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To study the dynamic fragmentation of rock and to simulate asteroid collisions, we use a 
two-dimensional, continuum damage numerical hydrocode which models two-body impacts. This 
hydrocode monitors stress wave propagation and interaction within the target body, and includes 
a physical model (Grady and Kipp (1) fragmentation theory) for the formation and growth of 
cracks in rock. With this algorithm we have successfully reproduced fragment size distributions 
and mean ejecta speeds from laboratory impact experiments using basalt, and weak and strong 
mortar as target materials (see (2) and (3)). Using the hydrocode we have determined that the 
energy needed to  fracture a body has a much stronger dependence on target size than predicted 
from most scaling theories. In addition,.velocity distributions obtained indicate that mean ejecta 
speeds resulting from large-body collisions do not exceed escape velocities. 

We used the hydrocode to  examine the dependence of fragmentation outcome on target 
size. Specifically, we analyzed how the size of the target body influences the amount of specific 
energy needed to  fracture it. The critical specific energy Q', defined as the energy necessary to  
fragment a body such that the largest remaining fragment contains half the original target mass, 
is recorded as target size is varied from 10 cm to 1000 km in diameter. This size range covers 
both the strength regime, where material bonds dominate the fracture process, and the gravity 
regime, where the incoming stress pulse must overcome gravitational self-compression in addition 
to  material bonds to  initiate damage. We modeled three materials, basalt, and weak and strong 
cement mortar, all having different material strengths. Previously, scaling theories had used data 
from only basalt laboratory experiments to infer a size dependence, and it remained unknown 
what effect material type would introduce. The hydrocode uses no scaling approximations in its 
simulations, it computes the fragmentation outcome for each target size. Impact velocity was kept 
constant for this size-dependence study to isolate only the effect of target size (i.e., mass). 

The hydrocode results (Figure 1) clearly show that energy scaling does not work- Q* is 
indeed dependent on target size. Q* decreased with increasing target size in the strength regime 
with slopes of 0.43,0.59, and 0.61, for basalt, strong mortar, and weak mortar, respectively. These 
values are much steeper than the 0.24 slope-dependence predicted for basalt targets by Housen 
and Holsapple (4) nominal strain rate scaling theory. The decrease in Q* in this regime is due to 
the fact that strain rate is also decreasing, making the bodies weaker and easier to  fragment. The 
slopes for weak and strong mortar ar steeper than that of basalt, as these materials have larger 
strain rate exponents associated with them. In the gravity regime, Q' increases with increasing 
target size, with a slope equal to ~ 2 . 6  for all three materials. This is once again steeper than the 
1.7 slope dependence predicted from Housen and Holsapple scaling theory. The fact that Q' is 
independent of material type in the gravity regime confirms that it is gravitational compressive 
pressures and not material bonds that govern fracture in this region. 

The first data on how ejecta velocity distributions vary with target size was also obtained 
using the hydrocode, and Figure 2 displays the results obtained for basalt, Mean fragment speeds 
tend to  follow the Q* versus target size curve: the more energy put into the collision, the higher 
the average velocities. A surprising result is that for large bodies, not enough energy is being 
transferred to  the ejecta in the form of kinetic energy for them to overcome escape velocity and 
disperse. This implies that many large Solar System bodies could be gravitationally reaccumulated 
rubble piles. 
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Figure 1: Hydrocode results for the dependence of critical specific energy Q* on target size for 
basalt, and weak and strong cement mortar. Housen and Holsapple's (4) nominal scaling law for 
basalt (solid curve) and energy scaling for baaat (solid line) are also shown. Impact velocity is 
kept constant at 1.65 krn/s. 
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Figure 2: Mean ejecta speeds (solid circles) as a function of target size for the collisional disruption 
of basalt. Error bars are used to indicate the range of velocities found at each target size. Escape 
velocity is indicated by the dashed line. 
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