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The nature of the impact cratering process has been examined experiment- 
ally in small-scale(1). Much has been learned about this process using soph- 
isticated techniques and varying the projectile impact velocity and target 
material. Fast framing cameras can capture the early-time phenomenology as- 
sociated with the initial impact, particularly the formation of the ejecta 
curtain. Special target marker techniques can be used to reveal the post im- 
pact position of regions within the target, once the target has been sectioned 
(2). The material motions leading to the observed post-impact positions of 
the markers are masked, however, primarily by the target itself but also by 
the ejecta curtain. The explosive cratering work of Peikutowski(3) using tar- 
get markers in quarter-space has not yet been applied to impact cratering. 
The small-scale experimental work is very useful because the phenomena which 
occur there also occur in the formation of large-scale terrestrial and extra- 
terrestrial impact craters, and once scaling laws are developed the small- 
scale work can be directly applied to solve some of the unanswered questions 
concerning their formation. 

Calculations can be of help in understanding the details of the crater- 
ing processes which occur in small-scale experiments. In particular they can 
supply information concerning the cratering dynamics which to date have not 
been observed in those experiments. Very few impact calculations have been 
performed, however, and those have addressed other problems. Bjork(4) and 
Bryan et al(5) performed calculations of a terrestrial impact crater, Meteor 
Crater. The calculations of O'Keefe and Ahrens(6) emphasize the effects of 
using a high-pressure, two-phase equation of state on the early-time coupling 
of energy from a meteorite. 

The overall purpose of this research is to begin to examine the funda- 
mental mechanics associated with the impact cratering process, including pro- 
jectile impact and subsequent development of the cratering flow field, crater 
growth and the mass ejection process. This is being accomplished through the 
use of finite-difference computer calculations of small-scale impact crater- 
ing. Jetting upon projectile impact has been observed in the experimental 
work of Gault(7), and a theoretical basis was provided by Gault et al. (1) and 
Kieffer (8). The calculations being performed have been examined at very 
early times for this phenomena. For near-surface explosion cratering calcu- 
lations Maxwell(9) found that, after the passage of the primary shock wave 
the cratering flow field could be described as a very orderly process, well- 
approximat:d by incompressible flow. Further, Maxwell found that the radial 
velocity, R, was a simple function of range, R, and independent of angle, 8, 
taken about the approximate center of the explosion: 

-z 
R = C1R 

Using the assumption of incompressible flow yields the full equation of motion 
for a mass element in the crater region: 

A 
u(R,~) = f& + ;(z-2) tan (e/2)8. 

This has been reported previously by Orphal(10). These calculations are being 
examined to see if the cratering flow field developed in an impact cratering 
event can be characterined by this model, known as the Z-model, or a model 
similar to it. 
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A simple target material was chosen for use in the calculational study. 
This material, plasticene (modeling) clay, is a uniform material composed of 
marble dust in a base of petrolatum, wax and oil. A high pressure, two-phase 
equation of state had been developed previously(l1). The strength of plasti- 
cene is adequately modeled using a Von Mises strength model, with the actual 
strength value dependent only on its ambient temperature. This latter prop- 
erty allows the strength to be independently varied in the calculations; thus 
the late time strength dependence of the cratering flow can be studied also. 
Plasticene has been used extensively in small-scale explosive cratering 
experiments(l2), and could likewise be used in impact cratering experiments. 
The temperature dependence of the strength would allow the target strength to 
be independently varied in the experiment, and would also permit layered 
targets. 

Three small-scale finite difference impact calculations are being per- 
formed using a coupled Euler-Lagrange continuum mechanics computer program. 
The impacting body is a 0.3g aluminum sphere with an initial velocity, V, of 
6 km/s. Two-dimensional cylindrical symmetry is assumed. Figure 1A shows 
the initial geometry. The projectile is computed initially in Lagrange 
coordinates; the target, in Euler coordinates. Terrestrial gravity is 
included in the computational treatment. The variable in the calculations 
is the target material shear strength: 5 and 15 Mpa are currently being used 
and a layered calculation will follow. 

Figures 1B and 1C show the early time jetting of vaporized target mater- 
ial into the void. The maximum velocities developed in the jet are about 
lOkm/s or about 1.7V; they occur along a straight line which intersects the 

0 original surface at an angle of about 35 . At lps the material in the jet 
has a mass of about 0.05g and a total energy of about 4% of the total impact 
energy. 

i I n i t l a 1  C o n d i t i o n s  I 
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Figure 1. EAPLY TINE JETTING 

During the impact process the projectile is severely deformed: verti- 
cally compressed and horizontally extended. This is shown in Figure 2. Al- 
though it has not reached its maximum penetration depth at this time, the pro- 
jectile has transferred 90% of its original energy and 75% of its original 
momentum to the target, inducing a strong shock. The pressure contours of 
Figure 2 show the position of the shock front in the target relative to the 
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projectile position. A high density lip of plasticene has been formed above 
the original surface. Figure 3 shows velocity vectors at a slightly later 
time . 

At 2.45~s the projectile is rezoned and from then on treated as a second 
material in the Eulerian grid. Figure 4 shows velocity vectors at 4.01~s. 
The projectile continues to penetrate to 1.8 original projectile diameters 
although it has separated into two pieces. 

I I I 
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The cratering flow field is currently being analyzed with a special com- 
puter routine developed to compare the calculational results directly with 
Maxwell's Z-model. This routine calculates and Z values for rays extending 

0 
every 5 from possible on-axis centers. The velocity field in the target 
material beneath the projectile is overdriven early in the impact process. 
Values of Z at these times are much larger in the direction of the impact 
than perpendicular to it. 
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