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The response of cm-scale laboratory impact experiment targets to catastrophic collisions (those 
removing -50% of the target's mass) is governed by material strength, while the impact behavior 
of Mm-scale planetary bodies depends on gravity [I,  2, 31. The boundary between strength and 
gravity dominance in catastrophic impacts lies at some intermediate size; estimates of that size for 
silicate bodies range from -6 krn [3] to -100 km [I, 41 diameter. We extrapolate our new 
Smoothed Particle Hydrodynamics (SPH) catastrophic impact simulation results [5] for 10 to 1000 
km diameter bodies to smaller sizes, yielding a new estimate of the boundary diameter: 250k150 
m. The uncertainty reflects incomplete understanding of how strength decreases with increasing 
target size. The catastrophic impact specific energies (Q*) at these sizes are -40 to -200 Jlkg. Our 
results imply that most numbered asteroids are gravity dominated, that bodies < 1 krn across may 
be gravity bound rubble piles as well as monoliths, and that km-sized Earth-approaching asteroids 
may have disruption energies higher than previously estimated [3]. 
THE MODEL Our three-dimensional SPH [6] computer code employs a rigorous treatment of 
gravity and the Tillotson [7,8] equation of state for granite. Target body diameters were 10, 3 1.6, 
100,316, and 1000 km, and projectile diameters were 0.08 to 0.46 times the target diameter. The 
impact velocity was 5 kmls and the impact angle was 45" (the most likely value). A more detailed 
discussion of the model is given by Love and Ahrens [5]. 
MASS EROSION A fragment of the target body escapes if its kinetic energy (K, measured in the 
center of mass frame) exceeds the gravitational energy (W) binding it to the rest of the system. We 
compare K and W after the hydrodynamic phase of the impact, which encompasses contact, 
compression, ejecta launch, and propagation of the impact shock to the antipode, as well as rapid 
evolution of the particle velocity distribution and stabilization of energy partitioning between 
projectile and target. The target's final mass is comprised of particles with K<W. 

FIGURE 1. IMPACT EROSION 

GRAVITY SCALING Our values of Q* are plotted in Fig. 2, along with a linear fit (the heavy 
solid line), which scales as asteroid diameter ~ ~ + ~ 3 * ~ . ~ ~ .  Also shown are the extrapolated two- 
dimensional hydrocode results of Davis et al. [9] for basalt bodies 20 to 1000 km in diameter and 
an impact speed of 5.8 krnls (heavy dashed line, scaling as D1.5), which lie close to the present 
results. The theoretical scaling law of Holsapple [3] (heavy dotted line, scaling as ~ l . 6 5 ) ,  agrees 
less well. The disagreement may arise because the latter work models impacts as point sources, 
whereas the bodies considered here are destroyed by projectiles 0.08 to 0.46 times their own size. 
Holsapple [3] follows Fujiwara [lo] in assuming that the gravitational binding energy per unit 
mass, U=3GMl(5R) where M is the asteroid's mass, R is its radius, and G is the gravitational 
constant [ l  11, is simply related to Q* for the Hirayama asteroid family parent bodies. In fact U is a 
firm lower limit on Q*, but no simple corresponding upper limit is evident. Finally, deriving Q* 
from asteroid family data requires the assumption that most asteroid family members are discrete 
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Figure 1 illustrates the fractional mass 
remaining after impacts on a 3 16 krn diameter 
target at various specific energies. The 
intersection of the linear fit and the "50% 
removal" line marks the catastrophic 
threshold of the target. Similar linear fits 
were obtained for the other target sizes, 
yielding values of Q* equalling 8.103 to 
1.5.106 J k g  for targets 10 to 1000 km in 
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individual fragments [lo, 11. This reasoning is probably oversimplified, as many of these objects 
are likely to be rubble piles rather than monoliths, which implies higher values of Q*. 
STRENGTH SCALING Also shown in Fig. 2 are three relations for the scaling of strength with 
target size. The upper (light dashed) line is the D-0.24 scaling rule of Housen and Holsapple [4]. It 
is nearly coincident with the older D-0.225 result of Horz et a1 [12] (not shown). The lower (light 
dotted) line is the D-0-5 result of Farinella et al. [13]. These lines form the envelope of probable 
strength scaling laws, while the D-0.33 (light solid) line of Holsapple [3] is a recent best estimate. 

FIGURE 2. CATASTROPHIC THRESHOLDS 
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STRENGTH VERSUS GRAVITY DOMINANCE: RESULTS The transition between strength 
and gravity dominance occurs near the intersection between a chosen gravity scaling line and a 
chosen strength scaling line. Adopting the strength scaling relation of Holsapple [I9941 and the 
current results, we find that the boundary between strength and gravity dominance occurs at a 
diameter of 250k150 m for silicate objects. The values of Q* corresponding to these sizes are -40 
to -200 Jkg. Our boundary size and Q* results are respectively much lower and much higher than 
previously thought. They suggest that most numbered asteroids are decisively within the gravity 
dominance regime, and that the collisional evolution of these bodies would be better represented by 
models explicitly including gravity than by analogy with strength-dominated laboratory impact 
experiments, as has ofeen been done in the past [I, 21. Our results also imply that the minimum 
size of gravity bound rubble pile asteroids may be as small as a few hundred meters. Finally, these 
results have practical importance in regard to potential destruction or deflection of Earth- 
approaching bodies, which may offer unexpected resistance to destruction while their potentially 
unconsolidated structures would complicate deflection as well. 
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