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I n t r  o d u c t i o n  

In  a s e r i e s  of  p r e v i o u s  p a p e r s  [ i ,  2 ,  3] a t h e o r y  h a s  b e e n  o u t l i n e d  f o r  the  
i n i t i a t i o n  a n d  p r o p a g a t i o n  of  m a c r o f r a c t u r e  in e l a s t i c  b r i t t l e  m a t e r i a l s  s u b -  
j e c t e d  to n o n h o m o g e n e o u s  c o m p r e s s i v e  s t r e s s  f i e l d s .  In  t he  p r e s e n t  p a p e r  
t h i s  t h e o r y  i s  e x a m i n e d  e x p e r i m e n t a l l y .  R e s u l t s  s h o w  e x c e l l e n t  a g r e e m e n t  
w i t h  the  p r e d i c t e d  f r a c t u r e  i n i t i a t i o n  l o c a t i o n  a n d  f o r c e  l e v e l s  a n d  r e a s o n a b l e  
a g r e e m e n t  w i t h  t he  p r e d i c t e d  f r a c t u r e  p r o p a g a t i o n .  

T h e  l i n e a r  t h e o r y ,  a s  d e v e l o p e d  in  [1,  3] , d e f i n e s  a f r a c t u r e  f u n c t i o ' n :  

F (o-~ , o-z ;V.) = ~" (o-1 + o-z) + 
vrTv 

(o-1 - o-z) 
(1)  

u I = W i L/P Uz = Wz L/P 

w h e r e  0-1 , o- z a r e  d i m e n s i o n a l  p r i n c i p a l  s t r e s s e s  w i t h  ~-1 > Wz a n d  ~ i s  the  
s l o p e  o f  t h e  e n v e l o p e  of  a s e t  o f  M o h r  c i r c l e s  d e f i n i n g  s t r e n g t h  f a i l u r e  of  t he  
m a t e r i a l  [ 4 ] .  S t r e s s e s  a r e  n o n d i m e n s i o n a l i z e d  w i t h  r e s p e c t  to  P ,  L w h e r e  
P r e p r e s e n t s  t h e  t o t a l  f o r c e  a n d  L t h e  c h a r a c t e r i s t i c  l e n g t h  s h o w n  in  F i g u r e  
(1).  F r a c t u r e  i n i t i a t e s  in  the  f i e l d  w h e r e  F (ul , uz ;~ )  i s  m a x i m i z e d  a n d  w h e n  
t h e  s t r e s s e s  a r e  s u c h  t h a t  

F(0- t ,0- z ; ~ )  = ~ = C L / P  I (2)  

w h e r e  C i s  t h e  T- ( s h e a r  s t r e s s )  i n t e r c e p t  of  t h e  s t r e n g t h  f a i l u r e  e n v e l o p e  
( c o h e s i o n )  a n d  P I  i s  t h e  f r a c t u r e  i n i t i a t i o n  l o a d .  F r a c t u r e  p r o p a g a t i o n  i s  
c o n s i d e r e d  to  b e  a s u c c e s s i o n  o f  f r a c t u r e  i n i t i a t i o n s  [1, 3 ] ,  i . e . ,  the  m i c r o -  

f r a c t u r e s  e m a n a t i n g  f r o m  c r i t i c a l l y  o r i e n t e d  G r i f f i t h  f l a w s  c o a l l e s c e  to  f o r m  
t h e  f i n a l  f r a c t u r e  p a t h ;  t h e  m a c r o f r a c t u r e .  
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Analysis 

The boundary value problem to be analyzed (and subsequently studied experi- 

mentally)is that shown in Figure (1). 
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45 

This is a mixed problem; i.e., zero traction on DB and AC, specified verti- 

cal displacement and zero shear stress on BA and CD. An integral equation 

procedure particularly convenient for fracture analysis and described in de- 

tail in [3, 5, 6] is used to obtain the stress field cr I ,0- z . The material studied 

experimentally was a modeling plaster having the following material constants: 

E = 4.Z x 105 psi 

v= . 3 4  

C = 590 psi 

~= .93 

I These constants were determined using standard tests and test specimens 

made and cured under the same conditions as the model specimens. 
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R e s u l t s  o f  t h e  a n a l y s i s  a r e  s h o w n  i n  F i g u r e  (2) .  F r a c t u r e  h e r e  i n i t i a t e s  in  

t h e  c o r n e r s  A , B  o f  t h e  s p e c i m e n .  T h i s  i s  d u e  to  t h e  l a r g e  n o r m a l  t r a c t i o n  

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

B A .  F o r  P i n c r e a s i n g  a n d  g r e a t e r  t h a n  P I '  F ( 0 - ] , ~ z ; ~ )  = B r e p r e s e n t s  a g r o w -  

i n g  c o n t o u r  w i t h i n  w h i c h  m i c r o c r a c k i n g  ( d a m a g e )  i s  o c c u r r i n g .  It i s  p o s t u l a -  

t e d  t h a t  t h e  d i r e c t i o n  o f  m a c r o f r a c t u r e  g r o w t h  i s  c o i n c i d e n t  w i t h  t h e  m a x i m u m  
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Contour Map for Plaster; 

Uniform Displacement of BA 

F I G .  3 
C o n t o u r  M a p  f o r  P l a s t e r ;  

U n i f o r m  T r a c t i o n  A l o n g  B A  

g r o w t h  d i r e c t i o n  o f  t h i s  c o n t o u r .  T h e  c o n t o u r  m a p  s h o w n  i n  F i g u r e  (2) r e -  

p r e s e n t s  a d i s c r e t i z e c l  a p p r o x i m a t i o n  o f  t h i s  c o n t o u r  g r o w t h  w i t h  a p r e d i c t e d  

m a c r o f r a c t u r e  p a t h  a s  s h o w n .  It i s  a p p r o x i m a t e  b e c a u s e  i t  i s  b a s e d  on t h e  

s t r e s s  s t a t e  in  t h e  u n d a m a g e d  m a t e r i a l .  N o t e  t h a t  t h e r e  i s  no  a p p r o x i m a t i o n  

f o r  f r a c t u r e  i n i t i a t i o n  l o a d ,  l o c a t i o n  a n d  i n i t i a l  d i r e c t i o n .  A s  m a c r o f r a c t u r e  

p r o g r e s s e s  b e y o n d  t h e  i n i t i a t i o n  p o i n t ,  t h e  s t r e s s  f i e l d  (and s u r f a c e  t r a c t i o n  

d i s t r i b u t i o n )  c h a n g e s  a n d  t h e  a p p r o x i m a t i o n  b e c o m e s  p o o r e r .  Z A s e c o n d  

z T h e  m i c r o f r a c t u r i n g  o c c u r r i n g  w i t h i n  t h e  i n i t i a t i o n  c o n t o u r  F ( ~ I ,  0-z ; ~ )  = 
i n t r o d u c e s  d i l a t a n c y  w h i c h  h a s  a m a r k e d  e f f e c t  on  t h e  s u r r o u n d i n g  s t r e s s  
f i e l d .  W o r k  i s  in  p r o g r e s s  o n  d e t e r m i n i n g  t h e  s t r e s s  f i e l d  in t h e  p r e s e n c e  
o f  s u c h  d a m a g e .  W h e n  c o m p l e t e ,  n o  s t r e s s  f i e l d  a p p r o x i m a t i o n  w i l l  b e  

n e c e s s a r y .  
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b o u n d a r y  v a l u e  p r o b l e m ,  i . e .  , u n i f o r m  n o r m a l  s u r f a c e  t r a c t i o n ,  i s  a l s o  c o n -  

s i d e r e d  a n d  t he  r e s u l t s  a r e  p r e s e n t e d  in  F i g u r e  (3). Due  to the  i n i t i a l  d i r e c t i o n  

o f m a c r o f r a c t u r e  p r o p a g a t i o n ,  n o r m a l  to the  l o a d e d  s u r f a c e ,  i t  i s  f e l t  t h a t  t h i s  

r e p r e s e n t s  a b e t t e r  a p p r o x i m a t i o n  to f i n a l  c h i p  d e p t h  a n d  f o r m a t i o n  l o a d .  N u m -  

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

a r e  g i v e n  in T a b l e  I. 

E x p e r i m e n t a l  K e s u l t s  

T h e  e x p e r i m e n t a l  a p p a r a t u s  i s  s h o w n  in F i g u r e  (1). The  m o d e l s  w e r e  c o n f i n e d  

b e t w e e n  two s t e e l  p l a t e s  to i n s u r e  p l a n e  s t r a i n  c o n d i t i o n s .  D o u b l e  l a y e r s  of  

• 0 0 5 "  t h i c k  T e f l o n  s h e e t s  w e r e  p l a c e d  b e t w e e n  the  s t e e l  p l a t e s  a n d  t h e  m o d e l  

f a c e s  a n d  b e t w e e n  the  s t e e l  p l a t e n  and  l o a d e d  s u r f a c e  BA to e l i m i n a t e  s h e a r  

f o r c e s  due  to f r i c t i o n .  T h e  b o u n d a r y  c o n d i t i o n s  on f a c e  B A ,  t h e r e f o r e ,  c o n -  

s i s t e d  of  a u n i f o r m  v e r t i c a l  d i s p l a c e m e n t  and  z e r o  s h e a r  t r a c t i o n .  T h e  l o a d  

w a s  a p p l i e d  q u a s i - s t a t i c a l l y  (50 p o u n d s  p e r  s e c o n d ) .  T o t a l  l o a d  on the  s u r f a c e  

BA w a s  m e a s u r e d  w i t h  a B. L . H .  m o d e l  U3G1 l o a d  c e l l  w h i l e  the  v e r t i c a l  d i s -  

p l a c e m e n t  w a s  m e a s u r e d  w i t h  a S h a e v i t z  m o d e l  500 HR L . V . D . T .  L o a d  d i s -  

p l a c e m e n t  p l o t s  w e r e  r e c o r d e d  on a H e w l e t t - P a c k a r d  X - Y  p l o t t e r ;  s e e ,  f o r  

e x a m p l e ,  F i g u r e  (4). 

T e s t  s p e c i m e n s  w e r e  m a d e  of  a m e d i u m  s e t  m o d e l i n g  p l a s t e r ,  an  e l a s t i c  

b r i t t l e  m a t e r i a l  w h i c h  i s  o f t e n  u s e d  to s i m u l a t e  r o c k  [ 7 , 8 ] .  To  i n s u r e  b r i t t l e  

b e h a v i o r ,  t he  p l a s t e r - w a t e r  r a t i o  c h o s e n  w a s  low (70 p a r t s  by  w e i g h t  of  p l a s t e r  

to 100 p a r t s  by  w e i g h t  o f  w a t e r ) .  T a p  w a t e r  a t  a t e m p e r a t u r e  of  6 0 ° F  w a s  

u s e d .  T h e  p l a s t e r - w a t e r  m i x t u r e  w a s  s t i r r e d  u n t i l  a l l  a i r  b u b b l e s  w e r e  r e -  

m o v e d  a n d  the  m i x t u r e  h a d  b e g u n  to t h i c k e n  (10 m i n u t e s ) .  T h e  m o d e l s  w e r e  

c a s t  in  a l u m i n u m  m o l d s  w h i c h  h a d  b e e n  g r e a s e d  to f a c i l i t a t e  r e m o v a l .  The  

m i x t u r e  h a r d e n e d  in  15-Z0  m i n u t e s  a n d  w a s  t h e n  r e m o v e d  f r o m  the  m o l d .  T h e  

m o d e l s  w e r e  c u r e d  a t  r o o m  t e m p e r a t u r e  ( 7 0 ° F )  f o r  s i x  m o n t h s .  T h e y  w e r e  

s t o r e d  in  an  u p r i g h t  p o s i t i o n  d u r i n g  t h i s  t i m e .  P r i o r  to t e s t i n g ,  the  m o d e l s  

w e r e  c a r e f u l l y  m a c h i n e d  to  i n s u r e  f l a t ,  s m o o t h  f a c e s  a n d  a u n i f o r m  t h i c k n e s s  

(.450"). 

E x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  in T a b l e  I a n d  F i g u r e s  ( 4 , 5 ) .  F r a c t u r e  
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T A B L E  I 
Re  su l t s  

T e s t  No. 

F r a c t u r e  c h i p  
I n i t i a t i o n  L o a d  F o r m a t i o n  L o a d  Depth  

P i  P f  A 
(pounds)  (pounds)  ( inches  ) 

1 1030 1400 
2 1125 1500 
3 1250 1525 

4 1050 1400 

• ~ 5 ll60 1575 

6 1050 1600 
x 7 1200 

8 1180 

.65 

.65  

.65  

.60  

.60  

.60  

1500 .55 

A v e r a g e  1130 1500 .61 

U n i f o r m  d i sp l .  1070 3200 1 .00  
U n i f o r m  t r a c t i o n  - -  2400 .... . 80  

i n i t i a t i o n  and g r o w t h  of  the d a m a g e  r e g i o n  (to f o r m  

a r e  e v i d e n c e d  in  F i g u r e  (4). 

200C 

~ooo 

i 

o! 

TT Frr 

.05 

Vertical Displacement of BA (in.) 

the  f ina l  m a c r o f r a c t u r e )  

F o r  i n c r e a s i n g  load  the  s p e c i m e n  b e h a v e s  in a 

l i n e a r  e l a s t i c  m a n n e r  up to po in t  I. 

At  po in t  I f r a c t u r e  i n i t i a t e s  a t  the c o r -  

n e r s  A , B  in F i g u r e  (2). The  l o c a t i o n  

and d i r e c t i o n  of  i n i t i a t i o n  w e r e  d e t e r -  

m i n e d  e x p e r i m e n t a l l y  by s topp ing  the  

t e s t  j u s t  b e y o n d  po in t  I and o b s e r v i n g  

the  f r a c t u r e .  R e s u l t s  a r e  in  a g r e e -  

m e n t  wi th  the t h e o r e t i c a l  p r e d i c t i o n s ,  

i . e . ,  F i g u r e  (2). F r o m  poin t  I to II 

m i c r o d a m a g e  o c c u r s  in  two s e p a r a t e  

r e g i o n s  e m a n a t i n g  f r o m  po in t s  A , B  on 

F i g u r e  (2). At  po in t  II t h e s e  r e g i o n s  

m e e t .  Th i s  was  d e t e r m i n e d  by s t opp ing  

the  t e s t  a t  th i s  po in t  and  c a r e f u l l y  r e -  10 

m o v i n g  the  c o m p l e t e d  ch ip ,  s ee  F i g u r e  

(5). The  p o r t i o n  of  the c u r v e  f r o m  

po in t s  II to III r e p r e s e n t s  the a c t i o n  of  

f o r c i n g  the  c o m p l e t e d  ch ip  in to  the  

F IG.  4 
T y p i c a l  F o r c e - D i s p l a c e m e n t  P l o t  
of  U n i f o r m  D i s p l a c e m e n t  T e s t  on 

P l a s t e r  M o d e l  ( T e s t  No.  5) 

c a v i t y .  T e n s i l e  s t r e s s e s  a r e  i n t r o d u c e d  
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FIG. 5 

Photograph of Complete Chip 

at the base of the cavity and, at III, a mode I (tensile) fracture emanates from 

this point, splitting the model. Numerical results are presented in Table I. 

The average of the initiation loads is within 7% of the predicted value. The 

chip formation load and chip depth are in poorer agreement as expected due 

to the use of the prefracture stress field. As discussed previously, it is felt 

that the uniform traction case provides a better approximation for the ultimate 

chip characteristics. This is evident in Table I. 

Dotted lines are shown on Figures (2,3) near the surface BA. These lines 

represent regions in which the intermediate principal stress is not normal to 

the specimen plane (under plane strain conditions and for lJ= .24, see [3]). 

This introduces the possibility of oblique fracture in this region. Such 

fractures were observed experimentally. 

While much additional work is yet to be done in refining both the theoretical 

predictions and the experimental observation of fracture growth (both micro 

and macro), the results presented show significant promise. 
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