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- ____——-INTRODUCTION o R
‘ lhile it is feasible to design a tenk ammunition compartment i
which will survive the detonation of a single warhead, the design of F
a compartment which will survive the detonation of most or all of §

the warheads and which falls within the weight and space constraints
imposed by the vehicle design is not currently possible; the detonation
of 40 warheads (the planned complement) will destroy compartment and
fighting vehicle. In previous research (1) we have shown that
catastrophic reaction of munitions can occur under conditions much less
strenuous than those required for classical shock initiation, which

has been studied extensively for bare charges. These catastrophic
reactions play an extremely important role in determining munition
vulnerability, and in the rapid propagation of explosion through

stacks of munitions. ically, these catastrophic reactions take
place in the 100-700ySec time frame, consume essentially all of the :
explosive, and may appear, to be detonations to the observor interested K
in assessing damage potendjal. To understand the mechanisms of ;
initiation of these react1ohs and to devise preventive techniques
suitable for safe transportat1on and storage, and vulnerability reduc-
tion of armored fighting vehicles, we have undertaken analyses and a
variety of experiments. Pertlneng results are summarized in this

paper. \\\
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HOWE & FREY

Interround Communication and the Role of the Casing

When a munition such as a 155mm artillery shell is detonated,
nearby munitions are subjected t multiple fragment impacts, airblast,
and severe loading from the explosive products. Initiation of the
target munitions can occur as a result of a single, massive, high
velocity fragment, as a result of multiple fragment impacts occurring
nearly simultaneously, or as a result of the severe blast loading
delivered by fragments and explosive products. One might conjecture
that some measure of protection would be provided the target munitions
by heavy walled casings, but it must be remembered that a heavy walled
protective casing of a target round implies massive lethal fragments
when such a round serves as the donor.

R T

Because there is a variety of parameters which may affect
interround communication, a series of experiments was performed to
establish a data base and to provide insight with respect to the per- 3
tinent mechanisms. Munitions from the inventory were used rather
than specially designed test fixtures, because the former would provide
a much needed practical data base and because analysis had shown that
the variations in geometry from munition to munition could be account-
ed for and would not weaken the validity of the results. Each experi-
ment involved three munitions placed collinearly upon a 2.5 cm steel
witness plate (see Figure 1). The two outer munitions served

as targets for the center war-

R, head which was deliberately de-
tonated via primacord embedded
within some C-4 plastic explo-
. sive which filled the fuze
ACCEPTOR DETONATOR ACCEPTOR cavity. (In some cases, target
warheads contained fuzes. How-
ever, fuze presence did not
change threshold response, and
there was no evidence in any
experiment to indicate that
the fuze contributed to reac-
tion of the target warheuds).
The donor wall thickness, dia-
meter, and explosive content,

Sl o

L

\as — and acceptor wall thickness,

Z{T diameter, and explosive con-
2.5 cm 105 mm tent were varied. Data were
STEEL PLATE PROJECTILES obtained for munitions con-

taining composition B

2 . Figure 1. Schematic of typical test COH-(GO%W RDX, 409;,w TNT) and com-
. i i i icatio .

f1gq;at1on for %ggggzpund communi ron position A-3 (91% RDX 9% wax).
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The condition of the acceptor warheads and the witness plate was
examined after each experiment to determine acceptor response. When
a donor was detonated in the design mode, it always perforated the

witness plate and this was taken as a

crude but effective indicator of

acceptor detonation. For each type of warhead pair, the separation

distance between rounds was varied in

accordance with standard

quantal response techniques (2) to determine the propagation thres-
hold. Separate tests were performed on inert loaded projectiles
placed at separation distances at which the acceptor detonated.

This permitted determination of the level of damage which would lead
to violent reaction or detonration of the acceptor warheads. At the
violent reaction threshold, each inert-loazded acceptor was severely
deformed and failure of the warhead casing occurred. This provided

an important clue with respect to the
reaction occurs within the acceptor.
a mechanism involving

. casing deformation

mechanism by which violent
All the data are consistent with

. compression of the explosive, generation of cracks within the

explosive
. failure of the casing

. rapid extrusion of explosive through cracks in casing, causing

ignition and rapid spread of reaction
with resultant catastrophic explosion.
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Flgu ¢ 2. Schematic of apgaratus used

for mechanistic studies. Typical strain/

time vecords at various gauge locations.
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through the cracked explosive,

Additional experiments
were conducted to explore some
of the details of the initiation
process. In one set of experi-
ments, heavily confined composi-
tion B charges were fabricated,
with internal manganin pressure
gauges and externally mounted
constantan strain gauges
(see Figure 2). These charzes
were deliberately ignited, in
order to permit observation of
the development of violent
reaction.

The detailed behavior
of the charges was variable
and strongly a function of

geometry. Thus, for some
experiments, a compression
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HOWE & FREY

wave propagated through the charge at a velocity of 2.0 - 2.5 mm/usec.
This wave was clearly not 2 shock, as the pressure gradient typically
extended over a period of 10 - 30 usec behind the wave front, to a
peak pressure of (.2 - 0.8 GPa. Generally speaking, strain records
and stress records were similar. A plot of strain versus time at
various gauge stations for such an experiment is shown in Figure 2.
Ionization probes indicated reaction begins within a few microseconds
of wave passage. Nonetheless, the pressures involved are too low to
cause ignition by rapid compression of the explosive (3,4).

(Note that, even with ignition, the reaction would not necessarily
build up to violent reaction or detonation. In some instances, loca-
lized reaction occurs, and disrupts part of the charge without propag-
ating to the rest.)

In other experiments, using iarger diameter charges the pres-
sure rose slowly but uniformly throughout the charge. After 200 - 600
usec, a threshold was reached, at which point the pressure rose very
rapidly and catastrophic reactions occurred. As in the previous ex-
periments, the thresholds at various stations occurred sequentially and
are associated with the arrival of a compression wave. In these latter
experiments, the compression waves decayed as they propagated, and
ionization probes responded erratically, indicating that iow-level
secondary ignition sources weare developing at various locations. In
both sets of experiments, large strains and strain rates were recorded
coincident with the peint at which the pressure transition points
occurred.

At first we thought that charge deformation might be creating
adiabatic shear bands which caused secondary ignition of the charge
at points remote from the initial reaction. We analyzed the rate of
temperature rise when two layers of explosive slip with respect to one
another under pressure and with melting, The analysis indicates that
sliding velocities of the order of 3X10~ cm/sec would be necessary
for initiation at 0.1 GPa pressure. At lower sliding rates melting
would suppress the temperature rise. In our experiments where the
rate of shear deformation has been measured, such sliding velocities
at shear bands could occur only if the shear bands were separated by
distances of the order of a centimeter, which is unlikely. Therefore,
it appears that the formation of shear bands does not explain the
prop2gation of reaction in these experiments, although they could be
responsible for the initiation of reaction in other circumstances.

An alternative explanation, consistent with the interround
communication data and fragment impact data, is that homogeneous
(on a macroscopic scale) deformation of the explosive does not cause
secondary ignition, but that ignition results from casing failure
and extrusion of the explosive into the cracks formed as the case opens.
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An experiment was designed to test this hypothesis. It
is shown schematically in Figure 3.

KISTLER PRESSURE
l GAGE

|

==

STRAIN GAGE

W pn |

BREECH

Figure 3. Apparatus used to show that
ignition results from casing failure.

Figure 4. Frontal cosine impulsive
loading for a fixed-ended cylinder (3).

PIEZORESISTIVE
PRESSURE GAGE

Propellant was burned in the

breech, thereby driving a
plastic piston into ithe explo-
sive, which was held in place
by a deformable cylindrical
contairner. The explosive was
subjected to pressures and de-
formations similar to those of
earlier experiments, but the
deliberate ignition source was
eliminated. In this experiment,
ignition and violent reaction
always occurred, but only after
the metal case ruptured. We
conclude that ignition and the
development of violent reac-
tion in confined charges is
intimately connected with
casing failure. '

Huffington, in a
parametric study of the res-
ponse of thin shells to
external blast loading, con-
sidered effects of geometry,
loading, and material proper-
tics for fixed end cylinders
subjected to a "frontal cosine"
distribution of impulsive
loading (3). The geometry is
shown in Figure 4.

The shells were con-
sidered to be thin (D/h <1) and
Kirchhoff's hypothesis was
applied (5). A mathematical
formulation nonlinear in the
equations of motion, the
elasto-plastic stress strain
relations, and the strain dis-
placement relations was devel-
oped. The behavior of the
solution was explored by vary-
ing non-dimensional ratios one
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at a time, holding others constant. For complete details, the reader
is referred to the original paper. Of special interest, however,
is the fact that both maximum &nd residual deformation are strong

functions of a scaled impulse density, Co » (where i is the impulse/
area C o the speed of sound in the casmg,hh the casing wall thickness,

and E Young's modulus), and the fact that these functions depend only
weakly on dimensionless ratios such as length/diameter, (L/D) and case

thickness/diameter (h/D); (see Figure 5).
This is particularly important;

. S
4
TR T AR, S R b TR o e LB # LA aba ke, oAbt bt S A R bttt ik d BT

25rswaqr, x| *eOM it permits the identification ;
Y] %ﬁ wo}w,-uo-l of a critical deformation for
20F & 188 & & casing failure with a unique ;
:J valug of thg scaled impulse ;
sk é\,-wOr-as depsity delivered to the tar- ;
. R get, and the threshold inter- :
§4° round communication distance :
ol can be obtained by equating o
dA the scaled impulse density to !
osk STANCARD CASE some critical value
=238.6 :
::-0'3 T3 = - c° = Terit.  Thi
O © Eh it. s
o, < fafo critical value must be obtain-
378 ed from experiment. For

fragmenting munitions contain-
ed within typical arrays such
as tank ammunitcion compart- \
ments or pallets, the fireball ]
of the donor munition envel-
opes the vicinal munitionms.
Thus, both fragments and explosive products contribute to the impulse
density delivered to the acceptors. We calculated values of the aver-
age areal fragment momentum according to the relation, applicable for
cylindrical changes:

Figure 5. Casing response vs impulse
intensity.

2 2
aw o= P T ~ Ty
A 2R
where p is the donor casing material density

r. 1is the donor casing inside radius
r_ is the donor casing external radius

v  is the average fragment velocity, calculated using

surney Formulae.
R is defined by Figure 1.
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The total specific kinetic energy, EHE’ is given by
_ 2
Ve
HE 2
where V is the average product speed. EHE is proportional to the
Gurney energy, E*, so

E

s Link L s e ROCRL R L,

V aV2E*

and the scaled areal impulse ratio delivered by the explosive varies

according to the relation
A 2
C o 2E*
LG, N
Eh RhE
Thus, if the explosive products control the deformation, the critical
deformation criterion impljies that

R, 2e* x, 2 2er
R 7~ ° comstant, or —— Vs R be linear.
(The parameters C_, p, and E, which don't vary in our experiments are
suppressed) . The%data are pPlotted in Figure 6 and pertinent calculated
parameters are reported in Table 1. A regression analysis of R into

i each of the parameters in
(HEP HEP) Table 1 was made and the
correlation coefficients are
shown in Table 2. Note that
R correlates very well with
i/h, but does not correlate :
significantly with any of the :
fragment parameters: in
interround communication
between fragmenting munitionms,
the development of violent re-
action is independent of

.
NEAVS @ Ibindin £ S o W 8L W N T et B 2. 5 . K o

120}

Post s Pis il poid

TR T

{ acdede L. fragment parameters. That
Ob 40 80 9120 160 the fragments contribute to
/h (._,3_——) the initiation process can
i/ cm'es be seen by comparing the 50% \
separation distance for a :
Figure 6. The dependernce of R upon 105mm HEP acceptor and a :
scaled impulse intensity. bare charge donor of the :
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Table I. Measured and Czlculated Results for Interround Communication

AL S aSid pap s

B A

Donor Acceptor R {cm) Ej;(g/sz)xlolo Pe (g/m-s}x}07 i (g/m-s)x)cs b (cm)

Fragment Areal Frageent Areal Total Arenl Acceptor

Kinetic Energy Momettum Momentum Wall Thickness 3
Ml HE M1 HE 17.8 5.6 3.6 11.3 1.02 é
M1 ME  M303A2 25 + 5 5.6 3.4 11.3 0.4 ;
M393AZ M1 HE 26 5.7 .4 64.5 1.02
5S4 5754 35.4 3.7 a1 59.6 1.68
MI93AZ M393AZ  119.3 5.7 2.4 64.5 0.4

X

ARSI LA SRR NS ST A A A TN R 8 ot MO ers

Table 1I. Correlation Coefficients fer Regression of R onto Various Parameters

R E¢ Pe I E¢/h Pf/h i/h ;

& 1 0,158 -0.548 0.524 2.557 0.227 0.960
<

same geometyy and explosive content. The threshold for the HEP donor ;

was 119.5 cm, that for the bare charge domor was 8.7 cm. The apparent

ambiguity can be resolved by noting that the jnitiation of violent

reaction requires casing failure and the explosive to be under compres-

sion when the casing fails. Casing failure is greatly facilitated by 3
fragment impact, which induces high stresses in the casing, causing
incipient spall. Compression of the explosive is determined by the
deformation of ths casing, however, and the deformation is proportional
to the impulse, as shown earlier.

Pawdeh

The Vulnerability of Cased Mumitions to Impact by Single Fragments

IAZ

The situation discussed zhove would change with increasing
fragment mass and velocity; eventualiy an individual fragment would
have sufficient areal impulse to reach the critical deformation to
cause casing failure. Such is the case for threshsld data from gun
firings where there is no loading from explosive products and where the
response of the target is to impact by single fragments. Reevyes'
data (6) covered fragment masses from 1.94 gm to 15.53 gm, impacting
against composition B loaded 105um HE watheads, We sponscred acquisi-
tion of additional data for idemtical targets, with fragments ranging
from 75 gm to 300 gm. Ail fragments were steel, right circular

cylinders, with L/D = i. The response of the targets was inferred

from post-firing examination of a I.5 cm steel witness plate, and from

recovery of target fragments. The criterion for a violent reaction
was perforation of the witness plate, All data were obtained using

o
i
2
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a standard quantal response technique (2).

2800
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Figure 7. Threshold initiaiiocn
‘50%) for fragment impact of
105mm shell.

the fragment mass, V its impact velocity, A its area,
Geometric similarily requires that L

h the target casing thickness.

be proportionil to the fragment radius.

fragments used here,

o, ZpxV
Ah It
Since
...m 1/3
T 2pw
the criterion becomes
,-
ml" v _
—5— =

3

A o
EYL R vl RSN

The data are plotted in
Ficure 7, together with Reeves'
data. The fact that both sets
of data fall upon the same
curve is reassuring, and indi-
cates that no experimental
artifacts have been introduced
because of different lots of
muniticns .nd different exper-
imentors.

It is reasonable to
expect that the fragment impact
initiation of violent reaction
in confined targets will obey
the same mechanism as does
interround communication, If
so, the criterion for initia-
tion of violent reaction is
that a critical areal impuise/
target casing thickness ratio
be exceeded. Thus, we have
for the 50% threshold locus
of mass versus impact velocity,

' s
;%-: constant = o %l~ where m is

L its ength, and

In particular, for the L/D =1

consctant.,
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The data of Figure 7 are replotted in Figure 8 (circles).

The solid curve is a straight
line with a slope of -3.

Note that the fit is good
ROCKET ‘:32";5‘ | over a three dccade change

I : in mass. This provides

100 S 2usi0s very strong support for a

os.L. H mechanism which leads to an
areal impulse criterion for
initiation of violent reaction.

1009

7T

o ot
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Two corollaries fol-
low from the above results:
First, if the condition for
initiation of violent reaction
! v is that sufficient deformation
. v of the casing occur to cause
0o 7000 76000 failure, i.e., crack genera-
VELOCITY/CASE THICKNESS = (5™} tion, then the threshold for .
initiation should lie very

Figure 8. Comparison of initiation' ¢10se to the ballistic limit

thresholds for rockets and shell, | for the casing. To check

1listic limit of shell. this, firings against wax
balli ¢ | filled 105mmr shell were con-

ducted using 30 gm, 150 gm,
and 300 gm L/D = 1 steel, cylindrical fragments. Some firings of
fragments with masses of 3.87 g and 15.45g reported by Reeves (6) are
included, also.

TN

- vmewes semes . v s e e
B T T R T

N e et

S5 ikl e

The data are shown in Figure 8, where the solid circles repre-
zent the average of the highest impact velocity at which no perforation
of the casing was ohtained and the lowest velocity at which perforation
occurred. As can be seen, the conditions for initiation and the
balli_tic limit are peavly coincident.

£ The second corollary is that, if the condition for initiation
% is essentially that ca .ng failure occur, then that condition would
& apply to different explosives systems, provided that the explosive is
=~ not very insensitive (a very insensitive explocive could cause the

= - initistion to depend upon cxplosive parameters, rather than casing
7 ) parameters). Some fragment impact lata for the US 5" rocket motor and
Eg 1 122mn Soviet rocket motor from {7) are shown in_Figu?e 8. Hote that
5o the data are concicdent with the 10Smm M{ data, in sp1te.of major

S differences in composition of the filler. The compositisns of the

: rocket motor propellant and the explosive fiii are shown in Table 3.
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Table III. Chemical Composition

Munition Composition Principal Ingredients
105mm M1 HE 3 60% RDX, 40% TNT
10Smm M393 HEP A-3 91% RDX, 9% Wax

_ 51.4% Nitrocellulose,
5 MK 10 Mod 7 Rocket double base prop. { 42.9% Nitroglycerine,

3% Diethylphthalate

122mm Soviet Rocket double base (Composition
Classified)
Navy 5" 54 A-3 91% RDX, 9% Wax

It is apparent that, at least for those systems for which data exist,
the initiation of violent reaction by fragment impact is independent
of the filler and is determined by the response of the casing.

Remedial Techniques

An understanding of the mechanism of iritiation permits dev-
elopment of techniques which prevent or reduce the frequency of violent
reactions resulting from fragment impacts and the detonation of nearby
warheads. For munitions in the inventory, protective shields can be
developed which reduce the stress levels and stress gradients experi-
enced by the target casings, thus reducing the probability of casing
failure. Elementary considerations in shock physics indicate that
the best shields are those composed of materials with low shock impe-
dances. The presence of a low shock impedance material between the
impacting fragments and the casing causes a more gradual buildup of
pPressure in the casing and allows more time for rarefactions to reduce
the peak stress. Thus, materials such as polyvinyl chloride, foamed
metal, etc. should make good shields.

k2
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Based on this reasoning, shiclds were designed to prevent
interround communication between 105mm M 456 HEAT warheads contained
in a tank ammunition compartment. The effectiveness of the shields
relied upon preventicn of direct impacts by fragments upon warhead
casings and reduction of the shock wave strength experienced by casing
and explosive. A series of tests involving two warheads and a single
shield per test demonstrated that a Scm x Scm x 40cm polyvinyl chlor-
ide bar effectively prevented reaction of the acceptors. Thus, in
fifteen tests, not a single acceptor warhead detonated, exploded, or
showed any evidence of reaction. For these tests, the wall to wall
warhead separation was 5 cm. Three further tests were conducted to
assess the effectiveness of the shields in a simulated tank ammunition
compartment. The compartment geometxry, wall thicknesses, interround
spacing, etc., closely replicated designs currentiy under consideration
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for the XM1 tank. A schematic of the setup is shkown in Figure 9.

One warhead in each test was

3.‘57‘..,. ALY '“J.‘?%"-.‘e“‘ 3
Cattuoit wiin | 130ac'3 30em 030000 deliberately detonated by
AVtACE DUISTY %02 pake attacking it with Rockeye

shaped charge. In each test, .
only the deliberately detonat-
ed warhead reacted. Results

of tests and design information
have been provided the project
manager, for incorporation
into the XMl tank.

.....

thcsonne Ancther, complementary
Jute om approach can be applied to new
warheads entering the inventory.
Ignition occurs when the casing
fails, and is believed to be
caused by the rapid extrusion

22 73
~

POLTURIIRANE SHITLOMNDY

TPCAL :.l::uu 4510 & 83¢can .
,::’:;’:"5,}:,:,:', VNSSE BNTYO NI gt ?f the explosive Fhrc?ugh cas-
v ing cracks. If this is so,

the ignition threshold could be
raised by lining the warhead
with a thin layer of a pliable
polymeric material, which would

act as a buffer between explosive and metal interface, during extrusion.
(Experiments have shown that ignition occurs more readily as a result of
metal- explosive friction than explosive-plastic or explosive-explosive
interactions.) To test this hypothesis, 105mm M1 casings were lined with
a 3mm coating of celiulose acetate butyrate. The coating thickness was
chosen somewhat arbitarily and does not represent a minimum effective
thickness. (Note, however, that 3mm is much too thin to provide signi-
ficant shock attenuation - if shock ignition is the mechanism, the coat-
ing will be ineffectual.) Firings were conducted against the polymeric
lined munitions with 8 gm steel fragments. The 50% threshold for such

a fragment against an unprotected munition is 1470 m/s (4823 f/s).

With the lined munitions, no evidence of reaction was obtained at impact
velocities of 1740 m/s (5700 f/s), although this is well beyond the
ballistic limit of the casing, and perforation occurred. Mild burning
Treactions were obtained at higher velocities. Even at impact velocities
of nearly 2000 m/s (6500 f£f/s) the warheads did not react with sufficient

violence to split open the casings.

Figure 9. Mockup of tank compartment
for confinement effects,
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HOWE & FREY

SUMMARY AND CONCLUSIONS

Experiments are reported which were conducted to determine
the interactions which occur between vicinal munitions. These experi-
ments provided a data base we needed to address mass detonation issues
and were designed to provide mechanistic information. Available
theory and analysis provided a criterion for initiation, based upor
an assumption about the mechanism. The initiation criterion permitted
description of the threshold conditions for interround communication.
In addition, it was found that, although the fragments participated
in interround communication, the process was insensitive to donor
fragment parameters, contrary to expectation.
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Single fragment impact data was obtained against heavily
confined targets. Tne data base was extended over that available in
the literature so that the masses for impacting fragments ranged from
2 to 300 gms. The initiation criterion developed for interround
communication was tested against single fragmeut impact initiation
and shown to apply over three decades change in mass, the entire range
for which data are available. Both the interround communication data
and the single fragment impact data were shown tc be consistent with
a mechanism which involved deformation of the casing, compression of
the explosive, failure of the casing, rapid extrusion of the explosive
into cracks, causing ignition, and spread of reaction. Failure of the
casing was found to be the critical step, and the initiation criterion
was identified with the ballistic limit of the casing.
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Since the rupture of the casing controlled the initiation
process, the model should be applicable to other systems with similar
geometries, but not necessarily similar chemical compositions. This
hypothesis was tested against the US 5'" MK 10 mod 7 rocket motor and
the USSR 122mm rocket motor. Within the accuracy of the data, the
initiation criterion applied equally well to these two systems as for
the composition B targets for which it was developed.
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Additional experiments were conducted to verify the hypothesis
that initiation resulted from rupturs of the casing and extrusion of
the explosive into cracks. Constantan strain gauges and manganin
pressure gauges were used to monitor the response of casing and explo-
sive to various stimuli. It was found that catastrophic reaction re-
sulted immediately after casing failure, given a deliberate ignition
source. Jf the samples were not deliberately ignited, but were sub-
jected to rapid deformation, ignition occurred when rupture occurred,
with subsequent violent reaction.
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Understanding of the mechanism was used to develop remedial
techniques. The use of low shock impedance materials to prevent cas-
ing fracture was explored and a technique which prevented any inter-
round propagation in compartmentalized tank HEAT ammunition was dev-
eloped. Design information was provided to the XMl project manager,
for incorporation into the new tank.
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A technique was developed and tested applicable to munitions
entering the inventroy. This technique isolates the explosive from
the casing and greatly improves the response of the munition to
fragment impact.
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