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ABSTRACT 

Frac tures  caused by s t r e s s  waves r e s u l t i n g  from high v e l o c i t y  

impact a r e  sometimes reduced and a t  o the r  t imes  a r e  increased  by 

t h e  use  of laminated m a t e r i a l s .  This i s  a  t h e o r e t i c a l  s tudy  of 

t h e  propagation and r e f l e c t i o n s  of s t r e s s  waves i n  laminated 

t a r g e t s  and an a n a l y s i s  of t h e  e f f e c t s  of m a t e r i a l  p r o p e r t i e s ,  

t a r g e t  geometry, and wave c h a r a c t e r i s t i c s ,  The mul t ip l e  

r e f l e c t i o n s  and t r ansmi t t ed  components a t  t h e  i n t e r f a c e s  bounding 

each l a y e r  o f  m a t e r i a l  may combine i n  phase s o  a s  t o  c r e a t e  

s t r e s s e s  much g r e a t e r  t han  would have been produced i n  a  

homogeneous t a r g e t ;  op a  laminate  may be designed s o  t h a t  t h e  

wave amplitude w i l l  be r a p i d l y  a t t enua ted ,  r e s u l t i n g  i n  a  

g r e a t l y  reduced s t r e s s .  
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INTRODUCTION 

When s t r u c t u r e s  a r e  subjec ted  t o  high v e l o c i t y  impact o r  o t h e r  

impulsive load ing ,  t h e  s t r e s s  waves generated mav cause damage a t  

p o i n t s  some d i s t a n c e  from t h a t  of  t h e  load a p p l i c a t i o n  due t o  r e -  

f l e c t i o n s  from f r e e  s u r f a c e s  o r  boundaries (Ref .  1 ) .  I t  has  been 

shown t h a t  such damage may be reduced o r  e n t i r e l y  e l imina ted  by t h e  

use of  l ayered  o r  laminated m a t e r i a l s  (Ref .  2 and 3 ) .  This  sugges ts  

t h e  use  of  l amina tes  a s  h u l l s  and windows o f  s p a c e c r a f t ,  a s  w e l l  a s  

f o r  EVA s u i t s  and v i s o r s  which a r e  t o  be exposed t o  t h e  p o s s i b l e  

impact of  m e t e o r i t e s .  I t  is important t o  r e a l i z e ,  however, t h a t  

t h e  r e s u l t i n g  damage is no t  always reduced by t h e  use of  l amina t e s ,  

but  i n  some in s t ances  t h e  damage may a c t u a l l y  be increased  (Ref .  

4 and 5 ) .  

This  r e p o r t  d e a l s  wi th  a  t h e o r e t i c a l  a n a l y s i s  o f  t h e  t r a n s -  

mission and r e f l e c t i o n  o f  s t r e s s  waves i n  mu l t i p l e  lamina tes .  A 

r e p o r t  p resen t ing  experimental  r e s u l t s  and t h e  c o r r e l a t i o n  of  t heo ry  

and experiment i s  i n  p repa ra t i on .  

ASSUMPTIONS AND LIMITATIONS 

I n  most t h e o r e t i c a l  s t u d i e s ,  assumptions a r e  made e i t h e r  t o  

s imp l i fy  mathematical d e r i v a t i o n s  and r e l a t i o n s  o r  because o f  a  

l a ck  o f  information o r  knowledge i n  c e r t a i n  a r e a s .  The fol lowing 

assumptions have been prompted by both of  t h e s e  reasons  and a r e  t h e  

same t h a t  have been given i n  previous r e p o r t s  and papers by t h e  au thor  



(Ref.  3 and 6 ) .  

1. This r e p o r t  is  l imi t ed  t o  t h e  a c t i o n  of e l a s t i c  waves i n  

t h e  t a r g e t s .  When a  s o l i d  body i s  impacted by a  hyper- 

v e l o c i t y  p r o j e c t i l e ,  a  c r a t e r  i s  formed which expands very 

r a p i d l y  a t  f i r s t .  A s  t h e  v e l o c i t y  of c r a t e r  formation 

decreases ,  a  shock wave i s  detached from i t s  su r f ace  

but  soon decays i n t o  a  s p h e r i c a l  e l a s t i c  wave which con- 

t i n u e s  t o  t r a v e l  through t h e  t a r g e t  (Ref.  6 ) .  The r e -  

l a t i v e  d i s t a n c e  covered by t h e  p l a s t i c  shock wave i s  

smal l ,  assuming a  thiclc t a r g e t ,  and f r a c t u r e s  produced 

wi th in  t h i s  d i s t a n c e  c o n s i s t  mainly of  deformation of 

t h e  t a r g e t  and e j e c t i o n  of t a r g e t  m a t e r i a l  by f o r c e s  

o t h e r  t han  those  a t t r i b u t e d  t o  t h e  shock wave. 

2 .  Closely r e l a t e d  t o  t h e  above is t h e  assumption t h a t  

t h e  v e l o c i t y  of t h e  e l a s t i c  wave is  a  cons tan t  through 

any given m a t e r i a l  and is s p e c i f i e d  by t h e  r e l a t i o n  

where c  i s  t h e  wave v e l o c i t y ,  E i s  Young's modulus, v 

i s  Poisson ' s  r a t i o ,  and p i s  t h e  m a t e r i a l  dens i ty .  

This assumption i s  made f o r  both inc iden t  and r e f l e c t e d  

waves. Since t h e  r e f l e c t e d  wave w i l l  t r a v e r s e  m a t e r i a l  

through which t h e  inc iden t  wave has r e c e n t l y  passed,  

it is acknowledged t h a t  t h e  dens i ty  and e l a s t i c  cons t an t s  

may change s l i g h t l y ,  perhaps because of t h e  hea t ing  of 

t h e  m a t e r i a l .  ( I t  has been shown t h a t  t h e  v e l o c i t y  of 

t h e  r e f l e c t e d  wave i n  Luci te  ( a c r y l i c  r e s i n )  i s  about 



80 percent  of t h a t  of t h e  inc iden t  wave (Ref. 3 ) ) .  The 

reason f o r  t h e  assumption of cons tan t  v e l o c i t y  of t h e  

e l a s t i c  wave is t h a t ,  a t  p re sen t ,  t h e  changes i n  m a t e r i a l  

p r o p e r t i e s  and temperatures  a r e  not  known f o r  t h e  var ious  

m a t e r i a l s .  

3 .  Proceeding from t h e  above, it i s  f u r t h e r  assumed t h a t  t h e  

va lue  of  t h e  product ,  P C ,  c a l l e d  t h e  " c h a r a c t e r i s t i c  

impedance" of t h e  medium, remains cons t an t .  

4 .  The primary purpose of t h i s  s tudy  is t o  compare t h e  

s t r e s s e s  produced i n  laminates  with t h e  s t r e s s e s  pro- 

duced i n  t a r g e t s  of  a  homogeneous m a t e r i a l .  This 

comparison can be made by neg lec t ing  t h e  s t r e s s  a t tenua-  

t i o n  a t t r i b u t e d  t o  d i s t ance .  Except a s  noted,  t h i s  

a t t e n u a t i o n  is neglected i n  t h i s  r e p o r t .  

5 .  Only t h e  s t r e s s e s  along t h e  a x i s  perpendicular  t o  t h e  

laminat ion i n t e r f a c e s  w i l l  be considered.  Unless t h e  

l a t e r a l  dimensions of t h e  t a r g e t  a r e  very smal l ,  t h e  

maximum s t r e s s  w i l l  be produced on t h i s  a x i s .  

6 .  Energy l o s s e s  a r e  neglec ted .  

IMPEDANCE MISMATCH EQUATIONS 

I f  Po is  t h e  amplitude of a  p re s su re  pulse  o r  wave t h a t  

encounters an abrupt  change i n  t h e  phys ica l  p r o p e r t i e s  of a  m a t e r i a l ,  

t h e  amplitudes of t h e  t r ansmi t t ed  and r e f l e c t e d  waves a r e  s p e c i f i e d  

by t h e  r e l a t i o n s  



where t h e  s u b s c r i p t s  o  and t r e f e r  t o  t h e  o r i g i n a l  m a t e r i a l  and t h e  

m a t e r i a l  i n t o  which t h e  wave i s  t r a n s m i t t e d ,  r e s p e c t i v e l y .  These 

a r e  u s u a l l y  r e f e r r e d  t o  a s  t h e  "impedance mismatch" equa t ions .  

Dividing Equation ( 2 )  by Equation ( 3 )  

g ives  

These equa t ions  may be  s i m p l i f i e d  by 1 .e t t ing  

g iv ing  

and 

MULTIPLE LAMINATIONS 

A laminated s t r u c t u r e  is  made up of N i n t e r f a c e s  j o in ing  N + 1 

l a y e r s  of m a t e r i a l .  The s t r u c t u r e  may c o n s i s t  of any number of 



m a t e r i a l s ;  but  f o r  t h e  p re sen t ,  it w i l l  be assumed t h a t  only two 

d i f f e r e n t  m a t e r i a l s  a r e  employed as t h i s  i s  t h e  most common type  

of laminate  and i s  t h e  only one f o r  which it is p r a c t i c a l  t o  develop 

genera l  r e l a t i o n s .  The f i r s t  l a y e r  of  m a t e r i a l  i n  which t h e  pulse  

amplitude i s  Po i s  designated a s  N = 0 ,  followed by N = 1, 2 ,  

3 , - - -  . The m a t e r i a l  of which t h e  l a y e r s  N = 0,  2,  4 ,  6 ,  - - - 

is  composed has a  c h a r a c t e r i s t i c  impedance of Poco and t h e  

a l t e r n a t e  l a y e r s ,  N = 1, 3,  5 ,  7 ,  - - - , a r e  of a  m a t e r i a l  having 

an impedance of P1cl. 

I f  K = ~ ~ c ~ / p ~ c ~ ,  t h e  amplitude of  t h e  pulse  t r ansmi t t ed  p a s t  

t h e  f i r s t  i n t e r f a c e  is ,  according t o  E q .  ( 6 1 ,  

and t h a t  r e f l e c t e d  i s  

A s  t h e  t r ansmi t t ed  pulse  reaches t h e  second i n t e r f a c e ,  t h e  impedance 

mismatch becomes Poco/~lcl,  o r  1 / K  and t h e  t r ansmi t t ed  and 

r e f l e c t e d  components a r e  

I t  has  been shown (Ref.  3)  t h a t  t h e  magnitude of  t h e  pulse  



t r a n s m i t t e d  p a s t  t h e  Nth i n t e r f a c e  i s  g iven  by t h e  r e l a t i o n  

if N is  a n  even number, and 

i f  t h e  v a l u e  o f  N is odd. Th is  w i l l  be r e f e r r e d  t o  a s  t h e  pr imary 

p u l s e .  

S i m i l a r l y ,  t h e  p u l s e  r e f l e c t e d  from t h e  Nth i n t e r f a c e  h a s  a n  

ampl i tude  o f  

f o r  even v a l u e s  o f  N ,  and 

f o r  odd v a l u e s  o f  N .  

SECONDARY PRESSURE WAVES 

The p o r t i o n  o f  a  p u l s e  r e f l e c t e d  a t  t h e  Nth i n t e r f a c e  w i l l ,  

upon r e a c h i n g  t h e  (N - 1 1 t h  i n t e r f a c e ,  be a g a i n  p a r t i a l l y  r e f l e c t e d  

and p a r t i a l l y  t r a n s m i t t e d .  A s  t h e  p u l s e  c o n t i n u e s  t o  be r e f l e c t e d  

back and f o r t h  between t h e  Nth and t h e  (N - 1 ) t h  i n t e r f a c e s ,  i t s  

ampl i tude  a t t e n u a t e s  v e r y  r a p i d l y .  Th is  a l s o  a p p l i e s  t o  t h e  

m u l t i p l e  r e f l e c t i o n s  from t h e  two i n t e r f a c e s  bounding any l a y e r  o f  



m a t e r i a l .  Although it may be s a i d ,  "S t r e s s  waves never d i e ,  they  

j u s t  f ade  away", they  cannot be neglected i n  t h e  design of 

laminated s t r u c t u r e s .  I f  s e v e r a l  of t h e s e  "fading" waves meet 

a t  some l a t e r  t ime,  t h e i r  t o t a l  e f f e c t  may be q u i t e  s i g n i f i c a n t  

(Ref.  7 ) .  

Laminates a r e  gene ra l ly  cons t ruc ted  with a l t e r n a t e  l a y e r s  

of equal  t h i ckness .  Figure 1-a i s  a  dis tance-t ime p l o t  of t h e  

f r o n t  o f  a  p re s su re  wave o r  pu lse  ( P I  through a  mult i - layered 

s t r u c t u r e  i n  which t h e  even-numbered laminat ions a r e  a l l  of t h e  

same m a t e r i a l  and have equal  t h i ckness .  The odd-numbered l a y e r s  

a r e  of another  m a t e r i a l  and a r e  a l s o  of equal  t h i ckness .  In  

t h i s  i l l u s t r a t i o n ,  t h e  wave v e l o c i t y  is g r e a t e r  i n  t h e  even 

numbered l a y e r s  than  i n  t h e  odd (C1 < Co). The many r e f l e c t e d  

and t r ansmi t t ed  waves a r e  a l s o  shown. These w i l l  be r e f e r r e d  t o  

a s  secondary waves. A s  it is  impossible t o  cons ider  t h e  e f f e c t s  of 

a l l  of t h e s e  waves, only t h e  ones making t h e  g r e a t e r  con t r ibu t ion  

t o  t h e  t o t a l  s t r e s s  w i l l  be considered.  

I n  Figure 1-b, t h e  wave designated a s  S1 is shown. This  is 

t h e  wave t h a t  undergoes two r e f l e c t i o n s  i n  laminat ion number one. 

The wave t h a t  i s  r e f l e c t e d  two t imes i n  laminat ion number two i s  

c a l l e d  S2 and i s  shown i n  Figure 1-c.  The wave t h a t  i s  r e f l e c t e d  

four  t imes i n  laminat ion number one i s  ind ica t ed  by S11; t h e  one 

r e f l e c t e d  fou r  t imes i n  laminate  two is c a l l e d  S22; and t h e  wave 

t h a t  undergoes two r e f l e c t i o n s  i n  laminate number one and two 

r e f l e c t i o n s  i n  number two i s  designated a s  S12. These a r e  shown 

i n  Figures  1-d, 1 -e ,  and I - f ,  r e s p e c t i v e l y .  



Figure 2 i s  a  s e r i e s  of photographs made i n  a  dynamic p o l a r i -  

scope showing a  s t r e s s  wave i n  a  laminated m a t e r i a l  of which t h e  

l a y e r s  N = 0 ,  2 ,  and 4 a r e  of a  t r anspa ren t  a c r y l i c  ma te r i a l  and 

l a y e r s  1 and 3 a r e  aluminum. Of course only t h e  waves i n  t h e  

t r anspa ren t  m a t e r i a l  can be observed by t h i s  method. The waves 

t r ansmi t t ed  through the  aluminum and those  r e f l e c t e d  from t h e  

aluminum can both be seen i n  t h e s e  photographs. 

S1 was def ined  a s  t h e  wave t h a t  has been r e f l e c t e d  two t imes 

wi th in  laminat ion number one, bu t  t h i s  wave is joined a t  var ious  

p o i n t s  by waves t h a t  have been r e f l e c t e d  twice wi th in  o the r  odd- 

numbered laminat ions (Figure 1 ) .  S i m i l a r i l y ,  S2 i s  joined by 

waves t h a t  have been r e f l e c t e d  twice wi th in  o the r  even-numbered 

lamina t ions .  Sll i s  made up of a l l  t h e  waves t h a t  have been 

r e f l e c t e d  f o u r  t imes wi th in  odd-numbered lamina t ions ,  r e g a r d l e s s  

whether t h e  four  r e f l e c t i o n s  were i n  t h e  same o r  i n  d i f f e r e n t  

laminat ions.  The wave S22 i s  t h e  sum o f  a l l  waves t h a t  have been 

r e f l e c t e d  fou r  t imes wi th in  t h e  even-numbered l a y e r s .  Likewise, 

S12 i s  made up of a l l  waves having been r e f l e c t e d  two t imes wi th in  

an even-numbered and two t imes wi th in  an odd-numbered laminat ion.  

Due t o  t h e s e  many waves meeting a t  var ious  t imes ,  t h e  amplitudes o f  

t h e  secondary waves become s i g n i f i c a n t  and must be taken i n t o  

cons ide ra t ion  i n  t h e  design of laminated s t r u c t u r e s  t h a t  may be 

subjec ted  t o  impulsive loadings .  There a r e  f i f t e e n  waves, f o r  

example, t h a t  combine t o  make up t h e  wave S12 i n  t h e  s i x t h  lamina t ion .  

These a r e  shown i n  Figure 3 .  The number of combinations making up 

t h e s e  secondary waves i n  t h e  f i r s t  s i x t e e n  laminat ions a r e  given i n  

Table I .  



Formulas have been der ived  f o r  t h e  amplitudes of t h e  secondary 

waves a s  func t ions  of t h e  laminat ion number (N) and impedance 

mismatch (K). These a r e  g iven  i n  Table I1 f o r  even values of N 

and i n  Table 141 f o r  odd values of N .  

The r e l a t i o n s  given i n  Tables I1 and 111 have been computed 

f o r  va lues  of K from 0 . 1  t o  10.0,  and f o r  va lues  of N up t o  twenty- 

four  lamina t ions .  The r e s u l t s  a r e  shown i n  F igures  4 through 9.  

The amplitude of t h e  i n i t i a l  pu lse  (Po) i s  assumed t o  be one. The 

pulse  o r  wave amplitudes f o r  va lues  of  K l e s s  than  one and f o r  even 

numbered lamina t ions  a r e  shown i n  Figure 4 .  It is seen t h a t  t h e  

primary pulse  (P) decays slowly f o r  high va lues  of  K but  very 

r a p i d l y  f o r  s m a l l  va lues  of K. Values of  S1, S2, Sll, and S22 a r e  

always p o s i t i v e ,  i n d i c a t i n g  compression, bu t  va lues  of  S12 a r e  

u sua l ly  nega t ive  denot ing t e n s i l e  s t r e s s e s .  Values of both primary 

and secondary waves a r e  always l e s s  than  Po. Values of  pu lse  

amplitude i n  t h e  odd numbered l a y e r s  a r e  shown i n  Figure 5 .  

F igures  6 and 7 g ive  t h e  pu l se  amplitudes when t h e  va lues  of  K 

a r e  g r e a t e r  t han  one. It w i l l  be noted t h a t  va lues  of  P and S1 

may be g r e a t e r  than  Po i n  t h e  odd-numbered lamina t ions .  Figures 8 

and 9 show t h e  same information a s  t h e  previous graphs but  comparisons 

of t h e  primary and secondary wave amplitudes may be made f o r  c e r t a i n  

va lues  of  K .  

EFFECTS OF L A M I N A T I O N  THICKNESS 

I f  t h e  th i ckness  of t h e  odd-numbered lamina t ions  i s  small  

compared with t h a t  of t h e  even-numbered, t h e  r e s u l t i n g  s t r e s s e s  may 



be g r e a t l y  i n c r e a s e d .  F i g u r e  10-a shows t h a t  t h e  f r o n t s  of waves 

P ,  S19 and Sll come v e r y  c l o s e  t o g e t h e r  f o r  t h i s  c o n d i t i o n .  I n  f a c t ,  

i f  t h e  t h i c k n e s s  o f  t h e s e  odd-numbered l a m i n a t i o n s  a r e  v e r y  small, 

t h e  waves w i l l  p r a c t i c a l l y  c o i n c i d e ,  r e s u l t i n g  i n  a  wave having an  

ampl i tude  o f  P + S1 + Sll fo l lowed  by a n o t h e r  w i t h  ampl i tude  o f  

S2 + S12 and t h e n  by S22.  Likewise ,  i f  t h e  t h i c k n e s s  o f  t h e  even- 

numbered l a m i n a t i o n s  a r e  v e r y  s m a l l  ( F i g u r e  10-b) t h e  first wave 

would have an  ampl i tude  o f  P + S2 + S22 fol lowed by one o f  

ampl i tude  S1 + S12 and t h e n  by S1l. 

If t h e  t h i c k n e s s  r a t i o  o f  t h e  l a m i n a t i o n s  a r e  e q u a l  t o  t h e  

r a t i o  o f  t h e  wave v e l o c i t i e s  i n  t h e  two m a t e r i a l s ,  t h e  secondary 

waves would combine as shown i n  F igure  10-c.  The pr imary wave 

( P )  would be fol lowed by one o f  ampl i tude  S 1 +  S2 and t h e n  by 

a n o t h e r  o f  ampl i tude  Sll + S12 t S22. 

By comparing t h e  ampl i tudes  o f  t h e  secondary  waves and t h e i r  

v a r i o u s  combinat ions  w i t h  t h a t  of t h e  pr imary wave, it is  seen  t h a t  

t h e  s t r e s s e s  produced i n  many c a s e s  a r e  much g r e a t e r  t h a n  t h a t  which 

would have been computed if t h e  secondary waves had n o t  been t a k e n  

i n t o  c o n s i d e r a t i o n .  I n  f a c t ,  t h e s e  s t r e s s e s  a r e  sometimes g r e a t e r  

t h a n  would have o c c u r r e d  i n  a s o l i d  t a r g e t  o f  e i t h e r  m a t e r i a l .  

Unless t h e  i n i t i a l  p r e s s u r e  p u l s e  i s  v e r y  s h o r t ,  t h e  pr imary 

and secondary waves w i l l  o v e r l a p ,  r e s u l t i n g  i n  a wave ampl i tude  g r e a t e r  

t h a n  any o f  t h e  combinat ions  p r e v i o u s l y  c o n s i d e r e d .  T h i s  w i l l  a l s o  

be t r u e  i n  t h e  c a s e  where t h e  wave v e l o c i t y  i n  one o f  t h e  m a t e r i a l s  

i s  v e r y  l a r g e  compared wi th  t h e  v e l o c i t y  i n  t h e  o t h e r  m a t e r i a l .  

For t h i s  r e a s o n ,  t h e  sum o f  t h e  primary wave and t h e  f i v e  secondary 

wave ampl i tudes  have been computed. T h i s  i s  d e s i g n a t e d  as I S .  



LOCATION OF MAXIMUM AND MINIMUM STRESS 

Because s t r u c t u r a l  damage i s  usua l ly  produced by t h e  r e f l e c t i o n  

of s t r e s s  waves from a f r e e  s u r f a c e ,  a  laminated p l a t e  o r  s h i e l d  

sub jec t ed  t o  impact should no t  have a  t h i cknes s  s o  t h a t  t h e  

maximum s t r e s s  would occur a t  t h i s  su r f ace .  For t h e  same reason ,  

a  good des ign  would probably be one f o r  which t h e  minimum s t r e s s  

would occur  a t  t h i s  p o i n t .  

The r e l a t i o n s  f o r  pu l se  ampli tudes given i n  Tables I1 and I11 

have been d i f f e r e n t i a t e d  with r e s p e c t  t o  N and equated t o  ze ro ,  

g iv ing  t h e  l o c a t i o n s  of  t h e  maximum and minimum s t r e s s  ampli tude.  

These a r e  g iven  i n  Tables  I V  and V and shown g r a p h i c a l l y  i n  

Figure 11. 

DISTANCE AND TIME RELATIONSHIPS 

A s  s t a t e d  i n  t h e  assumptions,  a t t e n u a t i o n  o f  t h e  wave 

ampli tudes due t o  d i s t a n c e  i s  no t  considered i n  t h i s  s tudy .  If 

t h i s  i s  t o  be taken  i n t o  account ,  it should be noted t h a t  t h e  

d i s t a n c e s  t r a v e l e d  by t h e  secondary waves a r e  no t  t h e  same a s  t h e  

d i s t a n c e  from po in t  o f  impact.  The a c t u a l  d i s t a n c e s  t r a v e l e d  by 

each wave and t h e  t imes  r equ i r ed  t o  r each  any laminat ion a r e  given 

i n  Table  V I .  

EFEECT OF REFLECTIONS FROM FRONT SURFACE 

T t  probably has  been not iced  t h a t  t h e  r e f l e c t i o n s  from t h e  

f r o n t  su r f ace  of t h e  t a r g e t  a t  t h e  po in t  of  impact were not  



considered.  The reason  f o r  t h i s  i s  t h a t  upon impact of a  hyper- 

v e l o c i t y  p r o j e c t i l e ,  a  c r a t e r  i s  usua l ly  formed and such r e f l e c t i o n s  

would be from t h e  expanding c r a t e r  su r f ace  in s t ead  of  from a 

s t r e s s - f r e e  plane su r f ace .  Such r e f l e c t i o n s  would not  a f f e c t  t h e  

magnitude of  any of  t h e  secondary waves t h a t  have been considered.  

These r e f l e c t i o n s  would, however, c o n t r i b u t e  t o  t h e i r  sum and should 

probably be taken i n t o  account i n  t h e  c a s e s  where t h e  waves over lap .  

For t h i s  r ea son ,  t h e  sum of  t h e  primary and secondary waves have 

been computed by inc luding  t h e  e f f e c t s  o f  t h e s e  r e f l e c t i o n s .  This  

is  denoted by C S ' .  The r a t i o  of CS'/CS i s  given and p l o t t e d  i n  

Figure 1 2  f o r  var ious  va lues  of  K .  I t  i s  seen t h a t  t h e  e f f e c t s  of  

t h e s e  r e f l e c t i o n s  do make a  d i f f e r e n c e ,  i nc reas ing  t h e  value of  

s t r e s s  when K i s  l e s s  t han  one and decreas ing  t h e  computed 

s t r e s s  when K i s  g r e a t e r  than  one. 

CONCLUSION 

I t  is  be l ieved  t h a t  t h i s  s tudy w i l l  answer some of  t h e  ques t ions  

a s  t o  how and why lamina tes  a c t  a s  they  do when subjec ted  t o  impact. 

I t  a t tempts  t o  exp la in  why some laminated t a r g e t s  have r e s i s t e d  

f r a c t u r e  and o t h e r s  have su f f e red  g r e a t e r  damage than  s o l i d  t a r g e t s  

when h i t  by hyperve loc i ty  p r o j e c t i l e s .  I t  i s  hoped t h a t  t h e  

des igner  of spacec ra f t  and equipment w i l l  be a l e r t e d  t o  t h e  

p o s s i b i l i t y  of  u t i l i z i n g  laminated m a t e r i a l  t o  reduce t h e  p r o b a b i l i t y  

of damage from me teo r i t e s  but  w i l l  a l s o  r e a l i z e  t h a t  an improperly 

designed laminate  may pose an a d d i t i o n a l  hazard,  

A s  p rev ious ly  s t a t e d ,  f u r t h e r  experimental  work i s  being 



conducted t o  v e r i f y  t h e  v a l i d i t y  o f  t h e  assumptions  made and t h e  

c o n c l u s i o n s  reached i n  t h i s  s t u d y .  
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TABLE I 

WAVE COMBINATIONS 



TABLE II 

STRESS AMPLITUDES 

(EVEN VALUES OF N) 



TABLE E 

STRESS AMPLITUDES 

(ODD VALUES OF N) 
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LOCATION OF MAXIMUM AND MINIMUM STRESS 

(EVEN VALUES OF N) 



TABLE X 

LOCATION OF MAXIMUM AND MINIMUM STRESS 

(ODD VALUES OF ~d 



TABLE 

STANCE TRAVELED AND TIME REQU 
FOR PULSE TO REACH ANY LAMIN 
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LAMINATION NUMBER 

FIGURE 4 

EFFECT OF IMPEDANCE MISMATCH UPON PULSE AMPLITUDE 

(K .- I, N EVENT) 





LAMINATION NUMBER 

FIGURE 5 

EFFECT OF IMPEDANCE MISMAT-GH UPON PULSE AMPLITUDE 

(K-I, N ODD) 
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LAMINATION NUMBER 

FIGURE 5 CONCLUDED 



LAMINATION NUMBER 

FIGURE 6 

EFFECT OF IMPEDANCE MISMATCH UPON PULSE AMPLITUDE 

(K- I, N EVEN) 
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FIGURE 6 CONCLUDED 



LAMINATION NUMBER 

FIGURE 7 

EFFECT OF IMPEDANCE MISMAKH UPON PULSE AMPLITUDE 

(K- I, N ODD) 
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FIGURE 7 CONTINUED 



LAMINATION NUMBER 

FIGURE 7 CONnINUED 
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FIGURE 7 CONTINUED 
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FIGURE '9 CONCLUDED 



LAMINATION NUMBER 

FIGURE 8 

COMPARISON OF PRIMARY, SECONDARY, AND COMBINED WAVES 

(N EVEN) 
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FIGURE 8 CONTINUED 
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FIGURE 8 CONCLUDED 
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FIGURE 9 

COMPARISON OF PRIMARY, SECONDARY. AND COMBINED WAVES 

(i'd ODD) 
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FIGURE 9 CONTINUED 
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FIGURE 9 CONTINUED 
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FIGURE 9 CONnINUEB 
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FIGURE 9 CONCLUDED 
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FIGURE 10 

EFECTS OF LAMINATION THICKNESS 



FIGURE 10 CONTINUED 



FIGURE 18 CONCLUDED 
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LAMINATION NUMBER 

FIGURE 12 

EFFECT OF CONSIDERING REFLECTIONS FROM FRONT SURFACE 


