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with several firing devices. A capability exists for firing several
different sizes and shapes of fragment-simulating projectiles ranging
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BACEGROURD :
This paper was motivated by the Army Aircraft Protective

Shelters Program and is one of four papers by Waterways Experiment
Station personnel dealing with this subjezt. During the early phases
of the Aircraft Shelters Program it dbecam: evident to researchers
that sufficient information dealing with the mechanics of fragments
and the defeat of fragments by verious materials was not readily
available., A study of fragment mechanics and the effect of fragments
on various materials was conducted to provide designers with facts
thet could be used in solving the protection protlem,

OBJETIVES
The eventual objective of the study of fregment mechanics

was to o‘btam information on the abn.l'tty of various malerials to stop

e war e dy Waa

the Optimum orlentauion of these materials whether used sirgularly or
in combination with each ather. Before this main objective could be
realized, several intermediate goals had to be reached. A logical
method of simulating ‘a fragment by some standard projectile jhad to be
selected, and a facility for propelling the pro.jectile] undexr closely
controlled conditions had to te constructed. Researchers nad to
choose, from among a large number of possible protective materials,
those few that best met Army needs regarding esvailability, cost,
wveight, ease of construction, and effectiveness. A test: program had
to be conducted and the accumulated data hed to be analyzed in order
to categorize the best of the available data. Those materials show-
ing promisc in the laboratory were selected for full-scale field test :
ing. This peper describes the handling of each of these steps and - :
lists the conclusions drawn from each phase of the work.

At

DESCRIPIION OF PHYSICAL, FACILITIES
A fragment-similation facility wae constructed and equipped
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in welight from 17 to 305 grains, Most of the data collected and ana-
lyzed were obtained from the firing of a 2l-prain steel cube measuring
0.218 in. on & side. This cube resembles fragrents from several types
of mortar rounds in verious ways. It has shary» corrers snd lines and
a small sectional density which makes it aerodymemicelly inefficient
(Figure 1). The cube is not spin stabilized, and the 21-grain weight
clagses it with a wide range of fragments from both dormestic and
foreign mortar and rocket rounds (Reference 1), Unlike a true frag-
ment, however, it is not hot. 'This could ve of some significance in
evalvating its effect on rertain textiles such as ballistic nylon.

4, ANALYSIS OF MATERTAL RESPONSE TO FRAGMENTS

4.1 Behavior of Textile Filaments Under High-Speed Impact.
Considerable theoretical work has been dune regarding the behavior of
textile filaments under high-speed tensile immact (References 3-5).
Some of the results of this work are usefuvl in explaining the method
ty which ballistic nylon defeats fragmeats and in determining the
best anount and orientation of the material.

When a high-speed fregment strikes a nylon filament, the
filament responds by me. ing in the direction of the fragment motion if
the fragment velocity is not too high. This motion creates a trans-
verse wave in the filament, and, simultancously, two tensile strain
waves propagate down the filament in opposite directioas from the
point of impact. The configuration of tle filament prior to breaking
is shown in Figure 2.

In Figure 2, Point I is the irpact point of the fragment and
Point A shows the position of the haad of the transverse wave.

Point C indicates the front of the tensile wave while Point B shows
the end of this wave. Point D indicates material that is neither
strained nor moving with the transverse wave.,

The velocity, U , of the transverse wave front at A is re~
lated to the tension, strain, and density of the filament by

= T

U= MO + €)

U = veloeity of transverse wave
T = tension in the filament

M = linear density of the unstrained filament
€ = strain of the filament

where

Here U is expressed in Lagrangian rather than fixed coordinates. It
is evident from the formule that whenever the local strain at the pro-
Jectile is large enough to produce rapture of the filament the tension
drops to zero, aad thc transverse wave no longer propagetes, Thus,
the amount of filament moving in the transverse wave and the amount of
energy absorbed to produce the transverse wave are highly dependent on
the time at which rupture strain is reached.

In addition to the loss of energy required to produce the
transverse wave, the fragment alsc transfers energy to the filament
in creating the tensile strein wave. Because of the interderendence
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o of the transverse and tensile waves, the rupture of the filament also -
v causes an end to the propagatlon of the strain wave. Thus, the rate

3 of strain, which is directly proportional to the velocity of the
fragment, is very important in determining how much energy is trans-

3 : ferred from the projectile to the filament tefore breaking.

3 : One other important fact should be considered in describing
the bchavior of the filament during transverse impact. Theve is a
velocity limit on the propagation of the trausverse weve. This veloc-
ity 1imit has been termed the criticel velocity, and when a filament
is struck by a projectile with this velocity, the rate of strauin is

so high that the local strain becomes sufficient to produce rupture
before the transverse or tensile waves are formed. The projectile
shears through the filament immediately upon impact and the omly
energy lost by the projectile is that required for the shearing
mechanism.

These ideas allow one to identify three distinct response
patterns of a textile to a transverse impact. These response pat-
terns are designated as tensile, transitional, and shear response.

The chaxacteristics of each response type are presented herein

(Figure 3). ) A
4.1.1 Tensile Response: At low impact velocities (12C0-fps
range) the local strain arcund the projectile does not reach the level
required for breaking the filament until the entire filament has re-
sponded in tension and transverse motion. This is the response ares
that ebsorbs the maximum amount of fragment enerzy. Some textiles,
notably nylon, can absorb very large amounts of energy at this rate

of strain. The total amount of energy absorbed prior to rupture of
the filament depends on the mass of the filavent and its specifie -
“breaking energy (the area under the tension-strain curve from no
"strain to rupfure straln) These are physical parameters that can be
evainsied fur varivws tealiles and used du comparing thedr rolotive
energy absorption characteristics.

4,1.2 Transitional Response: At intermediate velécity
levels the transverse wave can form and begin to propegate. Some
material is put into tension and part of the filament is set into
motion. But the rate of strain is much higher than the rate of prop-
agation of the transverse wave, and breaking strain lis reached before
the entire filament responds. This response absorbs less energy than
the tensile response but, for nylon, the energy absorbed is-still
quite large.

4,1.3 Shear Response: Whenever the mpact velocity is
sui'flcn.en’rly high the filament will not begin %o transmit the trans-
verse wave before the local strain is sufficient to produce breaking.
This velocity is called the critical velocity and, at or above the
critical velocity, the {ilament shears immediately upon impact. No
transverse or tensile waves are formed, and the energy absorbed dur-
ing this penctration is minimsl. The energy absorption at this ve-
locity is so low that a textile should not be used to defeat frag-. -
ments if frapment veloclt:les higher then the critical velocity are
anticipated.

4,1.h4 Swmmary. From the above information it is seen that -
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for a textile material to be effective in defeating fragments it
should pnssess the following charscteristies: (a) the critical veloc-
ity should be high, {b) tke material shculd stretch for a high per-
centage of its length before breaking, and (c) the level of energy
rejquired to stretch the fiber should be high. Teble 1 (taken from
Reference 4) shows that nylon possesses a better combination of these
characteristics than do other synthetic fabrics.

TABLE 1 CRITICAL VELOCITY, ELONGATION, AND ENERGY FOR VARIOUS
"PROTECTIVE MATERIALS

Materiai ’ Transverse Cri‘tical Breaking Specific Breaking
Velocity Elongation Energy .
fps % joules/gram
Acetate 1115 30.7 34,9
Glass fiber 1420 2,6 8.1
Nylon 22Lo 11.1 38.5
Polyester 1830- 8.0 24,3
Rayon i 11*65 13.1

) 25.8

4,2 Empirical Dats on Ballistic Nylon. A large mumber o

tests were conducted to evaluate the fragment-defeating cem~*'" _, of

ballistic nylon. This material is referred to in *..y supply chan-
nels as "Federal Stock Mumber 8305-261-85 1b, cloth, ballistie, nylon,
basket weave, 13.5 oz minimum, 15 oz meximum wt/sq yd." A 12-ply flak
blanket with ’gronnnets and exterior weatherproof cover weighs approxi-

- mabely 21 oz/sq Tl and ke procurement cosi is approximsiely

'$3.60/sq ft. =

Various -sample thicknesses and orientations were tested in

“the fragment-simuletion facility. Projectiles were fired at the sam-

ples from a distance of 12 f£t, and velocities of the projectiles were
chronographed in front of and behind the semple. This arrangement
allowed a determination of both the velocity needed to penetrate the
sample and the velocity loss that the projectile sustained when the
striking velocity was high enough to cause penetration.

The results of some of the tects have been used in prepara-
tion .of Figure 4. All these curves are besed on velocity change of
the 21-grrin cube when impacting the nylon at right angles. Notice
in these curves that the nylon shows & decreasing velocity luss, and
hence a decreasing loss of momentum, with increased striking velocity.
However, the nylon absorbs almost constanht energy over a wide range
of striking velocities. Tt is assumed that this is the broad range
of maximum tensile response. When the striking velocily is high
enough to keep the projectile moving in the material at more than
2300-2400 fps, the effectiveness of the nylon has declined sharply.

In addition to these tests with the projectile impacting
loose~hanging material at a 90-deg angle, the material was also
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tested at various impact angles, tested while wet, under slight ten.
sirm, and using separation of the plies to produce air space between
tne layers of the blanket, No curves ave given for these tests as
they showed no important changes in the behavior of the nylon. ‘The
resuwlis are summerized as follows:

a, The loss in velocity that the projectile sustains when
renetrating a ballistic nylon blanket decreeses if the
projectile mainteins velocities of dbove 2200 f'ps while
passing through the blanket.

b. Doubling the thickness of a nylon blenket will not

. double its effectiveness In stopping fregments.

c. There is no change in the effectiveness of the nylon
if it is angled up to 45 deg relative to the path of
the projectile.

d. There is no change in the effectiveness of the nylon if
it is hanging loose or under slight tension,

e, Wet nylon is as effective as dry.

f. Air geps between individual or groups of nylon layers
do not increase the effectiveness of the blanket.

g&. At velocities greater than 2000 fps the projectile will
lose as much velocity in 10 £t of air as in passing
through four layers of standard nylon.

h. The projectile can be stopped in 32 plies if its strik-
ing velocity is near critical. Addlng layers beyond
32 plies gives diminishing returns. Test results

- showed that the mortar fragment that could penetrate
32 plies could generally penetrute 64 plies as well.
This indicates that the nylon blanket is effective in
the low-velocity regions (below 2200 fps) and. adding
plies does not increase this effectliveness enough to
offset the odditioned coct ond weight.

4.3 Tests on Plywood. Both a 2l-grain cube and a 305~
grain cylinder were used in studying the response of 3/h-in, fir ply-
wood. The curves in Figure 5 summarize the tests. Note that, unlike -
“allistic nylon, the vresponse of the plywood seems to be independent
of the velocity of the projectile. The velocity loss that the pro-
Jjectile sustains when passing through the plywood is nearly the same
over a very broad range of velocities. Also, the effectiveness of
the plywood is nearly linear with thickness.

‘ The fact that plywood c.uses a constant velocity loss re-
gardless of impact velocity while the ballistic nylon loses its
effectiveness with increasing impact velocity is the basis for the
following suggestion concerning orientation of plywood and nylon. If
these are used in combination, the plywood should be placed in front
of the nylon. This enables the velocity to be reduced Ly the wood to
the velocity rcghon where the nylon becomes effective. This fact is
clearly seen in Figure 6. .

4,4 Shots on Sand and Clay., Tests were run on both dry and
saturated sand in order to gain some idea of its effectiveness under
general outdoor conditions. These sand samples were contained in
l-ca-ft boxes made from 1/2-1n. plywood. The sand, either wet or dry,
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proved highly resisbant to penetration by the 2l-grain cube, The
curves in Figure 7 illusirate the effectiveness of the sand in stop-
ping fragments, and they alto show the tendency of the projectile to
reach a maximum depth of penetration at approximately 3000-3500 fps.
Increased velocity from this point does not yield increased penetra-
tion.

Laaad.

Tests and preliminary mathemotical investigations indicate
that the respcnse of sand to fragment impact may also be divided into
three different arcas depending on the fragment velocity. In the
range of velocities below 1500 fps the sand tends to absorb the pro-
Jectile energy by compression. Throughout most of this velocity
range the sand can transmit a shock wavz faster than the projectile
is moving; hence the load is distributed over a large arca, depending
on the angle of internal friction of the sand. At velocities from
1500 to 3500 fps the fragment seems to truly penetrate the sand rather
than compress it. The fragment is moving through the sar.l faster than
the sand can propagate a compressional wave, so there is no major
: spreading loss. The only resictance encountered by the projectile may
E be that required to move the grains of sand far enough apart to effect
penetration. At these velocities (below 3500 fps) the classical
equation of Poncelet~-Petry can be used to apoproximate the depth of
penetration of the fragment:
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where
D = total penetration distance (ft)
w = projectile weight (1b)
& = cross~-sectional area {sq in.)
k = constant dependinz on soil tvpe

velocity (fps)

. The range of velocities above 3500 fps shows different phe~
nomena. There are indications that a significant emount of heat is
created. Also the lnertia of the sand at this loading rate is high
enouth to prevent the movement of the sand, so that it is pulverized
and reduced to the fineness of powder. At this rate of loading it is
felt that the problem requires consideration of the Rankine-Hugoniot
equation of state before a solution is attempted.

The shots into clsy showed other interesting tendencies.
The impact of the projectile into a clay sample would cause a void
in the clay in the shape of a cone with the projectile stopping in
the vertex {see Figure 8). There is practically no change in the
depth of this cone with a change in siriking velocity. However, the
volume of the cone inereases with increased striking velocity. The
energy of the projectile seems to be expended both in penetration and
creation of the cavity, and the latter becomes more important as ve-
locity increases. With a suitable choice for the constent, k s the
Poncelet~Pelry equation may also be used for clay. However, a gen-
eral mathematical description of the penetration problem for clay,
like that for sand, is gtill uwnavailable.
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Fig.2. Filament configuratio. after impact
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TR
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s & V‘ ~ 2200 FPS
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SHEAR FAILURE

Fig, 3, Failure patterns for nylon filament
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CHANGE IN VELOCITY, FPS
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600
400
1000 1250 1500 1750 2000 2250 2500 2750

STRIKING VELOCITY, FPS

Fig. 6. Velocity loss in nylon/plywood conbination
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Fig. 7. Penetration of cube in sand
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1 Fig. 8. Behavior of clay upon impact




