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ABSTRACT

A mathematical stress wave model is formulated for use in
predicting the effects of various material combinations and geometry
in the design of sandwich plates that may be subjected to high velo-
city impact. In the experimental investigations the bounding layers
were of a birefringent material and stresses were determined by means
of a dynamic polariscope utilizing a high-speed framing camera. A

comparison is made of the theoretical and experimental results.
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SECTION I

INTRODUCTION

Meteoroids and other debris in outer space pose potential hazards
to astronauts, spacecraft, and missiles. Although the impacted body
may have sufficient strength and thickness to resist actual puncture,
damage may be caused by strong shock waves resulting from the impact.
When such a stress wave encounters a free surface, it is reflected,
generally as a tensile wave. If the amplitude of this reflected
wave is equal to or greater than the strength of the "target" material,
fracture will occur. Such fractures may appear as cracks near the
surface, weakening the structure; as rear surface bulges which could
jam mechanisms or block flow in pipes; or as a complete detachment
of target material, creating a shrapnel effect, endangering equip-
ment or personnel.

It has been demonstrated that damage caused by stress waves pro-
duced by hypervelocity impact can, in many cases, be reduced by employing
laminated targets (Reference 1). The results of such experiments have
served to alert the design engineer to the possibility of reducing the
probability of damage or of using a thinner or lighter material as the
outer skin or hull of spaceeraft. It is perhaps more important to
realize that the use of laminates does not necessarily reduce the
probability of damage, but may, in some cases, actually result in

increased damage to the structure (Reference 2).



This study is an attempt to formulate a mathematical model that
can be utilized to predict the action of laminates in affecting the stress
waves induced by impact. Such a model should include all parameters that
may affect the ability of structures to resist fracture caused by hyper-
velocity collisions before it can be used with confidence.

This study is limited to an investigation of elastic waves in sand-
wich plates or targets of only three layers, the two bounding layers
being of one material and the center layer, or core, being of a different
material. It deals only with stress amplitudes and not with material
strengths and fracture criteria.

A brief theoretical analysis of the propagation and reflection of
spherical waves in solid homogeneous targets is first made, followed by
the study of waves in sandwich plates. This includes the effects of
material properties (such as Poisson's ratio, density, modulus of elas-
ticity), target geometry (target thickness, lamination thicknesses,
core location), and the stress wave characteristics (amplitude, wave

or pulse length, wave form, decay rate).

The next section describes the experimental investigation of the
stresses developed in both homogeneous and laminated targets. The outer
layers were transparent birefringent materials that could be studied
by photoelastic methods. Stresses are determined only in the third
layer of the target, this being the region of maximum tensile stress
when waves are reflected from the free surface.

A theoretical model is next formulated that duplicates the experi-
mentally determined stresses in a homogeneous target as closely as
possible. This is called a "quasi-theoretical" method (Reference 3).

By using this theoretical model, the effects of the core are calculated

and compared with those determined experimentally.



SECTION IT

THEORETTCAL ANALYSTS

Spherical dilatational wave propagation in homogeneous, isotropic

material can be specified by the eguation

32¢

32
2 (20,2 3%
t2 r? r o

where ¢ is a scalar displacement potential, ¢ is the wave velocity,
and t is time. Particle displacement (u) and velocity (v) are specified

by the relations

where r denotes the radius vector from the point of projectile impact.

The radial and tangential stresses are given by the relations

= (2 + 2u)

Q
1

2u
ar
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o = A

r
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where A and p are the Lamd constants and are related to Young's modulus (E)



and Poisson's ratio (v) as follows

vE
A=
A+ v) (3 - 2v)
E
“—.-——-———_—_
2(1 + v)

The mathematical model used in this investigation for generating
spherical elastic waves is that described in References 4 and 5. It is
assumed that there is a hollow hemispherical cavity in the target with
its center at the point of impact and that a time-varying pressure or
forcing function is applied to the cavity surface, generating stress
waves in the target. The pressure (po) applied to the cavity surface

is an impulse that may be described by the relation

-Q, lt —azt -0 3't
Py = ke + ke + kge + ..

where aps o . are decay constants, t is elapsed time, and ks k

22 " 22

. are constants. By the proper choice of values of k and o, various
wave forms can be generated.

The solution of the wave equation based upon Blake's work and
described in Reference 5 is employed in this study.

Reflected stress waves are created in so-called "image cavities."

The velocity of both the incident wave and the reflected spherical wave

is given by the relation

E(Q - v) 1/2

p(1 + v) (1 - 2v)




Solid Homogeneous Targets

Figure 1 shows the target being considered. Its thickness

by ¥ and the distance of a point (8) from the rear surface is gi

Only stresses developed along the axis passing through point O and

to the target's rear surface have been considered.

Nondimensgional wunits of stress and time are used in this theo

part of the study as follows:

g = g/E and T = el

Unless otherwise gpecified, the following values are alsc uged:

o= 0.2Y, vy = .333, ¢ o= 1.0
94

The first case to be investigated is that of the application ¢

constant and continuous pressure to the cavity surface in a solild hono-

w7
=5

geneous target. The tangential stress (38) and radial stress (& J

computed at points 0.1Y, 0.2Y, 0.3Y, and 0.4Y distance

surface. Results are shown in Figure 2. The stress indicated by a-a

is developed as the wave front reaches the point under consideration

As this wave is reflected from the free surface as a tensile wave.

produces a sudden change in stress denoted by a'-a'. The curves of

radial stress at the four points are compared in Figure 3.

that the maximum tensile stress resulting from this wave Has a val

free surface.

The effect of the wave or pulse length upon the developed sty

was next investigated. Figure 4 shows the stress—time velation at -

5
H

four points for a square wave input having a length of 0.75. 1In

case, there will not only be discontinuities cause




reflection of the wave front, but also by the trailing edge ol

Figures § and & show the résulting stress for pulse lengths of ¢

0.25, respectively. It is obvious that not only the pulse amplit

but also its length, contribuies to the developed stress. These

sunmarized in Figure 7. The top curve shows the maximun compr

developed as the pulse moves toward the free surface. The e

{indicated by L ¢ =) ghows the tenglle stresses developed by ¢

of the wave gererated by a congtant end continuvous fon

raricus points show the mavdmum tensile styresses produce

oints beirny considered by inmpulses of variots Jengths, It osp
£ (4

that in every ¢ase, the maximum tensile stress will otcur When

wave front eoincides with the forward moving trailing edge.
g

ave 1s fop those cgses. 1P can be conciudsd that in &y

developed stresses, the pulse length will be an important factor
example, in the case of a very long pulse, the maxdmum tensile
been shown to have a value of sbout 20 at a distance of 0.28Y

surface, but & short pulse having & length of 0.25 will develo

stregs of about 35 at v = §.1Y, and one having a length of 0.75

duee & stress of approximately 50 about 0.35Y from the fres surd

Yopreing Funotions more nearly simuleting impact or explo

formalated. Figure & shows waves resulting from a function that

represents an explosive input. The small sketch of the Joadst

approximates that of an electrical primer (Reference 6, page 47).

time curves showing the effect of the decay constant, o, for de

are given in Figure 9¢ The vesults from an input that

and approaches g maxdnum value are showm in Figure 10.

the cavity radius has arbitrardily been assumed to have a value of

The effect of using values of 0.10Y and 0.05Y is shown in Flgurs
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Laminated Targets

An abrupt change in the physical properties of a material will

result in the modification of a pressure pulse as it encounters

change. In general, a portion of the pulse will be transmitted, :

portion will be reflected. The relations which describe the mod

of a pulse are based upon the boundary conditions of continuity of

sure and continuity of particle velocity across the interface be

two materials. These relations depend upon the value of po, cal

"characteristic impedance.,'" of the two materdials. If P0Gy ig for the

51

firet, and ptct is for the second laminate, and Po is the pulse ampl

in the first, the amplitude of the transmitted component is

Zn ©
Tt
P = Py
L 5 a
"t P
and the reflected component is
P1% = 0%
P = Py
ptc‘t 5 -DOQO

These relations are somewhat simplified by letting

!
t
K o=
LSy
giving
P = 2K .
t |[K+1)°0
and
p =tE-dip
rolx+1)] °

The sandwich structure under consideration is shown in Figure 17.

Its total thickness ig Y, the thicknesses of the first and last

material are Ty and T respectively. The characteristic impedance of

25



both is 04¢g. The middle lamination has a thickness of T, and a ¢h

teristic impedance of py¢y. This figure shows the distance-time v

of the wave fronts. Starting at time zero at point ry, the wave:

with a velocity of ¢, through the first layer. Upon reaching

4

e

interface, the amplitude of the transmitted component is {K : 2% Py
L]

which moves through the core at a velocity of c,» As this pulse re

the second interface, a portion will again be transmitted, and a pa

will be reflected. However, the value of the impedance mismatch av o

interface is not K, but has a value of 1/K. The amplitude of 4

transmitted 1, therefore,

P h e }P i zKii 2 EP i w7
E~K +1 &(1/K) + 170 Tk 1] 0T L 2 0

d is dencted by P ~ As only the stress developed in the last

layer of the target is under considervation, it can be assumed that

target is composed of this materdial only, and that the initial

hag an amplitude of ﬁQK P, instead of P.. The time required
K+ D2z ¢ v

however, for this pulse to reach any point is not the same ag for 2
homogeneous target due to the change in velocity through the cors. It
must be adjusted by the amount

QG . C1

+

T = [R—
L=0=0 Sl

The component of the pulse reflected from the second interface is

EK = l} P, which, upon again reaching the fivst interface, will bz
K+ 1

reflected with an amplitude of [K - 1j2 Py A portion will then be
K+ 1

transmitted through the second interface, this being

D -1 B e, [H Q-0
2-0-0 | k+1 (K + 1)2 arwor |




If the transmitted pulse amplitudes in this layer are dencted by ¥

the other pulses P may be gpecified as

A={-{
2(A - 1)
£ 28
(1 + K
These pulse amplitudes, P 2 p . . . form oa papic e

1-0-0" 2-0-0" 3-0-0
verging series, the sum of which approaches the value of Py« Thls is

be expected, because pulse attenuation and energy losses have bes

up to this time. The time adjustments for these waves ave given by the
relation
(28 = 1)y - o
“ac0-0 T R
s ety

L

This series of transmitted waves, as well as others that will Le

-

can be seen more clearly on the second and thivd pages of Figure 17.

Figure 13 gives the amplitudes of PAAO 5 as functions of the imped

mismatdh, K.

Returning to the pﬁlge Pl , it is seen that this will be to

wan ] o

reflected from the free surface as a tensile wave. When this vel

pulse reaches the second lamination, a portion will be transmitted inte

the core and a part will be reflected back into the third layer g 7

which, in turn, will be reflected from the free surface as was ¥ ,
5

resulting in P ;, and then in P . ete., Pulse P , P .
1-2-0 1=3=0 2-0=0 FealFesly

will likewise result in multiple reflections, the amplitudes of which are

given by the relation

(2A + B = 2}
P L BK(L = KD
A-B-0 = (2A + B)
(1 + X)
The corresponding time delays are given by
2BT,
B0 T Taco-0 T



These amplitudes are given on the first page of Figure 14 for

vaprious values of K. The wvalues of P are given as percent
A-B-0
of P, in this figure. Consider the case of K having a value of 0.5.

P = (0.889P j= = 0.099P p =
1-~0-0 0 2wl 0 5-0-0
P = 0.296P P = 0.033P
g P 0 Z=1~0 0
P = {).088P = = 0.011P,
1-2-0 0 Wy
P = 0.033P
1~8~0 0
P = 0.011F
1-b-0 0

Yalues of P less than O.DlPC are not showr.
i

+ P + P . e o ®
1~0~0 2-0~Q 3=0~0

This may be 1llustrated for this instence of K = 0.5,

Az previously stated, P

0.889 + 0.098 * 0.011 = 0.999.

It can also be shown that the sum of all the transmitted pulse &

zP . L*K
fi\“x”’"B"‘O 2}{

In this case of K = 0.5, the sum would be 1.5. The values given above

have a total of 1.482. Where K has a small value, say 0.1, the sum of

these pulse amplitudes is 5.5. This means that, although the magnl
decrease very rapidly as they undergo multiple reflections, their sum may

be several times that of the transmitted pulse in a homogeneocus ta

The conditions under which this may occur will be shown later.

Magnitudes of PA " given in Figure 14 for values of K vanging from



B q will be negative. This explains why the sum of &ll the trang-

mitted waves for X = 2.0, for example, is only 0.75. One

come to the conclusion at this point in the study that the

should always have a characteristic impedance greater than

layers in order that the total stress developed in the las

be reduced. Under some conditions this would result in an ing

™

strezs as the reflected tensile waves from P 00"
2 (e

1-0~0"

1

1=1-0° szluo’ T 1-3-02

to increase the total tensile sgtress.

e

the transmitted tensil

waves, P

6]

Referring again to Figure 12, it will be seen that there &

ticnal transmitted waves not yet discussed. These are P g1’ i ;
i e T ;
Pl 110 etc. These amplitudes are given by the relation
28 % B+ 20 - 3)
. = 18KE (L - KO g & s
£A-B-C (2A+ B+ 2C + 1) Ve )

(1 +K

and the time differential by

QTZ QCTl
by 2 S
BB A=RB~0 o o

These waves may have significent magnitudes as shown on the

of Figure 143 however, they usually occur at such a late 1

been attenuated by traveling through great distances by thelr s

reflections, that no instance has been found where they contri

ficantly to the meximum tensile stress developed., Therefore
not been included in the examples given.
Wave reflections from the fronmt surface of the targe!

considered in this analysis. 1f a crater is produced by

reflections would be from the expanding crater, If it is



LB

that these reflections are from the original gtress

.

will have the amplitudes given in Figure 15. Each of these

Bh, BB, CCy AAA, .« « ., would produce ancther servies of wa

shown in Figure 12, having the amplitudes and times shown. In @

instances their effects would be significant.

The thickness of the core (T ) and Its distance from the

€T2) ave significant factors in determining the resulting stre

Figure 12 it can be seen that 1f the thickness T, is very small,

batween the wave ITronts Qf’Pﬂ . will also be small. The relatior
AnOm0

for € also indicates that the time intervals are direc

A~0~-0
to the thickness T,. This may have little effect upon the total ¢

stress if the pul

ses are very short. I they are long., however., :

small, the transmitted components will overlap; and the total am

be as great as 1f there were no lamination. The time intervals of

pulses, P , depend upen the thickress I,. These effects w

N the-examples that follow. In Figures 16 through 24, the fore

is a constant, that is, the waves should be relatively long.

the effect of the core thickness upon the stress develcped at &

. s

distance from the free surface and an impedance mismatch value, K, of .05,

It is seen that both the maximum compressive stress produced

mitted wave and the maximum tensile stress vesulting from the

cceurved at this point when T, was only 0.01Y.

lapping of the wave fronts are clearly seen.
of thicker cores, and the stress magnitude depended very little

cove thickness in these cases. AT other distances from the Free

h

the maximun stress was also developed in the case of the *hinney

44

it will alsc be noted that at v = 0.30Y the tensile stress res
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the core thickness of 0.20Y is greater than in the case of the ©

mediate thicknesses of §.05Y and 0.10Y.

For K = 0.50 there was not as much dependence upon the core o

ness. In this case, a smaller number of transmitted waves had =i

cant valuss, and a gtill smaller nunber when X = 0.75.

The effect of the pulse length is shown in Figures 285 and 26.

paring with Figures 20 through 23, it is seen that the tengile

moyre then twice as great in the case of a shorter pulse.

In these examples of the effects of laminations, the amplitu

i

the transmitted waves were not as given in Figure 14, but were s

g
H

because of attenuation due to distance. Tt has been assumed

wave amplitude attenuates at a rate inversely proportional to the

traveled.

The effect of lamination thickness upon stress in the case

that more nearly represents the conditions of impact is shown in



SECTION III

EXPERIMENTAL INVESTIGATION

In the experimental investigation described in this report, &

Beckman and Whitley Model 201 synchronous framing camera was uged

33 5 S
ENE O

record the dynamic fringe pattern generated in the model.
is a rotating mivror type, making twelve 0.7 ¥ 0.9-inch photogr

aly X S-inch film at speeds up to one million frames per second.

time for each photograph at this speed is approximately 0.6 miczo

Figure 28 is a diagram of the camera and related equipment.

The two pulse generators deliver 100 Joules each at 5 XV,

used to provide energy for the light source. After much exper

with exploding wires and other devices, it was found that a Buss

AGC~1 safety fuse was an ideal light source. This fuse, when ex

provides an intense light with a sufficiently long duration for ¢

factory exposure of all twelve frames.

The other pulse generator was used as the energy source o 4

F

4

stress waves in the model as a simulation of hypervelocity impac

experimenting with many kinds of model materials, PSM-1, a clear

sheet manufactured by Photolastic, Inc., was selected as the basic o

to be used in this study. Its manufacturer claims that it has
photeelastic sensitivity of any model material available and hag &
velocity of about 60,000 inches per second, sufficiently low to

5,

graphed without apparent wave movement during exposure. Ancther




factor is that it is practically free of creep and edge effect:

plastic can be easily machined, polished, and cemented to other =

The most consistent stress waves were genevated by exploding & |

in contact with one edge of the model. The amplitudes of these waw

however, were not sufficiently great for accurate compardson of ©

having only slight differences in amplitude. A stronger shock ,

greater runber of fringes, resulted when a gmall amount of exploc
added. Urea nitrate was the explosive used in this investigation.

Separation of the stresses is possible without additicnal

mertal data since the waves in this case propagate without vot

Stresses are developed both along and perpendicular tc the direc

wave propagation. Displacement occurs, however, only in the direction
of wave motion. The displacements are specified by:

u = flr) s %0
T g

and the strain-displacement relations by

) dur U,

The stress-strain equations are

i

G:ME g+ we ¥ ) WE s:«%«wli
T - e r 8 8 1 - vZ 8 ”@5
and the shear gtress has the value
G, - O

r=t B T
2

where E is Young's modulus and v is Poisson's ratio.

From these relations

T = Oy 0, T e “ Bgd = o o, et |
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but
P ]
g (w1 idup  up
5;.2r } idp r
So
E a U
(51 - O = e IF i
g F TFw | T a T
&{% . L1+ ) gg — Op |
dr ir E i }
U G e O
o O¢ V}J[' ) AR
» E »
o 201 ) 4
“8 T E e
E
2(1 + v) 201 # v) %ﬂj’r |
o - Bl o bl had gt 2
“» T % E E T |

The radial and tangential stresses are, therefore,

j 4
# : | fr"f'(l%ﬂx}j[:{.
ka %1“‘\,‘;5 ’ » dr

w{*mg-"m} ivr + (l*‘\))}fl dx@
8 & =B r

This derivation is essentially the same as that descoribed in Refer

Q

Q2
12

The stress-optic relation is

NE
2h

o

where N is the fringe order, f is the photoelastic constant of the

material, and h is the model thickness.
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These relations may be stated in terms of the model marte

properties and the fringe order

e, = o+ v>f}iJ{§” drj |
E e v{j §~ dwg
|

- mulw}jN E
6 h(l -4}

el
1
H

t Fh

™ 1

8]
i

Values of displacement, strain, and stress may now be det
by numerical integration.

As the cbijective of the present research 18 to compare the str

developed in a laminated target with those produced in a homogsrsous

target under the same dynamic impulse, the properties of the ngterd
such as the dynamic modulus of elasticity and photoelagtic constant, have

not been determined. Resulting straing, displacements, and stre

e
R o

therefore, relative values only and are designated by k e, kzmﬁ 4

where kl = B/f and kz = 1/f. Values of other properties for the

material, PSM-1, are: Poisson's ratio (v) = 0.38, density (s} = 20

per cubic inch, thickness (h) = 0.25 inch, and wave velocity (g} = £0.,500

inches per second. The characteristic impedance values of this &

other materials are given in Teble I.

It was found that a light field polariscope utilizing circular

polaroids, and a dark red filter gave the most satisfactory phot
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oy

of the gtress pattern. Figure 29 is a typical photograph sho

fringe order values. Figure 30 was prepared from three sets

graphes shots 175, 176, and 177, and show frings locaticns for e

frame. Frame 12 of shot 175 was identical with frame 1 of st

but there was a slight gap between the last frame of shot 176 and

First frame of shot 177. In the last frame of 176 the wave front

approaching the rear edge of the model and in 177 the wave ig

reflected. The zerc fringe (wave front) cannct be seen in these

graphs because of the light field being used, so this fringe was

mined by extrapolation from the other fringes. The broken lins

the approxzimate location of the reflected wave front.

Displacements, strains, and stresses were computed From v

r and N read from this figure. Figure 31 shows the photographs a

puted results. Shots 175 and 176 were congidered continuous w

frame nurbers indicated as being from 1 to 23. Shot 177 was not is

in the computations as this report does not deal with the waves rel
from a free surface.
A plot of fringe order versus distance for various times

in Figure 32. Computed displacements are shown in Figure 33

Figure 34; and stresses in FPigure 35. The different scales for

and tangential strain and stress should be noted.

Two targets were next prepared having cores of aluminum ¢

the PSM-1 with Fastmen 910 epoxy. Referrving to Table II, which

impedance mismatch values for various combinations of materia

seen that the impedance mismatch between PSM~-1 and alumirum is

In the fivst target, the core thickness was only 1/8 inch.

shows ten frames of this shot (No. 240). The second target had &
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thickness of 1.0 inch. Figure 37 shows photographs of this

Plots of the fringe order at a time of 68 microseconds and the o

gtresses are shown in Figure 38. Only fringes 0.5 and 1.5 wers

in the latter, and as fringe rumber 1.5 was barely distinguis

the maximum point on this curve:

The time of 68 microseconds corresponded to Frame 14 of the h

geneous target. A comparison of the stress waves in the homo

target and the two sandwich plates is made in Figure 39. The &

traveled are, of course, not the same, as the wave velocity in &

num was about four times as great as in the plastic.



SECTION IV

A QUASI-THEORETICAL SOLUTICN

.

It was shown in Section I of this report that forcing func

can be selected that will e¢losely simulate explosive impulses op
velocity impact. Therefore, it was desired to formilate a function that

would approximately duplicate the experimentally determined pre
waves. Without going into the details of the procedure, it was found
that the function

~0.0L =0.02 t ~0.98 %
P, = 9,161 e -52,18L & +116,950 e

iy

~0.04 t ~0.05 t ~3.08 %
-129,079 e +70,283 e - 15,121 e
shown in Figure 40 will, when multiplied by the proper constant and
applied to a 2-inch spherical cavity, create a wave at a time of 88
microseconds that approximates the experimental wave as shown in

Figure 41. The time of the theoretical wave has been adjusted by

32.6 microseconds, the time required for the wave to travel two in
the assumed cavity radius. By employing a greater number of terms in

the equation representing the forcing function, the theoretical wave

6

could have been made to coincide with the experimental wave

as desired. Values of radial and tangential stresses at other tinmes

were computed and arve shown in Figure 42. By comparing Figures 35

42 it is seen that the waves have the same amplitudes at a time of

68 microseconds but that the stress amplitudes do not attenuate a
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same rate. This is to be ewpected. The theoretical solution iz

spherical waves which decay at a rate proporticnal to 2, B

experimental ones would be expected to be cylindrical waves iy a

plate. Theoretically, cylindrical waves attenuate at a rate or
0«8

tional to v The expected attenuation of both spherical ¢
oylindrical waves dve compared with the experimental results in

Figure 43. This shows that in reality, the experimental results are

in closer agreement with the spherical than with the cylindrical
attenuation.

Distance~time plots of the waves in the targets having 1/8- and 1.0-

inch aluminum cores are given in Figure 4. It is seen that be

the geometry of the targets, only the waves P 0= contribute o

stress in the third layer at the time under consideration.

The same forcing function applied to the homogenecous

also applied to the sandwich plates. The radial stress-dictarce v«

at the time of 68 microseconds were computed. The resulis are shown

Figure 45, This figure alsc shows each of the transmitted conpo

PArO‘Qg as well as their resultants. A comparison of these theon

ey e

stregses in homogeneous and laminated targets is given in Figuve 46.

s



SECTION ¥

CONCLUSTION

The experimental and theoretical results given in Figures 39

"
£ g

are shown in Figure 47 with values normalized for comparison Of ma

stresses. These may be summarized as follows:

Maximum Stress Compared With Homogeneous Target:

1/8% Core 1.0 Core
Experimental 0.72 0.41
Theoretical 0.88 042

There is practically no difference between the experimental

retical results in the case of the target with the one~inch core.

144]
i

one would expect the experimental ervor to be greater than the

ence that can be detected.

In the case of the 1/8~inch core, however, the agreement between

and experiment is not as good. The experimental study indicated

s

B

amplitude of the stress wave after passing through the core would

percent of its amplitude in & homogeneous material. The theoretical &

gives an amplitude of 86 percent.

There are several possible explanations of discrepancies be

retical and experimental values. Some of these will be discussed b
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so that they may be taken into consideration in future studies

lead to more acourate and dependable results.

1.

The experimental waves were generated and analyzed in
0.25~inch sheets, but the theoretical results were oo
puted for sphevical waves in semi~infinite targets.
Close agreement would not be expected. Three~dimensional
experiments employing an imbedded polariscope are being
planned.

Explosives that generated the stress waves probably
varied somewhat from shot to shot. More consistent
results were obtained when wires were exploded without
the uge of chemical explosives. A more powerful energy
source is needed so that a wire alone can be‘uﬁeé and a
greater number of fringes will be generated. Referercs
to Figure 38 will show that more fringes are needed 1o

accurately define the amplitude of the stress wave that

had passed through the 1/8~inch core. Although only
0.5 and 1.5 fringes were created in the target having

the 1.0-inch core, the peak of the wave was more accurat

determined because the 1.5 fringe was barely visible in
that frame.

It has been assumed that the cemented joints have ro
effect upon the transmitted and reflected waves. Two
sheets of PSM-1 were cemented together and a stress wave

photographed as it passed through the Joint. No attenua-

tion of the wave could be detected. As long as the
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of the joint is small it will not materially affect
the results in the case of a relatively thick core.
With a one-inch laminate only two transmitted waves
contributed to the maximum stress (Figure 45). The
situation is much different when the core is thin.

In the instance of the 1/8-inch core the resultant
stress was dependent upon at least nine transmitted
compenents. In this case there were ten waves trans-
mitted through and sixteen reflections from the
cemented Joints. It is apparent that although an
attenuation of stress may not be detected at a

single joint it can be quite significant when there
is a large number of reflections and trensmissions.
As previously stated, Eastman 910 cement was used

in the construction of the models used in this study.
More attention should probably be given to selecting
a cement having a characteristic impedance equal to
that of the model material. Any voids in the cemented
Joint will, of course, have a large effect on the
experimental results.

It has been assumed that the wave velocity remaing
constant in any given material. Only the first compo-
nent {leo-ﬁ} passes through undisturbed materdial.
The reflected waves may traverse the core material
many times. The material density and elastic con-

stants will probably be changed glightly, perhaps due
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{62

to heating of the material. This will cause some
change in the wave velocity and in the characteristic
impedarice (po) of the material. (It has been shown
that the velocity of a reflected wave in Lucite is
about 80 percent of that of the incident wave [Ref@rw
ence 2])«

5. Energy losses have been neglected. This 1s obviocusly
not a valid assumption although these losses may be
small.

-
i

As it is impossible to experimentally test even a small percern

all possible material combinations of which sandwich plates may be con-

structed, a dependable theoretical method of analysis is needed.

believed that the gemi-empirical method developed in this study may be

used to predict the effects of various material combinations zngd i

value in the design of sandwich plates that may be subjected to ¥

velocity impact. It is shown that the multiple reflections within he

structure must be taken into consideration.
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TARGET DIMENSIONS AND COORDINATES
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0.031 ~2.129 =314 ~1.17%
G273 ~8.005 ~9.2313 ~3.233
Va248 ~13.052 -14.923 “4a923
loa3d ~17.881 ~20.27%C ~64210
2423% =22.605 -25.427 ~T.46217

3.430 S850  -22.996 EERS-E 1.1
4at59  ~l%.361  ~la.%83 ~Gu5H3
5389 ~B8.211 —lLlls 2.885
B.Gln ~2+255% Q043 6.060
bagld 22kl 5.603 Be443
b.4By ~1.796 0. 780 &. 780
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14
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FIGURE 3l
WAVE PHOTOGRAPHS AND COMPUTED RESULTS
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24014
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1 i Fe oMy Gl e s
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Gai
Geudl?
SR Py
Ul

PR

NUMBER 179, FRAME NULMBER 2

] tt LK STOMA S1GRA
THETA

SaU Ge G.0 Q0 G.u
Gellu O30 -2.730 3,177 ~1.477
[ ] el ~8.L0L -3.227 ~3.227
Sabt ) G731 -13.069 ~14.45C ~%.95%0
Lease  ~i7.884 -20.264 ~bedth
2518 -22.422 ~=25%.133 ~7.133
Fa3u3 ~21.487 ~23.624% ~Sabdb
12.%3¢ G fl3 -l4.507  -15.46€3 “lab63
.30 faiihn -8.885 ~#&.154 l.846
1aa2%0 EPEE -2.487 -0.973 5.0¢1
1ha231 Hevuld de823 5,179 T.779
14.123 beud? 2867 5.849 T.849
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0.3500
C.3uC
0. 500
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3.880
3.810
3.00u
3.1y
3.3640
3.150
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3.019
2,920

2.70u
2.079
24950
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0.0
2.G21
C.T13
2.5J0
4.830
He2%4
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ti.77%
12.885
12.939
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13.569
13.520

FRAME NUMBFR 10
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0.025
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1.440
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Zedud
3.411
4.4912
4,334
D.dn2
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5.016

ER

0.0
-2.735
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-15.499

-3.388

~3.446

24292

d.lat

2.236

AR N R e

—

SHOT NUMBER 176,

4,200
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3.800

3.64u
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3.629
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2.768
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34932
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4,270

SIGMA R
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L =9.275
~-14.97%
-20.25¢
“24.354
~24, 34¢
-l6.273
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-1.38y
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54933
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FIGURE 31 CONTINUED

S1GMA
THETA

G.C

~l.188
-3.284
~4.952
-6.250
-3.794
~0.464

2.761
5.556
6.343
5.661

O L@ ~NC U DN

Cou

G.oL0
L.»00
24200
3.50L0
3.5u0
2.5u0
JESPNTY]
G.5LC
C.200
Q.5uC

SHET

44040
3.470
3.810
J.obu
3.0Cu
34200
3.090
24580
2.874

+2a830

2.78y

NUMBER 175,

uR

0.0
9.C0217
0.961¢
ded6u
5.090u
LG.807
12.280
13.030
13.14y
13.03,
12.899

FRAME

1

O.u

0.J24
0.254
V. IS0
1.443
3397
3.974
4,373
GolB
4,60
4,040

NUMBER 12
€R SIGMA R
0.0 0.0
-2.736 -3.187
~8.026 ~9.268
~13.1C0 -1%.001
-17.877 -20.253
~15.923 -17.102
-9.826 -%.713
=3.9C7 ~2.625
1.818 44199
3.501 6.13t
1.480 442549

S1GMA
THETA

J.0
-l.187
-3.268
-5.001
~be24
-3.102

0.281

3.375

64159

€.9138

6.208

—CC®NE U

-

<.C

0.500
1.500
24.50C
3.500
3.500
2.500
1.500
0.500
0.1G0
0.500

SHOT NUMBER 176,

®

44350
44280
4.12v
3.540
3.770
3.560
3.420
3.300
3.170
3.120
3.870

LR

g.40

Q.0917
0.964
2.88Y
5.521
9.465

ll.354
12.25>
12,463
12,354
12.238

FRAME NUMBER 5

Ef

0.9

0.023
0.235
O.731
l.ab4
2.659
3.321
3ef14
3.933
3.960
3.986

ER

4.0
-2.737
-8.045

-13.069
-17.856
=16.661
-10.479

~4.2866
1.173
3.408
l1.226

SIGMA R

G.0
=3.189
~-9.298

=14.950
-20.219
~18.292
-10.773

~3.688
3.118
5.741
3.204

SIGMA
THETA

G.0

-1.189
-3.298
-4.950
-6.219
-4.292
-0.773

2.312
5.118
6el4l
5.204



-y

b O TR o B A R

L0

0,500
1.5G0
2500
3500
3.500
2.50G0
1.500
G500
[e]

G.900

SHGT

i3

44520
Luhhid
4,264
4,080
3.910
3.7484
3.610
3470
3.350
3.280
3.210

RUMBER 176,

UR

3.0

G.1lu
1.083
2.99%
LTS -L3V)
84791
13994
1lagis
11e83s
11774
114623

FRAME nyUMBER

|31

Gau

D2l
[ F¥-1-]
Go73%
1.%4%3
2. 350
24935
3,369
3a062
3391
3.621

o 0 OF wd B B U

v

LR

LRy
~2.735
~B.C24%
~13.06%
~17.817
“i8.970
-10.86%

=4.311

Q.802

3,591

GeBEL

7

SIGmMA R

V.0
~3.18%
~Fe265

~14.943
-20.2%4
~18.79¢
—11a39¢6
~ha 24}

24519

5.792

Z.b14

51Gka
THETA

0.0
-1.186
~3.20%
~4.943
~h.2%4
~4.190
~1+336

1.757

44519

5e 1492

Labslh

S W A R N

o~
-

Ga0
C. 500
1500
2,500
3.500
3.560
24500
1,500
0500
~G.100
G500

SHOY

R

4.830
4. 140
44560
4,370
4190
4,120
3.950
3.800
3.070
3.370
3.470

NUMBER 176,

[3

G.C
04124
1.104%
3.122
54924
Tel7%
9ab27
10.873
11.203
11.008
10.809

FIGURE 3
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FRINGE ORDER (N)

3-.
i
—g— AL. LAMINATE
2_-
r/
1 AL. LAMINATE
Jof o
[ 4
| O —0Q Q
0 ' : o—
3.0 3.5 4.0 4.5 5.0
DISTANCE (r)—INCHES
& INCH LAMINATE
N R LR ET LR SIGMA R SIGMA THETA
1 Cc.C 4,330 0.0 0.0 0.C C.C 0.0
2 C.5CC 44210 O.l6¢ 0.03G -2.721 -3.162 -lel62
3 1.900 4.CC0U 1.30z 0.326 ~7.554 -9.152 -3,1582
4 2500 3.78u 3.609 0.355 -12.849 -14.,989 -4 .0 49
5 2.85C 3.7¢C¢C 4,7C LTl ~1l4.461 -l64337 -4.937
& 2.850 3.6CU bal217 1702 -1l4.030 -15.642 ~4 ,247
7 2.5C0 3510 728> 2.076 ~11.724 =-12.781 -2.701
8 1.5C0 3.330 B.83n 2.6353 -5.827 -5.3G¢8 C.602
9 1.CGO 3,220 J.281 2.884 -2.636 ~1«8Q0U 2200
10 C.500 3.05C Y.4T7¢C 3.107 C.347 1.789% 3.185
| INCH LAMINATE
N R uR ET ER SIGMA R SIGFA TRETA
1 C.C 5.GC0 C.C 0.0 ¢.C 0.0 C.C
2 £«500 4,860 0.193 0.040 -2.720 -3.162 ~l.162
3 1.C00 4.760 C«6C0 O0.126 54394 -be24L -Z2.248
4 1.5C0 4,6C0 l.669 0.363 -7+917 -3.,092 -3.062
5 l.500 4,5C0 PN Y4 0en45 -1.735 -8.794 ~2.759
& 1.200 4,3C0 3,797 0.883 -5.741 -6.318 -1.518
7 1.600 4,200 4,308 1.026 -4 494 ~44.797 -0.737
8 C.700 4.000 5.015 1.254 ~-2.610 -2.494 C.3C6
9 C.500 3.750 S5e499 le4006 ~1.294 -Ve.861 lal133

FIGURE 38

FRINGE ORDER AND COMPUTED RESULTS - ALUMINUM LAMINATES
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(Po)

PRESSURE

1.0

0.8

0.8

o7

0.6

0.5

04

0.3

0.2

0.

0 2 4 6 8 10 12 14 16 18 20

TIME (t)- w-seconds

Po = 9161 e"00It - 52194 ¢-002t.4 16950 ¢~ 0.03¢

- 129079 ¢ 0041t ; 70283 ¢~ 005t . |52 ¢-0.061

FIGURE 40

FORCING FUNCTION TO SIMULATE EXPERIMENTAL IMPULSE
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MAXIMUM RADIAL STRESS ( k, O, ¥ max )

SPHERICAL
EXPERIMENTAL
30 5
CYLINDRICAL—
25 I
I

. ]
20 NG
I5

2.0 2.5 30 35 4.0 45

DISTANCE (r) - INCHES

FIGURE 43
STRESS WAVE ATTENUATION

50



DISTANCE (r)- INCHES

DISTANCE (r)-INCHES

K=8.9

N
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= INCHES
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N N JESEC.
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\ 3"
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FIGURE 44

DISTANCE-TIME RELATION OF STRESS WAVES IN LAMINATED TARGETS
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FIGURE 45

SUPERPOSITION OF TRANSMITTED STRESS WAVES IN LAMINATED TARGETS
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NORMALIZED RADIAL STRESS

NORMALIZED RADIAL STRESS

/—SOLID TARGET

09} EXPERIMENTAL

oshk TIME = 68 p-s

07

06

05
" LAMINATE —y

04

*/‘La L AMINATE

03

0.2

0.1

|
3.0 35 40 45 50

DISTANCE (r) — INCHES

1

10 SOLID TARGET

0.9

THEORETICAL

TIME = 68 p-s

0.8
(ON g
06

]
0.5 ) LAMINATE

04 I" LAMINATE
03
02
0.1
%.O 3.5 40 4.5 5.6

DISTANCE (r) — INCHES

FIGURE 47

COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS



MATERIAL PROPERTIES

TABLE I

i

DENSITY (p) WAVE VELOCITY (c) | CHARACTERISTIC
18- SECZ.FT ™% FT-SECL Hhoseerr 3
Steel 15.2 19,500 29.6 X 10%
Silver 20. 4 13,400 27.3 X 10%
Copper 17.2 14,000 24.1 X 10*
Lead 22.0 7,100 15.6 X 10%
Mercury 26.3 4,500 11.8 X 10*
Glass 5.0 22,300 11.15 x 104
Aluminum 5.22 20,900 10.9 x 10%
Lucite 2.3 8,700 2.0 X 107
PSM-1 2.36 5,100 1.20 x 10*
Water 1.94 5,200 1.01 X 10%
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