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FOREWORD

The research effort described in this report was conduc-
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nizant technical monitors at Picatinny Arsenal were D. Domella,
M. Leondi and R. Rindner.
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Summary

An experimental program has been conducted to determine
the secondary fragment impact sensitivity of various muni-
tions. The cylindrical concrete fragments used in testing
simulated concrete wall fragments broken-up from an acci-
dental explosion. The targets depicted conditions in the
explosive loading operation (melt loading) of the munitions
productign process. The explosive was in a molten state at
about 93°C (200°F). The targets that have been tested in
tnis program are:

155 mm (M107A1) Howitzer shell
120 mm M356 (T15E2) cannon shell
81 mm (M362A1) mortar shell

4.2 inch (M329A1) mortar shell
Scaled model of a melt kettle

Modified model of a melt kettle

A sensitivity curve relating the secondary fragment velocity
and mass necessary to initiate the explosive system has been
determined for the 155 mm, 120 mm, and 81 mm shells filled
with Composition B. Not enough data was collected for the
4.2 inch shell filled with TNT to construct the sensitivity
curve. However, the data clearly indicates that this muni-
tion is more sensitive than any of the other shells tested.
The differences in sensitivity are consequences of differing
casing geometries. The ratio of casing wall thickness fo
outside diameter is the pertinent parameter to relate sensi-
tivities of shells subjected to secondary fragment impacts.

The insensitivity of the melt kettle model was proven.
However, by removing the protective water jacket that sur-
rounds the explosive, the sensitivity was significently in-
creased. The tests with the water jacket removed were
called the modified melt kettle.
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1. INTRODUCTION

The U. S. Army is presently conducting a modernization
program to upgrade melt-loading and other munition produc-
tion facilities. This upgrading includes the modernization
of processes, equipment, and improved safety in facility
operations. As part of the program, the internal and exter-
nal structures of production facilities are being assessed
for their ability to prevent or limit propagation of an ex-
plosive accident. The magnitude of the explosive loading
must be determined and the consequences predicted. The
structural specifications to resist the explosive loads
should reflect the sensitivity of the material in the par-
ticular process being analyzed. Specifications based on
material sensitivities that are too conservative (overly
safe) result in greater costs in materials and construction.
Specifications based on liberal sensitivity data (not safe
enough) mean personnel and equipment are at greater risk.

The scope of the present research program is focused
on the melt loading area. This is the portion of munitions
production where a molten explosive is poured into empty
shell casings. Onlv castable explosives are of interest and
this includes Composition B and TNT. To limit the propaga-
tion of an explosion, the melt loading area is divided up
into smaller bays with a limited total amount of explosive
in each bay. The concrete wall barriers between bays serve
to limit an accidental explosion in one bay from propagat-
ing to an adjacent bay.

The concept of post-failure fragment design is employed
in this case to predict the mass distribution of fragments.
The fragments are the concrete wall pieces broken up by the
explosion. Fragments created by the break-up of the concrete
structures are called secondary fragments and those created
from the break-up of the donor charge casing are called pri-
mary fragments. Figure 1 shows the distinction between pri-
mary and secondary fragments and donor and acceptor charges.

Analysis methods presently exist for predicting the
mass distribution of concrete wall fragments for any loading
conditions. What is not known is the sensitivity of the
acceptor explosive to impact from secondary fragments. The
objective of this research effort was to determine the re-
action threshold velocity for various munition items. This
report presents results of sensitivity tests conducted to
fill the information gap on various acceptor munitions in
the melt loading operation.
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Two previous research programs on secondary fragment
impacts have been completed. The first experiments were car-
L ried out on 155 mm Composition B loaded projectiles, RDX
slurry in a variety of containers, and black powder in its
shipping container (Ref.l). A total of 20 experiments were
conducted on the 155 mm projectile impacted with concrete
fragments. No reactions were observed in these tests where
the Composition B was at ambient temperature. The second :
research program was designed to provide more specific sen- 3
sitivity information for the melt loading operation. Tests
/ were conducted on the Composition B filled 185 mm H witzer
] in the facing operation, Composition B at 66°C 350 F),,and

the "just filled" condition, Compos1t10n B at 93 c (200 ),
: (Ref. 2). For the facing operation only one explosion re- ]
E - sulted in fourteen tests. For the '"just filled" condition,
ﬁ p five reactions were observed in twenty-one tests. Addition-
E ; al tests were performed on a model of a melt kettle, but no
reactions could be achieved. The results of these two re-
ports highlights the increased sensitivity Composition B
exhibits with increasing temperature.

S . B

Tae Beend .

adm . .

As a logical extension of previous efforts, it was de-
sirable to determine the effects o7 shell casineg on the
impact sensitivity of cast explosives (Composition B and
TNT). Tests were therefore carried out on 155 mm (M107Al)
Howitzers, 120 mm, M356 (T15E2) cannon shells, 81 mm (M362A1)
mortars, 4.2 inch (M329A1) mortars, and two variations of
scaled models of melt kettles. These targets span a wide 1
range of casing wall thickness. From the results of these
tests an assessment can be made of the variation of impact
sensitivity with the munition items casing variables. This :
data will aid in spec1fy1ng concrete barriers that are safe, ‘
E yet constructed with minimum costs.
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2. EXPERIMENTAL DESIGN

In this chapter, a description is provided of all the
targets tested in this program. Originally, all the targets
were to be Iilled with Composition B. llowever, due to pro-
curement problems, one TIT filled target was Slbat tuted.

Also in tais chapter is a Jdescription o7 the neans emploved
to generate seconlary fragment impact conditions an'l the test
procelures adonted for this experimental program.

2.1 Target Description

The most wvulnerable conditions in the melt loading
operation (with regard to secondary fragment impact) is when
the molten explosive has just been poured and is sitting in
the shell at an elevated temperature. A loading funnel is
used in this operation and the molten explosive sometimes
fills the funnel. The munition item in this state we call
the ust filled" condition. Figure 2 shows the 155 mm
(Mlu7xl) in this state with the loadin~ funnel filled with
molten explosive. All target shells tested in this program
were representing the "just filled" condition.

Tests were also conducted on another piece of process
equipment - the melt kettle. The melt kettle is a water
jacketed cylinder from which the explosive is poured into
the snells. liot water is circulated through the jacket
surrounding the explosive to keep it molten. A scaled down
model of a melt kettle was tested at our Indiana test site.
Full scale tests were not possible due to explosive quantity
limitations at this range.

A series of tests have been conducted on four different
shells and two variations of the melt kettle model. The
four shells are:

155 mm (M107Al) Howitzer

120 mm M356 (T15E2) cannon shell
4.2 inch (M329A1) mortar shell
81 mm (M362A1) mortar shell

A picture of each shell without the loading funnel is shown
in figures 3, 4, 5 and 6. These shells were selected due
to the wide variations in casing thickness,




Pictures with the dimensions of the two melt kettle models
are shown in figures 7 and 8. The scaled melt kettles ac-
tually tested were surplus from the previous research pro-
gram. The actual melt kettle dimensions are shown in figure 9.

The scaling method employed resulted in models with
greater confinement and therefore less sensitive than the
actual melt kettles. This can be seen by looking at the
circumferential or hoop stress equation to see what combin-
ation of cylinder diameter and thickness will produce the
same stress for identical external pressures. The hoop
stress is defined as:

PD

0O = = —

2t

where o is the stress, -P the external pressure, D the inside
cylinder diameter, and t the cylinder wall thickness. For
equal stresses to be realized for the same pressure, the di-
ameter to thickness ratio must be the same between the actual
melt kettle and the model. :

BE = EEL
t, tn

where the subscript a designates the actual system and m

the scaled model. For the inside cylinder of the actual
system:

YB L0508 L us
t 0.635

']

For the scaled model:

D
BN I I
gt 1 Sl

Therefore, the model inside cylinder provides about twice
the confinement or protection as compared to the actual
system. Also, additional safety is provided in the scaled
model with a 6.35 cm (2.5 inch) water jacket around the
explosive as compared to only 2.54 cm (1 inch) for the ac-
tual kettle. The total length of the model was thought not
to be important as long as impact takes place away from the
end. Greater energy is required to crush the model at the
bottom where the bottom cover is welded. The model length
was therefore not scaled but was based on the maximum
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allowable volume or weight of explosive that could be tested.

The modified model of the melt kettle was designed to
represent a system more vulnerable than the actual system.
The diameter to thickness ratio is:

D

_E = 25°4 = 75
G 0.340

mm

This is about equal to the actual melt kettle, but the modi-
fied model does not have the water jacket to attenuate the
impact. The modified model without the water jacket was test-
ed when it was seen that the water jacket effectively re-
duced the impact sensitivity. The modified model does not

in reality represent any actual piece of equipment. The

tests were conducted to shed light on the effects of atten-
uating impact sensitivities by changing the confinement.

A summary of the pertinent information for each acceptor
target is shown in Table 1.

2.2 Concrete Fragments

Laced reinforced concrete elements are usually used in
structures designed to resist the explosive output of high
order detonations. The Army manual TM5-1300 (Ref. 3) recom-
mends the concrete standards specified in the ACI Building
Code. This is a high early-strength Portland cement (type
III) with a minimum strength of 20684 kPa (3000 psi). To
minimize the effect of spalling, the size of the aggregate
should be limited to less than 2.54 cm (1 inch). The con-
crete used in this program to simulate wall fragments was
a No. 9 Bag mix Portland cement with aggregate size less
than 2.54 ecm (1 inch). This was poured by a local contract-
or. The concrete cured in ambient air for at least seven
days before being used.

The simulated concrete wall fragments were fabricated
into cylindrical shapes with various length to diameter
ratios and weights. Figure 10 shows the cardboard into
which the concrete was poured. This shape facilitated
launching the fragments from the barrel of IITRI's high pres-
sure air gun. The obturator on the back of the cardboard
tube was made of plastic and provided a good seal with the
air gun barrel. Table 2 lists the nominal sizes and weights
of the fragments used in this program.
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Table 2

Characteristics of concrete fragments

Fragment weight Length/Diameter Estimated maximum
L/D velocity
kg (1b) m/sec (ft/sec)
34 (70) 5 305 (1000)
52 €115) 1 244 (800)
93 (205) 2 183 (600)
184 (405) 5 152 (500)

2.3 Air Gun Launcher

A high pressure air gun was used to launch the cylindrical
concrete fragments at the targets. Figure 11 shows the gun's
arrangement relative to the targets. The capabilities of
the air gun are shown in Figure 12. A maximum chamber pres-
sure of 17237 kPa (2500 psi) is normally selected for safe
operation. With this limitation the maximum velocities for
the nominal weight of fragments are listed in Table 2. Sig-
nificant differences between the actual velocity measurad
and the maximum velocity results from wind effects on the
fragment in flight and friction with the gun barrel as the
fragment is being propelled out. Aiming the gun was done
with a small laser placed in the barrel. The target was
then moved to the desired position and the laser removed be-
fore firing. An air compressor pumps air into a large hold-
ing vessel. Compressed air is then bled into the gun chamber
and the pressure transducer. Charging the gun up to the
desired pressure sometimes takes about 45 minutes. Firing
the gun was also done remotely.

2.4 Test Procedures

Normally, only one test could be conducted per day.
This is limited primarily by the time it takes to melt ex-
plosives in the shells. The shells for this program were
received either empty or with the explosive in the shell
along with the supplemental charge, fuze and fin assembly.
For the empty shells, the necessary amount of explosive to
fill the shell (Table 1) plus about 1.13 kg (2.5 1lb) ad-
ditional per shell to fill the loading funnel was melted.
For the shells that came filled, the round was broken down
and the supplemental charge, fuze, and fin assembly was de-
stroyed. The shells were then placed in a hot water bath
to melt the explosive inside. This normally took about 2
to 3 hours for the larger shells. ‘ :
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During the melting time for the explosive, the air gun
was being prepared. The concrete fragments were weighed im-
mediately before placing them in the gun barrel. The weigh-
ing scale could be read to plus or minus % of one division
which means an accuracy of + 1.13 kg (2.5 1b).

A wooden test stand was built for each test so that
the targets were positioned perpendicular to the oncoming
fragment. This is shown in figure 1. The shells were
propped-up with a board. A 2.54 cm (1 inch) thick steel
witness plate 30.48 cm x 30.48 cm (12 inch by 12 inch) was
was placed beneath the target. In cases where the shell
had a knob on the bottom surface for attaching the fin as-
sembly, a hole was cut in the witness plate. Normally two
targets were placed on the witness plate. This was done to
increase the target area and therefore, the probability of
achieving a good hit and also to provide additional infor-
mation as to the degree of reaction.

Fragment velocities were determined from film records
of each experiment. A fiducial marker with 30.48 cm (12
inch) increments was placed in the field of view of the cam-
era. Two cameras were used to film the event. One was a
high speed Fastax camera operating at about 4000 frames/sec
peak. The other was a slower speed Bell and Howell camera
operating at about 64 frames/sec. This was used to provide

a back-up record in case of a malfunction in the Fastax
Ooperation.

Timing, that is, the time relationship between opening
the solenoid value on the air gun's high pressure chamber
and starting the cameras, was critical for these experiments.
The total running time for the Fastax cameras with 30.48 m
(100 ft) of film was about 2 sec. It was desirable to catch
the event on the last half of the film footage where the cam-
era has reached its maximum speed and is fairly constant.

The timing of the camera and gun solenoid is directly relat-
ed to the expected velocity of the concrete fragment and this
in turn is related to the fragment weight and gun chamber
pressure. Selecting the timing was a matter of judgement
until enough data and experience was accumulated to predict
the relationship. Additional uncontrollable factors such as
friction between the fragment and the gun barrel, and wind
also affect the timing.

Immediately after the shells had been set-up on the test
stand, chromel-alumel thermocouples were attached. The sur-
face temperature near the center of the shell was monitored
by a thermocouple attached on the surface with fiberglass
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tape. The explosive temperature was monitored by dipping
the thermocouple wire directly into the center of the molt-
en explosive. The ambient test site temperature was dis-
played on a strip chart temperature recorder along with the
other temperatures. Fiberglass insulation, about 7.62 cm

(3 inches) thick, was placed around the shells to reduce
heat loss. This was esnecially irmortant during cold wea-
ther and at high gun chamber pressures requiring a long time
to bring the gun up to the desired pressure. The fiberglass
insulation is/of no significance in the impact mechanics.

For thé melt kettle tests, a circulating hot water sys-
tem was constructed. Water was boiled in a large tank with
a propane burner. A pump circulated the water through in-
sulated hoses connected to the jacketed melt kettle model.




8 e B

} SR S

relae

3. EXPERIMENTAL RESULTS

In this chapter the raw experimental data is presented.
This includes post-test observations of fragments and wit-
ness plates and the analysis from the film records (velocity
calculations, fireball size, location of hit, time and place
of initiation). An overall summary of experimental results
is included in the Appendix. The first section of this chap-
ter details the methods used to determine the velocity of
the concrete fragment. Subsequent sections present results
for each target tested.

3.1 Secondary Fragment Velocity Determinations

To calculate the fragment velocity, a time and motion
movie projector was used. Velocities were determined from
film records by first measuring length of the projected im-
age of the .305 meter (one foot) increments on the fiducial
marker. This provides the scaling factor to convert the
projected image of the fragments' displacement into actual
meters. The number of frames to traverse that displacement
was also recorded. The speed of the camera was determined
usually from timing marks on the film. The number of timing
marks spaced one millisecond apart were counted along with
the number of frames over the portion of the film record
where the event occured. The fragment velocity could then
be calculated from the following equation.

Ax

Velocity = S N- Xn (meters/sec)
4

where S is the scaling factor (meters per centimeter), Ax
is the measured projected displacement (centimeters), Nf is
the number of frames over the measured displacement, and n
is the camera film speed (frame/sec).

In some cases if the timing lights did not function or
were spaced too close to interpret accurately, another meth-
od was employed. The maximum speed of the Fastax camera can
be adjusted by regulating the supply voltage to the camera.
If the supply is maintained constant, the camera's speed pro-
file (frames per second versus time) should be fairly repro-
ducible. Also, the camera speed versus the number of frames
from the start (time zero) should be constant for each test

~ where the supply voltage was the same. Figure 13 was there-

fore constructed and used to estimate the camera speed in
cases where it could not be determined by the method pre-
viously described. All that is necessary is to count the
number of frames from the start of the film to the point at
which impact occurs and then consult figure 13 for the

10

PYAEIE



I Zi. B

FTR N N |

Fra. . R | Ales R )

el HEE R

| LT W |

estimated camera speed.

In cases where Fastax camera coverage was completely
inoperable, velocities could be estimated in a similar manner
from the back-up slow speed film coverage. In this case cam-
era speed was assumed to be a constant 64 frames/sec.

In a few cases, camera coverage was completely lost.
Under these circumstances the velocity was estimated from the
gun chamber pressure. By comparing the pressure to previous
tests with the same fragment weight and gun pressure, an es-
timate was made.

3.2 Scaled Melt Kettle Model

The tests on the scaled melt kettles were confirmation
tests of a previous research effort (Ref.2). The present
tests however, were conducted with the model filled to cap-
acity (15 kg (34 1b)) with molten Composition B. Three out
of the six tests performed resulted in good hits (test num-
bers MKL-1, MKM-2 MKS-3). These three tests were with three
different fragment weights, 175, 93 and 33 kg (385, 205 and
73 1b), propelled at the maximum velocities capable for the
air gun. No reactions resulted in these tests, which was
consistent with previous results. 1In all cases the model was
severely crushed and flattened out. In test MKS-3, the film
record shows a spark at impact with the outer cylinder, but
at that point no explosive was in the vicinity and so no
initiation resulted.

3.3 Modified Melt Kettle Model

Three impact sensitivity tests were performed on the
modified melt kettle model. The maximum allowable explosive
charge, 23 kg (50 1b) was used in these tests. This amount
of explosive charge filled the 25.4 cm (10 inch) diameter
cylinder one third full, about 27.9 cm (11 inches) high.

The desired impact location was right at the top surface of
the explosive.

For the first test (MMS-1), the Composition B was poured,
then left to cool to ambient conditions, 27°C (80°F). The
smallest concrete fragment was used since it generates the
most severe impact conditions with a greater probability of
causing a reaction. However, no reaction resulted even
though the cylinder was severed in half. Large chunks of
Composition B were found post-test and the bottom portion of
the cylinder was found with the solid Composition B still
an it.
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The second test (MMS-2) was conducted with approximate-
ly the same fragment weight, but this time the explosive was
in the molten state at 97°C (207°F). The fragment velocity
was slower for this test, but the impact still caused a low
order reaction. The witness plate was slightly warped (ap-
proximately 0.32 cm (1/8 inch) indentation) and the wooden
test stand was charred. No explosive was found after the
test. Two large metal fragments plus the bottom plate were
recovered post-test. The high speed movie film showed a
bright flash upon impact lasting approximately 0.25 msec.

For the third test (MMM-1), a large fragment, 95 kg
(205 1b) impacted the target with the Compostition B molt-
en and this too caused a low order reaction. From the film
record it was observed that a fireball, 1.22 to 1.52 meters
(4 to 5 ft) in diameter was formed and lasted about 55 msec.
It is interesting that only the bottom portion of the cylin-
der was found post-test since that was where the Composition
B existed. It is likely that as the concrete fragment was
squeezing the cylinder near the middle, some liquid Compos-
ition B was forced to flow to the top. The fragment prob-
ably continued to penetrate until it approached the back
surface of the cylinder. Initiation likely occured at this
point either due to the extrusion process forcing the explo-
sive from the bottom to the top or by pinching the explosive
between the collapsing metal surface. Because the fragment
penetrated so far, it effectively isolated the top of the
cylinder from the bottom and thereby prevented the initiated
explosive on top from transmitting to the bottom.

3.4 155 mm Howitzer Shells

Six impact experiments were performed to confirm re-
sults from the previous research program (Ref.2). In the
tests performed in reference 2, the loading funnels were
not filled with explosive as they sometimes are in the ac-
tual process. It was conjectured that for impacts at the
top of the shell, the collapse of the explosive filled fun-
nel could increase the vulnerability of these munitions.

It was planned that the velocities for these tests should
be slightly lower than the threshold velocities determined
in reference 2. Two tests were conducted with each of three
fragment weights: 34, 95 and 186 kg (75, 210 and 410 1b).
The estimated threshold velocities at these weights are:
247, 149 m/sec, (810, 490 ft/sec) and somewhat greater

than 133 m/sec (600 ft/sec).

The first test (155S-1) for the 34 kg (75 1b) fragment

12




at 244 m/sec (802 ft/sec) resulted in a high order detona-
tion of the primary target. One large fragment (about %

of the shell casing) was recovered and the witness plate
was slightly bent. The second target reacted low order.
The shell casing was broken into three large fragments and
no explosive was left in the shell. From the film it was
determined that the concrete fragment impacted right at the
shell/funnel interface. This is the desired hit location
since it is believed that the squeezing action taking place
at the neck of the shell is the most probable mechanism of
initiation. Therefore, this is the most vulnerable area

of the munition for secondary fragment impacts with the
explosive in the molten state. A second test (155S-2) with
a 34 kg (75 1b) fragment at a slower velocity did not im-
pact the shell at the desired location. The fragment hit
high, and only destroyed the funnel. i
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The two experiments with the medium weight fragments,
93 and 95 kg (205 and 210 1b) both caused reactions of the
explosive. The first (15501-1) was slightly greater than the
threshold velocity of 161 m/sec (529 ft/sec) and resulted in
a high order detonation of the primary target and low order
detonation for the second target. Impact again took place
about at the shell/funnel interface. The witness plate was
dented about 0.635 cm (% inch). No fragments were recovered
for the primary target. For the second shell, two large
- metal strips of the casing and the funnel were found after
b the test. Film coverage showed a spectacular fireball about
f i0.7 m (35 ft) in diameter. The second test (155MM-2) was
e at a velocity below the previously determined threshold of
133 m/sec (435 ft/sec) and resulted in a low order deton-
ation of the primary target. Impact was slightly lower than
desired. The shell was found split into two large fragments.
No damage was inflicted on the witness plate. The second
target received minor scratches and was recovered with molt-
- en explosive still inside. The low order reaction produced
3 a fireball about 4.9 meters (16 feet) in diameter.

-k

.

Neither of the two tests conducted with the large con-
crete fragments, 186 kg (410 1lb) resulted in any initiations.
The first test (155L-1) did not achieve the desired impact :
conditions. The fragment hit high and damaged only the ex- E
plosive funnels. In the second test (155L-2) a good hit was
produced just below the top of the shell. The fragment vel-
ocity was 145 m/sec (475 ft/sec). The necks of both targets
were squeezed shut. The velocities achieved in these two
tests for the 186 kg (410 1b) fragments are about the limit
of the air gun's capabilities.

[ ERTRCA W
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3.5 81 mm Mortar Shells

In this section the test data for each concrete frag-
ment weight category is described seperately. The tests
were not conducted in the sequence in which they appear in
the text that follows.

3.5.1 Nominal Fragment Weight of 34 kg (75 1b).

A total of five experiments have been conducted with
fragments in this weight category and only one high order
detonation was observed. Three shots did not produce the
desired impact conditions - the fragment hit either too high
or too low. 1In tests 81S-1 and 81S-2 only the loading fun-
nels were destroyed. In test 81S-4, the bottom threaded

portion of the two target shells were either bent or sheared
off.

The two tests that provided useful information were
81S-3 and 81S-5. 1In tests 81S-3, the calculated velocity
was 262 m/sec (858 ft/sec) and no reaction was visible on
the film records. This was somewhat suprising since only a
few small fragments could be found of the primary target af-
ter the test. No damage was done to the witness plate. The
second target received only a small dent on the side. In
test 81S-5 the fragment was propelled at 276 m/sec (906 ft/
sec) and this caused the primary target to react high order.
One large metal fragment and numerous small fragments were
recovered post-test and the witness plate was warped about
0.635 ecm (% inch). The second target shell was crushed at
the top and the funnel destroyed. Impact took place about
at the desired location (shell/funnel interface). It ap-
peared from the film coverage that the edge of the concrete
fragment struck the shell first. Initiation was about 1.15
msec after initial contact was made. Initiation, however,
appeared to be at the bottom of the shell.

3.5.2 Nominal Fragment Weight of 52 kg (115 1b).

For this fragment weight, four tests were performed
with one high order reaction. Tests 81MS-2 and 81MS-4 both
hit high on the primary shell, destroying the funnel and
crushing the very top of the shell. Neither caused any
reaction.

In test 81MS-1 the fragment hit the shell squarely in
the center and virtually flattened the shell. No explosive
was left in the shell after the test. From the film record,
a small puff of black smoke was seen upon impact. Composi-
tion B was shot up into the air by the squishing of the

14
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shell. No spark, flame or any additional evidence of a
reaction was observed. The fragment velocity was 234 m/sec
(768 ft/sec).

Test 81MS-3 at 248 m/sec (813 ft/sec) resulted in a high
order detonation of the primary target shell. A few medium
size fragments were found and the witness plate beneath the
shell was blackened and warped about 0.313 cm (1/8 inch). The
film record showed ignition to be at the top of the shell
and a fireball formed which lasted about 160 msec. The ad-
jacent second target shell did not receive any damage.

3.5.3 Nominal Fragment Weight of 93 kg (205 1b).

Five tests were performed with the medium size fragment
weight category and reactions resulted in three of them.

Tests 81M-3 at 134 m/sec (440 ft/sec) and 81M-5 at 109
m/sec (358 ft/sec) were two tests which did not cause an in-
itiation. For test number 81M-3 impact was about at the cen-
ter of the shell causing it to be severely crushed. Wo ex-
plosive was left in the shell after the impact. In test
81M-5 at a slower velocity, the fragment hit exactly at the
desired location. The shell was squeezed not quite shut at
the neck.

Test 81M-4 which resulted in a high order detonation
had about the same fragment velocity, 133 m/sec (435 ft/sec)
as test 81M-3 which did not initiate. Impact was again right
at the shell/funnel interface. One large shell fragment was
recovered along with numerous small and large funnel frag-
ments indicating the explcsive filled funnel also reacted.
The adjacent second target was not damaged. The film of
this test shows that the explosive was initiated at the bot-
tom of the shell at about 1.4 msec after the fragments' in-
itial contact. A fireball lasted about 0.13 sec.

For test 81M-2, the fragment velocity was calculated
as 163 m/sec (535 ft/sec) and this caused a high order de-
tonation in both the primary and secondary target shells.
A few large metal casing fragments and many smaller ones
were recovered.

Similar results were obtained in test 81M-1 with a frag-
ment velocity of 186 m/sec (611 ft/sec). The impact in this
case was such that the secondary target shell received the
main impact causing it to react high order. Numerous medium
to small metal fragments were found. The other shell deton-
ated low order. The bottom portion of the shell appeared to
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have been blown out and the top portion squeezed shut.
Many funnel fragments were recovered which could indicate
the explosive in the funnel reacted.

3.5.4 Nominal Fragment Weight of 181 kg (400 1b).

For this weight class, four shots were performed with
a detonation in one of them. The fragment velocity in test
81L-4, 139 m/sec (457 ft/sec) was the highest of the four
tests and this did not cause an initiation. The fragment
hit off to the side causing only slight damage to the neck
of the shell and funnel.

In test 81L-2, the velocity was slower, 143 m/sec
(470 ft/sec) but impact was at about the center of the
shell. Only the threaded portion at the bottom of the
shell was recovered after the high order reaction. The ad-
jacent shell received only a scratch and did not initiate.
Impact occured very early on the film record and this made
it very difficult to interpret.

Two additional tests at lower velocities did not cause
any reactions. The concrete fragment in test 81L-3 impact-
ed the shell at slightly below the desired location at a
velocity of 109 m/sec (359 ft/sec). The shells were recov-
ered with about 1/3 of the Composition B still in them.

In test 81L-1, the fragment velocity was about 137.m/sec
(449 ft/sec) but impact was much too high, inflicting dam-
age only to the funnel,

3.6 120 mm Cannon Shells

3.6.1 Nominal Fragment Weight of 34 kg (75 1b).

Six shots were performed for this fragment weight
with burning reactions resulting in two of the shots. In
one test (120S-4) the gun was misaligned and the fragment
completely missed the target. No reactions resulted in
the following three tests at the velocities indicated:

120S-1 269 m/sec (682 ft/sec)
120S-6 207 m/sec (679 ft/sec)
120S-5 178 m/sec (585 ft/sec)

-In tests 120S-1 and 120S-6, impact was at the top of the

shell and caused the shell to be squeezed and the funnel
destroyed. In test 120S-5, the fragment hit the center of
the shell making a dent about 2.54 cm (1 inch) deep. The
fragment velocity could not be interpreted from the film
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record since the event occured too early on the film. How-
ever, since the weight and gun pressure were the same as in
test 1208-4, the velocity for this test was assimed to be
the same as in test 120-8-5,

The two shots that resulted in burning reactions are
listed below:

120S-2 301 m/sec (988 ft/sec)
120S-3 244 m/sec (800 ft/sec)

No film coverage was obtained for test 120S-3 because of a
severed electrical line. The velocity was interpolated
from the air gun chamber pressure and velocities calcula-
ted from previous tests. The evidence that a burning reac-
tion had taken place is the charred witness plate and wood-
en test stand. Funnel fragments were found post-test, but
the shell was not damaged at all. 1In fact, the shell was
recovered still half filled with liquid Composition B. It
appears that only the explosive filled loading funnel was
involved in the impact and in some manner initiated the ex-
plosive as it was being crushed. The reaction, however,
did not propagate to the explosive in the shell.

In another test (120S-2) at a higher velocity film
coverage was available. Impact was right at the shell/fun-
nel connection. A flash lasting about 1 msec resulted upon
impact. The shell appeared to be cracked in half rather
than fragmented by a blast. No damage was done to the wit-
ness plate nor the adjacent second target.

3.6.2 Nominal Fragment Weight of 52 kg (115 1b).

A total of four tests were conducted with this frag-
ment weight with one of these resulting in a high order de-
tonation (120MS-1, 243 m/sec (797 ft.sec)). For this shot
initiation was about 5 msec after initial impact. Small
to medium sized fragments were found after the test and the
witness plate was slightly dented and gouged. The second
target received only minor scratches and did not react.
Impact was at the neck of the shell and funnel.

For the other three tests at this weight: shot 120MS-2
hit slightly high and sheared the funnel off; shot 120MS-3
hit lower causing the shell to be somewhat squeezed and e-
longated; shot 120MS-4 achieved a good impact at the neck
of the shell but did not cause a reaction at 220 m/sec
(721 ft/sec).
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3.6.3 Nominal Fragment Weight of 93 kg (205 1b).

At this weight category, the 120 mm shell could not be
detonated in four tests with a maximum fragment velocity of
199 m/sec (652 ft/sec). Good impacts however, were achieved
in only two of the shots (120M-2 and 120M-4) at i80 and 182
m/sec (591 and 596 ft/sec). In the other two shots impact
was slightly high and squeezed the neck of the shell and
destroyed the funnel.

3.6.4 Nominal Fragment Weight of 184 kg (405 1b).

Out of four shots for this weight class, one burning
reaction resulted at a velocity of about 109 m/sec (358 ft/
sec). In this shot, (120L-2) initiation was at the ground
away from the point of impact. The top 1/3 of the shell
was broken off and no Composition B was found in the shell
afterwards. Impact was at the neck of the shell.

Two other shots at higher velocities and one at a low-
er velocity did not cause any explosive reaction.

3.7 4.2 inch Mortar Shells

3.7.1 Nominal Fragment Weight of 32 kg (70 1b).

Two high order detonations resulted out of four shots
with the 32 kg (70 1b) secondary fragments. The velocity
for shot 4.2S-1 was 273 m/sec (896 ft/sec), and 226 m/sec
(741 ft/sec) for shot 4.2S-3., The velocities where 'no reac-
tions occured were 242 m/sec (793 ft/sec) for shot 4.2S-2
and 127 m/sec (417 ft/sec) for shot 4.2S-4, The impact lo-
cation for shot 4.25-2 was low, however, the bottom half
of the shell was thoroughly flattened. Less severe crush-
ing occurred in shot 4.25-4 at a slower velocity.

In test number 4.2S-1 where a detonation resulted, on-
ly a few small to medium size fragments were recovered. A
fireball 4.9 meters (16 ft) in diameter lasted about 360 msec.
Similar fragmentation resulted in test 4,2S-3 along with
charring of a wooden test stand. Initiaticn in this test oc-
cured about 0.5 msec after initial contact with the shell.

3.7.2 Nominal Fragment Weight of 52 kg (115 1b).

The four tests conducted at this weight all resulted
in high order detonations. The velocities ranged from 123
to 238 m/sec (404 to 782 ft/sec).

Shot number 4.2MS-1 had a fragment velocity of 236 m/sec
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(774 ft/sec) and hit right at the shell funnel joint. Small
to medium sized fragments were found post-test. A fireball
3.4 meters (11 feet) in diameter formed from the high order
detonation. For shot 4.2MS-2 at 201 m/sec (659 ft/sec), the
hit location was about the same but the fragments were much
larger. Initiation took place right at the crack between the
shell and funnel and occurred 1.6 msec after initial contact.
A fireball about 4.0 meters (13 feet) in diameter was created
which lasted 0.2 seconds. In shot 4.2MS-4, the velocity was
146 m/sec (480 ft/sec) and the hit location more towards the
center of the shell. The high order detonation occurred 12
msec after impact and was initiated by impact with the ground.
Test 4.2MS-3 had the lowest velocity of the four shots, 123
m/sec (404 ft/sec). One large metal fragment, about 3/4 of
the casing, and a few smaller ones were recovered. The cas-
ing appeared to be torn or ripped apart rather than blasted.
The wooden test stand was burnt. Initiation took place at
the interface between the funnel and shell and occurred 0.35
msec after initial contact. The fireball created was about
4.3 meters (14 feet) in diameter.

3.7.3 Nominal Fragment Weight of 91 kg (200 1b).

The four tests conducted at this weight resulted in two
high order detonations and one burning reaction. The shot
that did not cause a reaction (4.2M-1) hit slightly off to
the right, crushing the top of the shell and funnel. The
molten TNT was splattered around the test area.

In shot 4.2M-2, the fragment velocity was 168 m/sec
(551 ft/sec) and the hit location slightly high. The shell
was recovered with the top 10.2 cm (4 inches) squeezed shut
and some TNT left inside. The film record showed a small
flash and black smoke cloud created about 1.5 msec after im-
pact. The initiation was at the top of the shell where the
funnel joins it. The reaction did not propagate to the rest

of the explosive in the shell. This reaction was called a
burn.

The velocity for shot 4.2M-3 was calculated as 161 m/sec
(528 ft/sec) and caused a high order detonation. Impact
took place at the desired location and only small fragments
were recovered post-test. Initiation was at the crack be-
tween the top of the shell and the shoulder on the funnel.
Initiation happened 0.48 msec after impact.

The last shot for this weight category (4.2M-4) was at
97 m/sec (318 ft/sec) and the same hit location. Only a few
small fragments were recovered after the high order detona-
tion. Initiation occured 1.5 msec after contact and appearad
to start at two locations simultaneously: one at the top of
the funnel and another at the bottom of the shell.
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3.7.4 Nominal Fragment Weight of 181 kg (400 1b).

Only one test was conducted with this size fragment.
The result was a high order detonation for a fragment vel-
ocity of 143 m/sec (470 ft/sec). The test stand was burnt
and medium size metal fragments were found post-test. In-
itiation again appeared to be at two seperate points - at
the top of the funnel and at the junction between the funnel
and shell. Initiation started 0.6 msec after contact.
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4. ANALYSIS OF DATA

In this chapter some fundamental relationships between
the variables in a secondary fragment impact experiment will
be presented. As an obvious first consideration, the vari-
ables external to the details of the actual impact (i.e.,
fragment mass and velocity) will be related. This establish-
es the available kinetic energy and momentum but says noth-
ing of the dynamics of the impact, the efficiency of the
energy transfer process or the rate of energy transfer to
the explosive. These variables are in some way related to
the properties and geometries of the shell casing, explo-
sive, and fragment. The importance of the location of im-
pact will also be discussed since various casing geometries
will react or deform differently depending on where the
loading is applied.

4.1 Mass-Velocity Sensitivity Curves

The boundary velocity is defined as the fragment veloc-
ity necessary to initiate a high order detonation in the
acceptor explosive. If enough data could be collected, the
boundary velocity could be determined with various probab-
ility levels.

Fragment velocity versus fragment mass data has been

plotted to depict the targets' sensitivity to secondary
: p 24

fragment impact stimuli. The boundary velocity represent-
ing the estimated threshold initiation conditions was deter-
mined for the 155 mm, 120 mm, and 81 mm shells. Not enough
data has been collected for the 4.2 inch shells and scaled
melt kettle models to determine the boundary velocity curve.

The plots of the data are shown in figures 14 through
19. The pertinent data to determine the boundary velocity
is shown in Table 3. The data clearly indicates that the
4.2 inch TNT filled mortar shell is more sensitive than any
of the other Composition B filled targets. The 155 mm,
120 mm and 81 mm shells juggle positions of relative sensi-
tivity depending on the weight category. The other obser-
vation of the data in Table 3 is that neither momentum nor
kinetic energy provide reliable information to predict sen-
sitivities. This was also apparent in the data of refer-
ence 2. It was evident from the post-test observations of
partially damaged concrete fragments that in some cases the
fragment transfers a portion of its momentum and energy to
the target then continues on relatively unscathed. This
means that most of the available energy is not transferred
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to the target. An assessment of the percentage of available
momentum or energy transferred for the target could not be
made with the available evidence.

The data points plotted in the sensitivity curves are
considered to be equal. That is, the details of each exper-
iment were neglected and just the net result taken. No at-
tempt was made to weigh any points with regard to where the
fragment hit or the severity of the impact. Impacts high on

the shell are known to increase the probability of initiation.

4.2 Confinement Effects

The effect of the shell casing or confinement on the
mass/velocity sensitivity data will be discussed in this sec-
tion. In an impact experiment the casing properties, primari-
ly material strength, determine how much of the incoming en-
ergy will be needed to crush or penetrate the casing and
therefore, the amount of energy transferred to the explosive.

For the melt kettle testing, two different models were
tested: one representing a system believed to be less sensi-
tive than the actual system, and another model representing
a more sensitive case. As discussed earlier, the cylindri-
cal casing outside diameter to thickness ratio provides an

indicator of relative strength to withstand external pressure.

These values are listed below:

Actual system based on internal tube diameter D/t = 72
Actual system based on external tube diameter = 53:.3
Melt kettle model based on internal tube dia. = 37.3
Modified model (without water jacket) = 75

If it is assumed that the boundary velocity is directly
proportional to the ratio D/t, then some method could be de-
vised to proportion the model data to predict actual system
conditions. If this is true, then the ratio of D/t will pro-
vide the necessary factor. Comparing the first melt kettle
model with a 6.35 centimeter (2% inch) water jacket to the
actual system gives:

gD/t;actual P e
D/t)model - 37.3 ~ 1230

The actual system velocities can now be scaled up from the
model data: V actual = 1.930 V model. This has been done to
the data in Table 4 for the melt kettle. Two points should
be emphasized. First, the model had a 6.35 centimeter (2%
inch) water jacket whereas the actual melt kettle has only a
2.54 centimeter (1 inch) jacket. This has the effect of
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making the scaling factor (1.930) somewhat too high. Sec-.
ondly, since no reactions were achieved, the so-called act-
uval velocities just calculated would represent the minimum
expected boundary velocities. Therefore, the scaling factor
may be somewhat low. This scaling scheme should only be
regarded as an estimate since no evidence has been collect-
ed in this program to confirm that the diameter to thick-

‘ness ratio of the casing around explosives is directly pro-

portional to the boundary velocity necessary to initiate
the explosive.

Table 4

Melt kettle model impact data
velocity scaling to actual system

Fragment Impact Results™ Scaled
welght velocity velocity
kg (1b) m/sec (ft/sec) m/sec (ft/sec)
23519 257 (843) NR 496 (1627)
3350 259 (850) NR 500 (1640)
84 (185) 199 (653) NR 384 (1260)
93 (205) 176 (577) NR 340 (1115)
170 (375) 148 (486) NR 286 (938)
175 (386) 123 (404) NR 2317 (778)

* NR = No Reaction

The modified melt kettle obviously proved to be more
sensitive to secondary fragment impact than the first melt
kettle model. Removal of the water jacket therefore, in-
creased the sensitivity of this system, but the amount of
increase is difficult to evaluate with the limited data.

For the other target shells, some of the pertinent data
concerning the casings are shown in Table 1. The 4.2 inch
mortar shell is seen to have the smallest thickness to di-
ameter ratio, meaning it will provide the least amount of
resistance to external pressure. Even though a sensitivity
curve could not be constructed yet for the 4.2 inch shell,
the impact data still appears to confirm the greater vul-
nerability of this munition item compared to the others.
The thickness to diameter ratio is therefore, a dominant
factor in secondary fragment impact tests.
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The t/D ratios indicated in Table 1 are based on the
wall thickness at the maximum diameter of the shell. It
might be more accurate to choose the minimum t/D ratio over
the cross sectional area the fragment impacts. This has
been done for the 81 mm test series data (Table 5). The
variations of the t/D was not significant (.0630 to .0693)
except in one shot (81MS-2, t/D = 0.218). The small varia-
tion of the t/D could not be correlated to any effect on the
threshold initiation conditions. Therefore, choosing a ref-
erence thickness to diameter at the maximum diameter of the
shell appears adequate.

On a more analytical level, the t/D ratio is also seen
to be an important factor in studying cylinders and the
stresses that result from external pressure. Elasticity
theory reveals that for cylinders having internal diameter
to thickness ratios greater than 10, the pressure is relat-
ed to the stress and the t/D:

pa(t/D)1

That is, the pressure (p) is directly proportional to the
t/D ratio. Elasticity theory also shows that the collapsing

?;ezszge (P.) is related to the t/D ratio to the third power
ef.4):

P, a(t/D)3
Therefore, if the impact velocity is proportional to the
pressure developed on the shells, then the velocity should
be related to the t/D:

V a(t/D)?
where the exponent, a, would be between 1 and 3.

The effect of confinement for primary fragment im-
pact has been investigated in reference 5. 1In this case

the boundary velocity was related to the fragment mass, the

casing thickness, and the type of explosive. The derived
equation follows.
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(5.37 t/m*/3)
v 2 _Ke
L R R
V. = boundary velocity (ft/sec)
m- = primary fragment mass (ounces)
t = acceptor casing thickness (inches)
K = experimentally determined explosive

sensitivity constant .

Numerous shells and explosives were investigated. The explo-
sive sensitivity constants for Composition B and TNT were
determined to be:

K

4.148x1066 Comp. B (RDX/TNT, 60/40)
K

16.303x10 TNT

Figure 20 highlights the difference between primary and
secondary fragment impacts.

Certain assumptions built into the derivation of the
primary fragment correlation make it impossible to adopt a
similar formulation for secondary fragment impacts. First,
the mechanism of initiation is believed to be quite different.
For primary fragments, the casing is first penetrated, then
the fragment impacts the explosive causing initiation. In-
itiation is on the order of micro-seconds after impact. In
secondary fragment impacts, the initiation is conjectured
to be by extruding or pinching the explosive as the shell
collapses. 1In this case, initiation occurs a few milli-
seconds after impact. Secondly, the fragment shapes are
much different. Primary fragments have a small projected
area of impact whereas secondary fragments may impact the
total area of the target. Thirdly, primary fragments are of

the same material (mild steel) as the casing whereas second-
ary fragments are not.

4.3 Explosive Properties

It is reasoned that the sensitivity of an explosive,
that is, its propensity to initiate by a certain stimuli,
w1}1 be affected by its geometry and thermodynamic state.
Th%s was clearly shown in reference 1 and 2 where the sec-
ondary tragment impact sensitivity of Composition B filled
155 mm shells, increased with increasing temperatures of the
explosive. The explosive was more sensitive at or above its
recrystallization temperature ~ 770C (1709F) for Composi-

~tion B. The data collected in this research effort for
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secondary fragment impacts of TNT and Composition B filled
shells also points to the fact that the properties of the
explosive effect the initiation level. The TNT filled 4.2
inch mortar shells were more sensitive than the other vari-
ous shells, tested in this program, filled with Composition
B. However, the Composition B filled shells were a differ-
ent geometry and had greater casing protection. From small
scale impact tests using the Bureau of Mines apparatus,

the TNT should be less sensitive than the Composition B.

95-100 cm drop weight height for TNT
75 cm drop weight height for Composition B

It has been assumed in the present tests that the thermo-
dynamic state of the explosive is the same between tests.
This may be questionable since the temperature of the explo-
sive did vary 64 - 970 C (148 - 207°F) hetween tests and a
phase change occurs at about 77°C (170°F) for Composition B.
The thermodynamic state is also important in that the manner
in which the explosive deforms upon impact may determine the
degree of viscons heating. Consequently, as some theorize,
local hot spots could develop to initiate the explosive.
This is especially important in secondary fragment impacts
where it is conjectured that the extrusion of the explosive
is the most probable mechanism of initiation.

The weight of the explosive is an additional considera-
tion. It is well known that a critical mass exists above
which an initiation will propagate to a high order detonation
and below which a low order or less severe reaction results.
The explosive to shell casing weight ratio (E/C) (Table 1)
has been shown to be a convenient parameter characterizing
the explosive output of a munition item. The E/C is usually
associated with the donor explosive system.

The total mass of the acceptor explosive system (explo-
sive plus casing) may be important for the following reason.
The mass of the system provides an inertial force to resist
the impact force trying to accelerate it. It is these two
counteracting forces which to a certain extent determines
how much and how fast the shell will be crushed.

The geometry of the explosive is another factor which
could affect the details of how the explosive deforms upon
impact. Just how a stress wave propagates through the ex-
plosive and how it is reflected from the surface is geome-
try dependant.




The net affect of all these factors is as yet not pre-
dictable with any precision. The derivation of the sensi-
tivity equation in reference 5 attempted to account for the
explosive by dumping all these effects into an "explosive
sensitivity constant'" (K). This method, however, obscures
any physical significance this constant might have.

At present, there does not exist enough data to take
into account the effects of explosives properties.
Tests should be conducted on identical shell casings but
with various explosive fillers to assist in incorporating
this variable into a secondary fragment impact sensitivity
model.

4.4 Secondary Fragment Properties

There appears to be two important characteristics of
secondary fragments other than the weight and velocity which
may affect sensitivity: strength and geometry. In an impact
experiment it is the strength of the fragment pitted against
the strength of the casing, which controls the energy trans-
ferred to the explosives and the work done on the casing to
extrude the molten explosive. A brittle fragment upon init-
ial contact may fracture into numerous smaller fragments and
thereby have a lower proability of penetration and initiation
of the explosive.

Looking at the concrete fragment as a structural member,
compressive strength for impact loading 1is about 1.5 times
greater than the static strength. Loading rates greater
than 68948 kPa/sec (19,000 psi/sec) are considered to be
impact loads (Ref. 6). It is estimated that the compressive
strength for a 30.48 centimeter (12 inch) diameter cylinder
is between 13790 to 34474 kPa (2000 to 59799) nsi for con-
crete cured between 7 and 28 days (47% to 60% water/concrete)
from reference 6. The specific weight for §he cogcrete used

%nBthe present experiments is about 2.85x10° kg/m° (178 1b/
tJ).

In primary fragment impacts, the projected area of the
fragment is an important parameter which determines the
available energy per unit area. In this case, the fragment
dimension is small compared to the radius of curvature of the
cylindrical shell. This allows making the simplification
that the fragment impacts a flat plate and transfers all its
momentum to the plate. For secondary fragment impacts, the
fragment area is large compared to the projected area of the
target. The assumption cannot be made that the concrete
fragment is impacting all its momentum to the shell. There-

fore, the energy density based on the impact area will not
be important.




5. CONCLUSIONS AND RECOMMENDATIONS

The objective of this research program was to obtain
secondary fragment impact sensitivity data of various munitions.
Experimental data has been collected on the 155 mm (MLO7Al)
Howitzer, 120 mm, M356 (T15E2) cannon shell, 81 mm (M362Al)
mortar shell, 4.2 inch (M329A1) mortar shell, and two
scaled process equipment models of a melt kettle. The shells
with the loading funnels in place represented the "just
filled" condition of the melt loading munition production
stage. The explosive at this point is in the molten state
around 939°C (200YF). Tor these conditions, secondary
fragment velocity versus mass sensitivity curves were con-
structed for the 155 mm, 120 mm, and 81 mm shells, Composi-
tion B filled. Not enocugh data has been collected on the
4.2 inch mortar shell TNT filled to determine the sensi-
tivity curve. However, it is still apparent that the TNT
filled shell is more sensitive than any of the Composition B
filled shells tested. This is a direct consequence of dif-
ferences in the shell casing geometries.

chnmett A e B
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The following parameters were held reasonably constant
for each test:

d Thermodynamic state of explosive 64 97°C (148 207°F)
Shell casing material strength properties (all mild
steel)

¥ Secondary concrete fragment geometry and strength

1 properties (all cylindrically shaped, L/D varied)

L

The parameters that were variable included:

- Secondary fragment mass and velocity
by ) Shell casing geometry
1 Impact location on the shell
Explosive (only two explosives were tested: Composition B
and TNT)

A

3 W

The data collected thus far is inconclusive in relating
sensitivity to shell casing geometry in a quantifiable man-
ner. It is thought that the shell casing wall thickness to
outside diameter ratio is the pertinent geometrical factor
to be related to the secondary fragment impact velocity and
mass. It is further reasoned that the boundary velocity
should be related to the thickness to diameter ratio to a
power between one and three:

22 4.
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It is recommended that additional tests be conducted to sub-
stantiate the above equation form. It is also recommended
that tests be conducted on the same or similar shells as tested
in this program but with other explosive fillers. This will
delineate the effect the explosive has on the munition's
sensitivity to secondary fragment impact.
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