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Abstract

Electromagnetic launch offers the acceleration of projectiles to velocities larger than those
provided by conventional chemical guns. The potential effect of large-impact energies on targets
other than armor has great promise for replacing high-explosive (HE) payloads with inert
hypervelocity rounds. A double-layer reinforced concrete (DLRC) wall, which has been reduced
in scale, was the target. Tests were conducted with aluminum cylindrical projectiles launched
at velocities up to 2,223 m/s for a 46-g slug and 1,462 m/s for a 92-g slug. Data concerning the
muzzle velocity and target damage were recorded. Additionally, the residual penetration into an
aluminum plate was recorded. The diameter of the hole in the concrete target increased from
100 mm to the full lateral dimension of the target (450 mm), with increasing impact velocity.
The data suggest that there was increased damage to the concrete target by an impact from a
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residual penetration was minimal with the smaller projectile, additional engineering and tests
with a bimetallic slug may be able to balance terminal performance and further demonstrate the

utility of hypervelocity.
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1. INTRODUCTION

Electromagnetic launchers offer the promise of delivering a substantial amount of
energy on a target due to no inherent upper limit on launch velocity. However, it is
unclear as to the relative value of this increase in energy. The energy per unit mass for an
impact at 3,000 m/s is roughly equal to the heat of explosion for a high explosive (HE)
(3,000 J/g). In only the simplest hypervelocity projectile-target interactions (e.g., those of
shaped-charge jets and long-rod penetrators attacking armor targets) can the outcomes be
predicted with a fair degree of confidence. Most military targets are more complex, as,
for example, the composite construction of a steel-reinforced concrete wall. For such
targets, modeling hypervelocity perforation is problematic at best. However, if a
hypervelocity round has merit against a complex target, then perhaps a HE payload as a
lethal mechanism could be replaced with an inert payload. Fewer explosives on the

battlefield could significantly simplify logistics.

A typical military target that might be encountered in an urban environment was
selected [1]. The details for the target considered in this report can be found in the
literature [2]. The full-scale target was a double-layer reinforced concrete (DLRC) wall,
8 in thick (203 mm). Other types of targets were available; however, the DLRC wall was

amenable to scaling [3].

Hypervelocity impact data were generated by the use of a high-performance solid
propellant laboratory gun. Tests were conducted at velocities up to 2,223 m/s for a 46-g
slug and 1,462 m/s for a 92-g slug. Impact results were compared for the 46-g and 92-¢
slugs as a function of impact velocity. Impacts of the 46-g and 92-g slugs at equal impact
energies are also discussed. Damage to the DLRC target was the primary measure of
effectiveness. Of secondary concern was the nature of the debris projected behind the
target. To explore this issue, the concrete was followed by an air space sufficient to
allow fragmented debris to disperse and impact an aluminum plate. Any deep penetration

of the aluminum plate would suggest the presence of unconsumed penetrator material.



This report is organized as follows. Section 2 provides a description of the DLRC
target and its construction. In section 3, the propulsion system and launch package are
defined. = Section 4 contains a discussion of the experiment. In section 5, the
experimental results are presented. Finally, the last section contains the summary,

conclusions, and recommendations.

2. TARGET

The DLRC target represents a typical structural element that might be found as a
bunker wall or part of a building. The dimensions and other particulars were based on
customer requirements and data that indicated that concrete target performance could be
successfully scaled [3]. The DLRC wall that is used in a bunker could be breached by the
M830A2 HE fin-stabilized round. The MS830A2 is used in the 120-mm M256
smoothbore cannon. The primary internal component is the chemical-energy warhead
composed of Composition-A3 Type-II HE. Additionally, a shaped copper liner, which
generates a copious pattern of lethal fragments, is used ahead of the HE to provide for
some penetration capability at the target. A summary of the specifications on the

MS830A2 round is listed in Table 1.

Table 1. Summary of M830A2 Information

Complete Weight (kg) 22.7
Launch Weight (kg) - 84
Launch Velocity (m/s) 1410
HE Weight (kg) 0.94

The M830A2 round is launched with 8.3 MJ and retains 5 MJ at 1,600 m downrange.
If an electromagnetic railgun launched a 90-mm-diameter aluminum slug that impacted
the target at a velocity of 2,200 m/s, a mass of 2.1 kg would be necessary to obtain the
same energy capacity as the M830A2. Scaling these requirements linearly down to a

bore diameter of 26 mm results in a launch mass of roughly 45 g.
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The lateral dimensions of the DLRC wall were determined from the size of the crater
generated by HE tests [2]. Using the M830A2 explosive weight (0.94 kg) gives a wall
height of roughly 1.8 m (4 ft). The length of the wall should be at least as great as the
height. The scale factor determined from the ratio of the full-scale railgun and the
laboratory gun diameters (3.6), yielded a concrete target with lateral dimensions
330 mm x 330 mm. Similar experiments on going at the Waterways Experiment Station
(WES) utilized concrete targets with lateral dimensions of 457 mm X 457 mm
({8in x 18 in) [3]. Therefore, in order to provide some consistency between the two
experiments, a DLRC target with lateral dimensions of 457 mm were selected. Also, the

wall thickness of the DLRC target reduced from full-scale was 57 mm (2.25 in).

The spacing of the reinforcement bars has been found to scale best as the area of the
reinforcement [3]. The reinforcement bar specified in the 8-in-thick (203 mm) bunker
target was /2 in in diameter (13 mm), grade-40 (i.e., 40-ksi yield strength) steel spaced
on 11 3/4-in (298 mm) spacing. The reinforcement bars for the full-scale DLRC target
were located 3/4 in (19 mm) below the exterior surface of the concrete (i.e., clear cover).
The scaled value of clear cover was approximately //4 in (6 mm). The scaled bar
diameter was 0.14 in (3.5 mm);, however, the closest readily available diameter was
0.16 in (4 mm). In this size, the bars had a strength of 698 MPa (100 ksi) but were heat-
treated to obtain a strength of 414 MPa (60 ksi) in order to be more compatible with the
full-scale DLRC specifications.

The reinforcement ratio is given as

p=—-, M

where A; is the cross-sectional area of the steel reinforcement bar, b is the reinforcement
spacing (assumed equal in both directions), and d is the distance from the compression
face of the concrete to the further most layer of reinforcement. For the full-scale target,
A= 126 mm’ (0.196 in®), b = 298 mm (11.75 in), and d = (203 — 19) mm. Using these



values gives p = 0.0023. Using the dimensions for the scaled target (A, = 2.7 mm’
[0.0198 in’], and d = 50 mm [2.0 in]) gives 109 mm (4.3 in) for the spacing of the
reinforcement bars. A nominal value of 4 3/8 in (111 mm) was selected. The bars were
placed in a wooden fixture that kept them aligned and spaced 4 3/8 in apart. Steel wire,
0.89 mm in diameter, was used to join the bars at their intersections to keep the steel array

rigid. A photograph of one layer of reinforcement bars during target fabrication is shown

in Figure 1.

Figure 1. Photograph of One Layer of Reinforcement During Assembly.

The forms for the concrete targets were fabricated from wood. The wood was sealed
with several coats of polyurethane prior to assembly to help retain moisture in the
concrete during the curing process. The sides of the form have 6-mm-deep (0.25 in) slots
to keep the reinforcement bars in place during the pouring and curing procedures. Shown

in Figure 2 is the wooden form for the target with the two layers of reinforcement bar

instalied.



Figure 2. Target Form With Two Layers of Reinforcement Installed.

The concrete. was mixed, poured, and tested at a local manufacturing facility. A

summary of the ingredients used in the mix is listed in Table 2.

Table 2. Concrete Ingredients

Portland Cement (Type 1) 255.8 kg 564 Ib

3/8-in Aggregate 7144 kg 1,5751b
Concrete Sand (Dry) 598.3 kg 1,3191b
Water 124.9 liter 33 gal

Air-Entrainment Admixture  0.13 liter 4.2 oz
Water-Reducing Admixture  0.50 liter 16.9 oz

The compression strength specified for the concrete was 24 MPa (3,500 psi).
Appropriate for this scale was 3/8-in pea-gravel aggregate. During pouring, a pneumatic
vibrator and mallet tapped the concrete forms and facilitated consolidation. The concrete
was moist-cured for the first 7 days. The wooden forms were removed 10 days after the
concrete was poured. Small voids (on average 3 mm deep) were present on the surface of
the targets. Therefore, a 2-mm layer of quick-setting concrete was applied on the front

and rear surfaces of the targets.

Two routine tests were used as quality-assurance measures: the slump test and a test
for compressive strength. Just prior to pouring the targets, a sample was poured into a
standard open-ended truncated conical metal form. The mix settled for a short time on a
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flat surface and the form was removed. The distance that the top of the mound fell was
an indication of the water content and relates to the final strength that can be anticipated
for the mix. The slump test performed for these targets indicated acceptable water
content for a compressive strength of 24 MPa. The compression test was performed on
cylindrical specimens from the initial concrete mix at 10, 17, 24, and 31 days after the
targets were poured. These results indicated that the concrete achieved the specified
strength. A summary of the results from the slump and compression tests is listed in
Table 3. The concrete targets were considered cured on the 24th day and the impact tests
were performed on the 31st through 33rd day. Prior to testing, the impact face of the
target was painted brown and then marked with white dots, corresponding to the location
of the intersection of the reinforcement bars. The markings were repeated for the rear
face of the DLRC target; however, yellow paint was used instead of brown to

differentiate between the front and rear surfaces.

Table 3. Concrete Test Results

Slump Test 102 mm (4 in)
Compression Tests (post-pour):
10 days 20.8 MPa (3,018 psi)
17 days 24.0 MPa (3,487 psi)
24 days 24.5 MPa (3,550 psi)
31 days 28.0 MPa (4,048 psi)

In addition to the DLRC target, a few slugs were fired into a target that comprised
two layers of 2.5-in-thick (63.5-mm) 7039 aluminum armor plate. These plates were
backed by an additional piece of I-in-thick rolled homogeneous armor (RHA) plate. The
plates were impacted by the slugs at various velocities to develop a baseline penetration
vs. velocity relationship for a well-characterized target material. For the shots conducted

with the DLRC target, a single 2.5-in-thick plate was sufficient to record the residual

penetration.




3. PROPULSION AND LAUNCH PACKAGE SYSTEM

A 26-mm-diameter smoothbore conventional gun (serial number 5, manufactured by
Deep Hole Specialists, Chagrin Falls OH) was used to accelerate the aluminum slugs.
This selection was based on prior experience and availability. The barrel was tapped to
accept a piezoelectric pressure gauge just beyond the location of the case mouth. The
pressure measured at this point does not vary significantly from the breech pressure. The
gun was 3 m (0 f?) in length and had a maximum pressure rating of 689 MPa (100 ksi)
but had only been operated at 551 MPa (80 ksi). At a maximum breech pressure of
483 MPa (70 ksi), it was difficult to extract the cartridge case from the breech. Above
551 MPa (80 ksi), the cartridge case expanded sufficiently such that it required
machining in order to fit into the breech for another shot. The barrel was chambered for
the obsolete U.S. 37-mm cartridge case. The bore diameter was reduced to (nominally)
26 mm ahead of the case mouth. A full cartridge case holds 300 g of propellant mass,
although it is possible to fit an additional 15 g in the case. A photograph of the launcher

with a 37 mm cartridge case in the foreground is shown in Figure 3.

Figure 3. Solid Propellant Launcher.




An interior ballistics code, IBHVG2 [4], was used to provide estimates of the amount
of charge (i.e., propellant) necessary to accelerate the launch package to the desired exit
velocity. Pressure at the mouth of the cartridge case and exit velocity wére predicted
from the code. These results were compiled for 2 classes of readily available propellants
(single-perforation [1-P] M30 and 7-P M2), 2 launch package masses, and 14 charge
masses. In all cases, a rather large in-bore resistance was used for the launch package. It
was assumed that an oversized obturator was necessary to properly seal the combustion
gases in the excessively worn chamber. The start resistance was /5 MPa and fell to 0 in
10 calibers of travel. The burn-rate data were determined from closed-bomb tests on the
M30, 0.46-mm (0.018 in) web propellant and the M2 propellant [5]. Percussive primers,
MK?22 MOD L70, were readily available and were modeled as 4 g of black powder. A
typical plot of the performance results for a 50-g launch package using M30 propellant is
shown in Figure 4. Available web sizes for the propellant were considered. Also
indicated in the plot are lines of constant breech pressure. The heavy, solid curve
indicates the regime where the propellant was not completely consumed at the time of
projectile exit. It is desirable to operate the gun above the heavy, solid curve in order to

obtain small variability in exit velocity.

3,000 - ——————— 0.30-mmWeb l

—————- -0.38-mmWeb :

......... 0.46-mmWeb :

.

2500 4| —=——- 0.54-mm Web 600 MPa :
- 0.62-mm Web

2,000 -

Velocity (m/s)

Partially burnt
propellant

Maximum propelling charge

T T T 1

0 50 100 150 200 250 300 350
Charge Mass (g)

Figure 4. Predicted Velocity for 50-g Inbore Mass Using 7-P M30 Propellant.
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From Figure 4, the optimum web size was roughly 0.54 mm (0.022 in) at a peak
breech pressure of 600 MPa (87 ksi). However, nearly a full cartridge case of this
propellant is required. Slightly less velocity is obtained with the smallest web propellant
for significantly less propellant mass. The smaller web propellant is more susceptible to
the creation of pressure waves. Significant pressure waves should be avoided as they can
in fact destroy the gun system. The 0.46-mm (0.018 in) web propellant can reach the
desired velocity (2,200 m/s) at a reasonable peak breech pressure of roughly 400 MPa
(58 ksi) and 244 g of propellant. Propellants with web sizes larger than 0.54 mm
(0.022 in) were not capable of meeting the desired velocity, within the constraints of the
gun syStem, owing to the relatively large web size. For these reasons, the best choice of

M30 granulation is the 0.46-mm (0.018 in) web size.

The M2 propellant was more energetic than the M30 propellant. A 0.685-mm
(0.027 in) web size was readily available. Shown in Figure 5 is a comparison between
the optimum M30 and the M2 propellants. The M2 propellant can accelerate the 50-g
projectile to the desired velocity with a peak breech pressure of 400 MPa (58 ksi) using
208 g of propeliant. While this amount of propellant was less than the amount of M30
propellant for the same level of performance, the M2 propellant had a larger flame
temperature and was more erosive than the M30 propellant. Even though both provide
the capability for additional amounts of propellant (up to the limit of the case volume,
315 g) in the event that the performance predictions were less than the experimental

results, the M30 propellant with 0.46-mm web size was selected for these experiments.

The launch package consisted of an obturator and a carrier fabricated from
polypropylux 944 (Westlake Plastic) and a slug fabricated from 7075-T6 aluminum.
Polyproplylux 944 is a tough and rubbery polypropylene-based plastic. The aluminum
slugs were nearly the full diameter of the bore to facilitate the carrier and obturator
design. A wall thickness of 1.53 mm (0.060 in) was selected for the polypropylux carrier.
Therefore, at a diameter of 24 mm (0.944 in) for the aluminum slug a length of 36.8 mm
(1.45 in) yielded the required 45-g mass. The ratio of the length (£) to diameter (d;) was
roughly 1.5.



2,500 -

600 MPa
2,250 Desired velocity )/"
o~ 2,000 -
g
& 1,750 A
8
2 )
> 1,500 -
L P —— M2 0.68-mm Web
12504 | M30 0.46-mm Web
1’000 ¥ T T T 1 T T T 1
100 125 150 175 200 225 250 275 300 325

Charge Mass (g)

Figure 5. Predicted Velocity for the Optimum M30 and Available M2 Propellants.

The length of the obturator in the axial direction was sized based on minimizing the
total mass of the launch package, the shear stress in the obturator, and the fraction of the
length of the obturator relative to the total length of the launch package. Based on these
considerations, a 14.6-mm-long (0.575 in) obturator was selected. The calculated shear
stress on the obturator, at a bore pressure of 551 MPa (80 ksi) is 220 MPa (32 ksi) and
exceeds the compressive strength of polypropylux by a factor of 3. The transient
response of the material under large high-rate loading conditions and the toughness of the
plastic offers some increase in the launch package survivability. The length of the
obturator was roughly 28% of the total length of the launch package. A similar analysis
was performed for the 90-g aluminum slug. The carriers were cut (the length of the slug)
to form four petals. These cuts help the carrier separate from the aluminum slug prior to

target impact.

The forward section of the carrier was grooved, 3 mm x 3 mm (1/8in x 1/8 in) at a
minor diameter of 26 mm (1.022 in). The annular grooves provide a volume into which

the plastic could flow without generating extreme hydrostatic pressures between the
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aluminum slug and the inside surface of the bore. The external diameter of the carrier
was 27 mm (1.065 in) and was based on a measured bore diameter of 26.8 mm at the
initial location of the launch package in the breech. The obturator diameter was tapered
with its smallest diameter equal to 27 mm (1.065 in) to a diameter at the base of the
obturator of 27.4 mm (1.080 in). A picture of the completed short-slug launch package is

shown in Figure 6.

Figure 6. Photograph of Short-Slug Launch Package (58 g Total).

Listed in Table 4 is a summary of the measured mass for the launch packagé

components.

Table 4. Launch Package Component Weights

Aluminum Slug (g) 46.1 924
Polypropylux Carrier(g) 11.8 14.9
Total (g) 580 1073

11



4. EXPERIMENT

The experiment was conducted at the Aerodynamics Experimental Facility located at
Aberdeen Proving Ground (APG), MD. The tests were planned such that the shots that
subjected the launcher to the most risk (i.e., high pressure, high velocity) were deferred to
the end of the experiment. The results from the IBHVG2 simulations were used to
estimate the amount of propellant used for each test. For propellant mass less than 250 g,
foam sheet was used to line the interior of the case and fill the remaining case volume.

Since resources were limited, no attempt was made to correct for differences between the

simulation and the experiments.

The DLRC target was held in place on a /-in-thick steel base. Steel angle was used to
hold the DLRC target from the sides and from the front and back. A 1/2-in-thick rubber
sheet was placed between the angle and the DLRC target to cushion the target during
impact and to reduce the amount of bending in the target. Bending could cause damage
to the target not necessarily associated with the penetration of the aluminum cylinder.
Located 438 mm (17.25 in) behind the target was a 2.5-in-thick 7039 aluminum plate.
This plate was used to assess the residual penetration of the aluminum slug.
Additionally, a I-in-thick RHA plate was used to support the rear of the aluminum plate.
A large sheet of cane fiberboard was to be used to record the debris pattern generated
behind the DLRC target. However, the material proved insufficient and was not used on
subsequent shots. All impact materials were mounted on the steel base that was located
3 m (10 ft) downrange from the muzzle of the gun. A photograph of the target set up is

shown in Figure 7.

The launch packages were loaded into the gun using a hydraulic jack. The base of
the obturator was seated in the gun 254 mm (0 in) from the rear face of the tube for each
shot or a distance of 31.7 mm (1.25 in) between the end of the case and the base of the
obturator. The gun was aimed with the use of a bore sight pointed at the center of the
DLRC target at a location between the reinforcement bars. The white dots painted on the

face of the DLRC target aided in this process.
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Figure 7. Photograph of the Target Setup.

The pressure at the case mouth was measured using a piezoelectric pressure gauge
and charge amplifier. The output of the charge amplifier was stored on a Nicolet model
4094 digital oscilloscope. A typical plot of the pressure is shown in Figure 8. The
pressure reaches its maximum value of 588 MPa (85.3 ksi) at 1.12 ms. Thereafter, the
propellant continues to burn and the launch package travels downbore, increasing the
volume for the expansion of the propellant gas. The slight discontinuities during the rise

to peak pressure are indicative of relatively minor pressure waves.

600 -
500 -
400 -

300 -

Pressure (MPa)

200 -

100 A

0 T T T ]
0 1 2 3 4
Time (ms)

Figure 8. Typical Measured Case Mouth Pressure as a Function of Time.
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. Shown in Figure 9 is a plot of the maximum case mouth pressure for this test
series. The calculations using the IBHVG2 code use the actual launch package masses.
It can been seen that the calculations consistently overestimate the measured values. The
significant deviation for charge mass less than 200 g between the experimental data, and
the theoretical calculations was presumed to occur because not all the propellant was
burned during launch package acceleration. In fact, unburned propellant was noticed / fo

2 m downrange on the x-ray cassette. A similar plot for the launch package velocity is

shown in Figure 10.

800 1

600 -

400 A

Prax (MPa)

200 A

0 i ¥ ] 1 ) 1
50 100 150 200 250 300 350
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Figure 9. Measured and Calculated Maximum Case Mouth Pressure.
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Figure 10. Measured and Calculated Velocity.
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The velocity of the slugs was obtained using two flash x-rays, separated by a distance
of 0.914 m (3 ft) and located 117 mm from the muzzle of the gun. The flash x-rays were
triggered from a signal generated by a pressure transducer located at the muizle of the
gun. Appropriate time delays were calculated from the interior ballistic estimates for the
velocity. It was assumed that, after the slug left the gun, there would be very little
retardation over the 3-m distance to the DLRC target. The petals of the carrier began to
separate at the first x-ray station and were not in the field of view at the second x-ray
station. Although the base of the obturator was in close proximity to the aluminum slug,

there was no evidence of its impact at the target. Typical x-ray images are shown in

Figure 11.

Figure 11. Typical X-ray Images (1,942 m/s): Muzzle (Left) and ~ I m Downrange
(Right).

A 16-mm high-speed camera (4,000 frames/second) and a VHS video camera
recorded the impact event of the DLRC target. While no quantitative data were obtained
from this instrumentation, the images are helpful in diagnosing the behind target effects,
as well as any experimental anomalies. A few frames from the high-speed camera film,
indicted by the approximate time after impact, are shown in Figure 12. The increased
luminosity at 500 pus is due to the impact of the residual penetrator on the aluminum
witness plate. The images reveal the amount and extent of debris generated behind the |

DLRC target.

Additionally, a summary of the interior ballistic data is provided in the Appendix.
15



Concrete Aluminum

0 us 250 us 500 ps

750 s 1000 ps

Figure 12. Images From High-Speed Film During Impact (2,143 m/s).

5. RESULTS

Shown in Figure 13 is the measured penetration, P (normalized by the length of the
aluminum slug), in the aluminum witness plate in the absence of the DLRC target, as a
function of launch velocity. The two projectile masses were considered. This response is
typical of a monolithic penetrator impacting a homogeneous target. In the penetration
regime, penetration increases readily with increasing impact velocity. At velocities
where the impact pressure is well above the material strength (i.e., the hydrodynamic
limit), the response is relatively constant. The limit is approximately the square root of

the ratio of the penetrator and target densities and is reached approximately at 2,200 m/s.
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Figure 13. Measured Normalized Penetration as a Function of Impact Velocity.

The effect of increasing impact velocity on the DLRC target is illustrated in Figure 14
for both the front and rear target surfaces. The relative damage to each target can be
clearly seen. Note the target support angle at the bottom of each target. The clamp
successfully restrained the target without causing it to fracture around the clamp, as
would occur if the tafget were slowly bent backward. The target is held almost entirely
by its own inertia during the very short duration of impact; although, some cracks at the
impact site extend to the outside edge of the DLRC target even for the lowest velocity.
Qualitatively, the extent of target destruction grows with increasing velocity to the point
where the concrete matrix along the top edge is missing at the highest velocity, with the
attendant loss of one reinforcing bar. There is much more target destruction above the
centerline than below. Quantitatively, the damage was assessed by considering the mass
removed from the DLRC target, as shown in Figure 15. At ordnance velocity, more than
80% of the target was remaining after the impact. At hypervelocity, one-half of the target
was missing. Due to the nature of the target, it was difficult to measure a diameter of the
damage to the DLRC target for all but the lowest velocity impacts. The entrance and exit
diameters were nearly equal and approached the hole diameter for increasing impact
velocities. Despite the iiregularly shapéd hole, the measurements of the diameter
correspond very well to diameters computed from the mass loss and an assumed target
density of 5,774 kg/m’.
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Figure 14. Illustration of Increasing Impact Velocity on the DLRC Target.
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Figure 15. Mass Loss as a Function of Impact Velocity.

Shown in Figure 16 is the measured residual penetration in the aluminum witness
plate as a function of impact velocity. The two projectiles were considered. Both
projectiles yield approximately constant residual penetration irrespective of the impact
velocity. However, the short slug yielded roughly 2 mm of penetration, considerably less
than the 15 mm produced by the long slug. The data suggest that the length of the short
slug (37 mm) is consumed in the DLRC target. The additional 37 mm provided by the
long slug produces the 15 mm of residual penetration. From Figure 13, the velocity of the

residual penetrator was estimated to be roughly 1,250 m/s.
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Figure 16. Residual Penetration as a Function of Impaci Velocity.
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The effect of near equal impact energies for the ordnance and hypervelocity impacts
is illustrated in Figure 17. The front surface of the targets is shown. Qualitatively, the
images show more damage for the higher velocity impacts than for the lower velocity
impacts. Quantitatively, the diameter of the holes was compared in Figure 18. While
there appears to be less difference for the higher energy impacts, the diameter of the hole
is approaching the lateral dimension of the DLRC target and edge effects may play a

significant role in determining the diameter of the hole.

Ordnance velocity Hypervelocity

Figure 17. Illustration of Impacts for Equal Energies: 86 kJ (Top) and
100 kJ (Bottom).

One test was conducted with a concrete target containing no steel reinforcement. The
velocity of the impact was 1,550 m/s and corresponded to a test where minor damage was
observed in the DLRC target (14% mass loss). As expected, the nonreinforced concrete
target suffered considerable damage (64% mass loss) when compared to the DLRC target

with steel reinforcement.
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Figure 18. Hole Diameter for Equal Impact Energies.

Finally, another test was conducted where the slug, launched at a velocity of
1,211 m/s, impacted the DLRC target at the location of the steel reinforcement bar. The
hole created in the DLRC target was within 12% of the hole diameter created when the
slug impacted a region absent of reinforcement and at a similar velocity. This data
suggests that the damage is fairly insensitive to the location of the impact relative to‘ the

location of the steel reinforcement bar.

6. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

Tests were conducted to assess the utility of hypervelocity impact of aluminum slugs
into a DLRC target. The target was scaled from one that could be encountered in an
urban environment. A 26-mm solid propellant gun was used to conduct the experiment.
The calculated and measured values of gun system performance were in good agreement.
Maximum case mouth pressure was 588 MPa (85 ksi) and produced a velocity of

2,223 m/s with a 58-g launch package.
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Two slugs were considered: a 46-g and a 92-g slug. Impact results were compared
for the 46-g slug as a function of impact velocity. Impacts were compared of the 92-g
slug at equal striking energies. The diameter of the hole in the concrete target increased
from 100 mm at an impact velocity of 1,178 m/s to the full lateral dimension of the target

(450 mm) at 2,223 m/s. The residual penetration remained nearly constant as a function

o deeper than 2 mm. The
damage to the reinforcement in the target also increased from deformed (i.e., bent) at
ordnance velocity to removed (one bar) at hypervelocity. The damage to the DLRC
target was assessed by the amount of mass removed from the target, increasing from 10%

of the initial 30-kg mass at ordnance velocity to 50% at hypervelocity.

Two tests were conducted with the 92-g slug corresponding to equal impact energies
for the hypervelocity tests with the 46-g slug. In general, there was less damage to the
concrete (smaller diameter hole and less mass removed) for the lower velocity tests.
However, the residual penetration was significantly deeper (15 mm), suggesting a fair
amount of residual penetrator length after perforating the DLRC target. There was
considerably more debris generated behind the concrete target for the high-velocity tests

than in the low-velocity tests.

The results suggest that there was increased damage to a reinforced concrete target by
an impact from a hypervelocity slug as compared to an equal-energy slug at ordnance
velocity. Although residual penetration was minimal with the shorter slug, further
engineering and tests with a bimetallic slug may be able to balance terminal performance.
Impacts at hypervelocity generated damage to the DLRC target that may be influenced by
the finite lateral dimensions of the target. A larger target and/or smaller slug diameter
may reduce this effect. Several tests, in which the target is exposed to an appropriate
mass of HE, are needed to provide a comparison to the damage incurred from the kinetic
energy impacts. Additionally, tests conducted at velocities greater than 2,300 m/s against

more challenging targets may further demonstrate the utility of hypervelocity.
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Appendix:

Interior Ballistic Summary
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Table A-1. Interior Ballistic Summary.

37126 mm, 10-ft Length Lab Gun
M30 7-P, 0.022-in Web Propellant, MK22 MOD L70 Primer
Shot | Aero |Launch| Insertion |Charge| No. | Muzzle Peak | Time to
ID | Range | Mass | Force ) | Mass | Foam | Velocity | Pressure (c) | Peak ()
Shot No. Wraps o)
(2 (kN) (2) (m/s) | (MPa) | (ms)
16 | 21655 | 579 3.98 125 2 1178 62 2.82
1 21640 | 579 0.99 125 2 1185 68 NM
15 | 21654 | 58.1 7.96 125 2 1211 68 2.28
6 21645 | 57.9 3.98 175 1 NR 146 1.74
13 | 21652 | 58.2 8.95 175 1 1548 176 1.83
2 21641 | 57.9 4.97 175 1 1553 137 1.84
3 21642 | 579 298 | 230 1 1905 344 1.68
7 21646 | 58.1 7.96 230 1 1942 NR NR
5 21644 | 58.0 4.97 260 0 2119 NR NR
8 21647 | 58.1 4.97 260 0 2143 498 1.17
4 21643 | 58.0 3.98 260 0 NR 495 1.34
12 | 21651 | 58.2 6.96 275 0 2224 591 1.12
9 21648 | 107.3 3.98 145 1 1213 113 221
10 | 21649 | 107.4| 099 | 175 1 1392 205 2.11
11 | 21650 | 107.5 3.48 175 1 1388 209 2.30
14 | 21653 | 107.0 | 3.98 190 1 1462 268 1.67

Notes: NM = Not Measured.

NR = Not Recorded.
* Use as shot-start pressure.

® Used inside cartridge case, 3.8 mm thick.
¢ Measured at case mouth.
4 From first perceptible rise.
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