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Abstract

The paper describes a series of 2D numerical simulations which followed the cavity expansion process in an elasto- plastic solid. The

results from these simulations, in terms of cavity wall motion as a function of the applied pressures inside the cavity, highlighted several

issues concerning cavity expansion process and the terminal ballistics of both rigid and eroding long rods. These issues include the form

of the relation between the dynamic radial stress on the cavity wall and its velocity, which can be written in a simple, normalized form, at

least for the materials we simulated here. Also, the difference between target resistance to the penetration of rigid and eroding-rod

penetration, was quantified with a series of simulations in which the pressures in the cavity were applied on an angular section, rather

than on its whole surface. Finally, we explored the inherent differences between spherical and cylindrical cavity expansion processes,

which can be helpful for analytical models of the penetration of rigid rods with different nose shapes.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the pioneering works of Bishop et al. [1] and Hill
[2], on the cavity expansion analysis, there have been many
attempts to account for the resistance to penetration of
metallic targets by the critical pressures which are needed
to expand such cavities. Goodier [3] used these expressions
to account for the depths of penetration of rigid spheres
into semi-infinite metallic targets. His model is based on the
dynamic spherical symmetric analysis for an incompres-
sible solid. The most extensive work on this subject was
performed by Forrestal and his colleagues, who obtained
close form solutions for the general case of compressible,
work hardening metals [4–10]. Thus, the early workers
treated the solid without taking into account the volu-
metric changes in the plastic range of response (incom-
pressible behavior), while the recent works added these
changes through the proper bulk moduli (compressibility
effect). The basic idea behind these models is that one can
write the following relation between the radial stress in a
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spherical cavity (srÞ and the radial velocity of the cavity
wall ðV Þ:

sr ¼ A � Y þ B � rV2, (1)

where A and B depend on the mechanical properties of the
solid around the cavity (r is its density, and Y its yield
strength). The first term in (1) is identified with the quasi-
static minimal pressure ðPcÞ which is needed to slowly open
the spherical cavity against the solid’s strength. As was
shown in [1,2] the constant A can be calculated accurately
for both compressible and incompressible solids through

A ¼

2

3
1þ ln

E

ð1þ nÞY

� �
incompressible;

2

3
1þ ln

E

3ð1� nÞY

� �
compressible;

8>>><
>>>:

(2)

where E, n and Y are the Young modulus, Poisson’s ratio
and yield strength of the solid, respectively. For a linear
work-hardening material an extra term should be added
which is proportional to the hardening modulus, as shown
in [1,2]. On the other hand, the rate and temperature
dependence of the yield strength are not included in these
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Table 1

Material properties

Material Density (gr/cc) Young’s

modulus (GPa)

Poisson’s ratio

Steel 7.9 200 0.3

Aluminum 2.7 73.7 0.333

Lead 11.34 31.1 0.4
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Fig. 1. Simulation results of the cavity wall velocity for four cavity

pressures. Steel specimen Y ¼ 1:0GPa.
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analytical expressions, as well as in our study, since we
wanted to keep material behavior as simple as possible. Of
course, the proper yield strength ðY Þ should be taken into
account in Eqs. (1) and (2) if one wishes to include these
effects.

The term B in Eq. (1) is equal to 3
2
for an incompressible

solid [3], while for a compressible solid it has to be
calculated by a rather complex analysis, as was done in the
works of Forrestal and his colleagues. It turns out that
their analysis results in values for B which are around 1.1
for several aluminum alloys. Chen and Li [11] find that B

equals 1.0 for concrete targets and 1.2 for soil materials.
Thus, one can conclude that for a large variety of materials
B changes very little. Once the values for A and B are
determined from the solutions of the cavity expansion
process, one can write a simple equation for the resisting
force, exerted by the solid, on a penetrating rigid rod. This
force is then used in Newton’s second law, which is then
integrated to find the depth of penetration of these rods.
This was done in Refs. [4–10] for various target materials
and rigid rods with different nose shapes.

The purpose of the work presented here was to explore
the cavity expansion process in elasto-plastic materials with
a series of 2D numerical simulations, in order to highlight
various points which will be described here. We start with a
description of the code, the numerical scheme and the type
of information we extracted from these simulations. We
then describe a parametric study which explores the nature
of the terms A and B in Eq. (2) for different solids. Finally,
we correlate our results with the resistance to penetration
of rigid and eroding long rods.

2. Simulation scheme

The 2D numerical simulations were performed with the
Lagrangian processor of the Autodyn code. The basic
configuration included a very large sphere (200mm in
diameter), with a small hole (1mm in diameter), in its
center. The chosen diameters for the sphere and the hole do
not influence the simulation results, as long as the release
waves, bouncing back from the free boundary, are late
enough. We could see the effect of these reflections on the
cavity wall velocity profiles, at much later times (typically
20–30ms). The cell size in these simulations was 25ms. The
constant cavity pressure was applied by a boundary
condition on the edge of the cavity, which resulted in a
constant radial stress as in the cavity expansion analysis.
For the first set of simulations, described in Section 3, we
applied the pressure on the entire cavity. In this set we
explored the properties of the constants A and B in Eq. (1)
for various metals (steel, aluminum and lead) with different
yield strength. For the second set of simulations (Section 4),
the pressure was applied only on an angular section of the
cavity. The aim of these simulations was to link the cavity
expansion process with the features of crater growth in
terminal ballistics. In the last set of simulations (Section 5)
we explored the expansion process of cylindrical cavity and
compared our simulation results with the analytical model
for cylindrical cavity expansion. In all of our simulations we
used a simple von-Mises yield criterion (elastic-perfectly
plastic behavior) in order to simplify the analysis. The range
of yield strengths, for all the materials we checked in this
study, was 0.5–1.5GPa. While for steel alloys this is a
realistic range of strengths, it is quite high for both
aluminum and lead alloys. Still, we covered this range of
values in order to look for material similarities in our study.
Our conclusions will not be changed by limiting the yield
strength of these softer materials to a more realistic range of
their values.
The resulting cavity wall movement was monitored via

its velocity history for several tens of microseconds, a
duration long enough to assure velocity stabilization, as we
show later. Thus, the main output from each simulation
was the final constant cavity wall velocity as a function of
the input pressure (radial stress). Table 1 lists the relevant
properties of the three different materials which we used in
our study.

3. Spherical cavity expansion

3.1. The critical pressure for cavity expansion

We started our simulation with a steel sphere having
strength of 1.0GPa. Fig. 1 shows typical results for the
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Fig. 2. Summary of all our results for the three different strengths of steel.
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expressions for compressible and incompressible steel specimens.
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cavity wall velocity histories with four different pressures
inside the spherical cavity. One can clearly see the distinct
features, observed in all of our simulations, where for low
pressures the velocity rises quickly and decays to zero while
for higher pressures it achieves a finite value. As the
pressure is raised the overshoot, in the 4.5GPa simulation,
disappears as is clearly seen in this figure. Fig. 2
summarizes all our results from this set of simulations
(for steel specimens), in terms of the resulting cavity wall
velocities as a function of the pressure inside the cavity.
From such figures we could easily determine the critical
(minimal) pressure to induce expansion, by averaging the
highest pressure with zero velocity and the lowest pressure
resulting in a finite wall velocity. These critical pressures
ðPcÞ should be equal to the quasi-static term for the
compressible solid in Eq. (1).

The values for these critical pressures as a function of
steel strength are plotted in Fig. 3. One can clearly see the
excellent agreement between our simulation results and the
analytical expression for the compressible solid as given by
Eqs. (1) and (2). For comparison, we also show in Fig. 3
the analytical model prediction for an incompressible steel
target which is slightly higher, as expected from the
expressions in Eq. (2). The fact that our simulations for
the critical pressures are in such a good agreement with the
analytical solution for the compressible solid (steel),
enhances our confidence in the numerical procedure and
in its results. In particular, we can state that the meshing
scheme we used is well suited for these simulations, which
also agree with the analytical model for the aluminum and
lead specimens, as we show below. Of course, this is the
only way we can check our simulation results, as there are
no experimental results for these critical pressures which
one can refer to.

The next set of simulations was performed on an
aluminum alloy and lead spheres. These materials, together
with the steel, span a large range of densities, Young’s
moduli and Poisson’s ratios, as can be seen in Table 1.
Again, we applied constant pressures inside the cavities and
followed the cavity wall velocity for two values of the yield
strength, 0.5 and 1.0GPa, for both materials. As stated
above, these values are higher than those for real lead or
aluminum alloys, but are suitable for our parametric study.
The resulting critical pressures as a function of yield

strength for aluminum and lead, together with those for
steel, are shown in Fig. 4. For each material we also plotted
the analytical model predictions for the compressible solid,
according to Eq. (2). Again, the agreement between our
simulations and the model is very good, adding further
credibility to these simulations.
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3.2. The velocity dependence of the dynamic cavity pressure

The next step was to determine the functional depen-
dence of the wall velocity on the pressure inside the cavity,
namely, the dynamic term in Eq. (1). In order to have a
better insight, we plotted all our simulation results, for the
three metals, on a single graph (Fig. 5), in terms of the
cavity pressure as a function of cavity wall velocity. One
can clearly see the general behavior of the different curves
which is close to the quadratic nature given by Eq. (1).
Instead of fitting a value of B for each case we checked
whether all of these simulation results can be normalized in
order to find some similarity rule. The normalization was
achieved by subtracting the critical pressure (Pc ¼ A � Y Þ

from the imposed pressure on the cavity and dividing the
results by material density (rÞ. From Eq. (1) it is clear that
if indeed all our simulation results fall on a single quadratic
curve, we can use a single value for constant B for all the
materials we checked. Fig. 6 shows the results of this
normalization and, as one can clearly see, all the points do
fall on a single quadratic curve (ðP� PcÞ=r ¼ B � V 2Þ, with
a best-fit value of B ¼ 1:18750. We checked the statistical
confidence of this value for B and found that its R2 value is
better than 0.999. This value for B is certainly within the
range of 1.0–1.2 which was found analytically, for different
solids, in the works cited above. The fact that our value for
B is higher than the values of 1.0–1.1 which were found by
Forrestal et al., for the different aluminum alloys, is not
surprising when we consider their results for the full
nonlinear solutions vs. the approximate ones (see [4] for
example). The full solutions give pressure vs. velocity
curves which are higher by several percent than those from
their approximate solution. Thus, we expect that the values
for B, derived from their exact solution, to be closer to
our value. It is worth emphasizing that our simulations
result in a single value for B which is almost independent
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Fig. 5. The relation between dynamic cavity pressure and wall velocity for

all of our simulations.
on material properties, at least for those we dealt with and
at the pressure range we considered in this work. We would
like to emphasise the point that our simulations are only
for simple, elastic-perfectly plastic metals. One can expect
somewhat different values for B when materials like
concrete, soils or porous metals are considered.
To summarize this section, we can state that the

quadratic relation, between the dynamic radial stress on
the cavity wall and its velocity, has been reproduced by our
2D simulations. The quasi-static values for the critical
pressures are in excellent agreement with those derived
from the analytical expression for compressible solids.
Moreover, the dynamic term can be normalized, at least for
the three materials we simulated (in the pressure range
considered), with a single value for B ¼ 1:18750. This point
should be emphasized as we found that this constant is
almost independent on material properties (density,
strength and elastic moduli). Thus, one can calculate
depths of penetration for rigid long rods, into these
materials, in the straightforward manner suggested by
Forrestal and colleagues (see [6–9]). This method is based
on the integration of the equation of motion, using the
radial stress vs. wall velocity relation to account for the
resistive force on the rod. With the values for the constants
A and B which we found here, the procedure becomes quite
easy and the relative role of the different material proper-
ties is much more obvious. One should be careful, though,
when applying the expression for Pc to ‘‘real’’ materials like
the aluminum alloys or armor steels. Unlike the ideal
elastic-perfectly plastic solids which we simulated, these
materials exhibit a small, but measurable, hardening after
the yield point and their ultimate strengths are somewhat
higher than their yield strengths. Thus, the appropriate
values for Y , in the expression for Pc should be higher than
the corresponding yield strengths. A mean value between
the ultimate and the yield strengths seems to be a good
choice, as was done by Forrestal and his colleagues for the
aluminum alloys they worked with.
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4. Penetration of eroding rods

4.1. The statement of the problem

This section presents a series of simulations which were
performed in order to correlate the target resistance to
penetration, by eroding rods, with the spherical cavity
expansion results. It turns out that, unlike the case for rigid
rods, the cavity expansion pressures do not account for
target resistance to the penetration of eroding rods. As an
example, for a steel target with a strength of 1.0GPa we
obtained, in the simulations described above, a value of
Pc ¼ 3:6GPa. On the other hand, for a typical rolled
homogenous armor steel (RHA) with a yield strength of
0.8–1.0GPa one finds, experimentally, a value of
4.5–5.0GPa for its resistance to penetration against
eroding long rods. These values are obtained by analyzing
experimental data according to the penetration model of
Tate [12]. The target resistance to the penetration of an
eroding rod, according to this model ðRtÞ, turns out
(empirically) to be some 4–5 times its yield strength. This
analytical, relatively simple, penetration model follows the
deep penetration of a long rod, with density rp and
strength Yp, impacting a semi-infinite target (rt, Rt) at a
velocity V . A modified Bernoulli equation equates
the pressures on the two sides of the rod–target inter-
face, during the steady-state phase of the penetration,
according to

rpðV �UÞ2

2
þ Yp ¼

rtU
2

2
þ Rt, (3)

where U is the penetration velocity of the rod.
The above stated ‘‘discrepancy’’, between the experi-

mental value for Rt and the calculated value for Pc, shows
up for all the materials for which we have data on Rt, with
higher values for Rt as compared with Pc. Thus, it is clearly
evident that one cannot use a single value for the target
resistance to penetration against both rigid and eroding
rods, as is done in the Tate model. On the other hand, these
critical pressures ðPcÞ can be used quite successfully as a
measure for target resistance against rigid rods, as was
shown by the works of Forrestal and his colleagues. In
order to explain this ‘‘discrepancy’’ we performed two sets
of simulations, as described below. The first set was
performed in order to determine the proper values of the
parameter Rt for the steel targets, with the Autodyn code,
using the same method which we introduced in [13]. In the
second set, we repeated the cavity expansion simulations
but, instead of applying the pressures uniformly within the
cavity, we applied it only on a certain angular section of the
cavity, and followed the expansion process as before. Our
basic assumption was that these partially loaded cavities
will result in higher values for the critical pressures, as
compared with those resulting from the fully loaded
spherical cavities. Thus, a better agreement between Rt

and these new values for Pc was expected. In all the
simulations presented below we used the same material
properties (equations of state, elasto-plastic behavior) as in
the simulations described above.

4.2. Determination of Rt

In [13] we presented 2D numerical simulations (with the
PISCES code) which were aimed at determining the
resistance to penetration of long eroding rods into semi-
infinite targets. We showed there that the best technique to
achieve meaningful results is to follow the penetration of a
strengthless long rod (Y p ¼ 0 in Eq. (3)), with density rp,
as it penetrates a given target with density rt and strength
Y t. The rod impacts the target at a velocity V and the
simulations result in an accurate value for the penetration
velocity U in the steady-state phase. Applying the modified
Bernoulli equation (3), we could extract the values of Rt for
different target materials with different strengths. The main
conclusion of our work [13] was that one can assign a value
of Rt for each target, which depends on its strength and
elastic properties, and is independent on the properties of
the long rod or the impact velocity.
We repeated these simulations with the Autodyn code

for the three steel targets, using two strengthless rod
materials (copper and a tungsten alloy), at impact velocities
in the range of 1.0–3.0 km/s. These simulations resulted in
values for the penetration velocities ðUÞ from which we
obtained the target resistance to penetration ðRtÞ, by using
Eq. (3). As in [13], we found that Rt is independent on
either rod material or its velocity, which means that Rt is
indeed a valid physical parameter, accounting for the
resistance to penetration against eroding long rods. The
resulting values for Rt, from this set of simulations, were
2.67, 4.7 and 6.53GPa, for the 0.5, 1.0 and 1.5GPa steels,
respectively. As stated above, these values are higher by
about 30% than the corresponding critical pressures ðPcÞ

from the cavity expansion analysis which are 2.05, 3.66 and
5.15GPa for the corresponding strengths of steel. We
should note that the accuracy in determining Rt values with
this technique is limited by the cell size of the mesh through
the accuracy of determining the penetration velocities ðUÞ.
We estimate the accuracy in Rt, using the present
technique, to be better that 1.5%.

4.3. Partially loaded cavity expansion simulations

In the next set of simulations, which was performed in
order to account for this ‘‘discrepancy’’, we followed the
cavity expansion process in steel specimens when the
pressure is applied only on an angular section of the hole.
This was achieved by assigning a very high strength to a
thin (0.1mm) shell at the cavity wall and applying a
constant pressure boundary condition to this shell. This
was a necessary change in the scheme as it turned out that
otherwise the cells near the wall are distorted to a very
large degree and the simulations are running into
difficulties in terms of convergence. These thin shells
extended to various angles from the symmetry axis: 13�,
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27�, 54� and 90�. The 90� shell corresponds to the case
where the pressure is applied to exactly half of the cavity
surface, due to the 2D nature of the simulations. For each
shell configuration we repeated the simulations described
above in order to determine the critical pressures which are
needed to induce a steady motion of the cavity wall. As in
the series of simulations described above, we varied the
input pressures on the cavity wall in steps of 0.25GPa,
starting with low pressures and looking for the minimal
pressure for which the wall is moving at a constant velocity.
This procedure for finding Pc by averaging two pressures is
accurate to better than 0.125GPa in our present work and
it can be improved by using smaller pressure increments.
We settled for this value of accuracy for Pc, since it is of the
same magnitude as the accuracy obtained for the Rt values
described above.

Fig. 7 summarizes the results for these critical pressures
for the 1.0GPa steel specimen, together with the value for
Pc from the fully pressurized hole described earlier. One
can clearly see that the values for Pc, as a function of the
shell angle, fall on a straight line with a negative slope
which means that a higher pressure is needed to push the
cavity wall when it is applied to smaller sections. However,
the most interesting result from these simulations is that
the value of Pc for the 90� shell (4.68GPa) is in excellent
agreement with the Rt value for the 1.0GPa steel which we
obtained above for its resistance to eroding rod penetration
(4.7GPa) from the simulations described in the previous
section. The same result was obtained for the 0.5GPa steel
(Pc ¼ 2:63GPa for the 90� shell vs. Rt ¼ 2:67GPa), and for
the 1.5GPa steel (Pcð90

�Þ ¼ 6:62GPa and Rt ¼ 6:53GPa).
Thus, we conclude that the values for target resistance to
eroding-rod penetration can be calculated from cavity
expansion simulations with a 90� section as was done here.
Moreover, there seems to exist a constant ratio of about
1.30 between Rt and the calculated Pc from the spherical
cavity expansion model, at least for the steel targets which
we simulated here. This means that penetration models,
like that of Tate [12], should assign different values to the
resistance of the target to the penetration of rigid and
eroding rods. This resistance against eroding rods should
be higher by about 30% than the resistance against rigid
rods.
The fact that the critical pressures for the 90� shells

match the values for Rt so closely can be easily understood
by following the process of the hole (crater) growth in the
two sets of simulations, as shown in Fig. 8 for the 1.0GPa
steel target. The colors in the two snapshots represent the
material velocities and are with the same scale in both. The
general shapes of the crater and the hole, as well as the
distribution of material velocities around them, are very
similar. In these ‘‘snapshots’’ the simulation is for a copper
rod impacting the target at a velocity of 2 km/s. With all
the other partially loaded cavities we did not find this sort
of similarity as was also the case for the fully loaded cavity
expansion simulations.

5. Cylindrical cavity expansion simulations

5.1. The critical pressure for compressible solids

In order to complete this study we performed an
additional series of 2D numerical simulations with
cylindrical symmetry for large cylinders (150mm in
diameter) with 1mm cylindrical cavities at their center.
As before we applied constant pressure boundary condi-
tions on the cavity wall and followed its velocity. Starting
with the three steel specimens, with yield strengths of 0.5,
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1.0 and 1.5GPa, we obtained the values of 1.775, 3.125 and
4.325GPa for the critical pressures to open the cavities,
respectively. These values are about 20% lower than the
corresponding values from the spherical cavity results, in
agreement with the prediction of the analytical model of
Bishop et al. [1] who solved the problem for incompressible
spherical and cylindrical cavities. They found that the
critical pressure to expand a cylindrical cavity in an
incompressible metal is given by

Pc ¼ AcY ; Ac ¼
1ffiffiffi
3
p 1þ ln

ffiffiffi
3
p

E

2ð1þ nÞY

� �
, (4)

where, as before, E, Y and n are Young’s modulus, yield
strength and Poisson’s ratio for the specimen, respectively.
As far as we know, the corresponding value for the critical
pressure to expand a cylindrical cavity in a compressible
solid has not been derived. Thus, we assume that a similar
procedure, as in Eq. (2) for a spherical cavity, can give us
an analytical value for the critical pressures in a cylindrical
cavity for compressible specimens. Thus, we write the
following expression for this pressure:

Pc ¼
Yffiffiffi
3
p 1þ ln

ffiffiffi
3
p

E

2 � 3ð1� nÞY

� �
. (5)

Substituting the values Y for the three steel specimens in
Eq. (5) we obtain the values of Pc ¼ 1:76, 3.12 and
4.33GPa, for the corresponding strengths, in excellent
agreement with the results from our simulations. Thus, our
simple derivation for the critical pressure of cylindrical
cavities in compressible solids is probably not far from the
correct one, at least for steel specimens. We also performed
the same simulations for aluminum cylinders with yield
strengths of 0.5, 1.0 and 1.5GPa and for 0.5GPa lead
cylinders. For aluminum, Eq. (5) results in the values:
Pc ¼ 1:5, 2.6 and 3.55GPa, for the three strength values,
while the cavity expansion simulations resulted in
Pc ¼ 1:52, 2.65 and 3.67GPa, respectively. For the lead
cylinder with a strength of 0.5GPa we have Pc ¼ 1:27GPa
from Eq. (5) and 1.0GPa from the simulations. These two
sets of values for Pc are in very good agreement, enhancing
our confidence in the analytical expression we adopted for
the compressible solid (Eq. (5)).
5.2. Dynamic cavity expansion

The next step was to look for a general relation between
the constant pressures in the cylindrical cavity and the
resulting wall velocities, as was done for the spherical
geometry. Fig. 9 summarizes all our simulation results in
terms of P� Pc as a function of the cylindrical wall
velocity ðV Þ, for the three metals. In contrast with the
spherical cavity results we could not fit the cylindrical
results with a simple quadratic relation, as in Eq. (1), and
we had to add a linear term in the velocity, as shown in the
figure. For each material we found that all the simulation
results, for the different strengths, could be represented
with a relation of the type

P ¼ Pc þ C � V þD � V2, (6)

where C and D are the appropriate material constants for
the cylindrical cavity expansion case.
The next issue was to find a normalization procedure by

which all our simulation results can be represented with a
single curve. Our first attempt was to normalize the wall
velocity ðV Þ with the bulk sound speed of each material.
This procedure did not result in a single curve as can be
clearly inferred from Fig. 9. Next we followed the scheme
used by Warren and Forrestal [14] who normalized the
cavity velocity in their analytical approach through an
effective ‘‘plastic velocity’’—Cy ¼ ðr=Y Þ1=2. Their expres-
sion for the normalized pressure P=Y vs. the normalized
velocity v ¼ V=Cy is

P

Y
¼ Aþ B � vþ C � v2. (7)

We tried this expression with our simulation results and
found that each set of data needed a different set of values
for the constants B and C. Even within the steel results the
data did not normalize to a single curve, which meant that
B and C in this type of presentation are not universal.
We then tried the same scheme, which worked for the

spherical cavity simulations described above, with the
addition of a linear term in the wall velocity:

P� Pc

r
¼ B � V þ C � V 2, (8)

where the values for Pc are taken from the simulations.
Fig. 10 shows all our simulation results for the

cylindrical cavities. One can clearly see that all the points
for steel, aluminum and lead with different strengths, fall
on a single curve which by best fit, with a measure of
R2 ¼ 0:998, is given by

P� Pc

r
¼ 0:29 � V þ 1:64 � V2. (9)
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Thus, we conclude this part of the work by stating that the
quasi-static critical pressures for cylindrical cavity expan-
sion, in a large variety of metals, can be calculated from
Eq. (5) and the dynamic relation between cavity pressures
and their wall velocities, is given by Eq. (9). We assume that
these relations can be used for penetration problems with
rigid ogive-nosed projectiles, as their mode of penetration
into a metallic target is close to the cylindrical expansion
process. Using the techniques developed by Forrestal and
his colleagues, who transform cavity pressures into resis-
tance to penetration, a more general analysis can be
obtained with these normalized relations. Finally, the fact
that the penetration of rigid rods can be calculated with the
expressions for Pc (either spherical or cylindrical) is
probably due to the similarity of material motion in these
two processes. On the other hand, in the case of eroding rod
penetration, we showed that such a similarity exist only
when the pressure is applied partially on the cavity wall. As
shown above, the case of y ¼ 90� (half the cavity is loaded)
resembles most the penetration of eroding long rods.

6. Summary

We presented a series of 2D numerical simulations which
followed the spherical and cylindrical cavity expansion
processes in elastic-perfectly plastic solids. From the results
of these simulations, in terms of cavity wall velocity vs. the
applied pressure in the cavity, we draw the following
conclusions. (1) There is an excellent agreement between
the numerical results and the analytical models for
compressible solids, as far as the critical pressure to open
the cavity ðPcÞ are concerned, for both spherical and
cylindrical cavities. (2) The relation between the dynamic
radial stress on the spherical cavity and its wall velocity is a
simple quadratic relation, without a linear term, while for
the cylindrical cavity a linear term (in wall velocity) has to
be added. These quadratic terms can be presented in a
normalized form, at least for the materials we studied here
(steel, aluminum and lead), with yield strengths in the
range of 0.5–1.5GPa. These normalized relations can be
used to derive the resistive forces on rigid rods as they
penetrate a semi-infinite, elastic-perfectly plastic target, as
was done in the works cited above. (3) The measure for the
resistance to penetration against eroding rods ðRtÞ is about
30% higher than the value of Pc, from the spherical cavity
expansion process, at least for steel targets. The main
reason for this difference lies in the different way with
which material points (in the target) are moving in the two
processes. We showed that the correct values for Rt can be
obtained from cavity expansion simulations when the
pressure is applied to half the cavity wall rather than to its
entire surface. Thus, in analytical models for penetration
depths of long rods, one should use different values for
the target resistance to penetration against rigid and
eroding rods.
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