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Collisional fragmentation of asteroids and satellites has been simulated in experiments in which small cubes or 
spheres of rock or ice are shattered during hypervelocity impacts (e.g. 1-4). Useful applications of these resuits 
require an understanding of how collisional outcomes depend on the size scale of the experiment. This is 
particularly important in light of the fact that observable asteroids are some 15 to 20 orders of magnitude more 
massive than their laboratory counterparts. The purpose here is to consider scaling laws, which help to bridge the 
size gap between small-scale experiments and asteroids. 

A traditional scaling method assumes that collisions are described solely by Q, the ratio of projectile kinetic 
energy to target mass. In particular, catastrophic fragmentation is assumed to occur when Q exceeds a critical 
value, say Q*, which depends on the target material, bvt is independent of target size or impact velocity. Under this 
assumption, asteroids would shatter when Q reaches the value of Q* measured in the lab, which is typically of order 
10' ergslg for rock. 

We shall show that scaling methods based on Q alone do not hold unless the target has unusually simple 
mechanical properties; for example, its strength must not depend on loading rate. However, the dynamic strength of 
rocks can exceed the static strength by as much as an order of magnitude (5,6). Also, fracture stress is commonly 
reported to depend on a power (roughly 114 to 113) of the strain rate (7-10). For collisions at a given velocity, the 
loading rate decreases as impactor size increases. As a result, fracture strength should decrease as the impactor 
(and hence target) size increase. Thus, we expect Q* for asteroids to be smaller than that measured in the lab. 

General scaling laws for collisional fragmentation have recently been developed (1 1). The basis for the model is 
as follows. (a) The impactor, which has radius a, density 6 and velocity U, is described by a coupling parameter (12). 
Briefly the idea is that, except for a region very near the impact point, the individual measures of the impactor are not 
important. Instead, there is a single measure, i.e. a coupling parameter, of the form: C = a u h V ,  where p and v 
depend on the target material. The special case of energy scaling corresponds to p-213, v=1/3 while momentum 
scaling occurs when p=1/3, v=1/3. For a wide variety of non-porous materials, including rocks, has been observed 
to be in the range 0.55-0.60, distinctly below the energy-scaling limit. (b) The target body is represented by its 
radius R, densit p, and a mechanical strength property, S. For generality we assume that S has dimensions of X B (stress)(length) (time) , where A and B are constants. Various interesting cases can be derived depending on the 
adopted values of A and B. For example, if A-B-0 then S reduces to a constant fracture stress, which implicitly 
assumes the strength is independent of target size and loading rate. If A=O and B#O (say 114 to 113) then a 

B strain-rate model results. In particular, the fracture stress would be given by SE , where E is the strain rate. (c) For 
large bodies gravity is important. Hence the gravitational constant, G is included in the analysis. 

Under these assumptions, one can show that collisions are governed by two nondimensional parameters: a 
strength parameter, n S ,  and a gravity parameter, nG. These variables, and several scaling results, are shown in 
Table 1 (a constant density ratio p/S is assumed). Scaling relations are given for a strength regime, where R is small 
enough that gravity effects are negligible (R<50km or so), and a gravity regime, where R is sufficiently large that 
gravitational effects dominate material strength. Consider two special cases. (a) If one assumes energy scaling of 
the impactor (p=2/3) and a simple material where A=B=O, then nS and all of the strength-regime relations depend 
only on Q, independent of R and U. Furthermore, Q*, the threshold energylmass for fragmentation, is constant for a 
given material. This corresponds to the traditional scaling mentioned above. (b) A "nominal" model which includes a 
strain-rate dependent material corresponds to ~10 .55 ,  Ax0 and 8~114. In this case, collisional outcomes depend 
not only on Q but also on R and U. For example, for a given target material, the threshold value of Q in the strength 
regime is given by Q*- R - ~ . ~ ~ u ~ . ~ ~ ,  so that Q* decreases as R increases. In all cases Q* increases with R in the 
gravity regime because selfcompression in large asteroids effectively increases their strengths, as first noted by 
Davis etal. (13). Figure 1 shows the ratio of impactor mass to target mass required for fragmentation. Note, this is 
proportional to Q* when U is constant (U was assumed to be Skmls). The mass ratio decreases by roughly an order 
of magnitude before it turns upward into the gravity regime. 

Table 1 also shows results for fragment velocities. In the strength regime, a characteristic velocity vc (defined 
such that a constant mass fraction of debris has velocities higher than this value) should depend only on Q in the 
case of energy scaling and A=B=O. On the other hand, in the nominal model fragment velocities should depend also 
on R and U. For example, the velocity at fragmentation should decrease as target size increases, i.e. vC*- R - ' ~ .  
In the gravity regime, velocities increase due to the increased strength caused by selfcompression. 

In summary, the use of Q 'as  the sole measure of similarity is not expected to be valid. Extrapolations of 
laboratory results to asteroids, based on considerations of Q alone, may lead to serious errors. 
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TABLE 1: Some Scaling Results 
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Notel: (a) The strength parameter, n s ,  is defined as I I  = 9 ( s / ~ ) ~ ~ ~ ( ~ - ~ )  ~ ~ 1 ~ ~ .  (b) The gravity 
parameter, lTG, is def ied as IIG = Q (p~)-3fl RJp 63p- . (c) F represents a generic functional dependence, which 
differs from one equation to the next. (d) The threshold is defined such that ml/M=constant. (e) The characteristic 
velocity is defined such that M JM=constant. 
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