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Abstract

Calculational results are presented here for a class of intermediate-velocity penetra-
tion problems. The problems of interest involve penetration of moderate-strength target
materials by high-strength projectiles. Two series of metal penetration experiments and
a series of concrete slab perforation tests were simulated in this study. The computer
code used for the calculations was the CTH code, which employs a recently-developed
“boundary layer” algorithm for treating penetration problems such as these.
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1 Introduction

The calculations presented here were done as part of a calculational benchmarking
study to evaluate the capability of current calculational methods for predicting effects
associated with penetration of low-strength targets by high-strength projectiles, in a
velocity regime where the penetrator remains essentially elastic. As an initial bench-
marking activity under this program, two series of metal penetration experiments and a
series of concrete slab perforation tests were simulated. The metal penetration problems
involved high-strength steel projectiles with two different nose geometries impacting thick
cylindrical targets of relatively soft aluminum alloys. The concrete perforation problems
again involved high-strength steel projectiles, with the targets in this case being slabs of
unreinforced concrete.

The computer code used for the calculations was the CTH [1] code, which was devel-
oped to treat a wide range of continuum dynamics problems involving intense, impulsive
loading of materials. The calculations used a relatively new “boundary layer algorithm”
[2, 3] in CTH to treat the interface between penetrator and target. This algorithm
eliminates the artificial erosion of penetrator material that can occur in Eulerian code
calculations.

The work presented here involves CTH simulations of the following problems:

1. penetration of aluminum targets by steel ogival-nosed rods [4] (Section 2),
2. penetration of aluminum targets by steel hemispherical-nosed rods [5] (Section 3),

3. penetration of concrete targets by steel ogival-nosed rods [6] (Section 4).

Each section includes a brief description of the experiments, the CTH input model
and parameters used, and comparisons of calculational results to the test data. Overall
conclusions are summarized in Section 5.




2 Penetration of Aluminum Targets by Ogival-Nosed
Steel Rods

2.1 Experiment Description

Forrestal et al. [4] conducted terminal-ballistic experiments involving 0.711cm-diameter,
25gm, 3.0 caliber-radius-head (CRH), ogival-nosed steel rods of length L = 7.112cm im-
pacting 7075-T651 aluminum cylindrical targets.

The projectile shape is shown in Figure 2.1.1. Projectiles were T-200 maraging steel
with density p, = 8.02gm/cc and a nominal yield stress of 1.72GPa. The range of impact
velocities was between 370 and 1260m/s, as indicated in Table 2.1.1. Impact was normal
to within 2°.

The targets were cut from 15.2cm-diameter bars, wbp the target length for each test
is given in Table 2.1.1. In addition, axial specimens of this bar stock were machined for
large-strain compression tests. Figure 2.1.2 shows data for compression tests at a strain
rate of 107! /s, along with a power law data fit discussed in Ref. [4].

For the projectile impact experiments, post-test penetration depths were measured
from in-material X-ray photographs, with results summarized in Table 2.1.1.

2.2 CTH Model Input

The CTH calculations were performed using 2D cylindrical coordinates. Figure 2.2.1.
shows CTH material plots of the initial condition for these calculations.

Most of the calculations were performed with a basecase zoning of 75x825 cells. The
x-direction mesh was started at x = 0, the axis of symmetry, and extended to a radius
of 1.0cm using 25 uniform cells of 0.04cm width. (Recall that the rod outer radius was
0.3555cm.) This was followed by 50 more cells of increasing (at ~5% rate) size in the
x-direction to an outer radius of ~8.5cm to cover the entire target. In the y-direction,
the mesh was started at y = -24cm, wbp y = 0 was taken as the impact surface of the
target, and the bottom of the cylindrical target was at y = -22.9cm. The mesh extended
to +9cm in the y-direction using 825 uniform cells of 0.04cm width. Thus, a subgrid of
square cells covered the penetration region, with the cell size being 0.04cm in both the
x- and y-directions.

The various material properties used in the CTH calculations for these tests are given
in Table 2.2.1. Both the penetrator and the target were modelled with analytic Mie-
Gruneisen equations of state. The penetrator was modelled as an elastic-perfectly plastic
material. The aluminum target was modelled using the Johnson-Cook viscoplastic model
[7], with material constants based on a fit to the data shown in Figure 2.1.2 for 7075-T651
aluminum.

The density and yield strength of the steel were increased by a factor

10
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Figure 2.1.1. Projectile Geometry — Ogival-Nosed Rod for 7075-T651 Aluminum
Target Tests




True Stress (MPa)

Compression Test Data for 7075-T651 Aluminum
700 1 I ) 1 ! J 1 I J | 1 ! I I

650 |
600
350
500 F
450 [
400 K
350 H
300
250
200
150

100 tt
50

0 1 2 3 4 5 6 7
True Strain X10

Figure 2.1.2. Compression Stress-Strain Curves for the 7075-T65] Aluminum Target
Material

12



10 T T T J0ensity
(g/em’}
163 e
S A6 20°
163 soc®
0 o 100"
4E] 200
—~ -5 E
g J
> -10 4
-15 o
-20 r
_25 1 2 Hl 32 1 2 1 'y | 4 'l ']
-47.5-12.5-7.5 -2.5 2.5 7.5 12.5 17.5
tﬂa 2DC Block 1 X (om)
OAL2n(25kb)/CTHLS50 (6-1409): Steel —> Al, 1258 m/s
JENDQY & 10/05/92 13:4%08 CTH 0 Time=0.
motericl inlerfaces ond densities
4.0 Y T Y T o g T Y T Dansity
{9/ cm®)
3.5 p J4] rasee
2.5x10°
3.0p 18 5o
2.5p AE] toxnt
g 200"
2.0 p -

Y (cm)

-1.0 &
-2.5 -1.5 -0.5 0.5 1.5 2.5

@ 20C Block 1 X {em)
OAL2n(25kb)/CTHLSSO (6~1408): Steel —> Al, 1258 m/s
JENDQY G 10/05/92 13:4£08 CTH 0 Time=0.

Figure 2.2.1. Initial Configuration for CTH Analyses — Ogival-Nosed Rods
; Penetrating 7075-T651 Aluminum Targets




((ro + wsl/2))2

To

to account for boundary layer effects, wbp r, is the penetrator outer radius and w,; is
the slip layer thickness. (This correction can be made automatically as an option in
the boundary layer algorithm input [2].) Both the boundary layer thickness, wy, and
the slip layer thickness, w,;, were specified to be 0.08cm, i.e., twice the zone size in the
projectile/target interaction region.

The penetration calculations were performed with the nonequilibrium, multi-material
temperature and multi-material pressure modelling options in CTH, with the high-
resolution interface tracker. Velocity was specified to be convected conserving momentum
exactly and discarding any kinetic energy discrepancies. Artificial viscosity was used, with
default values for the linear and quadratic coefficients, and the shear artificial viscosity
increased to 0.1. The region around the penetrator and target was modelled as void.

2.3 Calculational Results

Calculations were run for the five different values of impact velocity listed in Ta-
ble 2.1.1. Results of calculations with Ax = Ay = 0.04 in the penetration region and
wy = wy = 0.08 are shown in Figure 2.3.1. This plot gives penetration depth as a func-
tion of impact velocity. The experimental data [4] are also shown. Both the calculational
results and the experimental data are represented by plot symbols, with straight-line
segments connecting the symbols to highlight overall trends.

Figure 2.3.1 also shows the effect of varying the friction coefficient f between 0.0 and
0.12. In general, the calculations predict somewhat deeper penetration depths than were
observed in the tests.

Figure 2.3.2 illustrates the predicted shape of the penetrator and cavity at 400 us,
when the penetrator has come to a full stop for an impact velocity of 1258m/s. Note
that the penetrator shows essentially no permanent deformation, which is consistent with
the test observations [4].

Axial stress contours predicted at four different times during the penetration pro-
cess are depicted in Figure 2.3.3. The contours show an essentially steady-state stress
distribution on the penetrator developing after a few noselengths of penentration.

Figure 2.3.4 presents the rigid-body decelerations calculated for these tests as a func-
tion of both velocity, in the upper plot, and depth of penetration, in the lower plot.
(The rigid-body decelerations plotted in this report are the time derivatives of the mass-
weighted average velocity of the penetrator material, smoothed using a bell-shaped func-
tion with a 0.05ms time constant.) For the higher impact velocities above ~400m/s, the
decelerations all fall on the same deceleration vs velocity curve and reach a reasonably
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Table 2.1.1. Data Summary - Ogival-Nosed Rods and 7075-T651 Aluminum Target

Tests
Shot Mass V¥ ot 8t Pi  Target length
number (gm) (m/s) (degrees) (degrees) (cm) (cm)
6-1397 248 372 0.4 0.8 2.6 12.7
6-1398 247 695 1.9 1.7 7.0 12.7
6-1391 248 978 0 0 12.7 17.8
6-1402 24.7 1067 0.1 0.7 14.7 22.9
6-1409 24.8 1258 1.3 1.1 20.9 22.9

fo and B are pitch and yaw angles, respectively
{P is penetration depth to nose tip from original target impact surface

Table 2.2.1. Material Properties Used in CTH Analyses for Ogival-Nosed Rods
Penetrating 7075-T651 Aluminum Targets

Property Penetrator Target
(Steel)  (Aluminum)
Density, p (gm/cm?®) 8.02 2.70
Sound speed, Cs (cm/s) 4.610x10°  5.380x10°
Us — U, slope, S 1.73 1.337
Gruneisen coefficient, I’ 1.67 2.100

Specific heat, Cv (erg/gm-eV) 5.34x10°  1.02x10

Poisson’s ratio, v 0.3 0.33
Yield stress, Y (dynes/cm?) 17.2x10°
Johnson-Cook model constants

A (dynes/cm?) 4.48x10°
B (dynes/cm?) 2.95x108
C (dynes/cm?) 0

n 0.39205
Ty (eV) | 0.0668

Prrac (dynes/cm?) -35x10° -5x10°
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steady-state value of ~4x10%m/s? (~4x10%g’s) after about four noselengths of penetra-
tion. For the impact velocity of 372m/s the penetrator stopped before reaching that
steady state level.

The importance and necessity of the boundary layer algorithm [2] in CTH was demon-
strated by rerunning one of the calculations without the new model. Calculational results
for the 1258m/s impact velocity without the boundary layer algorithm predict less than
half the penetration observed in the corresponding experiment. This result highlights the
difficulty that an Eulerian code such as CTH can have in correctly predicting penetration
of softer targets by nearly-rigid penetrators. The difficulty is due to the effect of materials
mixing within cells along the penetrator-target interface. The new CTH boundary-layer
algorithm used for the present calculations eliminates the artificial erosion of projectile
material in mixed-material cells and allows much more accurate simulation of sliding
solid surfaces.
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3 Penetration of Aluminum Targets by Hemispherical-
Nosed Steel Rods

3.1 Experiment Description

A second series of metal penetration experiments was conducted by Forrestal, Brar
and Luk [5] using hemispherical-nosed, high-stength steel projectiles and 6061-T651 alu-
minum targets.

The projectile geometry is shown in Figure 3.1.1. The projectiles in these tests had a
diameter of 0.711cm and body length of 7.112cm. Note that overall projectile length was
somewhat smaller than the ogival-nosed rods discussed in Section 2, due to the blunter
hemispherical geometry of the nose. Projectiles were T-200 maraging steel with a density
pp of 8.02gm/cc and a nominal yield stress of 1.72GPa. The range of impact velocities is
indicated in Table 3.1.1. Impact was normal to within 3°.

Table 3.1.1. Data Summary — Hemispherical-Nosed Rods and 6061-T651 Aluminum
Target Tests

Shot Mass V, af Bt P} Target length
number (gm) (m/s) (degrees) (degrees) (cm) (cm)

2037  23.36 359 0.0 1.2 2.1 9.0

1961  23.34 430 - 0.2 3.2 8.9

1960  23.3¢ 490 - 0.7 4.0 8.2

1916  23.43 519 2.0 2.8 4.1 11.4

1914 2340 673 0.7 1.0 7.3 17.8

1915 2344 792 2.6 1.8 8.5 17.8

2059  23.32 959 1.0 0.5 10.9 19.8

1912 23.32 1009 1.0 0.2 12.9 21.6

fa and B are pitch and yaw angles, respectively
1P is penetration depth to nose tip from original target impact surface

The targets were cut from 15.2cm-diameter bars, where the target length for each
test 1s given in Table 3.1.1. In addition, axial and transverse specimens for this bar stock
were machined for large-strain compression tests. Four specimens were tested at a strain
rate of 1072 /s, and Figure 3.1.2 shows the compression stress-strain test data, along with
a power law fit to the data [5].

Post-test penetration depths were measured from in-material radiographs, with results
summarized in Table 3.1.1.
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3.2 CTH Model Input

The CTH calculations were performed using 2D cylindrical coordinates and Fig-
ure 3.2.1 shows the initial configuration for the calculations.

Most of the calculations were performed with a basecase zoning of 75x 750 cells. The
x-direction mesh was the same as used in the calculations for the ogival-nosed rods, as
discussed in Section 2.2. The slightly smaller rod length and target thickness, however,
allowed a small reduction in the extent of the y mesh, so that in the y-direction the mesh
was started at y = -22cm. Thus, a subgrid of square cells again covered the penetration
region, with the cell size being 0.04cm in both the x- and y-directions.

Table 3.2.1. Material Properties Used in CTH Analyses for Hemispherical-Nosed

Rods Penetrating 6061-T651 Aluminum Targets

Property Penetrator Target
(Steel)  (Aluminum)

Density, p (gm/cm?) 8.02 2.70
Sound speed, Cs (cm/s) 4.61x10°  5.38x10°
U; — U, slope, S 1.73 1.337
Gruneisen coefficient, T’ 1.67 2.100
Specific heat, Cy (erg/gm-eV) 5.34x10°  1.02x10
Poisson’s ratio, v 0.3 0.33
Yield stress, Y (dynes/cm?) 17.2x10°
Johnson-Cook model constants

A (dynes/cm?) 2.76x10°

B (dynes/cm?) 0.92x10°

C (dynes/cm?) 0

n 0.2591

Ty (eV) 0.0792
Prrac (dynes/cm?) -35x10° -5%10°

The various material properties used in the CTH calculations are given in Table 3.2.1.

Both the penetrator and the target were modelled with an analytic Mie-Gruneisen equa-
tion of state. The penetrator was modelled as an elastic-perfectly plastic material and
the density and yield strength of the steel were increased to account for boundary layer
effects (see Section 2.2) . Both the boundary layer thickness, wy, and the slip layer
thickness, wgy, were specified to be 0.08. The aluminum target was modelled using the
Johnson-Cook viscoplastic model [7], with material constants based on a fit to the data
shown in Figure 3.1.2.
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The calculations were performed with the nonequilibrium, multi-material temperature
and multi-material pressure modelling options, with the high-resolution interface tracker,
and without the fragment mover option. Velocity was specified to be convected conserving
momentum exactly and discarding any kinetic energy discrepancies. Artificial viscosity
was used, with default values for the linear and quadratic coefficients, and the shear
artificial viscosity increased to 0.1. The region around the penetrator and target was
modelled as void.

3.3 Calculational Results

Calculations were run for eight different values of impact velocity, as indicated in
Table 3.1.1. Results of calculations with three different friction coeflicients (0.0, 0.03
and 0.06) are shown in Figure 3.3.1. This plot gives penetration depth as a function of
impact velocity. The experimental data [5] are also shown. Both the calculations and
the experimental data are represented by the plot symbols, with straight-line segments
connecting the results to highlight trends. There is overall good agreement with the data;
however, the experimental data generally lie slightly below the calculational results.

Figure 3.3.2 shows the predicted shape of the penetrator and cavity after the pene-
trator has come to a full stop, for the case of the 1009m/s impact velocity. Again, both
calculation and experiment show little or no permanent deformation of the projectile.

Figure 3.3.3 presents the calculated rigid-body decelerations for various impact ve-
locities, as a function of both velocity, in the upper plot, and depth of penetration, in
the lower plot. (The rigid-body decelerations plotted in this report are the time deriva-
tives of the mass-weighted average velocity of the penetrator material, smoothed using a
bell-shaped function with a 0.05ms time constant.)

Since the target material was significantly different for the ogival-nosed and hemispher-
ical-nosed penetration tests, differences in penetration depth were not due to differences
in nose shape only. To investigate the influence of nose shape on penetrator performance,
the nose geometry was changed to hemispherical in one of the 3CRH ogival-nosed rod
problems, keeping all other factors the same. The result of this calculation is plotted
in Figure 3.3.4 and shows about a factor of two decrease in penetration depth for an
equal-mass hemispherical-nosed rod relative to the ogival-nosed rod. The rigid-body de-
celerations for the ogival-nose rod and for the hemispherical-nosed rod are compared in
Figure 3.3.5. The factor of ~2 increase in rigid-body deceleration for the hemispherical-
nosed penetrator corresponds to the decrease in penetration depth noted above.
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4 Penetration of Concrete Targets by Ogival-Nosed
Steel Rods

4.1 Experiment Description

Hanchak et al. [6] conducted perforation experiments with 500gm, 3CRH ogival-nosed
rods into concrete slabs with 48MPa and 140MPa unconfined compressive strengths. The
present calculations modelled only the tests in the high-strength material.

The projectile shape is shown in Figure 4.1.1, with a rod diameter of 2.54cm, a rod
length of 10.16cm, and a nose length of 4.21cm. Projectiles were machined of T-250
maraging steel with density p, = 8.02gm/cc and a nominal yield stress of 1.72MPa. The
range of impact velocities was between 300 and 1100m/s, as given in Table 4.1.1. Impact
was normal to within 3°.

Residual velocities given in Table 4.1.1 were measured with flash radiographs, which
also showed that the projectiles were not fractured by the targets. Recovered projectiles
showed only minor nose erosion.

Table 4.1.1. Data Summary - Ogival-Nosed Rods and 140MPa Concrete Target
Tests

Shot Vo Ve Pitch Yaw
number (m/s) (m/s) (degrees) (degrees)

1-0062 376 0 0 2.5
1-0061 382 0 0 2.0
1-0057 443 171 0 0

1-0066 522 265 1.5 1.5
1-0065 587 368 1.0 1.0
1-0055 743 944 2.0 0

1-0067 998 842 0 1.0

The wet density of the high-strength concrete was 2.52gm/cc, and material property
tests were conducted as part of the experimental program [6]. Concrete cylinders 12.7cm
long and 6.35cm in diameter were cast for triaxial material tests. Results of the material
property tests on the concrete samples are shown in Figure 4.1.2. Test data for the 48MPa
concrete are included for reference. The tests were conducted in two phases: isotropic
compression followed by triaxial shear. The upper plot in Figure 4.1.2 shows results from
the isotropic compression phase of the experiments. Three data curves are shown for
the 48MPa concrete, while results from three tests on the 140MPa concrete were simply
bracketed, because the data fell too close to plot separately on this scale. Values of the
maximum stress difference (or shear strength) vs pressure are given in the lower plot in
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Figure 4.1.2. Tensile strengths of the two concretes were measured by direct-pull tests,
with the maximum unconfined tensile strength for the 140MPa concrete being ~5MPa.

4.2 CTH Model Input

The CTH calculations were performed in 2D cylindrical geometry, and Figure 4.2.1
shows the calculational setup.

Most of the calculations were performed with a basecase zoning of 75x250 cells. The
x-direction mesh was started at x = 0, the axis of symmetry, and extended to a radius of
5.0cm (about four times the projectile radius), using 25 uniform cells of 0.20cm width.
This was followed by 50 more cells of increasing (at ~3% rate) size in the x-direction to
an outer radius of ~25cm, where a transmitting outer boundary condition was imposed.
In the y-direction, the mesh was started at y = -35cm, where y = 0 was taken as the
impact surface and the back surface of the target was at y = -17.8cm. Thus, a subgrid of
square cells covered the penetration region, with the cell size being 0.20cm in both the
x- and y-directions.

The various material properties used in the CTH calculations for this problem are
given in Table 4.2.1. The penetrator and boundary layer were modelled as discussed in
Section 2.2. Both the boundary layer thickness, wy;, and the slip layer thickness, w,;, were
specified to be 0.30cm. The concrete target was modelled using the Johnson-Holmquist
ceramic model [8], with material properties listed in Table 4.2.1.

As in the earlier metal penetration problems, the concrete penetration calculations
were performed with the nonequilibrium, multi-material temperature and multi-material
pressure modelling options, with the high-resolution interface tracker, and without the
fragment mover option. Velocity was specified to be convected conserving momentum
exactly and discarding any kinetic energy discrepancies. Artificial viscosity was used, with
default values for the linear and quadratic coefficients, and the shear artificial viscosity

-increased to 0.1. The region around the penetrator and target was modelled as void.

4.3 Calculational Results

Calculations were run for six different values of impact velocity (350, 400, 500, 600,
800, and 1000 m/s). While these do not correspond exactly to any of the test conditions
given in Table 4.1.1, they bracket the range of impact velocities used in the test series.

Calculated residual velocities for friction coefficients f of 0.01 and 0.10 are shown in
Figure 4.3.1 as a function of impact velocity. The experimental data [6] are also shown.
Generally, the calculated results and experimental data are in very good agreement.
Curiously, there is little difference between calculational results for f = 0.01 and f=0.10.

Figure 4.3.2 illustrates the shape of the penetrator and cavity predicted at four dif-
ferent times during the penetration process for an impact velocity of 1000m/s.
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Table 4.2.1. Material Properties Used in CTH Analyses of Ogival-Nosed Rods
Penetrating 140MPa Concrete Targets

Property Penetrator Target
(Steel)  (Concrete)
Density, p (gm/cm?®) 8.02 2.52
Sound speed, Cs (cm/s) 4.610x10°
U, — U, slope, S 1.73
Gruneisen coefficient, T 1.67
Specific heat, Cy (erg/gm-eV) 5.34x10'  1x101
Poisson’s ratio, v 0.3
Yield stress, Y (dynes/cm?) 17.2x10°
Johnson-Holmquist model constants
T (dynes/cm?) -2x108
p1 (dynes/cm?) 1x10°
P (dynes/cm?) 7x10°
Y; (dynes/cm?) 2x10°
Y2 (dynes/cm?) 4.5x10°
Y3 (dynes/cm?) 4.5%x10°
Cs (dynes/cm?) 1x10°¢
Ce (dynes/cm?) 0.6
ePf* 1x10%
K (dynes/cm?) 4x10M
K; (dynes/cm?) 0
K3 (dynes/cm?) 0
B 0
p* (dynes/cm?) 0
G (dynes/cm?) 1.25x10M
PFRAC (dynes/cm2) -35X109 -2x108
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Figure 4.3.3 presents the rigid-body decelerations calculated for the various impact
velocities, as a function of both velocity, in the upper plot, and depth of penetration, in
the lower plot. (The rigid-body decelerations plotted in this report are the time deriva-
tives of the mass-weighted average velocity of the penetrator material, smoothed using
a bell-shaped function with a 0.05ms time constant.) For all impact velocities plotted,
the decelerations between the initial rise and the final drop all fall on approximately the
same deceleration vs velocity curve.

Calculations were done using progressively finer zoning for an impact velocity of
1000m/s with friction coeflicient f = 0.10. In the penetration region, the ZONing reso-
lution was progressively refined by factors of 2 in each direction, to Ax = Ay = 0.10
and then Ax = Ay = 0.05, while maintaining wy; = w, = 1.5x(Ax = Ay). Thus, for
Ax = Ay = 0.10 we set wy = wg =0.15, and for Ax = Ay = 0.05 we set wy = wg = 0.075.
Results of the calculations are shown in Figure 4.3.4. The residual velocities calculated for
this problem converge smoothly to the experimental result as the zoning is progressively
refined. Figure 4.3.5 illustrates the corresponding decrease in rigid-body deceleration as
the zoning resolution is improved and the associated boundary and slip layer thicknesses
are decreased.

A final set of studies was done for an impact velocity of 1000m/s and the basecase
zoning, in which a number of the Johnson-Holmquist material parameters used to model
the concrete target were varied (see Section 4.2). The results of these sensitivity studies
are shown in Figure 4.3.6. The results show little effect on residual velocity of most of the
changes made. The biggest effect was seen when the limiting value of material strength
(¢.e., Y2) was reduced and, as would be expected, a softer concrete model resulted in a
higher predicted residual velocity.
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1000m/s with Different Zone Sizes — Ogival-Nosed Rods Penetrating
140MPa Concrete Targets
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Figure 4.3.6. Residual Velocity Predicted by CTH when Concrete Material

Properties are Varied — Ogival-Nosed Rods Penetrating 140MPa
Concrete Targets at an Impact Velocity of 1000m/s
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5 Summary and Conclusions

Two series of metal penetration experiments and a series of concrete slab perforation
tests were simulated with the CTH Eulerian code. The experiments involved penetration
of 7075-T651 aluminum alloy targets by ogival-nosed (3CRH) projectiles, penetration of
6061-T651 aluminum alloy targets by hemispherical-nosed rods, and penetration of un-
reinforced concrete slabs by ogival-nosed (3CRH) projectiles. Target material constants
were determined from independent material property tests. The projectiles were made
of maraging steel in all cases and impact velocities for both target types covered the
range from ~300m/s to ~1200m/s. For the metal penetration experiments, depth of
penetration was measured, while residual velocity of the projectile was measured for the
concrete slab perforation tests. These data were compared with the CTH calculational
results.

Our results demonstrate that CTH with the boundary-layer algorithm is well-suited
to predict the global or “rigid-body” response of the penetrator. In all cases, the calcula-
tional results agree quite well with test data for the penetration depth or residual velocity
vs impact velocity over the entire velocity range in the experiments. Reasonable values
of friction, in the f ~ 0.0-0.1 range, give calculational results which bracket the data.
Friction was found to have more effect on penetration for the ogival-nosed projectiles
than for the hemispherical-nosed rods.

The calculations used a new “boundary-layer” algorithm developed at Sandia to treat
material interfaces in Eulerian codes. The necessity for including the boundary layer was
demonstrated by results of calculations done without it, where the penetration of ogival-
nosed penetrators impacting the aluminum target at high velocity was underpredicted
by a factor of 2.

We also found that that the Johnson-Holmquist ceramic model gives a good rep-
resentation of the concrete response for the slab penetration problems, even though it
neglects some well-known features (e.g., fracture, damage-induced anisotropy, porosity,
etc.) which may be important for other problems.
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A CTH Input Model for Penetration of Aluminum
Targets by Ogival-Nosed Steel Rods at 1258m/s

*
*eor* cgenin
*
OAL2n(25kb) /CTHLS50 (6-1409): Steel -> Al, 1258 m/s
%k
control
mmp
vis bl=0.1 bg=2. bs=0.1
endcontrol
*
mesh
block 1 geom=2dc type=e
x0=0.
x1 n=25 dx£f=0.04 w=1
x2 n=50 dxf=0.04 w=7.5
endx
yo=-24.0
y1 n=825 dyl=0.04 w=33
endy
xaction=0 0.4
yaction=0 9
endb
endmesh
*
insertion of material
block 1
package projectile
material 2
numsub 50
xvel 0.0
yvel -1.258eb
insert uds

point 0.0000 0.0000
point 0.0660 0.1061
point 0.1256 0.2158
point 0.1787 0.3289
point 0.2251 0.4448
point 0.2647 0.5633
point 0.2972 0.6839
point 0.3227 0.8062
point 0.3409 0.9298
point 0.3518 1.0542
point 0.3555 1.1791




point 0.3555 8.2911
point 0. 8.2911
endinsert
endpackage
package target
material 1
numsub 50
xvel O.
yvel O.
insert box
pl o -22.9
P2 7.6 0
endinsert
endpackage
endblock '
endinsertion
*
edit
block 1
expanded
endblock
endedit
*
eos
matl mgr r0=2.7 c¢s=5.380e5 5=1.337 g0=2.100 cv=1.02e1l *Al
mat2 mgr
* r0=8.02 cs=4.61eb 5=1.73 g0=1.67 cv=5.34ell *Steel
r0=9.93 cs=4.61eb 5=1.73 g0=1.67 cv=5.34ell *Steel with density
" *increased to reflect increased effective x-sec area

endeos
*

‘gpdata

vpsave
mix 3
matep 1
poisson 0.33
johnson-cook 7 *7075-T651 Al
ajo 4.48e9
bjo 2.95e8
njo 0.39205
cjo 0.0
tjo 0.0668
matep 2 yield=31.e9 poisson=0.3 *VW
blint 1 soft 1 hard 2 wsl 0.08 wbl 0.08 fric 0
ende
*
tracer
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add 0 0.01 to 0 8.28 n 6
endt
*
*g@or* cthin
* .
OAL2n(25kb) /CTHLS50 (6-1409)
*
restart
*  nu=2
* time=50.e-6
endr
*
control
mmp
tstop = 400.0e-6
nscycle = 150000
rdumpf = 3600.
ntbad=1000000
endc
%k
convct
interface=high resolution
endc
*
edit
shortc
cy=0 dc=1000
ends
longt
tim=1.e-6 dt=1.0
endl
histt
tim=0 dtf=0.1e-6
htracerl
htracer2
htracer3
htracer4
htracer5
htracer6
endh
plott
tim=0 dt=20.0e-6
endp

ende
*

boundary
bhy

: Steel -> Al, 1258 m/s
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bl 1
bxb=0 bxt=1 byb=1 byt=1
endb
endh
endb
*
fracts
pressure
pfracl -5.0e9 *Al
pfrac2 -35.0e9 *Steel

endf
*
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B CTH Input Model for Penetration of Aluminum

Targets by Hemispherical-Nosed Steel Rods at
1009m/s

%*
*g@or* cgenin
*
Shot No 1912: Steel -> Al, 1009 m/s, fric=0
%
control
mmp
vis bl=0.1 bg=2. bs=0.1
endcontrol
*
mesh
block 1 geom=2dc type=e
x0=0,
x1 n=25 dxf=0.04 w=1
x2 n=50 dxf=0.04 w=7.5
endx
yO=-24 .
y1 dyf=0.04 dyl=0.04 w=32
* y0=-13.0
* y1 n=550 dyl=0.04 w=22
endy
xaction=0 0.4
yaction=0 9
endb '
endmesh
*
insertion of material
block 1
package projectile
material 2
numsub 50
xvel 0.0
yvel -1.009e5
insert box
pl O 0.3555 p2 0.3555 7.1476
endinsert
endpackage
package projectile
material 2
numsub 50
xvel 0.0
yvel -1.009e5
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insert circle
cen O 0.3555 rad 0.3555
endinsert
endpackage
package target
material 1
numsub 50
xvel O,
yvel O.
insert box
pt O -21.6
P2 7.6 0
endinsert
endpackage
endblock

endinsertion
%

edit
block 1
expanded
endblock
endedit
*
eos
matl mgr r0=2.7 c¢s=5.380e5 s=1.337 g0=2.100 cv=1.02ell *Al
mat2 mgr
* r0=8.02 cs=4.61e5 5=1.73 g0=1.67 cv=5.34eil *Steel
r0=9.93 cs=4.61e5 5=1.73 g0=1.67 cv=5.34ell *Steel with density
~ *increased to reflect increased effective x-sec area
endeos
sk
epdata
vpsave
mix 3
matep 1
poisson 0.33
johnson-cock user %6061-T651 Al from experimental sample

ajo 2.76e9
bjo 0.92e9
njo 0.2591
cjo 0.0
mjo 1.0
tjo 0.0959

*matep 2 yield=25.e9 poisson=0.3  *steel
matep 2 yield=31.e9 poisson=0.3 *steel with scaling for x-sec area
blint 1 soft 1 hard 2 wsl 0.08 wbl 0.08 fric 0

ende
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3

tracer
add 0 0.3566 to 0 8.1 n 6
add 5§ -5
endt
%*
*eor* cthin
*
Shot No 1912: Steel -> Al, 1009 m/s, fric=0
*
restart
*  nu=2
* time=50.e-6
endr
%k
control
mmp
tstop = 400.0e-6
nscycle = 150000
rdumpf = 3600.
ntbad=1000000
endc
*
convct
interface=high_resolution
endc
E 3
edit
_shortc
cy=0 dc=1000
ends
longt
tim=1.e-6 dt=1.0
endl
histt
tim=0 dtf=0.25e-6
htracerl
htracer2
htracer3
htracerd
htracer5
htraceré
endh
plott
tim=0 dt=50.0e-6
endp
ende
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E
fragment
mat 1
ntracer 7
dcycle 50
endf
*
boundary
bhy
bl 1
bxb=0 bxt=1 byb=1 byt=1
endb
endh
endb
%
fracts
pressure
pfraci -10.0e9 *Al
pfrac2 -35.0e9 *Steel

endf
%
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C CTH Input Model for Penetration of Concrete
Targets by Ogival-Nosed Steel Rods at 1000m/s

*
*gor* cgenin
%*
CTHLS59: Steel -> Concrete, 1000m/s
E
control
mmp
vis bl=0.1 bgq=2. bs=0.1
endcontrol
*
mesh i
block 1 geom=2dc type=e
x0=0.
x1 n=25 dxf=0.20 w=5.0
x2 n=50 dx£f=0.20 w=20.0
endx
y0=-35.0
y1 n=250 dyl=0.20 w=50.0
endy
xaction=0 1.3
yaction=0 15.0
endb
endmesh
*
insertion of material
block 1
package projectile
material 2
numsub 50
xvel 0.0
yvel -1.00e5
insert box
x1 0.0 x2 1.27
yl1 4.21 y2 14.37
endinsert
endpackage
package projectile
material 2
numsub 50
xvel 0.0
yvel -1.00e5
insert circle
center -6.35 4.21




radius 7.62
endinsert
delete box
xi 0.0 x2 99.99
yi 4.21 y2 99.99
enddelete
delete box
xi 0.0 x2 99.99
yi -99. y2 0.00
enddelete
endpackage
package target
material 1
numsub 50
xvel 0.
yvel O.
insert box
P10 -17.8
p2 92.9 O
endinsert
endpackage
endblock
endinsertion
*
edit
block 1
expanded
endblock
endedit
*
eos
matl jhcer
jht=-2.0e8 jhp1=1.0e9 jhp2=7.0e® jhc6=0.6 jhc3=1.0e-6
jhs1=2.0e9 jhs2=4.5e9 jhs3=4.5e2 jhbeta=0.0 jhrho=2.52
jhdp1=0.0 jhefmax=1.0e898 jhki=4.0ell jhk2=0.0 3jhk3=0.0
jhev=1.0e11 jhshrm=1.25e11 * concrete
mat2 mgr
* r0=8.02 cs=4.61e5 5=1.73 g0=1.67 cv=5.34el1l *Steel
r0=10.0 cs=4.61e5 5=1.73 g0=1.67 cv=5.34el1l *Steel with density
*increased to reflect increased effective x-sec area
endeos
*
epdata
vpsave
mix 3
matep 1 jhcer
matep 2 yield=21.5e9 poisson=0.3  *W
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blint 1 soft 1 hard 2 wsl 0.30 wbl 0.30 fric 0.01
ende
%
tracer
add 0 0.01 to 0 14.35 n 9
endt
E 3
*@or* cthin
E 3
CTHLS59: Steel -> Concrete, 1000m/s
*
control
mmp
tstop = 399.0e-6
nscycle = 150000
rdumpf = 3600.
ntbad=1000000
endc
*
convct
interface=high_resolution
endc
*
edit
shortc
cy=0 dc=1000
ends
longt
tim=1.e-6 dt=1.0
endl
histt
tim=0 dtf=0.1e-6
htraceri
htracer2
htracer3
htracer4
htracerbd
htracer6é
endh
plott
tim=0 dt=25.0e-6
; endp
ende
%
boundary
bhy
bl 1
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bxb=0 bxt=1 byb=1 byt=1
endb
endh
endb
*

fracts
pressure
pfracl -2.0e8 *Al
pfrac2 -35.0e9 *Steel
endf
*
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