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Introduction:  Recent spacecraft rendezvous mis-

sions visiting the two asteroids 25143 Itokawa and 

433 Eros produced images of unprecedented quality 

and details. The surfaces of these small bodies are 

characterized by a loose regolith and a significant sur-

face coverage of large boulders. The images were also 

used to produce crater statistics, which revealed a lack 

of craters in the size range below 100 m crater diame-

ter [1,2]. This lack of craters needs a good explanation 

and two proposed scenarios were the erasure of craters 

by impact-induced, seismic shaking on the one hand 

side and the armoring of the surface by these boulders 

on the other side – a combination of both processes is 

of course conceivable. In this work we focus on the 

armoring effect. It is expected that a projectile, which 

is smaller than a surface boulder it might hit, can pos-

sibly shatter this boulder but would produce a crater 

that is significantly smaller compared to standard 

crater scaling laws. 

Laboratory Experiments:  We set up a series of 

experiments with glass-bead projectiles striking gran-

ular glass-bead targets where – in contrast to most 

previous experiments – the size of the projectiles were 

similar and in many cases even smaller than the con-

stituent target grains. The projectiles were vertically 

shot into the target consisting of 0.2, 1, 3, 10, or 30 

mm diameter grains using a gas gun (1 and 3 mm 

projectiles) or a powder gun (8 mm projectiles). The 

velocities of around 250 m/s were measured by a high-

speed camera, while a second camera, mounted at an 

angle of 45°, observed the formation of the impact 

craters. The final crater dimensions were measured by 

several methods (a laser sheet in most cases) depend-

ing on the size and shape of the crater. 

Results:  We found that the crater sizes for the fi-

ne grained targets were comparable to previous exper-

iments with glass-bead targets [3]. However, as soon 

as the target grains were at the same size or larger 

than the projectile, we observed a steep decline in the 

crater size. For a projectile to target grain size ratio ψ 

of 0.3, the crater sizes were only around 50% of the 

original crater sizes and tending to be irregular in 

shape. For smaller ratios we did not find a granular 

crater anymore but observed instead a crater in the 

target grain that was first struck by the projectile. In 

two cases, this target grain was even completely 

crushed but still the adjacent grains were hardly af-

fected. 

Discussion:  Based on the π scaling of craters [4] 

we found that the ratio πR / π2
-0.18 (the exponent was 

measured by [3]) is a good parameter to describe the 

armoring of our targets. This parameter is expected to 

be a constant for the non-armoring case and we indeed 

found it to be constant for projectiles larger than the 

target grains (ψ>1) and decline for smaller projectiles 

(ψ<1). The decline of this parameter, and thus a pos-

sible explanation for armoring, can be described by a 

simple model outlined below, which is in very good 

agreement with our data. 

The first assumption is that the velocity that goes 

into the scaling above is not the projectile velocity but 

the grain velocity inside the target. Secondly, we take 

this grain velocity inside the target as equal or at least 

proportional to the velocity of the first target grain 

struck by the impact. This velocity is achieved simply 

by momentum transfer from the projectile. For large 

projectile to target grain size ratios ψ, impact velocity 

and grain velocity are in a constant relation so that the 

original scaling is not affected. But if the projectile is 

small compared to the target grain, the target grain 

will achieve a significantly lower velocity from the 

projectile. Based on this idea, we conclude that we 

have to account for a factor proportional to (1+ψ-3)-0.36 

when we still want to use the impact velocity in the π 

scaling. This relation yields a natural fit to our data 

where the only free parameter is the previously meas-

ured non-armoring crater size measured by [3]. 
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