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While the effects of cratering and catastrophic 
impacts on asteroids have been studied in some detail 
both experimentally and numerically, the 
intermediate regime of energies has received much 
less attention.  This regime, in which an asteroid is 
too small to be considered an infinite half-space, yet 
too large to be shattered, is important because sub-
catastrophic impacts can produce wide-spread 
damage, weakening a body against subsequent 
impacts, or may generate fractures that result in the 
grooved surfaces observed on many asteroids. 

Results of initial laboratory impact experiments 
on basalt targets were reported previously [1]. Here 
we report on additional experiments and applications 
of those results to sub-catastrophic collisions on 
small strength-dominated rocky asteroids. 

Experiments:  The experiments were similar to 
those reported in [1].  Aluminum cylinders 6.3mm in 
length and diameter impacted basalt cylinders of 
length 69±2mm and diameter 63 or 69mm at speeds 
from 0.7 to 2 km/s.  The projectiles impacted at the 
center of a flat face of the targets at normal incidence.  
The events were recorded with high-speed video 
typically running at 50,000 pics/sec.  Some of the 
impacted targets were scanned with X-ray computed 
tomography (CT) to inspect for internal damage. 

Results:  In all, 16 experiments were conducted 
producing outcomes from simple cratering to extreme 
shattering.  In sub-catastrophic impacts, damage first 
appeared as radial cracks extending from the impact 
point out to the edges of the cylinder.  CT inspection 
also revealed formation of cracks that formed a 
roughly conical surface extending downward into the 
target at ~45°.  When the energy was sufficient these 
cracks met with the side of the target, dislodging 
segments of target material around the periphery of 
the cylinder. 

The large peripheral fragments were ejected at 
fairly low velocity and so were easily tracked in the 
video.  Figure 1 shows the velocity of these 
fragments, measured relative to the largest remnant, 
along with the velocity of the largest remnant itself.  
The fragment velocities ranged from ~1m/s to a few 
tens of m/s, well above the ~0.6m/s escape velocity 
of km-sized bodies.  A straightforward application of 
these results would suggest that km-sized rocky 
bodies cannot retain any collisional debris because 
even the large, slow fragments escape.  However, 
before applying these results to asteroid collisions, 
the size-scaling question must be addressed. 

Scaling to larger sizes:  If the strength of the 
target material is independent of loading rate and 
duration, then the ejection velocities measured in the 
lab would apply directly to larger-scale collisions.  
However, the tensile strength of rock is known to be 
rate-dependent.  Considerations of time-dependent 
tensile failure [2] show the tensile strength is 
proportional to (tensile pulse duration) -3/φ, where φ is 
the Weibull exponent of the in situ flaw size 
distribution.  In this case, the scaling law for 
fragment velocity [3] is 

v = D3/(3-2φ) f (ML/M) 
where D is the asteroid diameter, ML is the largest 
remnant mass, and M is the original target mass.  
This provides the basis for scaling the lab results. 

We consider an asteroid collision that is similar to 
a lab experiment in that it produces the same 
normalized largest remnant, ML/M. For any sequence 
of similar collisions, the fragment velocity scales as 
D3/(3-2φ), or D-1/3 for φ=6 [4]. Physically this occurs 
because larger bodies are weaker, due to longer 
tensile loading durations.   Weaker bodies require a 
lower energy/target mass, Q, to produce a given 
value of ML/M, and lower Q results in lower fragment 
velocities. Therefore, the present lab results can be 
applied to a larger, similar event, by scaling the 
velocities by the -1/3 power of the target diameter. 

Figure 2 shows the velocity measured from one 
lab test in which ML/M~3/4.  Although the measured 
velocity of the large peripheral fragments was ~2m/s, 
the equivalent fragments for a similar 200m rocky 
body would be somewhat slower than the escape 
speed, so they would be retained by the largest 
remnant.  This would form the classic rubble pile 
structure, albeit rather coarse because the small, fast 
debris, would likely escape. 

For a collision with a somewhat larger body that 
produced ML/M~3/4, the fragment velocities would 
be sufficiently low compared to the escape speed that 
the fragments would barely move.  The dashed line in 
Figure 2 shows the ejection velocity such that the 
maximum height reached by a large fragment would 
be equal to the fragment diameter.  In this case, 
fragments would probably not be overturned or 
jumbled, but would instead settle back into place.   

In order to visualize this, the velocities and 
rotation rates of the large fragments from the test 
shown in Figure 2 were scaled up to target sizes of 
100m, 300m and 500m.  These values were used as 
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initial conditions for an n-body simulation [5] that 
followed their evolution due to the gravity field and 
mutual collisions.  The fragments all escaped the 
largest remnant for the 100m target, as expected 
(Figure 2).  Snapshots for the other two cases are 
shown in Figure 3.  The 300m body formed a coarse 
jumbled rubble pile.  The fragments from the 500m 
body were so slow that they settled back into their 
original positions, forming a fairly well-ordered 
“brick pile” 1.  This parallels an observation in field 
cratering.  While small explosions in rock produce a 
crater with spall plates ejected around the periphery, 
the plates in larger events are so slow they are not 
ejected, but instead settle into their original location. 

Although the effects of size scale on fragment 
velocities should be studied further, the present 
results show that rocky bodies even smaller than the 
~300m asteroid Itokawa could form coarse rubble 
piles.  Sub-catastrophic collisions could also form 
well-ordered brick piles: bodies that are heavily 
fractured, but retain much of their original structure. 
There are undoubtedly many interesting asteroid 
structures yet to be observed. 
                                        
1 Small fragments that originated near the impact in the 
actual test could not be tracked in the video and therefore 
were not modeled correctly in the simulation.  An improved 
simulation would include a larger number of small fast 
fragments near the center of the cylinder’s flat face.  These 
fragments would have escaped, leaving a small crater. 
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Figure 1.  Solid symbols show the velocity of the 

largest remnant.  Open symbols show the velocity of the 
large fragments ejected from the periphery of the 
cylindrical target, measured relative to the largest remnant. 

 

 
Figure 2. Fragment velocities scaled to larger sizes. 
 
 

 
Figure 3.  N-body simulations of shot 3533 scaled to sizes 
of 300m and 500m.  Time increases downward. 
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