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MODEL FOR PENETRATION OF SURFICIAL MATERIALS BY A CORING 
PROJECTILE; William W. Anderson, Thomas J. Ahrens, and Ronald F. Scott, California 
Institute of Technology, Pasadena, CA 91 125 

One possible method for obtaining samples of surficial materials from planetary bodies is 
to propel a coring tube toward the surface, allowing the momentum of the tube to drive the 
penetration process. The mechanics of penetration of a tube are similar to those for a solid 
penetrator, but there are also significant differences. These differences arise because of the 
effects of friction against the inside walls and the sudden increase in the effective mass and 
frontal surface area of the corer that occurs if the corer should become completely filled with 
target material. We have developed a detailed model for the forces acting on a hollow, open- 
ended penetrator as it penetrates the surface of a target. This analysis can be used penetration 
data for a target to estimate properties such as density and strength for the target, as well as being 
used to design a corer for optimum performance in a given target. 

The primary forces acting on the projectile as penetration proceeds arise from the 
dynamic pressure P, = poou2 cos2 8 (where p, is the bulk density of the material being 
penetrated u is the penetration velocity, and 8 is the local angle between the normal to the surface 
and the propagation direction), the deviatoric stress due to finite failure strength of the target, 
and friction of target material sliding past the projectile. The first two of these forces act normal 
to the projectile surface, while the friction force acts parallel to the projectile surface. The depth 
of penetration as a function of time is given by 

where od is the effective bearing strength of the target material, m is the projectile mass, lf is the 
dynamic coefficient of friction of the target material against the projectile material, and s, is the 
portion of the projectile surface "wetted" by the target. The quantity od can be described by the 

failure mechanics model of Ashby and Sarnmis [1990] and is approximated by o, = oo (u/u,). , 
where u, is a critical velocity at which the deformation of the target material results in faster 
buildup of stress than can be released by propagation of fractures at the intrinsic shear wave 
velocity. The question of how much of the projectile is wetted by the target depends on whether 
outward-flowing target material rebounds from the compressed state so that it recontacts the 
sides of the projectile. We assume that all surfaces for which 0<.n/2 are wetted, all surfaces for 
which 0>.~c/2 are not wetted, and surfaces for which 0=n/2 are wetted if the rebound velocity is 
greater than the outflow velocity. The rebound velocity is assumed to result from complete 
conversion of internal energy of compression, given by 

is completely converted to kinetic energy. Here, pL is the density of compressed target material. 
This model is valid as long as the impact velocity is much less that the compressional wave 
velocity in the target material. 

Because the present model is restricted to penetration velocities less that the sound speed 
in the target, there is no steady shock wave preceding the projectde. Hence, the value of pL is not 
well constrained. We take p, to be 74% of the intrinsic(i.e., nonporous) density of the target 
material, i.e., the density if close-packed mono-sized spheres. This assumption has several 
important implications which are borne out by experiments conducted during this study. First, 
the assumption that a material cannot be compressed to a density greater than 74% of its 
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nonporous density implies that targets with densities greater than this value (at the surface) will 
be incompressible. Such materials, will fail by brittle fracture and outward-accelerated material 
will not experience any acceleration toward the projectile. Hence, the friction component of the 
deceleration force will be negligible. A second important implication of the assumption that pL 
is 74% of the nonporous density relates to with the final condition of the core "cut" out by the 
projectile. The target material must be compressed to fit through the entrance to the projectile. 
If this compression would result in a density greater than pL, the material would fragment into 
small pieces. Otherwise, the material may be compressed into a coherent "slug" that fits tightly 
into the projectile cavity, held in place by the friction force that arises from the material pressing 
against the inner wall as it attempts to expand. 

Figure 1 compares predicted penetration depths with measured penetration depths for a 
series of experiments performed at impact velocities in the range 10-150mls with projectile 
masses ranging from -50g to 1.2kg, into target materials with densities in the range 1 .4-2.4g/cm3 
and values of bo ranging from 1.5 to 200MPa. As can be seen, the model accurately predicts 
penetration behavior for a wide range of conditions. 

This model can be used to examine the effects of varying target and projectile properties 
on the depth of penetration. For the purposes of this task, we arbitrarily adopt as nominal values 
a 500 g projectile with an outer diameter of 20 mm and an inner diameter of 16 mm. This 
projectile is made of hardened steel. For the purposes of the calculation, we assume that the 
projectile is infinitely long so that the contributions of changing material properties are not 
masked by the effects associated with the filling of the projectile (at which time the mass of the 
core becomes part of the projectile mass, resulting in a sudden slowing to maintain constant 
momentum). The nominal target is assumed to be 40% porous and composed of material having 
an intrinsic density of 2.5 g/cm3 with the shock wave properties of rhyolitic tuff. The effective 
dynamic coefficient of friction of the compressed target material against the projectile material is 
taken to be 0.1. The nominal bearing strength parameters are oo=30MPa, u,=lm/s, and n=1/3. 
Figures 2 and 3 show the effects of varying the values of oo, and C L ~  three different impact 
velocities. The most significant conclusion to be drawn from these figures is that, under most 
circumstances, the material strength is the most important factor in the deceleration of the 
projectile, as demonstrated by the strong variation of penetration depth with o,. While friction is 
less important, it is still significant, especially at higher impact velocities. However, these two 
figures show that, within reasonable value of pr, oo can still be extracted relatively reliably from 
penetration data. 
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Figure 1. Predicted vs. measured penetration. + 
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t Figure 2. Penetration as a func~on  of oo. 
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Figure 3. Penetration as a function of friction coefficient. + ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 1 
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