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A REVIEW OF
I)YNAM I C RESPONSE OF C~~IPOS I TES

IN’I’Rouucr ION

The dvn.un i c response of a composi te  has occii a hot l y pursued

research subject  s ince  the  m i d d l e  of n ine teen  s i x t i  es. I t  i s  a s u bj e c t

which  has wide  t c ’c hn o l o g i c a l  a p p l ic at  ions and a l s o  possess(’s di al 1e n g i n ~,

theoret I cal and exper inlent al problems.  Vas t  l i t er a t u r e s  are now a v a i l

ab l e  on the sub ie~ t . \‘a r iou s theor i e s  have been proposed to pred i~’t the

dynam ic response of ’ a compos i te. ‘11w u l t i m a t e  goa l of research in t h i s

area is to obt al ii an ap p r o x i m a t e  theory which is  reasonab lv s imple  and ,

at the same t inc . i s able to predIc t  f a i r l y  accu ra t e ly  the res 
~~~~ 

Se of a

composite s t ructure  subject to 3 dynamic load ing .  D e s p i t e  t he  v o l u m i n ou s

research papers published , t h i s  goa l does not seem t o  have been achieved .

This i s  not a r e f le ct  ion on the lack of research abi i i  t v  in  the a rea .

~~i i t  e the cont r ary  • there are severa l sophist  i cated theories which are

able to predic t  a c c u r a t e ly  c e r t a i n  aspects of’ the dynamic  response of a

composi te .  This is  a reflect ion on the  di  t t i c u  I t y  of analyzing a corn —

p os L t c  mate r ia l  . One can have an ex ac t  or near ly  exact theory w h i c h  is

either m a t h e m a t i c a l l y  in t rac tab le  or p r a c t i c a l l y  un feasih ic .  On the  other

hand , one can have a very s imple  approximate  theory  w h i c h  i s  too crude to

preti ict even the s imp le s t  dynamic  response of a campus i te .

‘The purpose of t h i s  project  was to c r i t i c a l l y  rev i ew the state 01’

the ar t  on the subject of the dynamic respunse of ’ composites and to suggest

possible  t i *tur e  research di rec t ions. As we embarked on the  pro jec t • i t

soon became c lear that the task was .1 much more d I f t ’ I c u lt  one thati we

p.
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ha ve ant  i c I pa ted . ‘t ’Ii e more t h a n  t Ii ree hundred papers c omp l i e d  at the end

of ’ t h i s  report  by no means exhaust  a I I papers in the a rea .  Papers whi  cli

dea l with the stat ft response of a composite arc not inc luded  in  the

references . A rev j ew ot ’ the more than three hundred I)ZI PCI’ S rev ea i s  that

most papers d i s c u s s  e i t h e r  hai~~on i  c waves or t r an s i cut waves .  Of course  -

t he re  are NIPCI’s wh I ch d i scuss  both  harmonic and tratis i ent w a v e s .  Whe n

the  m a t e r i a l  is l i n e a r , ha rmon ic  wav es  can be super imposed t o  o b t a i n  a

t r a n s i e n t  w a v e .  1’h i s approach i s  not appl icable for non I m eal’ m a t e r i a l s  •

‘l’he rt ’t ’ot’e . p ;iper~ wh ch d I ~~c I I’~~ harmo n I L ’ w : ive ~ I iwar  ib l v  a~;siime t h i t  t h e

f l t , I t L’I’ i . i l  I ‘~ l i n e a r .

I I ‘~} t & ’d ~; Ij l t ’ r ’ . Oil P I i t  ‘ . . I I Id  sht ’I I ~. wh I ~‘Ii ir e  iiiadc of ~‘oiii pos i t  c

m a t e r  i a I s  were  a I so rev i ewe~I . .\ I t  ) tOiII . ~h the r ev i ci; of t liese papers i s  not

p r L’setlt ‘d 1~i~’i’i~’ • ~~~~‘ P~ P~’”~ are in c  I uded i~ th e  Refererces at  t h e  end of

r h s report  . I , i k e w  1st ’ • rev i ew of ’ p :ipers w h ic h m odel  com po s i t e s  as f l u i d s

s not p rcs& ’ilt  eti  bu t  I l i t ’v ar e  i nc I uded i n  t h e  R e f er en c e s .

I !~ i Ii.i~~ t ci’ I . we hr  t el i  v rI.’v i ew t he  ex i s t  ing t h e o r i e s  of  the dvn ani i c

response of a compos I te . ‘l’Ii I S I s I’o 11 owed hr a rev I ew i i i  Chapter II of’

papet’s wli i cli dea l w th h a r m o n I c  wi v e s iii compost tes. Transient waves i n

compos i t  es are d i :~ctisset I in  ( 1l.ipt er l i i  . A l t hough t h e  on g i i i a l  o b i , ’c

of ’ t l i i s proicct  do not i tic lude review i ng the  exp cr i f l i en t a  I l’eSLI I t  S • W I.’ f e l t

t ha t  some e x p e r i m e n t a l  resu l t s  are of su f f i c i e n t  i n t e res t  and are relevant

to the  theor ct  i ca l  p r e d i c t  ions tha t  a few word s should be s a i d  about them

‘Fb i s i s  contained in  Chapter  I V .  F i n a l !  y • i n  Chapter V we c omment on the

d I’ t’e reiic e s bet weeti v a r  ions  t lieu ri e s and a I so suggest puss i b Ic t’u tu re

i c ’ . ~‘ ,i  i’ t’Ii d r eef  t on’;



I . A StI4’~ARY OF THE EX iSTING ThE ORIES

For most realistic structural composites , an exact descri pti on of the

static or dyn am ic behavior is mathematically impracticable. As an alterna-

tive , a numbe r of inv est igators have sought approximate theories. The

repres entatives of such theories arc briefly described as follows:

1. 1 Effective Modulus Theories

The effective modulus theories  such as those proposed by Postina [ Pc~
and W h i t e  and Angona [W 1 1 replace the actual composite by a homogeneous ,

genera l I a n t  sotr op ic med inn whose mater  i a l  constants  are a g e o m e t r i c a l ly

weighted  average of the  propert  I es of the cons t i t uen t s .  I f  ~~~ U are  such

e f f e c t i v e  moduli of the composite , t h i s  theory re la tes  volum e averages of

s t resses  to volume averages of s t r a i n s  by a general anisotrop ic l inear

s t r e s s - s t r a i n  re la t i on of the  form

= C
~~1U ~~~ , 

i ,j , k , Q. = 1 , 2 , 3 ( 1)

Of course , the c o n s t a n t s  C~ . a re  expressions  in  term s of the  m a t e r i a l

constants  of the eonst i t uen t s  and the parameters d e f i n i n g  the geometric

layou t of the composite. The constants  C
~~ik ~, s a t i s f y the  r e l a t i o n s

— c~ — c~ — j~~~~)i j k &  - j i k t  - i j 9..k k2. i j  I . .

Thu s, of the 81 constants 
~~~~~ 

on ly 21 a re independ ent . In gener a l , the

number of independen t elastic constants is much less tha n 21 because of the

exis tence of symmetries in the structuring of the material. In p articular .

in  the case of a lam i nated medium c o n s i s t i n g  of alternatin g layers of two

is otrop ic elastic materia l s , t h e  number of independent e la st i c  constants

reduc es to o n l y  S.

__________________________
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Whil e v i e l d i n . ~ s a t  i s t ’a c t o r v  r e s u l t s  for  c e r t a in  g eometr ic~ under

st at  ft lo ad s , the  e t t e c t  ive  modulus  t h e o r i e s  e x h i b i t  seriou s d ef i c  icuc i es

i r t u . i l  lv , i l l  geometi ’ 1(’~’ when app l i e d  to  w a v e  prop agat ion . Spec i ic~L ! l \

these  t heor i es .1 re i ncapab Ic ot reproduc ing  t he d i spe r s ion  and at tenuat  ion

oh se i’ved in I.’oInllos r tes . Such et ’ft ’ct s become impor t  an t  where dom I nant

~ iii I wave  I eng t  h s are of t l i t ’ or~h t •r  of ’ t he  tY p i c a l  I.’(lnpos i t e  m i  ci ’odmm en —

si  on.  Si nec dispe l ’ s ion and at t enuat I on a l’I.’ resti I t s  o t’ the  itt i cru st  rue 1 U

w i t h  d i s c o nt i nuou s m a t e r i a l  pt ’opt’rt ics , an c o n t i n u u m  theor y  must  ill O u t ’

i~ ,iv ot . ailot her  t ake i n t o  account the j u t ’ luen ce ot in i c rost ru ctu re  . The

l o l l  ow i r ig th eor  i t’ s we re ~Ieve lop ed i t  ii t hi  iS  purp ose i i i  m i n d

I . 2 I ;t ’ t ’ect i v~’ S t i f fn e s s  I ’hcori c

The e f f e c t  lye st i t ’t’ncss theory was the  f i r s t  con t inuum model for

l a m in a t e d  med ia  and t’ i h e r — r e  in fot ’ced compos i t es  to  account t’or a t y p i c a l l y

d y n a m i c  e f f e c t  such as geomet t’ ic  d i s p e r s i o n  and hence to  r e f l e c t  the i n —

t’lt i e nce of the mm ~’rostt’ticture ot ’ a compos i t t ’. The t h eo r i e s  were de~ elo ped

in a ser ie s  of ’ pap e rs I, S 1$. A9 , i, t O . G i l  . A l 01 h~ Achenbach , Grot , hle rr man n

.iiwi Su n .  i ~her order t h e o r I e s  of t h i s  k in ~l we re tier ived hr in rhan Ti :

i ’hie tb eei ’ i t ’’~ h .i ve been t o n n i i  I .i t  ed i n  ‘.c\ era I 1 I f ’ t ’ert ’,it I t i i i i i s  • 11( 11

t he  c isc of ’ t i l t ’ l i n t ’.ir I~ e l a s t i c  l . i m i n a t c d  c o i n p o s i l L ’s I S  ~L’I’ h l . i j ~5 ~

one.  1k’ i’e i~ c out  I r u t ’ t l i t ’ t heo i• ’ ot  c l . i ’~ t i e  w . t~ L’S iii I ant i nat ed e OiUI~t i S i  I t’’~

‘~I s~ I ’i ’ i c t l ~ . i’he i’d f l t~~~Vt ’ r i g  aul ~I m i t  r i  \ L i i  ci’s .lr e  bo t h  assumed t o  he

homogeneous • l i near i sot i’op i~’ e I as I i c  mat t’r i a I s . l o t ’  t’ l a s t  i t ’ w . i v t ’s pr~ pa

~ , i t  ~~ i n  he .. 0IiU ’O~~ t I ~
‘‘~ . ( h I S  t l i ee t ’~ ; i p p t o \  i ni . i t  ~~ t h e  d i  ‘.; l l .R  ~‘i i iL ii t ~ of ’ t i ’

t i i  t o  r eed I a’ t’i. ~~J t h e  ni , i t  r i  x I a v e r  in  t i i t ’  k t h  c e l l  as

1k 1k 1k f ’ t ’k 1k(I . i t  S , 5 , 5 , ,  1 ) 4 x ~ I, x , x , , x . , Ii o i  I ,~ ~~i 1

i nk ink ink — m in k ink
II  t i ( \ 1 , \ , ,\ ,~~ l . 

~ n , ( ’ 1
. \ 2 ~~~~~~~

~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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where u!. k and u~~ denote the d isplacements  of the reinforcing and matr ix

layers respectively, u~~ and u~~ denot e the displac ements at the mid-

p lanes of the two corresponding layers , and are local coordinates

measured from the  corresponding midp lanes , and represent anti-

symmetric th ickness  shear deformations , and represents symmetric

s tretch deformat ion  of the  kth  r e in fo rc ing  layer . Similar  de f in i t ioi , s

apply for ~~~~~ ~~~~ and ~~~~~ The approximate theory allows dynamic

interaction of the layers through the continuity of disp lacements at the

interfaces. This is obtained from Eq. (3) as

ink ink fk fku . ( x 1., x , , x 3, t )  - u . ( x 1, x 2 ,x 3, t )

(4)
I fk fk 1 mk mk

= -T df lp 2~~
(x i , x 2 , x3, t) + 

~
- d
~ 

iji2.(x1,x 2 ,x~ ,t)

With the assumption of the displacement fields given by Eq. (3), one can

obtain the strain , and consequently the elastic strain energy and w
ink

in the kth reinforcing layer and the matrix layer , respectively. One also

obtains the kinetic energy [f’~ and 
,~nk Now , if the composite consists

of n reinforcing layers and n matrix layers within a certain thickness t,

the total strain energy W~, and kinetic energy T~ are

= ~ (W~~ + Wink ) (5)

T~ = ~ (T fk 
+ ~~k) (6)

The basic assumption in the effective stiffness theory is the smooth opera-

tion in which i s  expressed in terms of and W’~ by

— 1 1 f iii
= ,) d d (W + lv 1 dx 2 ( 7)

where and W’1~ are now defined for all x2. If the layering thicknesses

-

~~~ ~~~~~~~~~~~~~~~~~~ 
—J:I~

-----;;~ . ..~~~~~~_ -

_ _ _ _



are small , and a t’t’ approx ma t e ly  equal to  ~
fk and ~ nk 

~ i t h i n

each I a v e r ,  Therefore , the  St t’a in energy density W can he d e f i n ed as

~~t’k 
W
ink

)/(d
f 

+ d )  (5)

where t~
’l~ and Wi~’ art ’ assumed to hold for a l l  x , not ~i ust x~~’ and

4 :nk ,. 0

~~u nt  I ar snout Iii ng operat  ion is app i  ted t o  t he k m e t  i c ene l ’gv. by

a s s u m i n g  the suna l ines ’;  i n  the layer thicknesses , 1:q. (4) can be app m’ox im , a t ed

by a LI i t’ferent i a I form :

5 (J, + qJ )
~ 1I . ( ~~ . \ ,x , t )

iii ,. I I — .“ (9 1

d 1’ ~ 
(x . 5 ., • t )  - d ç~ (x  • x , x . ,  t )  0

j : 
~na II v • uric i nt’ok es hlarn i i t  on ’ ~ pr li lt’ p l~’ in  wh r cli t h e  t’ont inn it)’ contl i t ions

(9)  .ii’e i nclud ed by u s i n g  t h e i,a’rangi.in imi lt i p i iei’s

~ 
t i ’  - W - \~~S~ - \ 2S. - \;S~ )JV dt 0 (10)

T h i s  i’ t’~~t i l t s  iii J svstt’m of’ par t  Lii  d i t ’t’er ent i a l  equat  ions for the disp lace—

iuleilt s ii and 
~2

Sun , At ’he nhat’h and I k’rrinann SI ~1 t hen used these  displacement equ at ions

to studs ’ t t ie pr op~tg~~t on of’ p l a n e  h ;t r inori  I L ’ wa v& ’s i n  a lain i nate d medium . U i~ -

pet’s ion re ta t l ori s t’or harmon i~’ way t’’ prop agat  ing  pa i’a li e 1 to  and norm a 1 to

t h e  d i r e c t  ion of the I .iv er  t r i g  Wt’t’t’ present ed . and t h i t ’ approx m a  ~‘ d I spers I on

c u r v e s  were  compared w i t h  exac t  c u r v e s .  The l i m i t  ing phase veloc  i t  ies at

v a n i s h i n g  w av t ’  members agree w i t h  tilt’ exact  l i m i t s .  The lowest  a n t i  s>mtmet r ic

m x h c  for w a v e s  prop .iga t i ng i l l  t h e  d I rt ’ct ion of ’ t he l a y e r i n g  shows t lit’

S(  rungest di s~+ers ion wit i c i t  i s  v e r y  ~i t i e ( h i i , l  t e l  t lescr ibt’d by ( h i t s  t henry  ov er

I

’ —. —-
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a su t i sta i i t  I a I range of wave numbers. V ar iou s theori vs of ’ et ’ I ’t’c t lye St I If ’—

ness wi  E l  be rev i ewed later. S

• 3 Mi x tu i.e I’hct t’ I (‘S

Ann the  i’ app roach , suggt ’ st ed by Leinpr Ic  re 11.7 J . I s t o use the iii ix t U m e

theo r i e s  as m ode Is of ’ t he d yn am it’S 01 t’Onipos i t  es . The lu mi t l a me nt  a I conct ’pt

S of ’ m i xtur t ’  was pus tu Ia t eti by ‘I’rut’sde II and ‘I’oup iii ‘I’ ! 
~J . ari d t ’u r t  hex ’

de velop ed h ( reen anti N agh d i • . G8) . Green antI St eel [(~ J , St eel Sl.i

and ot her s . In  these  t lieoi’ Icc  , t he cons t I t u e m i t  s o I t he st r ’uct ii m ’:i I compo s I t e

are  super imposed in sp ace  antI at towed to un dergo i mid iv itiua I del’ormat ions.

The mu I t’I’ostrtncture of’ the compos i t t ’ i s  (l i en s imu i ; i t & ’ tl by ’ spec i lvi ug tin e

nat ure  of constituent i mi t era L ’ t ions antI the  form of ’ t h ’  in i xt u t ’ t’ const I tint IV t’

re lat ions.

W h I Ic gr.’nc r’a I conservat ion Laws governing t he m i x t u re may e a s i l y’ be

t ot ’mu la t ed , tlit’ pr ime I tea I application to ct~*npos It e mater Iii is encounters

d i ft ’icul ti es in  tha t it is rather d i f f i c u l t  to a n a l y t  i c a l l y spe c i f y t he

interactions betw’en the consi i tun t eit t S on t lie has is of t lie know l edge of ’

the geometry and t’onst I ti l t i Ve z’c l a t  io ns t)t t he i mid iv  it iua I comist it u ent s

In 197 1 , Ilt ’ti fo rd and St em I 1 1 1 1 1  I’ I rst proposi’tl a im i i st nr c  t heo ry  t’or a

I am i nat ed conipos it e where iii t hit ’ I lit erac t ion parameters  were determ i ned on
0 

the has is ot’ resu I t s  o f ’ c e rt a  i ii S imi l p i t ’  quas i  — s t ~il ic problems. Then , in a

ser it’ s o t papt ’ r s by lIed fort i  anti St e i’n SI 5,51 ( , 1l13~ , I it’geni I ci’ and N :iy t’t’h

1117 1 , anti liegem I ci’ • Gu rtn ian anti N ay f’eh L I 181 , mixture t heo m’ i es wem ’ t’ form u—

la ted for t’e r t in in I ann i nated antI t’ i h er— me in forced comnpos i t  es w i t h  vary’ m

degrees of’ stIt’t’ t’ ss  . in t lie to I low i ng , we out I i  mit ’ t h e  hi  nary n i l  x t  ure t ht ’ory

fu r  wave  gin It! e - type  propaga t ion i i i  I ant i nat  etl and tin Id I rec t i un it I f i broti s

coinpos i t  es in mmii I a t  t’tl b y I iegem I em ’ , Git l’ t riton iimi t l Nay feb in 11$

--_ -~~- -
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Simn i l a m  I ~ , i n t eg rat  io n of the c o m i s i t u t  iv .,’ r e la t  ion s t’or the m div idu a l  con—

st itue m i ts  lot towed by a r a t ion a  I a n a l y s i s , Hegemier , etc., found the

r oost  i t u t  ly e  r e l a t i o n s  for  t he nm i x t u r e  as f o l l o w s :

c a L i) 
+ c a u (2 a)

xx l l x x  I 2 x x
(In)

(2n)  ( I a )  (2 a )
0 “ c  ~~~~ ~~c anxx l~~ x x  . 2 x x

where
i ~“\  k A ,
I , Li I a

C t i i b — - - - i ,  c , = - — -
~~

— -

ciii a a I’ . / ~~~ L
( 17 ’)

= 1 , 2; a 
~

im i wh ’tc li

= (A+2U )
l 

(18)

and \ , ji are Lame con s tan t s  of the  ct— enlI s t  t u ent .
ci ci

l o r  Ii brou s cormtpos i t  es • I legermi ic r  • et t’ , , approx imnat ed a hexagona l a r ray

of f i b e r s  by c o n c e n t r I c , l i n e a r  e l a s t i c  cy l ind ers  • w i  t l i  perfect i n t c r f a t ’e

honi ds and s u bj e c t  to van i sti i mig shear stress and rod Lii d I sp  1;ie’emnent on the

outer  boundar ies  so t h a t  for a cylindrical elern ’nt , a = I (m’ ~ r 1 ) denotes

t’iher  and a = 2 (r 1 ~ r ~ r )) denott ’s m a t r i x .  They t’ound t hat t h e

momentum equat ions for  t’ I brous compost tes can be’ :tl so w r i t t e n  in the  form

( 1 1 )  where • t’or t h i s  case

1 L~ ) I i )P = 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(tn t’” - u~ 
‘ (19)

in which

(r , — r
1 
)3 / , l.

i t 
Q = 

~~

•
‘ ;:

1

” - 

~~~ n’~~~~~
’j ”

~ 
- 

‘I
(20)

- “1m l 
= --‘

~~~ 
, il l = —
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‘l ’hie ~’ .t I so I~~ u mid t h a t  t he’ com ist I t i nt I i i ’ m e I at i om is of t lit’ m l xt uni • t’ st  I 1 1 I ak e ’

t lit’ t ’o run (I o 1 wlit’ re’

= ( \ • _~~t ) n  — A’ /l ). ~,
• = X /11 , ( c i  ~1 Ii Ii i t ’ L ( ‘I

( _‘ I 1
P -‘ l ‘ I ii , ‘ I \ , ‘ I ) it

1 
4 

~~i f l
1

i, t L I I i j ) ~ I I’ ’ ‘, ,L I i  at  ( ‘s ic I . l f l L l  , ip j t  Fox I n i t  t’ p h i ; i s c  v i ’ t O t ’ i t v dat a for (ann n a  ted and

I’ I I ) l ’o inS compos i t  c’s nil i cat t’ t h a t  t lie t heoi’ I cc j u s t  d e sc r i bed  pros’ it l t’ good

alI ’ .,’ement t’oi’ w a t t ’ lengths gt’ e’~lt ci’ t han (lit’ t y p i c a l  ru mp us itt ’ n i l e  rod i n t e n t s  b i t

-l Coot i nuum ’l’heor I cc It asetl on A s . ’ni1 t Ut IC t~xpansi 005

l ot . l ani i n a tes am id d i  i’cc t I omi a I I  v m e ’ I n t ’ou ’ct ’~I t’ i br o us  rumpu s  i t  e’s • c u r t —

si  ~I t ’r ab  I i ’ succe ’s~ h a  s bee’it a i’ll 1ev e’tl iii tlit ’ dev e’ I op u i em it  of ’ c om i t  I n u m t i m i m mmi o~lc I s

based u pon z msvru ip t  01 Ic t’xpau is I oii t echo I L I L I e S  li t wit I cii ( t ie r a t  io  01 ’ t be’

c l i . i r . i ct t ’u ’ u SI i c  l en gt  h ’~ o f ’ f lit’ st nmn ~’tii n i mt ’~ t o  t ht. ,’ wave l e m i g t  Its i s  . issu ined

mtn t ’Ii siit.i l Icr t h a u i  u n i t y . On.,’ ~ip pr oachi . U t  i l l  zi’ig d i r ect  ~i s v mp t ot  Ic  e x p a n —

si  oiis . has  been pn ’u post ’tl lv  B en— Au to: I B2 2 , L3 _~,~ I and i S i ipp rO ~)r r a t e  lot ’

prob l eun s ° I ~ h ’  ttas’ e— gin i ~~~~‘ ~ v P ’  . AllOt  ht’r t ccliii i t lUe , i t t  i i i  i t ig spit t III I

ar id iIS V1fl~~t0t I C  t X ~ia i tS  I t i lls , hi . t s  bee n proposed by Ik ’gem i ci’ amid dt ’Vc iO i ) ed  in

a s ’r  I e’s cit papt’rs by I ie’gent I ci’ amid N a y  t’eli I ii ” I h iegem n i ci’ , Gun’t man and

N a y t ’eh 1118 • hl t ’gem icr  and I ( ine ’he ~hh9 • 13I , Ihl () I , and t ; u i rm u ian  • et t . IGI ,S . The

la t  ten’ app I i  eel to prob I cuts of’ hot ii t he’ wave’— go I ~le a u it l wa y  t ’ - re t ’ 1 e’Ct ~

‘Fl u. ,’ t ecli mn ique t lt ’v& ’ lo l)t ’t I by I iegt ’mn I t’ r • ~t a! . • ninth ’ Is  a lii’t t’t ’Ogt ’llt ’Oin S

comp os i t  t’ as , u coot m m u uunin  w i t  Ii iii it ’ m ’os t rue I t i i ’ e’ . i i i  t I i i  5 t iie ’um ’~’ , I ii.,’ go\’e’mul

i i i  t’ p m . i  I I oun~ .11’ t ’ e’omnp I t ’t t ’ I %  dcl  cmlii i i l e ’ei I ron a know I edge’ of ’ I lii ’ gt ’ouuue ’t m’ v

and comis t  I tot it -c r e l a  t n ons of t lie t’ounpos I te in i crocomponent  s . in add It ion

liii ’ ; t h e o ry  pn’us ’ ide s  i u ~t ’oi’uut . i t  ion  on stre’ss amttl el isplacem nent t’me lds w i t i t i t i

t lit ’ i n i e ’ m ’ot’onipomie’nt s u t ’ f l i t ’  c oulipos I t t ’ • A t vp i  t•O I t’XOlfl p It’ I s t he’ e’ l a s t  i t ’

w i v e s  i i i  am i m ia ted t’oiuipu~’~ i t  c’s. We w i l l  hi ’ l e t ’ I y lt m’ e’sent  f l i t ’  e’.ise of’ w it-c

pmopaga t i on m lo rm n ; i  I to the I ~un im i at e ’ i i i  the t’o Ii owl  rig

-- -~~~ ‘—- -~~~~-‘~~~~ -‘~~~~~~~ -- 
--—~~~~~~~~~~~~~~~ -‘

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - ‘— — - —‘— —  -



For an e l a s t i c  h i l a n i i n a t e , le t h~’~ and h~
”1 be th e  half t h i c k n e s s

of the layers and y be the distanice perpendicular to the layering .

hiegenmiie r , et ~i l  1117 ) star ted t rom the  equat ions of niot ion and cuni st  i t o —

t ive r e la t  i uris for the  i m d i v  idua 1 layers and expanded the  st me ss  and di  s—

p lacement i mite ) power st’I’ ies of t h e ’  local coordinates w i t h  or i g in a t  the

cen t mui e l  of the const i t uen t  l ay e r .  By imiiposing the  Coot iOU i t ) ’  rood i t  ions

of th e’ stress and d i  sp 1~iceni t ’m it across  the layer interface , th ey obtained

the ’ equat ions  in a ~li t’fei’ent ia i— el I t’t’crence t’orni . Finally, assuming  tha t

all d i t’t’erenc ’ express  tor t s  odin it ‘l ay  lot’ set’ i es expansions in the quant i t ) ’

A = h t 1’) h t’~~~, w h i ch  is the half thickness of a u n i t  cell , t hey conver ted

t lie di fft’retit I a I— el i ft’ercnce equat l oris to part i al di t’ferent i i i i  equat lor is .

A f t e r  sonic a i gt ’br a i c amid tr I gomiounetr ic utiani pu la t  ions , the two pa rt i al

~l i t’t’erent i~i1 equat loris are shown to  sat i st’v the’ In! low i rig global d ift’eren-

I a I equa t ion  lot’ 4t antI II which are essent ial ly the st i.t’ss anti the  s t r a i n :

{coshi(2~~~
) 

c ,~1
)coshi(2~

l2) 
~~
) + ~~~~~~~~~~ sinh (2yW ~ D ) s i n h ( 2 ~~~~ ~

- cosh(2  i a~)}’{~ ~ = o

wher e’

r = C t/ i  , i = A/~
( 2 3 1

I n  I~q . ~2 3 )  • 
Q i s  ~t rc’ t ’e’renc e 1 er igt hi , c amid P 

(al a re’ t tie wave speed

amid niOSs tletisi t i ot’ f l i t ’ itt hi l ,ii’ er , •n mij t ’ n s I he’ w a v e  speed of the ’ coin—

pci~ i t  e when • I) . In th e ’  h i m  i t t  rig C O s t ’ c • I) . I • ( 221 t’edeices (ti

- (
( I ) .  

• 
( 2 L’ 

If (1) (21
)11 ~ I) ( 2 - I t

.un lti hene’ e r I . uhf ii tied liv It’ ft r og t he c oct’ I ne ’ len t of ) I n be un it t

--
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+ 
1~~~ ’ ~(1) i

( 2 )  
= 1

Fqua t  100 ( 2 2 )  • w litii t ’X 1)ZniI dS in  powers of L , can be w r i t  t e n as , a f t e r  uria k I rig

use of Eq.  (25),

(1  • Si 2 L~~
’
~~ 

~~~~~~~ 
+ . .

(2(i)

— (I + Ii , 1 ~1 + b 
I
l 

~ 
+ . . . ) ~1 

~

‘ } ~ 
} =

where

= 2-~/-l . a
1

= 
(I ) ‘~ + (2)~~ - 

~ 

( H ” 
- 

( 2 ) 2
) 2

•l~~~(H~
’ 
~(~‘)“(~

(lI ~
’ 

+ ( 2 ) ” ) - (~
(I) 

+ 
~~~~ ) i ~~~

] 

~2 7 l

+ IS 
~~~~~~~~ ,~(2)~’) + 

I ~ (1)’~ ~(2)~

‘Iii is was obt a i iieel by I legem i em , e’t a 1 . , (117 I . I I owe ’ve t. h , ,~ obt a ined  here ’ I s

d i t t e i ’e n t t’roni that cii’ [ h l l l J ,  and i t  st ’t ’mil s t h a t  b 1 of 1 1111 ) is in e’r’m’ou’ .

One coo itt hi,m~ e obt.u jn ’tl a genmt ’ra I e’xpres s ion f o r  the ’ coel’t’i e’ i em its

and b of Eq. (27) i I one re’wri ti ’s Eq. (22) t n t the’ lot  l o w i n g  fo rum s :

i e’osh (2 ~ ‘I )  - ( 0 -  l ) c o s I i ( 2 e ~ c - cosh (2  c~~~4 ~~~ =0 (2S)

whe re

= 
,~(l) + ,~, ( 2 )  

—

• (29)

(I • K l ’ / ’ IK

Not Ic  1mg t h a t  Eq. (2 5) carl be wi’ I t t en  iii the form

ii i ” — ( , 1 — I )  ~S ’  — I (30)

Eu 1ina t t out ( 2 S )  l’ t’~i i i t ’ t’ ”~ to

~~~ A ~~~~~~~~~~~~ -‘
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{cosh (2 r ~
, )  - cosh(2 t - —~~~~~~~ cosh(2 c (1 (SI)

Expans ion o f’ each term iii  powers of c 1 e’ads to

~ 
~2n~~l 2 mi ,1 2 m t ] ,~2 

- ~~~~~~ ~~:~~~
))

~~
° 1) 

= (l~~~ )~~~°~~~ 2n ,1 2mi] 
)
2

ii ()~, L(~ +~L ‘

~~~ J ‘ i’. L(2m ~~fl 
— 

1 J ’ t $

~
{ ~

} 0 ( 52 )

‘I’hei’e fore

a 2 =

(, 55)

= _-2,~~~1-~_ 
~~~~~~~ 2U i~~1) 

_________

~ (2114 2) !  .
~~

•‘ —

it can he shown that  Eel . (3 3 )  reproduces Eq. (2 7 )  for ii = 1 and 2.

By le tt ing

{ 
~ 

} 
~ 

exp ( ik(ET . — C i i i  (34)

where c Ollt l k a re’ t he n ur ic! m iens i ona 1 phase v ci oc it y a mid wave nuuihe n’ ,

Eq. (22) reduce’s t o the t’X ,ic t tre’quency e’qu~ut ion ob~ a i nice! b Ryt ov [illS)

On t h e  othu ’r h~flet • it ’ we ’ subst i tent e’ E q. (3 1 )  i nit 0 Eel . (2(i ) , then one oht a l ms

Va r I ems appr eix i mat e f requency e~ ti~i ( l o r i s  elVpt ’neI i og on how m any t cnn s I ni

Eq. (20) are ret~sinie’d . it ’ we keep al t terms up to • we may cal I I hu ’

ilpprox inThu t ion NIh ni’dcr I beot’ v . flegem i ci’ (1111) used a di t’t’ei’en t the ’(’ m l  —

t ton for the ureter of appr ox im at  ion . For the Nth order t heo ry ,  he ’ used

Eq. (2 2 )  and kept the te rm s anti 12N+ I i i i  t ile’ power s e m i  es e’xp.i ni s ion

ot’ cosh( 1 and cinh ( ) . W ith t h i s  tie t ’ i n i t ion , the f i r s t  order tl ieoi ’v

(N - I )  woi t let u mc hide’ not on i t’ t he  ~ t erm s , but a t o  sein e (not ii II) I enn s

of ‘ and i . Nium t ’ r i ca l  example’s show tha t hi i s  f i r s t  order t heory y b e  L et s

be t te r  Occut ’ .te ’ t h an  sevet ’,i I cx 1s t  n m tg  t heor ies  of ’ t h e  same’ or d er.

-

~

_ - - -
_ _

:j ii ,,, 
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It  shou ld be men t ioned that  t h e  binary mixture theory of Ilegenni er ,

et al . , out I inie d in Section 1 .3 ca n he obta ined from a modi f i ed  f i r s t  or tier

tht’or i ’i t ’ Ilt’gemiei’

.S \‘ar  i a t  i onia l ~lethotI s

For harmonic waves i n a composite with a p e ’r iotl  ic  s t r u c t u r e , a y a i ’ i a —

t i out approach may be employed . ‘I ii is can !~ln’t I cu la r  iv becom e a V cmv et t e c  t iv  e

too l , I I one US ’s a i -a r  lot ion statement i ni which not only the elI splaceirtenit

hut  a iso the  St mess t’ield is g ive ’n inde ’p e ’n d emit v a r i a t  ion . Mot ’eover , Liv

~~~~ i t  t ing el ise’ont i rio it ’ In  t lie’ di spi acenite ’nt Ou t1 t lit’ st t’e’ss t e ’SI t uni c t I Oii S

One’ car t  e’Xpect zi more acc iu ra t  e t ’eproduct ion ot’ the local vat’ l o t  I on in (Ii.,’

d i~ p iae’e’nnemi t and st mess l Ie ’ let s with mi  amid across the’ conist I tue’nt mat t~ t loi s .

Ex ampl e’s ut’ ~u cht t’a icu lot I uris cant he’ t’ound in a paper by Kobti , t’t a I . K5 I
where’ tile’ the’oi’e’ni of st a t  i onta i ’~’ poten t 101 e’iterg which leads to tint ’ l~ r~’ l e i g h

e 1uot I emit for the  t’i g t ’n l — fret iu e’ncv is  used , amid in a th e ’s is by Whee l e’m ’ [ W I  0~

and i n anothet’ t h e s i s  by Win [W l :’ I . N t ’m a t - N a s s t’r ( N 1 2 )  developed more gene ’i’a I

vai’ lot inn pi’ Inc ip l e s  in wh idi t h e  d i  spL ac eunt ’n t  , the’ stress , and t u e  St r i t  i i i

iii u ri c case , an td t h e  di sp la ce nnte ’n t t  amt ~l fli t’ st ress in another t’;nst ’ . ar e ’ g I ve u t

i tid epeniden t v at ’  jot ions Ofl et wit i cit i t ic 1 tide ’ .nPI)rt)hit’ b a te ’ g ent ’ra I bound a my and

di scoot iou i tv  conid it ions. h ere’ we ii lu st r a t e’ N emat —Na sser ’ s var lot  ion

princi pies by using the o m n e — d i m t ’ns m o o  I t’ase .is t’ol lo w s.

For waves prop agat I rig in n an ci as t Ic med 1mm whose ’ pu’opei ’t i t ’s v ~n r v

periodical lv in the direction of’ pmopagat ion , t . e ’ . , t he’ x — d i i ’ e c t i o n , le t

a be t lie per lot! Ic i t — 1 engt Ii. h’he’mi omit’ has

p (x+,i 1 =

(35)

f l ( x + ,i) =
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—
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where r~ st ands for A+2i .i when di la tion a l waves are considered , arid for

i~ when shear waves are consi de ’n’e’d. Couisider harmonic waves propagat log

norma l to the layers of a composi te con s is t ing o f p er i od ica i i~ e ’ l o s t i c

layers bonded together. Assume that a typ ical  ce l l  in this composite cott-

s i s t s of two m a t e r i a l s , M~, ~~~= 1 , 2 , whe re occupies the region

- a/2  ~ x ~ - b/2 one! h/2 ~ x ~‘ a / 2 , and M occupies the t’egi oni

- b/2 ~ x ~ b/2 . Now consider  the t’unct io i ia l

a/2

= 1)00* + p~?ti u * - U + c c ~~ clx

+ { \~~ i *(~~ ) - u * 
( 

0 
) 

-iqa ] } + 
~~ } + c .c.

in w h i c h  the  superscr i pt s tat ’  denote’s the complex con .iugat’ , the  term ~‘.c

s tands for the  complex Conjuga te  of etuant i t ie s  wh ich precede i t  , \ is the

Lagrang ian m u l t i p l i e r , and

= , = + ~~~~~~~~ , < u > = ~~~ - (37)

(2) + (1) — . . -where at x0 , g = g (x ) amid g = g (x0), g s t a n dIn g  to t ’  t’t t iici’ 0

or Li in ( 3 7 ) ,  anti o is a wei ghting pat’~metcr. The’ f i r s t  v a r i a t  I o n ~ t ’

J is then
1 a/ 2

= f { [Do - ~~~~ + [
~

‘
~ 

+ ~~~
2
tt]6t* * + c.c. dx

-a/ 2

- 
~~~~~(

a ’

~ 

_ X]&u *(~~ - [~ (~~~~) _ A c~~~~ }&t * (~~
)

(381

- [u ( ~’) - ci (- ~
) e I tl°] eSX~ + c .c4

- 
~<e’t) ~~~~~ - <it>  ~‘c~ x ‘li ,1 —

-
~~~
---.
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where

— (“) (1)u (l-~ )u + au , (39)

The vanishing of for arbitrary variation of the indicated quantities

then guarantees the sa t i s fac t ion  of the f ie ld  equation , the quas i-per iod ic i ty

cond iti ons , and the con t inu i ty  of the displacement and the stress across the

two m a t e r i a l s  w i t h i n  the cell.

Uence , by choosing the appropriate test funct ions  u and ~~, in the

form of Fourier series for t h i s  case , one is able to calculate the frequency

and so the Fourier coefficients from J 1, (36), by put t ing  SJ 1 = 0. For

th is  case , numer ica l  resu l t s  obtained by Nemat-Nasser  showed an extremely

rapid convergency to the exact r e su l t s .

1 .6 La t t ice-type Models

In a f iber- re inforced composite the fibers act as wave guides for a

wav e propagating in the d i r ec t ion  of the f ibers .  For a wave propagating

norma l to the d i r e c t i o n , the f ibers  undergo l i t t l e  deformation and essen t ia l ly

act as obstacles  i n t e r a c t i n g  w i t h  each other and w it h  the surrounding medium

in a manner  wh ich  is  s in i t i l a r  to the behavior of mass p a r t i c l e s  in a l a t t i c e

system . These observat ions  have mot ivated k inemat ica l  assumptions regarding

the deformat ions of the r e i n f o r c i n g  elements and of the mat r ix  mater ia l  which

arc analogous  to those used by the  phyc i s t s  in wav e guides and l a t t i c e  models

r e s p e c t i v e l y .  Thu s , the f ibers  are considered as long and slender s t ruc tu ra l

elemen ts and the matrix is replaced by a system of springs. A threc-din ien-

sional theory of this typ e was first worked out by Thrhan [T15] . A lattice

model simulating a periodic structure of laminated plates which are

formed by a redistribution of masses and stiffnesse s of fibers was first

h ,r e ’scnted by l) rumh ei i e r  am id Su ther land  [Dl0]  Related works wil l  he revie~ed

I , m t & ’ r urn .
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.7 Mic r omor p h uc  Theory of Conit inua

.\ theory of mi cromorph i c  cont inua  has been developed by Er ingen , et a l .

[E2 ,Tlbj , and I lab ip  (till iii a s ~‘ ‘ ‘  es of papers.  ‘~h~’ t h e or y  i s  in tended  for’

th i e  p r e d i c t i o n  of thermod yn amic behav ior of g r anu l a r  so l ids , an i so t rop ic arid

polyinei’~c f l u i d s  and , in part i c u l a r , composite i n z u t e ’r i a l s .  in t h i s  theory the

mecha n i ca l  t’ i e ’ I d s .irc comisidereti as distributions. Par t  t a t  d i f f e r e n t  lii i

equat to n s governing the moments of f i e l d s  up to any ordei ’ have  beeui de i ’ ived

In t h i s  theory , a smoot h l u g  ope’rat ion I s also employed iii w h i c h  sums ever

i n d i v i d u a l  const i t u e n t s  are approx i mita ted by in t eg t ’a t  ions over the emit i re

m a t er i a l  vo lu m e .  This  t hi e’orv is , in effect , a n o n — c l a s s i c a l  m i x tu re  theory

As w i t h  the g emte r . t l  m i x t u r e  t h te’orie ’ s , the general form s for  in te rac t  ions

amid const itu t  ive  t ’elat ion s are postu l ated . Uowever , the  unknown f u n c t i o n s

and/or constants  involved must be determined front exper iments .

1 .8 The_ N~~~ hiborhood Concept

A neighborhood concept re la ted  to the differential-geometric method in

the continuum theory of d i s l o c a t i o n  has been proposed by Ben-Arnoz [B21 1 . in

t h i s  theory , one’ avoids the d i t ’f i c ult i e s  associated w i t h  d iscont inuous

materi a l properties by u t i i i  ~ in g a neighborhood averag ing techn ique. Unfor-

t u n a t e l y ,  the relation s hetweeti the disp lacemen ts of the coui stitu em its and

the corresponding neighborhood averages must be postulated and/or deduced

from experiments. So f a r  this techn i que has not beemi further deve lop ed.

1.9 Theory of Elastici !y with t4icrostructure

In the continuum models aforement ion ed the media dea l t  w i t h  a l l

possess a per iodic  micro st ruc tu re  such as media w i t h  equa l ly  spaced t’ i he r s

or periodic lamin ac , The t reatment  in such cases is greatl y fa c i l u t a t e d

—- --- -~~~~-‘ - .  ——~~~~~~~ flL~~~~~~~~~~~~~~~~-~~~~~~ - 
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by t h e  e’. i st i rig p e r i o d i c  i t  y w h i c h  er t ab l e s  the  d e r i v a t  iom i ot cont inuum

theou’ ies ba sed out an aria 1 vs i s  of the in i c romot ion in a unit c e l l .  W h i l e

s u b s t a n t i a l  progr ess  h ia s been made w i t h  m e d  Ia possessing a p e r i o d i c  mii i cro~

s t ruc tu re , l i t t l e  p rog ress h~is been made w i t h  m e d i a  l a ck i n g  p er i o d i c i t y ,

sci cli as in ci u si on s of a rb i t  ra r v g coin e t r y enibedded in a mat r ix  in at er i a 1

For media  l a c k i n g  period i c i  t y ,  t he theory  of elast  i c i t y  w i t h  m n i c r o s t r u c t i u m ’ e

d e v e l oped by ~t ind jim [M4 I i s  c e r t a i n l y an e f f e c t i v e  tool provided the  m a t r i x

i s  an i sot r o p i c  e l a s t i c  m a t e r i a l .  In t h i s  theory , a set of equat ions fo r

the macr o—not  j ofl t h a t  couit a m in sonic measure the et’fect  S ot I lie ni  I c r ’o—

motion h a s  beert deduced . Recent lv , Be n— .-\me: B30J has ext ended t lie theory

of elast icit y w ith mmii c r o s tr u ct u r e  to a h eterogeneous utted iunt c o n s i s t i n g  of

Inc iLus ions of ar b i t r a r v  geometry em bedded in a m i t a t r i x  matei ’i al , h i s  t i’eat—

meut t t~~ st ruc tured  a long t h e  I ines of M in d l i n ’ s t heory a l t h o u g h  there  arc

import ant  d i f f e r e n c e s . The c r u c i a l  d i  f feren ce  is that the  ax’b it ra i ’y

m at e r i a l  cons t am i t s  in  Mind I in ’s theory are deduced here i n tennis ot kn own

const i tuen t propert I es. Spec if i cal  iy ,  two p a i r s  of c h a r a c t e r i s t i c  constants

are ’ ident i f i e d : both l e n g t h  and t ime scales  associated with di l a t a t i o n a l

and shear waves.  In  t h e  fo i  l o w i n g ,  t he  dynamic theory f or compos i t e

m a t e r i a l s  of B en — ~~no: is o u t l i n e d  b r i e t ’Iv . For wave propagat ion m i  a

heterogen eous medium consisting of inclusions of arbitrar y geometry cnn-

bedded in- a matrix m a t e r i a l , Ben-Anioz has obtained the displacement

equ iut ton s of motion as

+ (X
~ 

+~~~) (l-W)e ,. = (i - 
~~~~~ 

- 
~~~~~

(40)
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The -~v s t e n m m s  of celuat lout s are v;t l It! up to  n~avelemugth s of t h ’  i ’ r d e m ’  ot’ a unit

cell di nuens on and a r’e tou m nd t~ reduce im m i dem’  spec- i a l  ;ussurnpt lori s to Mm mcl l i n t ’

celuat i oils Iii the long w ave ’  appro x im uiat i em m i . For a ha r ni mon t I 
~ 

p 1 anie m~ave propa 
—

~at m m ie~ i n  t he mcd i mini m , t lie di spers i omi c i m n ’ \  es for ’  a c iub  ~ c an -  ra o t~ sp hc n. i c;t 1

part ic I es eht am mi oel by th i s t heom -~ are rathie’ i si  miii h , i i ’  t o t lie cu m-ve — - sket d ied

m i t  I \14 I t e n -  t lie 1 0i~ 0 St acous t i c node’ s

I . lt~ Vi scoc last m c  Aria b it t es

A imnoefe I (or t h ’  p red j e t  i on  o t~ t h e  d i  spcr’s j i e  ef fec ts  mi lavere ’eI c’ommm pos i t t ’

m ria t em - i a I s  based upon a i - i  scee l a s t  m c  a r ia  i o i t .  Im a s be en prepose’il h~ I u r k e r

The m n mo d el c o n t s i s t s  of  a parti cular- stress r e l a x i n g  ecluat ton i ot’ state’

of tIne Ma xwc 11 type . I h e ’ pa m’anm ete m’s i iwo lied are ~Ie t’i h eel i n i t e’n ’ nn ls o t~ t h e

prop er t  1 es of t ime  c omist  i t  u en i t  m mia t en a Is  and ge’ommme t r of t lie ’ I aye’n’e’d cmiii -

pos i t  e . t h e  t e c hi mi  i epue , w h i c h  is semi — emm ip i n  i c~i 1 , pr od I d t s almost exact l v

t lie’ a i-c rage st i-c ss j r -i a uni i t  cc I l  o C I lie I ant  i m a t e ’  . In effect , I lie mod e I

smoo thes  out the eleta i led b e h a v i o r  ar I si  mig from reverhem’at i ons  i n  t he ’

layers of the composite.

1 . 11 Ui sc rete Cont i nmzunn Theor’v

-\ d i s c r e t e  cont inummm t h icor for pci’i oetica 1 I v  la ered conntpos u t e  mat cr 1 a I s

h a s  bee n p roposed by Cha o an d l e e L C. ~ I . The t reatnuenit i s  more or i c ’  along

the ’  l i ne of Achenbac h , e t  a I . M) b i t t  w I t ho i mt  us i rig t lie smoot l i i  nig process -

In  t h i s  th eot -y , the  di splae’ernenit f i e l d  for  eachi l a y e r  i s  ob t a i n e d  by d e v e l o p —

I itg a two— term t runcate d l a y  I or ser i e s  . The governing equat i oh s wh t cli

i n c o r p o r a t e  i m i t e r f a c e  contt I i t i mi  t v comid i t  I out s are den vcd i nn  the form of a

sv st em of di  f f e  remit  i a I — LI I lit’ t ’ennce eq ua l i o n s .  App I i  c-a t  ion I s made t o  ~ i’O~~zt -

t’;I I m on ml ’ p h  m n ui’ m m  rnn mo n I t  n~a i c -  - - i i i  u r n  m m i i t i o u m m n d e d  I , u i  en -oi l  m~ dj  t u rin . l i i  u e-kmne -
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1w i st v u  b r a t  I e)mi~- mum ’ e s tud  t ed. t4unue i - i  c i i i  i ’esul s pr ed ic t ed  by t i n  I s t l i cor - v

mig m - e e quite cli n se lv wi tim t he exact resin t s. Iii genera l , ag re emeni ts  arc

even bet  t e n  t hmu ni e f f e c t  I ye st n t’ t’nn es s theory , mis wave number g r a d u a l ly

i h i d  r eases .

• 1 —
‘ Sta _t n s t  i c m t l_ Aj mj~m o a e i m

McCoy (M.~ I , l ioso amid Ma I l b-I l , I~-12 1 have proposed a s t a t  1st  i c m i i  ;u ~g - m - om,c h

Co n - l o m i c , i t im e l i nmm l wmv es of hot Ii c onmnp r -ess i om imi l amid si te mu n- t vpc - inn a I

i-c Hi e)m’cOeI commipos it e whe no Ci hem- s m u n - ’  m’ mun iek numn I v e li  s t  r I h n m t  eel h u t of I dent i c-a I

pn’mpcn t u’s . l i t  t h i s  t l i e on ’y  , the comnipos I t c  i s  cons ider ed  n o  he stat 1 st  i e’aI I v

tin t i I o i’ mni . I l i c  p hase ’  ye  b c  m ty amid d:m mn mp i n ng of ’ t h e  a v e r a g e  w a i t ’s mn- c ob tmu I mteel

by a s t a t i s t  i c i l  c o n n s i e l c r m m t  ion as l nm n ne - ti ons of the stat i ’ t l e m n l mi m n e l  t h e

mnce ’ h i m t n n  I e m m  I pit r ;mm nmc te n’s • Corr ’e I a  I I onts in I he posit i otis of t h e  f i b e r - s  i s i itt no—

dtmce e l . The t l n e o n ’ v  I oaths to l l m u s l i i i i  amid Rosen ’ s C o rmiu l  m m -  I i ( ~l f o r  b m m i  k

mino dim In ns m iii she.u m mm modmu I us If the do m e  I mi t  I ont s  m n me i gnoi’ed • iIie cm u ’ n ’el mi t  i on

tenn is  h a v e  a s i  gn i i i i  c m nnt  t e f f e c t  omi t lie e lmi m m np I h g  prope n ’t ~ of t Ito conmipos it e

CSpt’d’ i m i  l i v  at Iii gh tn’ c’qun enie’ i es mind e’ontd en t  n : u t  i ont s  - Ihe ’ (‘((oct I t o I nne  n e:r se

t 110 VC b e t  t> amid dee - n-case’ (lie ’ spe’c m I n c  c h u m p  lug cap :i 1 v . : :I eg I en ’ ’ s 1: : 1 I
nn n em umt w m n v e  t o chn i  I quo t o n  Imnmni i l i m i t e d  rm und o um m m i c e ! 1 m m  mmn ne l  K m ’ m n m m m h ; i r s I ‘ -; ;nV e  r a g e

I m ommn ’  m e n ’ — l oquct  unmet Noe l for di sordercel e-omim po- - i t es a re  ‘m l in i h i m - t o I h i  ~ m n p p m - o m u c l m

I . IS I~ -d r o l v m n ; n i n m  m e ’ Con cep t

Inn mm so i- n cs of p ;np’ r - , F so iu a mid ( l i mit  (1’  1 ~S , Tl - h j  , to u’~ 1k I I I  I , ( l ion and

Wa n g (~ , Miuntsomt am i d Se’ h t m u len- (Ml S tIe’i e t oilet! mu I hc ou ’v hm u se i l  on t h e  I I

~t c  rm~~s mu select CLI e’omnt  no I vol mmmc’ of’ I ho mined m um hn t o  pn ’ecl me l ( l i e  h h m m g o n m  n o t  c m i  r y e

of mu sli me — k mmmv I m n~t l it the C I h e r  m o m  m i io n -~- e’d amid I m m m i  m imu t  e t l  conmnjno ’~ l Ies .

d e n — n tOeI  I n ud l i - n c l i l m i  I mn m m m ’ - -. — in no m m u e m it mmiii m i d  emiergv e o m i , o m - i - a t  i o n  i ’ q m n m m t  m on’; • b>
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theory , they were able to determine not only the average Hugoniot , but also

the integral of the interface shear stress over the width of the shock . In

some cases , they obtained good comparisons between theoretical and experi-

mental results on a variety of composite geometries. This hydrodynamic

approach seems to be a useful tool for determining the range of response

that may be expected under compressive shock loading . Related work s w i l l

be discussed later .

We have thus summarized most of the publ ished theories  in t h i s  chapter.

We w i l l  review published work which used these theories to study harmonic and

t ransient  waves in composites in the fol lowing two chapters
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I I  . I hARMON I C WAVI t-

( he- w o r k  on ha rmnen n i c’ or  S I u n u s m i  d;i I wave ’ p r o p a g a t i o n  inn compos i t  e’s con-

sist s of wmi vegu ~d ’ ~m nt ; u  lv s e s  , iii wli m eN tho ge’omrtct ri cal c ross sect ion of tla-

corinpos I t o  din es miot vm u uv in n the propmmgmm t I oni d i ree-t ion , and wave— n ’e f l e c t

a n t m u l v s e s . j u t  w h i e - h t h e ’ nn m a t e ’ r i a I  pi -Ope’rt l o s  v mu i ’ y  pei’ i oe l ie - a l  iv t i m  t Im e ’ d i  r e - t  l oin

of ’ pro pm iga t  lo mi  . 1 m m  t he ’  w m u v e g u  I t he ’ case’ , to m ’ wai e j)l’Opilgmlt tug i n )  t h e

ill mee t io n . mu t y p i e m  I n’ c’sp omn se ’ f m m m i c -t  m m i i  t is e’XIlt’CssceI mis

t ) = F ix , v 1 exp I ~i- — i~\ t ) (4-1 )

ante! mn - i t h e  l%ave— r e f l e c t  case mis

= F ( x . v ,~~) OX !)  i ( e ~: - t It) (-2 5)

when - c  F IS  t i m e  m r - I d e  shape , x , v m in d mm n-c t h e  coon’d i m a t e s  1 s t he

wave nn imum n h e r- , w t I n e  t’r oq i ieile v , a rid t is t l ine - I n i  case of ’ w a v e -  t - e f l e c t

type  pm- opagmu t i omi , F h as t I m e same jmc m i o e h  i e~ i t >  as the geomot rv iii time

eli  rec t m m m i . h u e  e l i  sp ers  ion o t t It o w m u v c s  i s  exp i-e sseel m m to n-inns m l  the  ret mi —

i o m t s h i t p  l n e twe c m i  m i mi >  t w o  of t h e  q m n m i u t t  i t  i es  c , uh or  K , whe re c = ( i/ K  is

rite phase m ebo c i I > .  l o r  W a V e ’— r e f l e c t  c’i i S ( ’ • U’ i s  pem ’ i md ic  i f l  K W i t h

per - i oeI ~1i/ mi , w h e r e  a i s  t h e  l e n g th  ot’ t he  m in i t c e l l  i ii  t he  p l ’ o p a g m m t  I Oil

eli n-edt i out . t h e s e ’  t w o  t \-pcs o f ani m u lv ses of ha rm nm om n ic waves in  comiipos i t  Cs

hm ise el out i ’mu i i  ems fln et lmoel s , mu me d i s c u s  sod m Is Co I t  ows

I I  . I i m x m u e -t Ihii, ’on’ I es

The m m i i t i m i  1 s tudy  of h m t i - mo m m i c or s i mt uso ie l mi l w m m v e s  i n  I an n i na t  e~ was

made 1w R v t o v  (RI 3 1 . B> muse of e l a s t i c  i t > -  the or> - . Ite ob tmu i ni~ eI tNt’ e \ I c t

so h ut i mmis (o n ’ t lie’ cmISC tiC d i  l m t t m i t I o nu mi I wa ves  P m - o P m u ~~m m t  i rig no n - i rma I to tine

I an mm n mia t  Vs  ( w a t t ’ r - e f l  oct l out proh~Ieuin ) and t Ime ’ case of s> -mnn ot n - ic waves

p u- o~sug:u t I mig p a n - mu l I e ’  I t o  I lie 1mm se’ n - c ( te a i’e’gnn ide  prol) I i’m ) - li e presemit eel t lie

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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p hi m ise  y e ’ 1 Oe i t >  511Cc t nm umii for - em uc li  c- m u s e  - (lie ~e I- i ’ t m-(’iI (mel ut’y 1 mmm i I of tine’

‘r in m me n -v m nm odc , w h u ch e- om - m’es I l ouhI s to  tI ne ’  static e l m i s t  i c  so lt ut ion , cac  i l so

oh tmm I mied . R yt ov  ‘ ‘; e x a c t  so h i t  i m u m i s  s I d e ’  I>’ used is a h m us  u s for est t u n i t  i

t h e’ m u d c u u n ’ uc v  of ’ the t l m e o n -  i cc  of don it u mi mn i n n u t ’ot’ com mm pos i t ’ s  -

Suu ni , - \ c l te n thmue ’h , mn ie l  Ik ’ rn ’ m nm mu n n m ( S2() . m inte l Ae’henih:i c i i  I -\ l h (  eh I Sd l l ; see! t he’

t m m m mc — I tm i  mim m o mn n c l e m i v e s  n m l  1 ll > - t’1 — c’iI dommm I l em s i t  e’ mn m i t eu - i i t  p u - o p m i g m i t  i nt g I u t t I n e

c l i  moe’ t i O u  of  t ime ’ I a> e’ u - m it g . l ime ’> - dilnIs I elt’ reel mi Thee ! i u tm n 0 f~ mu I t  (‘i - l imi t  I umg I m s  C’ r s

of ’ t wo el m I f’e’ n c m I t lm omn o g ’m i e o n n s  nina t o  u i  1 I s u s  j u t  g t h e  sol  tn t  i o nm el f  I lie’ e~~t tmi  —

m o m n ~ e’t ~ 0 l a s t  m e l t ’  n- e ’u lI’ e’c(’ n u t  I l l c ~ p l m r n e  m ~me lma r - m n u ’ u , i~ u~ i m o’. , t h e m  ilt ’u - m i

e~ \ . m e t e l m  spc ’r s j o i n  r e lj t  j o i n s  t o m -  ht~t Ii c ,u -e~ o f ’ -~~~ m mmmhme ’t m m c  e Iefo ~ n uu m i t  i o u n s  .mn iel

mut t  i cv m m nn i ie t  n - i  c~ defo nm im m u t monm ~ . bIte n-e~ mm Its ollt i i  mmccl ‘h o t ,  t l imn t Con’ t h e  h i  gI n

v m i l ut’s of t I me  i ’mit n o  of t h e  shear mo dm i l  I ,  or t h u .’ h a v ’ n - i umg 51 i ((ness . t ite’ elic-

~~O i’ S toll e’Urvos ele’pan’t sIm m ii I l I v t’ri mmrn t lit’ 1 inn it lu n g tlhmlse vol oc- i t  Ic ’ S to m - ‘‘long

mu t m em > sumna I I Wav e’ uiimmho rs . Thus , t No v e’on e’ I mud e ’ ih t limit t Nt ’ app lie -aN ii i t s

e~ f~ lit’ o ff’e’c t u e nmoclmm 1 m i s t h t C i l l %  f i l m  t~ ui ~‘ ~ 
n’opagn t I on n i t p mac t I cm i I I mini m u t i t o - 5

is iei’> I m m i i  oil ‘em m i ce ’ m l cmunii i o t m u e - e’ouunt fi l m dmsper s i~tnm .

I’ iupp o , Fi’nig mimi c! l {mn~ ttem - ( t’7 mi mm mm ( t  ed ci m ium s o  r tNt  I m c m v i ’  pn’o~mmu g mu t I Oil

~s’ u - i l l  ci  to t m  he ’ ~ i l l  re t ’ I i om i iii mu mm m i Id i me et  m o ntmi  I l iN t ’  m’ mc ’ iii t ’oi-cod e- oumn I l oc I I t ’

l l m o i  mmmdc led t I m e  I i e x , m g o m m u 1 i n ’n - m i v  of ’ e I me ’m u 1 m u m  f ’ I l l o u s  I mt mt mat n - i  x ~~ mm

c i  r e’ii h m i r  f j h ’ e ’ i ’  m~i t h m comm con t i ’ l e ’ cs- I i nider of’ mat mix - I h e v  t hc m m ~ O Ive i l  t in e ’

e e) 11e cmi t t ~ u c m’od p moN It ’mui hi t lie mute t hod o t o 1 m m St  I e i t  . I t  m t ) l l le mi rS I mmmi I lie i i -

unnme’m’ i~- m h  m-~ si ul t ’— that t h e  c m i c m m l m u t i e l n l  of’ t h e pm m mm inm me t i ’ n ~~, w h i c h  u c  the

c- mm’ f I t  e’ m e m i t  of th e  cOc otiel t e mi n m m i  t Ine  e xp m e s s  IOU of ’ I he p i tmi so t o  I oc ’ i t s  iii

t C n-ms of me. u y e -  mu u mh i e r me is  sminc w h mu I qt~t’s t i onah Ic

l f t ’ I f m i t j t l  . c’t ~, I - j i l l  ‘ j  m l  ‘.o d Id t he mu t t I t  ‘~ 
u s ’ of t Inc ,- u~u nt -i ’nit I I  roil

u s  In iiii ’ ,Ii ’ I ’, t I n t ’ hmu ’ ’ e , um ’ , ’ u l , m  i i i  n u t  ii I c i u - c u  I , u n  t I lit —u s i i i  n nm _ mb m u  t m u l t i ’ u i  —

.11 1th i- t im np.mu - t’d n 1 m~ i t  Ii t lie 1- Osul  It fo r t h e ’  I’i I i i  u s . a I t’m t t  I m iumi i l l _ u t  e for  g I i ’ - ’. ~‘~‘°‘

-. 
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cel lis t  m t i m o u t t  s . A e i ’ m - i  s i m u i m h a m -  e f m m a  l i t  ,m t m t -c m I i t u m ’ e  mnia ~ he st ’CIl hut t h e  ‘ i r a m e t e r

~ for ’ tI n t ’  two  g eomnie t i’m es i s  umm equmu 1

Reu te’ i [Rfl s t u d i ed t i me e l i s p c ’ r s m o i t  of t l c x m m r m m t  w a v e s  in  c i r e -t i l m i r

l ) inmla t on’ t a l  cv I in idei - s . lI e obta  i liCel t h e  genci -al  form for di  sp l a c em c m m t s and

t he t i’eeluency Ce f u m i t I mu m f o r  t h e  f i r s t  mode of I’ le x im r mi 1 wm iv t ’  p r op agm it  ion in

aim i r i t ’m n t t e l v  long c i i - c u l m m m -  b i m m t m i t e r i m i l cv  h i n d e r .  l lme  t l i co r -v  f o l l o w s  the

tech mite l uc  eie ’velope’d Nv b’oclnh ainnmrte r and Chree for  e l m u s t  I c  hat ’s wh i c’ii i s  w el  I

know in i n n  t ime  t Iieot’v 5) f el m t s t j e~j t  v . li ne > - presen ted severa l fi rst —b ranc’}n

e lI  spcrs m o r n  e m l m \ e ’s t’tl m the Ci m’st flexumm i l nunoele for v ;m r nom m s r a t  t o s  ot t he

c o u t s t m t u e n t  e’ v h i u e l e ’ t ’  i ’ m m d i u  - I n i s l l e r s i o r i  chm u r a c t e r i s t i e’s s i g m n i t ’ i c m m m n t  I> -

ml i ffc remn t t rouit t im e se’ pm’ed Ic t ech b y t he  t m o o  t V  t e ) i ’  lielmilogenie’Otts cv hinders are

r e a l i z e d .

La I • L)owe 11 mimic! I m n  uc he r t  [1.1 a 1 so ii m’ov I clOd mm t h im m ’ e imngi i  t r em i t Inte n t t of

p rop agat  t o n i  o t ’ ha l’IflOIl i e’ nc mm v e ’ s i l l  mu e’Ompos it e el must m c c-v 11 r i d e r  . The> showed

m m  go r omus  l r  h o w  spec i t l  comi c!  t I ou is com’r’e spo iie i l u n g  I t ’ u m m m n t  m e n  1mm - cOnfli) I m n m i t  l oin

ot nn m m t t ei - i a I propei’t i t ’s .- ,~nn he el~ i’ i veel t ro mmt t i n e  ge ule n - m i  I 50 h u t  iou i  . I N c

pr ohn le ’rn t re m m ted  i n n  c lOt mm i I pen ’t m l i r i s  ten m m co mn m p isS  i t  e c i  r c tm  I mum -  e’ I m n s t  i c m’od of

i n f i m i l t e  l e n g t h  c o n m s i s t  i m i g  of two  l ay e n - s .  l I m e  cc i t t  n - mi I poi’t ion n S so l i d

wim i h e t i n e  o u t e r  port  t out is ml c i l  i m i d n - i cmu 1 she l  1 I h ’ i  n- n t e m m i m e n - i c m t l r e s c i l ts  •

i U  t c mnns ot’ t ree lu em tcy mi m id n _ oil  I me m ive ’  nmuun ihe u- - we i-c g i vent  for a e’e i nnm jlo s  I t e

oh ’ mm s oft  eon -c w I t I n  .m st i Cf cmm s I m ig . I h e  r e s u l t s  wet -c checked w i  t i i  t he

m isyfl tp tOt  i c t r ce !uency ee~eia t I e l l iS  m m t  Silt ) n’t wa ve l e m t g t  It . ~he’ e x p i  orat  I oun o

t lie d i slId ’ t~ I t O  plient on iem im i and t he e IOVC I op nm em it  ot Viii’ ions s imp l i f i  eel t in eor i  Cs

te ll ’ ha rin m om t e m e m i t e s  i n n  a e’Omlmp Os i t  C’ r ilel cmu n n  be based on t he r e su l t  s ‘o f t h i  s

u i v e s t  t g mt t  m o n t .
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Cl .1 1 - H. ’ dol l’ ’ mtlt ’n ’ e ’ eI t i n t ’  H I , se 1i t e l i m - ei~ m % -(-  ~i re i~l I g , t t  m o n t  t n t

Ii roe di umne ’ nnc  m o nn a h i s  f i N e ’  u- — n-e m it for e  Oi l c ornpos i t t ’  u lt om- t h iog onna I t vpe l i m e

I’ t Nc’ cc In n t lu c d i re~,’t h I l t  ‘of propmmg:lt i t ill (the z — di rec’t I oil ) were’ a ‘ esm mnm ie- e i m i ’ ~

~l i’eltmn id t’i l~ ’r cemu -m - om nnncletl Nv m u c-I l’i’mj i mir sheath c’omt s 1 s t m nig of nm m m m t e-ri a I t’or

m , I m z  ~ in r i m e ’ propc ’rt I e~ t. ore’ oNt ,m 1 ned Nv Inomimo gen I I m 5e~ the re’s i n  n m mmu t  r i  x mmnmi h  I ho

1~m t e u - m m I f - I  hem-s n— e nn u i i mlm ~ i n n  t lie t w o  d u n - c c  n i on i c  o rt hogonmu I t o  ~sn ’ o~ m m g i t  i ou .

I l i o m  ~‘c’r t ’or mmue ’d t he’ l i i  s icin mmn a is. ci s Iii o\~ m t m liI ju ng the’ i l l ‘ep I , m ~’e’nnnt ’ mi t  s i i i  m m

t u - 5 ’o el u lIut ’ u u ’ . m i n l m u I I . . t i u - m . ’ i ~ —~e’u - n u — s mummi l iion’ n s. m im e , m m m i n m f ’ u i m u  te ti rile ’n’ n i u m m t  n _ I t  f s ’ n ’

I e l e n t s ~I I l i t ’  u u e ’I -  s ’n ’ m ’ ’ ~ - l i i i ’ .io I i ’ m _ il l  u mu , m n m m  si f t It m s mil . i  I n I

li n ’ s sc t t lt ’ s t h e ’  d i  sl io m - s t o m l  u- c’ h a t  m on t f i l m ’  t Ile’ cmn n u m s oi ~I,i I es mv t ’s . l ime ’ i n i f i n n u t e ’

u m nm mt n i \  i c t s  “ 0 l i V c h  i i i  t ee m C e . t v s  1 1  1 a p e t - t t u r b m i t  t oni t ee ’hu i i q u me ’ m imi c !  ( .~) ,t

r u m m r c m t  i o u  t e c h t m i n q u n t ’ m m i  wh i c h  m m m l ’  a f u e l  t e ’ tm e uu i t i ’e’ r of te’ mnmm s i l l  e a c h  of t Im e ’

e ’ ’m I s I s tns i ’iI . f t  was fon t i t i l  t l i m i t  t i n t ’  I . u v e n - i l n g  i i i  f l i t ’ d l  mcci  I onn e l f  pn’ oIl , m l ~, l r  i O u

i t S  h i  t I I i ’ 1’ t f t ’ ~ t o u m  t I i i ’ el m sp e r c  I c i i i ,  1 , 1  I c umi at tons must nn g oil I’ t i m -cc ’ t e’m ’umu s

iii t h e ’  I -m i n t - i o n- s o r u e ’ s in t hu.’ l m i t o m m m l i l l  u’ect i o n m s  ami d i m u s t  t he  ,- e t - o t l i

( , n s . - e ’r , u g i  mmg t e u n m m  i i i  t h e ’ pro p m m gm n t i o m t c l i  i-oct ion  met ’m ’  c’m tr t - i eel om it Cciv No t ii

j Sot ~~0!l u d munil ott hot n’Op I c ’ C i  h it ’ r h~ in~l It ’ Il mope’ u t  les - lime i sot n’o I) i c t’m_’sut I t s

mig r ec’ net ’ 1 1 cci t I n  t I m e  k m md w m t mmx i svmneu ume ’ t n ’ i c  ee . u v t ’ gu u  I dt’ c d l  un mm i i ccii u 1 e’ t im e

or I Iii ~ t r ’el~l i c p i’oI le i_ t i t ’  s g I ye muchm bet I ei m ug t ’ed’nli ’li t is i t  N t’ Xpt’ n i mmc m ii -

Sic  S4~ e’ m tt ’ r I Ce! out mil l C’ smi c I mimi l v s i  s of t I mmmc — hmu n -molt i c’ ti , u s . e s

t m m m i  c l i  ni g oh 1 i i l t ue 1> 1mm a pe u’i OeI i czi l l v I anni l limit etl int’cI i un it . t Iu’ m u i l m u  I i  c I S w a s

h m m i seel on t w o - t i  im e ins  i tuna I e q e m m i t  touts of’ el mi st i e u t  s. mint el I~toe’Im t hoot-v - i n n s

pcrs I mm m i’c’ I mIt  i on  tea s obt mu t liCe ! f o r  hi mm n ’nmol i i c’ Wa C C S  prop m tg mu t  i iig m m  m i l l  it -l i n t u , i 1’’

ci u re’et t out . I i mmm i t i mi g ph im is t ’  it’  l ‘oe It i t ’ s wet-c present  eu for u n f u  mm i t t ’  e~ai - e’ I eni ~~t In

( el m’ , i nn > 5 i i n g  I t ’ of’ 
~~~~~~~~ I I onm I n  f l u.’ to i’ uim of ’ ml b our n ii on’eler dot ei’nn i n a n t - I m u

i l S i ’ of  I m 1 ’ s 5 !’ 1~’ t  n O l l  mu b u n t ’ t i n ’  I i ’ u’o’-c t i ne I lie n’ ’- • I Ii u ’ e  dot e n ’nm i n m , u u n t  m e ’ chi me e ’’ t o

h i s s J o t  I ’ m  t i n  u n , m u m t  o i SOc  , ‘ i m , i  . ‘ u  .li ’~ l i m i t  s. n t ’ t i i  t Int ’ I m m m i t u I l s ’ p !m ~m s e  v t  lOt I t  I s ’ .
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e lI i ’Ce’t Iv , i i i  n i m umune n i  ca l  t’ e’c~t l  t s m i d cmitc ’ clearly the’ dlC I)eiiel elmce cii ’ e l i  s —

m’s i oil upon t h e ’  m m nn g he  e l f  Il l’i l j ) m i g m t  t I dIrt

Si-c’ [S43 I a I so  i m m v e s t  m gateet  t hen ’moe ’ l a s t  i c wave- s j u t  a per ’ l od i cm u liv

l m inm i mmm t tecl ninech i umm n , h~v mint  c x m u _ t mm ni m i l v s i  s 5 lie s t u d i e d  t h u . ’  et ’fect  ml  thernimo —

e lm ic t ic e’o U h l i m u g  t i l t  s i n m mmc o i elmm l I s m I t e ’ s  ~)m—o pmt gm -l t in~ inn the di m’ c e ’ t l ouis p a r m i  l e l

perpcm id i~’ m m l : nr ’ m m ii oh i  luc r e ’ to  t ime ’ i l l a nit ’~ of lm i nim i n imut e ’s . [he’ e’t ’t’Ce’t u t

t ite r’ n mn oe 1 , m st l e n t  v i s t O  t’aust ’ comm np Ic ’  \ P t’ ui~i m t g m i t ion  e’omm st m in ts to oce ’ e m r  eXe ’c l i t

i n - i the e’ , t sc ’ ot  s i me , mr  I s , m s . e’ pc’r p e’ n n e i i e m n i m m m ’  t el l~ r m n n i . m t e s  1 m m  w i i i t ’i m the n’ospomnse

u~ mmm n5 i t ’ t’e e t oc l , h i s  i u m m u m e i ’ m c m m l i’e ’ s c t l t c  m n i t l j e ’ m m t e  that tliei’m oe’ h m ms t m e ’ m u t t e n u n m e t  10mm

i s  c’ e~ l t i l l t ’ ei pt’ i u u nm tm - m I v  t o  t h e  q u a s i  — l o n n g i  t u t e t i u m m m l modes.  l’hne phase s . c’ l o c i t  I t ’s

mi n d IllOelO S l imi l lOs  m n u e  m i t  so i n t f l e i c m i c c ’el hi > t h i t ’ m i t t e n i t r a t  i e l n t  pmt rmi mn me t e n’ s  , espe’c I m i i i >

f ~ m’ l . t  mgi’ tm’ t’chtu t ’m ld’ lo s -

Chr ’ i s t e n isem i  ~i,’q J pi’CSelit ccl m i nt an na i v t  i c a l  fot ’ncu i m u t i o m i  of ’ t lie e’i’f~et’t i ye’

,e t t e mm u u m u t i ott e l f  ima i-muon i c Is ,t  i-es , of Ions f requen cy • t h r o u g h I mm creel ci  m t s t  I c ’

nnecl i nut . The e t t e e’t i y e’ mittenitn at ion i s  d e f i n e d  , ms the’ eli t’t’ei’cn lce I n  t r m m t t s —

ml t t ecl  en e r g y  t e s in i t  Ia 1 t o t a l  em iet’ gv - l ’iiis e n e r g y  i s  mu cco umn ted  for t h rough

seconidat’ v w m n v t ’  sc, it  t em ’ i r ig  e f f e c t s  m ’esul t ing in p u l s e  el m sper s 1mm - Whme mi t he

1 miVei ’S have equa l m nttp ee lmtn ice ~ iiti equ mt I st  I f fn iess  p~m ic e  m t t  t emi c i m i t i d u n  t’ ZI Ii i shies

As a t ’e s em l t e)f the mm mi iss is • an e t l i l  i e’ i t  exp m’ e ’ss I on ton mi t  t e m m e t a t  iOn was

der i ve’eI ili a pem - t  t t r h , m  t m oIl t ec h n ni  I que. ‘h’iie t heo ry  Ii n’ c’s ent s a em se t’u I m m m la I i-t 1 cmi I

rest i  I t in wave pro pzu gat  t o n i  Inn  1 mimi flat eel compe l s I t  C s  .

Lee mi n d Yann g f l I ~ , anti l ’e’ I , ,S m t n t a  i ’ s ZOtI tint’ himtn’niioni i e’ iemi vc’S ill c’Omlml)os i t t ’

m ater - i a I  s w i  t I m p~~l’~ es.el I c ’ St rmn c’tun i’t ’  of e i m i s t  i c  e’Ol i St  m u m n t s  min d d e n s i t s .  i m l i ’  1,11 iO n .

l I t e r  t ’mp i m> ’ed l~ I mcli or 1:1 oquet t heom -y antI t remit eel t he i i-opagat mmli  I i i  t ci’miis

o C F I oqmu e ’t wm ive ’  c . ‘h u t’ t Neo n’v w m u s j1 re’s~~lt Ccl for m u I am i umm nt eel compos i t  e’ mat  en- c .t I

amid p r op m iga t  i out l t ol ’mm mmm 1 t ci t hit’ 1 mem m m mmi i i mit - 1’Imes.’ t oumid t h a t  I lie t’reqmmenm c ’ e~

pci t n - minim l i _ u s  .m bmmnde ~I st  ru n e - I t im - c ’  • c’Omfl~i r m s m u g  p m is s O n’ propmigmn t t 1mg i l m i m m u l  ‘~ , i i i s ~
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s t t i~’ ‘ m u ’5 , I t  h I s  ‘ howim t l m , m i  t hu. ’ t m ’oq t nc ’l m e ’ ce ’ c m i t  t I m e ’ h i om u nmet.it’ie ’-~ c i t  t h e ’

l ’m mni d ~ e u li ’l’cSI l u l nnil  t 0 h . l V i ’ pro t~ ii e’s w it I cli m m t’c’ m i u m m n n n a  I unn odes c l i ’ s. I b m m t t  t Oti ii i  t I m e

m m mcl i s. m t l u mn 1 e’ c’ 11 s cci t h m t’i \ e’dh on’ t ’ret ’ 5 I t n ’  f ’ .t e ’ c’S . I~ot ii t >‘pc ’~ Oe’ c’tl t ’ mi t e m u e l t

l i n n u i t i rig t ’meu l mmol l c v  . Th it ’v ,t I so li n t empret Cdl pI-ojse mt I es of’ E l  oquet cemus.’e s tm - i

t e’ i ’itS 01 h O  t ’u n mt 1 mode t i - i e’o i’> amid! h i t  e’ rpret eel t lie ’ ii I glm fn’ c’qm ic ’n id’ y Ii inn i t  Co u-

C l u i s l i i c’t m s , l s . ’ e’s n u t  t en - Inn s of ge’’o nnm o t m ’ m c m n l opt ic s  t y p e  a n a l y s i s  -

Schio c’uilset-g ~Sl~ cons I ile’ i e ’cI p 1 ante s I nt cm ’ o I cIa 1 %cmns .e ’ s 1 lr e l p m igm ut  I ng t hi rough

m m mnm c ’el I m m un m m nnmu ek ’ n n j ’  c ’t ’ 
~~ 

tr Io i _ m y e r s  1sf ’ m mm i i s~ ’t V c i h i I  e’ i iommn e ige ’u ie ou s I i  ue ’m m r l >  e 1, 1st  I c ’

u m . i t e n ’ I ,i l . i ’~- i m m g  mm h in m I t  u - i t  f u l n ’ m i m u u l . i t t o n - i , I-i c’ t omuiiel t i-ic st n’ e ’c’;e’ s , u u n e l  u l i s i i l mice -

s 1mm I e ’ n ’ u I s  c i t  t ime ’ I ’ u i m m m t i l m m m >  u ’t l l t c i  m l  u u r I s  oml tIn t’ l l o tm t i c l m ui ’ >’  , - l ie ’

e’m m l c ’ c u l , u t c ’d t ime ’  gu ’m t e n ’ , t h i : e t h  t m ’ m n n n s t c ’u’ t ’ m in i c ’ t i c s n m  R e \ I ’ I m c i t  lv , f lu.’ t r m t m n s t ’er

I m t t l e ’ t  on R e’ m l u i  ‘c ’ I hmc i mtgiit e ’f mis  m l t n’ m m n n c f e ’ r f ’I I l l e ’t n orm I le ’ t h e e l n  t ime’ s i i l i i t  I u i l t5

It - m ind - , wI - ic  u -c i n  i s t i m e  I .i ’s  ~ u mmcmnn mh ~e’ m- , R i s m l fe in t ’ t I o m m ~1 f

t’reuh uu ommc i ,u und I he n n m: i tom 1 m m ! !~ r:mm mm c ’te’ n-s inn t’m me ’It of’ t i ~c’ ni Ia vet’s - i n

t lit ’ s h e ’d’ i mi I cast’ of’ mnoi’nnn m i I i I t e ’ i clone- c’, lie t’oetim~I t limit t hit’ e’ I gd’miv zt 1 cm o s m m n’ c’

5c ’ le ut i onic to a ii ic’euti I e’ c’qmua t  i on -i I m i s t  c’mu e l e l f ’ Zt se ’X t  I c ’ c’cIt u _ i t mcl i i .

Smm t ii e r’I m imtel ~~~~ a u r a  l i t  It’m t l ii prod i c ’ted p hnm t se ’  \ C ’ l u l e’ i t \  amid mttt e ’ nmmt mut norm

f e ll ’  t h u s 5~(’~’t f’I~’ e’omtn p ocite s ins lug tine t i m m n e — t t ’ n u m p e m ’~m t m m m ’ t ’  s t n p e n ’ h i o s h t  m clii p n ’ m m l c ’ m p l e

t u ’ ‘ i e ’Iel t i t c ’ v m s c o e l .u s t  i~ ’ I l e ln’ t i o m l  of  t hit ’ t o t a l  c l i s p e ’m ’ s u o u i  s 1iOe ’t r’uu mm u . I ’hmt ’

t ico c oum m po s i t t ’s  , he c omm s I Jo reel , ,u me e l um n rt c I ot hi cn inl i ej cle ’el n u n  m m I 1im ~ m mo I m c’ n i m m u I r

anti st m u n i ’5 s sf cc’ I n’e i n f o  u’ ce~I epd ix v l I t ’ sIsed’et I . m t  Ccl t im , i t  t lie d t f’t ’et ’one’e’

hi e t w o e n i  t im e’ t o t , u l cpe~’ t i - m ini m mun ~ l t h e’ v i s e ’cst ’ I m m s t  I c  p o r t  ion  I s  t b t e n m  l s e ’ m ’ , i i ’Ocl t o

t he’ et ’f ’e’ct s of I i t t  e m’m m m c 1 geon mn c’t i’s.’ . lIe ’ cle ~t e m mim i n o d  t lie t e s t  mu I spec t n -mum e-tpt’ n’ i

nn ’nt m i l l s .  h t m l  h u t  . i u m ~m I i  t m e’a I I ”  - INc m - e s mm I t  c mi t - c’ .m pp ii e’ m m h s I t ’  t o  h nm m I’ rn oml I c  m~ac

1 1 , 1 c c ’  I i  i ig  p.,’ rIie ’ncl m t’U 1 m m ’  t e l  mI tt ’  I ’ I hiu ’r dl roe’ f u oI l ou ic ’(’ t i t ’  con’t ’ t’spmuicl u r i g I d~ t ,i I

s
~
’
~
’
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Km tul amid Ik ’ri ’intmum iii 1K! con s idered free s. ibru t ion of ant e l a st I c  t ’ ii nder

w i t h n  l a mmn in a t c d  p e r i o d i c  st i -u c t u r e , ‘l’he c i r c u l a r  cy l i n d e r  considered himis a

periodic variation ot’ elastic constants amid density inorma l to the m i x i s of

the cylinder. They then developed t in e t h eory of tors iotial v i  brm i t  i otis of ’

seuc h a cy I m dci- m i  t e rms of Floquet  or Bloch waves wimic h i mi t-c quasi -pem ’ i tieh i e’

w a v e s  m tm m d w’hosc amp i I t uck’ p r o f i l e  has tine same pe r iod i c i t y  mis t h a t  of (he

m m n t e r i  a I ar id r epemt t s  w i t h  the  p e r i o d i c  i t v  of ’ t he  c e l l  - u i  rig F lod lu et  ‘ S

t heo ry  t he> ’ u ’sI s t m u nice ! t ime ’ di spers I d u n  spect z’umn for t m ite — b n . t  mmmiii I c te mt ’ s’eS p i’opmt —

ga t  l u n g  i n n  such ~t p em - eoc i i c mi l lv  l a nmi in m m t e c l  c v i  nidem ’ . I t  wa s  sh i emien i  that t ime

ci i  spe’ n -s i omi sil e’c t u - c u mi m ii , m s ~i l l mi uic l  s t t’ tic ’t & m i C , c’emn tS 1st i r u g  o f p m u s s  I r i g  h s m n nnc l s , tIieh

stopping bm nnncl s . ~Iot c o m m  I n  t Im e case of gra:  i rig I mic m de’ncc . amid not ion • mt  t Ine

emd of t h e zones ieet’e discussed . It was al so shown t i m mm t mIs tine’ radius of tIne

c’> I i  u ic h er  t e ’n me ls  to i n n f i n n  I tv , t he t on s  i onn m i 1 waves  i i i  mm c i  i - c c i l am’  c i  in ~len’

ilegt ’mt cn - m it e to Shl— wm uv e s i i i  l annmi n mu te d  p l m u t e s .

I I .2 ~~riatioj~i l A ~~~omnchmes

Kohm m n , K r u n nhn m t n n s  I mi n d Lee [KS 1 011111 loved t ’mi i’i at i elnim i I Inl e t l iOe tS  hm m sed oni tine

I: loquet or Bl oc im theory  to s tudy  the p ro pm ng m t t I tint of in m nrm eiu i i c e las t  I c w- mi\ ’e ’~

t in rough compos i t e  nmi a te r i  a l s  of per iocli c s t r u c t u r e . In t h e s e  Imne t tlo e ls . c- m i t - i mm -

t i o r i a l  p r i n c i p l e s  wei-e deve lop ed in the fo z’mmn of i n t e g r a l s  over m m single cell

of t he c’omnpos I te. The v m t r i m i t  iomim n I pnin ci tiles pn’eivid etl a mnemm rn s ot d e t e mm n m i I n n  nmg

phase v e l o c i t i e s  m un ic h s t r e s s  el i  sti’i hni ttonis i n  Floqimet c% mmv cs t n’mt c ’e l  1 1m g t i m t ’ el tu gh

the  compos i te  imm n chm u mng ed  In f on -mim t’t’om c e l l  tel e e l  1 . St rmn i m-i energ y in n - i n c  I p I c’

w m n s used mend poss lii i e j emmp cone! i t i otis were ci i  scussed i . ‘li me Ra i t ’  i g h - it m’ - ‘

procethmrc was zm pp I  l ee) t o  t I m e  so h i t  I on of’ t ime v m n r t a t  i on m i l eq uat i On t e l c’ m i I c e t l a t  e

d i sp e r s i o n  r e l m i t  m ons , the ph imts t ’  ic to c i t i e s  mmcl 51 ross lmr o t’i it ’s, The one—

tI n nmens I umni m u Ii y per I~ t)I c ‘~ st  cnn Is I S  cc m u I oat  Ccl and d’omu pmur edl i~ i th  t ime C
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‘~ .li m t m~~’u i  - lI m e’ n o su t h Is shoes t hi ~t t thm i ~ mn i )Il roach . II>’ em s log sn i o n t i t  d i  5 ) l l m t L e ’ I 1 I C I I I

t e s t  f cmn m ct  i on - is , p t ’os. i d e s  mu sm u t I s fm ic to rv  determ i nat  i tint of ’ n a t m i r z n  1 fredluentc I 0 ’ ~

anmct phase  c - e l o c i t  iCs , hu t  i s  in a d eq u at e  fo r  s t ress  p r o t i  I c .  I n n  p r i n c i p l e ’,

t l i i  5 nlt et i iuxi c’mm fl he ems ech to stud t i nine—ha m’n mm onn ic w mn ves  p rop agmi t i h g  I ri c’Ouul lloS  I t CS

with  r a t h e r  gene n - mn I st  r u m c t u m r i n g  mis l onn g I s  the  connipo s i t es mire  pen OdI i c fm’eim

c e l l  to  c e l l .

Rev 1 1 a d’ijmt m l  , K run uil nm nm m s I and lee B35 I nnaele ml genera  11  z mit I ott of ’ tIme

P mci ’  I otns wei r’k hm ised on st i- mi i i i  cmi en ’gv ceimis i de  na t i on. ‘l’lmo R ay  le i g in - R i t

lI ’ ulcoelcm n’ e teas mu dd ipt ed i n n  eshi i cii t i n e ’  el I  sil l mle ’OmunCli t  C l e f  ti5 we’ t ’C ex i l n ’ e s s o c l  l i \ ’

co in m i l l ex E eiun ier  s e r i e s  in Ci I am ennt mim ic! Nv s i t m i p le  F o u r i e r  s e r i e s  inn  u m lmn t m ’i x

Conse eluen t I 
~ 
, t he>’ obtmm l ined st ross pro f i los more accu rm m t c i v  t h a n  t h o s e

w i meni t h e  w h o l e  d i sp l acemen t  f i e l d  w as  expressed by s in n np le  F o s. mri~’i’ se r i e s

j i m t ie’ h i t o \ I on s  t~oi’k .

~cs.’ I I  m ue ’ e l em m n ,i l i d  I cc R 3 u 1 Ut i i i  Oci el i t’fereui t po 1 \ ‘n ne )m i i i mn I m’ t’p re —

se mit mi t ion s  1 m m  t’ I I  a mnncn tt amid n nnm nt n’i  x for  ml S uni j i le  mim ode I compos i t c ~
) i ’ohi 1 emnm

conipr i s l i n g  mn s i  mmli of emi chi nim a t en m m I w I th f i  xecl i’i ou n td m t n’v conch i t I o n s .  liii S

simple mockl p t e ivided the saline’ d i  t’f’icul tv of mm c i lsconi t iintm j ty in n s t r a i n  mmt

mnit e r t’mmc’e - hunt provided m l 5~~1i1~ icr cmise for m i s s e s s  j u g  v a r i o u s  ;npproachc ’ s - It

w;t’- po I i i t Och out t l imm t  F o e n m j e’i’ set - los  r ’e pr esen t mm t ion I s less  c onlVe nn I c u t  i n n

t w o —  di rm ten s I oima I antI ti c m o e — e l i  n m n e nns 1 011m m 1 c m i ses w ln en t i me po 1 mmmii i a I t’onnmm u nm i >’

pr o v e  t ui he sct p c n’ m d l m .

i’oi iont [ I  11 ) 1 mm I so Inmm mtie mm ii anna 1 vs I s of propagmut I on ot’ el m I s t  i c’ me ,tv c s  I n

connm pos i r e  n m n m n t e r m  m n i s  by v m u u’ i mn t n o n a l m c ’t l n eiul s - l Ie’ e’mt n’rmecl out mu um n i nnim i m um im

“ t  n- mt i l l  t ’m n o n’ gv cmm i t’ i i l m l t  I t int mu s i rig mu F o c u n i  em’ s e i’ le s  e x p r e S s i c i m n  tc i n’ t Ine cl i spi  mmc c ’ --

nnmenm I I i i ’ ) . ! - I n  I lit ’ t ’ i h t ’ . i i  nnm eu n c i . ’ n m m  I 0 , 1 s t ’ , ( I i i 5 lnm t ’t h O d  t i f  & ‘c’ mI I u m , u t  j u l11  I c u m m m s , m  t I -

I , I c ’ t c ’I ’I (cii’ cl  r ’ t ’~- s  I ’ u ’o f ’ l h”~ mc ,;~m~sm~u m t I n  K~s I - II “c ’ c ’ii h 5  I l i m i t  sm n c ’ u ’ ’scl ’m m l  I te t i

nnme ’ mm ” i t~ i i , i  I , I i t c i  t It mci’ i l l  I - e ’ n m c  I 011m m I c , i  I c m i !  ,mt  t u 10” l ’ s.  l i i i ’ — nm ue ’ t ho~I I ~ fe , u  ‘— n I s i e ’

I t J u - ~~ - i t I m imI m l  m o s ‘m nt’ jle m ’mn i t t  od n u t  c~ l m i imn emle ’m’gi t’ .i 1c ’ u u l  m i t  m e ’ u m ’ ~ -
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Rev i Iaceiume mimic! Lee’ ( R ,~7 p t’ es e mmt eel mt i ie ) t het ’  c m i  n ’ i at i on m u 1 st m i t eni m emn t b ased

oh comnip l e n i en m t  ary  (‘lie m ’~~ co n s i e i e m ’m t t  i omn Si) t h a t  the  s . a  ml  mit  i on m m e 1 i mit eg rm m 1 1 s

o xp n-e s seei j u t  t t ’n ’nn ns of st  m e s s .  ~ t m i n t  i u - i~ i~ I th a c o u m t  i m uon s d i sp  I ace mn t e ’m i t

c ’mt n’ e m i t  I orm m i  Four l e t -  Sei’ i es Idli ’mi n , the > ’  f ’i n s t  de’t e t m n i ned t i n e  c’onl’es l)Ofldl lu g

st i ’ess \ m m n ’ m at lo l l  h> iuntc c,m- ,i t j ug t h e  e q u a t i o n  e~ f nu lo t  i onn , l’heun insert inn g

t h is  t ’c s e m  it i ri t e) tine s.’m mn i m i t ion i un t e’ m m !  - t h e >  ~‘ht ml I rmet l m m n a t  c-i x ci ge n m va [t ie

h ir ob l enin to dote miii tie th iu,’ s.a 1 ~mes ~f funndmm un en ’m t mm I t’m ’equemnc v . time co r r es t lomn d  I u i~

s tr e ss  j l r o t l l t ’  O ll tmi l uied e x h i h m t s  time ce ’t ’i’cct f~~’un ~i( st n ’oss-gi’m tei ie nt

d i s c o n m t  i i i c m i r v  at t i - ic  i r i t c ’i ’immc e s , au t h  h 1r o~~ie ies  mmml m l cc ’mn! ’ : m t t ’ m l I i j l r ’ o , \ I m f l m m t  i e i n m .

h ow-eve r ,  t lie t’i’ee fue n ne ’v I s lo s s  m t c’ct l i ’ m nt  ely prod i e’t ee! t i im mm m I 1V t he i t ’  i umlj l rovedl

st  n’mt in n erie mg > m i j i~’ l’o m te ’li ~~~

\ ,m m - i a t  l o n a  1 un iet liods me c’r’e a i s o  e’~ p l o red b y l~hie’e ho t ’  mi n d Mui’mt ( W l O  , m u d

!~u [W I 7 . I mis t  emit! of us I nig t i m e  pi ’eiceelu i’e emt ’ Ra l e i g h - i —  R i t  h~ci e’um mp 1 d yed

howevem’ , t i m e  G m i l e n ’ k j n i  pr oceelum ’ c’

In me soi’mes ~f papers \ 1 2— 1t~ , Nein ,mt — \.m~ ~ c’ i’ mm l ii i I i  c’el nu n orc ’ gonn era  I

Va n a t  b r i m! ~ n i n t ci plc’ s t C) t he  F i oelue”t wave prob I c’mn i t h ian i  t hose  cons I elcn c ’eI 11>’

Ko imm’t , Lee . et mci . B:m so el on lie i i i  n i g e r— Re i s su e’ i’ s.’m m t ’ I  m I t  I umt mi 1 met hod , he

deve loped genie c-a I ~m u i ’i u t  i onma I r n  lt~’ I pie s i nn cs_ hi i c’il t he d i  sp i micen n m enmt s , t i n e

st m e s s e s  mmn i e l  t he  st mmi i ni s inn  t i n e  e’m m ~~t’ . mi n d t h e di splacemnm c ’n its mine ! tine st resses

in an othe i ’  case • mm - i - c g m  v on  i nnde 1ienelent v m m i - i at ions , m mm d whic h i m i d ’ l ude

af ipropr  i a t e  genie i’m I b o umne l mm i ’ v amid eli scout m e t  i t  y ccimt cl I t l ou is Fm’on t t int ’  gene ra l

var  i met ion pr i nic i 1 1 e , he th en tier I s.t ’cl m l nn ew quot I cu t , 1 mm co imt ras t  t o  i~ m I v  Ic i gin

dluot I cut  , to Jet en-m i no t i m e  free 1ue ’nc m c’ s el t  h immmm ott  I c  w ,t ves  m m  ceimpos i t  o , lc , m ~ c’s

pro pagmi t  l ung nn e i r rnmt  1 t dl t ime 1 , nv em ’  l u n g  i n n  ml I m cmii i nn m m tec l  lImed I n, nn m n were ama I s  :eei i n

d e t a i l  , mimic! d i sp e t ’ s id) ll ct m i ’ves  we n’e’ p r e s enn t  eel. Nume m ’ i c m i i  n ’o se u l  t s show mini

e x t r e m e l y  r ap id  c onmc’o r’ e ’nie ’v t o  1 lie 0 sac ’ t n ’es eu I t  s min d are more m n c c c m r m m t e  t i mmu n

t hose  oht mm m e d  b y K o li nt  et i i  . A l  5dl , h i m m s e d  on t he niew eh um o t ment , m e  e lOVO i OIIC’ cl

d f em i t  c a c c u r a t e  lo w er  mmmd mt pp e i ’  hounds fo r’ t requen nc’ n es ot the hmtr mneini I c w .tc e-. ,
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\ i ’o, i t \,tc~ on ’ , I i  m unch \ hi u m mm g mie mm \‘h 7 t m m m i l ten ’  m I i v ’~~t ~~ m t  i’d h1 m m m ’ n i td in 1m ~ ’

i s , t s .  c’s c m i  ou t e — , iso m u ni c h  t I - i  i’ec’—c I m u u n e m cs I o n i mu  I e’uilil h los I t  C~ e ms I i~ ~t m o w  t i e mot  n o mit

eber m v m t hiht ’ tu oi ’ i mu ~:u ’nmo u’ mm I e~ t n ’ i m t m e ’ r l m m  I met both m u m  m s i u m e ’l n b t i t  in st  n’ t ’ S c c ’c m u n i c h

e l I  cr1 mic e ’ m nu t ’ mm t  ire ’  n - i ~‘tL mn ~h c ’p om n ~h o n i t  I v  - t I me ’ gt ’mic ’ m - , m 1 e’nm e r gv  unmet  h i t i el u~m m s

oi -~m m m  I~n t  c1 I~> , msse u u mm m mg pe’ u - I  0th I c  ‘it m e r e ’ t lt i ’d ’  is i t  ii d’ e li it  I i l t t e l i ,tS , t l i e i  e~t ) I l t  I u m I l o i l ”  1 V

e l l  i ’ t’c’ mo u nt I m m l ’  i t ’ I I , I ’ i~ elt ’ni ’- i t ’  mmliii ‘ last i e ’ e e ’u l S t  m i n t 5 is l i i i  i nn tint’ e m u m i t ci’! I . I ‘ii ’

i n t l  re’—’ m n l  t I s m m  a si ti~’ I ’  t ’t l m’in a mi ~1 u ’Ot ’n ’c ’s d ’n it  s ~ 1 t h e n  t Ip p et - el m’ I t lis t’ t ’ ll e l m m u i e ! s

ouu ii ’ f r ’o t i imc ’mn c & ‘s - i t  e s ,ms sh i t it e u l  t i n . m t  thit ’ uit ’w t i e m e lt m ‘ u m t  v m  0 he ls  erpp t ’u ’  he i m utie l s

i t ’ t I n e  — ‘, ‘ ‘ c c —  c , i n i m m h ’ I c ’’-s , mn ’ t’ t ’ n’c ’c’ . .mn ne l  t e lec o m ’ ll d l u l u m d c  it ’ t h e  e h i s l l l , I c ’nnmonn t e - , m u - n , m -

I t ’ ’ - t i - 0 t~ 0 ‘ i’ ~~~ I u ’ i’s e ’ii i ’ i n  on -  0 ‘~ t m ’ ~. i t  m mc u t ’ mc .1 1 s~’ c i t  , l i t ’ u I c , t

u t - ’ - t m  I t - ‘ i~~s 10 ct mp~’u ’ I o u r  t e o t  t i c  i t Cls  e ( I i O t  mcm i d’Ol l l I ’ ,l reel t ~ t h o I~m te I c i g in

‘ 110 t e emi t m m ‘~ e’d !‘e ~elh n ut , Ct m l I -

\ t ’~! l I !  \ m l s ’ .c m ’ an i ~I ~t i  m t , m t ’,i i , . l  I \ I S  , i t ~m l i i i  c’o u mn b l m m n - es uI Rm cv l e i g h  c l e me i t t t ,’ m - i t  w i  t i m

It ’ p r O I i O ’ i t’u l t1t ’i, t i m l e l l  m o m i t  t o  o~ ,mmm l i t ’ u ’ o , m - ~o t t s  t o t ’  t i-it ’ m ms t omi m s im i m n g  , me ’cLI n’ , i e ’

ot  t i n t ’  imi t t c i ’  - C 0 l ~l~’, l l ’  I So i l  lt ’ el I ~i 1 5 c’hic ’IiI t ’  t ul i’ oh i t  ,l 111 1 1mg I im m pru lv c ’ci t e s t  f i l rnc

I I 0 t 1’~ is h I  e~t i g i c e  c c i ’ >  ac ’ c’ e m m ’ m m t o  hi e i u t n t e i s  (or t’m’ eqe m c ’une ’ los - ‘liii’ sc inc ’nm me sCc’muis t e l  —
he e’\ t  i cu iio I v  e ’t’ t ’ect m ye i i i  a 1 1 C , I ” O — - u t

’ h ,n muiiom i t e ’ wm m v c ’ S i nn  I m t ei’eel celnnip os itt ’ s -

i i  . I I ’ f e’e’t n i t’  ~‘locImn l e n s  I noe l m’ i c c

Beb mt’ e m ns  R I S ~ t m e ’m u t ’ eh t i n e  pn ’u l p m n g m l t  re in of ’ e h m i s t  m e ’ i s , I s . ’t’S ci t  R I O e ’hi t’ei r n n n

1 m m  ~i I mi unme I I . m n’ l i e -u- i t id n ~ e t i i n h i s i ’~ n t’ t’on’ lo n g Is i s .  oi  e m n g t  ii c ,msc ’ ’i  T ime min i m I vs i ’i

v I~ h d s  esp I’ec m o:is for  t lie C l v i ’ I lmc le ’pe ltcleunt e f f ’e’ct i ye e I  m i s t  Ic  c on ms t  m nm n t  c

wit i cii l it ’ cal led mis .  ou ’ m m g e t l  o h  , i s t  i e’ c e i l n c t  m in I  s , of ’ t Ime  nm , u t  e i i  m m I . ‘I ’hne t h m o o n - y  i s

.m I mel  is bent t Ito ~ ,i c t’ I t ’nm g I Ii I s I oui g c’oulm pmu red w I t Ii I lie ’ I lit  e’ m ’COIlnpti m l ( ’u t I ¶ i ~tc ’ I lt ( S

i i i I l Ie  i ’ t s u l n h i c ic  m m  i’ m i f l i l  t s i ) t ~u ) I bit ’ e oiii hl t ic m I t ’  i ’ i , l  pt’ I’ I tid u t  c f  mmmcl  lu r e ’ .

Ih ’hi r emnc ( I~ h ~~ , t  i so  , u n m , m  i - s ,‘t’d ( Inc ~in ’~~i :m gi l 1  I t il l t ’ t u ” i , t ’ ; t i i ’ icace’ s ci f ’ R I o c ’ii

m u m  in mu (n  1 ,mrnen t u i -v  c~ t i u m p u ’ - ‘ i t  e t’o r 1 ul mig w m u  ci ’ I t ’nmgt Is. c’m n c  Os - iht t ’ phi m l ~c

c c  b o u - u t \  , in iu h  t h e  m m u n i t ’ ‘~ioiiio~ em n :‘t l ’ ’  e l u s t  m e ’ c e i l i s t  am i t  -
‘ ~em-e e ’i ’ t  i I I i t ’ uh , \ g m  I n .
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tnt ’ t i m e  ~‘r ’ j s. a 1 m ci wi i cn i  t h -i c es ac-c I e ’nng t im m c I onig com p mm i’Cel is m t ii t Inc m mitt ’ mc elm

j lol ient  sp~ic I i C ~~5 01 t hit ’ e’dlnnnIlos I t  d’ -

Be’h m ’& ’mi c H2i )  t , I  m nt i l l  S e t c ~ “OtI leinmg e%mc ~ es dli  Ble i ~’h i ti ,ii’tnt t r , t \  e’ I t ug m m m

t~i 1 mm nnn c m m t .1 u’ V com nn pd ) s i t  e” , lie ’ ~h tOW d ’eI t l m m m t  s m t c h t  st  mub 1 e Fl  Oe !uet es ac C— - OF  RI  ei~ h m

is ,u \ c ’5  m e t , m m mi t he i r ’ t~~’ i - t ~l ro i mt t  l i - c’ te l  t h e  p e e - i o d m c  s tr u c t u r e  ot the c omposite

s t h e y  t n ’ , t  s. C I . 1k’ t u-c,tt Ccl t l’me’ p rob 1 cmii us i nig t ime’ ‘mnme t in  Uel el f  I elfl~Z i s , I  I

w h i c h  lie ’ p ropo c ce l  pr os .  i o u —  1’ . i ’ im mmt he m m e ’ t u m u l ly  t n ’ c’: t t oc t  i s  a c v i  i t m e l t ’ i c ’ m m i

I t ic I 115 I e~fl li t mi cv I i  Il el i ’ c i  1 nme d I e tu n • mm s. er~ le le m i I i  :eeI ce lm i d i t  t cii t o m ’  t YP mcmi

lien’ e’oilpos e t e- — -

t l s i n i g  ~t~i .t p f i u ’ o ~m~ - i i  —~ m ur o 1.t n’ tel  t h a t  used 1mm s t u d > i ing t h e  pn’o pm cgmmt ion e~ l

ci ec-t u’ o u um 1ugnet I c e. m c c’s timu’ eiug ln l’m m m ie! u lni l  nine d i m i  . “ b k  M~s men d Ost cu - i ( 02 1 elI s -

~‘i ,ms se d  t i m e  s l t m c u s e i i d m m l J m i — p t ’ t’~— m e i m t  e m - i  , m f i b c r’— e-e i ni t’or’ceel n m m 1 t t e m ’ m m t l  - I ’hn ev

coils j elei’Cel i so !  mltecb - t u ’ , m ! m s v & ’m’ si ’ , cv I i  miel i’i c,e 1 m in d on ’ sphe’i’ I c m i i i t i c’ I ems i e l iS  mur ie l

t lm enn comb i nod t berm liv m ’m emid c innn .me c ’ m ’ m m g  i n n g to oht mci  mm s I n en so  I tlm m I c l i  spt’ 1’S 1 tint

Sd I LI t  1 c m i  te i l’ e’Ol i i h 1 eis i t t ’ s , l im e e’ t’ t ’oe’ t l y e ’  u nt o dmi I us m em n el elens I t we m’o t hie’m- m oI~t mm i nm eu !

t remnnn t I ne  d i sp er s  iu ifl  Se ll ut iomms . Iki t in of t imeu n m ir e coup l ox  mmu mtie u’s mm md deh l em leh

On w a s .  e t i ’ecj u em ic > . I ’hi i s I m m e ’ t m i p j i m i  m- en t t i v  r une 1 I e’ m l t es tine exist emn oc cit  dii 55 i p m l  —

t mdiii arid eli  spot’s ion m i t ime  d’0I1I~1oS l I d ’  UUeI C C’ e ! V t t m m n t l i e ’ I o m c d t m i g s .

W e i t s m n t m m n n  [W7 1 p t ’ esent ee i  . c m n m n n m m l v t  I c  t r e m i tuu me ’unt  of ’ w a v e  pro p agmit  i omt i n n

enu i i d i  rec t i or-ia 1 e’e i mn t I u n m eie m s CI  I m ll u l t’n) t c’s inmj los m t e’ mat e u i  .n 1 . l ime thee m my i s h imtsee !

ulfl i next en i s  il l Ic t’i h em - mc ’ i i i  Co m c t ’ n n i c n t t  , IfleI t lien -c t O r t ’  shme lu tel he m m h l p  11 cable ’ t o

u n m i d i  i-oct io r ’i m c I c omn ip o st  t es rd n tt ’on ’ce ui is t in  c’I ems~ I’s.’ sp~t~ ee1 f’i llers  wim i cli mit - c

nnemch st  I t’fem - t ’h m mm t  t i n e n mn mmt  m m s un m mmt e’t’I mci . l ime t i ieu i rv  i s  ,m I so i’est i’ m e t t ’eh t e~

waves 01’ seu t ’f i c  i emit h emigt  It t h at  geommn c t i - i c  el i spei’s m u m  i s  n mci t  5 i gm m i t’ i Cah i t  . lie

showed the cxi  S tc mn ce  of t i n  n-ce’ types  uif hm im ’umn e i n I c wmt \ - e s  mind di  SCLtSSCt l  t h it’ ir

assei c l at  eel Chi ar mmc t en - i st c snuc im m~s s I o~ I l O S  s sur t ’zuc es , c-c l tIc I t n es , p re l h i , t ~~, n I I OIl

d i r e c t  h i l ls , e l i s h l i m u c e ’ e m i t s  m uriel  en er ’gv H m m x , lIe , t i s o  c o n s i d e r e d  i s m l s . e  cO l t  ci’ m lng
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it , c  ;‘ I m u r m u ’  e lf ’ I ’ m h e r -  uni t c ,m h m g n m n l l e r t t  - I n n  g o m t e r - m m  I , es’bm e n i m u m>’ of  t h e  t in r’ce I s m s . l ’

t > i l t ’s i uump m nn gc ’ on s tm e ’hi m u p l a i c e , m - e f lec ’te’d m iut i  t n ’ a n i s n m i t t e d  t i m m i c ’s of m i l l  t h i n-cc

t > p e s  m m u ’ o gem nerm i tce l . ( elli e i l t I Ofl u m i i d c ’ m ’  w in I e ’il R ; i > ’  I c  ig lm s em n ’ f m i c t ’ w a i t ’  n m m t v  c \  i s t

I~m I mm l~ i e i cii scem ssed -

Ice i t  sun i m m mi ~b~S f’em i ’t in ’r i u m v e s t  I g m m t  ed t h e  r ’et’io ct  i on  of iimm r ’nm om m I c i~as.’cs I n n

h e r —  me i t t  t’on’ced n u m m l t e r -  1 m m  i s  Ewo cm mscs IsCm’(,’ c c l t I S  iden’ed (I) t’i bet’s mm n-c

i n m e x t o n s i b l e ,  (~‘1 t’ibc -s are a l u n n o s t  i u i o x t e ’n s i h l e .  lie showed that three

‘C ’i  c i t  i n m i m m u i e i m m  I c ’ i s m I d  0~ C\  ist te ll’ emm e ’ii e’m iSC, ‘i ’bm c r e f l e c t  lo r i s cit each  t y p e

i f  i~~~ o f 1 - c i ’  , I  fl l a n e  f ’ m’ t’c - - m u - i mci ’ - h loe multIlnO a h mt l I- space were I i n s .  est  i f a t  Ce! ,

, i i i d  i l I u m — u - I  e’ , I  I n’ e’se m l t~~ uce ’ n ’ e’ t ’ i - e s e i i t e ’ el - l~ i t ’ t ’e u ’ e ’ u l e’cs ,nm iel s mi m i I m ui ’ i t l o s  h t ’ t i c e t ’t i

t i m e  u c m u t t m m ’ e  ci t I s m iy e ’  ~im O~l m m g m m t i o u n  o f ’ t ine tw o  e’asC S w e r e  elI s c e m s s e ~I .  t h e  m ’ o s e m i t  s

unm I g u t  he s.’ mm I Will I e’ f o r  c ounipos i t  e u n imi t e  e’i a 1 t h mmn t m n mc’ s l mmm n -se l v  re 1m m Co mccci }u v

h i g h l y  m ’ i g ie h t’ i h u c ’ i ’ s  m m !  tltemu ,Ig hi t h e  p m m m c t  i cm t i s i g u t i  t ’ i c m l n i c e  em t ’ the t h e om ’v i s

I i iun u t ech  ‘v t ime s i u n l p h I t’> - i n t g  m t s s l n u n m h l t  l e)li 5 i m u c o r p e m m ’ m i t e e l  m i t t o  t i m e ’  um m ; t t i i e n mcmi t  i e ’ m m l

umn oelt’ h

1 ) m u t t m i  ~h ) l  I e o n m s i d ’ m ’ c e h  a c m m n i eh i n ’ e e t i o u imt i f i l l e r ’ — n’e l nn fei m’ceel c c i m n n p o s i t e

t i i m - ot mg li w h i c h  e l a s t i c  shi cat ’ w m t v e s  ~iI’ tm~i m m g m n t e  j u l  th~ e lm  r ec t  l e iui p e r p en d i c u l m mr

m m cl 110 1 mm -i- i :at 1 0m m i m mm n -m n I I  ol to fi lieu’ eii m ’ect i o n .  I j he rs were’ m tss mmn mi edl to lie

n - , m m t d o u n i l v  c h i s t t ’ i i m i m t e d  m m d  ~‘f o h !  l i l t  i c  c’u ’oss Sect l oIn esi t hi t rmn n ’msverse mn xes

e i ther  m i i i  gnteei or ran doun l l t i m - i enn t e d  - i~mi s. - o e qmu z n t  con is -mis s o lv e d  I mm t Ine I m u  t

of i om ng w a v e l e n g t b t s  m m m k i rIg ems e of’ res in ! t s  ton’  si  mtg le Ci lieu ’ i rt i m n f i n m i to

mcd i t urn ,  Si nice uncU t m i m I c  s ca t t e r  m u g  was nn c gle c t e e l  , seih ut i eimm i s  I j u l  t Ce i to

smmm l 1 f i l - t e ’n — v o i u m c  r a t  I os - Im ou~ p et’fect  On- I e n mtzmt  ion of ii tier’ axes , lie

tI Cu ’ I vocI two  e f fec t  i ye t i -mu misv ei’se sh e a  r nn otlmU i - A l i mi t tnt n i mi u ’n ’dl is c’m me I ties

wit h c ’ m n m m i c t m i m n ~ c o l unmnm c’ U m - i t ’t’i t lm e’racks ) is m iS d I I s e ’tuss t ’d. I t  i s  e u s e f u u l  i n

(,‘m ici m i me III ’t ’ h ) m ) I l  l u ’ s of t ’Omlm ~it i5 i  t CS .
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We i t  sm n m a nt  mmmcc l  h iem i s . ’e m i i s t e  (~~9 1 e- d m m i s  i c i e m -  t I m e p n e l I i ,l f . i t  m c m l  o f  h c m i u ’ m l m c i m n  m u ’

m~, i c e ’ s i l l  c’tml l i h s o s i  I t ’  n n m m i t e n ’j m i l  u’o t m t t ’cim ’ c’t ’th h i >  f i b e n ’ s whu ise  e l m  m ’ect  u unmt s  c - m u m - c -

c u l l n t  I h t i I u 1 t I S  i n n  c l i , i e ’e, l I n t ’ > t o e ’mmse t l  spee’I u i  ; u t t e n n t lo in  ~i i i  th e cmm’ .c’ e l f  c i  i g h mt

c i  i~ l l !  I d in t s  i l l  I ’ m hit ’t ’ c l i  I ’I ’ e’ I i e l l i S amid t i l t  1 m 1  a i m e i s , l  c-e s I h im i l l n’o 1 1mm ~~m tt  e i l m u n ’ ;i I I  c I

t u l  t Ime e m n n p c ’ m ’ t i u i’h io ei d l  u’ t’e’t  j c ln l ; m u e’ , i ’—O i n n  w l t i c ’It t Ime ’ s o i m n t  l o l l  e mu nt  ho

u’oum m p h o t e l  v i i i  m m u n m i  I v t  m c m i !  f u im’ t nm - l i ne> e t i l i d  huid t ’ eh w m  t Ii ml cci m i t  t t i n  t o  mu c h i c ’c m (~n

e c m m m m n p  he  I um cdt u cli t i m e  m is s u ln i l e d I  t l i m i t  I lie t ’ n l io n’  ci i  t ’ c’c’t Io ni c s. n’> hr  m n em mn- Iv i t t  t ii

t i m e  , m u m f h c ’ t ’m ’ u m nu m m i m I  i~~ m f  m m i i t e i  m l ii mmmi i j iu~~I t  l o u . 1 m m a e l t — - e i m s ’ . i o m t  of ’ ( lie

sp o t  ‘ (Ic c o lm ut i otu • t i m e >  p u n i m m t e e l  u i i m t  t i n m u t  l I n u s  I i n t e m m m ’  s . m l n ’ I m I t  m u l l  t n t  I m he’ u’

t i l  me e t o n -  g m y e ’m  m i  ‘~e’ t e l  se u ’ o m m e h m i  n’~ w , t c t - c t i m  u ’ o e m g h m c i i i t  t hu e c t i n nm l m ums  m t c h ’~i ts  mm m d

l m e ’ e  reset i t s  e n n u i  I t ’  m m m c l  r e a l  e t 1mm n m l  nina > - In c ~m o ’~s m i m i c ’ I i ’  c l e f  O c t  m i i i  t ’ m n t , u  I

des.’ n I t  t u n i s  i m u  t I-it’ (‘I 11cm ’ d i  r ’oct i o n i c  l iv  Imm em unts cml ’ t i >’ rm a n m n t e  t e s t s  - l h t ~’ hl , n c n d ’

m d c l ’ - I m 1 t . 5~~u mt Cu1 m n - i  t lie n m weii ’k ( u I  Ic iw t h n m t t  u ’ l m n s s m  c m l  f o u ’ n u m m m  h a t  m oum ~‘t I s I C O

~l m - oj l m ; g m I t  m o n t  i n n  m u l l - _ c i t u’ c m h l l e ’ um nm t t e ’ i’m m m I ~~ , l int ’ t ’ i h n e i ’  n’c i l m f e m n ’ e~ ’ul e t i i u I I i o ’ . n Ic’ it.i ’-

n ’o l l n ’esen l t de l  liv mmm c m m n is  c i i ’ m i n i  o c p m t  cei l onit I n- m i n i s s . - o r ’ s o l v  i su i t  n’ cll l t c nmn et in um nmi . t h e

4 -c i  l i nt i e~mn u s v.m I I d  I ’o r 1 tlnmg w i  c - e l (‘rig thus

S h m uie nt h i e’ u’ mi t t !  ice m I ‘‘ iimm u S I I (en n - t ime  u’ c l i n c h  m ~el I l l m uiR’  ha m -nnmom m I ,  n s , I i  0’’

nropm ug;mt I un~ m m t’ommm ll u m s m U’ m e n  ni f ’el me eei f i >  I i  he r’ s Is m l i i  i m em’ t i c t  m c i i  i i  c m l  n ’i j u t e :

e l m  u - o c t  m e t m m m S  . l ’hmt ’ ( t h e n ’ ’, wo n- c .i’,’.i t mn n u’eI to wo hmh i lo  P em ’ i ouI m c m i i  lv mi l l u l e ut m u

tho mim m nnm nl ) t ti m i’ee’t I t tmli mun t d il I Ci lie’ m’s won’t’ m ussit nnit’d to 110 p m mi ’m u I I  ‘I ( u m  ‘ l l e h t

ci t  I t e m ’ , line I n  he I’ - me i n n  fet nc ed c ’o in m I l t l ~ I t o  ms’ m i c u ’ep u ’e semn t  eel hi c  ant t’u~mn I c- mm 1 t ’h nt

I n’ . i n n ’ i c - e m ’ s e l v  t ‘;ei l  i ’ op n c  meul i u n n m n  whose p t ’ ’ t e m m ’ o t l  ti m met’l m on Cul l mmd ’ i t i c ’ ’. w i t  In I hi ~

iii i’t’ e’t l Oll of ’ t I m e t m  hen’ ’- . l I m e  w t i h l m l  mm me s’I cu iut eiwc t h e  l im i t  c ’ n I  mu I w i  t i n mm ‘It r im e—

t i u u ’ m t i  p cn’ i um t lu e - m t > wiumt ’h fe’I t eu -mi t ’’. u l i s p e m ’ ’ — m i o m m  m I t  a l l  t ’ n e e h eIe ut e ’ i e s  m m nt i

i , m c t m i b m  l i f e  Ccii’ u , i m ’ I m i m m ’ , t ’i ’ e i h i m c ’m n t -v h i m i m n u h ’ m  . The m’m omn es c l f
’ i m n ’ — t m l m u  I i n  v were

~m unm m I y r u b  h >  t ime PC t•t m n t ’ )l m l I ion , nlnet Ito t i . Iio imm leleui so m l  I cini~ ali ui uu m i l i c iem n i u le u i

s t m l i t t  m olts we t -c u h i  ~e’ mn ’ ~~ed ,  l’ho e’~ I ‘- fe n c e oi ’ m n mit m t mn nm tubc ’ t l ‘,u l IIl ? i tlln i s e t h um i vm ~ Ie ’mm t
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i t s t i m e ’ ‘‘~i ,i I i l l i e ’t  l ’ l t ’ O - ,, i i l I I I c C ’’ c n l c ’ u i m m n i t  C l’Ce h i m t  c i t  l it ’  n’ cii um , imim m c ’ m n u m h i  I u ’mmm ~. 
, Ihmu ’

, i m t , t  h i  s I S t ‘. ,t h Idi ci ll  I c (ci t~ tu .1 d O  le m i ft Ins e~ l e t e’i i  ,i mc ’ I mu u ’gt ’ t’ t m m m i Ii i  ~i n i  c i r c l e t’ c tm I

m n l m i g m i  i t  mml i ’ t lit ’ c’C I I ~I u  i mne im ’ m I OIl tll ’ I lie’ c’ onm ~j io’i I t C

I i  , - i I I  ru t i m e ’  ~t m I liii’s’ , I mm ’ 1 i m’ i c ’ s

-\ -~ n ii o n i t  i tint’uI e,m n’ I lo u ’ , t i-it’ t ’ft ’o~’t i d - c ’ ‘it t t u m ’ s s  I hec i m i  Is I S t ime ’ f i  u ’ ’~t

e e n m n t  I n m I I u l I l ,  m m itm c le  I t o n’ I _ m in i m n _ i t  cci mite d 1 m m  m l n i c i  I i  l i en -  - m m ’ i i i  (u m t ’ e~~ cl e c im i lp c l ’  i t  ~‘c t o

e c’ c s t m l m t I C ’ ft ’u illl(’ I i t  e e l m  cpu ’ n ’ ‘- l u s h  i d  I’ ,I h u t ’  i’ m ’ e m  in t c i  mc - 0th e’cilil li e l ‘‘ I t  0 1

‘~ t m I l l s !  C C o t - inn  c u t ’ t iu ’ t I i m ’ u m l ’ c  w i  s eIt ’ ’u C  I e ipe ’cl liv .-\ e lm c ’n m l i m t e ’h m t n m c l  l l u ’ n ’ i ’ u u m m t i n m u

i l l  I , ‘~l I~ Ih i ~ e e ’Iil j i l u s i  c c l  I 11., ’ I i tu ’ u m n ’ , I c i st  11th  t in t ’ I m m ’ , m h m , m f , i t  m u m n m  e m

‘ l _ i n i o  h i , m  I h i l u m i l  0 i s , i \  c ’ , Ii I ci’ d l  i C e  I I ~it i
, ci i l ice I i l i O n s  , Iu l ~l m m e m n i n l , m  I I t ’ t htr t h e r

d n  u- ee l n on i ’ . l in e c  fe s~ i i i ~I t i t m i t p I , i imc ’ I u - , i l t ’ - c  o n - m e ’  i~, i c  0’ pl ’u m h i m m f ~i I  I if  I n n  l ine’

c i i  n ’t ’ c’l I c H I  u m b  t i m e  I i  h s c ’ m ’ c ,ln’ e’ ~i i  Sp C h ’ ’; 1 c ’ , ihit ’ d i  - . 1 i c ’ u ’  m t i n  c~i m m i  u ” I c m m  h i t m n u m h i

e’ I s t i \ \  , i I n ~i I mis’ ;  I ’ h ’ e s\  de l m; m n’ t ,i I ‘;iii,i l I cs- ,tc e ntm umn t h s e ’  m’s t t ’ eli i i  t ime ’ , o u i ’ - t , m I n t  ~ 1~~t ’— ’

c-c I d i e’ m l  p i’t’d l e t  i’d l ’s. e’ I ’ (oc t  m y e  mm i u i elu m I urs t h m c o  m s .  . f t i~ as ,t I o toe iui u h I h m m m  t I lie

c i m  ‘~l’o u - ’ m t i m - i  c i i ’ I c m i  I t  e i ~l m r n , ~ I w m i c - e ’ ” t u m t’ ‘s.m mt ,m I I w , m c e ’  m i t t i i i l s e  u’ m c  tn eg  I m  i i i  It ’ m c

c e ’iu i :’ a l’t’eI t t1 d i  ~ l5e ’~~’I l e ’ti e sf  I m , m m I ’ ~ct’  t”t ’ is , I y  c ’s - I I m I i s h s O mm m ’ t i m .i t  i m u e m i’ clt’ r I ci

m~-~’ o m i u u i  h u ll ’ t hit’ c l i  ‘ f e ’ i ’ - m l o In  c i t  l e s u n f  I m m c l i  m m m i i u~. m c  c ’s i s n ’ ei l m m i ~’, m m t  n mt g  m r l  I t n t ’ t i I m o o t  l u s h

c m t  t i n t ’  t m  l m t ’i’ ’-, , ih m u ~n’ ’  e’t i u m n h l I t ’’u mmnt i t le  I i ‘. mie ’ r ’d t ’~i -

1 c m  i u mm h s m’ u sV e’ I lit’ -m i mil l s I c  lIl t i c I d ’ 1 1c m u ’ i’i I s c u -  - t ’ e’ m u n  t e l tcCcI oe m i i h l s o~
; m I c ’ ’~ , Ae I i ouc I ~mm e ’ ln

,lmicl ‘nIl -\ I ~ e c m i’ ; t l ’ i iC I i’d 1 multi n’u’ ~i C _ c’ I I  n~ i t t ’  i iui l i ie igel ieclel s d’Ou i (  I n m u u e t m n m  t lieu’ I’’ t i  I

I Ice e i~ t
’
~~c

’ I l i e  m l  m t I  n i t ’-; ‘ I s .  po tc im ’ m l i n  l ien ’ - i’t’ i l l  t e ii ’ u’ecl d’u in mm p o s  Ii’ - I lit ’s. e csl ls  n t Ic m ccl

- ‘ t m h s t ’m ’ u’e nu t l e m n ’ e t ’ci u u m hi m h m e m ‘, I t ’  t i C  h u n  t e l l mt’d’( i o n i , ~ I t i  h ’e u ’ u, I n c  , i  ret ’ a n t gu m l , i n  . i n i _ I l

c m n m h i t ’d l c t c ” cI I I I  .1 i m m , i  t m m  ‘. m Imi  t o  m’m , ul , l i i i ’  n n tt i c it ’ I I s i s  i ’ , I 5 e’cl ciii t’~~I i i I l i 5  I t illS c m l I he

~t r  - -p  I , i c m ’ i imt ’ m m l  “ he n’ t~~~ n t ’ ~’ m ’ t ’s c n n I  , u l  i c e ’ u ’e’I I s  - h u t ’  I n ’ , u m m -  I I  I u t m n m  t m -~’m lint ’ l e t  i t , i l I i

I nm l c c inm ttit :c ’mmu’ c st i c c u s u i l l m c i .~ n t t ’ I ci ,i h it i nlnt i t~t ’nct’ tseI s e~omit t m i e m e u m i n  w .is , t c l l  i oc-od i~s. u I I I  I m s u l m i c  m m

e’etn lt I n i t m u u l m n  I m e i t i ’ A  I e l m ’  % ‘_ l u i ’ , S  c l i  c~ i I ,me ’e tine ’ni t m i d  h u m _ i I ~ie’ f~i i’mm ,~t i~ m Im c — l i m e ’ ci i ( ’ c t  l i t ’  
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st i (tmR’s s th iee i rv  Cci u’ f t  hem ’ — i-c’ I nn t ’cir e t’eI e’ dHl lpOs it es was t hen elem’ t v t ’ uI - h or ’ time

I rm lm ts c- t’ i’se him t u’miuoni Ic’ waves }) 1-ei~)mmgm mt m ncg i nn  t ime  dii  r ee’t m o mm c i i ’ t lie f ’l he u _ s , pli mt st’

c t ’ h c m e m t  h e s  we ’re c a l e ’ L n l m i t e d h  nemi m m e m ’ m e - m m h  i i ,  ‘l ine r e s u l t s  s h o w  t h m t t  t o n ’ is . m c c ’ h e ’ n n g t l c s

l imit  ~i mc of ’ t Ine oi’ete m of nmt mmgnn I t  itel e’ c it  m l I’ I lit ’ r - 
~t m .m n mm e t ci’ u~ i’ m m d m  st  l I m o  e lie’ I

i n he m’s , t tie plm mmse ’ c e ’ I c i e ’ I t I ~ Il um tu ’kedI I v eiehtenn de’ unt till t he is m ms.e 1 e m lg t  im m I t lit’

ela stic coui stmmn t s cii’ time’ m’eiumt ’ei m’ c- imn g nm m a t e r ’ i m l  e l I  t ’ t’em ’ s m m l i s t m m m nt  i m i l I > -  t r i m  t h i c i ’ ,e

cii’ t i m e ’  mt l m m t i’l N, m il a t ei’  1 m m  1 -

A nn m tna i e lgous  0 t Ce’ I m d - c St I t Inc ss t ltdcll ’ for t’ m i m e  c~ me 1 mm (c i I’ e’ t’ci e c lmlI i s css m Ic’

u~ It h ru — c t  m i m igu I m ci - I > — spmmc od u-ce-I a nn ge u  I , t t ’  I’ m l~t ’i’s w m ~. ~ci t’ k~ el c ’ t l t  h> i~a rt itt ) I cluni cis

, m m i d  I ’ou ’c i k  ~i~) J mmm iel w m m s  mi pp l j oel t e l  ~i m  S e C i s s  t ime i t m m u ’ i i t u i m n l e ’ is,ls.Cs ~in ’ ci~i m m gm ll tri p

m um sete~hm c onmnpei s itt’s - l~xI1n’cs s tennis (elm’ e l i  “pet’s i d i i i  c tm I long I t  imt i 111 , 1 I a nnul 11 c c i i  n i l

waves ~it’ t i pmtgmi t  I n g  j im i mmcll t’ I to the I’ I hei- s wen’e dIC ii ve el , l’ m’ci~im ig m n t t c mi m m e ’ i’ c m c S

tine f’iiiers was m m ! so hr ie t~ ic ~‘OuiS I dered . ~t:m i i i i , a i t ’ n-v mImi ,‘k ech cii S 
~‘ l’ s I m il l i~ .i S

enhse rv e_’d wheni the  e l ; ms t  Ic c’onns tm m n l t s t i t ’ t ine 11 h o t ’ s di ((ci’ s e m l i s t  m I l l  i m i h h i  1r ’tinmn

those ’ of the m m lmn t n i  x mnnat e’i’i mu! -

hot’ a t aint I mi m i teeh mnnc’ci i tim , Semnn A c’}tenibac it anti lie rn-mmm amn 0 SI S .51 -, , AS , h i l  -I

A l  2 1 them - i vect mcli effect i vu’ st I t’ t’u me ’ss theor y in - i  Ic u-n t i s c s t  I n mmi c ’ t’ c m s c ’ t lI i I t~ c l i  c j m  I m lc ’e

nutemm t s plus add I t  i o i m m m I I ndepeneieit t vmt m ’ I all It’s wi-i i cli g I VC lii i e~ i’timnn oe’hm mun i I cmi i

i- m m n - i mi t I cmi inn the uni i t  ce l ls - They cmitp Ioyeei t lie goc’c’m’in I rig ecluma t mom s t o

Jet ernin i lie curves me Imi t inig t he ’ ph a s e  c-el dic’ i t  y to  tIne wave uiunnher i c ir  im m t t’mut shi I t ’

wm ive s propaga I i 1mg pmi rmn lie ! to mind rio mm mi i to  tine I m m >  c’ n- l ung , mmmi t Ito > e’ til mn pm u FO ci

these resul t S WI ti m t Ime exact Se S h u t  i t ins - Time lowest m u lt I I s>’nmnlmm e’ t i -m c lnm tncht ’- ; l’tin

waves ~mropag~u t I ng in t ime cii i’CC t Ion ci t’ tim e ’ 1 mm ve’t’ I ng show t i ne ml i’u i t ig t ’ s I c- _ I r I ml

I OIl ol t ime’ l 1ttmtsC Vt’ b c  i t  V d i d  t’ .1 stI lls I ant I a 1 range cii’ wave ime mnihem ’s

l i m i t  i ng Phase V e ’  I o~’ i t  I (‘S mIt  i m iu ~ i shi m 1mg wave  numbe m’~ .up n-ce w i t  hi I itu lce c m l I lm e

e f fe ct  t ye m oduulu m s t i u t ’ t i uv  an~h es m t h i  t ime  e x m u e ’t l i m i t s . I t  was  pc i I l it  eel t ie m ( l t , i t

111011 t h i e t i r i e s  cii ’ t i m e  t vpt ’ b eam - c’Io sv  r ese n l ib i m i l i c -( ’ t o  M I n m t h I i n ’ s t hCt m I ’v  c m l

h n m n e ’ , m m  e I , u s t  u e ’ u t y  e s u t h nnmmd ’n ’ t is t r end ’ t u u ’ e ,
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-\e’ h n e n l l ’ , ic ’ ii , Se m i  m th ic l lit’ i- r i mi ,i mnm \ d b  t ’ i ru ’ t Ico n’ di e ’s. o f  cmp t ’ cI I hi ’ ot i C c  h l i t ’

st  I t ’ t ’m t e’s’m t l i e c l n’ s. - l Imu ’ e’ c i h t c t  I t  L i t  l e o  e e l u m m l t  i c i m u s  , t I nt’ 51  n c ’ S s  t’d i L i . I t  m e m l i s  c i t

imucit jolt . mutel limit emr ’ i I llclu n hel; m n’s. commeI ml I d i lns i s o m u ’  pt ’es e ’m -it eel , mm md s t t t (  I c  m out

c’dllid I t I c l I l S  t e i i’ ml C I I I  I d l i l u ’  5ci h u t  I c i m i  m e ’ et’ c l i  se ’tmsc e ’ ul l h e v  t’nmlp C oyCci t i l t ’

f e i~ u’ i - n - i l rug (‘c(iI mm t i cm ni s m mm n el ii t mtmmi e l m m u-v e~om n e h i t  I c iuns  to st t m e iy  t ime  t i i i  e’ h m n e s c  t u s  I -‘I

ine ~t I t i ll of  1 Imi lmi  I Im~m t OcI t c lul np ei s m I t ’ - h e l t ’  t’te u’c em pc ’ l h \  ,~ I no t h m e ’ r ’e’ i s , m I c iCs

t’t’t’cjtt e’mi u’> mm e’uilIS t I e ’ mllei e lc” m m m i e l  m l ti m cli  I ’l c c i u m e n c ’\ c l p t  m c , i  1 m ik m ei e - bite t m - e e i l l t _ ’ m l c  i i ’ -

c m l  t hit’ ; l t d ) 1 m ~ i t I 0 Ihie iell ’~ i~t’ mm’ C e i l i l h i l n ’e c h is i t  In I i i u ’ c’ui i’ n’t’spolm ti m n ip t’t’ cd b e t o ncc ’ I o .  pet’

e l I  c i  ccl u s .  time t’i ’ t ’ c t i i c ’ iie ’cllll U ” I i i C c m i \  , m imi ti m e me l i t  u t ’ m c i i i  i t  m m ~ios c m i  I n

i l l i t e m - H I !  l l _ i u’ m U R ’ i e ’r - — 1 , 1 1 ’  mu t e l l  I il ( ’ ’’c ’ t l ’ i’ u l t i t ’ I i c  m m ’ - ,t r 0 c l i l i ’ -,t ,tn il m a l l >  I t  C l i i  1 1 1 c C ’

Cs ( ‘ I t ’ I l id I c H i t  ( d l  -

l iii ’ f t l \  en -nit mi~ e d i mmm m t I c ’ m h ’  c i t  t b it ’ e’ t Ccc t l y e  1 m I I t i c ’ s”  I hc c ’ cs n s .  m c ’ m c ’ u’llm h mbt m \ c~l

il> Su tu i  ( 5 2 1  t e i  ‘;tt m d ’ smu t ’ t’,ioo m ,m c c’s 1 m u c i 1 i , l t , i I  u nm g mm I c~nip t hmt’ t ree ’ ‘ m m t ’ f mm c ’ u’ c m l ’ ,m

1 ,1Cc ’ reel l imi  i t ’- S j l m l e ’ e’ . ~~t ’i c u t  I o c I m u m h l  ht’- ~ ci C t I lIl t ’- h m t i - i m i c m n i  I c set u ’t ’;u c ’ us l i e  l i m i t  I d i n

wo n’ t ’  e’cIllSI eht’ i’t’.I I nn e ’ l i t e l l nnc ~ ie,is. cc m i  1 l , i m i t m i i m t t c c l  I ; m > t ’m t i c _ i’ m’ ml n ’ t p m e i  h i m m l  t ’ _ s h l m l c ’ u*

Rmi ’, Ic i pu i s , i \ t ’ ’ , i l l c i  I c ii  c ’ is,l\ Os I l l  1 l m ii mmimi tt (‘ci I I > e u c ii  &‘r m i l l  ( ‘ I m i s t  i c  ha I t  ~;p m m c m ’  -

I i i ~ pt’i’ s m d I m  t m m m ’ e c ~ wem ’e lim (~se~n i t c’d l I l t1  e’ci i m l h i m t u ’ n ce lti i s m n s  i h i mi ci t ’ t Cl u’ e”— i m l  I s t n ’ c imll  I lie

o t h o c  I i c e  m~iouIt i  l i u s  I h t ’ u i t ’v  m m h n d  t o  o x m t c  I Sc i I c i t  I c m n i c  w t i ~~i’c’ I h l C ’ e ’  am’ e  , m i  ,l m I t I m  b e .

l h c s c ’  s i i u i w  t lm. mt t lie ’ e l m  c l m t ’ l’ ’- m c m l t i l l ’ s .  (‘ 5 1 m o  m u  , m u m e l  , i o r ’ c ’ t ’ nmm t’ n t t  I s m  t i m  I Ice ’ o ’a e

I t i l l — , m I d  t h a t  lie ’ c ’t~t O c t  l i i’ c i  i i t i t e ’s— ; t i m i ’ e m l \  01 i c ’s t I it ’ i t t ’ i’ , i 1 l 1 m m , m \  t ill _ I l  I c i i i

t l c . m m m  t i l t ’ ( ‘I I ~~e t  l i d ’ ill el uilt h it ’ I i h t ’ e i t ’ \  l i i  l u l s .  l i l t  me l’ c _ i l  hl t ’ci ,i t t i u t ’  t ’\ _~ ’t ’ i I ’ .0 c m l  1

lImo me c’un lmlj’ 1 I c i t  Ccl i l n s m c c t h I u I ’ t’ I i t , m n i  t limit c m i  tin t ’ C I  t oo t  c r  u m l e m e l u l  l i i ’ ;  I lit’ cs n’ ’ -

l i m e  e t~ t c c  l i t ’  cI  t i t i l t ’- - s t l t ’ ~~m l’s.  i s i S  me t ’i mmt ~ci t c tm 1 1 1 0  1 l ie u ’ ‘~ c’ c O l l c l  c i  m ’~hi’ I’

t O I ’il l ’ A I l l  t hit ’  c l i  ‘~p I , u e o i i i o u n t  c~’s . h m , I I m c  I 1 ’ m m ’ ~ i i i  \e ’ l n i ’n i i i ; i e ’ h n  , i l l u l  l k ’ n ’ r l m l _ i n m n n  I . ’

h i , m n hIm , mi m i s  i s,ii ‘ 1 m n ’ 5 m 1 1 l f _ 1 1  i c i l l  I l l  l , i tn i i l _ I l  I’ d i m n t ’~l 1 1 1 1 1 1  ( l m l l l m u m l i l t d l l ’ di I ic,i — I h i t ’ i m - I  l i e t  I t ’ , i

‘i n ’ , n m n  ‘ _ 1 m 1  I I t  n I t ’  I I Iic ’ch I I  h u t ’ m s .  I i t ’ t’s. - i t  I , I  m d  .1 i ~m s, t u l l e ’ c l i  - - - I ‘ I t i l l  c i n  c ‘ - -

‘ — h t ml, ~~c m ~b m ’ ~~l’ c ’c ’ I i l c ’ h l t  _ I u tm . I I l i l t ’  I I I  l ’ I i I u ~ l i  I t  Is I i  I’ I m u m u l m , 1 1 , l t  t i c  i ml I l i i i  I m i l l  u ’ uh
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p 1 m u t e  I s m Is  mui nmm 1 v :t ’eI liv emmp l civ i n i p  I Im u s re f i n n e d  t lmec ry . Compar I scm of’ t lie

el m spe’i’s m d i m n cu r v e  t o n -  i l c ’x ur a  1 n m mc m t ion w i  t I m mt m l exact  curve shows s m m m i l m n r

q u a l m  t a t  u i-c’ h l e l m m m c -  len t’, lic e’ ubuzm [I tat i c e  el i f t ’ez’enc’e i s  t i t le  t o  ‘‘ nm n m u tei’ i ml 1 cli  s--

1mer s u om ’’ wh m c l i  u s t heus sec m m t cm he s i gut t’i c a n t  f o r  slnm zm 11cr wave ! en ig th  s ec- ’Im

i l - i  t i m e’ pm ’ese nmc’e u it  ‘‘ ge e)hu ne’t m m  e’ mt I c l i  s1ien’ s I cnn ,

l i m e  prei~i m m g m i t  1cm of  t i n l n e — h m m r n i n o u i l e - W~t i & ’ s t m m m c c l  1 1mg inn an mm r lmi t i-am’ ’

ch i i’ect i o m m  I t t  m i p e t ’t e ich mc _ iIIy l m mn mi i m i m u t t ’eI mm led l Unin es as e x m m m i t i niee l liv Si-c [ S-12( - i n n

- : mu el el l t I c i h l  t e l mini  0 \ m m c ’t , I m i m m l ’ ’ — i s  , lie m m t i h l l l e d  t i m e  et fee t i v o  st  I t t t i c ’~~’-~ t I m ~~c i r s .  Id

— t lie pI- cihi lenu l mnn m~i cili t mum u iee h tim e ’ u. el u ’l’dS Iiulmmc l I 1mg, m lpp u ’ulx i mul mit e’ e lI sp em’s t oni u e  l m m t  i t in - i _

Netme i ’i c m l  1 roscu It ~ I i i  Sc 1 i mmd m c m m t  o time dependence c l i  c i i  s~ldl’ s I Clii el h ldm nt t lie m u g  Ic

of pi’olm m m p m t t t omn , A coun pmmr m somi wi t l n  the  C x , I e ’t so 1 Ut i on - i show s t l i m i t  mi gn’ e t ’u i t e m lt

i s  S m I t  i s t m t c t o r v  lul l’ t hose  m im n glcs tdn~ i’c’ tine c i i  spe rsiu lnt j s  tine ct r’c m n n p e s t  -

i l i g he r -on - d or  m ’ef ’ i n me ni ic n t ts  of the e f f e c t  icc st I ((m ess t h e e m t - v  it em-c

deve I tilled by I n n ’em nmm he l i e u ’  murie l  Beet Co t-~l J 1 1 1 1 1 fo r  _ m I mmmii i mt t Ccl nni e ’eI i urn.  The>-

pre sen t ed  I f l lp r ’eiVeeI e l i  Sp 1 m l e’en lnem nt mmmcl  st mess  i n - i t o  u fmce ’e l i oe m miul mm my e’c imi u l  I t  I u r n s

su i t a b l e  for  i i m g hm e u- — en rdci- (itig hem ’ t i i mm mn Ii l’st eii ’clCl ’ ) t I i C ci l ’ i e S  Sci t~ i ,i t t h e

n ’cscn l t I ng t i m t ’om ’ v i s  i n n  mm t u i  i-tim sem i t m m l m i C te ll ’  t h e ’ so l i n t  i ci ii dii e l v m i m i m m u i c r I d ’ce’-~

imic ‘ud I ntg deterum m i limi t i tint cii st  m- e ’~ses I’wem exmuu nl i m I em ; ci t~ t I tune — h n m t  l’unnd lnn I e csave

pr uipm t gm it jolt show t limit time int c lmn si dill ci i’ st  ross h ” o u m n m u i m i r >  Ocil ic !  i t  id l ut hmns

negli g ible et’fec t clii tile uhi spen’s 1cm celrvos w h i l e  t h e  meide s l m ,n i l e s  m I r e

subst  mum t t  I m u 1 1 mocl i t’i eel . These m nich i c’ m e t o  t hat  mint e t ’fect  i c e  s t t ’m~~’’; s I hOot’>

adequa te ’  for the cletei’unn i limit I ciii tit’ st n’ esses  must  j mnc le u el c ml r os s  m i t  o m l ’, m c ’e

boumu da n ’v comic! i t  I d in - i s  . & e l u i s e c 1 e u o n m t  1 y , t i m e > -  o u t  am mieth more m I c m ,’ I I  m’ m l I e d i  ‘— p e n - s I on

e’UrVeS.

l ine C t t ~~t’t 1 ye ‘t  I tn e s s  t i tOt i) ’  i CS mIS  ciese n - i  Im ed l ;miicni’ c mm me bmn se cI ~m i i  t im e

cu lt is t  um u ct  l O l l  c m l ’ st i’ m n m  mm mn nu h k i n e t i c  enen’ m~> cI e’ns I t  l o s , ;tm lul the seth ssecheteli t Cm~ e

~~ Ilm u nim i I t o i t ’ s Im u’ l nl d ’ i I i I C _  i- ~ s i ’  e u m l l m ’ t i t i m c ’ m i t  n n m m t e i ’ i m n l s  t i i ; m t  mi r e  m nu i t  p e r t e c l I s .

s l m t t i e u i l t es u t t e r  l i l t  l i e ’  b~ I s .  c m l  n m m c l  im
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I i t t ’  i m : i  I . m ml ~’e Ccjum I t l u ) P i S  e1 1’ I Iuie m i n- nmio m cml t cmlii m tu mt l Im ic ilmtCli t of mnmo miie m m t l int d l  n’oc t I y

fr onu i ç i i i ys  i ca l  a r gum nment  s based on nniornemmtunn colts i derat ions  was p r e seu t t ed  by

A ch em iha c l i  [A 1t . Tim I s a t  te rm ia t i c-c mu u et hod has the  mudv a itt mige t limi t I t cm m mi lie

used for ’ connnpo s I tes i n  win i e ’h t i n e  m d i  i ’idua i l ay e r s  are  not e l a s t  I c

Ct’eit min d :‘ic’ i i em t l ’m i e ’it ( t i O ~ ex tended  the  mi 1 t e rn at  i ce forminui 1 mi t  i tin cit  Ct  I C c ’ —

~ j ye  st m ffuiess t heci m’v to mm v i  se ’d ) t ’ l a s t Ic ’ 1 ainm I n i m m t e d  ct)mpos i t e  i inc I h u h  I li~

t cn t i l e r m n t m m m e  t’t’t’ec ts . ‘l’he’v t h e r m  i eel mm set of const  I t i n t  i V t ’  edl hlmi t Io ns Cc~ r’ mm

I m liii I l I m i t  del !‘lt’ tl m Clint c’el il l h l e i sCe i ci t’ 1 , I V O  I’ ” ci I I I s t m  m i n i  i Se l t  rot i I c  t In e ’ rnnic ~v I 5 c’e)t’ I mist i c

~d li It ! ’ - lIm e spc’c i m i l c ase s  d l
’ I s o t  n’ c m p i c  t i i e m ’ u u m e i i i s c e i e l m v t  l c ’ i m t \ ( ’ m s , m m m i i m , c u t  rO~i I  d~

t hie n’umm ci e 1 m i s t  i c I ay er s  Icflel I s~~1t i’oli i c t he u’n n ne m e I m m s t  I c layci’s we ie  tnt -  l e t ’ I > - c l i  5 —

cemss ec i  I’m I s m m omm line at - t heei u’y h as t lt e mtc lc ’ m i nmt  muge t lnm m t I t e’m m m m  lie used for

conlnjmui s It t ’ s wI i i clm m l i’C mm ot t’ l a s t  I c ’ .

AI m e xt c m m s l o m t  ot ’ t ime  et ’ t’ect  ly e  st I t’fnness theoi-v to i mnc le re ie  l a r g e

ele t’cii’tmt mut ie inns mi nd mm cm I i m m e ’ar n n m t teu ’ i m i t  h eh m mc v io r  was  als o carried out liv ( i ’ uit

mi lt cl \chennl imm ch ( l l (  l’ei i’ mu I mmlii i n mmm ted ci m I s t  I c comnpo s i t  e .  ‘l’Ime i-eseu I t  I rig svstenn

cit ’ ma nn Ii niemi r f Ic Id edluat I oti s, conS 1st I um g cit ha lance equat iomis , contst I t u t  ly e

eulu mit l ouis mm md celust ma i i m t  cu m u meh i t j olts , be mmr a c it ise res emttb l menc e tci equat I Otis

det ’i nil nip mm non 1 1 mm em m r theory  cit’ elm ist I c I ty m l  tim microst t’ucture . TIme equat Icil is

w e r e  cmii 1o~’eeh tei study t h e propmngat ion of s m a l l  amp I itude  t I mi me —h m m r mi t on I c  w m n v e ’ s

super i nmmpo s~ e1 on a 1mm rge stat i e’ deforumia t I ciii . ‘I’)ie resul  t s mm -c very s i mt n m tar to

t itc i se in i i  mnear theor y of effective st I t’t’ness except that t h e  coeft’i ci cuts t lmmt t

m i p l i e m u  red 1 m m  t lie di  spers  m oum n -el mi t I tin ebepen tl unot on lv ott the st r eu e t  e m ’ 1  n ip  hunt

,I I so din t h e  I m i n’go s t m u t  I c dct’or mttzct ion .

An e’t’t’ect l i d  st  I t fne ’ss  thecii’) ’ ion’ mu c o m p o s i t e  e i t ’ ml c c l  i n m d r i c a h  geonieti ’>

Is , l 5 dleit’ l oped his. t ’ht i u m mi ni d ,-\e’h enbim mc ht  I C7 - 1 1mev pu ’esenmtcei I t O l d  ed l um nt  I e l l i s

~e ii c’ t’ml I Ild ~ t lit ’ lnlc’e’lt mIil i ~‘a I h ieli m m y i cii’ cit ’ I mn > e’ n’~ cl c’s. h i  un ulc u’ s (sr u it I ( I ,
~ I Pl’u i h ldms Cd

ci U t  1 t e  I I i i ’  s I I I  l i e ’ ’ - c’t ’ll I I mi i iummlt  nn tc itl e ’ I t o n ’  e’iIt ’~ I I I 110,11’ 1 m Inim m lImi t cut e dilmm n m u ms m It ’ s

- - --- - --— -
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of ,m c e’I’y geuner a  I t y p e  - l Ine model ms m l s developed by expand ing  the  v m u m ’ i m mbl c’s

in a series m l tlm i mm each I,mv ei’ and m mve i - mig i n - i g  over the t h i c k n e s s .  A co im st i  t im —

t t i c  theory  for  non ! I m memm 1’ e last Ic mi nater ial s was then developed , mend spec im i I

cmm s e s  of the theory  ( I i  mie mm n’  cases)  for c y l i n d r i c a l  amid sph e r i c a l  l a m i u m a c

were  p r esen ted  m mu m d di scimsseel . I t  w mms expected that i f t ime r m ut  i ci of t I ne

tim ickm ness cii’ time lm m yet ’ i nig to’ t ime i m i d ius  cii cnr vm m ture  of t ine  layering i s  s n um mm l I

t ime mmp p ma ~ I m a t e  theeir’y ts i t  it tw c)  t e mm expmm ui s I oni 1 m m deso i - i hi t ip tI-ic lie’hm mc v l i,ii’ cii ’

t i ne 1 mmm i mi m it Cu1 ilC id> ’ sImon! d he mis  ade e lumit  e mis t lie mi pprox i u m a t  C t imeon ’ i Cs cii’ p1 mimic

mcmii t mm t c’s p resente d cml i’ll er.

Pm ’ u rn u m e I her  and Red ford 11) 1 ~~ 115Cc1 a mod i f i c m m t i o n  of the’ s ilmi p l e r  mi m i  e’r e i —

St r enc t t ire t hm e ’eir> ’ dove ’ 1 eipecl car i i  or i’or ci mm st i c 1 mint I n nm l t c’s liv Scu m , Ac im c’rmh iac Ii

amid ik’rrmarimi [S18 to  a~im t I y :c’ p1 mimic h arnnonic  mac e’ ~iropmugat i on i n  el  t ms t  I c

Iann i mites . I’m is rm eus - c-e’ rs ion I nc’orporates 1ii g}ner — e ~ ’dci’ th i ck mies s  vmtm’ i zit I omn s

in t h e  di sp lacemenmt fu nmc t  i tmun s au - id I tic hides r e s t r i c t  ion - is  on ho t  It e l i  sil l m mc ’enm ieli t

mind stress at the lmmmim mm nte i nnterfmices - I’d assess tIme p ot em n t ime I cii’ the
L

- 
second —order  ml  eros t r i n c t u r e  t i m e c i i ’ v  l’c mi ’  a c c c m r m n t  e mode t i m t g  di I’ uniec ’hnmm n i c a l

processes i n  I m mu m n i m mute s , tI I spot ’s i t in curves antI espec 1mm II y mitu it l e shape d a t  mm

for l i ot h n d i  sp I mnc cirte nt s mmcl stresses were oLit mm i ned mm md conmtpm u u-eel t di corn ’esl ionei —

1 fl~ CXm l ct sa I n t  i c i t - i s  - The comu pari  sans m m d i cat e  t h mt t  w h i l e  di  spers i onm e’ui’ves

- may he n e a r l y  i d e n t i c a l , ex t r eme ly  s i g i n i f i c m m n t  e l i f f ’ere tices mummy he eihiserve d

in tIme mtieie shape . I t pr ~~v ides mm strong evidenc e that cIt spers i dint c’onnpi t u - I  scum

ml 1 cm-ic eanm lmot co m nst  m t u l l e  a c m i  l i d  c m i  t eu’ i oun t’cn u’ the  mts se s snnen t t  cmi mu mimic ’ I ’ e l S t  rue’-

tu re  theory .

I l t m t v m u c c k  (lil si used an t’fft’e’t I ye s t i  f fness  theory t’or f ih c r - r e i umf or co u l

e’ompos i t  es wi  tIm hexagon im i  I p a c k i n g  of num j e l l  re ct ion nmm 1 f-I hers  . in  the theory

a t v p  ic - mm I hexa goina 1 f t  hem’ m unch il m m n t r I c lmnyo ut i s  replace d liv ci re’u ICi r cy I inder s

I
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m t I s ’~ (’ S  i t i ~ tI me s l I l i t ’  v o l u m e  cii ’ min m mte u’ i m t l s  - lie t h e n  I !  I e i s t n ’ mi t e d  t ine  es semic e c i t

tIm is theory b y P lmn nne hmmrn n m omm i c waves .  Pr opagat ion  ii i  cl i  rect I tins p mmr m m 11 ci  and

ntorm lim m I t o  t i n e  f i  tiers we re Oe mt is  i d e  red . A correspondence between t he e lm t s t i c

ccinst a m i t s cii’ m i i i  e q m i i  v m n l  ennt t r ansverse  1 y iso t ropic med I unn i mind the  p arm mni et  cr5

o t ’ tIn I s of t ’ect I v u’ st j f fnne ss  model 1%- m i s  shi owu m us I nig vm m r i  e1US i~m Ive  speed s mi t

‘, , l I I  I I i - i~ , \ c m i \  e’ i ie t inm lio i ’ s  -

lhl m m cmic t’k ii! i m l Iso t ’e~ c’nt ccl mm li e’ft’ect ic-c St I t’fness mmi ocle I fe~’ I S c m t  r’ d lp  i C’

t e~~ i t iun m tse’ 0 imm s t Ic ’ d’d i n nl l id i s l  t e s  c c i nmtm i l m i i ng sp lmer  i cm e l I mn c I t n s  I a~m~~. I l l s  mm i oe hel

c’d i l i s I st  cii ’ t S c m  ~~O l ic ’O l i t  n i  c Stiltee’t’s , tIme i nnmnc ’m ’ one r et i i - e s e ln t  s m mm i i nmc I us i out

t I n t ’  t i e t t c ’n ’  omit ’ t ime ’ nm n m it m i x ,  lie m iss eum ine ct mm conmt i nmu ti u s  t ’I c I e l  o f ’ gr ’ c is s  ~Ii s t m l m m e ’ t’_

m mn em mt s u -  win 1 d m  s m is  m i s s l  gm n ed tel t Ine  m i t-en or tit’ t ime s n nrm i l i c r  st i l l e r - c’ m m md te l

t ime oe mte r sim m- face t i f  the  oc mter  sp h e r e , u s i n g  ml i i m n e a m  ex p a u m s i o n t  about time

c’on nnn ni omm cen t em ’ . In  a d d  i t  ion , lme mis scinmn ec l a loca l  hm oimm og en e ocm s det ’eim m m a t  I omm of

t ime ’ mat u’i x dose t’ ibed by ml ceinmt I u m n ,n o cm s t eumsor f i e l d .  ‘l’hne local  elI sp l  mmc em euit  s

i n - i time u m m t  i’I x w et - c thenn t’ixed I-mv t Ime coumc l i t  iou of cant -min i t y mi t t he i i n t e r —

immce , mmmcci l iv m msscm n n I rig mm i i  n i e mm r dependence on t ime ra ch in s .  in t h t  I s way . Inc

m lm ’l’ m i t’d mI t mm m i ci mI S t Ic iiotenm t I m n 1 d olts I t v  m i s mini  expmt ’ss i dint i n n  tci’nlts of t I ne

b c  ml I elefot’ntimit m c irm mm mcl t ime g i -mcch l en - i t  c ii’ t i -me g i’eis s di sp I a ce mm m em nt s - I) I sp c’ t’S l uimn

cemi-c-es f~ii ’ har nuc inm i e’ lit mimic cs mt ccs were present ccl . ‘l Ime 1 i n - i t t  phase vu’ I tie’ it I t ’s

ion ’ c ’m mnl i sh l im p m m m c c  nunnhet’s >‘ i e Idech time’ e t’fect i ye nuodu I i  win m c l i  , for  a t e m n i g s t  cii —

cmi  r I m  i e l C — c ’Ol ) I i  i t  m i t  he ) >  • migl ’ee c-er’- m e l  1 wi t i m I lm-ms l min  mmm cl Slit r i k m a m n  ‘ 5 cm i lcii lm e t lu ili 5

I I  - 5 1 mm t c’ rmuc t i n  ~ ( ‘ant I nm uc mm i’iieo r i c’s anti ‘l’inec m- los cit  M i x  t e l  i’d’s

Rt’t l f a r t h  mI nd S tern  [ B i l l  proposed a onnc ’-~h irnc ’n s  io um mm l m l st u r e  t h eory Cot-

,i 1 m m  v c u ’ c’tl mmmcd I turn wIne ru ’ in  the  I nit e rmn ct i onn r’ ~irmnme t cu - s we re clot cm’m i niocl oni t h e

l i m isuc cmi rc’~ ui I I s uif ’ e’c’n ’tm n I ni sl n n p l e ’ q u m n s i — s t m u t i c ’ pr t ihl c ’m s.  The nov e l  t’e m m t u m r e’

— -  — — - - - - —---.~~_ 5---- ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~
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of t it t’i r theory is t h m i t  ca c) n const i tu em nt  i s  p e r m i t t e d  to h mm ive mcnn m d  i v  iu ,ht i m u l

mat i oin , m m  t im mc ’c lman i cmi i COLl ~ i i  imp bet ween t lie mot i oms introduced to model ‘1

const i tuemi t interact b u s  m m  the mict umi 1 co m p o s i t e .  They employed tim is tlm c’c- rv

to study tIme t im e— h mm rnm on i i c w m mve s p r o p a g at i n g  parallel to the interfaces of mm

l a m i m m a t e d  compos i t e .  The d i s p e r s i o n  curve so obta ined  shows good agreement

w i t i m  the exact sol u t i onms.

St crmm mind Bed ford ( SI  ~i de v e l o ped mm t imn’ c’c’ — di  n mne n s I c iii mm I node 1 hm i Sc’eI em poit

t I m u’ m i x t mre t hc’om’ v . Re’ s e r l  t s mc’ rc’ mnpp Ii ed te l p1 m m n m e hmm rn m eim n I c  e~ m m i -Os  
~ l’oui m m g m m  t l i m p

in  m m l m i v m ,’u ’ c’d nice’d i unim . I l s p t ’ i ’ s i o m - i  c h m m i r m i c t e i - I s t i c s  hm ise ’d cmi t h i s  theor>’  w e ’re

cein ipar eci s it h  ‘cfic’ct ly e ’ st I t’ferms s ’’ t i n t ’ci m- v and exac t  s o lu t  b ums . I t  S m u s  fouttd

t h m n t  n m e i t l m e r  t I m e  I i i i x t c u r c ’  t h e o ry  nmor t h e  ‘‘e f f e c t  I ye  St ffnnc’ss’’ t hear>- could

desc r i l i c ’  mu d cc i c u m u t c ’ l v  tIme ni cm it eri m u l 1-espoumse oven’ mm w i d e  i’mui t ge’  at w a y c l e m n g t h s  -

O n m Iv t’oi’ elI s t c t r h z unmcc’ s p rtnpm ig zmt i m p  m m  t ime’ dl  meet ion  of ’ t I m e layc’ri Imp • t i i i  S

t lm c ’orv  r e f l e c ts  fmm I t ’ l y  ;icc’u r at e l v  t in t’ prt’per k i n d  ot’ d i  Spers l y e ’ h ic ’ h nmm v b r

mm nul imc ’nc e mmm v be’ rc’gz mr d c ’el mis ml fZe)Odl mnmocle I t e ll ’  snc’h mm m i i >‘se’s -

Rc’cl Co r- ci mm mcl Stt’mn i [ R I  3) proposed m m nnmei i t t  — c’ont i nuuni m i xt nrc’ t iic’o r’ >

h mm s c’eI cmi tim e cIcve~ lo pn mne ’mmt of t ime ’  c’c l u mmt I tins by memmfls of t mci  coup I ed

mmm c d l mm Inn whic h the fi h em’ d i  i-edt ions mi - i -c n at um ’mm I mIx e s cii ’ svmme t rv for the

fiber- reinforced rn m m t ee - i at mind tlme t rmmtisverse I sotrop” mu so corres po n cels  to

lmm rn i nm c tecl mm cteri al wh ere the directions mmormmm l t c i  time lmmver s ~nr e t i - ic  m n mm t u rm m l

svmmet rv mixes .  ‘lime r e s u l t s  are the basic equations fcim tIme coins i dered mmcd ia.

Mart j ut (Ml I ( 150th tIm i s  mii i x t u r e  theor y  to Pred i c t  the  phase v o l  tic it y tiC p lan e

waves i nm mm f i h e r — i e b  mm t ’t ireed e I mis t  ic s o l i d ,  lie found t i m e  p i im m s e  (‘C I c me ’ I t v as

a funct b u m  of t ime wave mu mmher and mis m m funct ion of tine di r ect ion of ~m r c i~~; I g ml  -

t i o n m  r e l a t i v e  to time f i b e r d i r e c t  i c m n t , ,~1so , the p a r t i c l e  mo t ion  of eac h c i t

t ime const I t cn en t s  w mms solved for at v m l r i e m s wave numbers . I t  w m u s  fou nd t h a t

t i m et’e  mum - c t’cum r ~icn s s i i i l e  prop mng at  ion  i ’C i e i c ’ j t  los i n  a h i n m m r v  m i x t e u r e  of ’ t h i s

i - I  
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- m I n d  t l imi t  twa  c m t t i m e  se w m m v e s  c ci rm ’ c spun mm d to n e a r  I y siK ’mI r not i on mh i I e

t I n e  i ’ommu l i i i n g  two correspo und to n memmr l  y compress ive mot io n .

l iege m n i e r  amid Nmc y fe i i  [117 I developed a continuum t heory  for wave propagmm-

t i o n  mio rma b to the l ay e r i n g  of l amina ted  composi tes  based on an a s y m p t o t i c

scheme , Fhmo h i  e m - m u c i m y  eif ini oele is  mit - c el efi  mmc d by t i’ e order of t r u n c a t i o n  o f ’ t i m e

m s v u i ~~ cit  Ic sd’ij u e nm ce  . Bzms ecl c ii ) t ime c a l c u l a t i on  of ’ ti ne l ow es t  —orde r  d i  sp ct ’ -~ i V C

nmnodel , accuracy  superior  to severm i l e x i S t i u m g  t h eories was observed . The> ’

then  cas t  t ime lowe st—o e ’de i ’  th eory in mm s t a n dard m i x t u r e  fo rm.  For h marm m mo n mic

w a v e s  I i u ’ o l l m l g m m t  1 r ig norma l t el t ime i m umm n i m imu t o c  • the  phzise c - e l oc i  tv  sp ect n -m c of’ t im i s

m mmi x t u l - c  t h e o ry  exim i h i t good cor i ’e lmm t ion ml t im exact  r e s u l t s  fe-m r t he Ci rs t unma de

t e i  t ime  c u t o f f  fm ’equ encv - i’Ime s imnp l  I f l e d  t h e o r y  in  b i n a r y  m i x t u r e  form h mm m s

p r a c t i c a l  m m p p l i c m m t i o n i s  i l l  V i es of its simplicity.

l l egen m n i en ’ , G ur t m an  • Na~’ feh and Bacin e [118 ,119J di sceissed t h e  wavegu ide

type p ropmm ga t  i or m both  i n - i  layered anti  f ih e  n’ - rei nf orc ed c o mp o s i t e s .  Based

upon m m s v m n p t o t i c  ex p a nn s ions , agai n t h e y ’  developed a s i m p l i f i e d  f i r s t — o r d e r

nm ix ture theory of whic ln time momentum interaction term is id enti cmm l in form

wi th Bedford ’s bu t the c o n s t i t u t i v e  e d lum et ions  for  tine stress in each coin-

stituent inivolve the strains inn  both c o n s t i t u e m m t s .  Th ey employ ed t h i s  f i r s t —

order nni xture th eory to Study t i m e — h a r m o n i c  w mnve  propagm et iou inn  botim m m m v e g u i d c

type lm mm inmmted mmnd fiber-reinforced composites, I)ispersion relations were

d)h)tm l m ned. -\ compm irisoun of the approxima te and the  exac t p hmm s e v e l e -i c i t  dm m t m n

i m n d i c m it e c that t ime tlmeorv provides good first mode agreennent. A cIeljtiofl~u h

,id ctm mm mcv mmmv he ohit a i ned by t ak l imp more terms in the mnsymptot i c expa m m s i aims

e~lm I cl -i resi n It 1 m m m m mo re comp h I emit ed hi gher—order ml xttmre thmeo m’v -
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llegemi er and Bmiclne [1-110] further extended the first-order interacting

continu um theory for  wave propagat ion  in  one -d imens iona l  e l a s t i c  lamina ted

composites to the general two -d in im e umsional  e l a s t i c  case,  The phase ve loc i ty

spectrum of the genera l two-d imens iona l  theory was investigated for one-

d imens iona l  h a rmom m ic wave propagat ion at var ious  propagat ion angles  w i t h

respect to the l mmm i m m at e s .  Comparison w i t h  the fi rst three  modes of the

exact theory g ives  exce l l en t  agreement . It  is seen tha t  t h i s  th eory  e x h i b i t s

somewhat better  cor re l a t iom i  t han the  e f f ec t i ve  s t i f f n e s s  theory , es p e c i m i l l >

at p ropagat ion m ingles  c lose  to the m norma l .

N me y feh and Gur tman  [N-i l employed the  f i r s t -o rder  b i n a r y ’  m i x t u r e  th~ui’>’

to s tudy harmonic shear wave motion in laminated compos i tes .  Bot h trans-

verse ly  (SV) and h o r i z o n t a l l y ’  (Sf 1) po la r ized  waves were considered.  Di spers ion

re la t ions  were der ived and compared w i t h  the resu l t s  from the exact  and

ot h er approximate t heo r i e s .  Comparison ind ica tes  tha t  the agreements  w i t h

the exact t h meor y for both types of shear waves are good , especiallY for time

Sil type wave , for q u i t e  a wide range of wave numbers , and th at the  s u p e r i o r i t y

of t h i s  theory - to e f f e c t i v e  s t i f f n e s s  is obvious,

Gurtman , Nm e yfeh  and 1-legemier [1,113] general i :eel  the f ir s t -o rde r  theory

of in te rac t ing  con t inuum to s tudy the two-dimens iona l wave propagat ion

i ’ 1 conmosite mate r i a l s .  In the gene ra l i za t ion , t ime mater ia l  effect ,

ihe  e l a s t i c - p l a s t i c  behavior and two-dimensional  immy-up s  ( l amina t e s )  were

considered . The dispers ion r e l a t i on  of l o n g i t u d i n a l  harmonic waves in t ime

elas t ic composite was Pu t 111 a numer ica l  dispers ion - i  code, The predicted

respo nnse agrees well with time experimental results.

( ;uu rt maum , et mm I . 1( 11-1 f u r t h e r  app l i e d  t I-ic theory of i nter~ict i imp c a nt—

t I m u uu m to wave p ro pz mgm m t ion in  tI n ree— di n m e nm s i on imu 11 y r e in fo rced  conipos i t  es

TIme proposed model I s mmmi ext  enms ionm of t h e i r  two—d I mimens la na i lam u i mate anti

— —-— ~~~~~~~~~~~~~~~~~ “-  -- —_— _h_ — - 
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t’ n m c n ’ _ r o n  rm t c m m ’ c emmmem nt 1 , m m’nIenia t i on s w i t h  in i m m c l e e s i o m m  e t  t h e  et ’ t ’ect  ~m i t h e m i inc m-

d > - rm mum mm i cc , t ’ i n m i t e defei rnmnat idm s m m md n mom i l i mmcmii ’ coun st  i t u t  i ye iielm ;ev ion ’ . ~\ [11 51’

e’oeh e w a s  cI~ ve l c m ’m c ~l to s t u dy  t i - i c  propm ugmmt i omm of immm rmonn Ic b o n g i t ciii i m mm i i waves

1 m m  t h t ’ e e — e i  im m memms e c i u t m u  I e l m mm mrt z—p lmeri el l ic e’onm mpos i t e .  1) 1 s j l er s  ion  e l mmt m m o b tm m i m n e e i

t ’i’ c ’~ t I-ic Dl SI’ c’oehe ime t’ c c o nm mp mm red em i tim expor I mn m ’nm t mm 1 res in  I t s  . Ag -i-cement of

a l l  ~a I u e s  w i t h i n  t ime l’rg i e imm of  m m h i e h i t v  ( f o r  freeiuenncv ~ I Mhz) at ’ t ime

n’~ s t i e r rc ’ ~~~~ -

\j > 
~~~~~ et~ c~ me t heer~- of ~ c i r i t  I f le l i l i l l  b a s ed  cm : N v f l i m t  ( i t  i ( ’ C\ ~~~l ? ! ~

t o  i n m v e - ~ t i ~~m t e t m i m e — h a  rmo nn i wam ’es  p rop;Igmm t i m p  rmo m ’nn: r I t o  t h e  I m l v e r s  - m f  nuu l t i —

l , e ~ ‘ m’cd m c ’ m’ i tid I c ’ mccl i a - i~v n - e t a  e mt mmm ~ a l l  t e m ii ms i n  t h e  a s v m p t e m t  ic sNleucnmc ec

he t i h i t a i n m e e l  t i n e  e h i s l m e t ’ s i o m m  m - e l m n t i o n  w i m i c h  y i e l d s  t h e  e x a c t  l l 1mmm ~~t’ v cl e i ci l v

~~m cc t t ’ i m i n i  - l i me ’  k n n o w m m  i C  I mi t I or e s ftl n’ t i - ic ’ im e - i niecige nt e e m e ms mm md t he h i  I aiim i um a t  Ce! mm mcdi  m e

mi re c i h t m i  I nat - i  h e  m is spec i a 1 cases  fmoni t i m  i s  t lmee i t ’y . -\ l so , i t  i s  noteel  t h a t  t i - i c

e l I  s~’c n ’ -~ l o i n  ot ’ t ire conmmpos I te in cr eases  s - i t - h  eac-h mm d cl i t j on a h l a v e m ’  in - i  each

c~ ’ I h ci t I ic L’ c mm 1ici~ i t t ’ ,

\m i \ ‘h N I l t o u m c~5c~t I a c’t i f l t  i n i em mfli n flu \ t mm n - c t h c o m ’ v  c i t  l~ie’ , I t  e’oiteh e u c t  m o n  i n

l m u u n i n n m m t c d  wa~-e g u ie l e s .  l’iteot’> ’ lea d s tei s i nm mp le gover im i nm ’~ eeluat i O flS t on ’  t ime

m m c t u m l  1 ct -mm p os i t e  w h m i c h  ret mu 1 m m t im e  I n’itegri t y  c-if the di ffuns I on j m m’ oe’eSs i n n  cacim

c o n - i s t  I t im e nt  bu r t  mm 1 low them t o  coex i s t  umn der some d e f i n e d  i n m t e u - m m c t  i o n s .  l’he

iesu  1 t I nc~ etlume t ion s were used tti st u rd y t i - ic  hm u r nmn oni c t empera ture  pub  so - i’he

r r s u i l ~ s w e r e  fourmi e i  t e l  c’o , ’ r ’ c l m m t o  ecel  1 s-i ti somlie CX 1  St i m’ng exact sc h u t  i o n s .

I t w , ms m m I so uncu t  i once! im e f o r e  t i m m m t Bent — A mino : ( ~~~ ~~~~~ 1 rr~ t - m~~ eeh mm Com m —

t i rc uu mn u t he om ->’ t ’c m m ’  mm; ivegt mi tie t ype  p ro pmm g z i t  ion c-if stress wmmves inn t’ i b e r —

r& ’ in n t ci t’e’~ cl c ommnpo s I tes , us e u n g  di -i-ect a sv imnptot I c ’ ex l a nn s i ouns - Bmm scel ciii ; e c >  mmipt ~ t i c

ex pmim cs I an t t ech - in t l t h e me , Ito I B.~-1 mm I so elove 1 opeel mm e’om nt i nem un m t imet i ry for m m m u v e ’

~~~~~~~~ I I cut ji m 1 m im ’en ’ccl c’onnn~os i~ cc . l \ avec  ~mro~m ,Igmm t m nm g umo r mi m m u I I t ’  t i m e  
~‘ I mmmc ’— -

a t  I a n n n m m m , u t  i o u  wc m’ e  c ’ t ’n u ’ — m t le rocl . .\ p a l  n ’ ci t t ’ i hc n -  mui t l mmml n m  x immun i mim ic  ~en’e

_ _ _ _ _ _ _  

~~~---- :~~~~~~~~~~~~~~~~~~~~~~~ .



selectee!  mis t ime t’u n e l a m n u c n m t m m  1 mi ni m t c l  the per- iod ic mmmc d jun . S t a r t  i m p  f rom

t hi ’ee— ci mn m u e n s  n o m t m m I e c i m am i t  io n s  cif nmot I on w ith order  of mnmug m n i t ude  mu r gun n e n t  s

a connh m a t  ie m m m of tim r ‘knmos s o ’p in ~ ion  amme l c’u’vsta  I l a t  t i c e  t e c h n i ques 5 : 15

used t a dci ’  i ~ ci c o n - i t  i u m e m emmmi e~ e m , n t I t in  c ( c i t  :c m ’o ci m’eler) . Time t hear>’ wa s then

used t c i s t e nd > ’ 11,1 m ’nc m li i c uc:mm ’e pu- ti p:] e~a t  i cmi i r~ t ime 1 mmmi f la t  cci counp os I t o  . The

ph u s e  v e l o ci  t >  c i t  w , ec - c~ p1’o~m :n g a t  i fig t rmmnsvei -selv te l  t i m e  l m m m i r m ; m t o  was

cmi 1 cci 1 ateel - No u m ummc i ca 1 ex an lup Ic mmor eli spen ’s ic-in r e su l t s  comp a rod mci tim

t m t lie - i ’ t l eo u - ic m~e u-c n ’epci u -t Cci .

i~eTn - \il u c: ~~~ I m u l s o  cons  ie iere eh im oa conduct ion in laminated composit Os

l iv use c f  the  a svmpt  ci t  ic  ex p an s  i ciii  t echn i e i u m u .  . I - xp am d i mm g as> -mpt  cit i call>’ the

- 

ml  c r ost r u ct u r e  e c lum u t i~~l1~ tm - i t erm u s c i t  mu sina i I pa r m em i m e t e n -  g i v e n  b> - t ime r a t i o  ( i t

di t’t’ems I v i t I es of the t I~ c c c ) r m st  I tuent s , hc ’ muga in  ~1eve loped ml c o nmt  i umumunm mod e 1

lot’ imeat commelu m ct no n - i iii wi -i i elm m i c  rost ructure effects mmp pe a m’ as a cons ec lue l m co

of time f ac t  t h a t  t h e  cen t-remit s t a te  j i m  a lamInated mcd i ennu i i s hi storv—e iepenmdemm t

Such a h i  stem r Y -depen clemi c e  i-eli ect s the effects of m i c roconeIeuct i on— c icce n r r i  ng

w i t h i n  t h e  u n l ic m ’ci s tn - em ct an’ e omm ~he uiu ic n ’o -ti mn e sc a l e .

Ii .6 ~ t icr Mct hods

B m ms e’eI ciii pertue’l-iat i on-i theory’ mind cmi t h e ’ s t a t  ist I c a l  cons  i clci- mnt i on  m uss e n nu -

i m g  e l  m u s t  u c pa u - aune t  ers c f  t In c uiic d lam t ci be s e m i - m i  cc ted  t c-i smm u 11  m’ mui me i e - im fluctuat i tm - is

ihm e !s t ’ifl [ I I ~~1~ d i s c ’usse ’d tui e sc’m i t t c u ’ e mm g c t ’ s u r f a c e  w a v e s  due t o  a r:ifl ~H~u I \

I ni i m e i m ogcu t  d’c)ii 5 mnie el L l in t , lie diem - I v Ce1 C \p ’e 55 i Oii 5 to t ’  time ’ mutt e’m mln a i oum c t ’ ci ci a m me l

Rmi v  Ic i phi w ive s  whncnm t h e ’ s i  :e’ c f  i mm h mo rnc ig e’ne I tv is smmi 11 conu l m a i’cd mci i t inc

i m , i \ ( ’ I e ’n mgt hs cit ’ inmc m e le n i t ic a u - e’s - t ’lm csc cx 1i  re ’ss j a n u s  in ~i u - c’ t he’ same fo rms  as l ie

knu oes - nn o\pm ’(’s s i e - iuns t ’c m m ’ t i t e ’ m m - .coe’i:ic t I c’ a ’ t e n t u m m i t  n orm . Coun ~m m m r i u m c  t h e  t i c c i , Ime

t cic mmm cl t h a t  t i me ’  m n t  t c n t e m , m ’  I c - mi - i  iiicie’it~m nm m Siii I m v  scatt ering is ,ius t lu k e ’ mm ce’m -t~u mmm t y p o
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-i cc m c ’I ast ici t >  m m m ci t h a t  t u e  scmIttel ’nng is unore ct’fe~ t ly e mi t im i gim t n ’e’elUCImCii ’~

m mn d ~ 
j scoc l est ic mutt enuat iomm i s  nn uo r e e f fe c t  i ye at low fn-equcutc u -

Bmmse’d cmun the :ussumnpt i~ um timat geomnet - i c  d i s p e t - s i a n  results mmm i n - i  ly  f rom

t h e  m •c’ I mit ly e  l v  per lad  Ic  ,m m - n ’ ;mmug e ’mnue nnt of t h e  n-e l m i fou ’ccment  u -’lemen ts in time’ mat r’ix

e’at 1-ic’ r t ha r m t’r o mu u t im e  pu’ c’c i se shape of cmm c l m n-c e rn fore  u uig ci 1 cu flei mt , l)runnh c’ li e - i’ and

Sat he i- I anm d [i l l U~ deve 1 opec 1 ml 1 mit t I cc’ m d l  wh i cit i gm -ic m’es i he shape of t h e

u ’ e i n f c m ’ e i m i g  e le i i ic m it  5 but pi ’c’SCrVeS t imc i t p ertoci icit y - In t h e  mip i l l i c a t i o f l  c it

ti e is 1 at t icc’ m d l  - t h e’ conipo s it  e wmn s tim t nm - ill v t r ea ted  as a rm omm d spel’s i vc

ic~:mici~~’neous m i  xtUt ’C . ~hci ci t feet iv c  01’ m u v e r m u g e  pr cmp e n’t I es of tine nuu i xtui’c m~ere

c m ’ i u u i n c ’d liv c i  t h e r  ~‘ t e a c i v — w m m v e  m u m m m m l v s i  s cii’ mmppi ’opri mute ’ e x p e r i m e n t s .

I m i t t  i cc i~ mis t lieu t’om ’nuu eci h> ’ l’i_’eI I St n i  h u t  I m g  tim i’ m as s  cci th  i mu tim e mmi i x t tm re t e l

t’ot - mmm mm pc’n’ i t - ic i i c’ stu’uctuu’e of’ l m u n m i n i m m t e s  . ‘l’his mass r’c’ti i s tu ’ i hmmt ion  utmis c’mmn ’u ’ie ’ ch

de n t cim mm m an—m en’ wl mi cii y elds m m I mi t  t i c e  cci tim t imeorct mcmi i di 5i)e’-i ’S ly e  c l m m i m ’ m m c ’—

tel-ist I c’S that mat cim t h e ’ nic:u s i,ircd eli speu’s I ye ch mi i - ac te r i  st I c  of time comuupos i t  e.

h ence, fou’ itm u rnuonm ic wave’ pr op m igm m t i on .  tim is model  elese r il- ics \‘ee’v mcci I I  t h e

he ima v i e r  of ac tu m e I em n g i n c e m ’ i ung compe l s i t es.

Ne 1 son mm mcl Na~ i [N 11 1 a l  so ems e ch m m 1 m i t t  i cc mock I t c s t u d >’ t I - i c  im a m’mno rm i c

l~ ice ’ ~ of r i _ i  f ic i  St rmm j f l  u - o r , m t m ]  t I m tg i i i  eou lmpc -i s i t C mi ni t c r 1  a is  . Tim e mcdi urn mc m i s

ce- inns idee ’ed mis a per i em d I c  m m s s c ’ n u i  I ag e ’ of I 1ic -’nt i cmn 1 eel  I s  . U s i n g  a f~ i i i  t e

c l cmnemn t techni i qun e , time eiy m m mn ni m i c l- m ehm m v ic -i l ’ of c-in-ic refercr ce c c l i  w a s  rc’pm’ese’nteel

by mu mm c n umui m e t’ c-ct ’ gemm e -i-mn 1 i : cci eli 
~

p I m u c cme nm t s . h in ts  , time e’ an t i nuuium Pd ’ F i eiei i c

st n’m mct u m u - ci of tine umeci I mmmi’ mmmi s i t ie _ u h i  :ech 1-i>- m m elI sc i-ct c’ I at t I C e ’ - t > I l d ’ st  n c  t e i ri’

m e m iel the-’ proh I cur was r’ceim,mc - . ci to m mmi m u ge u rm i  m c  e’ i gc’mnv mm 1 tie pi’ob 1cm. i ’hev cic’t cm- —

mmii mm cd time ’ ci g e mm v m i  I e re ’ s for s c’\ en’mi I ci x m tmm m p I e’5 . Time frcqmmemtc> ’ spe ’ c’ t u’em nu 1c r mm

f i b e r —  re i mm fciu ’c eel e’emnnpos i t  e mcel u lu ll: mcmi s compa m’e’ch ii i ti m t imc u’escm It s ci t e’ I t’ec t l u  e’

numo ele m ins m mm ne l e ffc ’c’t lye’ st I ffncss t imC cul ’i CS - lhi ~ tim etmi ’ > flt’ecl l e t s e’ciu’r’c ct i v  t lie

~‘m um I sin ing clt  gn’Oui um Vi’ I (lc’ 1 1 v t o n’ l i i  I f—Ic , IVci 1 emm g t ii cclcumu I t o time ’ in - it c’ u t ’ u h em’

~
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ct m’ — t , m m u t c ’  lIm e ci b e t  n e c ’ ‘‘I i i  ( j i m , ’ , t i ~~ ’ c m i c c  cc i t ’ I t l ’ ’ a e’m u t m t b  mt ml ‘ - n m , i I  h e m ’  s- , i c c o

nm m un imi ’eu’ \m i ’ii he -’ thti’ ci I e ’ e’t mu - c ’ mmu c i c h m m Iii’ - I I m O c c i ’ c c  ( m u m  I ’~ t m c  h i r e — t im ci t m m c c  c_ hr . i c c ’ m - , m aui .

ih emu c e . t ine r e - m u n ‘. , s i m m - u n  c omm n i c i m m c ~c l w mi i i  i c c - m u  i,it m ie ,umi,m l y t mc _’mm I mmmci n m u mnmie n’ ie , i I

m e - m m  It c , ‘- h ow ti m i t  m 1mm’ un me t bc _ id m u c ’ . lu] ,i~ mmu ,m  I c  m nn o t he ’ I 5 1 1  me -h m - . iii h e 1 c m  unm a de ’ I

i m ~~n ’ m m m t h m c ’. t m ’ e u e ’ t m m m~~~
_ c m i  i c , u v r i c ’ m m e t i n  ‘.u m m , i h I o n - ( il i u m  tIm e ht m l I me ’e ’ t c ’ m m - t . i m m (

i l i u m h i 1 1 1 1 1  , m 1 c 1 m i  i ~h ( l ie ’ m u m  m c c n m c c t ’ ) u i n u  c I ht ’m ’n’ \ c i i  ~ommt mmmcm i ic c c ’\ ~mm lu m u n t ’ t ile ’

m i m m e ’ — i m i n ’ m m u m ’ u u i c  C c ; m \  c ’ ;  ;m n ’ I m 1 i , m e , m t  m i m e  n u n  ~m e c c m m m p c m ’~ r i m ’ ic i t  Ii c ’ l , i ’ - t  mc

m n m l c n ’ c ’ i n u c  i u ’- u m ’ m m ’ . - l i v  ; m u m , m  h o e ’  s u c h  I l i t ’  i’ m - o i l  I ”  c c l  I m m i m m e m m  m i n d  ~‘m m I m n n h ’ m  j h . ~ , m n m ~l

c c i  ~h m mn ~h I m m  ~tm i h j  — hu e m m i i i  ~u m m m c ’c i  ‘ u h i l  m c  i t  d r  ‘~p c m - ’. m a i m m m ’ I I I  i c ’ i i ’ — — g c c u - c m ’ n m m  ~~ t ice h omcm ’- ,t

; m n m ~~i m ’ u t  i u m : h e m -  mmmc c c i c ’ - - c c i  b ’ r c m h ’ e , u t  m in i  c m i  1 i i , m m m ~ h c c c ’ m  m m m i m m m , r  I s a m  c ’ - u r n m m

l t m m i ’ c c i u m i m h c _ ’ c i  e I m - - t  mc cc c li i h i c c . n N- ‘ .c i i  m c i  - i n n e ’ m m n  c c l  i l i e -  n’e 1 - mt m c c c ’ p m - c l m ’  u ’t mc’ - of t he

mi mi- - I i t  m a c n i t  m m m l  e m ’ m , u  I ’ , - l ime c m  u ’ m c ’’ - l c c c m n c h m m r g  r a t  m c i  c m l  m : m ’ m m m r u m  v c  lo c u ( c c  I c c  i m immm ’~e

‘ c m cc ~~~ I m keuc m -c m ’ c c : i  I unIt (~cl - l~ ’’- mr it ‘- c m i  id I 1cr  mu ‘ , ( c ( ’ c_ m i l  e . i ’ .ci s c u m ’

c ’’c c h i i i ’  m n m -~l mum m , m u c h - . -

, r m’ h’u I i c c c m m ’ ~ i cii ’ n’e’ ch t h i t ’  m m m e , m m m  i~ , m mc ’” i nn I aiim m mm , n m ’mi m’ ,i u n che im um o a n d  - m ”  ] ( t ’ ’. -

hl ( u r ~~m ’cl ,n ‘ , n um m h i l m ’ i c r - . i o n  c c i  ( h e ’ m~ i I o c t  m c c c ’ - - t u i m m c ’- - ’. I l i ( ’ c c u ’ \  ( ‘c m i  I m m unmnit cci

inemii , i mum ~i c m m u  m i m e - . i a m l i , u ’ - t i t  c l i  ‘ -p 1 , i c ( ’lI m m ’ m u t  cd i im m mt n o n  o f  mm mc ii m a n n  . A p i c h m c  i t  m o rn  at

I m c ’ ‘c m i  tm u ’h’ : m t i on  ‘ v c c c c ’ c i m m r m ’ a t  Km ’ I h e - u 1 k ’  I mnm c m d m Fm ed icy mnu( m ac hire mn n ~t t i m e ’ ‘ - i ’ e ’ e

I cit- mi’ . ml m m ’- - c c i (in c m ;m nu ~Im c muu c c cc ’ ii m m n e at’ - . t imt ’m n l ed  1 c m  d e l  t ’n -m im m m n l ~t i c  m ’m i m r i l  mm i ii’ .
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1mm t h e  case ot t in  i n n  t i  h e r s  I, e omp .ure -’d t c i  \ s , i V c ’ I emg t  h ) . t Im e -’ resci it c cc _ m i c e - ’  m ’uu t r i g

the t rmui m sv i ’rs e  bu lk  m od eu lus  and t raumsv c’rse r i g i d  i t v  were ’ compared Cml th t ln o sc ’
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t i m e  r escu l t s agree  w i t i m  e’xa ct  m - e - ’ s m n l t  s qem i tc  close ’ 1 r , - ‘u g r ccm e ’ mm t  5 ir e ’ bet ten ’
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t i m i c th m een ’y to e xm in n i ume h mn m o m  i c p l a n e  wave propagat lag  i n ’ sucin me mcd i cnn . ‘l ’ime
Q

d i s p e r s i on  curves for a cubic  array of spher ica l  pa r t i c le s  obtained by t h i s

t h neory m ire rat h er s i m i l a r  to t hme curves sk etcimed by M i n d l i n  [M4 J for  time Iowc ’st

a c o u s t i c  h r mmmm c h es . C e r t a i n l y ,  the theory developed by Bcrm -An-io z is a r m e f f e c —

tiv e’ too l in t rcat i um g wave propagat ion in media l ack ing  p e r i o d i c i t y  such as

i n c l u s i o n s  of a r b i t r a ry  geomet ry embedded in a m a t r i x  m a t e r i a l ,

L 
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I ll. TRANSIENT WAVE S

In t h i s  sec t ion , t r ans ien t  analyses of waves propagating in composite

mate -is based on Four ie r  syntlme sis  arc f i r s t  discussed . ‘l’hen , in a d d i t i o n n ,

other techn iques for o b t a i n i n g  the so lu t ion s to  t r ans ien t  problem s mc i- c

mentioned .

1 1 1 , 1  Fourier  Synthesis

1mm d iscuss  imig mc pressure pulse  propag met ing j im tm eteroge n ueou s mn ia t e r i a l s

Osten i [02 1 used ml compu ter code ca l led  FU R RY . lIe expressed the-’ appl ied

pres sure p emlse  at t = 0 as me F ocur ier  series inn t in ne . ‘lin e

ampli tude of each conmpon ent i n  the Fourier series were t h e n  determi ned

n u m e r i c a l l y .  To de te rmine  time pu l se  shape at a l a t e r  t ime t , each coma-

ponent of the i n i t i a l  pulse is allowed to propagate thme d is tm u rmce  ct , where

c = c i x )  amid x is  the cir cu lar  frequency of that  Fourier  comp omment i’he

dif ferences  in c thus cause the pulse to disperse. Osterm m u lso mel lowed

for attenuation of each compomnent in the form c
’
~
’
~ wh e re ‘y i s  real  and

a lso - “ = ‘1( x ) .  Osteun appl ied  t Ime FURRY cod e to the  s inusoida l  d i spers ion

solu t  ions he obta i ned t’c u  a composite w i t h  random l y d i s t r i b u t e d  i r m c l u s i o m m s

of sp imeres arid cy l i n d e r s,  He compared FURRY code’ pr e d i c t i o n s  w i t h  the

attenuation curves obt a irmed by Bjork [B39J , by ml s e r i e s  e)f ~-t )  f i m m i t e

d i f fe rence  cod e c mu l cula tion , and found that  FURRY underpredicted time

attenuation. lie attribu ted the discrepancie ’s to absence c-if non l imn ear

attenuation effects in-i FURRY and spe culat ed t h a t  nonlinearity, actin g ium

conjunction with geometric dispersioum , may t end to enhance time d ls h m e ml ’ SIt e

muttenu a t ion .

Peck and t u r t m a n  t 1~3I c m u r r  led out i¼nur ier  mu n~m l y s  i s  of pu l se  pro pmugat-

ing parallel to the i n t e r f ac e s  01 mm lam inated compos ite .  They c-ons id eu ’ ed

_ _ _ _ _  -
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a uniform pressure pul se of step-function in time applied to the

boundary of a h a l f - space. ‘l’he lamina tes are perpendicular to the half-

space boundary . S ta r t ing  from the equations of elasticity, they  a p p l i e d

F o u r i e r  in tegra l  tramisfor m um s over t imnm e t and the propagation d i rec t ion  x

in the a un a ly s i s . Exac t  so lut ion s were obtained in the form of ann i n f i n i t e

series of i n t eg ra l s , each of which  is the contribution to the transient

response from a mode of sinmusoidal wave.

Peck and Gurtnu an then evaluated the asymptotic so lu t ion  i n  in tegra l

form by us ing  the saddle-point  techniqu e developed by Folk , et a l .  [F2 J .

Of part icula r  impo rta n ce i s  a contr ibut ion from the f i r s t  u-node , w h i c h - i

domina t es the l or ng—tinn n e s o l u t i o n . This cont r ibu t ion  is kniown m is t he

head-of- the-pulse approximat ion , 1:0-i. time s traimi in tim e d i r ec t  ion of

propmu gat ion , the head-of- t ime-pulse  so l cmt ion  takes time form

c~~(x , Y , t~i ‘
~~ c h I ( ~~) ~4b ) H

where ,—

h1 (~~) = -
~~ - 

f 
A .  (~~)d~

1-17)

(t - x/ c0)/i , T = (3c~
”ax) 

lj ~

in wh ich c0 is the speed of wave propaga t ion , a is t ime c ruc ia l  disper-

s i v i t y  parameter , 
~~ 

is the static strain under the same l oad and A 1 is

the well-known Airy functio rm . The above expression s can be interpreted mi s

foll ows: the wave is roughly a step pul se arriving at ~ = 0, i.t’ ., at

= x/c 0, so th nm i t tine ma inm disturbance is p r opa g mmt ing m i t  speed C0 . ‘line

qua int  i t  y ‘r has time eh linens ion of tin - ic , mind t — x/c 0 is t ime mu f t  er a r r  iv  mm 1

_ _  
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of the wave. Thus E is a nondimensional time of arrival. The quantity

‘r may be regarded as a characteristic dispersion time of the pulse .

Equation (46) states that the strain is un i form in the direction

of propagation . The stress in the x-direction is quite non-uniform because

the moduli of the layers are different . In terms of the average stress

over the cross section , ~ (x ,t), one has

~ (x ,t) “
~~ o0H( ~ ) (48)

whe re is the applied stress.

Further applications of the head-of-the-pulse approx imation will be

menti oned later when it is employed in other problems .

Voelker and Achenbach [Vi] carried out a similar analysis of stress

waves in a laminated medium generated by transverse forces. The lamina ted

medi um compo sed of a l tern at in g layers of two homogeneous isotropic e l a s t i c

so l i d s  is suddenly subjected to a spatially unifo rm distribution of

t ransverse forces , wh ic h  are app l i ed in a p lane norma l t o the l aye r ing .

The r e s e m l t i n g  two-dimensio n a l  transient-wave propagation problem is

analyzed by means of modal analysis. Time norma l and shea r stresses at

the interfaces are expressed as infinite integrals that are integrated

for not too large va l ues of time . For lar ge value s o f t ime , the int egrm m ls

are es timated by the method of stationary phase. Time predom inant commtr i-

hution to the interface shear stress come s from the head-of-the ---pul’ ~c

m u p p r o x i m a t i o m m . ‘l’he norma l s tress at the i n t e r f a c e , wh ich  is

— ,- —-- _-— &— “-
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composed of several contributions , is oscillatory (and dies out at t1”3 ),

and thu s the interface bonds may be subj ected to tensile stress. The solu-

tion obtained should be usefu l in determining the validity of the continuum

theories.

Balanis [B3 J considered the transient one-dimensional wave propagation

4 in a semi-infinite periodic composite medium , which consists of periodic

array of two e l a s t i c  layers perfectly bonded together , Waves are generated

by a surface velocity i-input and travel perpendicular to tim e layers , He

applied the Fourier integral  t ransform over t ime t in the analysis .

Fourier transformed interface velocities and stresses are analyzed. An

approx imation for materials with similar imapedences is then presented . I-Ic

found that for situations where tim e times taken by the longitudinal wave

to traverse the layer thicknesses are in an integer ratio , per iodi c ity

resu lts in time frequency domain , lie treated sucin a cas e- ’ and obtain ed

the interface stressed due to a square wave input . The results of

this example are quite interesting . However , the approximation schem e

seems t o su f f e r  from lack of gene ra l i t y .

111 .2 F~~~~ ie t o r Bloch Theories

Krumhans l [KS] analyzed the propagation o~ transient waves in

pe riodic composite s by means of Floquet or Rioch th eory , lie used t h e  quasi-

periodic  Floquct waves to t’ornn mu basis  for the analysis of transient pro i- ile nn s

and expressed the solu t  ions of time problem s in tine form of F our i e r -F l o quet

series .  A b r i e f  summary ot’ t h i s  theory for o n e - d i m e n s i o n a l  sys tems  i s  .us

follows:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .1T -K - -~~ -—~~~~~-T:~~~~~~~~



Consider the Floquet wave solutions for displacement

u~~( x ; q)  = v
~~

(x ; q )  CX1) (ielx ) (49)

w i t h  t j un e v ar i a t  10mm p r e sc r ibed  1w tin e m u ddi t  iona l fmucto c ’  ex p I~ iw t )  . win eu’c

= w~, (q) , (50)

q is the wave n unm nn b er . and v represents the  vt in moe-h e’ .

The fenn ct ion - i v
~~(x ; q) i s  per iodic  w i t h  the  period of time ’ cemu nupos i t e  c o n —

f i ge ir a t  ion . The so len t  ions are def i mmcd in  v denumer ab h e l’eg I om m s ~ 1’ w . t lie’

pass band . arid for  — n / a  ~m q S IT /mi where a is  t ime width ot’ ,u unit cell.

M u l t i p l y i n g  c on s taumt  t m i c t o r s  can be selected for ’ the em t’unc t t orm s t o

gemme m ’ate arm or th onorm mnm u 1 set smut i s  fv  i nig t h e  re la t iou m :

I: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
= o~~ ,61q-q ’) (SI)

The bmuu n d or t ln ogo nmu l i t  y is g iv emm by the Kronec ker delta mum -id the  q spm uc e

orthog onmu l i tv by the  I l irm i c 6— f u n c t  iomn . Us im i g t h i s  r e l a t i o n , so l i n t  ion lot’

p ro pag m u tior n ot’ waves w i t h o u t  app l i ed  forces c m umm be repres en t ed in - i  t ime ’ for’ nm u :

11/mi

en (x ;t) = 
~ J c~~(+~ q)e~~~

t + c~~( , q ) t  u~~l x ; ei ) d q (52)

~ — u / mt

with the coet ’f ic  i e n m t s  c ( - ~ ,q) d e t e rm m ni m ned  bY mn p p l i c . m t  ion of orthogoummu l it y

iu~~t - tu)t I *c~~(+~ q) e  + c~~(_ ~~q)e  = J P (x)u~ (x;q)u (x;t)dx .

~ m~~ )

iu~v t — ilk -i_v t 
“ 

*,q )e  - c_v (- .‘i) e = 

J 
~(x )u~~(x ;q l u  ( x ;  t ) dx

E quat i onm ( 5 2 )  thus  prov i d e s  the sole i t  n oim for an imm i t im u l v a l u e  preib l ena whe ’u

the um m ut l a l  d i s In I . u c em e n t  am i d v t ’ l o c i t v  m i r e ’ pi’escu ’ i bed . Eon ’ i m m i t  l a l  e t i s t e m m b , m m u e e’

m u m  . i  loc m m L u :e’d i’Ct ~ l oin , tI - i l s mnne t imod eu m m ub Ics one to  m aim ipu l a t e ’  t h e’ ‘~e-i m t  n omi 

~~ ~II1~~~-~~~-- ~~~~~~~~~~~~~~~~~~~~~~~~~~



!~~~~~

“—

~~~

w-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -

58

imnto tine f o r m  of mm s t , m  t I onml ry  phase m i t  egral for wli i c lm ml im e ad—ot ’— t ime—w a v e

a n a lv s  is cmun be c a r r i e d  out , It is mu Iso mm oted t h at by separa t ion  of s o lu—

t i OTiS mite ) coflipoum emmt s e ’Veni and odd i n  x , inm i I I— spmuce i)1’01) lems can-i be

t i ’ emu t ed.

Ke’unmim~umms I mu m -id Lee Ki 01 feirtlmet ’ emm m p to ed t Ime Four i em . _ im l o q u e t  nni et lm ods

to t r ar m s ie n t e-’ l a s t  i c wOe e’S in n  pe’n’ led ic c o mp o s i t e s .  The t’oeund t h a t  t ime

h ead—of— t im e —wave  so l in t I om is irm the f,u n’ t’ i e id a re  don iu-imutc d L n v t ime mmmx in n u m

groeup v e l o c i t y  c om mt r  Un it i oum s t’n ’onn e’mu chi t n ’ ee j u c mmc y bammd . For m u m i nn t’i mmi t e

per iod ic m u l I e~ l~ I v e -’reei meet j u a n win i ch  i s  m u  t i m i l I mi t  rest  a m d  subjec ted  to mu

mui e m m ue m n t e nm m n imm n p e l I se- ’ mi t x = 0 ( i t  wcme i I d be conn ven i e’ret to or range x = (1 at

symmetry p l a u m e  of the p er iod  ie ~ c o m p o s i te )  , t in e -’ ue -’loc i ty I’t’ShXMnse -’ mit tm i i’

f i e l d  i s u~ i ve m n i n  c’ Iosc~l form by mu set of ’ A i  n’s - feu u n c t  i ons ,  lime -’ mupp em urmuu l ce ’

of A l  rv f u n c t i o n - i s in  t h e  far  t’ i e lel resp omns e is j u s t  l i k e  what Peck m um - i d

( um ’ tn m mau m obt mu i ned in  thu.’ hmc ’mi el — o f —  t i m e — p u  I se approx lana t I om for mim i mum nmu I ogoeus

prob i cumi . In mu d~l it ionm , K r u n u h a m s l  m unich Lee t’ouund t ine ’ asymptot ic  belmav ior 01’

a rnu l~ e iu i t i a l l v  e u u m i t ’ormu ove r  mi p i m u n m e - ’  w i t h  t ime ’ fol Iow i m mg feat uu n ’e s :  ( a )  t i n e

asymnptot ic pemuk m umnmp l i tude decreme ses as ~~~~ I /~ , (b) t h e  p u l se  spu ’emiel s out

mm md becomes less steepen ’ w i t h  r i s e -’ t lane pn’oport i emre mi I t o  x ’ ~~~ ( c) peak

s t ress  a l so  fm u 1 is o f t ’ m ut  l a r g e’ x , t lmo eigh i t  i s  coummp l icm ited to c a l c u l a te .

They a l so  discussed the nmm ot ion of mm pe’t’ i oei ic  layered comu u l ) osi t e  under app l ied

forces.  Tine d i scu ssiorn inc ludes  hot h a t ormn mt 1 represenit at  ionm of ’ time

Creen ’ s funet ion and tin e t reatmu em it e-)f short pulse -’ pressure loading 
—

on mu su r face .

A Four icr— Bloe-’h techn i qune lot’ suiperpos i mig t ime ’ I i mm t t c—element  5 i mmuso id~ I

Lilo ch wmnv e modes to geflet ’mite t r m u u i s i  el-it so l te t  ions t~ 2 — l i  be -~i niei m nn ’ v v a l u e

prob l ems wmus a l s o  pu’ eseumt ed by Pec k , et m u l  . 1P4 1 . For m l s t e p — p r e s s u r e  load

oum t h e  st i i ’tm m e’&’ ot the e’OmpOS i t e , t he respoumse’s mire ’  ~‘a ~c e u l a t  eel at s m a l l  mun ch

I
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large propaga tion distances. Five modes give good convergence at small

propagat ion dis tance , about 1/2 spa c ing of the long itudinal layers ,

al though even more modes wou ld be desirable. However , at the larger

propa gation distance (about twice the spacing of the longitudina l layers)

one mod e only  provides a good approxima t ion to the response. This depen-

dence of number of modes required on the propagation distance provides

some insi ght into the reg ions of va lidi ty of one-mode or two-mod e appr oxi-

mat ions tha t are common ly obtained wi th the continuum theori es . The

transient solutions also showed that the layerin g in the propagation

direc tioun changes the micromechanica l shear stresses at the edge of time

longi tudinal layer by a factor of two , even though the layering has little

effect  on the overall  dispersio n .

Kohn [K61 considered the propagation of low-frequency elastic disturb-

ances in an infinite one-dimensional composite which is of pe r iodical ly

varyin g densi ty p (x) and st i f fn ess r i(x) , w i t h  spat ia l  periodi cit y a.

By us ing Floq uet theory and low frequency expansions , he found t !~~~ in th e

limi t of low frequencies the displacement u(x ,t) in the composite can be

written in the form of a d i f f e rent ial  operator acting on a slowly varying

envelope function lJ(x ,t ) as

u(x ,t) = [1 +v 1
(x)~ /a + ., .]U(x ,t ) (54)

U(x ,t ) itself describes tin e overall long wavelength displacement field. It

satisfies a wave equation with constant (independent of x) coefficients

ob t aina b le from the dispersion rel at ion we w ( k )  of the lowest b auud of

eigenmodes , i . e .

(~~
2 / a t 2 

- ~~2 a 2 ,~~
2 

- 8 ~~~~~~~~~ + . ,  . ) U ( x , t) = 0 (55)



-~~~~~~~~~~~~~~~~

where c is  time ’ long wave l e m m g t i - i  sound e e lo c i  t V e)t t Im e Conrup os i te amid ~ i s

ti m e 4 t h — o r d e r  c’xp mumsiem coet ’f i  c icnt  of ’ the  square - ’  of ’ t h e  t’u ’eque-’ncy of ’ t i - ic

1 o-i~cst band of eigcrmmuodcs

eei ( k )  = - + , . .  (5(1 )

v 1~~x )  m m  ( 5 - I )  i s  iven by

t - ’) = 

~~~~~~~~~~~~~ 

- l~ dx ’ (~~ )

whe -’rc

= 
m~ 

1
( x l ~ lx ( SS)

I n - i to  r nmm u t i on abou t time -’ loca l St r ’ mu i n n  ~ u t i c ’  ml  C e ’Os cmu l~’ of t he-’ comnipos i t  e I mmm i mimic ’

is  co rmt m i i mmcd i n n  t im e-’ fei m ne ’t ion v 1 lx) . Kohri t i e n m  m upp l i eel t h i s  app i ’omn cii to s t u d y

ti me - ’  pU lSe -’ pro p mnga t I on iii  mu lm: i I t ’— sp mic e’ . Appi’opi’ I it i.’ ( i’Ce’tm 5 ( U r i c ’ t I oil5 m m I’d’

cons t n’uct ccl in  t ee ’niu s of Al  rv t’um mct I oim s . W i  t i  t ime se -’ . r’ee-’n ‘ s I’eu nc  t I c’uns • I Im e’

solu t i om ot’ t Ime ’ i n i t i a l  m m u  Inc  pm’ ob t ern f o r  ml cornip os I t e  inmi I f - - s p . n c’c i i  t i m  fr ee ’

bound mur v i s  ex p l i c i t  I ob tmi  i m mc d . i t  i s  m mo t e -’d t i n m ut  t i i  s b u g  m% .uve ’ 1enme ~t l m theot ’

e’ e~ ’e’ect 1 ~ Jescr  I bes t i n e -’ head ot  ml n’esu It i nme ~ pu i S t ’ . ev erm I f t h e -’ I) i ’c’sc r i t ) e’eI —

m i t  131 peu l ses i m . n ve ’ s t e p — f t m n c t  ion c i n m u r a c t e r .

Ke I - imu ( KT’ cx temmeled tine’ pu’ ev i otis wem e’k to t imre e’—d in u e’nm s ionmi I cornnpos I t O

m a t e r i a l .  i n  t h U s case’ t i m e  d i  s p L a c e m e n n t  solut  ions  to  eelumi t b u m s O( ~ nrn ot ion ~e t

per iod ic  e last i nme’d inn ar e expressed m m: - m i s’ ecton ’ in - i t ime -’ ton ’ui n 0 t ml LI I f l u . ’ ron t i a I

opc’ m’ m it  o m ’ act  I nm g 0mm ml icc tot’ titl e’ t b u m  u~h i e’h elese-’ r I bes t he m unemi n J r  sp I ,ie ’eflne ’ m

oh e, u~’h c c ’ I I , \ e  in , lo~ .u I ‘~t t , i  i i i  mm t ’O m’ nn n . n  n oun c . n m n  l i t ’ o l i n  m u m  nod t’n ’om t h i c ’ ‘~~~ lii -

b u n . Oin~’ of n l i t ’ epp  I u ~ m I t  u ~‘ n m ; t h i n  s a c t  m o d  ~ tht ’ St ru e  t e n  u’ e’ ~ I t ine ’ In~~ed —of -

mm — put t se pu’ 0p mi ~ .u t i m - i g b r - i  mm r b  i t  n’J n’\ el i m’ ce’t n on . Iiom% e’ver • app i i  Cmi t n oum of

4
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solutions to fiber- reinforced mmn ateria ls is conceptual rather thm imn exp licit.

His approach nmmay be regarded as a method of microscopic f i e ld , a l t hough

r e l a t i o n  of h i s  work to other  dynamic  theory was not g iven.

111.3 E f f e c t i v e  Modulus  Theories

Aboudi and Weitsman [A2 1 discussed t lue two-dimensiona l plane problem

of ar-i impact  on m e h a l f - s p a c e  re inforced by p a r a l l e l  e l a s t i c  f i b e r s  w i t h  a

pulse of f i n i t e  du ra t ion . Thmey assumed tha t  the ri gidi ty of tine fibers is

greater  ti -ian tha t  of the m a t r i x . Based on e f f e c t i v e  modulus t heo ry ,  as

des c r i b ed p re v ious ly , they ’ expressed the c o n s t i t u t i ve  equations in term s of

tim e reiuiforcemnuent r a t i o  annd ang les of i n c l i n a t i o n  of t i - ic f i be r s .  Solut ions

were  o h t m u i nme d by  m l f i n i t e - ’  d i f f e r e n ce  scimeme. N u m e r i c a l  r e s c u l t s  were Inresented

for tine cmise of no rmal impact oun a half-space. Conmparisou-i witim the isotrop ic

case showed good accuracy of the solut ion s (wi th  max imum error less than

1/2 percent )  . Tine invest i gation indicates tinat time v e r t i c a l  disp lacemermt

- • amplitudes decrease monotonicallv with  f iber  or ienta t ion . However , time

h o r i z o n t a l  d i sp l a c e m e n t  mumplitudes are shown to vary with position with maximu m

mind minimum displacemen ts less predictable as ml function of fiber orientation ,

Ahoud i au-id W e its m an - i  [A5~ exteumded t h e i r  approach to study time problem

of an impac ted  f i b e r - r e i n f o r c e d  v i s c o e l a s t i c  h a l f - s p a c e .  Time m a t r i x ,

they considered , is  an a rb i t r a ry  l i n e a r  v i s c o e l a s t i c  homogeneous anmd

isotrop ic h a l f - s p a c e .  The embedded ob l i que f ibers  are l inear  e l a s t i c ,

arranged in p a r a l l e l  order and randomly dispersed . They adopted t l e

e f f e c t i v e  modulus  th eory to study time dynamic response of time composite

half- space to a time dependent surface load . A gain , a numeri ’al

procedure of finite-difference type wmm s applied to the set of equmutio rm s

result ing fronn the th eory . Results were worked out for an e l a s t i c -

e im u s t ic Imm u l f—space mi nd -i v i  ~coe I mist ft e p o x y — c  las t  ic g l a s s  f i b e r  h a l f -

spmi c’t’ . St miii I I n  t V , c’O flVe ’l ’gu.’flCe m i n e! m uc ’ c u u r m i c v  of the  un umer i c m i i pr ocedu re - ’

- -. ~~~~~~~~~~~~~~ ~_ __ 1~~~~~ ‘~~~
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were  c’om ms ideyCcl . Nt i nrn er i  ca l  r e s u n l t s  for se m n ’ t ’m ncc di spi  :ece n nem mt s  and di sp l  m i c e —

nnents at some di st au mces  I ) ene m Lt  im t ime -’  s u r f a c e  were-’ obtmn limed mmd shom~nm

gr m up hi cmn 11 Y . ~~~i f l c e -’ o t t e c t  I vo m n e o d& n I us t h e o ry  o n l >  g i v e s  w e i gh t ed  d i  sp l a c e -’ -

me lt s  mine! st rc~~ es • i t  i s  im ig h iv possihie that the  effective st I ffncss

t heorv o r’ irmt er :uct ing count i u i u u m n  t h eo ry  • wh I cim accoun ts for mi c n’ost l’Uc’ttnn ’e

in f o r r n r i t  ion , mi gh t  g i v e -’ nn m or e i’d i m ub l e nm um eri cal results.

l~m m s o n  t E l )  ana lyz ed  time propagmet ion of wav e s  r e s u l t  i nmg  fr om time’ sudden

:11)1) 1 icme t ion of mi force to the  sur face  0 f a cr 1  i n dr i  e m i l  cay i t v  in m um - i infium ito

t i b e r — r e i n t o r c e d  sol t e l . The fibers were - ’  assumed ci reunnuferent im i l to time - ’

c a v i t y  and tu tu f o r r n n l v  d i  St r i  i-,t n t ed  so ti -na t  t he n u m u te r i  mu I mi gim t be rog mur d ed m is

mu t r an sve r se  i sot roj)ic sot id. lie used an effect i i c  modu l e-us nnmodc I to re - ’px’ c scnnt

t h i s  so l i d ,  I ’ine st ross di  st r i b t u t  b u m  w i t i m i n  t im e - ’  sol Ic! t h en  was  Jet c n ’mnn i nie-’d

nu nie l’I cmn 11 y , I he -’ four-id t m a t  the  m : u x i  alum of t ime t m u m m g e n m t  1 mn I St n’e-’Ss , 00 • m i t  t h e

e-’m m m i  r y  i m c r e m n s c s  t’rom mu value’ w h i c ln  i s  s l i ght ii greater t h m i n  t h e ’  suelel e- ’nlv

m ipp i led  fo rce  Q for  t i e  i so t rop ic  sol jet to a vme i ue of severa l t imes of Q

for  mu in i ghlv an i sot m’opic solid, lie :n l so found t h a t  t ime  tinne at wi mi c im this

m a x i m u m  i s  m uch i  eyed dec r o m n s c s  from t he  t m a e -’ t o r  i Sot 1’OPj C S~~1 i d t’~ mu f rac t I cen

ef t h m u t  t i m e  for h i g h l y a n i s ot r op ~~c s o l i d .

Stun , Fcng and Nob 528 • s:s i I nvc ’st I gmut ed t h e  shear wave p u ’ o p m m g m i t  I eTh

in  a non ] imm em i r - Lnst  I c  f i b c ’ r — r c i n f o r c e d  c o mp o s i t e ’ . Tine’ e’~r ::ies i t t ’ w m e s

mode ’] ed h~ m i m e d i u m  cons 1st i n g  of t in  i n  n - n on - i l i n e a r  i sot i’oi’i c ) unme t ri x I mIVe’ ’s

mm I te’n’n mi t lung w i t h  t In’ e-’t’fc’ct l y e ’ I i  nea r i m ’  ci  m i s t  I ~
‘ f i  )‘i’~ m is I :ivcr ’~ , I t s  l i i : ’  th t ’

ot t ect i t - c’ m o e - h i t  m I S  t im e -’orv , t }ne-’m’ d er i v e d  a set ot t i-i re’c’—J i nle’nn s I ona 1 ne - i l l  I i  mnc’m n u’

e- on s t i t  r mt  I u - c’ eqummi t I ons .  I’lne mod e I was c’nnp I oyed t o  I n  vest i gm m t o  t I - i c~ wzi u’c’

( ‘rou t p m ’ oj ’ m i t ~.et I on • t he’ ‘ t :m bi  I n i  ~
- ot ’ t h u.’ shoe -k f r on t  . gu ’owt Ii m i m uel  e h & ’ C m l ~~’ 0 I

t ine shoe-’k wam -c and t in’ d i  — to rt ion  of ’ i m m i t  i mm l i v  s i m i e m s o i c i m i l 1, ,ltc ’. Put ’ t o  n h ’  
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‘- m min c e -i cia I c hic’mi r w a v e  m ‘- e l m  si  o,’t ‘d . At somiw’ d i  “ I ain ’ t’ mm d i  s

comi t m u m  t V n nm u v c ’c~’mun ’ m i t  m u c 1 ’ I t b e a t  b umme , Shock l’rou t n m nmuv t’ou’ni m i t  such

d u ’ . com n t  b u u u i t v  t’roum i min i m i t  i m i l i~ h m :u u’ m m~- iu - i i e ’ wave . I t  i s  n o t ed  t h a t sim oe -’ks

c i i i  In’ fou ’mnn eJ (on’ counip os it e wm ti n im mi rdemu ng mat i’m u lim it e’ammm n o t  be formed for

I l imit  wi tin ‘;~~I
’tm ’ii i ng m:u t n’i ~~~.

I l l  -I i~t ’fe-’ct l ie ’  S t i f f  m ie ’s,; T h e o r i e s

Sic ( S-i .) cli  “ c ; m s s ~ d t I - i c ’  j ) e’e )p ;n gm l t I om oh mi sh e m i m ’ pu t  so pm iu ’ mn l ie I to t in’

m n t  u.’n’ l .u e --es of a pen’ i oeh i cmi I I y I m im a t mimi ted med lui m u . l ’iuc p r op mmg ;i  t ion of wa ve  was

c’.ilmSt ’ ch h r in m n l )n ilsrie shmm ’ ,iu’ l oad s pcn’pcnclic’uu l mit’ to the l m u n m n i m : u t ’. l ie ‘u mip bo ~- c’d

I l i e  et t ’ t ’c I i i c  st i t  I n i t ’ ’. ’. ti-ieon ’~- t o  mo e- let t h e ’ e-’omfl p Os it o mi uwl mi t- i l- i l u e’cI t i t i.’ nnt ’th oct

ot ’ t in’ head - oh t in’ ism I se ’ c’ oh t a r n - i  -i n m I l m h m i ’ ( i\ lana t e ‘‘o t t n t  I on ,  I t  t ci rii’i oem I

hat t lie ’ so lin t r e - mu m • s;m m- n o r  
~

-
~~ ~‘t i c’ h e e -Cl0c’ it m- nom ’mr m:u 1 t o  t In e I miam i met es. is th e-’

he ad of  - tin’—peu Iso (emnnct iom (or imptils l i e  ct  n’ es~ n o r m a l  to  t in’ l:im i lLite’; (PS)

n ’ t’i cm ’ see-i . wi th o~ c ‘ I I mi t i on’; of ’ im i c i’e:is i mm g m n m nn p I t ime - Ic  pn ’ee’’d l u g  I i-ic mi m i en pe tt s

f~- i i t o we d  iii- mu mm n omio t  on m e - - r i  “e to m l muo m el I t U d I S  1 011:1 I m m l i i  I it emd e of ’ u m n u  i t v

~m r  mi ne - I Wi~i i t t  m en’ (SI I) mit so i mm e -’rst I g:ut eel the one -ci u mc ’mm s t ou:n I i-i~m I so

on in  .In i oh I r e-jene’ I m i m u i n m u t e e! htm l f — space, Its tnm g l im e et ’h ’e-’ e-’t t i e  st  n t ’ t ’ -

l i e s ’. I heo i ’~ mind t Im c ’ im emid -- oh ’ - I I-it’— pu I~~e-’ m i p p n ’ e-’x jamal ion .uea i u • t lme v ,,t em ci m ccl f lit ’

m n m i p u m Is m e - c  W m m l e c  nt . mm n oH i qiut ’ l mi n m i b n mile c’muum sed hi a ‘.t e p -p r e s ’ . r i r e  l o m u d i n - ig on - i

t h e  b e -sit ed iii - It mn - it e rest I m e -~, I c i no te  t hat t ime  cc,; i~~m m s  0 oh ’ . in i  oh In qi ut ’

I .Ini in n a te Is hot h miflu sot n’op ic mu m - i d geomnet i ’m c a l l  i c i t  specs  i y e  - l~l - i e -~ miii i sot  i’opv

I e - ’.t d ’ . t o  .1 t w o  s t e p  m’ c’s1~mnse to m m ‘.t e p Icm m id i m m g .  whi m ft t ime d i s p e r s i c I t m -

cmm n oo t h ’; of ’ t ’ t hi ’ I wi l s t o p ’ . mi ne - I e’:i ~l~,es o’.e - - i l l  i t ton i’. p m ’ oe -’ed i m mg c ii ’ t o t l o w j u g

I I t o  ‘ .1  ~~~~ I hev I c i t m m m d  I hm i t tim e e’ l m . u m ’ m u c ’t en ’ e - - i t  I l ie n’ esp om .e ch : iu igo , ;  u s

t him ’ . r m m % ~I e  c m l  I aiim r m m m l  e , c , i s  y , m n ’  i ce - I . When ~n 0 , a r ng t m ’ p u l s e  ~h m c ~~c . 1 g m t  O s
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thirough tine-’ coimiposite; m is cc i s  imn c u ’ e:use -’d, t i’ie p e -u l s e  sp l i t s  i n t o  t w o ;  w h e -’nm

cc = ~)0 ° , t ime  re -’ sponm se ’ i s  once a gmm i um mu s i m i g ie pu l se ’ .

Se-- o (S -IS m i t  so mupp l I ccl t h e -’ e ff e c t  ly e  s t  I t ’ t’u ic’cs th eou’ to t ime  n’ c sponns e- ’

prob l em c - i f  m m pc’u’ i o e l i c m i t l v  I : u mmu i m m mut c ’d  e’l .ist I c  in te l U — s p a c e  subnee ’t to r a p i d

im i t e - ’ r’nm.i I hea t  l ung . l m ’op m i g m i t  ion  direct m o n  1 :uu ’ a I  l e t  to t ile-’ pt :imm e s ot t ile’ I tui l t  I —

na t cc w m m s  co n i c  I cI c t’c’d , lin e-’ arm m u I vs i s  lute!  I e’at cs t lm a t cli  specs i umn :nss uu me c ’s turn

immipo i’t mum - i t t’o I c - i n  t h ne -’u ’mni m i 11 1 mn d e i c c’cI St r c ’ss wave ’s . The put I ci’ ii i  t (me -’ ( mu n ’

t’ I c  Id it-i mmy I - i em e n’ l i t  t Ic recomm it -i l mu umc e - i’ to t he pulse t Immm t o i ’i g m  m m m i tee! m it I I-it’ I’ n ’oni  I

S l i m ’  I t - -

S i c ’ m im I 1k’ n’ m ’ mmi m t m m mm ( S-I . m I so app ( I t ’d t ime ’ e f f e c t  i t  e ct  I t ’ I ’nc ’ss t h n c o  cv t o

s tu dv t i e d vun mu m u I e-’ n’es pomn so ot ’ mu pee’ b e - i  i c m i i i  v [ ann i m m m u t  ed ha I t  — p I ane seu t ) j e’ct en!

- ‘ t O  m l nm mov I m mg l omud . The I mu m m iii t I c-ins mu r e -’ pa t ’mt I Ic ’ I to t h e ’ SuI l ’fa c’e’ of ’ t ine’  h a l t ’—

~ 
I mimic ’ tH u d t i n t ’ t m’ m i m e - ’  I i  mug I o m ie - l i 5 ~i st  c’p I Omie l ot  n n im ig um i t~~e-le ’ P i n c  I i  u m , ’el m i t  i i i

; Im m g h e -’ ~i te) tIme su m’ t ’m icc . ‘h’ime ye -’ 1e - me -’ i t  v c ’ U t hue ’ load I s eons tmnmm t m ind cupe- ’i ’soni I c .

(‘he r o u t  m u m  mice - I t ime f ’o m’m m n a I se-i b u t  I e lm - i mc i t  ii t he  mi l e-! oh ’ l. mu p 1 ace t r . i r ms forum s m u n d  cOn-

~ t i ’uctcd mu f a t ’ — t ’ ici d solut ion w i t  Im the - ’ l me -’ : i c l — e f —  t i m e — p u  i c e ’ pi’oc’e-’cht mre-’. i’he-’v

cm i t e e m  I mutee- ! t he ’ gn’e-i ss iioi ’nrtm i l st  r’.u i m mit time’ rear t’tic’e-’ fe-mn’ : (11 mc-iv i nm g n mo u ’mmm: i i

,,, l ~; t 2 ) ,  ~, 2 m  m a e - me - t r i g  ‘.h e - , t u  h o . i e - I  (~ OL lint ’ r’t’’cti I t ’ , i n i e - i n c ’ m t N -  t b m m t n

the -’  ~ r b m m t m i  i v  et ’t ’c’c t e - mt
’ t ime t , m t m u  I n a t  m onc I s n o  e- ’n - e- ’.i I e ,u st  n i  1 m m  1 h m e t  has  m m I i m m i I t ’

ci  cc’ t inc tunnel i s  oce’ i l l  at o r y  m th o um t  t ime  v , t l u e ’ oht t u ned on t l e -’ has m 5 O I ~ t ime ’

et ’ t’ect I i c ’ moe -ku [t ic t heou’ m - wi-i i cli j mn’ e’ei l e t  s a t w o - s t  ctm n’es tx -m isc’ fo r  ~ 0 mine - i

mu ret’ t m u n g l i  I t i c  i’ e-’spomi se-’ t’om’ m~ = im/ 2 . -\ I so . for  nne ) m mmi I I om i ct I nng tens u I c ’ st  r i m i n n

I e- ’e- e- t i n’ ‘.h e - i  n - I  I . m I t ci’ t ime - ’ , m u ’ u’ mi - mi I of  l i e -’ sh c m i i ’  wa y e-’ -

— - _ _  - 
- 

— ~~ - --~~~ - - -- —- - —--- ---
~~~~~~~

- -‘--‘---- ‘-‘ - - - —-- -— - —~~~~~ -—- -rn-



rr ‘

~~~~~~

‘- —— ‘ ‘  
~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~-~~~~ --—-——~--—--- ~~~—~—~-— --—~~~~ 

—

tiS

W h i  t m l e - ’\ ’  mim nl Scmui ( id ! I) u’ e-’se-’m u tc ’ e-I m i t’e ’t ’I uie -’ e- l e ’ t t e - ’ c’t lid’ st 1 U t ’m m e - ’’; s t lte -’om’ m -

fee t’ e-’xt e l i S  I o m imi  1 niot i o l  of ’ 1 mm mii i m mi t  ce-i c’ennm m pos i t  c’; . I i i  t h i  s I ie - ’ e - e r ’  • I e’ m ’ n rms c - i f ’

s ecc )ume -I ot ’ete ’u ’ m u  _ ~~l i i e ’h I s the -’  e-’oe - e i ’e - l I n m t t e -’ 1 m m t Ime ’ ci t  r o o t  i o n  c - it’ time ’ t l u u c ’k m ut ’sc

e - i t 1 :e m m t i  l i m i t  e’ muu ’e’ i u m c  I t ie - tO e ! t ’e r ’  t ime -’ I c e m u g  I t etch m m i mi ! e - i m sp 1 mic ’e- ’rm iomm t s whil e ’ on Iv t i m e ’

f n  u’St en ’ e-lC i’ te -’u’nnts ui - i -‘ m ire ’  immc t u me- (e’ct (‘or (ito t’tc ’xm nm ’ m m I ti m spl:me -’c’mrre - ’m mt 5 ’ l I m e ’

m m mi I vs i s I s app m’ t m p m’ I . m t e (on’ oh I I qui t’ I m n rp mie -  t 1 e - m mue - 1 m u g .  I n  c’enn t l n mi  m ’ I son w i t  ii ot l ie -’ r ’

t i i e -’e m t ’ m e ’s • e l m  spe ’ m ’ ’-c m e - i n n e ’ m m n ’ u e - ’s mi ~ pt ’ii t’ to vOm’ i t ’y t h i s  m ’ e- ’ f m m i e -’e-l t lee -’or ’v . t~ i t i e  se - m in e - ’

m id-id I I ’m c a t  t on • t I m e -’ t hie ’on ’y i s app 1 1  c m i i ’  h e -’ I c - i  t’i hm e -’I’ — t ’ e- ’ I mu t ’cmr ce ’e-I e - e - ) t i m p e ) 5  i t  0 mmmm i t  c’ l’ t mi 1~-.

l ledt ’oi’ cl m u ume - l  I ) n’e t fmml m e -’ I I  e-’n ’ ( i~I m  t’c m t ’ t h e -’ u’ e l i  sc ’e m s se - ’d t he-’ i i i  g b n e - ’ r — o u ’ e-Ie-’t ’ e-’ t ’ t ’c’ o —

l t e ’ ct  I F t ’ ric ’ss tl m e-’ oi’v . \ set of d i s p l m i e ’e’mn ne -’ um t  m um - n e - I  st u’ e-’sS ( - i o u u n d m t r  c’e- n n ue - i  i t  i o n i c

m i t mini  c’x t e- ’ mni . i  I s e m i ’  I d e -’e-’ e-’orm i pmt t i h i e -’ w i t  h t i - n e -’ im u g im e-’ u’ — e- r de - ’m ’ t (leo cv we ’ i’ e’ pi ’e’Se-’nt ce - I

‘l’he-’ in let hoe -I elcV e’ I ope-’ct c’ muuu  be- ’ U st’d to  obt m m i n n  hesm u m e l  mm u’ > c’ om it! i t  i on ic  foe’ t (m o on’ ic’ s

e-) t m eu ’li i t r t u i ’~’ c’in’ eIe ’r . Al  so , i t  mni mikc ’ s e-’x p l  i c’ i t  t h u . ’ u ’ c’ ( m i t  i o ,nchI  
~ I e e -’t wee - ’n m the

i n i c m ’ o e - i i s p l . m e - e-’mtm e-’nt m u~ e-1 t r i ; c e ’ os t  m ’ e-’ss d i s t u ’ i bet t  i d) ims ~t ime -l t ile ’ m it ’ t t i . i  1 d l i  spI~uct’n m ie-’ni t

mimic!  St l’e-’S 5 ci 1 st i ’ m h tm l  i o u - i s  t Ill t h e -’ set u’ f a c e ’ o f t i - i c’ c oun up ems m t e-

ik’e- l t o re -I m i m i c !  l ) m ’ m mm nm ino  l i e -’ n’ i l l )  mu pp  I t  eel mu se-’cotme - I — 0 i’ek’ t’ c’ I t e - ’ c’ t m e - c’ st  i t’t ’ime -’s ‘.

lne ’ o m’ v t’om ’ ( i n c  cl ’,’ m i mtmm i I e- - hc’Itav lo  m ’ c) t c’ h a  St Ic ’ 1 ann I mimi los Ii) 1 ( mc ’ pn’oh i 1 e-’mn 01’ mu

I mim i - i i mi m i t e’e-l I - i t t  I f - -  sp .me -’ c’ , w i t  Im h i t  e i ’t ’, i e -’ c’s mi ce u ’r nnmm h t o  t l i t ’ boi in ieh m i  z’~’ , sub i c e -’ t e-’d t o

h - i t t n ’mmt omn I e .u I I  u- t b lind ’ i- m i m ’v I mie -~ e-l t sp I m i ce ’ mfl e -’u m t tin - ne - I c I t’c’SS c h i c  t t’ i b u t t  i e m  m i t  t hit ’

bout m ie - ( m i i’m’ . ‘ h i me -’ f ’ Inn  I c’ mium nu be-’ m’ ci U tile-let e-’s o 1’ tIne tnt I C 1,0 St t’t n e t  cu - i . e t bc emi’ V te- e-’ Fe ’

t’ou unm cl t o be cci t t ’u e -’ I t’ mmt t o  mnmoe - le ’ I m m m i n i  t ’o i ’n m u m noi ’ tnr ; u I e l m  spi  muet ’nim e-’u m t boum mm e - I  , m m ’ ’~ c’oum e - i i —

t i onu butt not ,i u m u m  I t o m i  noe’m nn a I st  u’ e-’s~ h o c um - ic tm i  cv c’onet i t  1 0mm • 
(‘h e -’ Sc) h u t  i o m ms

v I e -’ le - I t i m e -’ e’ous t  i t c u c ’ n mt  e - I i s~~l ; i c t ’ntme’tm t mi ui c l  s t n ’ e’ss d i d  u’ i t n t t  r e - - in n s b o t h  m nu. ’ m m r th e - ’

h e - e tmmu e l a i ’ >’ ami d i i i  t h e -’ f ’ , i i ’  t i  ‘Id mine -I p e-’ ni m i m t m i m i  , m ’ , ’, c ’s sn m ne -’ u t  of ’ t i - n c’ u u s e -’t ’u t I n m e -’’~’~ of ’

th e m l c i’os t rue tim cc’ t boo m v  l o u ’  seic’Iu bc -itun cl ,uu’v e-- ,i l u te -’ p rob t ea ms .

‘lime f i r s t  i - ic-it - i t i n e -’at ’ t I m e -’o m’v of ’ t in’ d i c e - I u v e  st  m t ’ t ’mie s s  t V p t ’ was  obt . u t u m e -’cl

1w i~, i u u s c ’ i m  I t S )  who , i i u i Iv ~‘ ce-i t ime -’ t n ’ . m m m s  i e-’m - i I  w , ie -  e p m ’op r g . i  I m e- lu p.m u ’ ,m I I  c i  t o  t ime - ’

I iitt’i’ f . i e - ’ e- ’S of’ m m i , mnn t i m i m i  u e’ ( i i  d en ’ n e - i  I l i ’ t h e  o f f  oc t ui - c’ “ I  i t f ’m i s,’S s e- ’e- l e l . m u  i e - ’ m n ”

h e --’ t ’~~p n e s ~.c ’d li , i i ni ~~ ‘• I”’ m e ’ m p h e e-~’ m ’ n ’ ~ ~~ ~ J t e t  em i t  u . u  I ‘- ‘ m n e - ’ m g i  • wh i n e - I n
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t’e-’ c u t t t s  t n t  ui c)ui l i un’ar ce e m is t  i t u t  I e - e~ p l’op e’ n ’t los • m d l  mu k i n t e t  ic e-’nlc ’r ’gv e-’ o m e t mt m um i uig

1 m uu’ ge -’ st cm i in - is  ami d cii sp I ace u nmen i t  s t c p rencl uce -’ a 1. 1 r uci n i m i t 1 ( ‘ .1 11 y iio~~i I mne\ii ~ t l i c e - eu’ )’ ,

1k’ th ou  sou glmt thi’ so l e u t  I ca m t o  the  e- ’t’ t ’ e- ’ct e v e ’ s t i  t ’ (’~~e-’ ss equma t ho ne s hem’ m i

ce- i c) re-h i mite ~~~ pe-’ u’ ( c i  u’h mi t i c - i n n  t e-’c’i i m i I ipi e - ’ h mu s e ’ e- I oil mus v t n i p t  ot e c e-’xp . in c  ions ((1] 1m m

st n’ e’ss -arap l i t  uct e . The oe -Iua ic -u s fo r  ( lie’ 1’ m m’s t — on’d e -’ u ’ I e -’n’t ci chat i c- in - is ,i m’ e-’

I in i e - ’ min ’  c i i  f t ’er c mnt  l m i l  e ’e -h euat i o n i c  w h i c h  e-’~ u u m l ie s O l e - e d  l iv  i u m t e - ’gi’ . m i t m . i n i ’ . f o m ’mn

t c ’Ci m ti I qt ie-’s . tie’ app r ’ox i i m t m u t  ccl time - ’ t e’ m im sformt eeel so lcm t i e - e n ms I or ’ ( a  m e ’ t n n e -’s b~

tus e-’ c - it ’ t i - ic’ smeLl Ic— pe-~ I umt t eciwi I que . ‘l’hus , lie -’ e) i)t . 1 1  nne’ cl a u me ) i m I t m u e - ’ , i t ’  hc’.td — ot  —

t he - ’— pu i cc ’ app n ’ enx i mm t a t  bern , ‘l ime I I n ’st  — ele’ e- I e -’u’ t lice -m m’ pt ’cce ’ni t oe-I ‘m he - ’ w ‘-. ( i e - ’mc m n o m n  —

Ii nc’mtt’ et ’fec t s e’mfli ’ 4 c’ th e - ’ geomnict i’ It’ m u ll v e l I  spc’r se-’e-l wmu v c t e- t’e - - iu’m ,i c it oc  l~ b u m

e-ioi c’s rm o t ie - ’ e-’ t he  ~c’con el—ot’ e(c’ e’ t ’t’t’ee-’t i n  wi-ui oh eli spc’rs ion I mim i tc t ime -’

s t  e-’e’ p m mc ’ss ot ’ t ime ’ mc m i v e-’ , Coim see~u c ’u m t  lv  , st  e-’ , ie - ( v w a i t ’s c i t  t (it ’ I y [ e - c ’ t c ii ii ne - I e’t ~~d’ (‘ I —

i t ienu t  m u t t  v c a n m i o t  to mmIe . ‘(‘ inu s me t’ue ’t ime e ’  me ppt’ox im m mm u t ion  mc e I t  m ’ e-’e(e -n i e’e t h e e -’

e - ic ’y e -’ l o p nnmc mmt o t ’ m l se-’c i r ec l  - - t i n ’ e - Ze -’ m ’  theor’~’. hlow e-’ve’i’ , t i m e- ’ i’ e-’Sll its 01 time ’ t m 1 St  -

c-i m ’ elc”i’ t ht’oe’ y i-roe -’ i dO mum in - is I gu t  i u-it ce- the -’ nm at cure -’ o t’ tI-ic h i t  e’ m a e -’ t ic e - ni be-’t mcccli

ge-’onmue-’t I ’ m c c i i  5~~e’l’S ion  t i fle - i ib mn Ii nem uu’ cOns I I flit c e - c’ c f f ~’c I s , It appc’mmu’~ hot  h e

non i inme - ’m ue’i t y m in e - I gc’omn t ’t m ’ he  e l I  sp c’l’ s iv  i t  v h m i v  e-’ t h e e -’ o t t  oct  s to c , iu s t ’ e-’, i m ’  I i

m i t t  e-’imti t t t  i on m .

i ll . S m i t  cc’ m uc t  lug - -  Cot - it  I nemmire t ‘ l ’he ’om’ I cc  an-id Mi x t u re -’ Fhe -’ori e-’s

Base-nI on t in’ hu t el’m cc t I mi g ce-mt  1 nmn munm u concept tm - i wh m e-’h c~e - e -’ U i  e-’ c e i - i S t I t  cu e lmt

1mm 5 i t  5 OWli  mn- iot i On) bct t t s ml Ii OWc’e-i to m e  I’t i e ’ t w i t  h c i t  hc’u’s • tied t ’c m n’ e-( ( I t t 2

ci e-’V 0 1 oped mu has i e’ no m i I I  m i& ’ m m n’ t hic ’o n ’ t’o i’ e-’ c em pt i  s i t  e-’ ~ - mtnei e- ’x le l 01’ e-’e-l t he-’ t iti~ I I d ’ ~I

t i ou’is of t h i s  t be - ’oi’v mc i  t i - i  r ’ e- ’g m u re -h to shio c ’k w , i u’ e- ’ ) i m ’ e - i p . m g m m  t lone - IL’ t o m m i e - h I l imi t

H c h i  c’o m i ’ -’t I t c me - ’ n i t  e-’ , mn supp or t se- ’pal ’mit  e’ ‘ m i m e - c e-- k  t c , i e - e- ’’~ ce- c t h a t  n i n u i l t  m ~ic si~ .

w , i m ,  cc e- ’ m m n n  e - i e -’ e ’ ie -  n ’ t f l  slid ’ Ii . m 1 ht ’oi ’v , Siuc’Im mtm ei 1 t t~~c to  she- c’ k mc iv c’s am ’, be ’ mo r e -’ .in i

I’ t I l i e -’ I 01 t lie ’ t i t e - ’O i’m I i m~u n tint  c’s ‘;c ’ml t I mu I pm i i’t of t h c ’ mn e- cic lung . mm md i p t’o I ’ ,ih I c

, n m e - ’ si  mmm c I i t’  t 0 t i me -’  c’ib , i  n ’ .i c t Ci’ i “I Ic Ic it  e-’ Sp e-’e-’ e - I m i t  t he-’ , t p ~i n’o ’e- n m nn , i  n e I ime -’ ot’  m e - ’ ’-.
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e)t e’od s t it le - I hcatnt s , i c h l e ’h mi re  u c t  ni e’cc’ss m um h l v  c l o s e -’ 1 m iScOe ’ i m i t c ’e-I W I  t i ’i the

cm I cu 1 mm t ion of ’ t lie ’ n am e i m i r c ’spo uisc ’ . 1 mi I h i  c t Ime ’O I’ )’ • t i t e ’  t t p~ 1’0~~ 1,1 mute -’ hocm i- id ti m’ s’

cc - in - it t u t i ons t in -nd i - tm umm k i n - i c’— hiU ge - )fl tot e-’quimi t h e - i r i s  ton ’ m m mimi i t  m — c’oi it I n nuut n n nri oeht ,’ 1 o t’

eommmpos itt’ ma te tem’ h a !  wcn’c t’o e’uimu.u I mi t  eel .

Beet te l  i’d ( I t  I S (  e-’X tended th i e-’ mint it I — e’oni I I nuummn t he-’~~u’v te e  t e  m it t I m I t e  t h e

imi tlip cone-I it be-ins ion’ m ami ss • mi t e lm il ent um ni m u m - n d c ’n ergv ti e ’ n e - s c  mu s i u i gu u  I .u r w . m v  e-’ su m’ —

t t i e’&’ pr op t eg mit  in ig in me mum It i—c ons t i t e m e n t  i-ionde ’c I — e l m i s t  n e -’ e-’e- nimpos i t o .  l ie fe-nin e -I

-ì t limit t he -’ shock sun ’ f ’m u e ’ e-’s • Ii nkccl 1ev ti - ic’ rc’te i’ t ’ni e -’ e-’ co m t I guui ’m it i e - mm , os is I oe’

e-’mmch’m e’o nm st it um etit . ‘t ime ’ u ’e-’su I t s a me ’ mu.’ I cv m u m - i t  te  I lie -’ St mm d v dl t .ice’ e-’ i t ’  n’ t t t  j Oin

ic mi e - ’ e-’s m inc e - I  s lnoe -’k w a v e -’’-. .itnl mmi v be mue-lopte’cl to g i t t ’  b o um m - n e - imm i ’v c’ e- - iul c l i t  ho mes , ‘flit ,’

m e t  hod has  been app I i  t’e-I seue ’ e’c’ss (‘n i l > ’  te - s lug 1 o con t I i u imu tim - id czun be mi t- i l- i ll c’ci

t c-i mm i r’Omtcl c-la ss ot  c’ cl mmt n nu t u u n m t hoot’ m c’s -

I Icc e’mm t n o i’ m u d  N , m v ( ‘ e -’ hu ( I l ~’ e - I cc’ e I 011cc1 mu e-’omi t m imuni n tm t he-’oi’v i m i  sect on m u m - i

.1 s ym ni p t  (C t  m e -’ e- ’\ I~~mm~ I oum iou’ w av e  pu ’ e - - i p . m g m i t  i c-t i 1 m m 1 t un a i ummI ce-I c’c- inu l i c -is i t  c’s I n i wi t  I cli

ci ommn I m ia m i t c I gmi m i mc.ue - ’e’ lo n g t l mc  we ’re’ ml csu n mme -’e-i to In’ 1, 1 m’ g c’ e-’o m r e p mm n-ce -i t e) t )‘p 1 e-’m i 1

e- .ew p e - cs it e-’ ma m e -’ n’o— d c nnnc’tms ions. The’ e-’ m i s e-’ ot pr cnpttgmt t eon nel rmm u I ( c m  tIme - ’ 1 mum nt 1 m n m i t  c’s

w , t s  e-’ o m m c  m e - I c ’ n~e-, e- ( t’h e-’v cel ’ t  , u h  f leet , i l i i  e- ’m’ m t m’c i nv  oh ’ mino el e -’ I s d eli nec1 he- ’ t h e  Ol’ei e-’i’

c - i t ’ t r u n c at  m e -- i n - i of ’ t ime-’ uss-mmt pt c ’i t he -’ se’e -( eue -’rm c ’e-’. In p i ’ i f l c’ ip ic ’ , t’e-’t C ’mi t t o n i  o f ’ m u l l

I e’t ’mtm s m m  t i- ic’ misv m m ip t  c t  m c ,’ se -’ e - I emc’n m c d ’ s- I o le - i c ( l it ’  e-’~~m i e ’ t t ime’ou’v . ‘t ’hc’v t hnc ’um e’ , u st

t int ’ Ie - mwc’ n’ - omd lc ’!’ c i i  ~~c e -’r ’ s I y e -’ ~ htn it ’m - i n n  .i ct  m u m n e - h m m m’ cI n nn i  ~t nrc  f ’ci i ’n nn . ‘l ’iue -’y ob t m u  I neil

t ie - c’ trtim )cicmm t h i t t i c e - ’ m ’c’sponns e’S mit the-’ e-’e-’m -i I n’ e - ” i e - i’-. o f ’ t i ’ue 1 m ’th t a y c ’i’ mine -i I _ ‘ t I - i

I .tvc ’ r t ’espc ’ct mve’ Is’ chic’ to a st c’p — ~.t re ’s’-. i n imu it on t i- ic ’ boundary . Compar n se - -nm

of time r c suu  I t  W i tin e-’ x m i e  t mmcmi I m s  i s obt ti j iic ’ ci t re - - immn ,i oul e-’ -’d I i mc’ns I o imm u 1 nm .umerm e’ti  I

e-’oe-lc shows e - i um it e-’ good tugre e’mmncnt . I t  I s t le t e’cl I limit time ’ e-mn iu.’ — t hi i’d P0 m t  S

(I/,~ (‘I u’st pe-’~ik 1 cnn the t rm ium c m t ’nt re- ,i ct ’’-. t n’ m e - v c l  m i t tint’ nil xtumr e Vc ’loe -’I ( V . A

simi I an’ u’c’suil t wit s t’octmncl in the Iie -’ mt e - i o f ’ - t ht ’ l i m I t  cc ’ w i t s ’ s  m c  o f  Pc’e-’k m mmcl

~~m 1’t ~~~ (l i _S
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I Ie-’g c ’nnt I e- ’ r ’ • t m i  n’t mmi m um - i m m mme l Na > ’  t’e’h [118 c x l  e- ’ncte -’cl t i - n e - ’  m t  ~ u’mu e’t mu g to r i t I nucin i m

t h e -’ou’ v by m m r a t  i o m l m u  I e” c - i m t s t m ’ e m e -’t i c m n t  t t ’ c h m n i e -~u ie -’ Ion ’ t ~~‘~~‘ e-o nst it uu t l i e -’ e’e - h r,l m u t  i on - is

mun ie - 1 mr - i t e- ’ r ’ m m e - ’ I I u n g t e-’l’mn m , The-’~’ c on s ider’c’e-J the- ’ e m u s e - ’ of ’ w m i vegu  ide’ — t m p c ’ pr ’op ;ig:i —

t i e - i t t i mm tm unnm i f la t  en! m t n m e - l  t’i bc’i’ — i’d’ itt  t e -~~’e’c’et cemmn p os j t c’ . l It  i i i  ,~ I m g  mm c i xc’cI sp m i t  i a 1

mi m ic ! mm s’.mup t c i t  I c’ c’xptimn c ionic • the-’>’ t’ou um i ei that their mesynapt ot ie m ippu’o mi ci i I e-’m icIS

to mu f t  t’st — el l’e- lC I’ expi’ c’s 5 m e - i l l  f ol’ t he’ nloul ie’u mt um n u i ni t  c’n ’ m m e -’ t ion  t c’m’nnm j e l c f lt  i c m i  1

in  t’or rmi w i  t h  lied fo i’d c I t i  I )  . bent t i ne  e-’omm st I t  mit i Vt ’ ed lutut I c- i r is  for  e’ach

c o n m s t  I tue -’nmt imm e - ’oI ye’ t h e’ s t ra i n s  in 1-oth const  i t u m e m - i t  5 .  l I e m i c e -’ , the

r e s u l t  11mg t ’ir st e-~ n ’c Ie -’i’ ce-m t ineutmn n i nmi ixt ni n ’ e-. t h e o n ’v  e’ o m - n t m e i n s  n n u i e -’ ros t r c u e t u . u i ’ e’.

(‘lie-’ cI t m l i t  \ c i t  t i f l  S t l) eol’V c(e’m l lo nms t  m a t e d  f o r  hot it tarn mmml OcI m in e - i I’ m h mi ’or ms  e’o m n n —

j - i e - i s i t e s  ( ‘iv e’Ot ’i’ e-’ l i t  i m m g  t ht’ om ’ e-’t i cmi i mined e’xl)c’l’h mne -’nmt m l I (Ii i S (  t i’mu ri s i c r - i t  p u t  Sc’

dm 1 t ,, on lom ’ om m — c’ mI n ’l- ie -- i n m ~Ine -’m-i o I i e mm md ‘i’ho rue I — cm rI-ic-ire- plm c’ntc -i I I e’ I mum - it i n m u  t eel • m u te-h

u ini i e-i i u’ e-’et t o n a l  t e l - i n ’e- ie us c i umml 1’t~~_ l l hc ’r ic i 1 I c ’ . I n  eaeln t’m i~~O , t i m e’ i n i p e i t  pu lse is

St  c’( t w i c’t r o m e  i ll i e-’ lo~~i t  V mi pp l i e-’el t o  bo th  ce - In st I t u c ut  s mit t ic ’ b e iun dm u i’v ,

Fhc i’c’sli clnse -’ , i t  t lie ’ re -’,i 1’ c emn’ t ’m m e -’e 1 s mu se- c’miel v r I cc’ ot’ m nmnm p I I tude f ’o 11 owe-’cl 1w

occ i i  t a t  i o n s .  i n  .i 11 c , i c e -’s • t hie’ ~igl’ e-’c’nnie- ’tmt s I - i e t w e -’e’n t h e -’oi’t,’t i c t i  1 mind e’xpe-’u’ i -

mm m cmi  I m l I m ’e-’sen it S m e - i’ d’ c~t l it 0 c,o e e l

II e’gotmi he’ n’ mn r me - l Bm tcine ’ [ h i t )  J mu g mm m m  c i i  5e-’( i” Sc’e-I the’ t i’munls i cut m m  I cc’ pl’e-—~— mug m i —

t i o n l  • ( t 1 t ’t i  1 Ic’ I t o  i munm i t u mi t  c’s i m  e-’ Im u st he— l m e - n m m e n i m i t e’el e’onntp os i t t ’s. Bte - se e - I upo n i

m i s ym n i p t  ot i t  c’xp~mn’m c ie - ’m ls time -’’,- e- Ie y e -’  l e - m pt ’el , m moe-l i f ’i c e- I t’i n ’st - _ oi’e- lc ’l’ ni t i me t nrc’

i on’ a cte -’p i c  l i c e - ’ i t  y m i p i l t  o m n t i - i c ’  b o emm mc i ; un ’ v  . the-’ t m’ .i me ~. m ou l t e l m e t

e b t  mi I t e -’e-I ( r e - n i t  t i m e-’ s i n n i p t i t ’ i c’eI t im c’e-i u’v c’xh h i  t s good e’ o m ’ n ’ e- ’ 1, 11 i omm cci ti e e-’mep e -’n’ i —

mmm e-’n t , i  I m ’e-’ c e u l  t s . Be-’ e’ m u e i c e - ’ of it s ch n tmp l i c it s mmmcl c ,m t c ct ’mue ’t e - ’ re -  p i’ e-’c h u e t  i c — m m ,

t h i s  s i m n t p l I t i e -’eI t l m e -’c c n ’v • t lt e -’v i iope ’e- l . s i l l  t e -’mm e i to nm rmtx i n nm em nn m mi ~ i i  It’ — .

h t mm e ime ’ .me- I I Ie - ’g e ’mmnic ’ m ’ I BI  1 t’cmm’ th cn ’ c l i  cc’emSsd’e -i the -’ t rme n is i e -’n t Icav e-’ prop aga~

l o i n  t n - i  e- m ‘- .e -’oe -’ I , i ’ .t i c — l : u n n l i n m m l  ce-i c o u p e -ms  i t  c’s - l~’ m t im ru I n- ion ’ nne- e-1 i t ’i c t  I i o n s  o f  I

e-’~ hn i ep ics  i i ’ ’ e - ’c( t ’e - r  01 m u s t  i e -’ e-’ mm ces , t in’>’ e-’o m i ’ ; t m ’llc ’t e’ci a ge-’m m e’n’.i I t hc’oi’v o n’

w . n u  o (mro ~mag;l t m e - c i m  i nn u m - ‘ c o t ’ l i s t  m e - ’ I . mm nn m m i m i t e c i  e-’O flmpoc I t e-’m. , I’he ~c n’ e- c e- c ’e - i m m n ’ c s  ,i
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cluite stra ightforward . They first mepp lied the Laplace transformation te - - i  t h e

equations of motion and viscoe lm-istic-constitutive relations , then t hey

deduced the comti nuum timeory fox’ the prob l em under consideration in  the

Lapla ce transform pit -inc from the well-known correspondence principle.

F i n a l l y ,  ti - icy took Laplace inversions and obtained the theory in the

ph ysical space. In view of i ts  s i m p l ic i t y  and p o t e n t i a l  u t i l i t y ,  they

derived the e-’orresponding v i scoela st i c  m o d i f i e d  f i r s t - o r d e r  t heo ry ,  and

appl ied  t h i s  s i m p l i f i e d  theory to inves t i gate the t rans ien t  pulse normal

to the  l a m i n a t e s  due to a s t ep -ve loc i ty  input  on the boundary of mu h a l f -

space formed by the b i l amina te s .  The composite was laminated by a quar t :

f iber  bund le in a pheno l ic  n m a t r i x  ( cons t i tuen t  1) and l ronsides FP-17

pheniolic re sin -i (constituent 2 ) .  ‘Fh c quart : fiber material was modeled as H-
e l a s t i c  for  propae~at ion noi’mnma l to the fibers while the standard l i n e a r

so l i d  model of v i s c o e l t u s t i c it v  was used for tine phen o l i e  r e s in - i  m a t e r i a l .

They connipar ed the  s t r e s s — t i m e  h i s to ry  at  t l e  mid plane  of the 13th layer to

that  for a corresponding l i nea r  e l a s t i c  composite. It is seen that  the

general shape of the former is more or less s i n m i i l a r  to th te t  of ti -ic l a t t e r

but with the a m p l i t u d e  of tine peak stress am-id t h e  oscillation s following

the peak damped out som ewha t .

Na s’ fch , Gu ur tn nmtn  au- id I l egemier  [N 3 j  used the theory of interact i n g

cont inuum to s tudy e l m m s t i e  Wave p ropaga t ion  norma l to the  f ibe r s  of

unidircction ally-reinforced composites, The composi te consists of a

per iod ic  a r r a y  of square f i b e r s  which is jerf e ct ly bonded to the

m a t r i x  m a t e r i a l .  ‘l’hcy dcri v ce- !  mm “ f i r s t — o r d e r ” t ype d i s p e r s i v e - ’  model

t o r  t h i  ~ e’omp l e-’x gconic’t n’> . The-’ l ime s i e const  r t mct  I on procedure i s mis

fol  lows: ( 1 )  t h e y  moe-ieiecl t i - i c  t ’ i h e r — m a t  r i  x reg ions  m is a m u  x t ur e  u s i n g

the stem -inc proc ce-hmr e for layered mat erials; (2) th e - -v modele d t he  m a t r i x

-
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ma t cm - i m e l meg i one-s m i s  hc l nm n o gemn’ o en s  I mmm i I mi m u t c’S under un I cii l’e-’e-’t I on e -mu I mime -- i t ic - i n - i  1 mm t lie -’

ci i meet iou nlou ’mnemi 1 t c-i tile -’ 1 mm ve -’ u’s; I, ~c ) the>’ t hcmm fo 1 lowee -i the -’ sm um i me pm ’e-m e c’cIem m’ e- ’ m um .

t Inti t f e - l i’ cu lt mm l ii i ing wav e -’ p r o p m u g mmt  ic - in nme - i rm m u a I to I miye x’ee-l eo n m mj - ie s I t t ’  5 to cone t r i me t

mm di spe-’ n’s m ye ce -- in - it i miu ei mmn t heo i’s fo r  t ime - ’ f I hen ’ mc’ i n for ced  comnmp os i t  e-’s . ‘l’he s I nip 11 —

( ‘ t ed  t
’ i r s  t ore-Ic i’ c e - m i t  i nuun mi mmm oel e I so comist x’uct ce-I i s se-’e-’im t C) I-ic’ similar in t’om mni

to the t he-’oe’y obt m e - n e c !  1-i t lmemnn (‘or proptugmu t b u m  n iommn m mu i t o  t he  1 ti ers of’ mm 1 mini I —

n t u t  ce-i ceu nitpos e t c ’ . The-’ o n l y  e - ( i t t c ’i’en - ic t ’  , m l  t’m ict , i s  t h e - ’  c unmi p l e’x it s ’ O f  t i n t ’ cc i i i —

st mt n mt s in tIme e’c(uat e-im s lit  u i i  : lug  t i-i i 5 th ee ) e’y , t h e  obt tu i i-ie e-l t I - i c ’  se-u i ut ion

t c ’ i i ’  ,t s t e p — s t  re’ss iniput mut t he’ boune-im i e’y ot’ me s e - ’ n n i —  h n n t’ i n i t e  nnm c diunm i of mu clii i -

cl i  r’ c’ e-’t m e - mn m i l I’m her— n’e’ in ~c m i ’ t’t’d ehtiau’ t p li e - - n e m i i c ’ eonupos it e-’ . The-’ ste -il— t’ummct i c-mm

~~~~~~~~ 
mc .is mu } 1 ’tl m d’ e! to tim e-’ t remmm t scmr’ t’m ie -’&’ of tine - ’ mn nm ttei ’ i mci w h e  cii was mu t ’ih t ’ n’ -

nmmut vu me l m cmi na e ’. The cmi i eu i a t e d  i’e-’tu i’ su r fmuce ’  e-’e’ lOt ’ i t > ’  • time - ’ ‘,‘c’le)e-’I 1> ’ corre—

- 
- spOfl d lS te l t i - i t - i t  of mm mmi mut r i  me 1 m lmim ituc , v s .  t i mue curve-’ is mugmu i n’i mm stt’ady r i s e -’ e- ’ c f ’

n mm m g n i  t im e - Ic ’ fol  low e-’e-1 by cisc i limit i c - i n - i s .  Coinp ar i  son o f’ c ’xper imc ’nta l  data  repor ted

i-iv ti-ic \ e -’ m ’ e-s (- .1 e’ e-’ Co rp e u’mut  ion 111 1 ) tune-I t heo i’et I cm I u’es i i i  t s showed t liiut migi’e-’e -

tmie ’ni t is fmt ii’ . I I tin e-’ gd ’e-)nfle’ t m’ I e-’mu 1 t u p pm’o xi mat ion i s I mmmp i ’e- vcd an el the’ v i  se-’ e-’i -

ci mi st i c n t u t u  mc’ o f ’ the’ phe -’no l i e -’ I s ae’cou m nt  e-’d f ’o r , the-’ tugree’mc’nt should he

much b e t t e r .

t.u rt mmm ii , Nmt e-- t’c’ii mint I Icgemn it’ n’ f i I S e-~c’ne -’ n’ te 11 zed t ime t heo my of n n t t ’ n ’ m m e-’ t 1mg

ce-ummt iimuuni (, (‘1 Nt’l to st eie-l tIm e- ’ I mco —e l i mimens iona 1 mc mi ’ i,i e’ p u’o pmigmm t t one- in - i St i’tict kii ’ m i I

d’c)ifl~ oS i t  e-’ m n m ut e r i m - i t s  , I n - i  t h e - ’  i n ’  gene-’ r’ mu ii :at ion , mu cal e-) i ’ ic ’ celcia t ion -i e’i t St mite ’

was assumed fe- i n’ m ean s t ress  vs .  demi s I tv • tin e- i time - el mist Ic , P erfec t  l v — p l t i s t  cc

law o f ’ von M i s c ’s wa ’  assunne d t’oi’ t h e  d e v i a t i o n  st  m ’ e-’ss t c’ m n s c ’i i’ , In - i  t ue - k I l t  m onm ,

t we-u— di  mue mm s I o n m m i  1 (mc> - — t ips  (I tin -in i mmtut e’s ) i~c’ m e -’ e-’oni s m do rc’cI . l ’he - ’  t ht ’mi d(c’ve -’ I opc’e-l mm

l i n e ’ m’t u u-’ c’hy tn t ’ t w e - ” — e - i  I nnm t ’m - is i onm u I mode -’ I c of ’ mi - it c’ rtme -’t hu g cont i n uem imm de-’ (~~I nod t ic time

ci re-ic’ m ’ c t ’ t n’u nne -’ mi t t o n  of ’ the ’  ~m -
‘ \ ‘m n ip t  c- it I c e \(m inm m oim , -\ g i tim • t l me -’s t ’oe’ iise-’c,I the ’ e m ’

.1 t t ent I on e’,i I I-id’ “ m iti~’I I c’s t ‘‘t ’ m u’s t — 0  r e -Ic’ u”’ t Iwo m’ - i - hop i i i  g that i t ‘c mc ’ 1 .i t m e-

si n m m p l m c ’i t s w i l l  le -’m ueI to mmn ax hn nm nn u t i l i t s  whil e - ’ pi’c’~e-’n - vi n ~~ the -’ e ie -’” . in ’cd
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minicro unne ch ani c a l  l ie -format i on reciuired by the con-ipos i t t ’ des i gners and the

munatyst s . Transient m’csponse to mu step—function in velocit y m et time boundary

cut’ either the e-’ las t  ic m n cdiu nmm or the c’I mist I c  , p e r f e c t  l y — p i t u s t  ic rued i e - un r m

cor re la tes  we 11 w i t i m  tu e corresponding expc’rimnmcntmul result s

Ntuyfeh men-id Gurt mnan [N4 1 c’xtende-’d tie in tcrmu e -’t jug ce-mt i m - iu un mm t h e ory  to

study the t r a n s i e n t  shear  w m m v c  not ions  in l mun i me - ti te - ’e-l w m m v e -’gen I ~i e -’s . Both t l’m u m m s —

v e r s ely  (SV ) mine-I h o r i : on t ai i v  ~S1I) po l muu ’t :ed waves were considered , Trans ien t

s o l u t i o n s  for both types of waves were invest  igated v i a  tine h ead -o f - the -pu l se

til)1)i’oX imat  ions ,  The t rans i cm e - t response of t i-ic SIt w a v e s  t e - - ,c st t ’p— bo u n e-i mm rv

v e l o c i ty  w0 i s  mm pulse beg inning wi th mu steady r i se  • fo l lowed  h~ osc’ i l l  a —

t ie - in s ab xit the i m p u t boundary ve l o c  i t  ~, wie- i Ic the reslx mlse-’ of tim e SV waves

to a ste-’p—hotmrmdai ’v i-’ c’l o c t t > ’  v i s  t i pulse -’ s t a r t i ng  w i t h - i  o s c i l l a t i o n s  mdmo ut

:ei’o fo l l owed  b y mu smooth v i s e  to i t s  fine -mu 1 v m u l u e  (t he  boundary inpu t )  . It

is not ed that : ( I )  t ie - c t ranis  icuit so lu t  j oin of SV wav e i s  iden t i ca l  to the - at

cub tm u i me-eet I- i>’ Si t’ [5401 based upon the e f f e c t  IVe ’ st i ffme -e ss t i’ie -’e-u e’y , and (2)  t h e -’

t r a n s i e n t  s o l u t i o n  of ’ SI! wave-’ c lose l y p armu l Ic Is t h a t  of the  l o n g i t e m d i n m u i

wave so lcm t i ome- e-e-f Peck ti~ e1 Gur tman ~I 3 J  ol-ita ined b y t ime exact ti-ict)l’v tin-id thm e t

of ileg c’imn Ic m ’ • e-’t a 1 . 1118 obt mu m,ee - 1 l-iv t im e  cot - it  I nmum n-i-i i x  tu e’e t imeo my .

(urtman, Ntiy feh an-id Ileg enu ie-’r. et m ci . Rl ’~J ale-Il l i ed the - ’  t hee ory elf int e l ’ —

ac t ing  cont inuum to s telel y Wt -iV e-’ p i ’opag mkt ion in three—ct imens ion-ia 11 y i’cint’ou’ced

compos i t t ’s. ‘(‘he mode l d eve lop ed  is me n - i ex t  eme- s ion ed ’ pi’eV i ocusi eI e-’v c’leupe’e-l tw o-

dimension imu l lam inate tin-id f i b e r  ‘l ’IN C forniu l mit ions  mind e ’xpl id t lY Con s ie-I e-’rs

the eft’ccts ot’ thcrnmodvnm emiiics • t’i mu t e  e lc fo n m mtm t I one- s tile ! me - on - i l in - icte r co n s t i t u t  ive

behm uv I or. The t l m r c e — d  i mmn en s l onmu 1 mat em I mu 1 i s  mm nm u dc up ol ‘‘rae-l i ml’’  and ‘‘1 mi t  eu’ m m l ’

t’ ihcr hund it’s in tin on’t lme-u gomm mu 1 mum’i’ miv • w i th poe’ke-’t s luetw ee- ’n  them f’i I I  e-’e-I w m  t im

pur e res i n .  The>’ t n’ e- ’atcd t i me f ib e e ’  bune l les ~m s i sotn ’op i c • hut  u s i n g  t h e i r

mm im it e r i a l  pr ’opert I cs i n  t he-’ di  r e ’ct I on of ’ pn’cu )’c ,u.z,ut t o n i . ‘l’hcis , n m t m t e r i a i  prt -ipc ’rt n es

- ‘
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t i l on ig time f i be r  mire assi gne-ed to ti -ic u’ adia l s , mind those te’ansvers e to the

fibers arc used foi’ the laterals. Basieme ll y, t hey proposed m u ode l i ng  t ie -c

uni t c e l l  of thu’co—d imm nemn sio nal quart :—p heno ’L ic as m u e omub inmu t ion of c v i  in—

dr i c a l  and i munu l ue-at e - ’ wavcguidcs. The m i t  i m e l l > ’  square cross s ec t  iou-i of t l c

rad ia l  f i be r  is  t ransformed i n t o  a cvi m dci’ of e q u i v m u l e n t vo lume  f r m u e t  ion

surrounded by an annu 1m m r shea tin whose mat  e r i tm  I i-ix ’oper t i c’s m e r e -’ dvnm uim i cm I timid

depeme-dent U~~Ofl those of the  a l t c r n i m m t  i n ng  fiber and i’esiru i-ioekct . l~or the

cy l i n d r i c a l  wav egtu i e( e , t i -ic I m i divi e - I u a  1 come - st i tu ent s  are - ’  modeled as e la s t  i d —

perfec t  I y— pl m us t  ic materi al , w i tie- mu M ie—Gr~imie i sen caloric e-’diiut u t i omi of st t i t  e-’

m’ e-’lat ing nnne an pressure , dene-s i t  v and ium tci ’ n imu 1 t’mi e -’n ’gy • am i d w i t h  a \‘ e-une - Mi ses

y i e l d  c r i t e r i m u  and associated flow nile govemm iing t ime s tn ’ c s s  eic’\ ia tors,

Thus , time - ’>’ dove loped a the rn - io dyn ammi c t h e o ry  of ’ i n t e -’ u’m i e t  m u g  c’ont imn uu mu , cut’

wavegce ide typ e , for f i n i t e  minip i ituele elm is t ic—p lastic wmi ve propmlgat ion in - i

f i be r - r e in fo rced  compos i tes .  They then  smoothed the surrounding structurme l

elements of tine muctutm l material made up of lmutcr mu l fibers and i’es in - i  pockets

v i mu t i-ic TE~’4C L am i n a t e  an t i  l vs  is Into me hollow cv i  imide r  ~h e - ’ m i t h  . The contplc’t&’

thernuoclast  i c— l u l mist i c , t h r ec— d i  mnncns i o nm m l ‘I’ 1NC moe-tel t h cm i s ob t z u in e d  l’cs’ ce - - i t - in-

h i n i ng  time Sol id wavc’gtnicle fibe r wIth t h e  e-lisp em’ siv c’ hollow cvel indcr sle-c’mi th.

l o r  ci mist  i c pulse pr opagat  idum in thre e— el i ncus ionm i I tiumirt :—phene -e-u t i c  . t h e - c)’ used

t h e  f i n i t e  d i t ’ferencc TINC code to compute t iut’ mivc’ rmmgc’ ve-’loci tv met t i m e rc mur

of a specimen 0. ~3S cnn thick. A st e p — h eu umidmi r y  V t’ loc h t v i s  mupp i ied to li ce - tie -

f i b e r  and sheath.  They found t h a t  the v d’ icc it v- t I mine-’ i’espomis d’ I S mi gti in mi

stcadm ’ rise -’ iou l owee-I liv c- se l l imi t ions about the im ipu m . The-’ ri Nt ’ cod e i’ esu i t

was compared w i t h  exper l u m e n - i t t - i l e - i m i t m t  c’cI ’ct mm I me-e-’e-l mi t AFWI, (Al i’ Eon ’ces Weapons

l,~u l - i o u ’ mu t c-im ’y) • mind w i t h  t i - ic head— c e - f — t i m e —  j - iu m 1 se’ tuppi ’eux m a t  i cue- . I’hc megn ’cennn ’nt

is e-’x ce -’l 1cm - i t .  The he-’mme - l—o t’— t ime — pci l se’ se-lut iou , ide - i Ic’ c’ t ( e -’C t l i e ’ I v  chip ! i e -’ m i t  im i g

the peak velocity ,imnd rise’ t n m e  c’cf t i - i c ’  w a v e -’ , t cue-I s t o  d i v e r g e -’ t’rom tim e - ’
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‘l’ U4~ resul t s  f o l l o w i n g  t i -ic passage of t i e-c f ront  . They m u i s e m  used the  ‘l ’INC code

to calcu l mete the s t r e s s  he - istories m it tle rears of t h r e e  t h r e e — d i m e n s i o n a l

qu u r t : -ph enoli c  spe cinnens of d i f f e r e n t  th ickn e - ess  w im i c i e -  were tes ted at t !t t ’

AFWL us ing  a l ig i mt  gas gunu .  Comn pmur i som m of code pred i ct i onm s tine-I expe r imen ta l

re s u l t s  in e -dic ated t ie -m et there app c ’:urs to be a te m e-denc on t i me part  of ’ ti-i c code

to s l i g i m t l y  overpredic t  the  r i s c  t imne-’ s, tu e -ut agr e enn enmt of peak 1r e sse-i ’e-~ i s

excellent.

For non e- i in m em i r pulse  p r o p a g a t i o n  j u l  t i r c ’e— d hmnemi s i on tml  quar t  :—p I e - eum o t i c

they  used tie -c corresponding ‘Fl Nt ~ code to  c a l c u l a t e  time s t ress  h i s t o r i e s  mi t

the remurs of seve r mi l SDQP su - iecinm ens w i e - i c i e -  were in n p a c t - t e st e d  met AF WL (is m e g

m e hi gim pressure gm es gunm . T h e i r  nmu mn i c r ica  I resin i ts  timid e x p e r i men t a l  da ta

ime -di c ated a g a i n  tha t tIe-c TINC code t ends to sl i gimt l y overpree lict  r i se  t in-iies ,

but accu ra t e ly  cmi  lcu l mut e time peak pressures , and si g n i f i c a m m t l v  d iverge from

time experimentally detenminmed cu rves  a f t e r  t ine  peak .

The th eory so e- ie e- ’e-’ loped h m e s been shc wn to be c mm pm ibl e of p red ic t  i mmg t ime

nonl inear  response of 3DQP to hotie- mechanical tin-id tie -ermody naumic lom u d i mi g ,  ti m - id

capable of yielding infonn at ion ce’cnce m•m i i ug the behmuv iou’ of the  t ie -ree—

d i m e n s i o n a l  m a t e r i a l ’ s comis t  I tuen t s. It shoe-m id he mm usefu l too l 1mm bot h -i

desi gn ant a n a l y s i s  ot ’ tie -ree-dimen siome -mul ccumnposites .

(t egenmier [U l2 1  d iscussed tie - c f i n i i t c — m e m m m p l i t u e - i c’ e l m u s t i c — p l m t s t  i c  w a v e -’ :~

propagat ion in I mie nm i n a t ed Ce -un flpo Si t es .  1k’ developed mm lu i m e - ar  m m m i x t u r e --’ t h eo ry

for wavegu ide type—~uropmmgat i e-un pm irm il let t o  t ime I m - i v e r s of mu t w o - c o n s t i t u e n t

lamina ted conn ie-os itt ’ wi t im ~-i~~-i’ i ce -di e  m i e -’ rc m s t  r e -m et t ire . The mmnodel  u m i c c ’cl ’p cm n’ mu t c’s

the effects of thermod yn a m i c s , f i n i t e -’ e- ie - ’f ce- rmtm t i onms , ant non l m e-ear elastic—

p I:mst Ic const I t u e n t s  . 1m~,-~n~ mm st c p—heu u nmd a ry  ye-’ It- i c it v input , t i’muu u s ient

d i s p l a c e m e n t . s t n ’ e-’Ss an ne - I  in t e r n a l  en ergy d i i s t r m b u t m c m m s  w m t h m n  t h e -’ m i e n - cc

comnpomme n t s are produced to m m c e r t  mm I n n cie- ’gm ’ee’ c-i t’ midct i i’ , i cy

- - —~~—-~~ - 



Hegemier mind Gurt m n an [11131 al 5e-) inv e-’st i g:ut e -’d the  f i n e - i t e— amu p l i t ude

e l a s t i c - p l a s t i c  wave prop t ug at io m i  in f i I -ei’ -r e i nn for ced  composi tes .  Accord ing i> - ,

they developed an-i approxi nn nm u tc  non l inea r  theory  to desc r ibe  w:uvd ’gL m i d e - t yp e

propagation in un id i r ec t i ome - a l  f ibrous  conmposites.  The mime -t el , aim extension

of time previously developed l am mnin mu te  fo rn iu l a t ion , co ns iders  tie -c t’t ’t ’ccts o f

thermodyn amics , finite deformniations , an-id nnonliee-ear elas tic-plastic come-stitu-

t ive behavior .  A om e - e— diiimeu m s i onal  b i n a ry  in i x t u re  t heee-i’v is thu s fol  lee-wed .
~ Transient wave-propagat  ion s o l u t i o n - i s  due to a s tep-boundary v e l o c i t y  lie-put

were obtained numer ic a l !> -  and commup m ir ed u-. i t i i  mino th t’i’ solu t  m c n  f rom a w e l l —

known two-dimensional f i m m i t ’ e d i f f e rem i c e  code, The agree m em -it  is  jt me-lged to be

excellent . h owever , the authors cone l ue-lcd tha t  tie -c ‘l ’lNC t’al c u i a t i on e i s  niuicie-

more t ime-saving ti - i t e m - i that  of the -c f i n i t e  d i f fe rence  code .

Abotudi [A~ J extended h i s  previous  work [A3J timid f o rmu la t ed  a m i x t u r e

theory for a the rm oe las t i c  lam inm ateel nueeliumn composed of two c o n s t i t u en t s  in - i

a l t e rna t ing  layers .  In th i s  theory , each com us t  i tuem e - t  i e - m is i t s  own m o t i o n  an- id

temperature , but is allowed to in ter tu ct  nn i e c lm an ic a l l y and tie-e r n n a l l v  w i t h  time

others . The res ult ium g S stem of coupled equations of mmnot io n  an - id ie-eat cone-due-

t ion was then used to s tudy the  response of a l a m i i u : a t e -’el p l a t e  sub jected  to

mechanical  and timer mal impu l s ive  loz u dimm gs .  Compari son- i bet we en -i t ie-c r e s u l t s

of t h i s  theory and those based one - t i ’ ,c t h e e’ mnn o e l a st  ie e-’ t’t’ect l i e  modulus  t h e o r y

whic h  he formulated exh i b i t s  the pr oue -oun mc ed e f f e c t  of ’ n n i c r o s t r uc t u r e  te n - i d t i m e

e f fec t  of the re inforcement  volume on t ime i’ e s e - m l t i n n g  f i c ’ l d  in tine i n d i v i d u a l

const i tuents .  The e f f e c t  of ’ t he -c i ’ eime - for c emn icm mt is tcu decrease the stre-’ss iii

the matrix and to inc rease it in the r e in fo rcemen t .

A1,ouj i a m d  Bene -ven ist e 1A 7 I prop cu sed m u scnpe’n’ i mmmpe-us ed m mi x t u r e  theory for

wave propagat ion  l i e - mu lu i m u x i t u l l y  f i b e r -  re iue - foe’ced compos i t e .  The mne -\l h um

s t t m d i c ’ e-i h:m s . i l t e - ’rn t i t m mng i m m v e i ’ s 1 mm wi -i t ch - i time mime - g t e  of t i m e -’ b i m i x  htm l t’ihei’s

—-~~~~~~~~~ — ~~~~~ —- -
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a l t e r n a t e s  from l :t ve i’ to l ay er .  Each com e - s t  i tueme -t he -m i s i t s  own motio n - i  hut

in terac ts  w i t h  o thers .  The l ay cr in e - g  n - i i c ro s t ruc t c u re  i s  taken in - i to  account

icy t h e  i n t e r f ace  sle -emu i’ s t r e s s e s,  ‘lie-c compos i t e  i s  t Ie -em e- imi t i ne  form of mm

l aminated  med ium composed of u m m i a x i a l  f i b e r - r e i n f o r c e d  m a t e r i a l  ire a l t e rn a t i n g

l ayers.  They modeled each l a yer  b> Bed fo rd ’ s m i x t u r e  theory  an-id modeled time

composite by Ilegenmier ’ s h in e - ar y  m i x t u r e  t heory . in - i  o ther  words , the model

is a superposi t ion of the two known t heo r i e s .  i ’hev c m u l culmited t i -m e response

of a mate r ia l  c o n e - s i s t i n g  of carbon pin eno l i c  re ime -for c ed i-y horone- fibers foe’

pu l se  propagat ion in t i-ic d i r ec t  ion para l lel to t he-c I m e v e r s .  In come -tm ’mes t wit h

the u n i a x i a l  ones , me - ci nneri ctu l r e s tm l t s  she-owed the - at  tile s t resses  in t i e  f i b e r s

in the case of b i ax ia l  e’eime-forcement a t t a i n - i  ie- i gher v a l u e s  as compared w i t h

the - c un i ax ia l  one . l’he normal  s t resses in time n a t r i x  are m i m m o s t  i d en t i c a l  for

both type s of r e in fo rcements ,  i t  would he of i n t e r e s t  to commnp ar e t ime pre-

di cted resu l t s  w i t h  ex pe r im em e - t tn l  work ti m - id thus e va l u a t e  the - c v m e l i d i t y  of tie -c

proposed node 1.

Nayfeh [N 8] t r ea ted  the t r :un si eie-t pu l se  pr o p t u g m i t  - ion - i in - i poroci s comi np o s it  C S.

He employed the  in t e rac t  lug cone-t inuunm theory to an tu l v : e  time i n f l u e n ce  e - c t’

inclusions and poros it -i’ one- t ine ei m i s t  i c  respon ’msc of bo th  hommnoge n eou s m i nd l :wm i -

mated composite media .  The genera l  model mt na ly :ee -h by m m m i  c o n s i s t s  of

per iodic  a r r ay  of two p er f ec t ly -h o t - i e l e d  l m t m m e i n , i t e s ;  one of whi ci e -  cons i s t s  of

an -i e l a s t i c  houmogeneo e-n s m a t e r i a l  w h i l e  t he  o the r  is mm - i de up of periodic a r r ay

of c y l i n e - d r i c a l  e l a s t i c  inc hm s ions  thmm t m i r e  e li  s t rihu tee l  1mm m ume - ot Imer e l m u s t i c

m a t r i x  m n a t e r i a l  . l i e  deduced se-’vet’ m m i  sped f i c  mode l s  u s special cases . lie -

a l l  cases po ros ity  is simu l muted m e -  t i ’m e l i m i t  mis t he  pr o luert  m c ’ s  of t ine inc ite -

s ions i d e n t i c m u l  ly  v a n i she - , lie ci en e- on st rmi t ed t he -mi t p o r o s i ty  p l m m > ’ s a mmi ~ or r o l e

in  the geometr ic  d i sp er s i o n  o f such m c d i i , In  p a r t i c u l a r  it increases ti -ic

p t m l ’ c ’ a r r i v a l  mine - i u ’i  se -’ t ime - ’s (sp r emid i u mg )  of m m tran s lent pu l se .  Eor t h e

_ _ _
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specia l  ease of e l a s t i c  i n c l u s i o n s  in n a h ommnog eneous m n a t r i x  mmmedia , the re - ’ su l t s

co r r e l a t e  vet ’> ’ w e l l  w i t h - i  ex i s t i n g  exper imnenta l  da ta am- id 0th - i c r approx im i mmite

minal vst’s.

Navfeh ~N”1 extended the interm uctine-g continuum ~or contimmuu in m i x t u r e )

theory to discuss the heat conduction in laminated wavcguides . The resulting

theory leads to simple g o v e r n i n g  equation s for tie-c mm ctu al commmposite wh i ch

retain the i n t e g r i ty  of the diffusion process in each c o n s t i t u e n t  but a l l o w

them to coexist under some in t e rac t ions,  lie theme - u t i l i :e d  the r e s u l t i n g

eouat ions to s tudy the  response due to t r a n s i em u t  l o m t d i n g s .  So lu t ions  ic’Ci ’C

derived by means of Lap imu c e  t ransform tec ie -niq e -ees .  A n a l y t i c a l  invers ion  of

t ransform s was carr ied out o n ly  for the l imni t ing  cm n s e s of “weak” a nd “ s t rong ”

t hermal coupl ing . Tine l i m n n i t  of s t rom -mg i n t e r m e c t i o n e -  lead s to tie -c coalescence

of both temperatures;  in t h i s  l i m i t i n g  case the  compo si te  behaves as me s ing le

but hig h-order cont inuum according to his  i n v e s t i g a t i o n . For tie -c general

coupling cases , he - is  r e su l t s  were obta ined by a d i r e c t  n u m n e r i c a l  im u ve r s iom e -  of

t he transforms . Since he - is r e su l t s  for harmonic l oad ings  c o r r e l m u t e  w e l l  w i t h

some exis t ing exact so lu t ions . a m -i d those for t r ans i en t  loadings  mere i’e~iso m l -

able from phys ica l  considerat ions , the theory should be usefu l in- i s t udy ing

any t r a n s i e n t  tempera ture  p u l s e s  in l a m i n a t e d  commnp osi t e s .

Gurtman and Il eg emumie r  [(U Sj  mod i f i ed  a prev i ouslY developed b n n ime r v

mixture theory to account  for debonding for  wave guie -le propagat ion  in  l a m i n a t e d

composites w i t h  pe r iod ic  mic ros t ruc tu re .  In m t i o d i f i c m i t i o n , t h e y  re laxed  the

interface sheam’ stress boundmim ’v cone-i i t  i on-i mmd p n’o i c e us e -’d aim i mite’rface model of

the Cou lomb frict ion e-mi 1 - t ype . They them app I i  eel t he  resulting theory to

antu l >’:i’ the responnse e-)f m e wme v cgmm le -I L’”t y ice i m im mmi n ,u t t ’ to innpact le-um idim e-g at  the

boundary, amid connptured time r est i I t s  w i t  in expe-’i’ i mitei mt a t  r esul t s. -\ f a i r l y good

agreement was oh servee - l .
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lime cieboud i me - g i t n uo e - ie -’ I ee - I lc ~ mm I hex m huh e i iomwl , m . . , .m m c e m m e t t m m  1 e~-. t 1 m m n- i

e [mi st IC ’ Ii [in , wIn I ch w ,m ‘-. e - i u ’  m g i mmm i i y jmm ’opo~~e’e- l by ,Io i -m c ’ s  m u m u d  (‘lb i t t  m c’n’

‘ftc ’ n’e t  ore -’, t im e el e - ’be u m ue - I i m m~ nmee ’ hm mm me - I sum m s n ’c’p m ’ e ’’ .c ’ mc e-’eI cv a m mm oe - le  I cdt i c i i  mm i i  OWS

im n p en’ t ’e’e’t be - u n m ct i me - g h e - it Ii t im time - ’ mme -’ mic m . t I a nn e - I  . t m n n : c ’ mn t  e- i c m e e t  t o n s. hm i.otme ii i s

1mev t ’om’n mn m lm m te - ’ci m m mmmc c i m I’m c’ci mmn m x l m m m ’e I I m e - ’ c ’ i v  m m ccl t i ) i p l  med (lie -’ I lue c ’m ~ to ( m m m c -  i e m m t

Wt i e-’ e ’ pn’opmiga I n on n mm I mc ’  w . i v e ’ c ’ ci i d c ’ —t  \ hie’ i mmun I m m mi t ee-I e-occc jco ‘~ m t e-’ . I t  u~’m m --. t ’oemmud
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Ii e’in t Ue-I the-’ tt m m ’,e -’ te ’eunt e-imm e’c’ tie - c’ e-,’ , f l i st  c c  i s  pmmssc’ eI . I~I c m I c ’  mit e - i l l m i n c e- m i t ’  m e - p o l i c e -’ me - - m 11

unee-el i t ’e- t l’ie-’ i’ ee - s e - t l t  s , t h e e-v sh e - e -wc’e- l I li m i t  vc ’ m v  i . e - m gi ’ st  m e - ’’.se ’~; e’ m i m m  l i e -’ I u’ , m m u s i i c e- t t e’ , i t c e-

t h e -’ luoe - un e - dm u i’\ euf ’ t i e -c’ I I m e ’ 1 ems i ciii

F i n g  m mn e i ( ‘l ic e - mi I ’ l ’~
) f’tmn’ t  bce- u’ c~m n t i i I e - i\  e’d t i - i n s  m m h e - h e - u ’ o m m c’im 1 ci ) U e - c ’ ’. I I pit  e-’ I h e -’ ~c n’ tc ~i m i g m i

t t o m m  cut ’ st n e s s  g r m n e - I i e -’ mm t  t l m i’e - e - tmgim min i  i m - i e ’ I e m s  i o u i ,  l i i i ’~ i ’e - i cmih l  t i m a t  t ime -’ i’e-’ I ’ h c ’e t  m e - me -) , tm m cl

t rmm r nsm m ii s si  cu m n 0 1 t h e -’ st  n’ c’’; s g n’m mel  I e-’iit tun e - I  t ime -’ I m t p i l e ’ m’ e - i re - f e -’ n ’ c - f e -’ i ’ m  C- m i t  c i, e- s ce - f S t  i ’ ’S ’  c i ’ ’

elepc’mue - .i ce -ne - t ime -’  ge-’e e -m im e t i ’m c ’’; c e - f ’ t i l e -’ l i - i c ’ i c l c’ mit  is , m ’ c c ’ t ’m ’ e - c i i  t m i m i e l  t lie -’ h i t e-’ m t - i c e- ’ i’ e - i e i i i e - l ,m i - i

ti -io e-m gh i t  i s  n o t  ‘- . 0  ic e -n’  ( l i e -’ ‘.1  i ’c’’-.s . ‘lic e-v .tI’ .c ’ c i  m m d c c c l  lice -’ i m ’e - i p , m e -’ . m t  i c e - i t  c ’f ’ Ili e -’

s tr c ’ss . t i m e ’ st  m’ c’ cs gr ’mmd m e m m t  , t i i c I  t h e - ’ I n e - , l me - ’i’ —c e - m c l ’ m’ e - I e -’ i ’ m e - , m t  m i ’ ~; of’ t h ’  ~ t i’ c ’’-’c i ’ e - e - hm m n i e - l

t h e e- W,i\e -’ t n’ohmt , I i i e - ’e - sl ce - c cse - ’ c , I t l i , c I 1 l ie - ’ sI  i ’e’e - s  ‘ ic! i c e - h u t  c l e - i C ’’, not m im i m i n I  m c i  n ( lie -’ -‘.m e- l ie -’

c i gm .is t h m e  t s m m v c ’  t’i’e e - iu t  i s  p m ’ e- i i ’ t e . i t e e - I  l i m e -’ l ime -i l l i c m i t  i e - ’ n t  c c l ’ n u m t s  m ’ e- - ’ . e - m l t  i ’ -. I i m . I I  t i - i c’

p l a st  I c  y i e l d  c a i n  e - ’ e- - e- ’ m m m ’  m l  p I m e - e -”. l’c ’ I m t i m e - I  ( I c e - ’ c~,t v e - ’ I’ m - c e - i t t  l ’ e - ’t ’on ’ e’ i t  e- ’e - C e m i ’ . it  I l ie -’

wm i\’ d’ t’m’e i r m t  c’e-’c’nn m l ’ t i m e -’ l i l t  I i i l  e-s , t Vc ’  h n , i ’ -’ .i e - i i  s e - e -e - m i t  t u m m e - c m m s  i’ m ‘.e - e -  m i - i  “I  n e - ’ ”s  m l  ( l i e -’ s I C  t ’

t ’ n’e - cu n t t’oI i e - ’mc e-’eI l i e -  .m g u ’ m i e - I m m . i  I cIc ’e’ h’ c’,l m ; c ’ m mm mnn . u g i c  m l  u n c l e - ’ i e - e -’h t i m e - I  I l - ie -’ c s , i  i. e -  t ’ i’ e - e - in t

-\ m i m i i i , i l v s m s  l’ .i~ e-’e-l on ti - ic’ IIw’ c ii ’v c e- t e- ’l , t’ - I i c m t e -  m in d  m u i c i c t  n c . m l i l e ’ t e e -  e- omi t p c i ’~~i t  e- ’ ’.

w,m ’. e’ ,m n ’ n ’m e -’c,l c ’ett l iv  A chmc ’ m u h e - m i c l m  I - \ t ’  I I ’e- ’i ’ ~e-’ l cI e - e- e-I e- ’ l  .l’. l l e -’ e - l i n , m m ’I e- ’ l  ‘1 u , i e  e- ’ - lI c e -’ c,’ .I’ .e-’ e-’t

i umn j c t ml s t i e - ’ S l n e - ’. i h ’  i c ’. i c t  s i t  h S t e’~~ 
t t ni c e - t  1cm 1 t mime ’ e-i e -’l cc ’ i ie - I ce - m m e -’ e- ’ m i 1 e - j u l ic e- el I t ’  t he -’ Se-m i t  m e - i ’ e- ’ i

t i ’ic ’ h mm h i ’ — S l u i c e ’ t ,i n’mine -’d be - I lie -’ m t i m  h e ’ d e l i i . m  m I t ’ i ’ ‘-~l\ m i e - c’ m~, c ’ - c ciii ’ . me - l e -’ m - , - e - l  , ih~’ ‘-.iue ’ m mm ’ 1 e- ’. m e - i

11 m g S i c  h i i n ’ m I  i i u,’I I c ’ ( h - i ce- t i n t  c’ r ( , i c , c ’ c i t  t i le -’ I~~ ci c ( e I , i i  i - n — S p ice ’ ‘‘c ’ ( l i i  c e - m i l e - -  ‘-. t i e -’.i m

W c i C t ’’. we e - r e ’ gc’n c’i ’ m t t e - c l .  I e - c ’ e- ’ , m m c ” e - ’ t h e ’ ‘.1 i’ e- ’ ’. ’ .e -’’~ i t  t he -’ e - e -’ i - i m e - ’ e - ”~ m i m e -  I c e -’ c m n m g i m l m m ’ , h e-’

umsecl .i t e-’e-’hn I c Ic le- ’ 1mm ed-i i e -’ Ii c’.me ’h c i i ’ t he’ ce -a m e -’’. gc ’uie- ’ n i t  e- ’e - l  m l  I he-’ e-’ tire - m e -’ n’ Wmu s .m u - i . i  i e- - - ec,I

see - i’ - i rmi t e l  v m in e - I  t l i c e- i - i m i t e - l u  n’eip m m  .t t e l  v me - i m i te ’ei. I I i e -~ “l ce - ’c n’ - - I n ’ e- ” .c c c i i  t Ime -’ m i m I c ’ n’ f . i e - e - ’ ~.m ”

t’cctmnd t e - c  l n . m v e - ’ . m I e - i g m m  i ’ m  I hm i mm i e- ’ sc itc ~ci h . i u ’ m l  c mi t  t i l e - ’ ‘ I n t ’ l m e ” ,’ u t I l - ic ’ in .i  It ’- ‘.~c , me e-’ . l’i m n

s m i n gm ml .mi ’tt ’ c i l ’ c t  l’ e- ’ ’ S  i tu ; i \  cmIim ’ .e -’ t c , m e - ’ t t i i ’ c’ . i t  i i m t c ’ i I , i c , e -’ e - c e - t ’ i t c’i ” .

i~rt ick tun e-i Ae ’hi c’nhc m ie ’hi It-i-i t lie -’im e- ’ x l  e- ’mie - Ie e - I t ime -’ I n t i c s  n out ‘- i i e - ’ , m n ’ ‘.o I  e - m t  i ce -ni t c ’ t h e - ’

e’ m I t e- ’ iii ’ I e- e- m ie - l c im e -m rmmih Ie -’ I l ie ’ s t m n ’ t ’ae ’ e-’ c e - I ’ ( l i e -’ i i i  I f ’ - ; u i ,c e - ’ t~ $‘c ’ m’ m mu e-’cl h e- the’ t i e - c’ e - i u m. mn’ t  ‘r
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si n e -’mm m ’ st mc ’s s . l ie  I In i s c,’mise ’ , t l ic e- shc’mi m’ ~. I i’c~~’-’ mi t th e -’ si-i i ’t ’t i e ’c’ I s m ’ e’ m ’ c ’ lic’e-’ m mtmsc ’

e - e - t’ t he-’ min i xc’cI l e - cu t m im e - i mi  n’ y e’e- e - i id i t  I ce - ti  min e - i  Ine -’ne’e-’ t he-’ cc’ I s no s in gu  h m n u’ shc.’ m m m’ s t i c ’ ’ -.’.

at t h e - ’  e-’c i rmleh ’  ci I ’ t ine ’ j o t  t ic e- cI t f c i m i l ’ t  e- ’ m ’ ‘i i ; m e ’ e- ’’-; . i iowevc ’ r • t hey  funnel t in m et i’e - e - u’ st c’Ic

4 1 omi el ing. mm s m u ng mm 1 m m n’ S I i e -’ti u’ st u’c’s s s p n ’opmm gm m t c’ei tn t t h e  Stonc e - 1 0 s.i-, ’ te I t ie ’ i t  V

i s i  I h e - ’ 1 l ie -’ m e - e - ’ m ’ e - : e - t l  S c  t ’c i - - S c , ’5 m e - m e  l i cc i im ne - iec I .

l~m ’ ee- e’k m l i i i  - \ c i i e -’ m i l e - m u c ’ im 1( 1 !~ t’e - i m ’ t ne -’e’ c mii i ’  led  ce -U t mi i i  m U l t I  i ’ ’ .  c S till t i e - ’

c’t’t’e’e-’t ce - I ’ tin in ic i el e - ’m u t s i n c ’ m m r  s m I t e - ,’ 0m m the e’e - t e i i s l e e - i c  c e - i ’ inc i u n t t ’m ’t ’;m e - e -’ t’ l . i t e -

h e - ’ tw ee m n  t wec h a l t ’- 5 1 i ;n c ’es,  Sim e - ’ m i r  w a v e ’s an ’ I :e-’el f);ii ’;l l i e !  t o  t ime c’e - lg c’ c e - I ’ t h e

t’ 1,i e-e- mm md ~e- e-’i’i
’ect I ‘e- ’ “1 1 1.151 i c, iie-e-tij 1 ing Ic’ t’i’ e’ e-’c e - mms i di0i’ c’e-l , ‘l i n e ”  t c i t i m n e l  t l i m i t  i i i  ci sc ’
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The Vci Ice - c’ i t  ~ 0 1 t i m e ’ e’ m’ . m e -,’k i ‘-. e-’\~’i ’eS see- ! m m t  t e-e - n ’m mm s ot ’ t ine’ aumtp ! i t t i e - he ’ cinch

aug he cit t i ne -’ nice ’ I elc’rnt m e - m i t  ‘ , t h e -’ i m m ’o i e - c’ n’t ic’s 01 t h e’ h a  i t ’ ‘.p .t c ’ e ’s , cinch t ile -’

v i  c’lcl -‘ ( m ’ e-~ ‘tm s c c i ’ t lie’ t io m - i e - I . lii i s m u m i m i  I m  S I S Siie-)ti Ic1 h cive -’ m i n i  l umnpcu m’t m umit V . 1 lu c ’ i n
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f~o [ heS i ise- ’e-f ti I c’e’hmti I ftIe ’ iii St e- el ce- mn K I m’ e’I t e - i  i t  ‘ s imt c’t hoe-I of ’ i’c-’t .c t’ e- l t e -cI 1c e - c t  en —

I m m u l s  l e t  m u n m m u l m ~ :c’ t i n e ’ t n t e m ’m l e - ’ t  lo i n  c c i ’ l u i ; m u i t s  e - e - . t v e -’s m e m t h  e’ i n ’ c t m l ; m i ’  n m ee -’ ! i I s m e - e -n .  l I t ’
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c i i  e-’ ;m u s t  i t ’S  ;m tie-t m i s s o e -’ i , i t  0e-l fe -c l e f - e - c c. e - ’ i ’ s-.m e - c’ I n ’ o i n t s  i c e - i ’  i ui ’ ,’ l m n s  t e e - un te - m im e-’ ‘-‘1’ e - ’t ’d’-’
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an a l  vs i s  te e -  tin e ’ mmnu 1 1 1 —  m i c e ’ I n s  i c e - I - i  e- ’ , i ’ . e -’ i c e -  ‘ .t ue - l~ tim e -’ ‘‘ i i t ’ e- e-’SS h i  e- ’ “ c - i l t e- ’i’ m mn g ’~

[he - i . ‘l’hc st u d s h m . m s  , m 1 i 1 ’ l  I c’t i t  m e - i n c t O  t t i e - e’n’ — m ’e t u m t i u i c , c ’ e - I  e’ e- iuli c ( i ’ .  I le -’s , l i e -’ ‘.tmc i e-c, ’e- i

t ? t . l t  t h e -’ me-~, it ’ c’ t ’ i’t e - i i t  ;iim t~c I  I t ue - I c,’ t e - e -u ’  l Ic e ’ l u s t  —g e -’Im e-’m ’ .it Ice - m i “.e ’ . iI  t e t d ’ei me - cu e’

~i b u g  the ’ e-’ e-’hi t ce -i’ I i  mi c’ ci i  t ine -’ i ’OW c i t  I’ m i’e m’ s ci t t c ’im i m ,I t e -’S 1 ( ‘ 1 %  l ’ , I I i i  ci l v • he - e -’e-’ouit i m g

no inure t i mami I t )  pen’c cnt of ’ t ime -’ l i m i t  c i i v .i  i i i c ’ m mc t h e -’ l i i i rtl l i n e ’ i cu ’ . I ce-ni . lIe

mm mm u e - Ic ’ mm ce-imnipti ci se e -nm c e - i’ 11m m s e’5m ‘.c’ me - i t  Ii time -’ I mimic m n mit ce- tI e- ’ . l’ -c c’ mm mci f ’oumie - l mim uc e - h im m e - cm ’ e- ’

m ’mm p id Wave-’ t’i’c ’ umt ti tt emcim ;tt i c e - l i  t U  t I ne -’ e- v l  I inel i ’ l e -’ ; m l  m u e -’ Im n s I e - e - m m  c’,m c e- ’ . f)c’te - ’m ’m m n i m t ,i t non

cif  t ln~’ st ne- ’ ‘- h e - e l m m i t e - I tit ci w m m e -  e- ’ i’m’omn I c m l i i  lit’, I m pt ’ m i t e -  c 1 e - i c’ , ue-b I a I neil l ie -  ( I n n s
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technique , hut in p r a c t i c e  such czelculatiom e- will be c ’x t renne ly  forn-imidable.

Uowever , t i e - i s  ana ly s i s  cane- bce- f u r t h e r  extended to the-c case of a composite

containing inclusions of mi rb itrm m m’y shape .

Transient wave pn’op mcgut ion iii mu eeie-idirect ional COmfll)OSite W aS alSe)

ana lyzed  by hl a cner , Ptmppo and Pagame- jII. 1 imm addit ioie- to tie-e exm ie ’t mmmii ) ‘S is

for the steady-state u-ibrat i ons. A circular fiber surrounded by ml ci rc eil mi n ’

matrix shell with tie-c outer surface vote-fine -ed was comis idered mis the m odel.

Based on elast iv i t  y theory , tim - i aluprox I mate tie-ec)m’v was t’ormnn ul tnt ce-i from —

variat tone - of Ilanin i It ome - ’ s pote -’e-ne-t ials . The result lug 4th—order di ffen’ent imi l

equation was tlnc- .n soi VCei for  t he  t ca n s joint stm m t e i i i  additi on t o  t he  s t ea d y

state. By comparing the ue-uune ricm ul u’e-’sul t s of the approximate  t le -e ’oe ’v me-’i t h

those of tie-c ex mu vt the-eon’s’, t ii e -’v found t i nm nt for tie -c dimen s i eu m e - s cons i dered

iii the compo site- ’ tie-c approxim tnte -’ theory is vm ul id up Ic ’ fe-’ee-i mmc” me - ,’it’s o f’ 1(1”

eye les per 5e-’e’ee - iicl . W i t h  thie m m pp m ’ ce - x i m i t e ’ t ime orv , i t  s h o u l d  he p o s s i b l e - ’  t ci

consider more rca ii st Ic boundary cone-Il t I ome-s tim -id tee- solve more t rti ims I e’ri t

problems .

Drumb el  len’  I D8 J m n m n e l e - ’  mini ext  e-’ti s i i c ’ i nv es t  i g mmt  I ce- i- i o f ’ t lie-’ f e - n ’ ei~i m i g m m t  ion  of

c’ l m i s t ue ’  waves no r mn mm l to  tIe -c ’ m n - i t e m - f m m ~’ c ’ eu m m I ; i i n m i i n m n t e c l  e-’oi mm p c is m te e - , 1k i l ’ . e -’ e - l a c,’ ci mm i-

l i e - it  c’ r code -’ I IC Ii ,m sc’eI em t he’ ce- i m l e’ t s e e - h u t  i c e - f l  cu t’ the u- c’ s u e - m i  Se-’ 1 u I mini  mmm it  L’ .; 1 0 ‘- .1  c i d ’

the t ransient timi d si  nu se -uiel a I wmuv c ’ pt’ c e - p m l g m l  t i on .  He-’ i o t  c’eI ( l i m i t  t h e  I e - e - s e -’st

e - icoe -le -’ Isis mute - cuppe m’ cut e - i  ~‘f t’re-’c~uic ’mne ’~’ I l i m i t  t cu e-Is t ci e-’ t e - t iSe - ’  t l i e -’ d o m ine - e - mnt  m ’ e-’s pe -e -n i se

to occur in  time -’ f i  n’st moe-he , min e - I  ice’ c i i  Sc) un cut ed t i e -at  cli t’f’er cme -t I mi n i  n at  c’s cam e - g i v e -’

ess cme -t j a i l  y idcnt I ccl flu’s t — mode- ’ h i ch mtv  i e-ur .  i i i  mn s e - i e e e -’’. s I u - c ’ I l i v e -- s t  I glu t i one- ( m T ’ 
• 

—

he developed t h i s  concept fu r t h e i ’  mine - I she - uwcd he -e-uw m i t n’ mu e - s j cut  m i m i c  I vs is of ’ cu t e-c

c e - i mc ’— d i u m t e n s  lona 1 1 mcmi  n a t e  c’ mcm be e - i se -’ct to i’cprese-’ne-t t he-’ l’ e-’s i e - o im sc’  cu t ’ a cli tic’ n - em i t

on - i c— e l i m i ne ns  I unt i l I clii i m m i t e ’ m m m d i’e’n’u hi Lc’ lv cml ’ n i tm t c ’ n’ i i i  s wh I elm have -’ t ime-’ s m m it me
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first—mod e low-frequency lucIe-avior . A c t u a l l y ,  lie carr ied out an ana ly s i s

of I anm~ina te  u s i n g  both - i  the  o r i g i n a l  l a imm in at e  propert ies  and an equ ival en t

lamiie-ate which he-m is time sam e fin ’st urnude sinusoidal-wav e behavior but which

has s t r i k i n gly  d i f f e r e n e - t  d en s i t i e s .  lie showed that  the line -ear response is

v i r t u a l ly  ident i ca l  for  the two n m a t c r i m u l s .  Ev e im more imnportantly, he-c

compared the nonl inea r response for the  two lam im i m m t cs b y assuming  b u l k -

modulus n o n l i n e a r i ty  and showed th at tie -c agreement was s t i l l  q u i t e  good .

Tie-c impor tant virt cmre of this techni que is tha t I t  can he extended to c~ nu-

~-i i i  eat ed vote -st i tot lu - c  behav j ot’ , suche - mis c r u s h i n g  mind rm ut c ’ dependence , w i t  he -

r easonable  co nn f idernc e  mend t h m n t  t he  h e - m u s i c  macroscopic  response obtained

fr omnn geometr ic  d i sp e r s i o n  is  p n’ opc m ’ly u n m c i u e - t a i m n c d .

R i n i e v , et m e - I .  [R9 1 f i r s t  stud i ed t ime s t r e s s -wave  e f f e c t s  ice - inhomo-

geneous and porous emn n’ th  mn m i t e n’ i a Is  . I’heme-  O kubo  • Svc an-id W h i i t  t o t ’  [01]

i n v e s t  i gm e t ed tie -c e f f e c t  c e - i’ ~e-e- e-i’osi  I i ’ t o  the’ e - h i s p e e ’ s i o m e -  of e - i i - i e l m u s t  iv s t ep

Pu I s e -’ i i e -  mu t h r e e— d  in ne n ms i e- u nm n I d h m , m ar t  phenol I c  conn ;ue-) s I t  c. Subsequeue-t l y

S e - c’ S - h ( e - J mmmdc ’ mmii e-’~c t e n s  t i e -’ j me - v c’s t i g~n t i cun c e - nm t m’amm s ien t e Ia -. t  m c  wa e- ’ c’ p r o p m u g a —

t i d e-he - in  a por citus I m m m ii I m nmit ed c ounpeis i t  c’ . I n  Sv e-’’ s ti me -a i s  i s  • it i s  mi ssunn ed t ic t m

wm i e -  e prdupa gat es mm ol’m mu 1 t ci t be-’ I mi mu n I n c  t ions  mine -cl th e-m it the -c’ poros i t  is t’mm ie - e lomui I v

distributed throue~he -e -uut one cone -st I ttne ’n t mind i s  composed cut ’ sina i I sp ie-ce- ’i cmi i

— 
Vdi m e - i s .  The n’mmndo un c l v ci ist r ibut eel 1’coi’os it v produces R mu)’ l c i gln scmi ~. t e r in g

and a lso  red uces t h e  wa ve  spc’c’ch i n  mm c o mnst  n t u eu e -t  t h e r e b y  m l t’fcct l u n g  t he

geoimmetri c d i s p e r s i o n . A d iss  i 1e - zn t I y e -’ e qum it  Ion ce - f ’ mn e- e- t i ce -mm S e- I c’VC loped fe - i c ’

the  porou s mtl ten’ i c i  tune - I u sed fu n’  mm e-.’ c i i m st  i t  u cnn t of , m e’onnpos i t o .  A di  spers ie) c ’i

rela tion and a je - tm lse - ’ so lu tie -e -n tire e-ib tm u i mm ed te e- ele t cr inm i te-c t he  s i g n i f i c a n c e  of

poros I t in  a I mc m i m a t e d  comnpos i to .  1~c’oimi h I s s t un cly , Si e con- ic luded t i e -at  time

Rtm yle ig h se’ m i t  t c i ’ ing  iuroelci ces m m sina I 1 d m m m p i n m g  e f f ’v t  imi  the  f a r —  t’ m o ld  j e -e - i I so

sinm ipe mend s mm nm m l l — v e u i d  p om’O s’u ty  c m m n  be- ’ a e le c i cn a t e ly  s in nn em ’t a t eel w i t h - i  mu l e - c’t ’ t ’ e ”c t  ly e
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wave speed . Hence , i-ic fur ther con e-eluded tie -at i f  the pores are  smm l 1 and

randomly located w i t h i n  mm c ons t i t uen t  of t i - ic compos i t e , i t  unn ay be p ossible

to use mu cont inuum nn app i ’oacle- for low- f requency respo mise cmi l eu l a t i o i e -  for

pulse  propm e-gat  ion in sucie- a porocis lain m ated compos i t  c’ .

Sve 15-111 a l so  analv:eet  t he  propagm it  iou of p u l s e  in a d i s s i p a t i v e

laminated composi te  by us i rig t echn i qcncs of muc odal a m a  1)-s is and liv cone - s l e e r —

ing the complex wave numbers . ‘lie-c an mu l vs is prov ides mm far— field dispers ive

so lu t ion  that  is v m u l Id ome - l~’ near tie -c h e - e a d — o f — t h e — i e - u [ s e, m e - d ud lu g spa t i a l

mut t enua t ion e - . lie modeled tIe-c effects of dam unpi nmg by a s s ig n i n g  an incm cg inal’y

part  to the  wave number and foune -cI that the ce-se ii l m m t io m~ me -bout th e-c s t e ’m d v

c m i  inc  of tie -c ~e-ro~e - ag m ut  i ue -g p u l s e  mere reduced in mu nu p i i  t ude -’ mi m e-i t ime n’ i so  t inc

is increased , in comnnpmu r isone- w i the - the - c ’  cmc e-dmum im ped c ,n se  . In cu re - icr to  o l e - t a  li e -

the so lu t ion  m iwmuv from t lie i m e m u d —ot ’— t l e - e — pu iso , i t  is mip p mu re n t  t ie - at  other

techni ques , suc ie- m is t ime mne t lmc ud el f ’ S t a t i o n a r y  ph e - m n se ,  would  he -’ r equired .

Chen and th i r t  in  C-I J c l i  scuss ed t i e - c’ je-t’o~icg m i t  i O me -  of oiue —d i.mmnens io n m mu l

acce le ra t ion  wuve -’s i n e l a s t i c  mind v i s c e i c l m u s t  iv i mu mi nime - a ted  composites by an

exact anmu lv s i s . The comnipe-usi tc’s t limit t l e - c’v coins Iel e-e- rcd cout s is t  of ’ a periodic

array ot’ a iternat ine -g Imm y c ’rs ~- i  t im I i l m m n e  houmidm im ’ i cs .  l’ln c’v mn ade no assumpt i ce-ne-s

regard irug 1 m cmli’ i t y  , and m iss u mm c ed oun l ~ t hm u t t ine mina t er i a l  s hm u vc ’  I m m e l  i ng  mnem n m or v

whmen they t rea ted  e-’ i scoc ’ i m is t  I c’ m a t er  i m e l s .  l le -e -’~ d ee-’ i v e -’ei an e \pr e ss i o n  fee-i’

tie -c amplitude ot’ an m u c c e l  c’r at ion c e -m a e - c’ pc’ce-p m u g m e t  i i i f  n me e - rnim mm I t ee- t he’ laven ’s

~wn confined to t ie-c jun ct 1cm p o i n t s  of ’ . t lit’ c e l l s  t i e - i s  c’xpc’ c’ss io n - i

has exact I y the  sm u u m c form m is that f e - i n ’  mm sing h e - ’  t m - i eun ml I nmc’~m n ’ ) v I scoc last Ic ’

ma te r i a l .  They used the - i s  fact t o e - l e m ’ l v c’ et ’t’c c t i v c ’  ne - e - udul i  for composi tes .

in add i t io n , they gc’mmc ’i’t u Ii zcd tine i r n’e’seu it s , dci’ ived for I amnu i me - m u tc’s corn s 1st

i ng ot’ pen’ioe-I m e-’ ce’l i s  e-e-t’ t e-~ce - I m m v e ’rs , te )  cc’ i t s  of N l , i ’e - m,’r’ s , ‘t ic u s I in c’on ’v m s

mi le -p t n e ’ m i l e - l e  t o  j i l  mu u ,’ long I t u d I n a l m n ot loin s  1cm thrc’ce- ci innen s ions . 
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Chen and Clifton [CS] discussed the transient long itudinal waves in

el astic and visco elastic bilazninate s . The bi laminates consist of either

elastic or viscoelastic laminates of uniform thickness and ice-finite lateral

extent. Wav e propagates in the direction perpendicular to tie-c laminates .

Using the Laplace transform technique and Floque t theory , they obtaime-ed

both wav e front and late-tunic solutions for step loading by means of

asymptotic techn iques. Combination of wave front and late-time solution s

shows that the wave profiles consist of a rapidly decaying precursor

followed by a dispersive transition to an equilibrium state. The transi tion

region in e las t ic  bilainminates is mne-uche- smaller than for viscoelas’e-,ic bi1aiie-i~

nates .

Seym our and Mor te l l  [S7 ] studied the propagation of one-dimensional

longitudinal pulses and weak shocks in nonlinear elastic and viscoelastic

laminated composites b- an exact analysis. The composite consists  of

alternating laminates , witie- parallel plan e boundaries , which  repeat period -

ically .  They assumed that  the deformat ions  undergone by the mnediumnm arc of

small  ampli tude and , in the case of the  v i scoe las t i c  composite , they are of

high - i frequency. T h u s , in the analys is , simple wave so lu t ions  were superposed

t” deal with nonlinear waves which undergo reflection at the boundary.

They showed that by an appropria te  choice of tI m e w id th  of t ime lam i n ates

the nonlinear composite care - appe ar to f i r s t  order e i t h e r  as a l i nea r-v i sco-

elastic or linear-elastic material whe-ene- si gnal is read at ce l l  in te r faces , and

that at cel l  interfaces the deformnnation m e -  a p c r i o e - i i c - o i m i s t m c  composite is

i d e n t i c a l  w i t h  that  in am-i a pp rop r iat e  n e - o n l i m i e m i r  v i  scoe-’last  ic m a t e r i a l .  The- e

cri t I cmc  1 ae c e le r mut  i ce -n -i is ole-t mu i neel for d ust iv commuje -osi te below which ne-u sh ock

formmns . Those r e sem lt  s mi re ext ene-cl eel to ,n vi scoeltust iv compos i t  e c h i e f l y  by

introducing mc Iumnpcd dam p ing coe t’t’ici e ne -t wh ic le - is time pr~ hnct of the
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a t tenua t ion  due ’ to the -c min i siumat che - of imnmhiedau e-ccs and t h e  c’ate — depcm i dene -’c of

each layer .  F i r e - a l l y ,  th i ey ana lyzed  the  weak sie-ock for  two part ic e - u lar s i gna l

func t ion s: h~1) when the signal functioci is ant isymmn uetl’ic about ti-ic w m v e -’lc t

at which i a shock form s , mmd ( 2)  when the shock is at the front c)f the pulse’.

As nncu tione-ed earlier , Barker [Be] proposed tie-c use of a V iscous-

dispers ion model of t he  M a x w e l l  type to represent geomet r ic  d i s p e r s i o n  i i i
U-

composite mnatcria ls. lie used he -is model to analv:e t ine t r a n s i e m n t  I’espou isc

of a layered composite munediumu . The result shows tie-at the rise times are

general  ly l a rger  than t ie-ose of tie -c ’ exm e c t  so lut iome - acid the oscil latioucs about

the steady stresses caused b st ep  load ing  are not present ccl in - i Maxwell’s

model soli,etions . It  see mms that the at t em e - u m ut  ion - i is emverpred.i ctee l  by t h e - i s

model . In fact , th i s  techni que , wie- ich i s  scu m I — cmi e - pi r icm m l , a v er a g e s  out m u I

th e-c n u i c r o b e h a v io r  of the  composite  arid hence g ives  omi l y  a mean ste’ess i e - i s t o r v ,

A d i f f e r e n t  type of “v iscous ” ~h i spo rsionu uicodel wm es developed b y

Bade , et al . [B2] . In Bade ’ s model  a geme -oi’ mcl  e x p m u u i s i o n  of t ie-c danm p ire-g texiums

caused by both x and t d c r i v m i t  ives  of the e-’ e-’loc i t v  was postulated . Tie-c

two lowest d e r i v a t i v e s  of t he -c expans io r e -  were  used to  m a t c h  exper imenta l  d a t a

qualitmetively. ‘Ile-cy app l ied  tIe-is v isc o ei s dispe rsio uu m odel to study tine

t ransient  pulse  p r o p a g a t i o n  i i i  mu wmiv og u i d e — t y p e  l a m u n i n m e t  ce-I comp e-e-s it o  med ium .

Comparison of’ d i  spers c oin model  ca lcu lat  l one- w i t i m  t h r o e — d  incus iom ’u a l  exper  i —

mental data shows good agreement except me -emil’ t ime re -’g i omu e - f ’ peak p~’e~ su i’ e-’ .

They muls o  c a r r i ed  out  Hioch ’s a nnmn I vs i s  t cu c l e - ’t c’r umm i n c  t i e - c  e f f e c t  of t ie-c vmu i’ i m i t  ion

of pz’opcrt  ic’s in - i t h e  ~e - r o p m u g a t  i on-i e - l m  i’ u ’Ct ion . I t  cc m t s  i Ce - t ime - el tie -at tie-c Imi v en ’ i ie-~

in  ti-ic propagatioie- c ii n ’ectiom e - h a s  l i t t l e  et ’ f ’e- ’et  o n t i m e d i s p e r s i o n .

Shea , Reaug he- , et a I . Si (fl e- Ic’ e - e-’ i e -~pCel mm theoe ’y V c ’e-’ V sim in i imi r to t i e - m i t

ol Rae -Ic ’ , r ine v u sed c’Ssc’m ’i t i i i  lv  t ime - ’  ~;mmnmc ’ t e e - tile- miS t im e ,’ e-I i sp c’i’ S i \  I t )  t e-’ n’imi c e -f ’

P.mic l ,’ , e,’omn te - i  ie-eei w i t h  m m ~ t n’ e,’ss clc ’v I mi t  c e - i  elcpe ’unel in g  up on c  c u r r e n t  c- mm l i m o  oh ’ st  u’mi i nn 
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anid the history of strain. The unnodcl was ire-corporatcd iue-to mu commmput er  code.

- ‘ A unidi rec tional d lu ar t z - ph en o l i e  was chosen in t h e - i s  p rogram . ‘ri-ic r e s u l t s  ~‘f

the computation obtained by imposing mu s t ep -v e l o c i t y  loading condi t ionu  one -

t he boundary she-ow quite reasonable agreennment w i t h  expe r ium nenta l  data except

that the detailed oscillations arc not reproduced by t h e  cue-od d .

Oarran , Seamnuar m and Austin [C13J proposed time use of artificial viscosity

to compute one-dimensional wave propagation in composite materials. The)-

proposed a nuacroscop ic model utilizing the-c dispersion properties ire- time

exis t ing  hydrocodes of WONDY and PhJFi~ types. In such hydrocodes , the arti-

f i c i a l  viscosity was estim ated . Conciputatiore-s were made for’ wave pr opmugmu tme )r i

in epoxy-steel laminates , quartz-epoxy, and quartz-phenolic composites for

which experimental and cominpututional data existed . The resul ts  mrre iii good

agreement w i t h  o ther  models  and e xp e r i m e n t a l  p r o f i l e s  t’or the main  wm ui ’c

shapes. I t  is an ori g in e -al approach for  computine -g large armmpl i tude , one-

dimensional wave propagation in-i composite ne-materials. itowever , t ie-c approm iche-

is a macroscop ic one in which onl y mrvcraged values of stresses . ehisplucemil en ts

and particle ve locities cam - i be predicted .

Chris tensen [ ClO ]  d i scussed  w m u v c  propaga t ion  ir e - layered e l a s t i c

composite on the basis of diele ctric theory. Both periodic layering and

random l ayer im e- g were considcu’e’el . lie - cmi se of periodi c’ la y c r i u e - g ,  t ie-c propaga-

tion became dispersive and in -i case ot’ u’ane-dom layering, i t  c x h e - ih i t e d

diss i pat ive  behe -avior . Regarding the  med iu uu as mini  e q u m i v a l t ’mn t m m r u i s o t  r ot e -ic

one , long wave approx imation for  propagat  ione - normal tee -  lmu) - c ’ric lg w m i s  iumod el ed

by using Botzm aie- come -st i tu t  i ve  law . l i e - c  d i  sje -o rs ic e -mi m ’e ’l a t  ion w m cs  e~ p amm ded

for long wav e-’ I ene-gth m u ssumnnpt i clue - mum-id connmpmcred w I th e - known e-’csu 1 t to det ernie - i no

tine’ u mm nkm n o w n s 1 m m tIm e i c I m i x , u  t ic e - i - i I’u nn m c t I e - e -n m . Rc ’ sc m 1 t s we’ r c’ co n mpm n x’od w i t  in k mmce -w um

expe ’ i’ i me m m t  m m I c i m u  t mu amid v e’n’ gee-ce-el .ug u’ c’c’m n n e ’mm t was e- e - b se’ i ’ c e’d . ‘li e-c ’ t hee -e -r v wm i s
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mipp i i~ e-1 t o Sti l e -tv  tie - c , ’  p i’eu b lemu m e - e - t’ a pressu re’ pul se’ act im i g  ce- ui a he - al t ’- - s j c m i ve  ce - i’

the  layered munee - 1 iu un un . ‘l’he e-’espee-cisc’ w m ls focine-d to be ieleme -t ical ie- i t  he - t h e - m i t

cule- t a m mcd liv hte g en im icr 11181 . The t ie - cc i-v i e -r ee - t e - e )se-’dI m m i v  he -u ’ m ’ e~ m e - i c e - i  mis ace-

et ’fec t i c e -’ unodu Ins  un u odel  w i t h  v iscoc i m i s t  I c cc -c u e - s t  i t u t  I y e  1mm ,

lh’umu iie-t’ 11cr mu ne - i ~m i t ie-e’r I m e - u e - d 11)10] pn’opee- see-I ml 1 m i t t  i c e - ’  mume ucte I t o  s t i me !  t ie-c’

t runs i om nt wac - O s m e -  ceu munpos it e’ ne-miter i a Is . lt~u ‘e-ce -I one -  t ie -c m i s s c u u u i l c t  i c e -n i  t i e - m i t

e-z eom um t’t r iv ct i spu ’rs  i ciii t’ e-’ se-u It s  nnmmu iii  k- fr eun um t ime  r e -’ 1 m i t  iv e’ I \  p em’ led i c m i r r m u u n ~~e -

• nie-ent of the -c i’e infoi’c i me - g ~‘ I e, ’nmio re - t s i i i  t i e - c’ ma t r I x rmit h-ice - ’ the - mimi t ’ r cc mmm t ie-c’ p e -’ t’c I Sc’

sha 1e-e of e mm v ie -  x’e i re- t ’cn’ e-’ i nu ~ clem ent , t h e y  d c c c’ hole-Oct m l I m l t t i e -’c” w i e - i c l e -  i c ~1e - e - e -t’e~

th e’ she - ape ot the l’ c’ 1 m m  fe - ir e  ing  c’ I encu’nt s he -ut j u r c ’sc’r V ce- s  time i n ’  pc’r icu el ic i t

in t int ’ app 1 i cmi t le u m e - c e - f ’ t i n  i s  l m u t t  i ce  m m u e u elc ’l t he’ c e - w I p e - - s i  t c ’ wa s iue - i t lmi  11

tr eated m iS m m nond i sp e  i’s iv  e le-on e-ogen ie cius mi~ tuim -e , ‘l ’ie-o e f f e c t  I V e -’ c e -I’ m i\ c’l’m ig e’

proper t ies  cu t ’ t h e  n u u i x t u r e  sor e -’ dete u ’nnn inoe!  b ’  c i t  h er ’ s te -e- m u d v — u C m u e - te- m inm ilv s is

or appropr i m i t e -’ e’xpei’ imeie -t s . A h u t  t i c e -’ Ic~is t ho un  fee- ru ed 1-cc ’ e-’ ecl i st r  iluut i ue - g

t he  m e - m u  5’— Wi the - i r m tie -c mum i x  t t m r e’  t o  t’eui ’muu m m pen’ i cu e- i i e -’ st rue teure cut’ I m e - mi m e - a t  ed p lmut c’s

T h i s  mass r e d i s t r i b u t i o n  wm us v m t r u ’ i c’d cut l i e -  ml ne - m i ne - m e - eu ’  w h i c i e -  
~ 

id e-led ,i i m u t  t i c - c’

w i t im theoret  i cmi i cl isp e-’r s i v e  c i e - a r a ct e r i  st i v s  t i e -m i t  n uu m e - t c i e - ee l  t i e - c  unm easured  c i i  S - -

j e -t’rs l i e -’ c h a r a c t e r  n st ic - s  c c i ’ t h e  cc .inn e -j e -o s i t e -’. lim o nice-et c I c e - a s  m i l l i e - I l eeh t e e -  e--ot ~~~cs i t  O S ,

vo n s i s t i u e - g  c- c t ’ me- regulmun ’ m i t’l’ e - l v  c t  t r u m m c ~s t e ’nu  f i b e r ’ s i n n  m i m e -  m n l u e - n m i nt u n u m m a t  r i ’e- , sub-

j ected tee- ml s t ep  load i mug ‘ A  I se--c , t ’ I ve’c’ - t ~-pe iuu np m n ct oXpc ’n’ i nni c’mm t s WO i ’ c’ ~e m’t e - i  t’in c’d

in the 111, 1st iv r m i m i g e  c - c t ’ the  c cunnp os i t e~- , lie - c ’ m e - gree nleu m t  bet wcc’ue - t ’\ ro V mmcmii

anti calcu I mit  ion fun’ t i - ic’ .ur e - ’ i c - mu 1 t Inc m i n u et  I’ m sc’ t l ine  c e- t t he wac - c’ t ’ re uu t and t’c m

the-’ t ’ m ’ e c l u u e u e - e -’ 
~ 

cut ’ th e-c’ rl ie-g I mi c , be e -he - l ie -cl t ie -c ’ s e - c  e-’ t ’ t’ c e - u i t  I ‘. gc ’ ce- e - i  . I t  ~c’c’muI ~ t inm i t

for mu w i d e’ rm un e - gc  c-c t ’ enig i m e-eel’ m ie -g m u l e - t i l l  e-’ ,m t I c e - n e - s • th u s m unci e - ic ’ 1 c’ m u m  he-c used tee- je -re —

di e t t I - ic ’  I ’e ie -ac’ 1 or cut’ ‘uc,’ t i m , i  I e-’ni~ mu l e-eu’ I in g e-’ c 11 n 1e - c e - s m t es ,

~c i , m v t e h m  (Nt ~1 pi ’ c’sc ’nnt t ’ei .1 e - I I  Se-’l’ c’ t t’ V i  Scc imi ’~ l m i t  t ic e’ nueuth ’ I t cu s i u m u l m i t e

t i’~i umS t e ll  t lin e- i t lOle -5 in n c’ h mist i e’ m m mcl V i ‘A e- cc,’ h . m  st i e-’ e’ e-~f l u e -e e -S Ito , e-e- i 5e’ c e-~ i t  ‘e- 5, 1 5
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introduced v i a  dm n shpot in the l a t t i c e , In tegra l  t ransform techniques were

used to solve the  l a t t i c e  prob lem e-e-. From the numerical results , he fou nd

that discret ization in the model iue-troduces oscillation about the-c continuum

solution , and viscosity dane-ps those oscillations.
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I V ,  EXP E RIMIi NT M._ INV E ST I GAT I ONS

Exper imenta l  work on the p ropaga t ion  of waves in d I r e c t i o n a l l y -

re in forced  composites has lueen carried out by ne -any im i v e s t i gators  by m eans

of u l t r a s o n i c  techni ques;  pu l se  t r a m e - s m n i  ss ion measurenments • and o the r

t e ch n i e iu e s ,  in t i e - i s  sect ions , su ne - iu i a e- ’ies of the  exp ce- ’ i mue - cu e - tm il i n v e s t i g a t i o n s

are ’ g ive me - .

IV. 1 U 1~~r m nic~~~eche -ni~~~~~

:\S m l % , ot al, [A24] unemisureci sinu soiel al—wmi ve dispersion using ultra-

sonic tech e -ni ques developed l-cc A smu v for homogeneous m u n m u t e r i a l s .  They tested

carbon-phenolic laniminates reinfci m’ve-,J with layers of hi gh-me-modulus fi laments

spaced about 0.~ mm apart . T1e-~ results showed a luroue-ounced v m u r i a t i o n  cuf

the  p h m us e  v e l o c i t y  w i t h  tie-c free-ie-e-enc~
- .

Tmuu chert  mind Gu ze - - 1 se-i [ 1’3) i m i v e s t  i g m u t e e l  t i e -c  di  S~~~C1’S j ulie - l e -e hm u v  lot ’ of

p l ane—harmon ic  waves  l ie -  mc t uo r on—c ’pox v comp osi  to u s i n g  u l  tr’ m n s o m i i  c

techniques.  They d e t e r m i n e d  the  dcje -cnde ruc e of gre - lip v e l o c i t y  upon tie -c fre-

quency for long i t u d i n a l  an-id t r a n s v e --I ’se waves propagat  in ig  e i t h e r  p a r a l l e l  cur

perpendicu lmu m ’ to the-c fiber’s. It wm~s found t ie -m u t t u’ au e- svce - ’sc sac-es prc -c ;-c m n g m u t  ing

in the  d i r ec t ion  of the  f i b e r s  s i - i c e -s a v e m ’ v p ronoun e-ced d ispc ’m ’s i c e  b ehm uv r e -u ’,

and that the group ce-c b c  i ty  increases  with the-’ w m uv e unc imlue r . Tie- is  typ e c e - t’

behavior is cons i s t en t  w i t h  tie -mit pred iv ted h tie -c cont immuum t he -co t’ i ce- s

Bedford , Su the r l and  amid Lir e-ge [13141 ca n ’r ied  c e - m i t  e x t e n s i v e -’ i u e - v c ’ s t  I ,iZ m i —

t ions on a f i b e r — r e i n f c u r v e e - 1  ce-unne -pe -us i t e  of t e - c u e - gs te n  su m’ c,-s we-id i rc’ct u cum ,m 11

enmbeddcd in a ( 0(ul mulu nu im mune - —mu 110)’ m a t  u ’i ‘e-m , The’ comn 1e-cu s i t t ’  chosen f e - c r  the - c

expcr ine -nents was pr ele -m i n’e- ’ e-h t o e - ’  two  come - s t  i t u e n t  rm u t los , , .  . me-net ~~~~~ . I percent

by vu Iuunc of tungsten e- , m’espec t i v e -’ I ~~. (I I t  I’,ise - e - u e - ic cx per I uuuo n t  s wc , ’r c c-eli-

duucted fun ’ j e- lame -c compe-’ess ic - c ue - 5 m m  c, e-’s j e - n ’o p mm gm i t I ne -~ m e - c u - ma 1 t o the e - h i  u’ e-’-,’ t 1cm
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of fibers by using water-bath techniques with wide-band transducers. Experi-

mental dispersion data for the two lowest modes agree well with the predictions

based or. ~ontinuun1 theory of mixture , except at the highest frequencies. The

dispersion data obtained demonstrate that for propagation normal to the

direction of the fibers, fiber-reinforced composites behave as wave filters

which selectively transmit or reflect periodic waves.

Robinson and Leppelmeir [RiO] experimentally studied .jiormal propagation

of ultrasonic shear waves in a layered steel-copper composite. Samples were

manufactured by diffusion bonding alternate layers of steel and copper foil

together. The passing bands and stopping bands in the frequency curve were

observed. The experimental dispersion fits existing theory [S40 ,K5] quite

wel l .

Rose and Mortimer [Ru ] measured wave velocities in unidirectional

graphite-epox y shells with four fiber orientations. Ultrasonic techniques

and drop mass impact were both used to generate longitudinal pulse. Good

agreement with anisotropic shell theory was found.

Reynolds and Wilkinson [R8] studied experimentally the ultrasonic

waves in CFRP (carbon fiber-reinforced plastics) composites. Experiments

were conducted on two- and three-ply laminates having various orientation

and ordering of the layers. Results were presented in terms of shear and

compression wave velocities versus propagation angle to the fiber direction

of uniaxial materials. Experimental data agree well with theoretical pre-

dictions. In addition , resin porosity was found to have important influences
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cxli ib i t s  an isot rop ic , I incur v i scoelas t  ic behav ior  when undergoing smal l

o s c i l l a t i o n s . I R e  da ta  ob ta ined  are usefu l to desi gners concerned w i t h

v i b r a t ions and impac t l oading of I’ i l am ent -  r e in fo rced  compos i te  structures .

Using vibrating cantilever beam specimen , Tauchert and Moon [‘I’lJ pci’-

formed experiments to determine the dependence on frequency of the complex

tnoduli of unidirectional glass-epoxy and boron-epoxy materials. Consider-

able data were presented . The damping tends to increase w i t h  f requency

whereas the modulus  i s  r e l a t i v e l y  cons t an t .  At h i g h  f requencies , where

shear deformat ion  and rotai ’~ inet’ t Ia are s i g n i f i c a n t , the specimens are

ch a r a c t e r i z e d  as Timoshenko beams. [is ing  these data , they compared predicted

and measured v e l o c i t y  and a t t enua t ion  of long i t u d i n a l  Pulses  in the  rods .

They concluded t ha t  the l i nea r  theory  of ’ v i s c o e l a s t i c i t y  i s  adequate for

predic t ing  ve loc i ty  and a t t e n u a t i o n  of long i t u d i n a l  pulses  in composite

rods of u n i d i r e c t i o n a l g lass-epoxy and boron-epoxy m a t e r i a l s  over a large

frequency range.

i’auehet  [T~ ] a l~ u obta ined f l t ’x c . t r u l  resonance data  for  a c lass  of

woven— f a b r i c  compos I tes . The dat  a were used to  t i t c . a su re  the comp I ox inodu I i

and the resu l t s , e x t r a p o l a t e d  to some degree to  extend into the frequency

range per t inen t  to s t ress  wave propagat ion , were then appl ied to v e l o c i t y

and attenuation prediction . h owever , he did not d i scuss  d i spe r s ion  and

scattering phenomena which may have introduced sharp changes in the complex

modul i .

IV .3 Shock Thhe Tests

Wit itt icr and Peck [Wi Sj tested i m p u l s i v e l y a la m i n a t e  of ca rbon—p heno l ft

l ay e rs r e i n f o r c e d  w i t h  Liv ers  ot ’ hi gIt~inoduIus I i  l am e n t s  in  a shock tube. A

step —pressure rise was appl ied  to one side ot’ the spec imen by reflection ot

~~~~~~~~--_=:
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a gas dyn amic  shoc k wave ’ . The S~~i i t  l a l  aver age 01 the t i ’ e o — s i t r f a c e  e b c  i t - c

OVCZ’ the cross scct ion of the composite  was nn ’asured W I  th  a c ip aci  ance

gag e. ‘l’Iie expel’ imenta I i~esu It s  agi’ec well wit it t he ’ head — ol— the  pui so ap pr ox I —

mat ion obt a iuied by I t e’c k and Gurt un aui [P3 1 . I’he slioc K t ube  test  was t’ound to

he an e f fec t  Lye method to charact  cr1 .e the dispers LV i t  y of a coinpos it o  in

avoid i ng the conipl lea t ion s t)f non I m eal’ i t  y .

Sve and Okubo E S4 8 1 inves t  igat  i-cd the  rear surface veloc i t  v of three

lamina ted  composi tes  w i t h  l a m i n a t i o n  angles of ~~0
, 45 0

, 90 ° to t h e lo ad i n g

d i rec t ion  by u s i n g  c a p a c i t a n c e  t ransducers .  A s tep  I) 1’ 1_’55u1’ 1’ iluIst ’ was

imparted to the spec irnen s us it i g  a shock tub e’, w i t h  respon so confined t o

the l inear  e l a s t i c  range .  l ixper l inent a l  r e su l t s  conf i rm the  conc lus ions  p i’e—

sented in  Sve and Wh i t t  let ’ ’ s [ S - i l l  theore t  ica I s t ud i e s  w h i c h  . i i c  : ) oI ;tst Ic

t’es~
) oflst’ is  c omposed of two cont r i b u t  j o l t s  t h a t  t r a v e l  at ~I i f f e r e ’nt  speeds;

I. i i )  the  d i spe r s ion  i s  a t  so d i  t t e r t ’n t  to t’  each of ’ the ’ coi u t r i  1)111 t OIlS t i tch

depends on the  low — fr e quency  behav Inc  of the phase y e  b c  i t  los ;  I t i i  1 f a r —

f i e l d  aver ag e  i’cspouis~~ ot 0° aticl l)Ii l a m i n a t  ion compos t i e s  are s i m i l a r  • w it i Ic

n e a r — f  told rosponsos ut t h eal arc .’ not s i m i l a r .

it
1V .4 Impact l’est~

Wa shington  [Wb j made ne a r — f i e l d  measurelttel of St r t ’ss WUVOS p r o p a g a t i n g

par~t l  Id ~~ lt lex i g l a s — ~t 1u m in um l~~~in ~ t ’~~. flit’ l~iti t i i ia t  e~ coits 1st  cxl of a lum t -

nuni p la tes  a l t e r n a t i n g  w i t h  Plex iglas p l a t e s .  The’ s t r e s ses  were genera ted

by alum i num or P lex i g l a s — l i v e r  p l a t e , w i t h  t h i c k n e s s e s  such as to  produce

b i d  dura t ions  ot ’ (Lb to  0 .8  ~tsec . The s t re s se s  wer e ’ measu r ed at sov~ i i i

depths , u s t  tig Man gan in w i ros embedded in opox v • locat ed pr imar i i  y at the

center  of each I ant i m i t e .  ‘l’he ro sti  I I s showed st rong at t enuat i ott in th e ’

a lum m u m  I avers • even fo r  0. S ~sec . I o;tc.I , bu t I i  It  Ic cli ’ no at t enuat ion in  I he

P l e x i g l a s .  I t  seems tha t  at  thes o  ~- .h oi ’t pr opagat ion d i s t a n c e s  one i s

~~~~~~~~~~~~~~~~ ~~~~~~~~~-
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ohs~’ i v  i t i g  , pi’ iinat ’ l i v  • t hi ’ t t ’~t i t s  f o r  of ’ ene rgy  from t h e  a luminum i l i t e )  t he

P lox i g l a s  I ave ’ l • as opposed t~ ove r zt 11 p u l s e  at tenuat  ion .

Seatitan , ot a 1 . St tiv e s t I n a t  Ccl CX ~~C i’ i m ont a l l  v the hehav L o t ’  of ’ t it r oe —

ci i l l ie t is  iOl la  1 o c t hogo n a 1 qua i’t — phen o l i e  compos i t  es at atodera to to It igh

st  r esSos . F i v e  p l a t e —  im p a c t  shots  w e r e’ made,  four w i t h  thue ’k 11 ers for

o b t a i n i n g  blt i~ o u i i Ot  d a t a , 3flel one w i t h  a t h i n  t ly e i ’  ~~°~~
‘ P~ 

iso  a t t e n u a t i o n

ela t i t  The response  wa~ mea su t’~ d I~ i th  Man g an t f l  w i r e  gages embedded in  ep oxy

j lt ’h i nd the  spec linen. i l l igon i elt d~i t a el er i  vcd t i’oin t he  t’l e r  v o l  oc i t y and

sh ex’k v - c ’ l Ot ’ I t v  sol e t’ l o se ’ I v  f i t  ted h~ a st  t’a i g l i t —  l i n e ’  i n  shock  Vi’ b c  i t  V

v er su s  p ar t  i t ’ I t ’ Vt -c lOt ’ i t  v . and Ia ii’  igi ’ eonte nt ot ’ t hese d a t a  w i t  It the  :tge ’

st r esses  sa 1 15 - c l o b t a m i t o e l . ‘l’ho r i S e’ - I inn ’ d a t a  suggest  t h a t  the  pu l s e ’ —

s~’t’o~t&I i n :  c.’ 1’ icc t s ot ’ 
~ 0elltte t r t c d i specs i v  i t  Y hOl e’ Ill  01’ Fl  cl elOt )  b~’ t lie St i - c opin g

ct ’fe’c t s o t  11011 l i n o a t ’  i t  v as t h e ’ b - c~’ - ’ ~ ross was i n croascd . i’lie pu 1st ’ a t  t enua -

t toll  r e st i  I t  s I tid i c a t  e’ h ot ii t he  it ig h I t  at  t o n u a t  i y e  nature ’  eli t h e  tn atei’ i a 1 antI

t h e  inaeiee biiucv of t hos ’ pi’e I i c t j olt s w i  ic R do t ie - c t  zict ’ount  t ’or  geor itet i’ Ic  d i  s —

pet ’s j olt .

Cii Iv i t  and t~ii t son C I , and Stit. hot ’ l and  and Ca I I t [S3 8J pet’ t’o i’inod it

sot ’ es of dvnam i c e x p e r i m e n t s  t c ’t ’  f i h e t ’ — t’e i n t ’orced V i  scot’ l a s t  it ’ comp os i t e s

su bj e c t e d  to u n i  ax i a I pu l se . The compos i t  es t h e y  t es ted wore  v i scoe l a s t  i c

i’cs i n s  r e i n f o r c e d  w i  tbi ( i ) neopl ’one t i  1 at i tents  , ( i i )  roy ing g l a s s  f i b e r s

and ( i i i )  ny lon (lb t’ibe t ’s .  IR e  t r a n s i e n t  p u l s e  was i n i t i a t e d  1)\ a

m e c h a n i c a l  St r her  and the p ar t  ic be y e b c  it s ’  was in easu red hv us lu g  the so—

ca l  led Far ad i t v  t r a n s d u c e r . ‘Ihe par t  i c l i’ Vt’  b c  i t  v t’e c o t d s  wct ’ e conver ted

i n t o  111 1usd ’ v e l o c  i t  los  and a t t e n u a t i o n  c o e f f i c i e n t s .  l~xIlei’ i tt1e1l t al t ’c s ul t s

we’ i’o conipa reel w i t  Ii t h e  j it ’ed I c t I on of ’ of ’ t’oct ly e  modulus  theo ry  f’or the

ht’ oe k t I l t l  ~ c ii I t ’ ii t~~~t ’ t’ ei t t t ’ ;i I anti w I ii the pt’ ed i c t ion s of Beet lord and St e i ’ t t  ‘ s

lii i \ I t I l e  1 hoo ’i I ol ’ I lit ’ b i t  t e l ’ t \ ~o h i  tick c~ i l’ e’ ItI I O i c .’ e ’ i t te !lt  . i’hev e’ t l l t c . ’ Iticled
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t h a t :  ( 1  1 i t  t h e ’  e’t’t’ect 5 c It ifltt ’t’iizt 1 e~e” tl t i1e’t rv ar c .’ sun a [1 • t he ’ e t l o c  t I y e ’

itiodu b u s  t lie ’et r~ n ay  be’ u sed t e l  p r e d ic t  I lie dvn am i c r esp onse’ c- c t a t I tt~~i’ — cc.’ i l t —

I d  cc.’ exl tit ~I t e ’i ’ i a I i t ’ t fi t ’  of’ t’ec t s iii’ 0 not siiua I i  • the  p t’e’et it ’ t I Oft 01 t ho ti t i x t U I’O

)t eol’\’ i~ ItioFe ’ te ’ e’t i r a t  o; and $ i i )  t ’ot’ a cons tan t  v o lum e ’  i’at to of I i tie’i’

tn a t e’l’ i a I • th e’ c loy  i a t  ton  c i t  t h e’ th ec lre t  ica  I mod e I t’ i’onu t h e  e’xper  l iito t t t iii

t’eSIi Its 1 t ie ’ l’O~~5e ’” J S t lit’ number of t t  (ier-~ per lull i t ~t l’ e’ .t eIecre~isos

II I  .1 5e’t ’105 cI t ~ ii~~e ’1’S . I.t t nd or e~ iti an~b l) i ’urnhel L et’ 1.5 , 9 , 11) , I i J i t i \ e’ S t  t —

g u t  ~cI thc ’ d i s p e r s i o n  c li  c i t  t a t a t  lona l s t re s s  w a ves  in  a l :un t t i l t  Ott e’ e~ lt1ld l5 1 t e ’

hot hi exper in t ent  a I l - c  •t t tcl a n a l  t i c i i i !  The compe ls I I t ’ couts i s  t t’d of a ti tanhe ~’

c i t  h i  lam I na i’ p l a t e s , and fR i -c j i l ’ cl i i ii~~~ I ion ot ’ t hi’ w a v e  way . norma I t o  I ito

p l a t e s .  A f la t  t t y o t ’ — p b a t o  - c t e t ’e le t ’ated by •i ~-ompr essed ~:as gun was us e -ce!

to i nduce a l’ i’ t’ t -c ingu t a i ~ t I’eS S 1) 111 50 . flit ’ pa I t  i i’ b e V 0 b c  i t  v wa~-c itte a stut’ ed

.i t ( t ie ’ 0111105 I t 0 e’tttI o f  t h e ’ e’O?ll i 10 ‘ 1 C’ 11% ’ an (li lt I ~a I t i l t  c-c l’ I ercimes t 01~~ ‘b I te -c

e’X bie t’ inte ’nt at t’e’5U I t -c
~ W e ’ t ’ e ’ c ounpau ’eJ w i t  It u’o s t t  1 t s obt a t noel liv means of ’ t orn

pui t ot’ pt’ogt’ am s In w h i c h  the l i t ~~e’I’ S at ’e’ e x p l i c i t l y l’ i l l reselt t eel , antI wit t c ’It

in c  lode 11011 1 t t t ~~. t t ’  e ’t  t tn’ t s • l i i  t h e  i i  r ;t ~~- c t o f e ’~ pc ’r i t1tott t -c I S , t a t  o l ’~

of ’ epo xy :utici stee l wer e’ lln ) l : tc t e ’cI at st t ’ess l e v e l s  OIt t he’ O t e t O t ’  01 .1 I

h i  l - c ihai’s . It wa~ ~otit i~l I fiat t h e ’ peak atitil l I t i t d e’ c i t  t h e  t u ’ a t t sn i i t  t e d  ‘t l’ e ’ . s

W~LV C e ie ’e’t ’ e’a c t ’cl ~i i r o c ’t i v  i c i t i t  t he’ w i d t h  ~1t  t i t i ’ 111110 1 “ 1  i’ e” ’~~ -cti l - c ’ . I f i c ’ h u l k

elt  t it t ’ t’e’dtic t i o i i  c i t  t he  sti’Oss w as ~t t  t r i h u t e ’d to  (h i ’ i’ t ’ t i e ’t ’ t  t O l t \  0~

~-c t I’ e’ 55  W~tV e a t  the ’  ex t  i’etne 1 et ’t and r t g u t  boun~i~i ~
‘ t os of ’ t he’ c.’ &~ lii l05 i t t’.

I)ehond I ng 0 t’ the  it ii am I nate ’ p b - c i t  c’s au ~I ~l s5  I 
~~~ 

t t i t t  e lf ’ c’norg V I f l  the &lj loX\’

tit a t oi’ t .u l t& ’t ’t’ a t  5cl t hought to  - a v e  cont i’ t butted (0 t h e ’ ~s t  l ’O- -cS t’d~ttt ct j olt .

1 r t r i  sons ot ’ the  expel’ u m e u t a  I t ’esti I t s  wi  Hi unmet’ i ~‘ .il  i’e su l t  ‘~ prov til ed

• (it intl i c .  at  t on 01 t he’ l i e ’e’ e’S5 I t V c i t  ceill~ I c le ’I ’  I iig th e ’ non I t ulC ~ i i’ heh iiv i or e ’ t

t h e  m~t t t ’r i . i l s .

-~~~~~~~~-~~~-~~ - - 
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In sub seej uent exper iments  1L9) l a m i n a t e s  cIt Pt4’IA and St ~~t l t  loss  S t e’ e ’ 1

we’l’o used . By v a l ’ v i n g  the  number of l a m i n a t e s  it was co l i c  tuded that the ’t’ e’

was no change ill r i se  t tI t l e’ to t ’  pr0p~t g a t  i On c i t  S t ~t i i c os  bey o nd a t’ew ni t  i t

ce’i Is from the  load ing  t’aco .  tcno the ’r se’t oi ’ exp e’ rinlen ts [LUl l was

ca r t ’ie’d out on the epoxy — st oo l L ain it i.i t OS t e ) inv es t ig ate t h e ’  response a t

slight lv b i g h t -c r stres s whet’e the  of t ’oct  of t t’a .ture would be more apparent

i t  wa s t’ound t h at t he t’r a c t u re  bo c at  ton depended on the  pulse dur ation • wit hi

fair ag rL-cetnent between t he ’ prod i c ted and c.’x 1101’ intent a 11 y dote  run i med f z’ac t u t’e’

local ion s . Subsequent lv , t -cunel et ’gan anti l)t’unthe I t e t ’  ( L I I I  i n v e s t  I ga te’d the

I’ e’spclt is t ’  of Oil I i  ClUe ’ I Y —l am ina te - c d  compos i t  e’ , hot It expel’ iment all y and anal  yt  i —

cal l v . Several  anal  y t  i ca I melelel s and a t wo— d m iens I onal wave  prop agat ion

program were used to 111’Cet Ic t the  t ran  srn i t t  ed wave lorut . Coinpar i sons were

made between the v a r  tocts mode l s  and t i lt -c e ’xper i rn en t  a I resti i t s .  ~h ’neral agree-

ments  ex i s t  between the  p r e d i c t  ions of ’ v a i ’ b u s  mode ls .  h - c ite expoi’ im en t a  1 by

determined t’ i rst —s t gt t a l  y e b c  i t  id -cs and t’ ina l  wav e’ antpi I tudes agreex l wi  Hi t h e

e’a l cu l a t i o n s ot the mod e ’i - c . he Iw e V Ot’ , t h e  re rn:l~ n~ ng poi’ t IOU e ” f  the o xp o r t

m e n t a l l y  determined  st i’os~ w a v c ’s ex h i i l  it t- cd slower  r i s e’ t i tit es th ai t  ti Id those

of the  c a l cu l a t e d  wave’s . I t  was specu la ted  t h a t  t h e  ph y s i c a l  c o n d i t i o n s

cx st I ng at the inpu t hound a t’v of t itt’ c olupos i t t .’ WC1 ’ t’ h o t  be i ng adequat e ly

incorporated into the  mode l s .

Ber k owit  and Cohen [R33 1 s tud led exper iment  ~u l  lv  hi 1gb aniph. t tuck’ st  ro s s-

wave propagation in it fl ant sot rop ic quar t  ~~
- pRom o l I c . ’ cttmpo s i t o .  They pet’ fel t’tn e\l

liugon tot and pu I se’ — at t enuat  ion p lat c —s 1ap t e s t s  on qua t’ t - ‘ — phenol i c lam I lt~Lt Cs.

They tested composites w i t h  l am ina t i oti p l an es  noI’nt~i l  to and pai’al t e l  to the

propagat ion d i r e c t  ion . They c onc bided t h a t the c oin i~os I t es  exh ih i  ted r a t e —

1 (itiepe(IdCfl t p1 ~t ’  t i t ’ it v . The’n t hi t ’v used a p1 as I it ’ i t  v Inoele 1 and were ab l e ’ to

let the a t t e n uat i o n  ma ~cht t he’ expei’ ime’ n t s  w i t h  seine di  s.’i’ ep - ctii c 105 iii pu lse

-
‘ --- - —-—---5- -5’-— — --‘~~~~~ ‘ - - -- - —
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liii ’ titttttt ie’I’ 01 e’St ~ t c i ~
, I 00 t o W  It ’  V ~l I t  da t  e t h e ’ llIchit’ 1 cc ’Itc. ’ b us iv ol~

but t he \ a l  id t l v  of t h e ’ h’ l . t ~~t i c  model t a s  J einotisti’atcd .

Reed I R’l , an~t ~t u l l s c ’ t t  . Reed anti 1,ultdergalt [Mb 4 j Pi’t ’to l’ lnt’el t ft in  pu l s e ’

.Ittc ’nua tit itI ex 1 i e’ rLt l te l t t~~ oti a c i o t h — I ~un t n a t o  qua t ’ t : -  phont i l  i c  c o m p o s i t e ’ .

I ’ht t II h i( t l~ e’ t e s t ”  t e ll ’  pl’ elp i t g a t  t e 1lt t t c i t ’ l l l , I ’& t o  t h e  l a v o r s  t t i d t c - c t t e’tl t h a t

(I ttt tict t ttlt 1t’i’ ~I t  t e ’ t t i i . t t  t o l l  occti t’ t’etl th ai~ wou l d  be pi’~ d t c ’teel ti~ s im pl y us Lu g

.1 t l t c i l’ e l I \ ’ t i _ U f l i c ~Il IltOe l O l  I c 11’ e I t t _ i i ’ t _ h i hic ’ltti l i~~~; I t t )  att elliii t I ’ l c a l  t t t  t o  t ilt’

lt~t t’k e’i’ [ l iii ) v t s,.’ ~‘t i s  —ci I ‘~ pe’ i’ I ciii  mOck ’ I t’t’ I a\ at  i tilt t into ga ve ’ V t ’ t’~ good ig  r e t -c -

t l te ’ t t t  t~ i th  I he’ .t t t eutta t t oti  cui ’v es  . Measu re ’iuottr s e 1It a t hti’ e’e’-- d i t i l 0 f l S  i 011.1 1

t~t i . t  t ’t :— p h i e ’nti I i c  c.’ e ’mlios  I t O  w i t Ii f a i r  1 y i i i  gIt  p0 r t ’s i t  t ~- c h i c lw t ’c.i t hat  t i l e’ S5- Ltt i O

1~~i i’I\t’t ’ tUc icl e’ 1 ci i d  h e l L  pt’ ed i c t .15 lau ’ gc’ .1 t t t’htelJ t I Ott a ’  sa -c-c f ound oxp et’ une’nt a I l

t i  i’ e’m~t lied .1 111.1 t I or e - c t  e’ O t t t  rt ’~ t’ V s’-c , n t t t i ’ e’~~— d  I t itens t o i t - c i l d o  - c u t  -- phel it i l I t ’

ce ’I ti poS i t t ’ I Os ( • JS Ic ’ t~’h, ’t ht’i’ ( h i t ’  I l i t ’ l’e’~l’-. ’ i t)  a t  t e’ I t i t a t  I Ott i l l  t i l e ’  I hi’ t’o—

cl t l i t O i i S i e ’ii~l 1  tl t~i t e ’I ’ t a  I te t s  t J L i S 0 ~
t 1’’ I lit ’ t ’ t ’ u s h t t l t g , I i~ t i l t ’ gt’ ott tott ’ t~ ’ cli  S It e r S I d ilt .

cii’  I i i  a ct ’lllil tIiJ t I O t t  ~l t  ( i tt ’ t b - c ’ ot  l o t -c t s . CIt h te .’i’ i’X f’ i ’t’ i ttti’Ii t S i t td t c~i t t’tl goc i s!

e’0!hh ii _ t 1’ I Sti lt —
~ Ic it It hot  It lit It ’ t’t i lile ci iatt t c  -ci I t i - cOc i t ’. I~ a itst cent !V.tU!” I Itt ’ot’ t OS Of ’ 13 1t 1t ’ - - -

t ‘pt ’ ( L~ I • w i t  hoit t . te ’ t’Ottll t I lit ~ t O t ’  p0t’ d i- c~ I I

Re’e’ch and Muns on R:’ .t - c~a in t In o~’ I i gat  oct ‘.1 I ’ e’~. S L I Lt 1 se ’ dl t t ’fluat ion in

e’ l o t h i —  I ~un I na t  t’ diu ~u’ t ph iel io b I t ’ hot ii . t t i a  I ’ I t e a  h i  anti expe ” in te n t  a l l  v - 1’ho

e’t llit I l ei 5 t t  0 t~ .1 tiied 0 lOt1 a ~i Iiciiioge’ ltO0tt’~ I ‘~ s ’ c i t ’1 a ~ t t e I t t _ l I OV I .i 1 L~ Lt xl, 0 11 t pe ’ ‘I

w i t h f lOltbtl l i’at’ s t e i t a c t ’ tti t itt~~l t l s  ant i s ’Iii’ I’ O l~ l~~ I t l ol l I t tite . l u ic t t c  tOil s ciii” c.’

i t t i ng t ’ i’ eIln One’ p Li t  ~‘
- i lnp dt ’ I C o~ I pi~oduct’d t h e’ t tit le’ t’ t ’ lt St  ~il tt , auth S it b se ’

ch tIt’1~t comp Or t  soits of .itia I ‘ C  t t ’~~l I pt’e’ch ie ’t i O ti s w It hi oxpe ’i’ t t nc’llt ~t I Vt ’Su I t s  woi ’ t’

hasi’d on t i t t  -c-c v a  L ie . I x p et’  imt ’lt t a I I ’ e’SU i t  -c -c showed ma t’k od U t  spoi’s iv  c-c ~-cpi’o.t ~ i I I g

cit t ttt ’ t c . t% t ’ i’t ’e1 t I i t ’” ati~I voi ’ t St  t’ e ’l t g  a I t  (‘flI t at IOu 01 t r  t’s~~ , t int  flit 0% 1 di’ltc.’C’

tt I 1 l - c  I t c ’ - p I a  ‘- c t I t ’ i’ l l  e’c I “ • M o d e l  pt ’t’d t i ’ t I e ’l t S  - c t g  t’OOtt y e  i v  we I t  w i t  It t he’

ltiO ~h ~ i I 1’Och ~ll’0 I I I t ’’~ . A t t t ’ l i l t - c i t  i tifl proc1 I c -c I t on wa~-c -c i Iso tIn i I  e gc io eh . the’ cia t ‘I 

~~~~~~ES 
--



and - c i t i t k s  t~~ s Ug g t ’ st e ’ei t h a t  the ’ v k~~e’o~~1- c1s t  Ie  tl - cl t ii t’t’ eu ’ t h e pheno l i c .  m a t t - c i~~

P~-c~~Y~ 
l dtllninant ~tilt’ i t t  tht’ dt t t ’ l t t i t t t  iol t beliav ioi’ •

M i c h i - c ic ’  I • t ’hi t ’ t stu iali ~ttid I s t i e l  I (M ~ I Stiltt I e’eI e~xt i e’L’ iilit’itt~i I I v  t h e  p ii l  St ’

pt ’t ipa gat  ion in  ccimpe lsi t o  mat  ot ’ t i l t s .  ‘l’ite p u l s e ’ t~~ih  g o ite r - c i t ed by 1’ lv t ’r - p l a t o

i ttt pact lfl t ( pili’ t i c to  y e ’ I c. i c. -c i I -c i~ -c t s measul ’ t’c.I liv i t s i It s v e t  oc. i t  gago  . l ’ho

ltl~tt Ct’ ta t 5 tt’s ted WCl ’t’ COM RAP I e e ~ lt 1i c ’ “ l I e ’ dt t ci 1 aiii t n a t  ott s h i i i t i ’  t ~u h t e ’ii~~ I i

Me ’ t s t t t’t’t i t e i i tS  cm LU IIRAL1 I , ~ i t l i  Pu l~~c.’ f u t 5 ’-ch’ i i t i O U  iiot’itt~t 1 1 c i f t  t~ t’t’ h , ~h Ic i h t ’~l

tha t t h e ’  St  t’ i i t’t ~lt ’ e’ O t  t h e’ pet i ~ OS t~~i5  i l 1~pt ’ c~ \ Iii~ i ~ c’[ i  t h e’ S~Uflt ’ t o  i’ I t  i 1 0 1 1 ’  J I l t !

nol t l  tlii ’ -c tt’ t’espoitse ’ 1 e’v o Is . Vt’s t ‘ O t t  tau t i l l - c i t  Ott t ( 11 1 ut  - pltoito 1 i c  t t i e l  t e a t  ott

tha t the respon -c- c t’ t o  St C~~ teiads I % J S  SdtllICWi t~t t  d i  sp ’ - c t - -c 1% 0. I t  .t~u 1ue -ct1’etI I h i t  t

rat e’ tlepe’itdelict’ -cU te1 t i l ’  p t - c i s t  t t ’ it V ~ l~l%’ OtI J t ’ *-c ’~I ~‘ a5 L i i ~~~ ’ or tai ’~~e - c u t I~ iii

t hat p hu ed by tite geomet u~i t -c c.i i spoi’ I t ilt

h o l m es at td Esoit [til s I i li%’ e’st i g a t od t h e  s t  e’a5l v -c- choc .’k w - c i~ 0” i l l ~~i tu t ’ i’

l’e’ I nt oi’cc-cd t’Ompos i t o  utat et’ia i s .  The Sli~l t’ it w i% 0 h i t s  g o it t - c t i t  ‘sl ‘t a p 1 al t - c l  I’

impac t  Ot  ~t C I ~~c.’t ’ il l -ct t o  Ou t! Iil’ tt Il .tgiit c’d a It ing t he d i  t’ t-cc t c ’ii of ’ t i t e ’ C i  l ’ot ’ s

the’ stum p b e used in expel’ ime’nt S W - c t s  l i l i t t i t ’  c i t  t i l t  it ! i i’ t’e’t I c i t t ~i 1 a Iti i ii I I l t lnt  I t boi’~

t’~t s t  i t t  at t t ’p e ixv m a t I’ix. iloth shoe’k - - tc it e’ i’ e ’1c u ~~i t ~ at i ~h t i ’ e’~~— S U i ’ t - c I e ’ e ’ I t ’l O c ’ i t

We’I ’ e’ tht e’~iStl ret! l uv mt ’ans 0 t opt i c i i i  t c’t’hn ic lue s. i’he’ shit ick t t ’ t ih i t  i l l  t lit ’ c.’om

p o si t  e W it S t’oti nd t e l  lie’ St  e’a5 iv • The’ i’ t’ St t  Its c u t ’ t he’ iie’151n’ etl ih ig on j ot  - ci I Sc ’

i~~I \ ’  0 Ii S~i t  I s t a C t  ot’~’ t’Olli j u i t t ’  t Sc 1lt w i t  I t t h ose oht a i  ne’d t’ t ’om au  a t t . i  l v s  i s  pI’ tu pose’el

cat’ I t o t ’  in l’sou and Chou [I’13j • l i l t ’ e’xpe ’r i ttiem tt~i l u s t  i t ’ i c a t  I eiit of -c- c t  e ’ itcI ~

shock t ront i s q u i t e  ‘- c i  gli t t’i eti nt s i n c e  the  itS5Utit ~~t I on ot  st o~i 5hv shock C - c U t

be ut i i i  :ed t o  Sti ly e  pt’tii i 1e~t is I t f l  oh in g  t’Oii1~~OS I  tO s s ” t ’ \ a i  t eiit s t’ ei tit i gu r a t  tollS

Bti rket’ , I~un dergan  & he ’ti and t ut ’ t i n  1 I1$~ st ut i i t’ti e’\p t ’t’ ilt ient a L i v  the

sh ock ic’~t V e ’5 ,ilt ti ~I t ’ t’ O l t ’t’ ttt t Oil h a l O s  l i i  l -ctlhi t i t - c ttt ’~I t’ dil i t ) b o S i t  e’5. to  l O r i l l  t h e ’

lIre -c t! i c t I on 01’ h iarko t’  ‘ s tnc ’cle 1 I 1Uu , t I lt’\ C O l t s  Itl0i ’Otl 1 t’ ditlI hi t m
~ I t  C’ c ’ c 1lt S I ~t I its

Of t l t c ’ r t t t i t il tg I - c i v c ’r~ cit  p ot~ it t e t hv  t — i n e’t h a e ’ t ~ L i l t ’  ~t h i c !  a hitit t i ntiun . ~~c ’t oti l~ ~i tcl

-c Til T I .~11ITT~~~ _ _ _
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the ’ e’\ p e ’i’ i n t t ’I i t  S est ah l  ish  t he  e x i s t  once of shoc k wave - c s i i i  low st i’oss r t ’gi on

but the  tion I t i t e - cu l ’  v t Scot’ l ast ft Ue ’ t l t ’ I prod ic ted q u i t e ’ at -c c u I ’ a t e  lv t h e i r  gl’oss

St ru c tu t ’e .  A l s o~ t o V e t ’ i (‘V (‘hen and Gurt  in ’ s resu l t s  1C4 1 , t h~’v conside red

a cc ’ntpe i s i t  o of a l t o t ’ i t a t  ing l a v c t ’s of ’ p o ly ln e t h ) ’ l - t n c t i t z i c r y i a t e  ttnel cx ~L~ss-ce i t

qua t - c t  z .  l ’h t o v  ge ’Ile’1’a t ed in  t i ti S c Olttpos I te acc o le r at  l e)li h~ I \ ’0 S  W i t i t  iu tpu t

amp ii ttu d~-cs hot hi ahe i~ ’O and be lo w t he  c t - c i t  I c a l  a m p l i t u d e  a -c . and i n  bot h ol

t h e ’Sc’ i t t s t a nces th e’ t’ c.-c su i t s  pi’edit -c re d liv the rhit’ot y w ere v - c r i  f - led . Those

ox p e r i nt e nt s  t’~0t ’ i’ t Ile I i  t St  t e l produce , in celunp osit es  • s toat) >’ shock w aves  at

such low sti’esscs • and the f i r s t  to d I sp Liv ac c e- c i oi’at ion %~aVoS in cel hl t p ei s I t o

ititi tei’iab s

l V . ~ l rac tur e Je ’ s t - c

h;i~~~t i c t  amtd Ch%a rest ~\~.SJ t e’sted liv means of phi l e i t l i l m a c t  l aiit i f l a t O t !

c l U - c i r t  :-p henol  i c w i t h  the  I a v e r s  i t ic I i t ted at 90 ° , 0 ° , 45 ° t o  t h e  d u -cc t I Oil

of b -c t v t ’ pt’ d u :i agat  ion . Pulse  dut’ t it ions wo r - c o 1 t o  2 ~soc . A d~~f t n I t e ’ spal  1

t h resh o ld  h~ IS e)h t a t i i ~~d Oil I V  t -c o r the  0° com !-cco s i tos , where -c spal hut ion occui’red

due t o  do I - c U n I l 1 ~I t  t o l l .  in the  cases ot 45 ° and 90° ang le in c  1 m ot ions . d~’ It uitmn a-

t i on  occurr ed  before spa l h a t  lou , in  thie d ° c a s e’ , a s ig n i f i c a n t  d i t ’feren ce ’

in stress w a s  t u h ) S e ’i-cVOc.l bet t cOe ’ll the on set of m i c r o s c o p i c  c r a c k i t t g  tll t d

m a e r c isc.’ o I u I  c spa l  1.

t;re-cen , h~ah cock  -cUlt! l’erkins t(~t1 i l t e - o St  i g a t  ed oxperim et tta I lv t he’ pt ’oblent

ot dogt -c - cte I - ci t I O U  t i t  tneC i l t l i l t c a l  p i ’opCrt iO s ot compost tos .  ‘they found t h a t

l tUlt l lltIte’d ( I Ll - ci t - I ,~_ 1 l l l t ’Itt ) l i c  composi te --c t e’st ed w I t h  momentum t raps up to  ~I k — b a r

had no degrt t t la t  i e’ui i t t  compl’ess i v o  p~’op~ t’t l C s .  Pot’ ct~ ’bt )ui- c-c phen o t i c  I anl it t ate s

S t  t ’ t’SS LI ~~ t e l  ‘ k — h a t’ had no e’ ft ’ect hut at S k — l i a r  a St re’ngth decrease’ ot

20 t0’~. h - I s  t’ciun d . In  t h i e ’se’ t’xpo t’ i inent s , i t  was  f e l t  t h a t  ut ot a l l  t ’x t  r t lne ’clu s

damage’ t~’as suppressed -cind t he sp e’c m ien s mi gh t  have ~~ I t  S eiH C I (‘1)5 l Ot) a”  We ’) I

O S compre ss t~- c c n.
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I1e’rl ~. 1115 , B t t i~~ei~ it , ~h i e i - c lo~- c k and l c u f l e ’S l’ -c j c e u lttI i i c t e’t~ an oxp er inient a t

st t id ~ c.’t  t h e  c i t e ~-’ I 01 ini pu is  l I t ’ pl - c oload i u ig s on the b eh a v i o r  01
-c 

~h i - c i i ’ t :

p h e ’ r t o l t c  s’oui 1i ei s i t e .  ~li i - c t t - c t .~— phlello l i c  l aj it i m i a t e s  t e l - c c-c Impac t  — t e s t e d  w t  t i t

flte)lflOfltUIIi t i ’ t p s - c  l ot-c e- c O m l u t -c c- c s S  ion  ~- t  t -c e’fl~~t ii - c i i i , ]  S(  1- c O S S  1% - i l  ( ki - c id i f l t .  pai’~u )  l o l

to  t he’ 1 o u t  n a t  i on , de’gi ’- ctd a t  1cm o~ cti 1’ t’CtI l t h o t  ii u’oortt ar id o l  et :it eel t ciii 1ut~ra —

t iJ i- c t’’. . Fc.u i - c  t t’tlS ion St  i’Otig tht and St r e ’ S S  h - c i t  -c’ 1 i - c t J fl5 l 1 0 I l ~i - c i  I I c i t ho 10111 i 110 t ion

dO g i-c - c i d - c t t  i O U Occtt t’ t’Od - c i t  room t t’liit ’ t ’ I i t  I l l - c t -c -c Un i - c l x  i 1  I s i  I ’ i  I f l  and 1111 lax t t l

St  1’0 5S p~~e ~~~ ngs ~~e’ i -cC ~~e’ t- c fc ifln ec.l c u l t  qu it  t t  .‘ - j u i l t ’ l iO  I i  C t o  t 5 5 0 5 5  t lie et -c t -c ect

eit  -c t f l  iltipt i Es  t v e  iire i c u - cict  cur t t he s t ihse qu&’n t  1111 1 aX m a! Sti -co s s beIt ~~ te uu’  of a corn -

p o s i t  e mate r  i t  i . l i t  th ose ’ t e s t s  O h i S C l v i h i I  e damage w - c i s  h m u t i tee ! t o  t he phei t o l i e

lit i lt  I. I X  . ‘t5 a 1- ceSti  i t  , j i~~ S t — pro lOOt l  e’ \j i o i - c  i il-ctt - c’flt s Oil t h e  SpeC tin en undet ’ t i n t  a x i a l

St i’O~~ 5 c.-c~ii’r ,-c’ i - c i t e d  th i’ de liot ldeliCe c u t  til e’ fr-cic tu i’ -c’ si i - c ei - ci g t  I - i on t i l e  ext ~flt 01

the  ~h i i i i - c i~~~’ t o  t h e  ph etlol  I c  iii~t t t - c l x  J~’ w e l l  as t h e  d i t - c e c t  t e ill c it  t h e’ pt -c e l e iad

~ t’ I~ t i V O  t O  t 110 t i bet -c 1 - clv

~‘c.- c 1 ) i I S t e l’ iilit i ROe\l ~~~~ i l i \  O S t  I : -c - c i t  c-c e! t h e  t t - c~ i c . - c t m i l - ce’ llehtOV to)’ ~it h i ei i - c Oi t _

a lu l n i nt in i celm p e l s i t e  r n a t e l ’ i , i i  ~-c h y  me -ca n :; of -c -c-c l - c u - I - c  ho - -i-c] i n . ‘the c -c e t IfltlO 5 I t  1’ h - c 1 S

tOi’fli~~eI tro tti  lioi’oii f t  I ~inent s attd t i l  t int i liti l li  lila ti ’ i X . Th e’ hOVc ’li I i  l ItniCIl t S rOt)

perpend I cu b r  t ci t he d i  l’ee’t j c lii ci t
-c st I-c e-c S 5 - i s  ~i\ ~‘ I o;t d i ll~ i i )  t he i Ot ’ t l loge i l ) - c l  I

d it’ec t i ouis in t he  pI  one e i t  t lie’ spoc i iitefl . I w o  t \ ~~e’S c i t -c 
-ci leiiit I nurn ma tr  ix were

used : one w - c l s  bi ’azed and t h e  o t h o r  W O S  cli tt tiSi t )ii—bOii e i t’d t o  t he-c 1-c
il-cuitents

L~otii  coinpos I tes s u f fer e d  I -c u antent ct ’ack l u g  thou ght  to  r eset  It  f rom t h e’ c oin —

prt ’s S I V t’ Will - c e ~~i l 5 S i t 5 L ’ . The spa b  1 ct ’acks fe rnted ciii p1 one ~~Oi’ ii 1 101 t t) t he t’l-c e’e’

StIz’ t’ttce cit the ’ c o m p o s i t e ’.

Reed and Schiu st ci’ [R ~~ t-c u t ’t h e i - c  s tud  j e t !  t lie’ t’i l  ~unetit f r a c t  u t -c  and post —

i mpa c t st t’engt hi of ’ boron— a turn i nurn c- c ounpos I t  os . The> I e’st c-cd spet -c i m on s  W 1 th

I l t c u l i l t ’ ii ( limit I t - c - c l j is  t o  ~- ct t p j u t ’e’s S 5~ 1J 1 1 JIlt! I !t~ ll itiOOStt I-c t’tI t e ’ t iS  I !  e’ s trengt  hi i n  t h e’

p1 Olit ’ 01 t hit’ spec i ltiOll I - c lie’~’ t oi it t d t he’ tle’gl ’ - c l t i . I t 1 ciii i’e’g ;u ii t o  ci e c t t  i ;lt i ~~~~ i i ’  I

_ 
_ _
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w e l l  ‘-ie - c t ’ tulod t l i t i ’  I t -c 1o~ i t ’ - i t i g he’t’ I hi - c Ut  t ) i - c l t  F t ’ct ui i l - c Ott  I -c ’ ‘~ ‘ t l  I . u l i l i t t i l i u t l l .

Rt ’t a t  t o t  st I t - d i g  t hi a ~ I ow - cts Ou t ’ t i i i  i-c~ l -c i t  I i tO ttOilit - ct I ‘.t i-c O l i g t  it 1 ~‘ O f ’  1 a d

i t  t l i t’ lt t g l iest  t -c l \ e I - c  l ’ O l c i C i  t L t ’- c i . I t  a I lp c-c
~i r e -c d1 t b - c i t  t iic -c 1li’ i Ii t - c l i’~~ mode’ 01’

~l - c u U - ct~~~’ in  t ! t c - c S t -c s i t -c ,-’ I l l t OI i S  \ u ’- c iS  t h e’ dObOt t t t  i I t C  01 t I l e ’ f t  t u e ’ t -c
~ ’ t l ’ titl i t il t ’ ‘ j t ’ i - c,-i t i t t t l -c

in g  t n a t t - c i x .  l ’he -c i l t \  c -c -- c t  iga t  ion se’pai ’~i t e ’~1 t h e ’  e- c t t ~~ C t ”  cut
-c 

ct ’*lip i’c’ S s i \  t Slt O~-c- c k

Io~i~l t u t g  t i-O il ’ -c hO t ’t t t ’e- c t  ‘-c cit -c sp - ct l l~i t  1 O I l -c I t -c ;i~- c t t t i t -c e’t t h e ’ I i  l i l- c l i t e l i t  h a ”  shown

I 0 c ’c’ Cu t ’ clii  F I rig the 111 1 t i - c u  li -cl s - c i  go of t lie I oi - c1 i i t i ~ h - c 4 \  e’ .

P~ I i~~’~ -c~ ’ ~ e’ t J U - c l i t  - c t i i J  ( -c d t -Is,1 So ld ti~- c ]  : t i f e ’ .1 11 e - c ’s p c I ’ i i : i t ’ t l t  i 1  ‘ -c t t i , - l i ~i t  t1V ii~It1l I C

t I ’ J C t L l t’ t’ ~~~~ _ i  1d l - c l i-c t :—phou t o l 1t  c-c pc i ’ . I t e  ~it i d -ci s i b  t , -’ - c i  1th -c’nol I c  c-c c u t l t 1 i c i~ - i t t ’ .

-cl ’hie’ sI tLt t-c t : — p l i c ’ i i - c ” l  I C  C O t t i p O s i t - c O  c-c c ii~t~ i0~~ t’t! e ’t l i I L ~~l I I ’ e’Ct  l O l l - c t  1 c-c 105t -c l i  p - cic I-cc e’d

‘C - c t d ’ l i S  iS - iS  i~ - s t ~’d i s t  t l i  h - c i l e  prc i 1i0c_~.i t i O u  1 i t t ’ i 1  l e l  t o  t ile’ \ - c i O n S .  l ’hou t ’ciitflt l

t h a t C F J c - c k S  ~i c i t l l ~‘ai’ - ct l l e t  -c u lt! POt ’li e9tdl t , -- c ul - c tt - c t t u t he’ \ - c t I -c t t s  O C - c I l i - c F e’cl i l l  t h e ’

Hia t t-c t .1 - Flit ’ C t ) t t i h i C i S t  ~ h iS  i i i  so I O S t O t !  h i t h i  l it od i iO l tt u i t i  t t - c a p S  and t h i c ’n e t ~j t- c L s

We Fc-c touiid cu l t !  V 1 U I J  I I t ’I  I tt  I lie t i 1W-c I S  e
-c

l -c - c L C K  w a s  t’ O t I t t u t ’ e~~~-c i c -c i i i k i t - c  t , ~ i U

i:or - c a l01fl h iL t t o t t s t i t c - c t  -c j u iiOll t l L I C  Cc illi j it l s I t o , I t O  C oiu t l i t e S St \ c-c c i - c t t tt - c t g t’ oecti t ’r - c o , - l

tull e-cl ) t c’5t eel h i t  It littirlie’Il ti- c i lit t t ’ ,l~~ 5 . bitt t t - c l  S t o u rS] t h a t  wh et i  test e’d l~ I t  R out

: t t o l i i O t i t I t : : t  t t’ itj i S i S p i L l  11110 I s - i S  t Oi’ll t C t ! i - cotigli 1~ j ii i~t l  E e l  t o th e ft’ee 5t l t ’ t a c t ’ .

The’ S F - c t  I L  t oe lk p i e ’ P°~~ 1’~ l u- cs c leliouiel ifl t~ h ut ’t~~t’e’ii t It o L i ve i - c s iliti p-ctt ’ t l v  1’~

1 1 - c - c t e t t t i ’ e tii tmttgli t he  b - c i ’ e r s , ~ \ l ~~ F O q l t l l-c t ’c! t o  t -c oi’iit 1 Sj ’ -c I !  I ~~ l - c t l i e ’ p i i t - c 1 1  It ’l

t e ~ t h e  t’i’ee’ sui’f;ic~

f ,t’t- c bi-c-c t’i ci) ~~-c; t’\~ ’O i-c ime’ui t ~u L I  ‘ ot t _ i L V -c
-c ed t he-c i

-c t -c o~
-c t u  i’e’ h i t ’h -cii t c iF  C’ t  a c -c c’Iit —

p o s i t e  w i t h  diR - c t t h e  t’ ibe ’i’~~. \ lu t i i i nunt n t i t i -c I \  e-c Olii~~ O - c-c -cc t e ’ S i-c e’ i n t o i - c c o e t  t-c i t l i

h I l l e l  ir e ct i on -ct  I S t - c l  iri l e’SS— St Ct ’l IS I r ei-c ot ’ -cL~0 its i t eu t s  i i t ’ ~ t t’e’ u i g t i i  i - c O d - ct’

-ct ui jLv :e ’tl L i i  t O I F l l -c c it -c s t t - c c t i g t h i . st I t t l t e ’S5 . , tt t d t i - c a ’-c- c t ttt’t’ ‘-c - c l l - c i i-c - ct e- c t e’ l i st  t t ’S

alo n g mitiel it-c i-co s s  l i ii’ t i Lie -c t’ it t-c l -c _ t i -  . t - c l i S  I I t ’ -c --c t l- c e’ugt his as h i  ghi 1 S 200 K i - c t  Is t ’i - c t’

oht - ci I ned i n  ( i t t -c t t  be ’i-c ti t t ’ t ’c I i ~~ w h i l e -c 1 ~‘(~ 1.- cs 1 t t ’ - ct l l s\  e’ t S e  st  i -c e’l lg t 1t~ Is t ’ i - c e’ i t ’

co rd e’c! . 1 eii ig  I t i lt !  i t t _ i l st r o n g t  Ii Ol tt ! litodu I i  ogr e-cod I e ’- c t~- c c i l i~ I Ii l i W e l l  ~s i t  hi vu le

at’ mix t ut’~-c tired i c t  i t l t i S tl~
) t O  -10’ t’j he’t’ l iv 0 1111110 . l i i t~ t ’ t a , --c i i l  l’eint! ing was
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sufficient to provide t ransverse  s t i f f n e s s  enh ancem ent but d id  not c o n t r ib u t e

to transverse stt’ength. CracK pr opagat ion across fibers was found to be con-

troLled by the very d u c t i l e  hi g h s t r eng th  f l h c i - c s . C rack p ropaga t ion  between

f ibers  was con t ro l l ed  by f iber  spac ing .  C r i t i c a l  s t ress  i n t e l t s i t i e : ;  t -c or

t ransverse crack j)r opagation were reported to be ;ts low as  OflC t h i r d  t h a t

of the m a t r i x .

Sierakowski , et a!. [S121 pi’csented r e s u l t - c; of an exper i m e n t a l  pz ’ogrwn

svstemat ical  ly evaluating tue dcforrnat  ion and f r a c t u r e  of s t c - c~1 w i r e -r c i n f ’orced

epoxy composite systems. -cl-c ite progi’aun involved n ie c h a a ic a l  t e s t i n g  i f l  t h e  st  I - c a i n

rate range 10~~ to lO -ctm /sec. and impact  t e s t i n g  U s ing  t n ass ive- c  e la s t i c  targets

at s t r a i n  ra t e a p p r o x i m a t e l y  104 / se- ce-c . Spe c i f i c  r -c o s u l t  s i uicludcd s t a t i c  Otiel

dyn amic properties -c strain rate sens it lvi tv , irt lormat ioit on the  na tu re  arid

character of dynamic fracture , influettec of specimen georneti’y and reinforce-

ment spacing , etc. Purthier , they  proposed a simplified energy criterion for

predic t ing f a i l u r e  modes and c r i t i c a l  v e l o c i t i e s  lot’ couu l)ostte specimens w i t h

a brittle matrix.

Cohen and Berkowitz  [C 12 J  a l so  s tetd i ed  e x p e r i m e n t a l l y  dynam ic f r a c t u r e

of it quar t z -phen o l i c  composi te  under’ S t u - c e’Ss -w - ctve ’ load i ng in u n i ax i a l  s t ra i n .

They carried out thin-fl yer tests u s i n g  S mi t  anti lh n u t  My lat’ flyer s

i m p a c t i n g  0 .25 inch thick composites. I’he’v b utte ! s i g n i f i c a n t  d i  t -cfcre ’n cc ’

between microscopic and gross spa ! 1 , and tha t  s po i l  occurred by de l an t iu i a t  ion .

They found secondary cracks perpend i cu la r  to t h e  impact  f a ce s  w h i c h  wei’e

most in tense  near the f ron t  and rear t a c t - s  of the  m a t e - c i - c i a l  and could have

been caused by compression wave or late-time t-clexure’ of the specimens.  They

also found that a constant stress t e n s i l e ’  l’ractui-cc’ c r i t e r i a  app l i ed  i n  a low

impulse  region w h i l e  a ra te  I ) rU ccs S ‘-c ’ i -c i t  tS r - c i ; I  app L i t -cd i ll  a h i g h  impulse -c

reg i oii.
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i loov ot ’ ;ntcl ( ;u t- css ~h Il 9J t l0- c  j gnt ’d t ’x h u t ’ i ’ l in en t t C) utt e~lst ire t It o dynaitt i c -c

f i It  t U t ’ e’ t ough rt t ’ s s K 0 a nd t h e-c w t i t - c k  - c u t
-c 

— t ’rac let t’c 1u~ir iimet e1 
~ 10 ~~~ t

-c
t i~~t’ t i tins

Of t h e -c i - c i t e’ ot load i ng . he 0 t s  t h e  c r i t ic- c al -c- c t  i-c t ’~~ S t t i t e n s i t v  t -c a c t ot ’  i t  t u I i t ’ ~it

c i’~lt k lii i ( I  1t l o u  Oe -c t-c I I t ’ S i l l let  
~~~~~~~ 

is i ttte’asure eit t ile’ ene-crg v absoz-cbed its t

c r ack  m i t  i~tt c-cs auth ~ut’op ;ugii teS t hiu’ tuitgh t h e iuta t et - c I it I ‘l’he m a t e r i a l s  tested

we -crc’ cat’htin -c-cc ;li-c(itin ct u l l t h u c u s  j ( 0 5  h~t t ’  i l l O  i 1 1 1 1 0 5 1  e X t -c l u s t  V t ’ app ! icat toil in  Sp a c e

I itdus t u’v - ~ dot - ci obt i jute-cd slum id lit’ c u t
-c 

pt ’oc I i  c i  I use ’, ~ttid tite’ t e’chiui I que’

described nov li e-c ii  sc’fii  I I -c t u’ the -cl ~‘niuti i c t e s t  i llg  c i t  o t he r  mat et’ ia i s .

h)u’uinht- c 1 le -cI’ [t)9j t utv est igatect tite’ t’tt c ’ e’t o t -c cie’bouid j ug  ou t St rt-cSs Wa ve- c

pr o~iag at  j on in e-c culit p cis I t o  matet ’  i i  Is  tic it h ot to i t  i e ; i  I - and e -x p er i u n c nt a l  1 y .

l i i t f e’t’ 1 h g  t’i’om ~ \‘ c-c s app i ’eiachi ( S-c l 
~ 

liv h i t  i’oduc l u g  t l t ’hio t t d I ng , h e stud l Och

tile’ phase Vt ’ loc i  t v  be’hav j o t - c  i t t  t h e ’ 1 int l t ot :e’ i’o wo v e’ num be’i-c . tie t ouuiti t h at

it t he I i til i t t ii~~t’t’ ;lt ’ t’ I hi’ e’~ v ; t l t i o s cit -c phase veloc i t ~
-c inste’ad of two wlt je’h

wore ’ fo u n t 1  l iv Sv t-c w i t h o u t  ;ucctiunt ilig t he- e’f-c I-c ect of
-c d e b o n d i i u g .  lie coiti- c i m e d

t he se  thtre -c e’ v~i bu t -c s liv c ’XpO t ’ I n t o  i t t  s ott a I a t i t i n i t e - cel cotuipo s Itt -c e’ouSi s t ing  ot’

st ae’ks u t ’ St  ~t i u I  e’S5 -c -c I c-ct-c l and P° I Vulte’ 1 lu I — i d i o t  h o c  1 l i l t  ~
-c 

~~ 
lilt ~~~~~ . ‘1o t)bt;t i t t

goexi agu ’eont e ’nt be’t wee -it the’ eut-cv Otiel c’xhler innent for  t I l e ’  t h i  id  Ve loe’ i t  y • i t  was

foituid flc’c-c t’SS -c it - c V t o  em ploy hihgh— ~’ie ssiii -ce’ pol~iite t by L -me t ha c i- cv la t e’ da ta.

Dritinuho lit- c t’ an] Noi’wot-cid Ill 
~ 

, and ltt’ituiihe’ l ie- c t’ 811th L1iIlderg~i ul I l l  I - c 2 j

fu u-the-cr St ilt 1 eel th ic’ debotieh i ng of tee’ t t ilt t h e  he-c It:tv t e l l t i t ’ s t  m o s s  waves i n  c-c oin-

pt is i t t - c  ma t e- c t ’  i i i  s t hoore’t Ic -c - c t  L I  V 11S] e’ \t u t - c r  i lii cut t  j ilt V - ‘I’itt’ theoi’t-c- t ic-al l ull - c e-c st i -‘

gat ion was focused out t lie- c 1ut ’oh 1 em ot’ a dc’iiouttle’tl comptis it e • a i t  ua t I tin

c’omnton l v  cibse-ct’yeel i i i  i- c l y e r — p i a t  c-c impac ’t O X 1 u t - c t - c t uutOIl t  s l i i  c c u h i t  t~t st t ci t lie’

ftt 1l~ -c bonded t -ci  se ’, in add i t  i euul;t I St a b l e ’  w a v e ’ ntoe!e’ t h e y  suggest eel , may

prop;tgate itt t h e  compos I t~~~. I - c h ii ’~, I t i t i u t  h e -i - c hii i t t ~~eiai ’ v c -c t ’it,l i t  t o u t i s  r(’qii i red

( I )  i’tlit ti i i i  t it’’ ~ ~l ~~ on, l i i  t ’V 1it iS t 11 I - c i t t ’,l Shi t  It ~i c-c oiid i t  1 (111 . -c l- ch it ’ CS ‘ e d i t  t i i c-c 011

c t ’ h u t  w i - c --c to  t i t t  t’eidiic-c t-c j i ll t i l t  (‘ I - c t - c i t - c l ’  wi l t - l u  I utg -c- c r I t-c t ’uu ’-c— -c— i’o h a t ~~~ t i - e d i  t-c t-c ei -c e’nt-ce

_

~
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_ _ _ _ _- —~~~~~~~~~~~~~~~~~~~ -



- --~~~~~~ ---‘-- ----~~~--‘- — -c— - -c~~~~~~

1 - c)5

hetweeui the cellist I foment st ress inch t he’ i i v e ’ r i ige ’  I ritertice S t  r ’ss . w i t h  t he

d I fbe-c-c rence’ hetwe’-cen the ccui ’t’espond i t lg d i s~i baceuui ett t s . - c l - c ite-c I Iteot’) wits a~u~u ii e’eI

t t i  a c o t t f i g u ru t  i on nu o elol lu g  t i le ’ I l veu - c — p l at t’ expe-c-cr i unel tt . h~xpot’iu utent s i c - c l -c e-c

then coiiduc ted on a cc)unpc)s ~t ~ ~~~~~~~~~~ t t ’Olul i ~~~ ~~~t c -c s oi bD(~ 1 - ‘In i i  Inn nun autd

pci1 s- ni t - c t h~’ I — uu ut- cthac i - v t  a t e .  lu re s511 t’o we-ci’e sut’t’ i e i ent IV III g il t ei can so el~ bouicl i uig

Sonic di tt ’ I e’et it los ;u i ’osc’  i n  comi)itl-c rug t heti i-c v and e- x p o - c u ’ i n t e n t s .  -c l - c ite t it e- c i i - c v

was based cut t it e a Ssuuiipt t ott of tot a 1 elebontl l u g .  I lowevem -c , f li t- c t’X 1u et - c I lu t e- c u t a l

resei l ts t uidic at ~cI 5 i g n i  I’ icallt bUllet st t’engt hi. At’tot titev uutoti i lied t h e ’

the’e)rct i cal t’esou l t S liv on euump In c i i  1 c-c c u t - c t ’ O e-c t 1 t ilt  t 0 c- c i t  I e U  L~t t ed Will C speed

din It o reasonable’  agreeu it el lt  was tibt a t  noel f t c  t heorv pr e’sent e’eh i s uutsa I I s —

1~ic ttit’v i n  scve i-ca l respects it s  they aelull i t I c -cd ,

Ba ldw in and S ierakowsk i B-cl I i n~’ c- c s  t i go t Oci the tin i ax ua l st ilt Ic ititl

d y n a m i c  fracture cha racte-ci’ 1st id - c s of -c a t’tfliI~ ol5 I to uuua te’r’ i ;I 1 e- c ci it S  1st lug  U t  ou l

aluminum nlatu ’ix . A — t 3  c-c - c is t ll t g ;il lois’ , auth  stainless stoe’I f-c i hte i’s t ype’ 30-cl .

L)Vl l an t i c  cOmpt’css iouu Siiee-ciitit’lts l ci~t0h o~l li -c~t’~tl tot to I Ito h ue- c u - c ~h i re-c e-c t i on fat I t -c e!

liv t i l autetit buck Ii u~g , wll l I e b - cud I utg t t ’ O i i S V C i - c S e’ I ci t hut- c f ii iijiieiIt S ~~i’0tleie -c e’el

fiber mat e ’  ix debollehing . ‘File ~0iil~05~ t e’ S\  St  Cifi t e S t  ed t i l t i  not  e x l u i b  d t l t l V

rat e’—s e’u t st t I V i t V  j f l  i t s  lii i tut’e’ cltii’ zicte’l’is tie -c
~~-c

--
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I SONS \Nl) R h ~( -cO~- c tMl :NI ) A i IONS

I i-c
-c i s o i u s  ot  Va t - c  i c u t i - -ci l i t e - c o r  i c s

1 h te -c e t t t c t  i V c ’ht e’5 S itu ic t f l i t ’  app Ii cab I l i t v c it  a t lit- cu r~’ d epend cut t Ile’ k hid

e i t  ~~ i~~t t e f l l  ofle’ u s  t c o k  r lug I -c o t - c -c ft t i l t - c u l l - c r uu ua v tie’ v e u - c V  c- c t -c
t

-c t -c t - c t  I ye I n  f i t l t !iu g

t i lt’ so t  Ut loll  to  soflte ~Spect S cit  W a c o  p r o (ua gat  1 on but  1 s t ota  11  v uns u i t ab l e

Ic-c r t’ i nt l i ut g t l to  so l ut  lo l l  to c)t ite ’ r aS 1) c ’c t  S c)t the w a v e -c p henomena - c l - c ite’ ~tpp l I c -c i t  -

h i  I i  t s  of -c 
a t boors I I I  most t u t s t a i t c t ’ S , t e ’t I c-cc- c t  S t he  ~tssuntp t i culls maci t’ ill I Ito

t h e o r y .  I n  compai ’ t ulg t he’ app l i c ’ah i  I i t y  of v a r i o u s  t h eo r i e s , we-c w i l l  d i s c e t s s

some cit-c t h e - c  b e t t e r  e- c s t i i l i l I s i t e -cd thoc i u ’ ie s  Is  te l  w h a t  1 i i t i i t  at i cu t s  ouc h a s sumpt  i o ns

ore imposed on the thoor-cs-c, ;titd t he me u’ i t s ~luc 1 d r a w h u a c k s  of t he  thooi ’v .  l i t

part icular , we-c w i l l  Look at t h e ’  lou I c -i w i n g  q u e s t i o n s :  I s  t h e ’ t h e o ry  iip h ll it - c a h i l o

to tlonl inear  compos it e s  and n o u t — p e i ’i o d i  c ceitl tj )oS i t t - c’5~~ Con t it e  t boor)- lie ’ e:i-~ ly

used for sol v i  tug the -c t o’a t ts i c - c - i t t  prob lems ?  h o w  good i c t ho appu - tix I nuat  io n and

how d i  f f i c ul t  is i t  to l i l t -c lu dt - c  t h e  It I g lu t- c r o t ’de-c r t e’rm s t o  ge- c t  a liet Ic- c r ilhilirOX I -

mat i o n ?

v . 1 1 l~f fec  t I ye’ Illodu 1 us th ieor  los

i n the  c f f v c- c t I vt -c m oeluilut s the e-cu t-c l i-cs , a c-c Ohfl l )oS i t t ’  i s  r e p t a c-cee l by ~t ll  Of l i  SO

t rop i c  1 ine ;t r sot  it! wltt ise- st i t  I t -c r ’e s p t ) t l S e - c S a t - c t -c e q t i i  v o l  t ’flt to thle m~u cr osco p I c

responses c u t ’ the conupos i t - . Ilie i’c Lot i ouis hiotwi’c’ti titc mac i’oscop i C St  u-coSseS

inch St r-c :t ir i s  are eleri veet so Ic’ I) out the base-s e)t stat ic -c loathing . hu thu t h e ’

oft -c e-cc t k-c t’ ntoe!U lets t i l e - cel l- c l e~5 , t hit -c w a v e -c spt ’i-c ths i n  ~t coutipos i t  0 a t -co I n elept’lid etlt

of the’ t requenc los . I l t t i t t t i  h - c t’ , t he’ d i  sp*-c-c h - c S i on  p hiei t oui ieu ; i  oli so rye’d i n  t h e

expert me-cuts a u - c e-c not lir e-cdt I ct e’tl li v tltc ’ e ft~’ct iv e-c moctu h i - c-c t ileou’ i O S .  ( ou i s c - c q e i e u i t  1 - cu

the- c theo ric’s are tot - ct l i v  I iuacleqita te ft-cu’ iil’e’dl e’t i l lg  t h l e ’ clyt lari t i C i- c o- c-c pou i - c~- ce ’c t i t

collip uis i t e

i t ) ) -  f l i t - c -c -i t  at  i C i- c t - c s l i o u t se’ c u t ’ a e- c O i l l h i O S  i t t  , t hte ’ t’ h I e ’ t t  I C d -c i lit ’ e i t i  h i s  I Iteo t -c i os

art ’ q u i t e ’ ;ld cqti ;i t ~ , 
i - ch~-c t h i e o  i’ I ‘S c au t  t ie auttt h a  c-c e-c hioc’ti , 1 1 1 ) 1 1 1 1  t- c~ t ii f lcif l  I j t i t I h

-—  ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ —~~~~~~~ 
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c o mp o s i t e  i tu a t  c i  i a l  s such as e l a s t  i c — p l a s t i c  composi t e ’s h l te re ~ S 110 1-0 - 15011

why the’ t hoo t- i i’s caitno t he &‘xt ended to noit — ia- c r I od id -c cornpos it c-cs • ~t it h ou ght  t it t - c

au t i i  l vses  would be-come compl ica t e -c d . In nt ost e f fec t  i ye itt odu h i s  th e- c u r l  c_ s . the -

ra t io  of tile u n i c r o — d i m t - c n s i o n  to  the  macro—e h i unension is not crit k - c a l .  ‘1-che’

theories a re exact  e’ega rd le’ss  of t ito r a t i o .

V. 1 . 2  F f f e c t i v c - c  st iffitess thte’o t’ ic ’s

There are two c t-etc lot s tep s i n t it e -c effect itc ’ st  i t’fu t oss tht ~ oi-c I i - c s .  We’

w i l t  ets e  the  h i  l ami  not es ~t s  an ox a tu tpl e-c . F i r - - c t I v  , t h e  di s1i l act-cnie idts within

e-c a chl I ayet ’ is expr es st ’t l i n  ~t l a y  I or sot - c i t-S ( u - c 1  c i t  he’ i -c lit ) I V ) t t i f l t  l i i i  s) about the

nu i dp l ztno of t he I~iver  flit -c ce-ie’- c t t i c  l en t  s c u t ’ t hio Se - c l  I t - c s  a re ’ t he rc t ’oi’ e de ’fi ne’d

on l - -c at  tlte dis~ r’ete p0 huts , the rni elpi ;ines - l I t ’ t’ont m u  I t v  ot d i  s p l a e ’ e-c une ’nt

zt t  the 1~tv e ’ r l i l t e’r f ~ice v b ids ~~~ n t t t -c d i  i- c f e-cqtu~tt lou t . W i t h  the ~t - c-csu nt e-ctl

d i s p  lacenuent f i  e ’lt i , one’ d)ht a t ns t h e  st r~i Il ls , st 1-c - c i t  11 ene r gy and k i n e t i c  energ y

in c’ach 1 ave- c l’ . - c l - chit- c soe’o nd I itipt)l’t amtt St i-cl-i s thc’ suttoot Iii  ng op e-cr at  ion i n  wi t  i c -c it

the  t’unct  ions pt’ ev ions l v  etc f t  nod on lv  on el i  SC t’e’t e ~Ol u t s  are ext t’nd ecl te)

d e f i j u e c i  for a l l  p o i n t S  - f h u  i s  i s  :ie ’e’or ltp l I shied by t ak irug a we-cighted it v t ’ritg e ’ o t

the St ra in energ y in  the 1~iv c’u-cs . Assuriting t ite snta I l u tos s  ot t u e  1 a ye - c r t h i c k n e - c - c s s ,

the continuity concl i t ion 1 s t ’owr i t  t et i in  a cli ft’erent I ii foi’rui ; i r t d  h ence 8 con —

t inuum t heory is t lOVe i aped .

App i i t a t  t O il  c u t -c lI~lm i 1 toit ‘ s p u - i n c  i p i e  i s  t o  o b t a i n t ile-c best a pprox imate -c

so lu t ion  for the a ssu ru t ed ch ispl ac enu en t  I I  c’ I d - c  rh i s  r esu l t s  i i i  a s y - c t  c lll cu t -c

d i f f e r en t i a 1 eq u~tt ions h
-c

c- i t - c the di sp b ; tce ’r u ie ’ r tt  i i i  t hue e-comp os i t  e’~.

l’he accu i ’acy of the tlie’cit’v elepellei s on tile ’ S e - c l - b e - c s expansion of the d is-

pl a cem ent i n  t h e  18) - c e- c l - c wh i ch i n  t u u ’lt t le- cp e-cn dS on t h e  t h l l d - c k l l t - c SS  cit -c the l a v t ’ u - c -c

l i i  ghi e ’t’ Ol’ el C t-c appro x i m ~t t ion c-c on I- ic ’ oibt . i i i i e -c-d hut  one has to d c i  t he ent  i t - c- c

cit -c r iv a t l e i l l  front the c-c e- c u - c v  beg i n n i n g .  A p h u i  i c i t l oll to t n i i t i s i t ’ i t t  1 u t - c~~h l ~~nts i s  a

-c -c - -c— --

— — ~~-—-~~~-c~tm~~~
-
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uita t l e’r c t  s t u l v i ng the- c Ss ’s t e i it  c u t
-c 

e i 1  f f - -ct’i-ct ’nt tal oqu ; t t  h u r t - c-c and there’ au-c-c 12 ut

theit i  f’or t he  lowest  ei r ’d er -c of ’ alproximzit b out -c Slu i ce- c t lie-c h as I d -c elen te ’iits in

t lie-c t hto o i-cs ar e  t h e  - i - c-c -c -c t i r n pt  t ent c1 f t h e - c  c i t  sp I iet - c e ’uui e- c i tt h - c i t - I d  , - c - iuu uciot b i n  g c~~1c’ u’a t j ul 11

antI itl )I- i11c - c i l t tout c i t  h i ~t u n i l t o l i ’ s p r i n c  1 1110 . tile’ t h it’ ou - cv ca t i  l i e , i n  i u r i n t c i p I e ,

ex tended  to  nori t t l t t ~~t i  - c ; v s t o i u u .  I Ic uwt - c~ t’t’ _ soivi.ig 12 itort l ~~~~~~
-c
~~~~

-c di t’t’e’rt-cntial

Cd~ t i i1t  i curl S is riot a s 1 1111-i l e n it t I - c  - I’

A 1 i 1 u 1 j i’j t ion o t t h it t h t e -c (i i - c s  t - c i  uioti -pc’ i’ icd i c co~npos l t d - c s 15 ulc ) t ~ 0S si hu It- c -c

h l c uwe ’vc ’r, the  the o i ’  can ho app 1 i t e l  to  l i e ’ r i e - i d i c a l  I s  laye red  colulpos i ( e S  L i t

wit i ch  eiu c’h u n i t  cc l  I c-c o n S i s t s  c i t  m o re’ t h o u t w o cli ss i m i  l o t - c  l~t s t - cu-cs

• I - 3 ‘ 1- ch ioci i - c v c l t  i n t e - cx -cai’t I nc  e-c ont  I 11010

I n the t hit -co ry c i t  j u t  e-c u-~ ct lu g  cott t  i tuua , not e)n I v  t he ti~ spl  aceme nt _ hut

the st rtss 8 Iso a l-ce e-cxpan de d in a ~i~~wer  se-cr i - c -c s i n  Sp i l t -c t v~i u - c I ill -i l OS - c ib cu tu t  t lie’

m l cl p l an c’ c- i f  each ~ I Ove’ l-c - l r i s t e - c~t tI t) t it s i u t g  the’ i i aiu u i 1 tori ’ ~ p r i  i te -c Iplc - c to  obt a ill

apprc)x I ntat e cii  f t -ce- c u - c citt  l i i  I e’cpta t  l oriS f -c ti i-c t h e  c- cOO 111 c i o u l t s  o i-c t I e  power sci-c i ~-s

t ile’ e’nt i r e  pow e-cr St ’ r i e - s f t r  t he d i  SI - i la ce - c u tu et it anti  t h e  st  i- c c’Ss  ill - c e -c suhst ite tt e’ci

I i i  f t - c  t b it - c e’quua t t on ti f nuot i on  and t lie d’t in s  t i t  ott I vi.’ e-cc iua t i o n to  cih t a in di ffe i’e n i  —

t I a  I —rec u rre - c ulce  r e l a t  io n S  t’ci t -c the c cuc ’f t - c i c  io n t s  c- c t’ t h e  pow ’t’ series. l-c h101 -c Cf t ) l- cC

ccie’ t t i  c I cu lts  c- i t
-c t lie h i  gher ore heu’ p~~-c-c-ce~’ i l l - c e -c c’~~

l ) h - c e ’Ss e’cl i n  t e’ i ’ruu s u- i t -c th e-c’ c’ O C t t j  —

d en tS  ot’ tI - cue l ow e st  c-i t-cdt -c t’ power i l l  th i c ’ s t t - c e’-ci s ~i u i el  t h e  t l i s p la c euit c ’i t t  -c l-chit ’

o r i g i n a l t i w - c r - c  ser ’ie s  e xpi lns ) o t l s  a re-c t -cew t - c i t t e n  ili st-c t-c i t-cs oh -c t i rul t’ cli f f o i- c c- c ’- c t -

t i a t  ion of t h e  ccue ’ffic - c i e’nt s of the  lowest  ci t -cdcr c \ l u i t ll S lOlls . A~-i p l  i c a t  I t lit  t O

t he  Colit i itu i Iv in stress ant! eli sp l  ac eum te - cn t  at the I ~t~-c -c t ’u t r t t ’u - c t  ac -c t -c s yields

foetr cli fferent i a  1— d i  f f e- c r e- cnet- c  eqei at  I t i l t s  lo t’ the St re- c s s anti d i  spi ~u o ’emeru t

at  t he  m id p l an e s  of t he  two— layered  compos I te. I-chic f i n i t e  di f fer en ct -c - c

i n  t he  eli ffere-cutt i~i I— d i f t’et -cc’- cn e’e-c t’qliat i o n  t’t- il it  ~t I  It S I ht ’ t I i i  dkt l t ’S5 of t

U n i t c e I l  itt the- c i’o t u ip os i t€ - c . lht -c ~issumpt ion  cii  sm~t l  l u i e - c c s  t - c t ’

~~~~~~~
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the  t h i t  ck n c s s  a t  loWs one-c t o  e’xpauitl t h e ’ di ft-c e’rencc’ c’qua t I on i ri 1-c - civltii - c sc- c t - c l -c s

- c i i i j c - c i te ’ h i l lS ft t i r  p a r t i a l  — d i  t’t’ei’c’nt c a l  eq u at t ents ot’ i n f i u t i te ’ o:’cle’r

As i t  t c it - c uts out • i-c O t  it di t-c t -c
e’ t-c~~I t t  I - ct I ~~~~

-c
~-at  c - c t - c  I S Jc -c dOtll p0 lt i eel b)’ t ho pa rom-

e-c t Ci’ u whi t t I u  i s  t hi e- c rat ici cit -c t i  t h u ic’kit es -c - d l  a uui i t  cc’ 1 1 t o  t hit -c t v p i  ca l

uuu ~it ’ i’ i-c i - d I rile - c it  S I t i ll . Mci l’eoVt’t-c , (lie’ eli Ito re u l t  t a l  opc -cr at c - i r s  are  at  I e t  eve’u t

ci r d e’ i - c-c - ihi -c 
-‘ c t - c o t i t-c c t t - c  I’ ii 1 Ii t -c t - ix  t mat  i o i t  v i e ’ l els t he’ c- c t -c

t -c t -c c- c t  i ye’ t it o idu ins  t it e - coI’s - c -

‘I-cIt e t i u s t  eil’de - c t - c  t hit’ou-c (wllidtl is t I  u - s t  ti I - c ch ( - c i - c  l i i  c ’ and t -c Ot l  Id h a v e - c  he-con c-c - cl l iC d

se’coitd turtl e- cu’ ) i i  t ’id ’-c a i’osu I t  se-inu ewha t lie -c t I c - ce’ ~~~~ the ’ e- c t-c t-c ect i\ ’ e -c st I t t l i e ’ s s

t h ot -c S’ . i h ~t --c -c -c i t t - i t  s t i i ’p i - c  i s  i itg S i i t d c ’ t h e  t i 1-st cii -cele ’t - c (o ~) t Ile c)t ’ t - c l k t’S I ui t ci

aeeentnt thic ct i l l t  I t t t t i  t Y i l l  d i Sil l zie-c e’iluent an ti st  ros s at the’ I a ve -i- c  inte ’ 11 11Cc

wh e r e a s  I he’ t t  rst t u rde ’ t - c t boo 1- cy i n  t he’ t ’t ’ t ’e-c~~t ly e ’  st I f f m t e ’ss t hoot ’y takes i i t t  cu

• l t e’de it l t i t  t h i e  cont  i nn  I t s  in cii Sfl l acc’nte-c r tt c u t  , i’i’e’sttuit~thu Iv , ti n t ’ c-c t l t l  i d  ele’V&’ I op :i

St ’d Ol te l orelc’i-c t’ t t ’e- c c t  u \- c e’ st I t t n o s s  tli t c li - c V til t I c -c it u~ i I i  I-ic-c t’elu b ~~- c i  I t ’tlt to  t h t ’ f i r s t

cii’der t i te o t - cy of ’ t u t e ’ i-cai.- c t  l u g  dout t  i nua -

I’ltt’ t h e-c ot -c s-c t u t
-c I mit c-c t-c at- c t u i tg dont I nua has tttitny 0usd -c tii i f -c

t’at t i res  . I’ i l - st  I )  -

the imp i-cov eni en t cit  tito ~ic- c d t t t~~t d )  t i e  i nte’ i0idhIlu i~ t h e ’ ii i g h e ’i’ oi’olor t e - c i-cms i s  c’as it ’-cr

t i - i  aecoun p i i  sit . For the h~ 111111 1 l i l t  t OS . in  p~ 
u t  i c u t  a t  , we hay c-c att t’ ‘-cp t i c  i

c lo se- c d— t’ol - cut u expl’ess ~i . u t  t-c oi -c a r ty  ci t - c d t i ’  eu at -c t- u i - c - c ut - c s  we  w i sii t o  cuht a l i t  by us i it g

( 32 )  d e u - c i v e -c~I on Ii . 13,  Sceeintcl l i - c , t h i s  t h i t -c o l t - c ) ’  c- c O I l  ho ttse’el e t  t h ei ’  I ~

st cody s t a t e  v I b ra t  i t-il l t u t -c t i l e’ c-c olutpos i t t - c  ot (c i i-  ~ t r ims t e’nt t -cesp oit s t -c c u t
-c 

t i l e-c

coilIpos Ito - r lii i-cd 1) - c - at le- c a s t  h -c ot’ t h e’ hi  I anti I t i t  t ’5 , t he’ c’x tc - c t t -c I -cet~u onc-c y eqtu a —

t i o t i  u s  readi i v  re-c e c- ive - c r e-c e! f-c u-corn t t t c - c  t i teorv

n i ’  n.i’ I 5 nit ) l- coa soit wh ) - c t h e ’ t ht ’ot’v t O t t i i c u t  be ’ e- c X t OtIt iot h t O  11011 11 ne -car

c o m p o S i t e s - c  Iiow c’ve ’r • I t  won te l c c r t  a b I l l y lue c -c ciu iu o otn w i d  cli t t  au ord er of h i gher

t h au t  t h e  f i  i’st title -c i s  ~t t  i ern p tc’ei . -\s i n  t u e - c  e l -c t -c t-c e- c t  l y e  st f t -c nt ’ss t h i ’ t- i i - cv

h u h 1  i c a t  l ent to i l o n — p e r i e - i d i d  d o - i m p i - i s i t e s  i s  lie-i t p o s s e b l e .
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V , l . 4  M i x t u r e  t h e o r i e s

in t he  m i x t u r e ’  t h e o r i e s ,  t h e  co n st I t u e r u t s  a r e :tssui mno c l t tu  t-c c- iex i st and

are I l l  loweel to have ’  an I tudt - cp t’ndent  mot ion , event t houg ll pert’oct bonding lue tW e- c e’nt

the const I t uent s is un’tdei’stoc tl . rhe’ i t s  - omipt iou - i on the r e-d a t  i v e  rnc-i t ioti  c f

the - c c u ) r ) s t  i tuents  i s  the crux c-if t h e  t i t e -c oi’i es and i s  al  so the m a i n  r o a d b l o c k

for improving th e - c : t ccu r : t cv  c- i t
-c 

t he -c t h e o r i e s .  Al  though t  sat  i - c-c -c t~ i c t o u - c y  r e s u l t s

arc obtained for h a r m o n i c  W a V e s  i t t  a s i m p l e  h i  l a m ina te  t h e 1-ir ohu l em c-if :i - c c -- c cu min g

a s u i t a b l e  i n t e r ac t  ion  b etween the l a m i n a t e s  st i l l  r ema ins .

M i x t u r e  t ii e’or ie -c s ~au i be i i l u j ) i  led t o  both h a r m o n i c  w av e - c s and t u-c ar ts  i ont

w a v e s .  E x t e n s i o n  to n o n l i n e a r  compos i t e s  i ~ poss i l- i l e but at~zt i n  t h e -c t i l t  I c o i t u s

t i e - cs in t l o f in i n g  the  h i t  c- c u - a c t  I du n ho tw e e- c ui t ) t e  const  i t o t i - c n t  s

V 1 .5 Ot h er  t h e o r i e s

1-cht re azo other  less  w i d e l y  use-c d th ie - c c u t - c i e s  w i t j t -ch w e - w i l l  rIot c-compare it i

c!et a t  I he-ri-c , h iu - cw c ve ’r  , zt ft -i words about t lie F loe luet t iicoi’v tile ! the  v - cu n i  a —

t i ona I t e- c chn i clue -cs Or e ’  I i i  or elei -c -

F lotiuet theor y app i t  t- c s t o  a -cc -c- c t  c -Ill c - i t
-c 11 n e -c a u d i  t t ’e’re ui t ia  I equat Ic - il l  w i t  It

-coefficient s which ~t rt’ p t ’ i ’i elci u c twi t - c t I cut S - Thc-cr efore , it con tue -c reach i l y

app Ii t’eI t o  d Ofli~~05 i t c s  W h l e l S e ’  c e l li s t  t t t t e ’n t  ~ i u o  It i’t’auigc’oh lit’ u-c i eid e a l I v  - flit’ most

OflC cau t  get t-c u-c u-inu app l v  i l l t  t hit ’ I- l ocjtie t t he’ctrv t el  8 e’ompoS i t O  I s  the  I -c on - cur t o t’ a

s teady wave traIn ~uropitgat i ng in the ’ ce-impos it  C-c lund the re-c lot ion between (l ie

fr c t ~ut ’nc s-c anud t itt -c wO ve ’ ni umbe u c i t  t lie w~t V t -c t ra in  . Feu r a t i~t u is l en t  ti-ca ~‘ c-c , om i t ’

has t e  sup er i lnp eu -c e’ w o e - c e’ t r ob  it s of a I I  f r e- c qt te-cnc -c lo s  t o  ac hi  c’ve the Spc’e’ i t -c le- c el

in itial and boundary ceu n e t i t i o n s .  rt iere fore I l o q e r e t  the - u - i r s’ i s  meu s t convenient

I -c - c r  ;ulving st c ’aclv state me-it io n i n  1 I lle ’- c h t u’ , pc’- c r i o e h i t -c c e - i mp t - i s i t e ’ s .  It  is lie-it

su i t a b l e ’  f t - i l-  t r a t i s i en i  W OVe ’ Ifleu t t o u t s  e \ t e p t  whe n oui l s’ ~t mu a s v mp t o t  Ic  s o t t i t  l oll

for large time i s  d e s i r e -c d .

- — - -~~~ 

-c-c—--- _A._ __ -c~~-c-c~~_~~__-c ~~
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In  c- c :i u - c i  a t  l o nu l  techn i c ~cto s , the  guive ’ r l t i n g  di ffe  u-c t’nt t a l  Ct 1Ult t lou ts 1cm -c

wave ’ mot t oil s in  a cei ill hu eusi t e’ are t i - r i  t t e n t  in  a foz’m c ) f  i n i t e ’gu’als  such t i i l t t

by s c - c t t i n t g  the t u  rst i i i  r i  .t t Ion  of t he  it i t e gr ~t l s  to  zero , one n-c c’dt ver - c s  t h e ’

ge-ivcrll lug t -cehua t toils . I ’he- c te -ci n’ltt ti t t h O  t n t  e’gri i  I s  i s riot  uni que • hin d h one -c t-c

sonic var  i It t  t l l t i t  I r n c t  htcid~ ~i u e  n - c ’ r~~ -c f t t ’ c- c t  u y e’ t ha lt oth en - cs  . t i n t  ike- c  th ie  Ft ot luc’-c t

t h e’on-cv , ‘ t u - c i~ ut  i c i n i a l  method- cc - i l - c t’ ic ’! limited t t  1 u r te: i 1 -c S \Stemn :- c • Ii l t l lOClg bl l i t

l i t  er a t u n - ce’s t hey in - c e-c app l i e d  l i t - c - c- t I t o  i i  rid _ it u- c dompe-is t tes . Lve r t-c or i i  neat ’

composites , Va t - c t i t 1 01111 1 te ’dhi i  i q it t ’ s  - re usc’d for s o l v i n g  st ezt e l v—s t  a te  v i b i a —

t i c - i n s  on i s’ . Appl  i c at  u tun s t c u  I r a n - c c i e l i t  p r o lu l c-crns h ire  p o s s i h u l o  t h e o r e t i c a l  1) - c

hu t  i m p r a c ti c a l .  St-m e c-i t’ the ’ d t  I f u c u l t  i t - s in  Itp~u l y i n g  t h e  v a r i a t i o n a l

pi’ inc i p i  es ai’e the’ -ci ssut lipt  i t ilt ~if  the  t e s t  fune t  Ic - ins  anid how one ch ooSe’s t he’

next  ‘apt’ cu ve ’tl t ost  t t t i t c t  t o i l s .  ‘i-c lier e’t ore’ , t h e  c lt oice c-if  test  funct  l ouis

n-cequi res sub iee ’t ire’ ) t~ l-co~t-cnie’utt S c’ \ce’pt in  s 1mph -c’ cases where the iudgement  -cc

arc-c t r i v i a l .

I .t - i  c -c
~ r~

-c I ud i i i  g i-c e-c’ua -ci u-ck S

~l t  ho uigh v - c l  u u  c u t - c c  t hioou’ies il l-ce-c -cu -a lab  i t’ for  t n - c ebI t i n g  I ine4ir , F’t-c u’ i c-id i c -c

e-comIios I t c - c - c-c , ( l ies ’  c t n  bt’ i-c- c qui  val e’nt to one ano t h e r  o t’ a propet ’ assum~-ct j em i s

made’ i n  each t he- c c -i t - c v  . An e-c x ant p l c wa s g i ve ’n b hiege’uti i or (hi  I I J  i i i  wIt I cli he

showed t ile’ eqtt lvii i t-c n ie-cO c i t
-c the-c ntod t t-c ietl f-c r n’st turtle-ct ’ t he’oi’v of i n t t’i’zt ct  i ng

dofl t t r i l l - c t  t c i  t ito h i  n o r - c s  nit  xt t ire’ the o t - c s’ t’ot ’ wave - c s p c-cop aga t in i g  ute -i n- cuu t a 1 to the ’

tayci-cing of a e’ornpos i t t -c . By ceumb i ui i i - c g t h e  equa t it- iris for the momentum and

the const i t n t  I ye re I Itt ion  t’or a 1 av e - c i t ’t l COflt~)O5 i t e  , hit ’ o b t a in e d  ti - ic const i tu—

t i v e  equlu t ionS in  b i i t ~t u - c v m i x t ure f -co rn in  wi-i l cli the- c  “ in terac t ion ” term for

the  m i x t u r e  th eory  was eleelue-c ed.

One caut :tlst -i e-c c’mpiu i-c t’ \- c i t t’ itutts the- ce-in c-c s his- c looking ~t t  the  frequency

00 1 11111 I O h S  of t -cO e’Ii t lie’turv . I t  S h t t l t t  id  il e ’ not ’d , h iciw e ’ve r , t h a t  i f  :t t h e ot -c i

~~~~~~~~~~~~~~~ - -—~~~~~~~
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is a t i  u s t  ~ir~ler t h e o r y , one- c c ar t  on l i  l t o k  a t  termu rs t~h I c’h ,i I -c e -c t - i t  f i  t - c s t

order. I t  c!oe’s not make sou se  (~~i t u t d l u e l e the  h i m  ghe ’r t r dcu ’ t e rms  fe-i t-c c ouuu —

par~~ on w hen the  t h tee u r i e s  ot c of ’ f i r s t  ciu’elcr ,  h i t-i t-c ins t anC e’ . for  h a r m o n i c

ti~ t o-cc S p rop agat tnt  g no t - cnuu: i I t ti (lit ’ l~l Vel i lI t~ of -c 
t c ciunipt i - c i t e  , the f i r s t  cii -

f r e-cquen lcv c’elUOt It ’ll l’,iS0t l tIn the  t he-ce-i rv c- c - c t  t nt  eu -c a ct i t ig  coflt i l lUht  cat -i he

ob ta ined  t-c u’om i ’ t~~-c (.~( ‘ )  Ott p . 12 as

- a c ’ k ’ l  - ( i - h i  H k ’ c ’) c  = 02 l i p

w h i e i t ’ , K e!e ’uttit e ntoit —ci i trtenus u ou t a l  phase -c le’  i c-ic i t  y h i li d wa~ 0 nt uu utb e x-c

r e - c s l u c c t u v c- c l v , ant! t . a - c, ,  ii , ~u rc- c  ~Ic’f i n c ’e1 I i i  FqS .  ~2 5~ Itt -id (-c
’
) . Felcia t ion

(-c S9) p r o v i d e s  e’~ 1 as a funtct iOn c- i 1 ~ . I t ’ wc’ ~i ssutne- c thltt

= I - ~~~~ + ~ tu t f l

I t  cart be -c shot -co t t h a t  , by subs t i t o u t  i l ig I d  -c ((-c-c0) l I l t  ci ~S9) ~ntl c-c t !t th t t  i ng  the - -c

c c i e ff i c i t - c r l t s  c-it’ Sitnie P - c di-c e t’s il l  ck ,

.
~ 

it , — lu -c
— — ( ( u l )

~~ 
- ~ ~~ Y) 

(N
W ’  

-

whei’o LuSt ’ ti lts been mache t f I t~ . i-c
2”-ct . t o  ce- im p art - c F c i  . ( t u i )  ) w i t h  t i e -c f

t’e h U I i t  tort bhtsCtl OIl c t l O c - c t  t Ye s I t  t
-c

t
-c
n e ’sS t i l e -c t - i t - c ) ’  ( S I  S , we -c rcw t’tte-c i d - c  ( ‘52 ) c i t

( S I  $~ in  the  fe-i l l ow t mig f-c e-i l-cu lt to ‘as t u g  t h e’ i l O l l — e h l l t t e ’hiS t omb 1 n O t - c i t  t u r n s e’llt II I O \ ctI

ilere

~ 
~

l-c
~-c 

~ (l1~ ~~~ c~ k~ ~ 3 + 
~ 

K + :-
~

-c
~ ~~ 

~ ( 2 ) - c-c 
~~ K : ~~d~-i 

( ( - i )

{- c;(~~~1r ‘i -c) 
+ + 1-c l -c l 0

In Eq. (b2) the matrix l~tve ’t-c Oflel the  u’ e- c i n t -co i - c c i n g  l O v e ’t -c ~irc ei oflOtt’d by

s upe’l’sc r ip t  s ( 1 )  1111(1 (2 )  • 
t - c t- c spoc t  i\ - c t- c l  y , Ithiti ~ i s  e t e t i n e d  b y l:e~ (23)

A go in , a s sumin g  t l i - c i t  t -c ’ I s g i von by I q . ((it ) ) , 0110 cu l t  a t  us

— —a--—’ ~~~~~~- —-- .
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+ K + 

~~~~ 

(1)~ (2) 1

Since this is not the same as Eq. (61), the first order theory of interact-

ing continua and that of effective stiffness are not equivalent . h owever ,

one could make the two theories equivalent if , in the effective stiffness

theory , a different assuiitption than that  of [S18] is made on the smoothing

operation in which the wei ghted average of strain energy and kinetic energy

were calculated -c One could also make a different assumption on the dis-

placement field in the layers.

A remark on higher order approximation should also be in order. For the

theory of interacting continua , -c the frequency equation for higher order appro-

ximatior u is obtained by adding terms of (ek)4, (ck)6, - c . in Eq .(60) without

chang ing t h e coefficient of the f i r s t  order term g iven by Eq. (6 1).  For

the effective stiffness theory , a second order approximation studied in [D12J

appeared to have changed the coefficient A given by Eq-c (63) to that given

by Eq . (61) because the frequency curve of the second order appeared to have

the same curvature as that of the exact solution at k = 0.

In summary , it is seen that the differences in the theories are (a) the

assumptions made -c (b) the ease in improving the accuracy, (c) the ease in

solving transient problems and (d) extensions to nonlinear and not-i-periodic

composites. The theory of interacting continua seems to be the best among

all theories when all merits and drawbacks are taken into consideration .

This, of course, does not mean that one should- use the theory of interacting

continua for all problems -c

v . 2  Recommendations

V . 2 . 1  Linea r  c2~~ osi tes

For the response of composites whose governing differential equations

are linear , the var ious theories presented here are adequate for pred icting

- -
— ‘ ‘ 

- - -
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t he ’ 11 u’s t rute u c h e’ I I ’ c’e lU o t l c  e’qui l  I 1 1111 I cur - c  t i t t ’ t i - c u r  -cc i e n t  p t - oh - i l  c ull c 
• I he’ t iie’o i- c i o - c c

ai~e ;tt Scu ; i c !0d ltI ~i t  c-c t e - i t-c p r o d u c t  i ng t ht~’ iie ’~Ich - o f -  t hte ’— p t t l icc ’ p t - c O p higa t  i ou  ~tt  Li t-c gc

t inc and at la t - c g & - c  cli staut ce’ t reint the  p o in t  cit  i uutp~ttt . ‘the ’  t h e-c ot -c i t- c s a t e ’ ill

u~e’mlo i - c a i l ess  seucce - c ss tTu l i i i  p r c c i i c - c t  i n g ,  s ay , the  - c p a t e - c- i-c- c l  Sc -c s t u - c e s - c c  v~u i - c i a t  I t - c i t

a t a ll” f -c txccl  t l uno . I n  p~ut- c t i e -c u l a i - c . t i-cu e -c ct t-c e’Sc nea r  t i-cu e’ i mp a c t  end ~4 ncI a t

pt-c l i nt— c which ti- c t’ at f i u i  I t o  d l  s t a u t c e -c ft-ce-in t h e  i uut p~it-c t c -c l- c it1 it as  nit - i t  lit-c t-c it pr eci i t t  —

c’eI sa t  I st -c j t- c t o i ’ i 1)- c 1w auu v ot ’ t ile’ exist i ng  t hc’oi-cies . I t  i - c  t o l t  t h a t  a t h~~c u t - c v

ba sed on v u  sc-c c- ie ’l a st ic  ~t t a  Iou ~v b e- ctwc’c’ti art e’ l a s t  I c -c cc rlu hloS i t t ’  ~t l t c l  a I I sc-coo t i t - c i t I c -c

st lid ma ’ hu e- c ub 10 te-i ic c- c Omj i I t  si-i t i i i  5 c)Iu -ci e’ct I y e . i l te’ ~ippt - c o a ch t  uui a pi’eti i c t

uiot Ofl l v  t h e ’  si-it- i l-c t — t t ulle’ t-c t’speu ltst ’ t i n t  a 1 so t i l e ’ 1 o t i g — t ~~~~~~ Ite~iel — e-i ~ t lie — lieu I se’

t’c’SpOflSe’

2 . 2 Non l i n e -ca r co mj u o s i t o i - c

A l t houg h-i soiut c-c a t t e m p t s  have ’ he’e’ut tti~tctC t c-i i i na ly  :c t h e  clvu t ztuutic t’c’-ccpt -c r ls e’

of neil-i l ine~tt’ c’ouulpos i t t’— , t hoi ’e sot’uliS t e l  I- ic-c u - it- i t h e t u u - c v  t V ~~ I I~ih I t ’ wl t i ch cat - i

pret !ict  t h e’ t t - c - c u u s i e u i t  i’osponst’ cuf uio nt l i l t e ’~~t-c comp els I t e ’ S  s - c i t  is t
-c
~u c f c - i z - c i i \

U n l i k e - c  for l i n e - c a r  c om p o s t t e -cs , i iii~u i -c t~v e n g  tlie’ ~tcc otr~uc ’-c elt ’ aui c’\ i s t  l ug  th ecu -cV

for non l i f l t ’JI -c c’ont}uos i t es presen ts  al t t t hc’t -c cli t -c t-c I t - c u t t i — u - c t - it— l en - c  I’he’ d i ffjc-ct t lt y

of ~ur t~t 1”: i n g  ti - ic - c  t r a n s i e n t  t - c ospc inso  c u t ’ a t t on i I I  ne a r  c- c o m p o s i t e’ can be’ i i  In-

st rate- cc! i-iy cotis ic !c’i-c i n g  w~t v e -c pro~uag iu t  I t- ill uiot -cuna l t o  t i lt’ l ;i vo - c i n g of ~t

l i i i  ant i n at e’ chiC to i step r io t - cm in I I oaei 011 t h e ’ 5111’ I a  cc c i t  t h e  c otltpos i t  c-c -c I : ci ~
-c

t h i s  s i m p l e  one—e! i m e n s i o u a l  p r o l - i l em , ti-ic ’ w a v e -c s t m - i  t h e  t’ i i - c s t  l~i\ er a f t e r

the It lup i i cat  i t r t  o t  ( i t t -c uio t-cnt~ I I oath w i l l  i-c’ si  n j - i to  w a v e s  c- i t - c  a shock W - c u V c’

dt - cp t i ’nd t ng d t l  t he  st  m - c e S S — S t  r~t i u t  i-c e’ l a t  t c i m t  u - i t  t h t -c Li ve-c- c r .  \ - c c suun r r ig  t h a t  lu’

w i ves a u - c e’ s i m p l e - c  l- c~ t~~e’S , t h e ’ i-c e- c t Io c - c t t~cl C a v e- c - c c t i - c u-ilut the- c iut et’ta ce ’ hoUflehiii’)-c

bet Wt’ c- c u u t ht t h I ’5 t iu t iel t i - ic ’ sc -c t’ cu i l d  1- c t ’  e’ i W i I t  ho an un 1 t -i~t t i  n ng tu ’~t y e  wit i e-ch m~u ’- c

ge-cute u-ca t c-c t shock W It V e  . t h e - c  w - c t V t ’ S t t-c~uri smi t ted t c 1 the soccunel l~iy  ol’ w i l t  i- c e’

_ _  - c - c  
- - - - -  
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S i nuipl e w a v e s .  •-c\s u ) t i e’ can - i  st’e’ , t u e  so t u i t  i o ut  i s  a lreadv complicated enough

a f t e r  the  f i r s t  r e f l e c t i o n  and t r a n s m i s s i o n .  For a compos i t e  w h i c h  c on t a i n s

r m uau i >- l i t vc ’i-c s and hwnc e w i l l  have n u l t  i p h e  r e f l e e- ct j ot -is and t r ansuti i ss ions  • arty

attempt to solve  the  problem exac t  1 >- c or n e a r ly  exac t  l v  i s  not l i k e l y t o

succeed •

What approaches one s h o u l d  use to  s o lv e  non i iu ie ~t r  compos i t e  p r o b l e m s

require  f u r t h e r  i n v e s t i gat ions .  It  seems t h a t  t h e  f i r s t  p i’oblern one s h o u l d

s tudy  i s  the  o n e — d i n t e m i s i o n a l  waves  p i -cop agat in g  r tor r uu a l  to the  1~t \ O i - c i n gS of

a non! inear  c-c l a s t  ic bi  I amintate. Cl e a r l - cs ’ , t h e ’  ~;hock wave - cs w i t h  i n  e~uc lt  I aveu - c

h a v e  to he smoothed out sc-i t h a t  on-i l >- t h e  macroscop ic  response i s  ob ta in ed ,

I f  elastic-plastic materials are used in  t h e  l a v e r i ng s , one has the  addi t i o n a l

difficult >- of trhtcing the unloading and r e l o a d i n g  b o u n d a r i e s .  .-c~s iii t h e  case

of linear composites , a theory based on n o n l i n e a r  v i s c o e l a s t i c  mode l ing  of

n o n l i n e a r  composi tes  may prove to  be t h e  most p r a c t i c a l  approach for s o l v i n g

t rat is ient  wave problems in not -i l inear  compos i t e s -c
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lii i y 11 1 - c - c l , flt-c . SnI—S :7 .

[SlS] St -c m i  vmt s , S. - “A R e f i n e d  A r i c t l  v~ -c I s at -c Cu -curip osi te l- cm t iiu i t i c ut es- ,’ -c i - Se- c -i tt - i t t mi t tl 
‘ 

-

V i 1 n .  , Vo l  - Si) . No. -J - Oct - 10:3 . I - c l ’  - - )1 5 ~~ t ’ 
-

I~~~14 I  St c- c e -c l , l .  It ., ‘‘Al-cl- c l j u c u t  l o u t s  of mt -c I - ch e ’t -c n - c y  i - c t  h t i t - c u -c mte - c t i t t g  Cant i rma , ‘‘ Qn i a r t  -
1 . M e t h .  t~ App l  . M a t h ,  - Vo l  . 20 , l9n -~ - p

~
-c . 57—72.

J S I S )  S ter r t  , N- c  - ihc-cd t’ord - 
-( mu te 1 l a w , C. I I .  - ‘ W ~~t’ u -c [‘ropa~ ;tt  ou t i t t  V i  sc -c u - c e ’i m i s t  l c -c

l - cm imil’lO t e - cs ,’’ ,J . A l- c l- cl - ldle’ e’I t . - V - c - c l .  ~S , Ni - c -c 1, l l ’ ’ i  - pp - c I- c 18 ) S )

Sb Ste- ct-ut - N . mind Red I-c o i I , -‘u - - ‘W ci t ’a  P m - c - c - c p i u~-c u t  l o u t  i i i  i I ~i s- t  i t ’ t mt t m i i i t c i t  c-cs t is  i r i g
mi M u t t  i c - o u t  u u u t i u n i  h o o t - c t - , ’’ A - cc t. i Mt - c i-c h m i i i i  c - c t , N - c - c l .  I - c , N - c - c - 1 / - c , l O T - c l -

~~~~~~ 
11-38 -c

(Si l l Stint , C -c I. - A c- I t o i t i - c a c h .  I . I) . an d t i t - c t - c u - c mmic i t t t t , ( . . “Ii  t ’ t -c u - c t  n y u -c St m it-c ru-c ss
‘l l tu -c t t’v t ’or  I - c m i m i  n m i t e d  lledi mi ,’ Nt-ct - c t hw -c- c s t t’rn Pit t v - St u- ct u t’t - Mt- c c- c h, L9b _

Tech .  R epor t  - Nt-c - b 7 - - l , 0n ’ -

f S I X ,  Sum , C - I’ . , At ’ I t e n h m t e - c h 
- , 1 - I i , i i ~d i l e r u m m u m u t i  - ; . 

,, ( -c ( ruuuni  ‘ l’h - c o i - c v  fot  a
l a m  i i t c h  - c l  Mt -c c! i l imit , ,’ - c i  - App I - Met -h - 

(-c I - — Na 3 - I OoS — pp - c -l~ 
“ -c c-c -

)~~l~~) Siuu i • C - I ’ . - Ac -c h e t t l i c i c - h  — 1 - I ) . m m d  i l o t - c rtn m u i i t i  . - , ‘‘I true l l m i r uiuo n i c -c W - c i t - t -c ’-c m u
St t ; i t  t t ’ l eu I  Mt -c - c l iti tni l’ i- c < - c p m t i a l  i t I i  i i i  I Itt ’ l i t  i’ai t m i - c U  of t he l- mi ’a, i n f l ,

- - A p t - c l .  Met - c i t . — Vo l .  35 , No . 2 , l Im os , pp . iri S - - i l l - c
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—
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[SI t ) ) Suit , C -c ‘ I .  , Ac-c I t e ’m t h c u t - c I i , .1 . 1) . ct u te t  l l e r r n i c i u u n t , Id .  - ‘ ‘ i ) i s t ) e r s i o n u  of ~
lb ri u t otu i t -c W m u t ’ t - c s -  i t t  a LOi tt i l imi t  c-cl i a t  -c ‘u 1 A Ai  35Mb l i t  i St t-uc- - - St rite’ -
t u t u .  - miuuel  M m u t c - c i - c i m i i - c t  Ct - cu t -c . — 

i - c mu l nmr Spi ’ i i i ~ ’S - t i l  i t -c . ,  -‘u l A . A  t - c m t i -’c-r No .  ( - c8—
SI - c S - I lh-cS -

[S21 Stunt . C - i. , ‘ ‘Sun - ct -c
- c r c - u-c I c - c u t - u -s i n  i - c c u ~~~- c m~~~l Mcci i - c i  _ ‘‘ Ri u l i c - c t  i t t  - c u t

-c St - i  s i tu ol o gi  c-c it I
Sat -c . at ’ ‘ur n . , \ ‘~~l .  (-0 , N a .  2 .  A p t - c i t  L 9 ” 0 , p~

m . S-cl S - c - c u - c o.

1522] Smut , t T - c 1 ~~~~~~~~~~~~~~ “m z - c t uz r e’ ‘ I ’ luc ’t - c t - c~’ I -c t -c t- c m ComI -cc-cm s L t e  Ru ’~u mmi , ’’ i .  App I -

- ( t ~~~~. 58 , N~~. -1, l1~~I , pp . I)~t~’-c 9Im -c~t -c

Stint , C. ‘ I .  ~~~~~~~~~~~~~~~ u t ’ l ctm u n m itc u t u l  [‘~~m i t  05 , ’’ t . A 1- c pI  - Mcc -c h ,  , ( a l  35 ,
No .  I , 1 0 ( ,

)S2-1  Sunt , C ~ d u e l  ( -c I r o t i ~ N . t -c 
‘ ‘Ot t  t h u -c d ovt - c t ’r t i itg E t i r i c i t  ic - c u -is t

-c
ot ’ ci l - cmti t i l t t m i t ec l

I’ Ici t c , ’’ .1 - So t i t t u t  m u muel (‘I hi - c  - - N o b  . I I  - N o .  3 , -( [ ‘r u 1 I 0 ’  I - pp - 30 - S It - c -

) S .~~ j Sui t , i ,  ‘ 1 . ,  C I  l tnto i ’c ’ , I t .  F _  c i t i c i  kt l’i , S . L . ,  ‘ ‘ I - c a r g O  Det ’ le ’c- t i oti M i c i - c o —
s- i t’ t uc ’ t n t - c o lii n t ’  ( -c

u - c n’ . u Cour ipos i t  c-c R emuim i - ‘‘ -\ 1 -\ -\ - c L - c i t  vui c t  I - ‘ u c t  - 10 , Na - 10 ,
Oct  - 1 0 ’ 2 . p p - c  1 S t - c t  I S V - c

) S - c  Situ , iT . ‘ I .  • ‘Out t i t e ’  F - c~timu t ion s- I -c o t - c  C t  i Bc’mumns - u i td or  l t u i t  i m i l St u- c e- c s - s , ‘‘

( u - i t - -c i - Sal n t I s  ~u -~-ci St -cuc - . - N - c - c t . S • No . 5 , lIP .! - PP- 385—31 )1).

[ S I” )  Situ , C. ‘ I .  dine1 Wlu i t  r ue - c r • J - N , ‘ ‘ I I t e - c - c i ’  h -cs for  t i ic’  t ) v t tm tn t i c- Resp ouiSc ’ c- ct’

t-c ciitt j t t d t t t ’e l [ ‘L i l t’s. ’’ A t , \ \ . J ou r u i , t l , ( ‘ a t .  I I , N a - c  2 , Feb . 1 9 ’ S , 
~‘it . 1 7 5 — 1 5 3 .

jS2S) Snu , C.  ‘ 1 .  - i - - c - h g ,  W . l i - c a r t e l  K o Iu -c ~~~ . I - • ‘ - c Na t i i i t i c ’cu -i B e h a v i o r - c  i~ t P i t - c c - u - c—
Re i i i  I arc -ee l ( Onm p e-c s i t o - c t . ‘‘ [‘ii i’due-c (tut u o rs it v - Report  Ne- c , 73 -c 1 -

1c - c s t  l c i  t
-c cu ~

- t - c t  t o  - I ntel i cu r i a . _ i i t t t c  I I )

15:0] Sun , i -c ‘F. , ‘l ’ t~~p i t • i t  m a r t u- c t -c Sit oc -k l ( m i t - c t-c s i n  A i i i  s - c - c t  r -c opi u’ Cotrup osi t - c  P i n t  e-c s , - c ’
Cu ’uimt po s t t o  M m i t o u ’  i ci i s  , N a t  - 7 - 1 0’3 - p~-c~ -c -c-00 382 •

)S30 ]  Su it , C .  I .  cUte ( I S I t j t r i e ’ v , J. N ., ‘-cA
~i I s - vmlmum m e- c t n - Ic ’ \ - c i b t _ c l t  i ons - c t~ i-catn i n ’umt t e’el

C o n m u t - c O s i t e - c  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S he l l s , ’’ 1 , - c ’ u - ca c u s l  - So c - c  -( m n . - 
(-c o t  F -I- , N o. u - c ,

. i t u n t c -  I h ) ’ - c l , P [’. 123$ - I l - t o .

] S3l  ] Sun , ( T . I .  , F e - cn g,  t~ . I I .  mi t - i t t  K ohi , S - I ’ - c  , ‘‘A -c I -c lte ’or - c-c-c I -c o t - c  P h) - c s ic - al l v  Nott —
I lt t c - c m u r P i c u - c t t i t -c I ’ u b t - c m ’  Re i u t t ’oi’ c -out I - c m u l - c o s  i t e s -  , ‘‘ t n t  .1 - Pug - Se - c t  -

N a I - I 2 • N o .  I I  - Nov - I ~
- c - c j  

- [‘p - 010 035 -

( S -c s : )  Sian , ( 1’ . min d Stun , P . tc .  - ‘ ‘ l - cm i l u t i u t c l t e -c et C o m m u p a s i t e  Shc’I I undet ’ As - c t a t  i t ’
Svmtne t u - i t ’ 1- c o m i d t r m g s - ‘‘ .1 - Sound ant i  N i  h i ’ . _ (at - SI-c - N o - 3, Aug - ( 0  ‘-1
PP 591-c - 115 .

S33 -c’uri - C-c i . Olle l i c u  I - It - N - c  S. , ‘ ‘b ~\ ;R’ t mi t te l  Ap pro x  i t u u c t t c - c  A n u m i  I vs  u s -  of
b ’ r a m t s  i out  W tvt - c I’ rop m tg c i t  i c - c i t  i n  m ii i  Ai m i s - a t  t - c o t i c -  P Lii  i’ , ’’ Al /tA lc’tiirnal -

Vo l .  I I .  No.  10. 11 ) 7- 1 , 
~~~~~ 

i - I l I-c I - c t  1”

]S -c s - c I I  Su it — C. I’ . m u tt! Sht a I c -v - N.  ( - c  • ‘‘ i C i t ’ t -c Pt- c u [’cii l dit t o t )  i n  Hot u -ct ’o g t - c u i t - c ot t~--c
. - \ iu i sot n ’ o p u c  l ’ l - c t t c ’s i i i v a l t ’ m t iC t - c c l fl~e-c t ) o t ’ l t ’c -t  i on , ” t n t  - -c i . S o l i d s  and
St n - cu e . , V o l  II _ N - c - c  - I - 19 ‘ I- c , P 1- c . 10 l i - c t ,
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[535 I Sun , C - 1’, and Chat  t opa d i ty a> -c - S - , ‘‘I )yn am i c- Response’ a I -c An I sot rap i c-
Lau nina t ec t  P l o t  c-s under b u i l t  u c i i  St r’c - ss to Impact  of mu Mass , ’’ J .  A p~~l -

Ne c-it . - ~~~ 1. 42 , No - c  3 , ilL’ S , pp.  o93 — o95  -

(SSo Sun , C. ‘ I .  - Wti i t i n t - v . J . N .  miriel W h i t  ford • L. - ‘‘I) nia iutic -c Respoutsc’ of
-c

L a iuu i na t  Ce! Cotu ipo s I t o  P l o t  c- c s , ’’ A I Act - c J O U r I U I  1 - N o t  - 13 , N o .  I O , 1975 ,
pp - c  1 2 5 9 —  l l t - c O .

S37] Situ , C. l . a m-ct S h m u t-c c-cv 
- N .  A - , ‘‘ ( r t t -c iu entc e  at  [ ‘hvs -  i c - a l  N at O i u i c - c m i t i  t y  or -i

t h e  lh’ n ua u tu i c -  Bc- chc u v ic -c r c- c1 C o m p o s i t e - c  [‘1~t t c -c s , ‘ .1 - Soti t i t i  anti N i i m . , Vt-c l . -Jo ,
No . 2., i~~Tb , pp . 225— 2S2 .

(538 ] Suth eu -c l min d - t i - c -c ’ - ~mcl L a  l t ’ i t  - I i  I t .  - ‘‘A I ) vu ic i tmi Tt c b u n t - c e s t  i gat  ion  of -c F i b e r —
R e i t t -c a rc -cd  N i  s c o c - c l m u s t  i t  M m u t e r ’ i a  i s . ’’ FMRL i oso - The Un i t-c c-c u - c s - i t  V ot  ~

-c

Aus t l i t  - 
I - c e-cx as , -b u t te  1970 .

(539)  Sut it e r  land • l b .  -ci . - ‘‘Out t i - i c’ Sd - I - c d t  c i t  ion  of u ; e- c c - cnic’t i - i c -  and N i  s - c c- cc’i m i s t  i d’

l)ispe’rsions i~ i~~~~~sjt~
-c Mat er - c ia Is , ‘‘ h i t  - ,J - Sob icl s mu riel  St m c -  - , V u - c l .  11

N o .  3 , 1971 -c - PP . 2 3 3— _ I - t o .

[ S - t O )  St e ’ , C - c .  “ P r - c op mt g m u t  ion o t  ci SIte’mu r Pit i so  Por m i  i t t ’ 1 t -c the  I ut  o r f ac o s of ci
P ” r m  ad I Cci l b  v Lout i not ed Mc cI I c ummu - ‘‘ i - A l -c l )  ( - Me - c c - h.  - 

(- ‘ a I - 3 ‘ - No. I - b 97 1) ,
-
~ 

p t - c  2 0 3— 205 -

[S4 11 Sve , C - c-in tl Wit i t t  let’ , i. S. - “One- I) i t neu us  l ana i  Pu i so  Prop agat  ion in  an
Oh ii que Lam inc i t ed  l i mi t t -c — Sj ~ i c-t- c - ‘‘ Space atiel M i s s  l i e s -  S s t  etit s Organ - i  i z at  ion  -

Los A n g e l c -c s 
- Cct I i  t .  - SAMSO t ’ R — 0 29 , [‘cc- • 191-cO. A l s o  i .  Appi  - N ec-h .

Vol  37 , No. 3 , 1070 , pp - c  7 7 5 - 7 8 2 .

[542)  Sve - C • , ‘ ‘Tiu ne — bla ri t ton i d -c Waves l- c n a t - & ’- c 1  I rig 0 11 i u l u e l v  i~ mt Pe r i o d i c - a  I 1
L a m i u u m u t t ’ d  Med i um , ’’ ,I . App l - N e c - h . ,  V o l .  38 , No .  2 , 1971 , (- c l- c -c -1 4 7 — 4 8 2 .

S43 St-c e-c 
- - - ‘‘fl rinoe l a s t  I c  W m tv e -c s i t t  mu Pc r jOel It -c d 1  I v  Lc u ttt i not ed  Med mu t t i  - ‘‘ h i t

1 . Solids antI St t-cui c- . - Vo l  • ~~~, ( 9 ” l  , p .  1 3 o 3 — 1 3 7 3 .

[S4.t Svc- - C. , ‘‘St r e - c s - s  W a t t -c A t t e n u t m i t  i -c -cu i t t  ( Ta tmu pu ms -  i t o  M a t e r i a l s , ’’ Aerospace
Repor t  No.  1 R — O 1  72 ( 2 2 - I t ) -  3 0 ) — -) - l i t e  A c - crospac e  C o t p  - - Las Auigetcs
i -c a i  if. , 11) 7 2 .  A l s o  .1 . Ap p I  - N e c -h .  - (a l .  39 , Nt ’, . -t - i 0~’2 - PP- c  1 1 5 1 — 1 1 5 3 .

S4 5 SVC , C. , ‘‘Ti) t -c’r nu :t I l v  I rit luc ed St u-c c - c s - s  W ct v e s  i u  ci l ain m imi t eel ( oulu I -ct 5 i t  c-c 
-

- ci . App! .  Mccli . - N ’ l  - 31) , N - c- c -c 1 - I 072 , p. 103 .

S4(-c ) Svc’ , C - ‘‘[‘1 ci st  i c- Wave -c I’ ro~- c m t g m i t  I c- m i t i n  ci Porous I ctn u I not  eel Comttpos i t C
ln i t. .1. S o l I d s  and St m u c .  - \ o 1 - c  0 , N0 8 Attg , 1073 , PP. 937—95 (1 -c

[S47J Sv e-c , C. mit - cd l l e ’t - c runm i n u t  - C. , ‘‘M ar t itg I . o m u - c t  Oit 0 I - cm itt i i u c i t ed  Campc -cs i t e  • ‘‘ .1 -

App! - Me ’c-h • , Vol . - c li - N tu  S , 19 7- c t , pp • ( i t - c S  - oo7 -

(S48 Sve , C. and Okub o , S. , ‘ ‘F x p e ’r t m e u t t  s on [‘it (se-c 1-c i’op mi g-cit ion i nt an Ol m i  i quelv
L a m i n a t  ccl Conq-cos- it ~

- _ ‘‘ .1 - Ap pi  - Mt’ e- ch - - N~~l - -11 , No - -t - I lt” -l . 
~
p . 1052 -

(056 .

(II l’atich e-c r’t - T. I t .  ;iuitl Moon , F .  C., l’ t -c o p c u g c u t  u -c u t u - ct -c St u- c - c s - s t ( - c i t - ct’s- t n t  F n i - c e- c r  -

Re m t u t  o t c ’ c’el Conipas- r t t -c Ro u I - -c , ‘‘ ( t - c ’ uA iot i t ’ iu - cui - \ a I  ~ - No. S • 1 9” 1 - pp . 1-19.1 —
1-198.
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( l _ I )  l t t t c - i - i ’ t ’t - l It - , ‘‘I ’ rc -cpaga t ic t t  of ’  St t-ce’ss Wmuvcs in Woveui — F u I - c i - c  c- ( -c uu nm ..
P u s - i  Ic- S “ - ci . Coutipo s Ito M a t c u - c i cii s- (-c m l - S • 1971 

~~~~~ ~~~-c~~~
-c 4 (~~~

( - 1- 3 ) ‘I -c m t e t c - h c - c r t  - 1 .  I t .  mu rtd (hi:c ’b s-u , A .  N .  - ‘‘An Ex p ot -  i inu eou t ci! St ud - c t
-c

Ii i s-pt- crs ui - cut of-c St rd-c s - s  Wot -es -  in  a F i ti er- c - Re’ i t i l o r c c - cel (lounu p os i t c  - ‘‘ .4 . A~-cp I -
Mccli . - 

(‘ a I - 39 , Nt - 1 - 197.1, tm- c 95~-c 1 1)2 .

(I-c - t i  l’honi~ts - C. It • - ‘‘Simp le  ‘
~h I ~-cknes s- Maclos f01 l-cciiiu I no t  c’ci Campu s i t - c ’

M m u t e i - c i mu i s - , ’’ - ci . Sound mi n d \ ‘ i h n - c  - - 
(‘c-il - .13 , 11) 72 , rn- c -c 3-4 1 - 501 -

[ I S  ) - c I i o ~~~ , C. I t .  - 
‘‘(‘ c- i c - u t- c l  t y C - c t - cc-c c’( c- el ‘l - c l t oe u -c v at ’ l - c c i mi u j not oct P I m i t  c - c —  App l I t - c d

a Fre- ce  l ’ l m u t o  St r i p  N ’ i ( r c i t  I o t i s -  - ‘‘ -c i . Sot it ic i  m irici \ ‘ i U u t ’  -c - N - c - c l  _
~5 . N o .  5 ,

1972 , p p.  -40 ” -c - I S ) .

( 1-c t - c )  Fl) ))) u , (I . It . - ‘‘1 ’-c~t~~ris I ot t o I N i  F u r a t  m ont s  c-c1 Si n t u p  l v  Sup~
-cu o r t e d  (

-c
- c - c t l t [ ’ - c-c ’; t i e ’

P I - c u t c -  S t r i p s . ’’ .1 . Sound cit-cc! \ i h u -  - - 
N - c 1 . 3 !  - No - 2 , I 1)” .5 - pp - 105 2)1

[- c 1~’ )  -c l -ch (I -c R - c  . ‘ ‘ F l o x u t r a l  amid F x t e u i s i a n c O  N i  hn ’ m i t  i ons  uf  S i m p l Y  Sup—
P0 i’t CeI Lam I u t m i t  Ce! Roc - t ct n gu I mu i P t  c u t  c-s - ‘‘ .1 . - -c\ -c- c ou u s -t  - S - c - ct-c 

- Aunt . - 
(-c emi - -c ”

Na.  3, 1 IL’S, PP- (-cSS~ OTO )

~-rs~ 1- cing , 1 . C. -cl-c . ~iritl Lc-ce , F, II. - ‘‘Wcuv c’ F z - c o nt t  A t t c i b v s -  i s  i t t  Ce-cnnp -csi  tc’
M a t e i - c i a l s , ’’ ~J - A p p I  - Nec-h ,  - (al . St - c , N o .  S , 1 9o0 - c  i-c . - t 9 7 — SO- c i -

)T 9 ‘l-cing 
- 1 . C • 1’. min d Chocu - S - — I T - , ‘ ‘ P r - c a p m m g mu t ion ot  St I-c e’— s Cr :itl  l e n t  -c l’lii- t-c n - ctgii

miii i n - i c - i  us r out : [ ‘mu r t  1; Pci n~t 2 , ‘‘ 3 - A pp I - Nec-h • - ( c -u i 40,  NO.  3 -
1973 , 

~p.  71 t— 7 1 ” anti “ 1 8 — 7 _ I - c t .

t i l t)) Tohu~n - C. L. - ‘‘(‘ c u r  j o t  i o n t mi  1 P ( o n t o  W ave -c Met it Oe ls - i n  the -(m m mi ) u s -  i s  O f

b’ i’opagat ion of F I m n s t  Ic -  Wmnv& ’s i n  C o m n m p os i  t o  M m u t e r i c t  I s , ’’ i-cti c’s is ot M . S-c
I)e ’ uI ree , Coi -n el 1 U u i i v e r s i  t v  - 11)71 -

(T I  1] Toa-cv i c - k ,  P . ~i • - ‘‘She-cc-k P t ’opmt g ci t  t a u t  iu  ci Compem s- i t t ’  M a t e r  i a! - ‘‘ l -

Ce-cun p o si te ’ M c i t e r i  c i l s -  - (‘ c - u i .  4 , I 1Y’ O - pp -c .I1)o 309.
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