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ABSTRACT 

Models of  r e i n f o r c e d  f l e x i b l e  windows f o r  i n f l a t a b l e  

s p a c e c r a f t  w e r e  cons t ruc t ed  using s teel  r e i n f o r c i n g  rods  i n  

an epoxy matrix. The stress s ta te  i n  t h e  mat r ix  due to c o m -  

b ined  thermal  shr inkage and l a t e r a l  p r e s s u r e  w a s  determined 

by t h e  f r o z e n - s t r e s s  technique of  p h o t o e l a s t i c i t y .  The cor- 

r e l a t i o n  w i t h  t h e  pro to type  i s  a l s o  presented .  
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INTRODUC TLON 

The concept  of manned i n f l a t a b l e  space s t r u c t u r e s  ca l l s  

f o r  t h e  inco rpora t ion  of observa t ion  windows of  good o p t i c a l  

c l a r i t y  and having f l e x i b i l i t y  compatible w i t h  t h e  fo lded  con- 

d i t i o n  of t h e  main s t r u c t u r e .  Developmental t e s t i n g  and eval-  

ua t ion  of candida te  materials and window c o n s t r u c t i o n  schemes 

have i n d i c a t e d  t h a t  a s a t i s f a c t o r y  c o n s t r u c t i o n  i s  achieved by 

an or thogonal  network of s t r anded  s tee l  cable embedded i n  a 

matr ix  of urethane rubber .  [SI A t h i n  f i l m  of s i l i c o n e  rubber 

w a s  a p p l i e d  t o  t h e  s u r f a c e s  i n  o r d e r  t o  improve s u r f a c e  smooth- 

ness  and o p t i c a l  q u a l i t y .  

I n  t h e  experiments r epor t ed  here ,  t h e  primary o b j e c t i v e  

w a s  t o  determine t h e  stress s ta te  i n  t h e  composite window 

s t r u c t u r e  imposed by t y p i c a l  loading cond i t ions  encountered i n  

t h e  pro to type  window. Adverse stress cond i t ions  might have 

d e l e t e r i o u s  e f f e c t s  n o t  on ly  on t h e  s t r u c t u r a l  i n t e g r i t y ,  b u t  

a l s o  t h e  o p t i c a l  q u a l i t y  of t h e  window. Local deformations of 

t h e  s u r f a c e s  are also o f  p a r t i c u l a r  i n t e r e s t  because of  t h e  

extremely adverse e f f e c t  on t h e  v i s u a l  q u a l i t y  of t h e  window 

caused by local "dimpling. " 

The experimental  techniques f o r  p h o t o e l a s t i c  a n a l y s i s  of 

composite s t r u c t u r e s  have been developed t o  t h e  p o i n t  where 

t h i s  i n v e s t i g a t i o n  is  f e a s i b l e .  A s  a mat te r  of gene ra l  

i n t e r e s t ,  Appendix A w a s  prepared g iv ing  a cu r so ry  review of 

some of t h e  c h i e f  publ ished papers  i n  t h e  f i e l d  of p h o t o e l a s t i c  

1 



a n a l y s i s  of composites.  Appl ica t ions  have v a r i e d  from super- 

scale model s t u d i e s  of embedded inc lus ion  mic ros t ruc tu re  stresses 

t o  subsca le  models of  l a r g e  s o l i d  rocke t  motor assemblies. 

STRUCTURAL TEST CONSIDERATIONS 

Since t h e  model s t u d i e s  should r e p r e s e n t  t h e  pro to type  

window s t r u c t u r e  as c l o s e l y  as possible. ,  c a r e f u l  cons ide ra t ion  

w a s  given as t o  t h e  best means of s imula t ing  a c t u a l  cond i t ions .  

It was concluded t h a t  t h e  p r i n c i p a l  loads  a r e  those  caused by: 

(a) d i f f e r e n t i a l  thermal  c o n t r a c t i o n  of t h e  rubber and steel  

c o n s t i t u e n t s  of t h e  composite window, (b) stresses induced by 

i n t e r n a l  p r e s s u r e  a c t i n g  on t h e  i n f l a t e d  s t r u c t u r e , a n d  (c) 

stresses induced by gene ra l  cu rva tu re  of  t h e  window. 

f u r t h e r  concluded t h a t  each "cel l"  of t h e  window i s  v i r t u a l l y  

It w a s  

i d e n t i c a l  t o  any o t h e r ,  and t h a t  a model i nco rpora t ing  very 

many of t h e s e  i d e n t i c a l  cel ls  would n o t  be necessary.  In s t ead ,  

t h e  t es t  concept w a s  t o  s imula t e  only a f e w  neighboring cel ls  

subjec ted  t o  t y p i c a l  loading cond i t ions .  Analys is  of one of 

t h e s e  ce l l s  would then  provide a l l  t h e  needed information on 

stress i n  a t y p i c a l  c e l l  under a combination of loading 

cond i t ions .  

From a n  elementary s t r e n g t h  of materials a n a l y s i s ,  it i s  

clear t h a t  t h e  s teel  reinforcement  c a b l e  s u s t a i n s  nea r ly  t h e  

e n t i r e  load t h a t  i s  induced by p res su re .  The t r a n s p a r e n t  

rubber merely acts t o  r e t a i n  t h e  gases  wi th in  t h e  s t r u c t u r e  
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. . -  

and t o  t r a n s m i t  t h e  p re s su re  t h r u s t  t o  t h e  s tee l  cables. I n  

doing t h i s ,  l a r g e  t ens ion  i s  introduced i n  t h e  cables and t h e  

p re s su re  t h r u s t  on t h e  rubber cel ls  tends  t o  bulge  them o u t -  

ward. This  i s  t h e  cond i t ion  t h a t  w a s  planned i n  dev i s ing  t h e  

model t e s t  f i x t u r e .  A means f o r  providing,  s imultaneously,  

high t e n s i l e  stress i n  t h e  reinforcement  and uniform la teral  

p r e s s u r e  on t h e  s imulated rubber mat r ix  w a s  devised. I n  con- 

junc t ion  wi th  t h i s ,  a s u b s t a n t i a l  d i f f e r e n t i a l  thermal shr ink-  

age e f f e c t  w a s  a l s o  introduced i n  t h e  model. A s  p rev ious ly  

mentioned, t h i s  a lso has  i t s  coun te rpa r t  i n  t h e  pro to type  

o p e r a t i o n a l  environment. Figure 1 shows schemat ica l ly ,  t h e  

e f f e c t i v e  boundary cond i t ions  p r e v a i l i n g  i n  a t y p i c a l  ce l l .  

S t e e l  cables under t e n s i o n  F provide an e s s e n t i a l l y  r i g i d  

boundary t o  t h e  D x D inch  ce l l .  The rubber ,  of  t h i ckness  h , 
is sub jec t ed  t o  pressure p The expansion c o e f f i c i e n t s  of 

s teel  and rubber are as and a, r e s p e c t i v e l y  , whi le  t h e  

i n i t i a l  and f i n a l  temperatures  o f  t h e  composite are Ts and 

T2 r e s p e c t i v e l y .  The e las t ic  moduli of  t h e  s teel  and rubber 

c o n s t i t u e n t s  are Es and Er r e s p e c t i v e l y .  A gene ra l  

cu rva tu re  l / p  i s  i n e v i t a b l y  introduced by t h e  a p p l i c a t i o n  

of l a t e ra l  p re s su re ,  i n  a d d i t i o n  t o  t h e  l o c a l  cu rva tu res  

r e s u l t i n g  from i n d i v i d u a l  c e l l  w a l l  bu lges .  

3 



MODEL TEST TECHNIQUES 

I d e a l l y ,  t h e  t es t  o b j e c t i v e s  should be accomplished by 

prepar ing  t w o  models, one t o  be sub jec t ed  t o  l a t e r a l  p r e s s u r e  

loading and t h e  o t h e r  t o  thermal shr inkage e f f e c t s .  A t  t h e  

p re sen t  s t a t e  of t h e  a r t ,  shr inkage  e f f e c t s  cannot be e n t i r e l y  

e l imina ted  i n  composite f rozen- s t r e s s  models made from d i s -  

similar materials.  Thus, t h e  p r e s s u r e  .loaded model must a lso 

conta in  shr inkage e f f e c t s .  The two-model method for s e p a r a t i n g  

t h e s e  stress systems has  been e f f e c t i v e l y  employed i n  o t h e r  

i n v e s t i g a t i o n s  [2]  , b u t  cons ide rab le  t i m e  is  r equ i r ed  t o  

accomplish t h e  t ed ious  s t r e s s - s e p a r a t i o n  procedures t h a t  are 

requi red  and t h e  technique w a s  n o t  used i n  t h i s  s tudy.  In s t ead ,  

t h i s  a n a l y s i s  makes use  of only one model which r e p r e s e n t s  t h e  

pro to type  ope ra t ing  a t  one p a r t i c u l a r  p re s su re ,  p , and one 

p a r t i c u l a r  va lue  of f r e e  thermal  shr inkage  stress, 

The t w o  ope ra t ing  c 

able i n  t h i s  case. 

EA = 

n d i t i  n s  are n o t  s e p a r a t e l y  d i s t i n g u i s h -  

Conventional “Frozen-Stress” 

The p r e s s u r e  stress e f f e c t s  are imposed on t h e  model by 

t h e  well-known “ s t r e s s - f r e e z i n g ”  technique. [3 1 E s s e n t i a l l y ,  

4 



t h e  p h o t o e l a s t i c  model i s  hea ted  t o  i t s  "cr i t ica l"  tempera- 

t u r e  where it assumes a rubbery state.  P r e s s u r e  i s  app l i ed  

a t  t h a t  temperature ,  inducing deformations i n  t h e  model. A s  

t h e  model is  s lowly cooled,  it achieves  i t s  o r i g i n a l  hard,  

g l a s s - l i k e  c h a r a c t e r  b u t  t h e  deformations imposed a t  t h e  higher  

temperature  remain. The deformations (and t h e  p h o t o e l a s t i c  

e f f e c t )  are t h u s  f i x e d  or Iffrozen" i n t o  t h e  model. Unloading, 

or even c u t t i n g  t h e  model i n  s e c t i o n s ,  does n o t  a l t e r  t h e  

"frozen" p a t t e r n s  of stress. The f a m i l i a r  s t r e s s - o p t i c  l a w  

a p p l i e s  t o  t h e  f rozen- s t r e s s  p h o t o e l a s t i c  p a t t e r n  equa l ly  as 

w e l l  as t o  two-dimensional stress s ta tes  i n  models t e s t e d  a t  

room temperature:  

- Nf 9 O1 - O2 t 
nf = - -  

where 

Ol - O2 

n 

t 

f 

N 

t h e  d i f f e r e n c e  of  p r i n c i p a l  stresses 
i n  t h e  p lane  of t h e  f rozen- s t r e s s  
s l ice  i n  p s i ,  

t h e  observed s l ice  isochromatic  f r i n g e  
order ,  

t h e  s l i ce  th i ckness  i n  inches,  

t h e  model material f rozen s t r e s s - f r i n g e  
value i n  ps i - inches  per  f r i n g e ,  

t h e  f r i n g e  o rde r  pe r  inch  of s l ice  
th i ckness  i n  f r i n g e s  p e r  inch. 

A t  free boundaries ,  one of t h e s e  p r i n c i p a l  stresses i s  zero 
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and t h e  o t h e r  component i s  then determined d i r e c t l y  by equa- 

t i o n  (1). S t r e s s e s  a t  i n t e r i o r  p o i n t s  may a l s o  be determined, 

b u t  o t h e r  information must be provided, such as t h e  i s o c l i n i c  

( s t r e s s - d i r e c t i o n )  angle .  Then, f o r  example, t h e  d i f f e r e n t i a l  

equat ions  of equi l ibr ium can be employed i n  a numerical  i n t e -  

g r a t i o n  procedure t o  achieve sepa ra t ion  of t h e  t w o  p r i n c i p a l  

stresses (see Refe[3],pp. 235-247). Maximum shear  stresses, 

on t h e  o t h e r  hand, are obta ined  d i r e c t l y  from t h e  isochromatic 

p a t t e r n  s i n c e ,  w i th  equat ion (l), 

- - “1 “2 - nf 
2 - 2 t  

- ‘max 

Thermal Shrinkage S t r e s s  Freezing 

Composite s t r u c t u r e s  of  d i s s i m i l a r  m a t e r i a l s  c h a r a c t e r i s -  

t i c a l l y  develop d i f f e r e n t i a l  shr inkage  stresses upon change 

of temperature.  U n t i l  r e c e n t l y ,  problems of t h i s  n a t u r e  w e r e  

no t  s u s c e p t i b l e  t o  p h o t o e l a s t i c  a n a l y s i s  [4 3 - I n  thermal 

shr inkage stress f r eez ing ,  a composite model is  prepared i n  

which t h e  materials are f r e e  of d i f f e r e n t i a l  thermal e f f e c t s  

a t  (or near  t o )  t h e  ”c r i t i ca l ”  or rubber - l ike  temperature  of 

t h e  p h o t o e l a s t i c  polymer component. Then, on cool ing ,  d i f f e r -  

e n t i a l  c o n t r a c t i o n  induces p rogres s ive ly  l a r g e r  forces of  

i n t e r a c t i o n  (stress) between t h e  two c o n s t i t u e n t s .  The r i g i d  

component (s teel)  has  no apprec i ab le  s t r a i n  induced i n  it, 
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and t h e  polymer must then  f u r n i s h  a11 t h e  compliance necessary 

t o  accommodate t h e s e  f o r c e s .  The f o r c e s  become progres s ive ly  

l a r g e r  as t h e  assembly cools, and t h e  polymer i s  also pro- 

g r e s s i v e l y  hardening and becoming less s u s c e p t i b l e  t o  l f f r eez ing"  

of stress or deformation. Thus, a t  s o m e  p o i n t  i n  cool ing  t h e  

polymer ceases t o  develop f u r t h e r  f rozen b i r e f r i n g e n c e ,  b u t  

cont inues  t o  develop t h i s  effect  i n  t h a t  p a r t  of i t s  m o l e c u l a r  

s t r u c t u r e  c h a r a c t e r i z e d  as "g la s sy . "  When t h e  model i s  cooled 

and subsequent ly  s l i c e d ,  removing t h e  constraints imposed on t h e  

p l a s t i c ,  t h e  b i r e f r i n g e n c e  s t o r e d  i n  t h e  "g lassy"  s t r u c t u r e  

d isappears  and only  t h e  "frozen" b i r e f r i n g e n c e  accumulated i n  

t h e  "rubbery" molecular s t r u c t u r e  remains. Obviously, t h i s  

type of stress f r e e z i n g  i s  more complex than  t h e  f i r s t .  Never- 

t h e l e s s ,  t h e  u l t i m a t e  r e s u l t  i s  t h e  same and equat ion (1) a lso  

expresses  t h e  proper  r e l a t i o n s h i p  between thermal shr inkage 

stress and t h e  observed f r i n g e  order .  Equation (l), however, 

does n o t  provide t h e  needed r e l a t i o n s h i p  between f r i n g e  order  

and t h e  thermal shr inkage  parameter of t h e  t e s t ,  A . 
Reference [4]  d e s c r i b e s  t h e  s p e c i a l  c a l i b r a t i o n  procedures 

needed t o  i n s u r e  q u a n t i t a t i v e  accuracy of data presented  i n  

t e r m s  of stress d i f f e r e n c e  per  u n i t  r e f e rence  shr inkage stress: 

7 



where 

EA = t h e  r e f e r e n c e  thermal shr inkage stress, 

C1 = a cons tan t  a s s o c i a t e d  wi th  t h e  t e s t  cali-  
b r a t i o n  specimen conf igura t ion ,  

N, = t h e  c a l i b r a t i o n  specimen f r i n g e  o rde r  i n  a 
th i ckness  of one inch  i n  f r i n g e s  per inch, L 

N =  

Since equat ions  

t h e  model s l i ce  observed f r i n g e  order  i n  a 
sl ice one inch t h i c k  i n  f r i n g e s  per inch,  

1) and ( 3 )  b o t h  apply t o  t h e  thermal shr ink-  

age f rozen- s t r e s s  p a t t e r n ,  w e  combine them t o  solve f o r  t h e  

e f f e c t i v e  shr inkage stress p e r t a i n i n g  t o  t h e  test: 

*L 
% 

EA = - (4) 

Thus, t h e  r e fe rence  thermal  shr inkage  stress i n  e f f e c t  during 

t h e  model t es t  i s  determined. The model shr inkage t e s t  r e s u l t s  

p e r t a i n  d i r e c t l y  t o  t h e  pro to type  ope ra t ing  a t  t h e  same refer- 

ence stress level,  i . e . ,  

(5) - 
( E A )  p ro to type  - (EA)model tes t  

The e f f e c t i v e  temperature  drop of t h e  pro to type ,  f o r  

which t h e  model shr inkage stresses d i r e c t l y  correspond, i s  

determined from t h e  d e f i n i t i o n  o f  EA and employing equat ion (4): 

N, f 
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where Er , ar and as now p e r t a i n  t o  t h e  pro to type  window. 

PREPARING THE MODELS 

A model comprising a 3 x 3 a r r a y  of cells w a s  designed t o  

r e p r e s e n t  a 5x scale model of a pro to type  window i n  which t h e  

ce l l  s i z e  D = inch,  t h e  s teel  cable diameter d = ,025 inches ,  

and t h e  window th i ckness  h = 0'.10 and' 0.15 inches  r e s p e c t i v e l y  

i n  two consecut ive  models. The c a s t i n g  mold designed f o r  pro- 

duct ion of  t h e s e  models i s  shown i n  F igure  2.  D r i l l  r od  w i t h  

threaded ends r e p r e s e n t s  t h e  r e i n f o r c i n g  cable and t ens ions  

near  t h e  l i m i t  load fo r  t h e  threaded s e c t i o n s  are app l i ed  by 

n u t s  supported by t h e  s i d e  r a i l s .  Two sets of s i d e  ra i l s  w e r e  

prepared t o  s u i t  t h e  t w o  models having d i f f e r e n t  t h i ckness .  The 

crossed r e i n f o r c i n g  rods are arranged symmetrically about  t h e  

middle p l ane  of t h e  window,and t h e  t w o  sets of rods  are separ-  

a t e d  a t  t h e i r  c rossover  p o i n t s  by a nominal 1/32 inch.  F igure  

3 is  a photograph of t h e  mold, assembled and ready f o r  c a s t i n g  

t h e  p h o t o e l a s t i c  r e s i n .  I n  p repa ra t ion  f o r  c a s t i n g ,  t h e  

r e i n f o r c i n g  w i r e s  w e r e  thoroughly cleaned and degreased t o  pro- 

mote t h e  best p o s s i b l e  bond wi th  t h e  r e s i n .  Other p a r t s  of 

t h e  mold w e r e  t r e a t e d  wi th  a mold release agent  t o  prevent  

adhesion e 

A r e s i n  mixture  of t h e  following c o n s t i t u e n t s  w a s  mixed 

thoroughly (see Ref. [43 for a d e t a i l e d  d e s c r i p t i o n  of t h i s  

p h o t o e l a s t i c  material) : 



50 pbw* B a k e l i t e  Resin** ERL 2774 

50 pbw B a k e l i t e  Resin ERL 2795 

25 pbw B a k e l i t e  Hardener ZZL 0803 

The l i q u i d  r e s i n  w a s  poured i n t o  t h e  mold a f t e r  thoroughly mix- 

i n g  and degassing t o  e l imina te  a i r  bubbles. A slow cu r ing  

process  r e q u i r i n g  g radua l ly  increased  temperatures  up t o  75'C 

w a s  t hen  app l i ed .  This process  r e q u i r e s  s e v e r a l  days and a t  the  

end it w a s  s lowly cooled  t o  room temperature .  

Two models w e r e  prepared i n  t h i s  manner, t h e  f i rs t ,  Model 

A, having a th i ckness  of  0.50 inches.  Model B w a s  0.75 inches  

t h i c k .  

TEST PROCEDURES 

The purpose of t h e  t es t  i s  t o  " f r eeze"  t h e  p h o t o e l a s t i c  

stress p a t t e r n s  i n  t h e  cured model whi le  applying load condi- 

t i o n s  c l o s e l y  s imula t ing  t h e  cond i t ions  p r e v a i l i n g  on a proto-  

type  window. To accomplish t h i s ,  it w a s  r e q u i r e d  t o  apply 

la te ra l  p r e s s u r e  t o  t h e  model whi le  a t  t h e  s a m e  t i m e ,  s t r o n g  

t e n s i l e  stress w a s  a p p l i e d  t o  t h e  r e i n f o r c i n g  w i r e s .  This  i s  

t h e  c o n d i t i o n  p r e v a i l i n g  i n  t h e  pro to type  window of t h e  

i n f l a t e d  s t r u c t u r e .  Accordingly,  t h e  model, cured i n  p l a c e  i n  

t h e  c a s t i n g  mold of F igures  2 and 3, w a s  r ep laced  i n  t h a t  mold. 

~ -~ 

* p a r t s  by weight 
**products of t h e  Union Carbide Corp. 
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The mold se rves  as a t e s t i n g  frame f o r  a p p l i c a t i o n  of s t rong  

reinforcement t ens ions  by means of n u t s  torqued on t h e  threaded 

ends of t h e  rods pro t ruding  through t h e  s i d e s  of t h e  mold s i d e  

r a i l s .  A p r e s s u r e  t a p  w a s  i n s t a l l e d  i n  t h e  bottom p l a t e  of t h e  

mold and a s i l i c o n e  rubber s e a l a n t  was app l i ed  near t h e  p e r i -  

phery a t  t h e  bottom s u r f a c e  of t h e  model, i n  order  t o  con ta in  

t h e  p re s su re .  Nitrogen gas  p re s su re  a t  7 .00  ps ig  w a s  in t roduced 

i n  t h i s  confined space and t h e  model was hea ted  t o  75OC for 

s e v e r a l  hours,  then  slowly cooled t o  room temperature wh i l e  

holding t h e  p re s su re  cons t an t .  I n  t h i s  manner, stresses due t o  

both la te ra l  p re s su re  and d i f f e r e n t i a l  t h e r m a l  shr inkage w e r e  

"frozen" i n  t h e  model. A l i n e  p re s su re  r e g u l a t o r  and a mercury 

manometer w e r e  used t o  maintain and measure t h e  app l i ed  pressure.  

Both models w e r e  f rozen-s t ressed  i n  t h i s  s a m e  manner. 

Af t e r  s t r e s s - f r e e z i n g ,  t h e  model w a s  removed from t h e  t es t  

f i x t u r e  and a se t  of slices removed f o r  a n a l y s i s .  Slices w e r e  

rough c u t  w i th  a bandsaw, then  machined uniformly smooth on a 

s u r f a c e  g r i n d e r  i n  a coo lan t  ba th .  P o s i t i o n s  of t h e  slices are 

i n d i c a t e d  i n  Figure 4 .  

P r i o r  t o  t h e  removal of any sl ices,  t h e  deformation con- 

t o u r s  of t h e  top  s u r f a c e  of t h e  model along t h e  x and y axes 

(Figure 1) w e r e  explored using a v e r n i e r  h e i g h t  gage. Thus, 

t h e  curve of d e f l e c t i o n  versus  d is tance  from t h e  p l a t e  edges 

was determined. 
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Table I g ives  t h e  p r i n c i p a l  d a t a  on t h e  model, m a t e r i a l ,  

and t e s t  cond i t ions .  The valuesof  E , v and f for stress 

f r eez ing  of t h i s  material  w e r e  e s t a b l i s h e d  i n  a number of  

previous experimental  tes ts .  The r e f e r e n c e  thermal stress EA 

w a s  computed from equat ion  (4)  i n  which t h e  f r i n g e  o rde r  

w a s  ob ta ined  f r o m  a cal ibrat ion specimen t h a t  w a s  cast  and 

N1 

cured i n  company wi th  Model A. This  w a s  a c i rcu lar  c y l i n d r i c a l  

specimen 6 inches long and w i t h  2 b  = 7/8 inch  i n  diameter ,  w i th  

a c e n t r a l l y  embedded steel  mandre172a = 3/16 inch diameter ,  

s t r o n g l y  bonded t o  t h e  r e s i n .  This  produces complete elastic 

r e s t r a i n t  of a l l  d i f f e r e n t i a l  thermal shr inkage  a t  t h e  i n t e r -  

f ace ,  i n  b o t h  t h e  t a n g e n t i a l  ( e 8  = A) and l o n g i t u d i n a l  

( e z  = A )  d i r e c t i o n s .  Under t h e s e  boundary cond i t ions ,  t h e  

- basic Lame c y l i n d e r  equat ions  [ 5 ]  provide t h e  basis f o r  t h e  / 

following s o l u t i o n  a t  t h e  i n t e r f a c e  (r  = a) : 

7 
- (1+b2/a2) EA 

2 2  0 8  = (Jz - 
(b /a ) + 1-2v  

(l-b2/a2) EA - 
- 2 2  Or (b /a ) + 1 - 2 V  J 

- - 2(b2/a2) EA 
2 2  0 8  - or - oz - or - 

(b /a ) + 1-2v 
(9) 

Note t h a t  from equat ions  (3 )  and (9)  t h e  va lue  of t h e  calibra- 

t i o n  specimen c o e f f i c i e n t  i s  ( s i n c e  i n  t h i s  c a s e  N = Nl) 

1 2  



2 2  - ‘8 - ‘r - 2 b /a - 
EAcal. - (b 2 2  /a ) + 1-2v 

Thus, C1 has  t h e  va lue  very c l o s e  t o  2 . The va lue  of EA 

w a s  then found from equat ion (4)  , 

i n  which t h e  va lue  

s l i ce  taken from t h e  c a l i b r a t i o n  c y l i n d e r .  

Nl = 11.13 w a s  measured from a t r a n s v e r s e  

TABLE I 

Model Materials P r o p e r t i e s  
and T e s t  Condi t ions 

Model T e s t  

h = t h i ckness ,  inches  

P = app l i ed  p res su re ,  p s i g  

A 

0.50 

7.00 

E = e f f e c t i v e  e las t ic  modulus, p s i  1800 

f = f rozen- s t r e s s  f r i n g e  va lue ,  1.40 
ps i  - inches  

f r i n g e  

v = f rozen- s t r e s s  P o i s s o n ’ s  R a t i o  0.49 

EA = r e f e r e n c e  thermal shr inkage  7.90 
f rozen- s t r e s s ,  p s i  

B 

0.72  

7 . 0 0  

1800 

1.40 

0.49 

7.90 
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DEFLECTIONS 

Local d e f l e c t i o n s  of t h e  window w i t h i n  t h e  boundaries  of 

each c e l l  are important  because of  t h e  adverse e f f e c t  on t h e  

v i sua l  or photographic r e s o l u t i o n  of s u b j e c t s  viewed through t h e  

window. This  p a t t e r n  of local cu rva tu re  w i l l  produce local 

d e v i a t i o n s  of t h e  p a t h s  of t r a n s m i t t e d  l i g h t  r ays  and t h e  eye 

w i l l  be unable t o  accommodate t h e s e  a b e r r a t i o n s .  Thus, t h e  

image i s  degraded whether t h e  viewer p l a c e s  himself near or 

a t  some d is tance , f rom.  t h e  window. It i s  important  then  t o  

minimize t h e s e  local d e f l e c t i o n s .  The r e s u l t s  r epor t ed  i n  

Reference [S] i n d i c a t e  t h a t  better window v i s i b i l i t y  i s  achieved 

when t h e  c e l l  s i z e  is  l a r g e ,  so t h a t  t h e  eye placed c l o s e  t o  t h e  

window can v i e w  t h e  s u b j e c t  by l i g h t  r ays  pass ing  through a 

s i n g l e  ce l l .  I n  t h a t  way, t h e  psychologica l ly  d i s t r a c t i n g  and 

o p t i c a l l y  d i f f r a c t i n g  e f f e c t s  of t h e  reinforcement  w i r e s  are 

minimized. While t h i s  i n d i c a t e s  t h a t  t h e  ce l l  s i z e  should be 

as l a r g e  as p o s s i b l e ,  t h i s  s i z e  w i l l  be l i m i t e d  by t h e  s tandards  

of accep tab le  stress and c u r v a t u r e  wi th in  t h e  ce l l .  The test  

r e s u l t s  p resented  h e r e  w i l l  p rovide  a b a s i s  f o r  judging s u i t a b l e  

l i m i t s  on s i z e .  

The d e f l e c t i o n  curve  from t h e  edge t o  t h e  cen te r  of window 

for  Model A i s  shown i n  F igure  5. The bulg ing  of t h e  p l a t e  a s  

a whole under l a te ra l  p r e s s u r e  t ends  t o  mask t h e  l o c a l  c e l l  

d e f l e c t i o n ,  and t h e  dashed curve of apparent  p l a t e  d e f l e c t i o n  

has  been blended i n  as an es t imated  basis f o r  comparison. 
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A l o c a l  d e f l e c t i o n  i n  t h e  c e n t r a l  c e l l  of about .015 inches i s  

i n d i c a t e d .  The pro to type  d e f l e c t i o n  is  r e l a t e d  t o  t h a t  i n  t h e  

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

= (E) 9 

YEprototype 
(a) 
YEmode 1 

where 

p = t h e  l a te ra l  p r e s s u r e  i n  ps ig ,  

L = a c h a r a c t e r i s t i c  window c e l l  dimension 
i n  inches,  

E = t h e  matrix e l a s t i c  modulus i n  p s i ,  

y = t h e  local  d e f l e c t i o n  of t h e  ce l l .  

Taking t h e  model va lues  of p , L and E as 7 . 0  p s i ,  2.50 

inches  (ce l l  s i z e ) ,  and 1800 p s i  r e s p e c t i v e l y ,  w e  ob ta in  f o r  

corresponding pro to type  parameters of 7 .0  p s i ,  0.50 inches  and 

an es t imated  600 p s i ,  a ce l l  d e f l e c t i o n  of 

L - -  Em x 52 x J ,  Ym , 
yP - Ep Pm Lm 

- -  1800 7 0.50 .015 , 
- 600 x?x2.50x 

= .009 inches  

The pro to type  c e l l  s i z e  corresponding t o  t h i s  r e s u l t  i s  1 /2  

inch square  by 0.10 inches  t h i c k .  
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S i m i l a r l y ,  F igure  6 shows t h e  d e f l e c t i o n  curve f o r  Model 

B which w a s  t e s t e d  unde r  nominally t h e  same cond i t ions  except 

t h a t  t h e  th i ckness  w a s  0.72 inches .  H e r e  t h e  l o c a l  c e l l  de f l ec -  

t i o n  w a s  approximately one-half t h a t  observed i n  Model A. The 

corresponding pro to type  d e f l e c t i o n  i s  

= ,0036 inches  

where t h e  corresponding pro to type  c e l l  s i z e  i s  again 1/2 inch  

squa re ,bu t  0.144 inches  t h i c k .  Since t h e  d e f l e c t i o n s  o f  t h e  

model as a whole cannot  be a c c u r a t e l y  sepa ra t ed  from t h e  much 

smaller i n d i v i d u a l  c e l l  d e f l e c t i o n s ,  t h e  m a x i m u m  l o c a l  c e l l  

d e f l e c t i o n s  i n d i c a t e d  i n  Figures  5 and 6 a r e  probably n o t  very  

a c c u r a t e , b u t  are s u f f i c i e n t  f o r  purposes of i l l u s t r a t i n g  t h e  

e f f e c t  of a change of  window th i ckness .  The approximate o v e r a l l  

r a d i i  of cu rva tu re  a t  t h e  middle of t h e  f rozen-s t ressed  window 

Models A and B w e r e  75 inches and 58 inches r e s p e c t i v e l y .  I n  

s p i t e  of i t s  g r e a t e r  t h i ckness  and r i g i d i t y ,  more gene ra l  bend- 

ing  w a s  appa ren t ly  induced i n  Model B under t h e  same la te ra l  

p re s su re .  It  i s  t h e r e f o r e  concluded t h a t  t h e  e f f e c t i v e  edge 

c o n s t r a i n t s  app l i ed  t o  t h e  two models w e r e  n o t  ident ica1 ,and  

t h a t  consequent ly  it w i l l  n o t  be p o s s i b l e  t o  make d i r e c t  compari- 

sons between t h e  t w o  sets of t es t  r e s u l t s .  
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BOUNDARY STRESS DISTRIBUTIONS 

Model A 

Frozen-s t ress  sl ices removed from Model A ,  a s  i n d i c a t e d  by 

t h e  ske tch  i n  F igure  4,  are shown i n  F igure  7 .  Isochromatic 

f r i n g e s  for  both  l i g h t  and dark f i e l d s  are shown and t h e  f r i n g e  

o rde r  n i s  noted a t  s o m e  l o c a t i o n s .  I n t e r p r e t a t i o n  of t h i s  

d a t a  w a s  accomplished by equat ion (1) , wi th  f = 1.40 p s i  inches  

per  f r i n g e .  The sl ice th i cknesses  t w e r e  uniformly 0.150 

inches .  Boundary stresses w e r e  r e a d i l y  accomplished i n  t h a t  

manner as w e l l  as t h e  p r i n c i p a l  stress d i f f e r e n c e s  a t  i n t e r i o r  

p o i n t s .  F igu re  8 shows t h e  t r a v e r s e  of (a, - 02) along t h e  

p r i n c i p a l  s e c t i o n  taken a t  t h e  c e n t r a l  p o i n t  of Model A, i n  

s l ice  number 1. Dif fe rences  between t h e  observed and t h e  

i n t e r p o l a t e d  data noted t h e r e  are due t o  t h e  absorp t ion  of w a t e r  

vapor a t  t h e  sl ice boundaries .  This  i n t roduces  an extraneous 

stress and f r i n g e  o r d e r  t h a t  must be compensated i n  o rde r  t o  

avoid s e r i o u s  error i n  t h e  r e s u l t s .  The d a t a  i n d i c a t e  t h a t  t h i s  

e f f e c t  i s  equiva len t  t o  about 10 p s i  compressive stress, and 

t h i s  c o r r e c t i o n  w a s  app l i ed  t o  a l l  boundary da ta .  Note i n  

Figure 8 t h a t  t h e  n e u t r a l  a x i s  i s  loca ted  a t  z/h = 0 . 2 3  f r o m  

t h e  p r e s s u r i z e d  surface, i n d i c a t i n g  a s u b s t a n t i a l  membrane 

t ens ion  as w e l l  as bending a t  t h a t  s e c t i o n .  Var i a t ions  of  

boundary stress along s l i ce  number 1 a r e  shown i n  Figure 9 .  

Minimum tens ion  is  a t  t h e  c e n t r a l  p o i n t  on t h e  upper boundary 

'. 
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and peak t e n s i o n s  occur on t h e  p re s su r i zed  s u r f a c e  a lso,  

d i r e c t l y  beneath t h e  r e i n f o r c i n g  w i r e s .  S imi l a r  d a t a  for  

s l i ce  number 2 i s  shown i n  Figure 10,  where t h e  c e n t r a l  p o i n t  

of  t h e  model i s  loca ted  j u s t  t o  t h e  l e f t  of t h e  sl ice s a w c u t  on 

t h e  l e f t .  It w i l l  be seen t h a t  t h e  p a t t e r n  of stresses i s  much 

t h e  same i n  slices number 9 and 10 b u t  t h a t  t h e  stress peaks 

are n o t  i d e n t i c a l .  Boundary stress peaks of comparable magni- 

tude  w e r e  n o t  found in slice number 4 s i n c e  t h e  r e i n f o r c i n g  rod 

completely dominates t h e  deformation i n  t h a t  p lane .  

Model B 

The isochromatic  p a t t e r n s  i n  slices 1 and 2 taken from 

Model B are shown i n  F igure  11. The i n t e r p r e t a t i o n  procedures 

employed h e r e  w e r e  i d e n t i c a l  t o  those  descr ibed  f o r  Model A, 

and t h e  boundary stress d i s t r i b u t i o n  f o r  t h e  p r i n c i p a l  sl ice,  

s l ice  number 1, is  shown i n  F igure  12. Comparison of F igure  

1 2  t o  F igure  9 c l e a r l y  shows t h a t  t h e r e  i s  much less local bend- 

ing  e f f e c t  i n  Model B i n  comparison t o  t h e  overall  bending 

e f f e c t .  For example, t h e r e  i s  no r e v e r s a l  of  stress from ten-  

s i o n  t o  bending along e i t h e r  boundary of t h e  s l ice  i n  Model B, 

i n  c o n t r a s t  t o  Model A. Nevertheless ,  t h e  maximum stress i n  

Model B i s ,  as expected,  lower than i n  Model A on account of 

t h e  g r e a t e r  t h i ckness  of  t h e  Model B .  
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RUBBER-STEEL INTERFACE STRESS CONCENTWTIONS 

There i s  an obvious concen t r a t ion  of stress i n  t h e  rubber 

mat r ix  surrounding t h e  r e i n f o r c i n g  rods,  a s  evidenced by t h e  

h igh  f r i n g e  g r a d i e n t s  seen i n  F igures  7 and 11. An eva lua t ion  

of  t h i s  i n t e r i o r  stress cond i t ion  was undertaken i n  order  t o  

i d e n t i f y  t h e  n a t u r e  and magnitude of t h e  l o c a l  e f f e c t s ,  The 

s e c t i o n  s e l e c t e d  f o r  examination is t h a t  i n  s l ice  number 1, 

Model A ,  as seen i n  t h e  upper photograph of  F igure  7. The 

s e c t i o n  through t h e  lef t -hand r e i n f o r c i n g  rod was s e l e c t e d .  

A 1OX photograph of  t h i s  s e c t i o n  i s  shown i n  Figure 13, where 

t h e  lower s u r f a c e  i s  t h e  p re s su r i zed  face  of  t h e  model. 

I n  o rde r  t o  s e p a r a t e  stresses, a numerical  i n t e g r a t i o n  

of t h e  equat ion  of  equ i l ib r ium w a s  performed along t h e  sec- 

t i o n  [ 3 ] .  

ang les  0 as w e l l  a s  f r i n g e  order  n a l l  a long t h e  s e c t i o n .  

These d a t a  w e r e  r e a d i l y  obta ined  a t  1OX magni f ica t ion  i n  a 

contour pro jec tor -polar i scope .  I n  a d d i t i o n  t o  t h e  normal 

stresses i n  t h e  ma t r ix  o f  t h e  s e c t i o n ,  t h e  shea r  stresses 

around t h e  c i r c u l a r  i n t e r f a c e  a t  t h e  r e i n f o r c i n g  rod w e r e  

also determined from t h e  r e l a t i o n  

This  r equ i r ed  f i r s t  t h e  measurement of  i s o c l i n i c  

0 1 -0 2 sm2e 
7xy = 2 

The normal stress sepa ra t ion  method was t h a t  of  F i l o n ' s  

t ransformat ion  of t h e  equ i l ib r ium equat ions  i n  two-dimensions. 
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I t  was assumed t h a t  t h e  s e c t i o n  of i n t e r e s t  i s  a s e c t i o n  of  sym- 

metry and t h a t  a l l  t h e  d a t a  r e l e v a n t  t o  t h e  equ i l ib r ium of  an 

e l e m e n t  i s  conta ined  i n  t h e  plane of  t h e  model sl ices.  Under 

t h e s e  r e s t r i c t i o n s ,  t h e  equat ion  t o  be eva lua ted  i s  

A 0  
1 2 Ay 

i 
- C  ( 0 - 0 )  - A X  0 = ( J  

x,  0 0 X 

Normal stresses obta ined  upon eva lua t ing  t h i s  equat ion a r e  

p l o t t e d  i n  Figure 14. I t  w i l l  be noted t h a t  t h e  most severe 

i n t e r f a c e  stress cond i t ion  i s  a l a r g e  compressive stress normal 

t o  t h e  r e i n f o r c i n g  rod. D iame t r i ca l ly  oppos i te  t h e s e  i s  a 

normal t e n s i l e  stress of somewhat smal le r  magnitude. These 

peak stresses do n o t  exceed those  prev ious ly  found on t h e  free 

s u r f a c e s  of t h e  rubber mat r ix .  These l o c a l  stresses a r e  appar- 

e n t l y  t h e  p r i n c i p a l  r e a c t i o n  stresses t o  t h e  p re s su re  t h r u s t  

e x e r t e d  on t h e  rubber cel ls  and reacted by t h e  r e i n f o r c i n g  rods .  

I t  should be noted t h a t  thermal shr inkage stresses a l s o  c o n t r i -  

bu te  t o  t h e  t o t a l  a t  t h e  i n t e r f a c e .  

Shear stresses varying around t h e  circumference of t h e  

r e i n f o r c i n g  rod a r e  shown i n  Figure 15. Again, t h e  major i n f l u -  

ence i n  t h e  bui ldtupon s h e a r  stress seems t o  be t h e  r e s u l t  of 

t h e  t r a n s f e r  of p re s su re  t h r u s t  from t h e  rubber c e l l  t o  t h e  

s tee l  r e i n f o r c i n g  rod. 

I n  summary, t h e  concen t r a t ions  of stress i n  t h e  rubber 

surrounding t h e  s teel  rods inc ludes  s u b s t a n t i a l  components of 

normal end shear  stress, b u t  t h e  magnitudes a r e  n o t  severe  i n  
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comparison wi th  t h e  observed maximum free boundary stresses. O f  

course,  i f  t h e  rubbe r - s t ee l  bond s t r e n g t h  i s  much less than  t h e  

s t r e n g t h  of t h e  rubber i t s e l f ,  then  t h e  i n t e r f a c e  would c o n s t i -  

t u t e  t h e  weakest p o i n t  of  t h e  composite s t r u c t u r e .  

PROTOTYPE STRESSES 

A s  mentioned previous ly ,  t h e  f rozen- s t r e s s  observed i n  t h e  

model i s  t h e  r e s u l t  of two combined loads ( thermal  shr inkage 

and l a t e r a l  p re s su re )  and t h e  r e s t r a i n t  cond i t ions  app l i ed  a t  

t h e  edge o f  t h e  model. Each model t es t  r e s u l t  must be considered 

s e p a r a t e l y  s i n c e  direct  comparisons w i l l  be made inaccura t e  due 

t o  unavoidable d i f f e r e n c e s  i n  edge c o n s t r a i n t  i n  t h e  two model 

tests. Never the less ,  each model t e s t  i s  t y p i c a l  of  a cond i t ion  

t h a t  may occur i n  t h e  pro to type .  

I n  o rde r  t o  r e l a t e  t h e  large scale model t e s t  t o  t h e  

appropr i a t e  environmental  cond i t ion  of t h e  pro to type  window, 

model-prototype s i m i l a r i t y  requirements must be considered f o r  

t h e  t h r e e  e f f e c t s  noted i n  t h e  window model, i . e . ,  

(a) thermal stress induced by d i f f e r e n t i a l  thermal 
shr inkage ,  A , between t h e  reinforcement  and 
t h e  mat r ix ,  

(b) l o c a l  bending stress i n  t h e  c e l l  induced by 
l a t e r a l  p re s su re ,  p , 

(c) o v e r a l l  bending of t h e  model t o  a r a d i u s  of  
cu rva tu re  p by t h e  combined a c t i o n  of t h e  
l a t e r a l  p re s su re  and t h e  edge r e s t r a i n t s  
a p p l i e d  on t h e  model. 

Geometric s i m i l a r i t y  of  t h e  model and t h e  pro to type  i s  a s su red  
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i n  a l l  cases, I t  remains t o  determine t h e  temperature  change, 

l a t e ra l  p re s su re ,  and window curva tu re  app l i ed  t o  t h e  pro to type  

t h a t  w i l l  produce t h e  s a m e  stresses as  w e r e  no ted  i n  t h e  model. 

I n  case (a)  above, t h e  r e l a t i o n s h i p  between t h e  pro to type  

and i t s  scale model i s  

0 (-% = (-1 
E 'model EAproto type  , 

from which t h e  conclus ion  i s  reached t h a t  t h e  q u a n t i t y  EA must 

be t h e  same i n  both .  From Table I ,  EA i s  7.90 psi .  Reca l l ing  

t h a t  

EA = 7-90  ps i  = (ar-aw) (T1-T2)E 9 

and t ak ing  

get  

i n i t i a l  t empera ture  

ing  t o  t h e  stressed window cond i t ion  i s  

(ar-aw) = 100 'x lO-'/deg.F 

(Tl-T2) = 7.90 x 106/(600 x 100) = 132OF. 

and E = 600 psi* , we 

Taking t h e  
0 

Tl = 75 F , then  t h e  temperature  correspond- 

-57'F. 

For case (b) above, t h e  r e l a t i o n s h i p  between t h e  pro to type  

and i t s  scale model i s  

(a) = (a) 
Pmodel Ppr o t o  type  

"Lacking s p e c i f i c  d a t a ,  t h e  e l a s t i c  modulus of  t h e  rubber ma t r ix  
and i t s  expansion c o e f f i c i e n t  w e r e  es t imated .  . 
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Thus, t h e  model t e s t  p re s su re  i s  t h e  same t h a t  must be imposed 

on t h e  pro to type  i n  order  t o  produce t h e  same stresses; i n  t h i s  

case, p = 9.00 p s i g  f o r  bo th  Models A and B and t h e i r  respec- 

t ive  p ro to types ,  

I n  case (c) above, t h e  gene ra l  bending produces a r a d i u s  of 

curva ture  p t h a t  has a f u n c t i o n a l  r e l a t i o n s h i p  t o  t h e  window 

parameters a s  follows: 

where L i s  a c h a r a c t e r i s t i c  dimension of  t h e  window, say t h e  

c e l l  dimension. Then 

EL EL 
mode l 

Again t a k i n g  E = 600 p s i  and w i t h  t h e  model s c a l e  f a c t o r  

(L model L pro to type)  equal  t o  5 ,  t h e  appropr i a t e  pro to type  

r a d i u s  of  cu rva tu re  corresponding t o  Model t e s t  A 

(Pmod.A = 75 i n . )  i s  

- (EL) p r o t .  
(EL) mod. 

- (600) (1) (75) 
- (1800) (5)  ’mod. Pprot.  7 

- 

= 5 inches Pprot . 

For t e s t  B ,  t h e  r a d i u s  o f  curva ture  observed i n  t h e  model was 

58 inches and t h e  equ iva len t  pro to type  r ad ius  i s  then 
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- (600) ( 5 8 )  = 3.87 inches . Pprot . - (1800) (5 )  

These pro to type  cond i t ions  a r e  summarized i n  Table 11. Under a l l  

t h e s e  cond i t ions  a p p l i e d  s imultaneously,  t h e  stresses i n  t h e  

prototype can be taken t h e  same a s  those  va lues  prev ious ly  

shown i n  t h e  model t e s t  d a t a .  These cond i t ions  a r e  in sepa rab le  

a s  t h e r e  i s  i n s u f f i c i e n t  d a t a  a v a i l a b l e  t o  p r e d i c t  t h e  stresses 

r e s u l t i n g  from a d i f f e r e n t  combination of loads .  

TABLE I1 

Proto type  Condit ions Required t o  Produce t h e  
Same Matr ix  Stresses a s  Observed i n  t h e  Model 

T e s t  A T e s t  B 

0 Temperature change, F -132 -132 

L a t e r a l  p r e s s u r e ,  p s i g  7.0 7.0 

Window r a d i u s  of cu rva tu re ,  inches 5.0 3.87 
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Figure  1. Condi t ions  on S i n g l e  Window C e l l  

25 



10.50 
A 

2.50 

-- 

-a 10.50 Bar 

rap; 

End M e m b e r  
TOP VIEW 

S i d e  Member 

10.00 

Cores  (8 ea) 

8.GO 

.50 

Line  D r i l l  20 
H o l e s  and Tap 
10-24 t h d  i n  
Bottom P l a t e .  

Bottom P l a t e  SECT A-A 

Figure  2 .  Window Model C a s t i n g  Mold Assembly 
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F i g u r e  3 .  C a s t i n g  Mold 
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Figure  4.  Window Model Slice Plan 

No. 1 

28 



[II 

U c 
H

 

a, tr 
a
 w E 0 I-I 

E4 a, a 
4
 

[II 
-P

I 
17 

2 - 2 

N
 

r
l 

0
 

r
l 

03 
0

 
a
 

0
 

w
 

N
 

0
 

0
 

0
 

2
9

 



\c
, 

0
 

0
 

a, 
k
 

-4
 

5
 

N
 

r
l 

0
 

r
l 

03 
0

 
\9

 
0

 
0

 

.- 

jl 

m
 

h
l 

r
l 

0
 

rn a, 
F: U c 
H
 

a, 
tr 
a
 w rr 

8 $4 
Er 

a, 
U c fd 
+
, 

v
) 
-
4
 

(2 

3
0
 



S l i c e  N o .  2 

Figure  7 .  Frozen Stress Isochromatic Fr inges ,  Model A 
(Light  F i e l d  - Top, D a r k  F i e l d  - Bottom) 

(Numerals Denote F r inge  Order) 
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F i g u r e  8. S t r e s s  D i s t r i b u t i o n  Along  Thickness  
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Figure  9. Boundary Stresses on Middle 
C e l l  of S l i c e  N o .  1, Model A 
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F i g u r e  10. Boundary S t r e s s e s  i n  S l i c e  N o .  2, Model A 
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S l i c e  N o .  1 (Middle C e l l )  . .  , . . .  . 

S l i c e  N o ,  2 
0 

- -  

Figure  11, Frozen S t r e s s  Isochromatic  Fr inges ,  Model B 
(Light  F i e l d  - Top, D a r k  F i e l d  - B o t t o m )  
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CT = 51.3 p s i  

F igu re  12. Boundary Stresses on Slice N o .  1, Model B 
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Figure 13, Isocromatic Surrounding Reinforcement 
Rod in Model A, Slice No. 1 
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Figure  15 .  I n t e r f a c e  S t r e s s  D i s t r i b u t i o n  on Reinforc ing  R o d  
in S l i c e  N o .  1, Model A 
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APPENDIX A 
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of S o l i d  Rocket P r o p e l l a n t s ,  Aerojet-General Corp. Report  

Two-dimensional square a r r a y s  of s tee l  d i s c s  cast i n  p l a c e  
i n  a s p e c i a l l y  developed epoxy r e s i n  mat r ix  w e r e  employed 
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f o r  Analysis  of D i f f e r e n t i a l  Cont rac t ion  Stresses." 
Experimental  Mechaxics. V .  3, No .  10.  October,  1963. 
A g e n e r a l  3-D p h o t o e l a s t i c  method for p h o t o e l a s t i c  a n a l y s i s  
of  d i f f e r e n t i a l  c o n t r a c t i o n  stresses i n  composite s t r u c t u r e s  
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Experimental  Mechanics. V. 3 . November, 1963. 
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mat r ix  w e r e  analyzed by t h e  composite model method. 

[5] Tyson, W.R. and G . J .  Davies: "A P h o t o e l a s t i c  Study of t h e  
Shear Stresses Associated w i t h  t h e  Transfer  of Stress Dur- 
i n g  Fiber Reinforcement. 'I B r i t .  Jou rna l  of Applied Physics  a 

V. 16 . 1965. 
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The stress d i s t r i b u t i o n  a t  t h e  i n t e r f a c e  of a r i g i d  f i b e r  
te rmina t ion  i n  a r e s i n  ma t r ix  w a s  determined i n  a f i e l d  of 
u n i a x i a l  t ens ion .  S t r e s s  concen t r a t ions  near  t h e  embedded 
end w e r e  eva lua ted .  

[61 McLaughlin, T.F.: "Ef fec t  of F iber  Geometry on S t r e s s  i n  
F iber - re inforced  Composite Materials." Experimental  
Mechanics. V. 6 ,  N o .  10 . 1966. 
P lane  stress d i s t r i b u t i o n s  w e r e  i n v e s t i g a t e d  near t h e  d i s -  
c o n t i n u i t y  of a s i n g l e  r i g i d  f i b e r  embedded i n  mat r ix .  
The n a t u r e  and shape o f  t h e  d i s c o n t i n u i t y  w e r e  v a r i e d  t o  
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ma t r ix  w e r e  examined t o  show t h e  e f f e c t  of a d i s c o n t i n u i t y  
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Long p l a s t i c  f i b e r s  i n  s q u a r e  a r r a y  w e r e  cast  i n  a ma t r ix  
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problem of a discont inuous r i g i d  f i b e r  r e i n f o r c i n g  a s o f t e r  
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d i s c o n t i n u i t y  w e r e  obtained.  
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R ig id  c i r c u l a r  d i s c  i n c l u s i o n s  imbedded i n  polymer matrices 
of d i f f e r e n t  equi l ibr ium modulus w e r e  examined i n  s i n g l e  
and square  arrays under volumetr ic  shr inkage  cond i t ions .  
S t r e s s  d i s t r i b u t i o n s  i n  t h e  mat r ix  w e r e  obtained.  
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