impacts on rubble-pile asteroids will redistribute boul-
ders and finer-grained material heterogeneously, potentially result-
ing in segregation of boulders from fine-grained material.

Simulation data also indicates that a greater mass is ejected at 
higher velocities in the homogeneous target scenario compared to 
the rubble-pile targets, which results in more momentum in the 
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ejected material. In the context of a kinetic impactor on a rubble-
pile asteroid and the DART mission, it is likely that the presence 
of boulders will reduce the momentum transfer compared to a ho-
mogeneous, fine-grained target.

Our impact experiments and simulations show that boulders 
embedded just below the surface, inside the crater and near the 
crater rim are exhumed and distributed radially around the crater 
rim. Similar patterns have been observed around craters on rubble-
pile asteroid surfaces, such as Itokawa, Ryugu and Bennu. Our ex-
periments serve as a useful validation exercise for impact codes 
and can aid in the interpretation of impact craters seen on rubble-
pile asteroids.
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