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Abstract 

This report describes the results of tests comparing the ballistic effectiveness of two types 
of Kevlar blanket when impacted by a steel fragment weighing 0.66 lb and having a velocity of 
450 ft/s. This fragment, a right circular cylinder, was used to simulate the weight and velocity 
of a fragment that could be generated when a stack of barricaded Ml07 munitions detonates and 
throws fragments upward; when the fragment returns to the ground, the terminal velocity for this 
weight and shape was calculated to be 450 ft/s. Adjacent barricaded stacks of munitions could 
be impacted (indirect fragment impact) and react explosively, especially if the fragment is hot. 
However, if a ballistic blanket covered the ammunition stack, the fragment could be prevented 
from reaching the munitions. The tests reported here were done using room-temperature 
fragments. A small gas gun was designed and built to launch the fragments to the required 
velocity; all fragments impacted the blanket head on. Test results indicate that, for the same 
areal density, a 3,000-denier tight-weave blanket is more effective for stopping fragments than 
a 1,500-denier loose-weave material. Also, an eight-layer, 3,000-denier blanket having an areal 
density of 0.76 lb/f? prevented fragment penetration. 
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1. Introduction 

When large quantities of ammunition are stored outdoors the explosion of one stack can lead 

to the explosion of adjacent stacks by various mechanisms such as direct fragment impact, blast 

pressure, rapid deformation, and burning due to fire propagation. In order to prevent most of 

these mechanisms the individual stacks of ammunition can be separated by either large distances 

or barriers such as earth walls that will attenuate the initial explosion and prevent direct fragment 

impact. However, even when stacks of munitions are septiated by sufficient distance or 

barricades to prevent direct propagation of explosion, propagation can still occur from stack to 

stack by indirect means and hot fragments, firebrands, and burning propellant from the initial 

explosion can be thrown upward and descend onto neighboring stacks of ammunition. If the 

neighboring stacks contain easily ignitable material such as wooden ammunition crates, 

propellant, or combustible cartridge cases, then a massive fire and subsequent explosion are 

likely. This process can repeat itself many times, destroying large stores of munitions in the 

course of hours or even days. In order to protect against these indirect mechanisms, a 

heat-blocking blanket with ballistic protection can be used to cover the ammunition stack. In this 

report, the ballistic properties of two different blankets are compared, when impacted by a 

0.66-lb steel fragment. The U.S. Army Research Laboratory (ARL) performed this work for the 

U.S. Army Defense Ammunition Logistics (Ammolog) Activity. 

2. Experimental Details 

-3 
2.1 Fragment Description. The fragment size was selected by reviewing the results of 

three separate tests that had been done previously, in which two Composition B (Comp B)- 

loaded Ml07 155~mm rounds were simultaneously nose-detonated. The rounds were positioned 

side by side, upright, and 0.79 in apart on a wooden table. The interaction between the 

expanding cases produced long strips of hot fragments. The heaviest recovered fragment from 

these three tests was a strip weighing approximately 0.66 lb. The strip had an irregular shape 

and tended to be narrower at the ends and thicker near the middle; it was 6.5 in long. For our 
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tests, we made a more regular fragment by assuming an average length-to-diameter ratio of 10 

and calculating the dimensions for a cylindrical steel fragment weighing 

calculations gave a length of 6.70 in and a diameter of 0.67 in. 

0.66 lb. These 

When a fragment is ejected upward from an exploding ammunition stack, it will be 

decelerated by the force of gravity until its vertical velocity is reduced to zero. When the 

fragment falls back toward earth, the maximum velocity it can reach is its terminal velocity, V. 

The terminal velocity, assuming that the fragment presented area is a minimum (head-on 

impact), can be calculated as follows: 

V = (2 ma/Dsp)“*, 

where 

fragment mass, m, = 0.66 lb; 

gravitational acceleration, a, = 32 ft/s*; 

drag coefficient of air, D, = 1 .O; 

density of air, p, = 0.075 lb/ft3; and 

fragment presented area, s, = 0.00244 ft*. 

This calculation gives a terminal velocity of 480 B/s. 

2.2 Launch System. A compressed gas gun, having a l-in smooth bore 10 ft long, was used 

to accelerate our steel fragment to the required velocities. For our tests, a gun breech and a 

pressure burst diaphragm were designed to enable us to get the desired fragment velocities. The 

pressure burst diaphragm was inserted between the pressurized breech and the fragment, which 
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was seated in the bore of the barrel. The pressure in the breech and the thickness of the 

diaphragm could be varied to obtain a range of fragment velocities. Figures 1 and 2 show the 

breech and diaphragm holder designs. Both were made using untempered 4140 steel. The taper 

of the diaphragm plug was designed to fit snugly into the tapered section of the gun chamber to 

provide a seal for the high-pressure breech gas. To accelerate the cylindrical fragment and to 

keep it positioned symmetrically in the gun bore, a fragment launch package was designed as 

shown in Figure 3. The polypropolux base plug and a low-density (2.2 lb/ft3) polyethylene 

sleeve fit snugly in the bore of the gun and centered the fragment. The pusher plate consisted of 

polypropolux for strength and a polyethylene surround that served as a gas seal. The fragment 

was mild steel. We did some preliminary tests in order to determine the breech pressure and the 

diaphragm thickness required to obtain suitable fragment velocities. A breech pressure of 

approximately 1,000 psi and a polyethylene diaphragm thickness of 0.090 in gave fragment 

velocities of approximately 430 ft/s. This combination was used for all our tests. 

Figure 1. Breech Chamber Design. 
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Figure 2. Diaphragm Holder Design. 
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2.3 Blanket Clamp. Two l-in-thick alunrinum (Al) frames were used as clamps to hold the 

blanket samples in place during our tests. Figure 4 shows the clamping arrangement. Large 

C-clamps (4 in and 6 in) were hand-tightened around the frames. An effort was made to tighten 

the clamps fiiy and uniformly for each test. The edges of the frames were chamfered to 

remove any irregularities that might concentrate stress; the inside comers of the frames had a 

l/2-in radius of curvature. The frame dimensions were 16 in x 16 in outside and 12 in x 12 in 

inside; this provided a 2-in-wide border clamped around the blanket. The blanket samples were 

either 24 in x 24 in or 26 in x 26 in. Several fragment aim points are indicated because we were 

able to use the same blanket sample for as many as three tests. The minimum distance between 

aim points was 4 in. In some tests, the blanket was backed by a 3/4-in-thick pinewood panel; the 

blanket and the panel were in contact and clamped together. 

Figure 4. Blanket Clamp. 

5 



2.4 Test Layout. A schematic of the test arrangement is shown in Figure 5. Each velocity 

screen consisted of a grid of fine wires that shorted out and produced an electrical signal when 

contacted by the fragment. The velocity of the fragment was calculated using the distance 

between screens and the time between signals. The blanket clamp arrangement was attached to a 

fixed support using large C-clamps. A 0.020-in-thick 2024-T3 Al plate was placed several 

inches behind the blanket; this was done to record any fragments that penetrated the blanket and 

were energetic enough to perforate the witness plate. A 30-in-long container filled with rags was 

placed just behind the witness plate in order to recover any penetrating fragments. A cardboard 

box with an aperture was placed in front of the blanket sample to catch the fragment in those 

tests when it failed to penetrate the blanket. About midway in the test series, we added a yaw 

card to our test setup in order to check the orientation of the fragment just before it struck the 

blanket. The yaw card was made using a 0.5~in-thick low-density foam rubber taped to the front 

surface of a 0.125~in-thick piece of corrugated cardboard; the foam density was 1 lb/f?. 

tmnoGsuoAscxLrma 
Am-YAcruATmvALvE 

3. Blanket Samples 

We obtained our blanket samples from Thomas Mulkem, Polymer Research Branch, 

YAW ChRD 

Figure 5. Test Layout. 

Weapons and Materials Research Directorate (WMRD). All the targets used for ballistic testing 

were fabricated of DuPont Kevlar 29 fibers. There were two types, which are designated as ARL 

(U.S. Army Research Laboratory) and FFF (Federal-Fabrics Fibers). The ARL panels were 

purchased from a weaver, and the fabric is designated as 3,000-denier 17 x 17 plain weave, with 

an areal weight of 13.6 oz/yd2. The FFF materials (ends) were first run through a bath of organic 
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binder and vermiculite; after drying, the ends were woven into a fabric for ballistic and flame 

testing. The fibers were 1,500 denier, and the weave was not as tight as that of the ARL fabric, 

so the areal weight with the vermiculite coating is approximately 4 oz/yd2. The following 

definitions may be helpful: 

end = fiber bundle, 

denier = weight in grams of a 9,000-m-long end, and 

17 x 17 = ends/inch x ends/inch. 

We tested two different thicknesses of FFF blankets and three different thicknesses of AlC 

blankets. Table 1 lists the samples that were tested. The Sample ID column describes the type 

of sample, number of layers it contains, and a sequential number to identify the sample. Thus, 

FFF 20-2 is a Federal-Fabrics Fibers sample having 20 layers and it is identified as no. 2 in the 

20-layer series. 

Table 1. Ballistic Blanket Samples 
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4. Test Results 

Thirty fragment impact tests were conducted using the fragment and blanket materials 

previously described In seven tests, the blanket sample was backed by a 3/4-in-thick pinewood 

panel to simulate an actual situation in a munitions stack where a blanket would be in contact 

with a wooden ammunition crate. In two tests, the flat nose of the steel projectile was machined 

to make a more pointed configuration to see the effect of concentrating the initial impact force 

over a smaller area of the blanket. The nose was tapered from a l/~-in-diameter flat section to 

the fragment diameter of 0.669 in; the included angle was 60”. We were able to get three 

impacts on each blanket sample. The first impact was at the center, the second was 4 in from the 

center toward one comer, and the third was 4 in from the center toward the opposite comer. All 

the test results are given in Table 2, where P is the total penetration and B is the blanket bulge 

from its initial position. The blanket bulged in all tests, except those seven tests where a wood 

backup was used. 

I 
i 

Figure 6 is a plot of the recovery depth in packed rags vs. the areal density of the blankets for 

the ARL and FFF blanket samples. The standard fragment was used for these tests, and the 

blankets did not have a wood backing. The numbers near each symbol are the fragment 

velocities. It can be seen that the ARL 4-layer blanket prevented penetration in 4 out of 6 tests, 

the ARL &layer blanket prevented penetration in 6 out of 6 tests, and the ARL 13-layer blanket 

prevented penetration in 3 out of 3 tests. The FFF lo-layer blanket was penetrated in 3 out of 

3 tests, and the FFF 20-layer blanket was penetrated in 3 out of 3 tests. Figure 7 is a plot of areal 

density of the blankets vs. the number of layers penetrated by the fragment. The penetration of 

all the ARL blankets ranged from 0 to 5 layers. All layers of the FFF blankets were penetrated. 

5. Discussion * 

When a ballistic blanket is impacted by a fragment, the impact energy is dissipated by the 

blanket sliding from its clamped position, stretching and tearing. Our data indicate that, for a 
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Table 2. Test Results 

Blanket Fragment Impact 
Type Velocity Location Result 

Ws) 
FFF 10-l 417 (est.) Center P = 10 layers + 0.020 in of Al + 8 in of packed rags. 

B = 2.5 in. 
FFF 10-l 452 Comer P = 10 layers + 0.020 in of Al + 4 in of packed rags. 

B=5in. 
Fragment was badly tilted. 

FFF 10-l 398 Comer P = 10 layers + 0.020 in of Al + 8 in of packed rags. 
B=2in. 

FFF20-1 466 Center P = 20 layers + 0.020 in Al + 10 in of packed rags. 
B=4in. 

FFF20-1 408 Comer P = 20 layers + 0.020 in of Al + 8 in of packed rags. 
B=2in. 

FFF 20-l 410 (est.) Comer P = 20 layers + 0.020 in of Al + 8 in of packed rags. 
B=1.5in. 

FFF 20-2 423 (est.) Center P = 20 layers + 0.75 in of wood + 0.020 in of Al + 8 ir 
+ wood of packed rags. 

B =O. 
ARL4-1 408 Center P = 0 layers. 

B = 5.7 in. 
f&L4-1 413 Comer P = 2 layers. 

B=5in. 
ARL4-1 455 Comer P = 4 layers + 0.020 in of Al + 6 in of packed rags. 

B = 3.5 in. 
ARL 4-2 436 (est.) Center P = 1 layey. 

B = 5.7 in. 
ARL4-2 423 Comer P = 1 layer. 

B=5in. 
ARL4-2 447 Comer P = 4 layers + 0.020 in of Al + 8.5 in of packed rags. 

B=3in. 
ARL4-3 423 Comer P = 4 layers + 0.75 wood + 0.20 in of Al + 9.5 in oj 
+ wood packed rags. 

B = 0. 
AR_L8-1 447 Center P=O. 

B = 3.6 in. 
ARL8-1 442 Comer P = 4 layers. 

B=3in. 
ARL, 8-l 455 Comer P = 4 layers. 

B=4in. 
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Table 2. Test Results (continued) 

Blanket Fragment Impact 
Type Velocity Location Result 

(ft/s) 

section of the wood broke 

P = 3 layers. The 8th layer had an indentation mark of 
the projectile face. A piece of the wood broke 

For this test, the blanket was not clamped as tightly as 
on all the preceding tests. 

similar areal density the ARL 3,000-denier fiber, tight weave appears to be more effective than 

the FFF 1,500-denier fiber, loose weave. This can be seen in Figure 6 by comparing the results 

for FFF 20-l with ARL 4-l and ARL 4-2. The lower density ARL blanket prevented penetration 

in 4 out of 6 tests, whereas the higher density PFP material allowed penetration in 3 out of 3 

tests. We also did some tests where a wood panel was clamped behind the blanket in order to 
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Figure 6. Fragment Recovery Depth in Packed Rags vs. Areal Density of Blanket. 
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Figure 7. Number of Layers Penetrated by the Fragment vs. Areal Density of Blanket. 



simulate the situation where a blanket was covering a wooden ammunition crate. Normally, an 

impacted blanket will absorb energy by stretching. If it is prevented from stretching, the impact 

energy should become more localized around the point of impact and cause more layers to be 

penetrated. Our results indicate that this may be the trend, but the spread in our data could be 

obscuring this effect. Figure 8 compares the number of layers penetrated for blankets with and 

without wood backing. The numbers next to the symbols indicate how many tests gave the same 

penetration. 

i 

0 

0 

0 

0 03 02 
0 

02 8 
0 

82 

Blanket Designation 

Figure 8. A Comparison of Fragment Penetration Into Blankets With and Without a 
Wood Back Panel. 

Another concentrator of impact energy could be the shape and orientation of the impacting 

fragment; a long narrow fragment of a given mass, impacting head on, would be expected to 

penetrate more layers. To demonstrate this, we used the conical nose fragment described 

previously and impacted a 13-layer ARL blanket. The results can be seen in Table 2 by 

. 
1 
; 

comparing ARL 13-1 with ARL 13-2 and ARL 13-3. The standard fragment penetrated 1 layer, 

whereas the conical nose fragment penetrated 13 layers. For the final test, we clamped the 

.2 



blanket less tightly to see if allowing the blanket to slide a greater distance (bigger bulge) would 

have an effect on fragment penetration. This test, ARL 13-3, gave a bigger bulge, and the 

penetration was slightly less than that of the preceding test. However, given the spread in our 

experimental data, this result was inconclusive. 

The variation in the number of layers penetrated for approximately the same fragment 

velocity may be due to a yawed fragment impacting the blanket; a small amount of yaw could 

concentrate stress when the edge of the flat-faced fragment strikes the blanket. Our yaw cards 

did not indicate any large amount of yaw, but we could not get an exact measurement because 

the base plug and sleeve travelling with the fragment also perforate the yaw card. If yaw is a 

problem, it is suggested that future tests use a hemispherical nose-shaped fragment or a 

smooth-barrel full-bore gun to obtain more reproducible data. Instead of clamping the blanket 

sample, it could be held in place by weights that simulate the mass of a full-size blanket. Also, 

the residual velocity of the fragment after it penetrated the blanket would probably be a better 

measure of blanket effectiveness than the recovered depth in packed rags. Since these tests were 

done using a fragment that impacted the nose first with no rotation or yaw, an unlikely scenario, 

we believe that the penetration results give a conservative estimate for a 300-g fragment. 

6. 

(1) 

(2) 

(3) 

Conclusions 

For approximately the same area1 density, the ALU 3,000-denier tight-weave blanket is 

more effective for stopping fragments than the FFF 1,500-denier loose-weave material. 

The ARL 8-layer blanket, having an area1 density of 0.76 lb/ft2, was not penetrated by 

the standard fragment used in these tests (a flat-faced cylindrical steel fragment with a 

0.66-lb weight, 6.7~in length, and 0.67-in diameter). The fragment impacted head on, 

and its velocity was 450 ft/s. 

When the standard fragment was modified by changing the flat face to a truncated 

conical nose shape, the fragment penetrated an ARL 13-layer blanket (area1 density 

1.24 lb/ft2) in one test and just failed to penetrate in a second test. The shape of the 

fragment and its orientation at impact have a big effect on blanket penetration. 

13 



(4) The addition of a wood panel behind the blanket gave mixed results. We were not able 

to determine if the wood backing affected penetration. 

(5) The effect of clamp tightness on penetration could not be determined since there was 

insufficient data. 
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