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SYNPOSI S I d e a s  a n d  c o n c e p t s  a b o u t  f r a c t u r e  a n d  c r a c k  p r o p a g a t i o n  i n o v e r c o n s o l i d a t e d  c l a y s  h a v e  b e e n  o n  t he  mi n d  o f

g e o t e c h n i c a l  e n g i n e e r i n g  r e s e a r c h e r s  f o r  y ea r s .  Th e  a i m o f  t h i s  p a p e r  i s  t o  i n t r o d u c e  t he u s e  o f  f r a c t u r e  me c h a n i c s  

c o n c e p t s  a n d  me t h o d o l o g y  t o  t he  s t u d y  o f  t he  s t r e n g t h  o f  s t i f f  c l ay s .  Te s t s  t o  d e t e r mi n e  f r a c t u r e  t o u g h n e s s  c o e f f i c i e n t s  

K _ a n d  K „  a r e  d e s c r i b e d  a n d  r e s u l t s  g i v e n .  Th e  s t a b i l i t y  o f  a n  o v e r c o n s o l i d a t e d  c l a y  s l o p e  i s  a n a l y z e d  o n  t h e  b a s i s  

or  t he s t at J i l i t y  c r i t e r i o n  d e r i v e d  f r a n  t he  p r i n c i p l e s  o f  t h e r mo d y n a n i c s .

I NTRODUCTI ON

Fa i l u r e  o f  c i v i l  e n g i n e e r i n g  s t r u c t u r e s  ma y  o c c u r  b y  ex ­

c e s s i v e  d e f o r ma t i o n ,  y i e l d  o r  f r ac t u r e .  Fa i l u r e  c r i t e r i a  

a r e  u s u a l l y  b a s e d  o n  t he  d a n i n a n t  f a i l u r e  mo d e .  Fo r  y i e l d  

d o mi n a n t  f a i l u r e s ,  t h e  c r i t e r i a  o f  Mi s e s ,  T r e s c a  o r  

Go u l a n b  s e e m mo s t  a p p r o p r i a t e .  Fo r  f r a c t u r e  d a n i n a n t  

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

Cr a c k s  ma y  b e  p r e s e n t  i n  t he  ma t e r i a l  o r  ma y  be  i n i t i a t e d  

b y  h i g h  s t r e s s  c o n c e n t r a t i o n s  a t  l o w n o mi n a l  s t r e s s  

l ev e l s .  Cr a c k  p r o p a g a t i o n  ma y  f o l l o w a n y  o r  a  c a n b i n a -  

t i o n  o f  t he  t h r e e  mo d e s  s h o wn  i n Fi g .  1.

MODE I  MODE I I  MODE I I I
OP E NI NG MOD E  SL I DI NG MO D E  T E A R I N G MOD E

FI G.  1 Fr a c t u r e  modes .

Th e  g e o t e c h n i c a l  e n g i n e e r i n g  p r o f e s s i o n  i s  q u i t e  f a mi l i a r  

wi t h  s t i f f  f i s s u r e d  a n d  j o i n t e d  c l a y s  wh e r e  t he  d i s c o n ­

t i n u i t i e s  a r e  f o u n d  o n  a ma c r o s c o p i c  s c a l e .  A  p r e l i mi n a r y  

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

wh i c h  c o n s t i t u t e  p l a n e s  o f  we a k n e s s  h a v e  b e e n  g i v e n  b y  

Sk e mp t o n  and  h i s  c o wo r k e r s  ( 1969) .  Th e  i mp o r t a n c e  o f  s i z e  

e f f e c t  o n  t he u n d r a i n e d  s t r e n g t h  o f  s t i f f  f i s s u r e d  c l a y  

wa s  d a n o n s t r a t e d  b y  Bi s h o p  a n d  L i t t l e  ( 1976) .  Th e  r e ma r k ­

ab l e  wo r k  o f  L o  ( 1970)  o n  t he  o p e r a t i o n a l  s t r e n g t h  o f  

f i s s u r e d  c l a y  h a s  i n i t  mo s t  o f  t he  e l s n e n t s  o n  wh i c h  

c l a s s i c a l  f r a c t u r e  me c h a n i c s  r es t s .

I n  h i s  Te r z a g h i  l e c t u r e  Bj e r r u m ( 1967)  s t a t e s  t ha t  i n 

o r d e r  t o  s t a r t  a p r o g r e s s i v e  f a i l u r e  t h e r e  mu s t  b e  a d i s ­

c o n t i n u i t y  s a n e wh e r e  i n t he  c l a y  ma s s  wh e r e  f a i l u r e  c a n  

b e  i n i t i a t ed .  Th e  mo r e  o v e r c o n s o l i d a t e d  t h e  c l ay ,  t he  

g r e a t e r  i t s  c o n t e n t  o f  r e c o v e r a b l e  s t r a i n  e n e r g y  and  t he  

g r e a t e r  t he  d a n g e r  o f  p r o g r e s s i v e  f a i l u r e .

Th e  me c h a n i a n s  o f  p r o p a g a t i o n  o f  a  s h e a r  s u r f a c e  i n a

f i s s u r e d  c l a y  i n v o l v e  c o n c e p t s  s i mi l a r  t o  t hos e p u t  f o r ­

wa r d  b y  Gr i f f i t h .  Th e s e  i n c l u d e  e n e r g y  a b s o r b e d  i n f o r m­

i ng t he  s u r f a c e  a n d  r e l e a s e d  b y  r e l i e v i n g  t he s t r e s s e s  i n  

t he  l o c a l l y  h i g h l y  s t r e s s e d  ma t e r i a l  a d j a c e n t  t o  i t .  CTi ce 

a s l i p  s u r f a c e  h a s  f o r med  s u b s e q u e n t  mo v s n e n t s  a r e  mo s t l y  

c o n c e n t r a t e d  a l o n g  i t  wi t h  a p p r e c i a b l e  p a r t i c l e  r e o r i e n t ­

a t i on .  Mo r g e n s t e r n  and  Tc h a l e n k o  ( 1967)  h a v e  s h o wn  t ha t  

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

p a r t i c l e s  a r e  mo r e  o r  l es s  i n t he  d i r e c t i o n  o f  t he  mo v e ­

me n t .

Sl o w c r a c k  p r o p a g a t i o n  o c c u r s  t h r o u g h  v a r i o u s  d a ma g e  

a c c u n u l a t i o n  me c h a n i a n s  wh i c h  r e s u l t  i n t he  s t r e n g t h ' s  

d e g r a d a t i o n .  Fr a c t u r e  me c h a n i c s  s h o u l d  h e l p  a n s we r  t he  

f o l l o wi n g  q u e s t i o n s :

1 -  Vt f i at  i s  t h e  s t r e n g t h  as  a  f u n c t i o n  o f  t he  l o a d i n g

h i s t o r y  a n d  t he  e n v i r o r me n t a l  c o n d i t i o n s ?

2 -  Wh a t  s i z e  o f  c r a c k  c a n  b e  t o l e r a t e d  a t  t he  e x p e c t e d
s e r v i c e  s t r e s s e s  ( s t a t i c  o r  d y n a mi c ) ?  And  wh a t  i s  t he  

c r i t i c a l  c r a c k  s i z e?

Si n c e  f a i l u r e  g e n e r a l l y  a p p e a r s  i n  t he  f o r m o f  a  s u r f ac e ,  

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

p a g a t i o n .  Th e  c o mp o n e n t s  o f  t he  s t a t e  o f  s t r e s s  i n t he  

v i c i n i t y  o f  a c r a c k  t i p  a r e  p r o p o r t i o n a l  t o  a  p a r a n e t e r  

k n o wn  as  s t r e s s  i n t e n s i t y  f a c t o r s  K^ .  Fo r  a  c r i t i c a l  

s t a t e  a t  wh i c h  i n s t a b i l i t y  t a k e s  p l a c e  t he  v a l u e s  o f  t he  

s t r e s s  i n t e n s i t y  f a c t o r s  a r e  r e f e r r e d  t o  as  f r a c t u r e  

t o u g h n e s s  K ■ Ea c h  o f  t he  3 f r a c t u r e  mo d e s  h a s  i t s  o wn  

p a r a me t e r s .  Th o s e  p a r a me t e r s  a r e  u s e d  i n f r a c t u r e  b a s e d  

d e s i g n  me t h o d o l o g i e s .  I n  t h i s  p a p e r  v e  a r e  o n l y  i n t e r e s t ­

e d  i n K I C a n d  K I I C.

DETERMI NATI ON OF THE FRACTURE TOUGHNESS COEFFI CI ENT Kj C

I n  t h i s  mo d e  t he  d i s p l a c e n e n t s  o f  t he  c r a c k  s u r f a c e s  a r e  

p e r p e n d i c u l a r  t o  t he  p l a n e  o f  t he  c r ac k .  Th e  s a mp l e  c o n ­

f i g u r a t i o n  u s e d  i s  t h a t  o f  a  h o l l o w d i s k  wi t h  a  p r e c u t  

n o t c h  o r  s t r e s s  c o n c e n t r a t i o n  c u t  i n t he  i ns i de  edge .  

Th e  d i me n s i o n s  a r e  s h o wn  i n  Fi g.  2.  St a t i c  o r  d y n a n i c  

p r e s s u r e  i s  a p p l i e d  t o  t he  i nne r  s u r f a c e  t h r o u g h  a  r u b b e r  

ms n b r a n e .

I n  o r d e r  t o  d e t e r mi n e  t he  f r a c t u r e  t o u g h n e s s  o f  t he  ma t e ­
r i a l ,  t wD p a r a n e t e r s  mu s t  be  k nown ,  n a n e l y  t he  c r i t i c a l  

s t r e s s  a t  vdi i ch u n s t a b l e  f r a c t u r e  t a k e s  p l a c e  and  t he  

c r i t i c a l  c r a c k  l e n g t h .  On c e  t h e s e  a r e  k n o wn  t he  n u me r i c a l  

i n t e g r a t i o n  o f  a  s o l u t i o n  g i v e n  b y  Ta d a  ( 1973)  a l l o ws  o n e  

t o  o b t a i n  K .
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Sa n p l e  Pr e p a r a t i o n  a n d  Te s t i n g  Eq u i p me n t

Ka o l i n i t e  c l a y  wi t h  l i q u i d  a n d  p l a s t i c  l i mi t s  o f  56 . 3  

p e r c e n t  and  3 7 . 5  p e r c e n t  r e s p e c t i v e l y  wa s  mi x e d  wi t h  d e ­

a i r e d  d i s t i l l e d  wa t e r  a t  t wi c e  t he  l i q u i d  l i mi t .  Th e  

s l u r r y  wa s  c o n s o l i d a t e d  i n a l a r g e  me t a l  c o n s o l i d a n e t e r  

u n d e r  a  s e r i e s  o f  p r e s s u r e s  n a n e l y  414 ,  517,  620  a n d  723  

k Pa  t o  p r o v i d e  a  r a n g e  o f  o v e r c o n s o l i d a t i o n  r a t i os .  Af t e r  

e q u i l i b r i u n  wa s  r e a c h e d  t he  c l a y  wa s  a l l o we d  t o  r e b o u n d  

u n d e r  a t mo s p h e r i c  p r e s s u r e  l e a d i n g  t o  o v e r c o n s o l i d a t i o n  

r a t i o s  o f  4,  5 . 1 ,  6 . 1  a n d  7 . 1  r e s p e c t i v e l y .

S P E CI ME N
3.6cm. I .a  * 14.6cm.aa

FI G.  2 Ap p a r a t u s  f o r  t he  d e t e r mi n a t i o n  o f  K.
I C*

Th e  b l o c k s  o f  c l a y  vr er e s l i c e d  h o r i z o n t a l l y  t o  y i e l d  

s p e c i me n s  2 5 n m t h i c k .  A  s i mp l e  r i g  wa s  u s e d  t o  p u n c h  a  

3 5 . 6 n m h o l e  a t  t h e  c e n t e r  o f  t he  d i s k s  an d  t o  c u t  a  r ad i ­
a l  n o t c h  l Omn  dee p .  Th e y  we r e  c o v e r e d  wi t h  s i l i c o n e  o i l  

wr a p p e d  a n d  s t o r e d  i n  a f og  r oan .  Th e  s p e c i me n s  wi t h  a  

g i v e n  o v e r c o n s o l i d a t i o n  r a t i o  we r e  mo u n t e d  i n t he  t e s t i n g  

f i x t u r e  a s  s h o wn  i n  Fi g .  2 a n d  s i n u s o i d i a l l y  v a r y i n g  a i r  

p r e s s u r e  s e n t  t h r o u g h  t he  a i r  i n l e t .  Un d e r  c y c l i c  p r e s s u r e  

t he  c r a c k  p r o p a g a t e s  i n a  s t a b l e  ma n n e r  a s  l ong  a s  t he  

p r e s s u r e  i s  mo d e r a t e  a n d  t he  c r a c k  l e n g t h  b e l o w t he  c r i t ­

i c a l .  Th e  c r a c k  wa s  a l l o we d  t o  p r o p a g a t e  h a l f  wa y  t h r o u g h  

t h i c k n e s s  t o  a l l o w f o r  t he  s t u d y  o f  d a ma g e  z ones .  Cr a c k  

p r o p a g a t i o n  wa s  f o l l o we d  wi t h  a  p o i n t e r  a t t a c h e d  t o  an  

LVDT.  Th e  c r a c k  o p e n i n g  d i s p l a c a n e n t  ( COD)  wa s  me a s u r e d  

wi t h  a  t r a n s d u c e r  mo u n t e d  o n  t he s p e c i me n .  Tt i e c y c l i c  

l o a d i n g  wa s  t h e n  s t o p p e d  and  a  s u d d e n  h i g h  p r e s s u r e  wa s  

a p p l i e d  i ns i de  t h e  me n b r a n e  wh i c h  c a u s e d  f a i l u r e  i n a  

v e r y  s h o r t  t i me .  An  X - Y  p l o t t e r  g a v e  a  g r a p h  o f  t h e  

i n s i d e  p r e s s u r e  v e r s u s  t he  COD.  Th e  ma x i mu m p r e s s u r e  i s  

t he  c r i t i c a l  p r e s s u r e .  Th e  c r i t i c a l  l e n g t h  wa s  o b t a i n e d  

f r an  t h e  e x a mi n a t i o n  o f  t he  f r a c t u r e  s u r f a c e .  Th e r e  i s  

a n  o b v i o u s  d i f f e r e n c e  i n  t h e  s u r f a c e  mo r p h o l o g y  wh e r e  t he  

g r o wt h  o f  t he  c r a c k  i s  s t a b l e  a n d  wh e n  i t  i s  u n s t a b l e ;  

wi t h  a  d i s t i n c t  b o u n d a r y  l i ne  b e t we e n  t he  t wo  r eg i o n s .  

Th e  d i s t a n c e  b e t we e n  t h i s  l i ne  a n d  t he  i ns i de  e d g e  o f  t he  

s p e c i me n  i s  t he  c r i t i c a l  l e n g t h  l  . Fi g.  3 s h o ws  t he  

s h a p e  o f  t he  f r a c t u r e  s u r f a c e  a n d  t he  z o n e s  o f  s t a b l e  and  

u n s t a b l e  c r a c k  p r o p a g a t i o n .

Ca l c u l a t i o n  o f  K I C

As s u mi n g  a n  e l a s t i c  s t r e s s  d i s t r i b u t i o n  t h e  e x p r e s s i o n  o f  

t he  c i r c u n f e r e n t i a l  n o r ma l  s t r e s s  a  i n  a  d i s k  s u b j e c t e d
t o  i n t e r na l  p r e s s u r e  i s

0 ™
Pi

, 2  2 
b  -  a

( 1)

wh e r e  a a n d  b  a r e  t h e  i nn e r  a n d  o u t e r  r ad i i  r e s p e c t i v e l y ,  

p.  t he  i n t e r n a l  p r e s s u r e  and  r  t h e  r a d i a l  d i s t a n c e .  Us i n g  

t Ai s  p r e s s u r e  d i s t r i b u t i o n  t h e  s o l u t i o n  g i v e n  b y  Ta d a  

( 1973)  f o r  t h e  p r o b l e m s h o wn  i n Fi g .  4 c a n  b e  i n t e g r a t e d  

t o  g i v e  a n  a p p r o x i ma t e  v a l u e  o f  K f o r  t he  d i s k .  Ta d a

FI G.  3 Fr a c t u r e  s u r f ac e .

e x p r e s s e s  K i n  t e r ms  o f  a n  i n f l u e n c e  f u n c t i o n  F o f  t he  

g e a n e t r y  a n a T. o c a t i o n  o f  t he  l oad :

K!C - 7 =  (2)

wh e r e  Y = x/ ; .  a n d  K = 

t i a l  f o r m,  r e p l a c i n g  P 

t a i ns

t / ( b - a )  

By  a

, .  Wr i t i n g  K i n  d i f f er er t -  

d x  and  i n t e g r a t i n g  o n e  ob-

V51 V IT b 2 -

r )
K i c  ■ 2p

wh e r e  B =  a / ( b - a ) .  Eq.  

t o  a  f a c t o r  g i v e n  b y

[ 1 +
( 1  +  3 )

,lF(Y,£)dY ( 3)
' 0 (0 + yC)

3 c a n  b e  n o r ma l i z e d  wi t h  r e s p e c t

10

leading to 

K
i c

* 10 2 6  + 2 6 + 1

[ 1 +
( 1 + 8 ) 

(6 + Y?)

( 4)

2 ] F ( Y , 5 ) d Y  ( 5 )

Th e  f u n c t i o n  F( Y , C) h a s  b e e n  t a b u l a t e d  b y  Tada .  Nu me r i c a l  

i n t e g r a t i o n  l e a d s  t o  t he  c u r v e  s h o wn  i n Fi g .  4.  Fo r  e v e r y  

v a l u e  o f  t he  c r i t i c a l  l e n g t h  I  a n d  a  c r i t i c a l  p r e s s u r e  

p^  o n e  c a n  o b t a i n  a  v a l u e  o f  K „ .  Fo r  t he  t es t s  c o n d u c t e d  

o n  d i s k s  t h i s  v a l u e  as  a  f u n c t i o n  o f  t he  o v e r c o n s o l i d a ­

t i o n  r a t i o  i s  s h o wn  i n Fi g .  5.  K _ i s  a  b a s i c  p a r a me t e r  

t o  b e  u s e d  i n d e s i g n  wh e n  f a i l u r e s  s u c h  as  t h o s e  o c c u r ­

r i ng  d u r i n g  h y d r a u l i c  f r a c t u r i n g  a r e  s t ud i ed .

DETERMI NATI ON OF  THE FRACTURE TOUGHNESS COEFFI CI ENT KI I C

I n  t h i s  mo d e  t he  d i s p l a c a n e n t  o f  t h e  c r a c k  s u r f a c e s  a r e  

p a r a l l e l  t o  t h e  p l a n e  o f  t he  c r ac k .  Th e  s a mp l e  c o n f i g u r a ­

t i o n  u s e d  i s  t h a t  o f  a t h i n  l ong  h o l l o w c y l i n d e r  wi t h  t he  

d i me n s i o n s  s h o wn  i n  Fi g.  6.  On c e  t he  l e n g t h  o f  t he  c r a c k  

a n d  t he  c r i t i c a l  s h e a r i n g  s t r e s s  a r e  k n o wn  a  s o l u t i o n  d u e  

t o  Er d o g a n  a n d  Ra t wa n i  ( 1972)  a l l o ws  o n e  t o  c a n p u t e

Sa mp l e  Pr e p a r a t i o n  and  Te s t i n g  Eq u i p me n t

Cl a y  s l u r r i e s  c o n s o l i d a t e d  a t  a p p r o x i ma t e l y  280 k Pa  we r e  

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

l a t h e  wa s  u s e d  t o  r e d u c e  t h e m t o  t he  s i z e  s h o wn  i n Fi g.  

6.  TVj o d i a n e t r i c a l l y  o p p o s i t e  h o r i z o n t a l  n o t c h e s  we r e  c u t  

i n t he  s p e c i me n s  a n d  2 l a y e r s  o f  t e f l o n  t ap e  i n s e r t e d  i n  

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

h e a l i n g  t he c r a c k .  Th e  s p e c i me n s  we r e  t h e n  p l a c e d  i n a  

s p e c i a l  c e l l  wh e r e  t h e y  we r e  o n e  d i me n s i o n a l l y  c o n s o l i d a ­

t ed  u n d e r  a  g i v e n  c e l l  p r e s s u r e .  Th r e e  c e l l  p r e s s u r e s  

we r e  u s e d  l e a d i n g  t o  v e r t i c a l  c o n s o l i d a t i o n  p r e s s u r e s  o f  

1394,  1174  a n d  9 5 4  k Pa;  K f o r  t h i s  c l a y  b e i n g  0 . 47 .  Th e  

s a mp l e s  vr er e t h e n  a l l o we d  t o  r e b o u n d  a t  a  c e l l  p r e s s u r e  

o f  207 k Pa  l e a d i n g  t o  v e r t i c a l  o v e r c o n s o l i d a t i o n  r a t i o s  

o f  6 . 7 ,  5 . 7  a n d  4. 6 .

P ROP A GA T I ON
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FI G.  4 De t e r mi n a t i o n  o f  f o r  a  h o l l o w d i s k .

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

l y  a  v e r y  h i g h  t o r q u e  t o  t he  p i s t o n ;  wh i l e  t r a n s d u c e r s  

i n s i de  t he  c e l l  me a s u r e d  t he a c t u a l  t o r q u e  t r a n s mi t t e d  t o  

t he  s amp l e ,  a n d  t he  a n g l e  o f  r o t a t i o n .  Th e s e  v a l u e s  we r e  

r e c o r d e d  o n  a n  X- Y p l o t t e r .  Th e  ma x i mu m t o r q u e  i s  t he  

c r i t i c a l  v a l u e  n e e d e d  t o  c o mp u t e  K Fi g .  6 s h o ws  a

s e r i e s  o f  f a i l u r e  s u r f a c e s  i n MODE I T  t o r  3 o f  t he  h o l l o w 

c y l i n d e r s  t es t ed .

Ca l c u l a t i o n  o f  K I I C

Kn o wi ng  t he  g e o me t r y  o f  t he  s amp l e  a nd  t he  c r a c k  as  we l l  

as  t he  c r i t i c a l  t o r que ,  Er d o g a n ' s  s o l u t i o n  y i e l ds  t he

v a l u e  o f  K
H C '

Fi g .  7 s h o ws  t he  r e l a t i o n  b e t we e n  K.
I I C

a n d  t he  o v e r c o n s o l i d a t i o n  r a t i o  f o r  t he  k a o l i n i t e  t es t ed .  

APPL I CATI ON T O SOI L  MECHANI CS 

Th e r mo d y n a n i c  Cr i t e r i a  o f  St a b i l i t y

Fo r  an  i r r e v e r s i b l e  p r o c e s s  t he  s e c o n d  l a w o f  t h e r mo-  

d y n a n i c s  s t a t e s  t h a t  t h e  r a t e  o f  e n t r o p y  p r o d u c t i o n  S^  i s  

s u c h  t ha t

S i
( 6)

wh e r e  j .  i s  a  g e n e r a l i z e d  f l u x  a nd  X^  i s  a  g e n e r a l i z e d  

f o r c e .  Th e  r a t e  o f  e n t r o p y  p r o d u c t i o n  f o r  a p r o pa ga t i ng  

c r a c k  c a n  b e  wr i t t e n  as  ( Chudnov s k y ,  1983)

T Si  = n  + ( 7)

wh e r e ,  T  i s  t h e  a b s o l u t e  t e mp e r a t u r e ,  D i s  t he p o r t i o n  o f  

t he  i r r e v e r s i b l e  vr or k s p e n t  o n  t he  d e v e l o p me n t  o f  mi c r o -  

d a n a g e  i i j  t he  v i c i n i t y  o f  t he  c r a c k  t i p ,  H i s  t he  c r a c k  

l eng t h ,  £ i s  t he  r a t e  o f  c r a c k  g r o wt h ;  i s

t he  e n e r g y  r e l e a s e  r a t e ,  i t  i s  t he  p o t e n t i a l  e n e r g y  a l s o  

c a l l e d  Gi b b s  p o t e n t i a l ;  Y*  i s  t he  s p e c i f i c  e n t h a l p y  o f  

d a mage .  I t  c a n  be  l oo k e d  u p o n  as  t he  s u r f a c e  e n e r g y  i f  

t he  d a ma g e  c o n s i s t s  o f  mi c r o c r a c k s  on l y .  R^  i s  a  v a l u e  

i n t eg r a l  c h a r a c t e r i z i n g  t he  d a n a g e d  z on e  a r o u n d  t he  c r a c k

FI G.  5 K I C f o r  o v e r c o n s o l i d a t e d  c l ay .

t i p  ( Chu d n o v s k y ,  1983) .  Vi l e r e  as  Y*  r e p r e s e n t s  t he  a-  

mo u n t  o f  e n e r g y  n e e d e d  f o r  t he  c r a c k  a n d  i t s  s u r r o u n d i n g  

d a n a g e d  z on e  t o  a d v anc e ,  c h a r a c t e r i z e s  t he  a mo u n t  o f  

a c c u n u l a t e d  p o t e n t i a l  e n e r g y  a v a i l a b l e  f o r  c r a c k  p r o p a ­

g a t i o n .  Th u s  ( y * R^  ”  J j )  r e p r e s e n t s  t he  e n e r g y  b a r r i e r  

wh i c h  mu s t  b e  o v e r c o me  t o r  t he  c r a c k  adv anc e .  Wi t h i n  t he

f r a ne wo r k  o f  i r r ev e r s i b l e  t h e r mod y n ami c s ,  ( J, Y*lO

a p p e a r s  a s  a g e n e r a l i z e d  f o r c e  r e c i p r o c a l  t o  t t f e g e n e r a l ­
i z ed  f l u x  L

Vi l en ( y * R^  -  J ^ )  _< 0 , t h e  c r a c k  p r o p a g a t e s  s p o n t a n e o u s l y .  

Wi e n  ( y * R^  -  J ^ ) >0 ,  t he  c r a c k  c a n  p r o p a g a t e  o n l y  i f  D > 

Î ( Y* R,  -  J- ^ ) , i . e . ,  i f  t he  d i s s i p a t i o n  c o mp e n s a t e s  f o r  t he  

n e g a t i v e  e n t r o p y  p r o d u c t i o n  l ( J ^  -  R. ) .  Th i s  i mp l i e s  t ha t  

t he c r a c k  p r o p a g a t i o n  i s  c o n t r o l l e d ^  b y  d i s s i p a t i v e  p r o ­

c e s s e s  l i k e  i r r e v e r s i b l e  d e f o r ma t i o n ,  d i f f u s i o n ,  c h e mi c a l  

r eac t i o n ,  e t c .  Ap p a r e n t l y ,  t he  c r i t i c a l  c o n d i t i o n  f o r  i n ­

s t a b i l i t y  ( s t ab i l i t y )  i s

J 1 ”  Y R1 = 0 ( 8)

wh i c h  i s  Gr i f f i t h ' s  c r i t e r i o n  i f  y * R.  i s  t a k e n  a s  t he  

s u r f a c e  e n e r g y .  Th i s  q u a n t i t y  i n t he  r r a c t u r e  me c h a n i c s  

l i t e r a t u r e  i s  r e f e r r e d . t o  a s  y e f f  Qr  t he  c r i t i c a l  e n e r g y  

r e l e a s e  r a t e  Vi i i l e Eq.  8  i s  a  n e c e s s a r y  c o n d i t i o n

f o r  i ns t a b i l i t y ,  t he  s u f f i c i e n t  c o n d i t i o n  r e s u l t s  f r o m 

t he  u n i v e r s a l  c r i t e r i o n  o f  e v o l u t i o n .  Fo r  a  s t a b l e  p r o ­

c es s ,  t he  f o l l o wi n g  i n e q u a l i t y  ho l ds :

dSj  =  E 

d t  k ^ k l f
( 9)

wh e r e  i s  a s s u n e d  t o  r a n a i n  c o n s t a n t .  Fo r  a n  e l a s t i c  

c r a c k  D =  0 a n d  Eqs .  7 and  9 y i e l d

dS;  ; 2  3 <J 1 -  ^ * R1>
4- *  0c o n s t  — ( 10)

T  = c o n s t

whe r e  <J i s  t h e  s t r e s s  t ens or .  I f  t he  d a n ag ed  z one  d o e s  

no t  c h an g e  as  t he  c r a c k  l en g t h  i nc r eas es  on e  c a n  a s s u me  

t h a t  y *  R.  =  y e f f  i s  c ons t a n t .  Th e  s u f f i c i e n t  c o n d i t i o n  

o f  s t ab i l i t y  ( 10)  r e du c e s  t o
3J,  ,

a
r

c o n s t  -  0 

c o n s t
( 11)

Th e r e f o r e ,  a t  c o n s t a n t  t s n p e r t u r e  T,  t he  n e c e s s a r y  and  

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

e f f  -
( a)

0 = c o n s t
> 0 ( b)  ( 12)
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FI G.  7 K I I C f o r  o v e r c o n s o l i d a t e d  c l ay .
FI G.  6.  Fa i l u r e  o f  h o l l o w c y l i n d e r s  i n  MODE I I .

3.8cm.

3cm.

0.6cm.

Ap p l i c a t i o n  t o  t he  St a b i l i t y  o f  I n f i n i t e  Sl o p e s

Co n s i d e r  a n  i n f i n i t e  s l o p e  wi t h  a c r a c k  o f  l e n g t h  21 

p a r a l l e l  t o  t h e  s u r f a c e  a n d  a t  a  d e p t h  h.  I t  wi l l  b e  

a s s u me d  t ha t  t h e r e  i s  n o  s h e a r i n g  r e s i s t a n c e  a l o n g  t he  

c r a c k  and  t h a t  f o r  s a t u r a t e d  o v e r c o n s o l i d a t e d  u n d r a i n e d  

c l ay ,  c a n p r e s s i v e  s t r e s s e s  d o  n o t  c h a n g e  t he  s h e a r  r e ­

s pons e .  A  MODE I I  f r a c t u r e  i s  u n d e r  c o n s i d e r a t i o n .  I h e  

s h e a r i n g  s t r e s s  o n  a n y  p l a n e  p a r a l l e l  t o  t he  s u r f a c e  a t  a  

d e p t h  h  i s  g i v e n  b y  x =  p g h  s i n(  i )  c os (  i )  , wh e r e  i  i s  t he  

i n c l i n a t i o n  o f  b o t h  s l o p e  a n d  c r a c k .  L e t  u s  n o w c o n s i d e r  

a MODE I I  c r a c k  i n  a n  i n f i n i t e  p l a n e  u n d e r  t he  u n i f o r m 

s h e a r i n g  s t r e s s  a n d  u s e  t he  p r i n c i p l e  o f  s u p e r p o s i t i o n  

( s ee  Br oek ,  1982) .  I f  K i s  t he f r a c t u r e  t o u g h n e s s  o f  

t he  p l a n e  a n d  i s  ma t  o f  t h e  p r o b l e m a t  h a n d  t hen

K = Kj _  b e c a u s e  o f  t he s y mn e t r i e s  i n v o l v e d  i n a n  i n ­
f i n i t e  s l ope .  Thu s ,

K
I I ' , = K I I S  = t  / ¡ a = 2  PQh  / i r l s i n (2 i) ( 13)

Co n v e n t i o n a l l y  t he e n e r g y  r e l e a s e  Wt e ,  f o r  p l a n e  s t r a i n

and  MODE I I  i s  wr i t t e n  = ( 1 -  v ) K_ /  E,  wh e r e  E a n d  v

a r e  Yo u n g ' s  mo d u l u s  a n d  Po i s s o n ' s  r a t i o  r e s p e c t i v e l y .  

Thus ,

3 J X

7 1

2(1 3 K
I I

I I  3£
>0 ( 14)

and  c o n d i t i o n  ( 12b)  i s  a l wa y s  s a t i s f i e d .  Co n d i t i o n  ( 13a)  

c a n  be  r e wr i t t e n  i n  t he  f o l l o wi n g  e q u i v a l e n t  f o r m

I I S I I C
( 15)

wh e r e  K I I C i s  t he  f r a c t u r e  t o u g h n e s s  c o e f f i c i e n t .  I t  c a n  

b e  o b t a i n e d  f o r  i n s t a n c e  f r a n  t es t s  c o n d u c t e d  o n  h o l l o w 

c y l i n d e r s  i n  MODE I I  f r ac t u r e .  Su b s t i t u t i n g  ( 13)  i n t o  

( 15)  we  o b t a i n  t he  e x p r e s s i o n  f o r  t he  c r i t i c a l  c r a c k  

l e n g t h  2Xr.. Thu s ,  2
8K

2 i
I I C

i r ( p g h  s i n  2 i ?
( 16)

I h e  v a l u e s  o f  K _ f o r  a  r a n g e  o f  o v e r c o n s o l i d a t i o n  r a ­

t i o s  c a n  b e  o b t a i n e d  f r a n  Fi g.  7.  Ta b l e  1 g i v e s  v a l u e s  o f  

t he  c r i t i c a l  l e n g t h s  o f  c r a c k  wh i c h  wo u l d  c a u s e  c a t a s t r o ­

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

i .  The,  o f  Pg  i s  17 . 3  k N/ m a n d  t h a t  o f  K _ i s
15 6 x 1 0  Nm . Th e  d i me n s i o n s  a r e  i n me t e r s .  As  o n e  c an  

n o t i c e  t he  r e s u l t s  s e e m t o  be  q u i t e  r e a s onab l e .

CONCL USI ON

A f r a n e wo r k  f o r  t he  u s e  o f  f r a c t u r e  me c h a n i c s  i n  t he  

s t u d y  o f  t he  s t a b i l i t y  o f  s o i l  s t r u c t u r e s  wi t h  c r a c k s  h a s  

b e e n  e s t a b l i s h e d .  Te s t s  h a v e  b e e n  p r o p o s e d  and  t he n  c o n ­

d u c t e d  f o r  t he  d e t e r mi n a t i o n  o f  t he  f r a c t u r e  t o u g h n e s s  

c o e f f i c i e n t s  K I C a n d  K I I C. An  e x a mp l e  o f  t he  u s e  o f  K I I C

f o r  a  l i mi t e d  r a n g e  o f  d e p t h s  a n d  s l o p e  i n c l i n a t i o n s  has

b e e n  g i v e n ,  a n d  r e a s o n a b l e  r e s u l t s  o b t a i n e d .  Pe r h a p s  t he  

mo s t  i mp o r t a n t  c o n t r i b u t i o n  o f  K.  Te r z a g h i  t o  s o i l  me c h ­

a n i c s  wa s  h i s  b r i n g i n g  t o g e t h e r  i n o n e  t r e a t i s e  ma n y  o f  

t he  b r a n c h e s  o f  t he  me c h a n i c s  o f  c o n t i n u o u s  me d i a ;  and  

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

me c h a n i c s  i s  a  r e l a t i v e l y  y o u n g  s c i e n c e  wh i c h  h a s  i t s  

p l a c e  i n t he  i n t e r p r e t a t i o n  o f  t he  b e h a v i o r  o f  s o i l  ma s s ­

es .  I t  i s  h o p e d  t ha t  t h i s  r e s e a r c h  wi l l  h e l p  d e v e l o p  n e w 

t e s t i n g  a n d  a n a l y s i s  t e c h n i q u e s  l e a d i n g  t o  mo r e  r a t i o n a l  

d e s i g n  i n f i s s u r e d  s o i l s .

TABLE I

Cr i t i c a l  l e n g t h  o f  c r a c k s  f o r  v a r i o u s  h  a n d  i .

X
15 . 00 20 . 00 25. 00 30 . 00 35 . 00

5. 0 33 . 13 20 . 05 14 . 1 1 11 . 04 9 . 38

6. 0 23 . 0 1 13 . 92 9 . 80 7 . 67 6 . 51

8. 0 12 . 94 7 . 8 3 5 . 51 4 . 3 1 3 . 66

10. 0 8 . 28 5 . 01 3 . 53 2 . 76 2 . 34
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