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INTRODUCTION

This paper presents an analysis of crater volumes in Rolled Homogeneous Armour
(RHA) steel targets, produced by various shapes of tungsten alloy penetrators. A number
of surveys of hole volume relationships have been produced previously [1,2]. Hohler and
Stilp found crater volumes at low ordnance velocity to be dependent on the length to dia-
meter (L/D) ratio of the penetrator, but this dependency disappeared at higher velocities.
Murphy examined impact energy normalised by crater volume (E/V) and observed a
minima in E/V for RHA at 5 km/s. The E/V ratio has been applied more frequently to
spheres than the more conventional long rod penetrators for which penetration depth is
the key concern. Nevertheless, E/V supports the efforts of analytical modelers, and stu-
dies into the lethality of novel penetrators.

EXPERIMENTAL PROCEDURE 

Projectiles and targets

Four penetrator designs, all of nominal mass 60 grams, were fired against semi-infi-
nite armor steel at velocities between 1.8 and 2.9 km/s. The designs are shown in Figure 1
and consisted of two unitary projectiles of length to diameter ratio (L/D) 4.5 and 20:1, a 3

Crater volumes in semi-infinite steel targets have been measured for a range of
penetrator shapes and aspect ratios. The impact velocities range from 1.8 to 
2.9 km/s. The penetrators were of constant mass (60 grams) made from
tungsten alloy, and were fired into the same parent RHA plate. The trends in
impact energy/crater volume (E/V) show a reduction with increasing velocity,
but there is still an L/D effect at 3 km/s. E/V values for an L/D 4.5 unitary rod
and two novel penetrator designs (segmented and telescopic) approximately
followed their effective aspect ratios at 1.8 km/s. An L/D 20 penetrator was
found to have a low E/V efficiency.
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segment segmented rod and a tele-
scopic design with a 6 mm diame-
ter rod. The penetrator material
was Plansee D176, a 92%W-Ni-
Fe alloy.

The target material was Rolled
Homogeneous Armour (RHA)
with a Brinell hardness of 255 to
262. All the target material was
taken from the same 150 mm thick
parent plate, cut into 180 mm
square blocks. The testing metho-
dology and depth of penetration
measurements have been reported
previously [3, 4]. For completeness, the penetration depth vs. velocity is shown in Figure
2.

Figure 2. Penetration depth into RHA vs. velocity.

This paper addresses the crater volume measurements and the corresponding values
for impact energy normalized by crater volume (E/V) from these tests.

EXPERIMENTAL RESULTS

Measured crater volumes and the resultant values for E/V are listed in Table 1, toge-
ther with details of the impact conditions. The crater volumes were measured to the origi-
nal impact surface of the target and hence do not include the volume contained by the
“crater lip” pushed up during the initial stages of penetration. Although this approach ne-
glects a portion of the apparent crater volume, it is consistent with the manner in which
penetration depths are typically measured. Similarly, because the intent was to measure
the volume of target material displaced, the volumes listed include the estimated volume

1266

Terminal Ballistics

Figure 1. Penetrator designs.



of any residual penetrator material
at the bottom of the crater. The de-
tails of the measurement procedu-
res are given in the following pa-
ragraphs.

For the lower velocity tests (1.8
and 2.2 km/s), two orthogonal ra-
diographs of the crater were taken
with through-target x-rays. The
crater volume was then calculated
from the digitized outline of the
crater profile assuming axisymme-
try about the local centreline. The
average value of the two calcula-
tions is reported in this paper.

Figure 3 shows typical crater shapes produced by the 4 designs at 2.6 km/s.
For the higher velocity tests (2.6 and 2.9 km/s) crater volumes were measured by di-

rect liquid fill. The two halves of the previously sectioned target were clamped together
and the crater was filled to the level of the original impact surface. A cork gasket placed
between the two sections scaled the interface and corrected for material lost during sec-
tioning (~1.5 mm). The estimated volume of any residual penetrator material at the
bottom of the crater was added to the fill volume to obtain the total crater volume. Total
crater volume was checked against the volume computed from a digitized outline of the
profile; in the few cases where the target halves could not be adequately clamped together
this volume is reported.

COMPUTATIONAL RESULTS

Simulations of the experiments were carried out using the DERA GRIM2D Eulerian
hydrocode. Cell sizes of 1 mm square were used for the short unitary and segmented de-
signs, reducing to 0.75 mm square for the telescopic and 6.5 mm diameter unitary rods.
Relatively simple elastic-plastic material constitutive models were used for the RHA and
tungsten. The penetration depth from the simulation was in very good agreement with the
lowest yaw experiments, as shown in Figure 2. The craters from the simulations were
then digitised in a similar manner to the experiments. The crater profile followed the
interface between the target material and the residual penetrator material, all of which re-
mained in the crater. The results are discussed in the following section.

OBSERVATIONS

The ratio of impact energy to crater volume (E/V) obtained in the experiments and the
simulations is plotted in Figure 4. The experimental scatter is more pronounced at the
lower velocities (partly because the L/D 20 rod becomes more yaw sensitive at low velo-
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Figure 3. Crater shapes at 2.6 km/s. From left: Uni-
tary, segmented, telescopic, 6.5 mm unitary.



cities, and absolute volume measurements are less), but two key trends may be observed
in this plot: E/V decreases with impact velocity and increases with the aspect ratio of the
penetrator. These observations existed in both the experiments and the simulations,
although the relative magnitudes differ.

A general decrease in E/V with impact velocity exists for each of the four penetrator
types. It is not possible to determine whether this decrease is asymptotic to a common value
or a minimum in E/V versus velocity curve. In the simulations the decrease is approxima-
tely 25% over the range of velocities tested regardless of the type of penetrator. The experi-
mental data show similar trends. For the 10.6 mm unitary and segmented penetrators, the
data closely followed the simulations, although the offset between the two sets of data was
slightly less at higher velocity than was observed in the simulations. For the telescopic pene-
trator, the data decreased more rapidly than observed in the simulations, being somewhat
higher than predicted at the lower velocities and more closely matching the 10.6 mm de-
signs at the higher velocities. The simulations show the E/V trends for the 6.5 mm unitary
rod to be similar to those of the telescopic penetrator, although the lower velocity data for
this design were significantly higher, and more widely scattered, than in the simulations.

The decrease in E/V follows the decrease in the fraction of impact energy spent in de-
formation of the penetrator [5]. This supports the suggestion that E/V is constant for a
given penetrator/target material pair [6–8] provided that E is considered as only the
energy spent in formation of the crater. Otherwise E/V is not independent of L/D and ve-
locity at impacts up to 3 km/s.

The second observation, that E/V increases with increasing aspect ratio of the penetra-
tor, is less clear. For these novel penetrators we considered an aspect ratio based on the
mass effective diameter (L/Deff). In order of increasing aspect ratio (i.e., length) these va-
lues are: 4.6, 8.5, 12, and 23. The trend of E/V increasing with aspect ratio is most evident
at lower velocities, at which E/V for the 6.5-mm unitary rod (L/D~20) is approximately
twice that ofthe 10.6 mm unitary rod (L/D~5). The data for the other two designs tend to
fall between these two bounds. The simulations follow these trends, but for the two rod
designs the E/V difference is less: about 60%. Also, the simulations show nearly identical
values for the 6.5 mm unitary rod and the telescopic penetrator despite a significant diffe-
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Figure 4. KE/VOL vs. velocity for the 4 designs.



rence in L/Deff. Although higher aspect ratio penetrators may be less efficient in terms of
the formation of crater volume, it should be noted that the opposite is true for efficiency in
terms of penetration depth.

We compared these data with those available in the literature [1,2,6,9]. For long rods
(L/D~20) these references list values for E/V decreasing from approximately 7 KJ/cc at
1.8 km/s to 5 KJ/cc at 3.0 km/s. The data reported herein for the 6.5 mm unitary rod (L/D
23) are somewhat higher than this, particularly at the lower velocities. The data for the
10.6 mm unitary and segmented penetrators more closely follow reported values, falling
between the data for L/D 1 and 10 rods in [1]. Overall, the trends match the observations
of Murphy [2] and also Ref [6].

The telescopic design is an interesting hybrid. The rod section has an L/D of nearly 7
and contains 32% of the penetrator mass. For the higher velocity tests, the fraction of
crater volume that appears to be created by this portion of the penetrator (i.e., prior to
opening up of the crater diameter) is also approximately 30%, suggesting that the L/D 7
rod portion and the following tube portion have approximately equal values of E/V (~5.5
KJ/cc). Other data gives 5.48 KJ/cc at 2.5 km/s for an L/D 7 rod [10].

This observation was investigated further. Comparison of average crater diameter in
the two sections of the crater showed that the tubular portion displaced an equal amount
of material laterally. This is shown in Figure 5, in which the average normalized crater
diameter (d) for the two portions of the telescopic crater is plotted for the higher velocity
tests (a mass effective diameter of
8.0 mm was used for the tube sec-
tion).

Also included in this plot are
the data from the 6.5 mm and 10.6
mm unitary rods, and a d/D fit
from other experimental data [11].
Simulations of equivalent mass
(60 g) tubular penetrators yielded
equivalent values for E/V and ne-
arly identical crater diameters.
These results suggest that at these
velocities tubes are as efficient as
rods in terms of volume displaced
and penetration depth. 

CONCLUSIONS

Crater volume data were obtained with four penetrator geometries impacting semi-infi-
nite armor steel targets. Equivalent mass tungsten penetrators and consistent penetrator
and target material properties allowed a direct comparison of the efficiency of crater for-
mation, quantified as the ratio of impact energy to resultant crater volume. The experi-
ments were conducted at impact velocities ranging from 1.8 to 3.0 km/s and were suppor-
ted by 2-D axisymmetric hydrocode simulations.

1269

The Influence of Penetrator Geometry and Impact Velocity on the Formation of Crater Volume …

Figure 5. Crater dia./mass effective rod dia. vs.
velocity.



E/V values for an L/D 4.5 unitary rod and two novel penetrator designs (segmented
and telescopic) were ranked by their effective aspect ratios at 1.8 km/s. An L/D 20 pene-
trator was found to have a low E/V efficiency for crater formation. Analysis of the tele-
scopic design showed that tubolar penetrators arc as efficient as solid rods.

E/V ratios were still converging at the highest velocity examined (3 km/s). Hydrocode
simulations followed the same trends as the experiments.

Table 1. Experimental Results
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Table1 (contd)
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