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1. Introduction

This document contains results from 15 simulations involving a spherical steel pen-
etrator impacting two different steel target configurations. One target configuration
consists of a single plate, while the other configuration consists of two plates (each
plate being half the thickness of the single-plate target). Eight of these simulations
also include a spherical explosive detonated (in air) near the target face. The explo-
sive was chosen such that the resulting blast, without the accompanying ballistic
penetration, would have a minimal effect on the targets.

The point of this work is not to focus on the well-known differences between ho-
mogeneous and multi-layered targets (i.e., the differences between single-plate and
double-plate targets). As would be expected, the double-plate target should provide
improved penetration resistance as well as a greater likelihood to crack instead of to
plug. Also, since blast loading is minimal in these simulations, the higher stiffness
for the single-plate target (relative to the double-plate target) should not be relevant.

Instead, the purpose of this brief study is to consider the effect of combining bal-
listic penetration and blast, and the two target types are examined to see the effect
of different failure mechanisms under combined loading. Results suggest that rela-
tive timing between the penetration and blast effect determines whether the target
resists the threats (by remaining intact) or fails (through plugging and/or crack-like
openings). Therefore, the following conditions should be taken into account: the
relative positioning of the target and the threat, the relative time interval between
impact and detonation of the explosive, and the overall target geometry and bound-
ary conditions.

A brief description of the materials, geometry, and simulation methodology is pre-
sented in Section 2. Section 3 provides a summary of the results and Section 4
includes concluding thoughts and ideas for future work.

2. Model Description

As shown in Fig. 1, the three-dimensional models consist of a 10-mm-diameter
spherical projectile, a 203.2-mm-diameter circular target (consisting of two 6.35-
mm-thick plates or a single 12.7-mm-thick plate), and a 50-mm-diameter spherical
explosive. The projectile is mild steel, the target is a high-strength armor steel, and
LF-2XA is used for the explosive. The target with two plates will be referred to
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as the double-plate target, while the target with one thicker plate will be called
the single-plate target. The relative positions of these components are shown in
Fig. 2, where there is an initial 0.83-mm gap between the projectile and the target
face, and the explosive center is located 45 mm from the target face. Other than
the single-plate versus double-plate targets, the geometry remains the same for all
of the simulations. (The entire system was modeled, without taking advantage of
symmetry, to better account for the lack of symmetry of failure.)

Fig. 1 Explosive, projectile, and target configurations showing a) two 6.35-mm plates (the
double-plate target) and b) a single 12.7-mm plate (the single plate target). As shown in the
figure, the projectile is traveling upward into the 203.2-mm-diameter target plate(s).

Fig. 2 Side-view (half-symmetric) slice showing overall geometry to illustrate the relative po-
sitions of the projectile and explosive to the target face
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The projectile was modeled as 1006 alloy steel and the target plates were mod-
eled as rolled homogeneous armor steel. Both steel materials are modeled using the
Mie–Gruneisen equation of state1 and the Johnson–Cook2 strength and failure mod-
els. The same material properties were used for both the 6.35-mm and the 12.7-mm
target plates, where the strength parameter A equaled 976.2 MPa. (The variation
in strength observed in different thicknesses of this steel3 were not accounted for
in order to limit the number of variables in this work.) For comparison, the same
parameter for the mild steel projectile was 350.2 MPa. The explosive was mod-
eled as LF-2XA, using the Jones–Wilkins–Lee equation of state,4 with a density of
1.75 g/cm3.

Velodyne,5 a code with Lagrangian finite element and Eulerian solver capabilities,
was used to model the explosive and projectile system. The explosive begins as
a Lagrangian part and remains as such after initial detonation until all elements
have detonated and significant element distortion has occurred. At this point, the
pressure, density, velocity, and internal energy from each Lagrangian element are
mapped into the Eulerian background domain. Velodyne also uses smooth particle
hydrodynamics for eroded elements, although this approach is not applied to ele-
ments of the explosive in these particular models. Solid elements are discarded if
they become excessively distorted (e.g., when an element reduces the overall time
step below a certain limit or when an element reaches a geometric limit in terms of
its Jacobian, relative volume, skew, or aspect ratio). In this work, elements are not
discarded due to failure, as defined by the material failure model.

A graded mesh is used for the target plate(s). The centermost 40-mm-diameter re-
gion has elements with edge lengths of approximately 0.3 mm, for a total of 714,360
elements. The elements in the remainder of the target gradually increase in size un-
til reaching edge lengths of 1.1–1.6 mm; there are an additional 393,406 elements
in this outer part of the target plate(s). The projectile has an average element edge
length of 0.3 mm, although edge lengths of 0.48 mm are visible on the outer sur-
face; there are a total of 19,456 elements in the projectile. The explosive is initially
treated as a Lagrangian object; it is meshed with an average element edge length
of 0.8 mm and there are a total of 15,876 elements. The Eulerian background has
overall dimensions of 240×240×120 mm. The automatic mesh refinement scheme
in Velodyne specifies a range of Eulerian cell sizes from 1.25 to 20 mm.
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The simulations were run on an SGI ICE XA supercomputer (the Centennial system
belonging to the Department of Defense Supercomputing Resource Center) using
three nodes. Centennial has two processors per node, and 20 cores per processor,
for a total of 120 cores for this work. Each simulation was run out to 90 µs, with
the simulations taking approximately 7 h of wall-clock time to run to completion.

3. Simulation Results

The first round of simulations focused on projectile-only interactions, with the goal
being to determine an approximate limit velocity for the double-plate and the single-
plate targets. The second round of simulations would then investigate the effect
of adding blast to targets near the established limit thickness. When including the
explosive, the effect of detonation time delay was considered.

An overview of the simulation results (plotting effective plastic strain) for the double-
plate target, at a simulation time of 90 µs, is shown in Fig. 3. (These images show
the behavior of the entire system; enlarged images showing the central regions for
particular examples will be discussed later in this section.) Results for models with-
out explosives and at four different projectile velocities (1800, 2000, 2200, and
2400 m/s) are shown in Figs. 3a, d, h, and i. The effect of a subsequent explosive
detonation is also shown in Figs. 3b and c for the 1800-m/s case and in Figs. 3e–
g for the 2000-m/s case. It was apparent that for the 1800-m/s case, the explosive
would not cause failure in the rear plate, as is evident in Fig. 3c. For the 2400-
m/s case, an explosive was not necessary to cause failure in the target, as shown in
Fig. 3i.

Therefore, the configuration consisting of a double-plate target and a projectile im-
pact speed of 2000 m/s will be used for a more in-depth analysis; this configuration
will be referred to as case A. For case A, fracture occurred with the 5- and 10-µs
detonation delays, as shown in Figs. 3f and g, respectively. However, fracture did
not occur for the 15-µs delay, as shown in Fig. 3e. And there was also no fracture
for the projectile-only case.
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Fig. 3 Images at 90 µs showing effective plastic strain for a variety of two 6.35-mm-thick tar-
get plate (double-plate) configurations. A side-view slice and a rear view are included for each
configuration with varying projectile velocity and explosive time delay: a) 1800 m/s, no explo-
sive; b) 1800 m/s, 10-µs delay; c) 1800 m/s, 5-µs delay; d) 2000 m/s, no explosive; e) 2000 m/s,
15-µs delay; f) 2000 m/s, 10-µs delay; g) 2000 m/s, 5-µs delay; h) 2200 m/s, no explosive; and
i) 2400 m/s, no explosive.

Results at 90 µs for the single-plate target are shown in Fig. 4. The single-plate
target fails (through plugging) with a projectile velocity of 2000 m/s, see Fig. 4e.
As would be expected, the plug moves farther at a higher velocity with the addition
of blast, as shown in Fig. 4f. For the 1800-m/s case, failure through plugging only
occurred when the explosive detonation delay was set to 10 µs, as shown in Fig. 4d.
Figures 4a–c show varying degrees of damage for the 1800-m/s case with no ex-
plosive, with explosive and a 40-µs delay, and with explosive and a 20-µs delay,
respectively. Therefore, the 1800-m/s case will be used with the single-plate target
for additional analysis, and this will be called case B. Cases A and B are not exact
limit thicknesses for their corresponding projectile velocities, but they do show the
transition to target failure with blast (under certain timing conditions).
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Fig. 4 Images at 90 µs showing effective plastic strain for a variety of 12.7-mm-thick plate
(single-plate) configurations. A side-view slice and a rear view are included for each config-
uration with varying projectile velocity and explosive time delay: a) 1800 m/s, no explosive;
b) 1800 m/s, 40-µs delay; c) 1800 m/s, 20-µs delay; d) 1800 m/s, 10-µs delay; e) 2000 m/s, no
explosive; and (f) 2000 m/s, 20-µs delay.

Before continuing with cases A and B in more detail, a few comments regarding
the explosive are necessary. The quantity of explosive was intentionally chosen to
have a minimal effect on the target. For example, against a single 6.35-mm-thick
rolled homogeneous armor plate (i.e., only one of the double-plate target plates)
and at the same standoff distance, the model predicts a maximum effective plastic
strain of 0.04. This strain value would hardly be visible using the same scale used
in Figs. 3 and 4, with strains identified between 0.0 and 0.5.

The focus of this report now shifts to cases A and B, with the goal of understanding
target failure. Enlarged images from case A are shown in Fig. 5. Detonation time
delays of 10 and 5 µs result in crack-like failure (due to element deletion) of the rear
target plate. Although increasing the detonation delay to 15 µs increases the plastic
strain in the rear plate, there is no significant element deletion. A more quantitative
expression of this behavior is shown in Fig. 6, which plots the maximum effective
plastic strain observed in a slice taken through the middle of the rear target plate.
Only the strain along a row of elements near the rear of the target plate was con-
sidered, and it is possible that there are other locations within the plate with higher
effective plastic strains.
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Fig. 5 Images showing effective plastic strain for case A (two 6.35-mm-thick RHA target plates
with initial projectile velocity of 2000 m/s). This is an enlarged view of Figs. 3d–g showing an
approximately 85-mm-wide region. The different configurations show variations in explosive
time delay: a) no explosive; b) 15 µs; c) 10 µs; and d) 5 µs.

Fig. 6 Maximum effective plastic strain from a slice along the rear face of the rear plate
(case A) is shown as a function of time for various detonation time delays: green/triangle—
5 µs, red/square—10 µs, blue/circle—15 µs, and dashed black—no explosive
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The plots in Fig. 6 highlight the differences between the 5- and 10-µs delays,
compared to the 20-µs delay and the projectile-only case. The shorter time de-
lays (5 and 10 µs) result in higher effective plastic strain and element deletion—
strain was not plotted once elements were deleted, since the higher strain elements
were no longer in the simulation. Deleted elements cause crack-like behavior as
the plate material separates and opens as elements are removed. For the 20-µs de-
lay, the strain reaches a limit value of approximately 0.58, which is higher than the
projectile-only case (∼0.5). The rear target plate still remains intact in both of these
situations. One final thing to observe is that the differences in effective plastic strain
for the various time delays, as shown in Fig. 6, first appear over a time interval of
15–25 µs.

Moving on to case B, enlarged images are shown in Fig. 7. In the vicinity of the
impact region, the material state is very similar between the projectile-only case
and the 40-µs-delay case. This is shown in Figs. 7a and b, although image b shows
three distinct lines of localized strain emanating from the central region. For the
20-µs delay, these localized strain lines are longer and the strains are higher. In
addition, plugging of the center region has begun with element deletion occurring
along the left side of the plug circumference, relative to the image shown in Fig. 7c.
As shown in Fig. 7d, with a shorter detonation time delay of 10 µs, the center has
completely plugged out and there are no visible strain localization lines.
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Fig. 7 Images showing effective plastic strain for case B (one 12.7-mm-thick RHA target plate
with initial projectile velocity of 1800 m/s).This is an enlarged view of Figs. 4a–d showing an
approximately 85-mm-wide region. The different configurations show variations in explosive
time delay: a) no explosive; b) 40 µs; c) 20 µs; and d) 10 µs.

Figure 8 provides a more quantitative comparison between the four variations of
case B. As mentioned with Fig. 6, the maximum strain values were obtained by
considering elements taken from individual slices along the rear target face. This
means that these values are not necessarily the overall maximum strains in the tar-
get, although they are representative of those strains and it is possible to see their
evolution during the simulation from these plots. Both the projectile-only case and
the 40-µs-delay case show the strain reaching a limit value without element dele-
tion. This might also appear to be true for the 20-µs delay, but the drop in strain
at 65 µs shows that element deletion has begun (i.e., the element with the highest
strain at 60 µs is no longer in the simulation by 65 µs). Due to continual element
deletion along a portion of the plug circumference, additional data was not recorded
for the plot after 65 µs.
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Fig. 8 Maximum effective plastic strain from a slice along the rear face of the target plate
(case B) is shown as a function of time for various detonation time delays: green/triangle—
10 µs, red/square—20 µs, blue/circle—40 µs, and dashed black—no explosive

Figure 8 also shows that, for the 10-µs-delay variant, the strain continues to increase
as element deletion occurs in other areas of the target, leading to the complete sep-
aration (or plugging) of the central impact region. Differences in effective plastic
strain for the 10-µs-delay case are first apparent between 20 and 25 µs. This time
range is very similar to what was observed for the 5- and 10-µs delays with case A,
as shown in Fig. 6.

After considering the effect of detonation time delays (Figs. 5 and 7) and visualiz-
ing the corresponding maximum strains (Figs. 6 and 8), four of the eight variants
showed failure that included element erosion in the rear of the target.

• For three of these four variants, the failure initiated at times of less than 25 µs.
The 5- and 10-µs delays with case A showed similar, and significant, crack-
ing. The 10-µs delay with case B showed complete plugging.

• For the fourth variant (case B, with a 20-µs delay), failure begins after 50 µs.
In this latter variant, there is partial plugging that is less severe than that for
the corresponding 10-µs variant.

The remaining focus of this work considers these time and their relationship to
failure initiation.

10



Figures 9 and 10 show the velocity of a node located on the rear face of the rear
plate, near the center, for the case A variants. Tracking velocity allows one to ob-
serve when the blast first affects the rear of the target. This is seen by the devia-
tion from the projectile-only plot at approximately 13.5 µs for the 5-µs-delay case,
at 18.5 µs for the 10-µs-delay case, and at 24 µs for the 15-µs-delay case. The
differences between detonation time and observed-effect time mean that it takes
approximately 9 µs for the blast to affect the rear of the target. For case A, with
the projectile traveling at 2000 m/s, it takes approximately 0.4 µs for the projectile
to first contact the target (due to the 0.83-mm gap). Based on Fig. 10, the rear of
the target is first affected at approximately 3.2 µs. By tracking a location on the
rear face along the outer circumference of the rear target plate, the effect of the
projectile impact is first observed at approximately 17.2 µs. This means that any
reflecting waves from the free surface along the circumference would not reach the
center until approximately 34 µs after the simulation has begun. (Since failure is
not localized at the plate’s center, it is more accurate to say that reflected waves
would not reach the failed regions until 30–32 µs.)

Fig. 9 Velocity near center of rear face of the rear plate (case A) is shown as a function of
time for various detonation time delays: green—5 µs, red—10 µs, blue—15 µs, and dashed
black—no explosive
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Fig. 10 Velocity near center of rear face of the rear plate (case A) is shown as a function of
time for various detonation time delays: green—5 µs, red—10 µs, blue—15 µs, and dashed
black—no explosive. This is the same data as shown in Fig. 9, but plotted over a shorter time
range for added detail.

With these times in mind for case A, Fig. 11 shows the von Mises stress in an
element located near the rear surface, toward the center of the rear target plate.
The element yields very quickly after it is initially loaded, and the blast extends
the time that the element yields (to over 40 µs for the 15-µs-delay variant). As a
reminder, for the 5- and 10-µs detonation delays, failure occurs between an interval
of 15–20 µs. This is the same time interval that yielding (without failure) occurs in
the projectile-only variant. The time at which release waves would first reach the
failed region (30–32 µs) occurs during the time of extended yielding due to blast,
and so their effect is not visible in the von Mises stress plots. Also note that the
element tracked in this figure does not fail and is not eroded. Depending on the
explosive timing, this element’s damage parameter, as used in the Johnson–Cook
failure model, reaches a maximum value of between 0.15 and 0.23.
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Fig. 11 The von Mises stress of an element located on the rear face of the rear plate (case A)
as a function of time: green—5 µs, red—10 µs, blue—15 µs, and dashed black—no explosive

Figures 12 and 13 show rear-face velocities for case B (these figures correspond to
Figs. 9 and 10 for case A). The case B, 10-µs-delay variant is discussed first, since
it seems to be similar (in terms of timing) to the case A variants with failure. The
blast effect is first noticeable at approximately 19 µs for the case B variant, which
resulted in complete plugging. This difference (between 19 and 10 µs) means that
there is a 9-µs interval between detonation and its effect on the rear of the target.
The projectile for case B, traveling at 1800 m/s, takes approximately 0.5 µs to
contact the target (due to the 0.83-mm gap) and the rear of the target is first affected
at approximately 2.5 µs. Along the circumference of the target, at the rear face, the
effect of the impact is first observed at approximately 17 µs, which is similar to the
timing of case A. Therefore, any failure before 30–32 µs would not be affected by
release waves from the free surface along the target edge.
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Fig. 12 Velocity near center of rear face of the target plate (case B) is shown as a function of
time for various detonation time delays: green—10 µs, red—20 µs, blue—40 µs, and dashed
black—no explosive

Fig. 13 Velocity near center of rear face of the target plate (case B) is shown as a function of
time for various detonation time delays: green—10 µs, red—20 µs, blue—40 µs, and dashed
black—no explosive. This is the same data as shown in Fig. 12, but plotted over a shorter time
range for greater detail.
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The final variant to consider is for the 20-µs delay for case B, where failure and
erosion result in partial plugging and greater strain and damage localization com-
pared with the 40-µs-delay case. The crack-like features are also longer for the
20-µs delay, as previously mentioned with Fig. 7c. As shown in Fig. 13, the blast
effect is first noticeable at approximately 29 µs, although significant element ero-
sion (associated with element failure) does not appear until after 50 µs. Also, since
failure occurs after 30–32 µs, which is the time that release waves from the free
edge would arrive back to the failure region, edge effects may influence the target’s
failure in this situation.

Figure 14 shows the von Mises stress of an element near the center of the rear sur-
face of the target for case B. (This plot is similar to Fig. 11 for case A.) The 10-µs-
delay case extends the region of yielding to nearly 30 µs, where significant element
erosions have already occurred. For the 20-µs-delay case there is an increase in
von Mises stress between 35 and 40 µs, compared with the projectile-only variant.
However, it is difficult to notice any significant changes in the plotted stress values
at times after 50 µs (when failure occurs). Just as with case A, the element tracked
in Fig. 14 does not fail, nor does it erode. It reaches a maximum Johnson–Cook
damage parameter of between 0.27 and 0.31, depending on the explosive detona-
tion time. These values are larger than those from case A, with a corresponding
range of 0.15–0.23.

Fig. 14 The von Mises stress of an element located on the rear face of the target plate (case B)
as a function of time: green—10 µs, red—20 µs, blue—40 µs, and dashed black—no explosive
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4. Conclusions and Future Work

This work examined the combined blast-penetration effect in a highly idealized
configuration using numerical modeling. The cases considered involved targets that
were near their limit thickness (due solely to penetration) that could be pushed to
failure by the addition of blast. The quantity of explosive was chosen to produce a
blast that would, by itself, have very little effect on the the target.

Under these conditions, the relative timing between the penetration and the blast
was found to be critical. In fact, major changes in target response were observed
due to small changes in detonation time (e.g., less than 5 µs for the double-plate
target system considered). These small changes in timing are of the same order of
magnitude as the times associated with penetration, which are much shorter than
those typically associated with blast-only interactions. For example, in three of the
four cases that involved blast-induced failure, edge effects were not relevant due
to the relatively early detonation times. Only for the fourth variant with failure did
release waves from the free surface arrive at the failure region by the time of failure
initiation.

To continue this work in the future, developing experiments capable of applying
both penetration and blast loads would be very useful. The major experimental
challenge will be the need to control the relative timing between the two load types.
Using another type of penetrator may also be necessary to accommodate the com-
bination of the two threat types in a single event.

Apart from experimental work, there are a number of additional modeling and sim-
ulations studies that could be conducted. Future efforts might consider the questions
and topics listed as follows.

• Edge effects, even with the current target thicknesses and with the current
projectile and explosive, could be studied by varying the target diameter.

• Are there more fundamental differences in combined-effect loading on single-
plate versus multi-plate targets? Could this possibly explain the one variant
(from this present study) that failed at a later time, compared with the other
variants that failed?

• It might be useful to get a better sense of limit thickness and then to pro-
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duce additional target and projectile configurations to analyze the relevant
phenomena over a wider range of conditions (e.g., projectile speed, projectile
shape, explosive mass).

• This work analyzed configurations near limit thickness for ballistic penetra-
tion, with minimal blast-only effect. A future study could consider the oppo-
site case (i.e., near limit thickness for blast with the addition of a minimally
effective projectile). One could also study cases between these extremes.

• A future study could try to separate the penetration and blast effect in time
completely, by first subjecting a target to one threat and then later subjecting
it to another. This would be easier to accomplish experimentally and it may
provide a means of validating simulation results.
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