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INFLUENCE OF STRESS PATH ON THE PLANE STRAIN BEHAVIOUR OF A SENSITIVE CLAY

INFLUENCE DES TRACES DES CONTRAINTES SUR LE  COMPORTEMENT DE LA DEFORMATION EN PLAN D ’ UNE
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SYNOPSI S.  Re s ul t s  of  p l a n e  s t r a i n  t e s t s  on a n o r ma l l y  c o n s o l i da t e d ,  u n d i s t u r be d ,  s e ns i t i ve ,  ma r i n e  c l a y  a r e  p r e ­

s e n t e d us i ng  a v a r i e t y  of  i mpos e d  s t r e s s  pa t hs .  For  e i t he r  c o mp r e s s i o n  or  e x t e ns i on ,  t he  u n dr a i ne d  be h a v i o u r  i s  

f ou nd  t o be  i na e p e n d e n t  of  t he  t ot a l  s t r e s s  pa t h.  Howe ve r ,  wh e n  t h e r e  i s  a  r e ve r s a l  i n t he  d i r e c t i o n  of  p r i n c i ­

pa l  s t r e s s  d u r i ng  s he a r ,  f or  e x a mp l e  i n e x t e n s i o n  t e s t s ,  t he  u n d r a i n e d  s t r e ng t h  i s  r e duc e d.  I n d r a i n e d  c o mp r e s ­

s i o n t he  s t r a i n  r e qu i r e d  t o c a u s e  f a i l u r e  i s  d e p e n d e n t  on  t he  i mp os e d  s t r e s s  pa t h  e v e n  t hough  t t i e a n g l e  of  

s h e a r i ng  r e s i s t a n c e  i s  not .  Di f f e r e n t  pe a k  f r i c t i o n  a ng l e s  a r e  mo b i l i z e d  i n c o mp r e s s i o n  a nd e x t e n s i o n  mo de s  o f  

s he a r .  Al s o  i nc l ud e d i s  a d e s c r i p t i o n  of  t he  p l a ne  s t r a i n  a pp a r a t u s  wh i c h  pe r mi t s  K0- c o n s o l i d a t i o n  e i t he r  i n a 

s i n g l e  i nc r e me n t  or  und e r  s t r a i n  c o n t r o l l e d  l oa di ng .  Th e  h y dr a u l i c  l oa di ng s y s t e m a ^ o ws  s he a r  l oa d i ng  unde r  

s t r a i n c o n t r o l l e d  c o n d i t i o n s  e ve n  f o r  t h os e  s t r e s s  pa t hs  wh i c h  i nvo l ve  mo n o t o n i c  i nc r e a s e  or  d e c r e a s e  of  l a t e r a l  

f l u i d  pr e s s ur e .  Con t i n u o u s  me a s u r e me n t  of  s i d e  f r i c t i on  i s  ma d e  a nd  s u i t a b l e  c o r r e c t i o n s  a pp l i e d  t o t he  me a s ur e d  

ve r t i c a l  s t r e s s .

s I NTRODUCTI ON 
3

Th e  me c h a n i c a l  p r ope r t i e s  of  mo s t  s oi l s  d e pe nd  on 

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

s t r e s s  c ha n g e s  d u r i ng  s he a r .  Co n s e q u e n t l y ,  t n e r e  ha s  

be e n  c o n s i d e r a b l e  e mp na s i s  on  t he  ne e a  t o d e t e r mi n e  

s oi l  p r ope r t i e s  f r om t e s t s  i n wh i c h  t ne  c o n s o l i d a t i o n  

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

anticiDated i n a g i ve n f i e l d  p r o b l e m ( La mbe  1967) .  

Howe ve r ,  o n l y  i n a t r ue  t r i a x i a l  a ppa r a t u s  wou l d  i t  be  

p o s s i b l e  t o d e t e r mi n e  t he  f ul l  r a nge  of  s oi l  be ha v i o u r  

a s  a f u n c t i o n  of  t he  s t a t e  of  s t r e s s .  On t he  o t h e r  

ha nd,  p r ope r t i e s  d e t e r mi n e d  un de r  p l a n e  s t r a i n c o n d i ­

t i ons  wo u l d  s u f f i c e  f o r  ma n y  f i e l d pr ob l e ms .  I n s pi t e  

of  i t s  g r e a t  pr a c t i c a l  i mpor t a nc e ,  ve r y  l i t t l e  r e ­

s e a r c h e f f o r t  ha s  be e n  s pe n t  i n t he  s t u dy  of  t he  pl a ne  

s t r a i n be h a v i o u r  of  c l a ys  a f t e r  t he y  ha ve  be e n one  

d i me n s i o n a l l y  or  K0 c o n s o l i d a t e d  -  a c o n d i t i o n  c ommon 

t o a l l  na t ur a l  s e d i me n t a r y  de pos i t s .  I t  a pp e a r s  t ha t  

t he  on l y  r e s u l t s  r e p or t e d  i n t hi s  f i e l d  a r e  t ho s e  by 
He nke l  a nd Wa de  ( 1966)  a nd Ha mb l y  a nd Ros c oe  ( 1969) .  

He nke l  a nd Wa de ,  howe ve r ,  r e s t r i c t e d  t he ms e l ve s  t o u n ­

d r a i n e d  c o mp r e s s i o n  be h a v i o u r  on l y  wh e r e a s ,  Ha mbl y  

a nd Ros c oe  c o n s i d e r e d  d r a i ne d  a nd u n dr a i ne d  c o mp r e s ­

s i on  a nd a l s o  e x t e ns i on  s t r e s s  pa t hs .  Bo t h  t he s e  

s t ud i e s  we r e  c o n f i ne d  t o r e mol de d  c l a ys .

I n t hi s  pa pe r ,  t he  r e s ul t s  of  pl a ne  s t r a i n  b e h a v ­

i our  of  a n  un d i s t u r be d ,  s e n s i t i ve ,  ma r i n e  c l a y  ha ve  

be e n  pr e s e nt e d.  Fo l l owi ng  i ni t i a l  K0 - cons ol  i da t i on,  

t he  s a mpl e s  we r e  s he a r e d  u n de r  a va r i e t y  of  s t r e s s  

pa t hs .  Th i s  i nc l u de d c o mp r e s s i o n  a nd e x t e n s i o n  pa t hs  

un de r  bot h  i n c r e a s i ng  a nd d e c r e a s i n g  s t r e s s e s .  For  

e a c h  s e l e c t e d  s t r e s s  pat h, -  d r a i ne d  a nd  u ndr a i ne d  be  

ha v i o u r  wa s  s t udi e d.  The  ne w p l a n e  s t r a i n  a ppa r a t us  

ha s  be e n b r i e f l y  de s c r i be d .  Th e  p r i s ma t i c  t e s t  s pe c i  

me n  c a n  be  i n i t i a l l y  K0 c o n s o l i d a t e d  e i t he r  i n c r e ­

me n t a l l y  or  unde r  s t r a i n  c on t r o l l e d  c ond i t i o n s  a nd a l l

s t r e s s  pa t hs  d u r i n g  s he a r  c a n  be  i mpos e d u n de r  s t r a i n  

c o n t r o l l e d  l oa di nq.  The  a p p a r a t u s  wa s  d e s i g n e d  t o 

me a s u r e  a l l  b o u n d a r y  s t r e s s e s  on t he  s a mp l e  i nc l ud i n g 
s i de  f r i c t i on .

THE PLANE STRAI N APPARATUS

An  e xp l ode d  v i e w o f  t he  p l a ne  s t r a i n  a ppa r a t u s  i s  

s ho wn i n Fi g.  1.  Th e  s a mpl e ,  10 c m l ong,  2. 5 cm.  

wi d e  a nd  i n i t i a l l y  5. 75  cm.  hi gh ,  i s  c o n s t r a i n e d  i n 

t he  d i r e c t i o n  of  i t s  l e ng t h be t we e n  t wo f i xe d,  r i gi d,  

s moo t h  e nd pl a t e s ,  wh i c h  e n s u r e  t he  p l a ne  s t r a i n  c on 

di t i on.  Th e  e nd pl a t e s  a r e  i n s t r ume n t e d  wi t h  l oa d 

c e l l s  i n o r d e r  t o me a s u r e  t he  nor ma l  s t r e s s  de ve l ope d.  

The  ve r t i c a l  l oa d i s  t r a n s mi t t e d  t o t he  s a mpl e  by 

me a ns  of  a r i g i d  l oa d i ng  c a p,  wh e r e a s  a pa i r  of  f l e x ­

i bl e ,  wa t e r  f i l l e d  r u bbe r  d i a phr a g ms  wh i c h  a r e  s e a l e d 

t o s t i f f e ne d  s upp o r t  pl a t e s  a r e  e mpl o y e d  t o f u r ni s h  

t he  l a t e r a l  pr i nc i pa l  s t r e s s .  Th e  l a t e r a l  p r e s s u r e  

d i a ph r a g ms  a nd t he  e nd pl a t e s  a r e  pos i t i o n e d  a r ou nd  

t h e  s a n Dl e ,  t he  l oa d i n g caD a nd ba s e  pe de s t a l  by 

c l a mp i n g  t he m t oge t h e r  wi t h  a s e t  of  bol t s .  I n o r de r  

t o p r e v e n t  t he  p r e s s u r i z e d  d i a ph r a g ms  f r om s q ue e z i ng  

ou t  oa s t  t he  ope n i ng  be t we e n  t he  d i a p h r a g m s uppor t  

pl a t e s  a nd t he  l oa d i n g c a p  or  ba s e  pe d e s t a l ,  t he  

c l e a r a n c e  be t we e n  t he  d i a p h r a g m s u ppor t  pl a t e s  a nd 

c a p or  ba s e  wa s  ke pt  a t  0 . 015  cm.  on e a c h s i de .  Pr e s ­

s ur e s  uo t o 12 k g / c m2 we r e  de ve l o p e d  i n t he s e  d i a ­

ph r a g ms  wh i c h  we r e  0 . 0 30  cm.  t hi c k  a nd t he r e  wa s  no 

t e n d e n c y  f o r  t he m t o s qu e e z e  i n be t we e n  t he  s a mpl e  a nd 

t he  e nd pl a t e s  or  ou t  of  t he  ope n i ng  be t we e n  d i a p h r a g m 

s upp o r t  p l a t e  a nd c a p  or  ba s e .

Dur i ng K0 c on s o l i da t i on :  t he  s a mp l e  i s  p r e ve n t e d  

f r om s t r a i n i ng  i n t he  l ongi t u di na l  d i r e c t i o n  by t he  

p r e s e n c e  of  r i g i d  e nd pl a t e s  a nd i n t he  l a t e r a l  di r e c  ■ 

t i on  by ma i n t a i n i n g  a c o n s t a n t  v o l ume  of  wa t e r  i n t he  

f l e x i b l e  d i a phr a gms .  Th e  ve r y  s ma l l  c o mp l i a n c e  of  t he
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f i t .  1 EXPLODED VI EW OF THE PLANE STRAI N APPARATUS.

l a t e r a l  p r e s s u r e  d i a p h r a g ms  doe s  no t  a f f e c t  t he  r. i eas 

ur e d K0 va l u e  t o a ny  s i g n i f i c a n t  e x t e n t  ( Ca mpa ne l l a  

a nd Va i d  1972) .

The  ve r t i c a l  l oa d a oo l i e d  t o t he  t op of  s a mpl e  i s  

me a s u r e d  on t he  l oa d i n g r od.  Dur i ng  d e f o r ma t i o n  of  

t he  s a mo l e  i n t he  ve r t i c a l  d i r e c t i on ;  pa r t  of  t hi s  

l oa d  i s  t r a n s f e r r e d  t h r ough  s i de  f r i c t i on  t o t he  r i g ­

i d e nd pl a t e s  a nd l a t e r a l  p r e s s u r e  d i a phr a gms .  I n 

o r d e r  t o  h a v e  a d i r e c t  me a s u r e  o f  t hi s  s i de  f r i c t i on ,  

t he  ba s e  pe de s t a l  i s  i n s t r ume n t e d  wi t h  a l oa d c e l l  

wh i c h  r e g i s t e r s  t he  l oa d t r a n s mi t t e d  t o t he  b o t t o m of  

t he  s a mpl e .  An a v e r a g e  ve r t i c a l  s t r e s s  i s  t hus  c o m­

pu t e d f r om t he  l oa ds  me a s u r e d  a t  t op a nd  bot t om.

The  r e c t a n g u l a r  r ubb e r  me mb r a n e ,  wh i c h  e nc l os e s  

t he  s a mpl e ,  t he  t op a nd b o t t o m oor ou s  s t o n e s . a nd  t he  

s t a i n l e s s  s e a l i ng  pl a t e s ,  ha s  i t s  uns t r e t c h e d  l i n e a r  

d i me n s i o n s  a bo u t  5% s ma l l e r  t ha n  a c t ua l  s i z e .  The  

hor i z on t a l  e dg e s  o f  t he  me mb r a n e  a r e  s e a l e d  t o t he  

t op c a p  a nd  b o t t o m pe de s t a l  by me a n s  of  t he  s t a i n l e s s  

s e a l i ng  pl a t e s  t o wh i c h  d r a i na ge  l i ne s  a r e  a t t a c h e d .  

I n o r d e r  t o mi n i mi z e  s i de  f r i c t i on ,  t he  me mb r a n e  i s  

l ub r i c a t e d  l i be r a l l y  wi t h  s i l i c o n e  g r e a s e  p r i o r  t o 

a s s e mb l i n g  l a t e r a l  d i a phr a gms  a nd e nd p l a t e s  a r ound  

t he  s a mpl e .

A s c h e ma t i c  l a you t  o f  t he  l oa d i n g s ys t e m,  wh i c h  

ha s  be e n  de s c r i b e d  i n de t a i l  e l s e wh e r e  ( Ca mp a n e l l a  

a nd Va i d  1972) ,  i s  s ho wn  i n Fi g.  2.  Th e  ve r t i c a l  

l oa d i s  a pp l i e d  by me a ns  of  a r o l l i nn  d i a p h r a a m oi s -  

t on wh i c h  i s  c o mp l e t e l y  s a t u r a t e d  on bo t h s i de s .

Ea c h  s i de  o f  t hi s  p i s t on  i s  c o n n e c t e d  by me a n s  of  1/ 8

O. D.  c o p o e r  t ube s  t o  s na i l  wa t e r  r e s e r v o i r s  a nd a l s o  
t o a d i s p l a c e me n t  p l u n g e r  a c t u a t e d  by a c o n s t a n t  s pe e c  

dr i ve .  The  l a t e r a l  p r e s s u r e  d i a p h r a g ms  a r e  s i mi l a r l y  

c o n n e c t e d  t o a n  a i r  p r e s s u r e  s u p p l y  a nd t o t he  s a me  

d i s p l a c e me n t  Dl u n q e r ,

K0 c o n s o l i d a t i o n  c a n  be  p e r f o r me d  i n e i t h e r  o ne  or  

s e ve r a l  l oa d i nc r e me n t s ,  or  und e r  s t r a i n  c o n t r o l l e d  

l oa di ng .  For  K0 c o n s o l i d a t i o n  i n one  i nc r e me n t ,  t he  

s a mpl e  i s  l oa d e d  u ndr a i ne d  wi t h  e qua l  ve r t i c a l  a nd 

l a t e r a l  s t r e s s e s .  Po r e  wa t e r  d r a i n a g e  i s  t he n p e r mi t ­

t e d a g a i n s t  a ba c k  p r e s s u r e  wh i l e  t he  v o l u me  of  wa t e r  

i n t he  l a t e r a l  p r e s s u r e  d i a phr a g ms  i s  ma i n t a i n e d  c o n ­

s t a nt .  For  K0 c o n s o l i d a t i o n  und e r  s t r a i n c o n t r o l l e d  

l oa di ng ,  e qua l  ve r t i c a l  a nd l a t e r a l  s t r e s s  i s  f i r s t  

a pp l i e d  t o t he  u n d r a i n e d  s a mpl e  a nd t he n s t r a i n  c on 

t r o l l e d  l oa d i ng i s  c onme n c e d  wh i l e  t he  v o l u me  of  wa t e r  

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

A c o n s t a n t  s t r a i n r a t e  i s  i mpa r t e d  t o t he  s a mpl e  
by f o r c i n g  wa t e r  f r om t he  d i s p l a c e me n t  p l u n g e r  i nt o 

t he  l oa d i n g p i s t on  or  i nt o or  ou t  of  t he  l a t e r a l  p r e s ­

s u r e  di a phr a gms .  Conve nt i o na l  c o mp r e s s i o n  t e s t s  i n 

wh i c h  t he  l a t e r a l  s t r e s s  i s  ma i n t a i n e d  c o n s t a n t  a r e  

c a r r i e d  ou t  by f o r c i ng  wa t e r  i nt o t he  t op of  t he  l oad 

i ng p i s t on ,  wh i l e  f or  e x t e n s i o n  t e s t s ,  wa t e r  i s  f o r c e d  

i n t o  t he  b o t t o m o f  t he  pi s t on.  Co mp r e s s i o n  a nd  e x t e n ­

s i on  t e s t s  i n wh i c h  t he  ve r t i c a l  s t r e s s  i s  he l d c on 

s t a nt  a nd t he  s a mol e  i s  s u b j e c t e d  t o a c o n s t a n t  l a t e r ­

a l  s t r a i n  r a t e  a r e  pe r f o r me d  by f o r c i n g wa t e r  ou t  of .
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FI G 2 SCHEMATI C LAYOUT OF LOADI NG,  PRESSURE AND VOLUME CHANGE MEASURI NG SYSTEM.

o r  i nt o,  t he  l a t e r a l  p r e s s u r e  di a phr a gms .  I f  s t r e s s  

c o n t r o l l e d  l oa di ng  i s  de s i r e d ,  t he  ve r t i c a l  a nd l a t ­

e r a l  s t r e s s e s  a r e  c ha n g e d  i n d i s c r e t e  s t e p s  t o r e p r o ­

d u c e  t he  p r e d e t e r mi n e d  s t r e s s  pa t n.

TEST DESCRI PTI ON

Th e  und i s t ur be d,  s a t u r a t e d  ma r i n e  c l a y  ( Ha ne y 

c l a y )  us e d i n t he  s t udy  wa s  s a mpl e d  i n bl oc ks  f r o m a n 

ope n  pi t .  Te s t  s a mo l e s  we r e  t r i mme d  f r o m b l oc ks  o b ­

t a i n e d  f r o m t he  s a me  hor i z on  i n o r de r  t o e n s u r e  ma x i ­

mu m un i f o r mi t y.  Th e  c l a y  ha s  a l i q ui d l i mi t  o f  44%,  

p l a s t i c  l i mi t  o f  18%,  a na t u r a l  wa t e r  c o n t e n t  f r om 

41 t o 43%.  a nd  a s e n s i t i v i t y  f r o m 6 t o 10.  Ma x i mu m 

pa s t  p r e s s u r e  wa s  f ou nd  t o be  a b ou t  4 k g / c m2 f r o m one  

di me ns i ona l  c o n s o l i d a t i o n  t e s t s .

Al l  s a mpl e s  of  c l a y  we r e  n o r ma l l y  c o n s o l i d a t e d  

u n de r  K0 c ond i t i o n s  i n one  i n c r e me n t  t o t he  s a me  v e r t ­

i ca l  e f f e c t i v e  s t r e s s  o f  6 k g / c m2 . Ea c h  s a mpl e  wa s  

t he n  s ub j e c t e d  t o a d i f f e r e n t  s t r e s s  pa t h  i n p l a ne  

s t r a i n  s he a r .  Wi t h  r e f e r e n c e  t o Fi g.  3,  wh i c h  s hows

t he  p r i nc i p a l  s t r e s s e s  o , o a a nd s t r a i ns  e , e ,
x y  z x y

e a c t i n g  on  t he  s a mpl e ,  t he  f o l l o wi n g  s t r e s s  pa t hs  

wi r e  i nv e s t i ga t e d.

Pa s s i v e  c o mp r e s s i o n  ( P. C. ) - The  c o nve n t i ona l  c o mpr e s -  

s i on  t e s t  i n wh i c h  t he  a xi a l  s t r e s s  a i s  i nc r e a s e d  

wh i l e  t he  l a t e r a l  s t r e s s  ox i s  he l d c ons t a nt .

Ac t i v e  Co mp r e s s i o n  ( A. C. ) - Compr e s s i o n  t e s t  i n wh i c h  

t l i e l a t e r a l  s t r e s s  a i s ' de c r e a s e d  wh i l e  t he  a xi a l  

s t r e s s  oz i s  he l d  c ons t a n t .

Pa s s i ve  e x t e n s i o n  ( P. E. ) - Ex t e ns i o n t e s t  i n wh i c h  t he  

l a t e r a l  s t r e s s  a i s  i n c r e a s e d  wh i l e  t he  a xi a l  s t r e s s

o i s  he l d  c ons t a nt .

A.CL

PC. a fte r K0 Consolidation

.PE.

/ v

/  A.E.

FI G.  3 STRESS PATHS I NVESTI GATED

Ac t i v e  e x t e ns i on  ( A. E. ) - Ex t e n s i on  t e s t  i n wh i c h  t he  

a xi a l  s t r e s s  a i s  de c r e a s e d  wh i l e  t he  l a t e r a l  s t r e s s  
ox i s  he l d c ons t a n t .

For  e a c h  s t r e s s  pa t h,  d r a i ne d  a nd u ndr a i ne d  t e s t s  we r e  

c a r r i e d  out .  Ea c h  t e s t  wa s  pe r f o r me d  t wi c e  a nd t he  

r e s ul t s  we r e  a ve r a ge d.  I n d r a i ne d  t e s t s ,  d r a i n a g e  wa s  

pe r mi t t e d  f r om one  e nd of  t he  s a mp l e  a nd e xc e s s  por e
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pr e s s u r e ,  i f  a ny,  wa s  r e c o r de d  a t  t he  ot he r .  Ef f e c ­

t i ve  s t r e s s e s  we r e  c o mput e d  a s s u mi n g  a p a r a bo l i c  d i s ­

t r i b u t i o n  of  t hi s  s ma l l  e xc e s s  po r e  p r e s s ur e .  Al l  

t e s t s  we r e  p e r f o r me d  und e r  s t r a i n  c o n t r o l l e d  l oa di ng.

PLANE STRAI N TEST RESULTS

The  e x i s t e n c e  of  i de n t i c a l  s t r e s s - s t r a i n  b e h a v ­

i our  f or  a p a r t i c u l a r  n o r ma l l y  c o n s o l i d a t e d  c l a y  whe n 

n o r ma l i z e d  wi t h  r e s pe c t  t o t he  c o n s o l i d a t i o n  s t r e s s  

i s  we l l  known a t  l e a s t  f or  r e mol de d s a t u r a t e d  c l a y  

( Hvor s l e v  1960,  He nke l  1960,  Ro s c o e  a nd Poor oos ha s b ,  

1963) .  Th i s  wa s  a l s o  f oun d t o be  t he  c a s e  f or  u n d i s ­

t ur be d  Ha n e y  c l a y.  Fo r  e xa mpl e ,  i t  wa s  f oun d t h a t  

t h r e e  pa s s i ve  u ndr a i ne d  c omp r e s s i o n  t e s t s  on s a mpl e s ,  

e a c h  K0 c o n s o l i d a t e d  t o a d i f f e r e n t  ve r t i c a l  c o n s o l i ­

d a t i on  s t r e s s  o'  , y i e l d e d  e s s e n t i a l l y  i de nt i c a l  

no r ma l i z e d  d e v i a t o r  s t r e s s ,  Co  ~ o  ) / c ‘ , ve r s us  a xi a l  

s t r a i n  r e l a t i ons h i ps .  I t  wa s  t he r e f o r e  de c i d e d  t o 

t ho r ou g h l y  i n v e s t i ga t e  t he  pl a ne  s t r a i n  b e h a v i o u r  f or  

e s s e n t i a l l y  on l y  one  va l u e  of  nor ma l  c o n s o l i d a t i o n  

s t r e s s  s i nc e  b e h a v i o u r  a t  o t h e r  va l ue s  c o u l d  be  o b ­

t a i ne d by us i ng  n o r ma l i z e d  s t r e s s  pa r a me t e r s .

dndr a i n e d  Te s t  Re s u l t s  -  The  no r ma l i z e d  de v i a t o r  

s t r e s s ,  | 0z ' 0vl / ° 7C » ve r s u s  a xi a l  s t r a i n,  e , b e h a v ­
i our  f o r  t ne  To u r  s t r e s s  pa t hs  i s  s hown i n Fi o.  4.

I t  i s  I n t e r e s t i ng  t o no t e  t ha t  t he  r e s ul t s  t or  t ne  t wo 

c o mp r e s s i o n  s t r e s s  pa t hs  a r e  i de nt i c a l ,  a s  a r e  t ho s e  

f o r  t he  t wo e x t e n s i o n  s t r e s s  pa t hs .  The  i nva r i a nc e  of  

undr a i ne d  s t r e s s - s t r a i n  be h a v i o u r  wi t h  r e s p e c t  t o a p ­

p l i e d  t ot a l  s t r e s s e s  ha s  a l s o  be e n  no t e d  i n u n dr a i ne d  

t r i a xi a l  s he a r  of  s a t u r a t e d  r e mol de d  c l a ys  ( He nke l  

1960,  Pa r r y  1 9 6 0 ) ; a nd  i s  a c o n s e q u e n c e  of  s he a r  i n 

d u c e d  oor e  p r e s s u r e  be i ng u n i o u e l y  r e l a t e d  t o s t r a i n.

Th e  Ha n e v  c l a y  wa s  ve r y  b r i t t l e  i n c o mp r e s s i o n  

<he r t  t he  a xi a l  s t r a i n  t o pe a k d e v i a t o r  s t r e s s  wa s  

■nl y 0. 4%.  I n c o n t r a s t ,  howe ve r ,  t he  e x t e ns i on  f a i l ­

ur e  wa s  qui t e  p l a s t i c  wi t h  a f a i l u r e  s t r a i n  a p o u t  10%.  

Re s ul t s  of  Hambl . v a nd Ros c oe  ( 1969)  on a r e mol de d  c l a y 

do not  s how s uc h l a r ge  d i f f e r e n c e s  i n s t r a i n  t o f a i l ­

ur e  be t we e n  t he  c o mp r e s s i o n  a nd e x t e n s i o n  mo d e s  of  

s hea r .  The  r a t i o  of  u ndr a i ne d  s t r e ng t h  t o ma j o r  c o n ­

s o l i da t i o n  s t r e s s ,  c  / o ' , i n e x t e n s i o n  wa s  a p p r o x i ­

ma t e l y  70% of  t ha t  i H c ompr e s s i on .  I t  i s  i n t e r e s t i ng  

t o no t e  i n Fi g.  4 t ha t  a t  l a r ge  s t r a i ns ,  t he  de v i a t o r  

s t r e s s  i n bot h c omp r e s s i o n  a nd e x t e n s i o n  wa s  l e s s  t ha n 
t he  v a l u e  t he  s oi l  c ou l d  s us t a i n  a t  t he  end o f  c o n s o l ­

i da t i on  wh e n  c z = 0.

The  o b s e r ve d  d i f f e r e n c e  be t we e n  pe a k  s t r e ng t h  i n 

c omp r e s s i o n  a nd e x t e n s i o n  a s  we l l  a s  t he  f a c t  t ha t  

t he s e  pe a ks  oc c u r  a t  wi d e l y  d i f f e r e n t  s t r a i ns  s ugge s t s  

t ha t  t he  e x c l u s i v e  us e  o f  t he  c omp r e s s i o n  t e s t  t o o b ­

t a i n s oi l  p a r a me t e r s  ma y  y i e l d  u n c o n s e r v a t i v e  r e s ul t s  

wh e n  us e d  i n s t a b i l i t y  a na l ys e s .

A t ypi c a l  c h a r a c t e r i s t i c  of  s e ns i t i v e  c l a y s  o b ­

s e r ve d i n u n dr a i ne d  t r i a xi a l  c o mp r e s s i o n  i s  t he  c o n ­

t i nu ou s  bu i l d up of  oor e  p r e s s u r e  a f t e r  t he  oc c u r r e n c e  

of  pe a k d e v i a t o r  s t r e s s .  Cons e que n t l y ,  t he  c ond i t i o n  

of  pe a k e f f e c t i v e  s t r e s s  r a t i o  i s  r e a c h e d  wi t h  f u r t he r  
s t r a i n i ng  be y ond  pe a k of  d e v i a t o r  s t r e s s .  Fi g.  5 

s hows  t ha t  Ha ne y  c l a y  de mon s t r a t e d  s i mi l a r  b e ha v i ou r  

i n pl a ne  s t r a i n c ompr e s s i o n.  Pe a k e f f e c t i v e  s t r e s s  

r a t i o wa s  r e a c he d  a t  a bo u t  4. 5 % a xi a l  s t r a i n  whe r e a s  

pe a k  d e v i a t o r  s t r e s s  o c c u r r e d  a t  on l y  0. 4% a xi a l  s t r a i n.  

I n c on t r a s t ,  t he  s t r a i n  a t  pe a k d e v i a t o r  s t r e s s  a nd 

pe a k  e f f e c t i v e  s t r e s s  r a t i o wa s  t he  s a n e  f o r  e x t e ns i on  

s he a r .  The  a ve r a ge  a n g l e  of  s he a r  r e s i s t a nc e ,  <j>:  ̂ c o r ­

r e s po nd i ng  t o t he  pe a k  e f f e c t i v e  s t r e s s  r a t i o  wa s  31. 6 

de gr e e s  i n c o mp r e s s i o n  c o mpa r e d  t o 34 . 3  de gr e e s  i n e x ­

t e ns i on.  Ha mbl y  a nd Ros c oe  ( 1969) ,  howe ve r ,  r e por t e d  

no d i f f e r e n c e  i n *'  f o r  a r e mo l d e d  c l a y  i n p l a ne

s t r a i n c o mp r e s s i o n  a nd e x t e ns i o n.

Dr a i n e d  Te s t  Re s u l t s  -  On l y  t h r e e  s t r e s s  pa t hs  we r e  

s t udi e d  unde r  d r a i n e d  c o nd i t i ons .  A pa s s i v e  e x t e ns i on  

t e s t  c o u l d  no t  be  c a r r i e d  out  d u e  t o t he  l i mi t a t i ons  

on t he  ma x i mu m p r e s s u r e  t ha t  c o u l d  be  d e v e l o p e d  i n t he  

l a t e r a l  p r e s s u r e  d i a phr a g ms .  Fi g.  6 s hows  t he  va r i a  
t i on  of  e f f e c t i v e  s t r e s s  r a t i o  wi t h  a xi a l  s t r a i n.  I t  

i s  s e e n i n t hi s  f i gu r e  t ha t  bo t h c o mp r e s s i o n  s pe c i me ns  

d e ve l ope d  t he  s a me  pe a k e f f e c t i v e  s t r e s s  r a t i o  a nd 

t h e r e f o r e  ha d t he  s a me  l i mi t i ng  a n g l e  of  f r i c t i on ,  <j>' . 

Bu t  t he  s t r a i n  r e qu i r e d  t o mo b i l i z e  t hi s  <f>1 wa s  a bo u t  

12% i n pa s s i v e  c o mp r e s s i o n  c o mp a r e d  t o o n l y  4% i n a c ­

t i ve  c o mpr e s s i on .  Av e r a g e  <t>' a s s o c i a t e d  wi t h  a c o m­

p r e s s i on  f a i l u r e  wa s  29 . 4  de g r e e s  c ompa r e d  t o 34. 7 

de gr e e s  f o r  e x t e n s i o n  f a i l ur e .

The  Pr i nc i pa l  St r e s s  o' .  -  Fi g.  7 s hows  t he  r a t i o  of  

pr i nc i pa l  e f f e c t i v e  s t r e s s  o'  i n t he  d i r e c t i o n  of  z e r o 

s t r a i n  t o t he  s um of  o t h e r  t wo pr i nc i p a l  s t r e s s e s .  

Re s ul t s  f r om al l  t e s t s  a r e  p l ot t e d i n Fi g.  7.  Co n s i d ­

e r i ng  t he  r a n g e  of  s t r e s s  pa t hs  s t udi e d ,  t he  r a t i o 

a ' / ( a '  + a ')  s t a ye d r e ma r k a b l y  c o n s t a n t  d u r i n g  t he  

s t f ea r i ngz p r oc e s s  a nd c o r r e s p o n d e d  t o a v a l u e  of  b e ­

t we e n  0 . 36  a nd  0. 39.  Thus  a s  a good a p p r o x i ma t i o n  
mi g h t  be  c o n s i d e r e d  t o be  a c o n s t a n t  f r a c t i on  of  y  

( o ' +a  ) d u r i ng  p i a n e  s t r a i n  s ne a r  of  n o r ma l l y  c ons o l i -  

d a i e d x Ha nc y  ol a y.  I t  ma y  be  of  I n t e r e s t  t o poi n t  o u t  

t ha t  o'  wa s  not  a l wa ys  t he  i n t e r me d i a t e  p r i nc i pa l  

s t r e s s ^ d u r i n g  e x t e n s i o n  s he a r ,  wh i c h  i nv o l ve d  mono-  

t oni c  d e c r e a s e  of  e f f e c t i v e  s t r e s s  r a t i o.  I n t he  i ni  ■ 

t i a l  s t a ge s  of  t he  e x t e n s i o n  s h e a r  o'  wa s  t he  mi n o r  

p r i nc i p a l  s t r e s s .  Th a t  t hi s  mu s t  be ^ s o c a n  be  s ho wn  

by a s s umi ng  l i ne a r  e l a s t i c  b e h a v i o u r  a t  s ma l l  s t r a i ns .

COMPARI SON OF DRAI NED AND UNDRAI NED RESULTS

S t r e s s - s t r a i n  c o mp a r i s o n -  The  h ypo t he s i s  t ha t  a u n i que  

r e l a t i o n s h i p  e x i s t s  be t we e n  vo i d  r a t i o  a nd  e t t e c t i v e  

s t r e s s e s  u u n n a  t r i a xi a l  c o mp r e s s i o n  s n e a r  or  l e n t r nn-  

i c a l l y  c o n s o l i d a t e d  s a mpl e s  of  s a t u r a t e d  r e mol de d  c l a ys  

wa s  f i r s t  a d v a n c e d  by Re ndu l i c  ( 1937)  a nd l a t e r  a mp l i ­

f i e d  by  He nke l  ( I 960) .  Bo t h  Re ndu l i c  a nd  He nke l  s u g ­

ge s t e d t ha t  a n i s o t r o p i c a l l y  c o n s o l i d a t e d  s a mpl e s  wou l d  

a l s o  f i t  i nt o t he  s a me  pa t t e r n.  Th i s  s u gge s t i on ,  h o w­

e ve r ,  wa s  ^ t e r  f ou nd  t o be  i n c or r e c t  ( He nke l  a nd  Sowa  

1963* Wh i t ma n  e t  al  1960,  Sk e mp t o n  a nd Sowa  1963) .  I t  

wa s  b e l i e ve d  t h a t  f o r  t he  hypo t h e s i s  t o  be  va l i d,  t he  

i ni t i a l  c o n s o l i d a t i o n  h i s t o r y  of  t he  c l a y  mu s t  be  t he  

s a me .  No a t t e mp t  wa s  ma d e  t o d e mo n s t r a t e  t ha t  i n i t i a l ­
l y K0 c o n s o l i d a t e d  c l a ys  mi g h t  a l s o  pos s e s s  a u n i que  

voi d  r a t i o  e f f e c t i v e  s t r e s s  r e l a t i o n s h i p  d u r i ng  dr a i ne d  

a nd u n dr a i ne d  t r i a xi a l  c ompr e s s i o n.

Ros c oe ,  Sc hof i e l d  a nd ' . Jr ot h' s  ( 1958)  c o n c e p t  of  a 

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

me n t  of  Re ndu l i c ' s  c onc e p t  of  un i que n e s s  of  voi d r a t i o  

a nd e f f e c t i v e  s t r e s s e s .  Thi s  s t a t e  b o u n d a r y  s u r f a c e  
de g e n e r a t e s  i nt o  a s i ng l e  c u r ve  i n p/ p , q/ p c o o r d i ­

na t e s  ( Ros c o e  a nd Po o r o o s h a s b  1963) .  He r e

P = I  ( a l + ° 2 + ° 3}

q = o . i  - o^

Pe = Eq u i v a l e n t  pr e s s a r e  - wh i c h  i s  t he  

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

t i on l i ne  c o r r e s p o n d i n g  t o t he  

c u r r e n t  voi d r a t i o  e of  t he  s a m­

pl e .

The  s t r e s s  pa r a me t e r s  p a nd q s pe c i f y  c o mp l e t e l y  t he  

c u r r e n t  s t a t e  of  s t r e s s  i n t he  t r i a xi a l  t e s t .  Re nd u ■ 

Uc ' s  u n i q u e n e s s  c onc e p t  t he n i mpl i e s  t ha t  n o r ma l l y
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FI G.  4 NORMALI ZED DEVI ATOR STRESS VERSUS AXI AL STRAI N I N UNDRAI NED PLANE STRAI N SHEAR.

A X IA L  STRAIN %

FI G.  5 PRI NCI PAL EFFECTI VE STRESS RATI O VERSUS AXI AL STRAI N I N UNDRAI NED PLANE S 1 WUN SHEAR.

FI G.  6 PRI NCI PAL EFFECTI VE STRESS RATI O VERSUS AXI AL STRAI N I N DRAI NED PLANE STRAI N SHEAR.
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TI G.  7 VARI ATI ON OF STRESS RATI O a ' / ( a '  + oi )  WI TH AXI AL STRAI N I N PLANE STRAI N SHEAR.
y  x z

c o n s o l i d a t e d  s a t u r a t e d  r e mol de d  c l a y ,  wi t h  a gi ve n  

c o n s o l i d a t i o n  hi s t o r y ,  whe n  t e s t e d i n d r a i n e d  or  u n ­

d r a i n e d  c o mp r e s s i o n  pos s e s s e s  a u n i q u e  s u r f a c e  i n 

( p,  q,  e)  s pa c e .

A u n i que  s u r f a c e  i n ( p,  q,  e)  s p a c e  i mpl i e s  t ha t  

vo i d  r a t i o i s  a f u n c t i on  of  me a n  nor ma l  e f f e c t i v e  

s t r e s s ,  p,  a nd of  s he a r  s t r e s s ,  q,  i n wh i c h  

Dur i ng  p l a ne  s t r a i n  de f o r ma t i o n ,  howe ve r ,  oj  

a nd t he r e f o r e  oc t a he dr a l  s he a r  s t r e s s ,

oc t

i s  a mo r e  a p p r o p r i a t e  me a s u r e  of  s he a r  s t r e s s .  I f  i t  

i s  now pos t u l a t e d  t ha t  a  u n i q u e  s u r f a c e  i n ( D>T0 C*>e ) 
s pa c e  e x i s t s  f o r  pl a n e  s t r a i n  c o mp r e s s i o n  t e s t s  on K0 

c ons o l i d a t e d  Ha n e y  c l a y,  t he n t he  i mo l i c a t i ons  t he r e of  

c a n be  us e d  t o c o r r e l a t e  d r a i ne d  a nd  u n dr a i ne d  t e s t s .  

Th e  e q u i v a l e n t  t wo- d i me ns i ona l  p l o t  o f  t hi s  s u r f a c e  

wi l l  he  wi t h  p/ p a nd t  . / p a xe s ,  wh e r e  p wo u l d  now 

c o r r e s p o n d  t o po i n t s  on  t ne  Vi r g i n  K0 c on s o l i d a t i o n  

l i ne .  Th i s  c u r ve  c a n be  c o mp l e t e l y  d e t e r mi n e d  f r o m un-  

d r a i ne d  c o mp r e s s i o n  t e s t s  i n wh i c h  p i s  t he  me a n  n o r ­

ma l  c o n s o l i d a t i o n  s t r e s s .  Fi g.  8  s hows  t hi s  una r a i ne d  

s t a t e  b o u n d a r y  s u r f a c e  c u r ve  f o r  Ha n e y  c l a y.  Ac c o r d ­

i ng t o t he  pos t u l a t e d  un i que ne s s  c onc e p t ,  t he  s t a t e s
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of  t he  s a mpl e  d u r i ng  d r a i n e d  c omp r e s s i o n  wi l l  a l s o  l i e  

on t hi s  c u r v e : a nd t hus  i t  i s  p o s s i b l e  t o  p r e d i c t  

c ha ng e s  i n vo i d  r a t i o  d ue  t o t he  a d d i t i o n  of  a s t r e s s  

i n c r e me n t  i n a d r a i n e d  s t r e s s  pa t h.  Fo r  e xa mp l e  f or  

t he  c u r r e n t  s t a t e  o f  s t r e s s  ( d , t o c t ) i  t he  r a t i o  t q J d  

c a n  be  d e t e r mi n e d  a nd t he n f r om Fi g.  8  t he  poi n t  wh e r e  

t h i s  s t r e s s  r a t i o  i nt e r s e c t s  t he  und r a i n e d  s t a t e  b o u n d ­

a r y s u r f a c e  c u r ve  i s  f ound  a nd t he  va l u e  o f  p / p g d e t e r ­

mi ne d.  Si nc e  p i s  known,  t hi s  gi ve s  p wh i c h  i s  t he

po i n t  on t he  v i r g i n  K0 c o n s o l i d a t i o n  l i n e  h a v i ng  t he  

s a me  voi d r a t i o  a s  t he  s t r e s s  s t a t e  ( p , t  ) . .  Af t e r  

t he  s t r e s s  i nc r e me n t  i s  a p p l i e d ,  t he  new° 5a l ue  o f  p i s 

f ou n d  i n t he  s a ne  ma n n e r  f o r  t he  ne w s t a t e  of  s t r e s ?  

( Pi t  . ) 7 . Knowi n g t he  c o mp r e s s i o n  i nde x \  = ( e,  e 7 ) 
/ I n p~ ■ 1n p, )  (x = 0.252 f r om o ne  d i me ns i o na l  c o n s o l i ­

d a t i on  t e s t s  f or  Ha n e y  c l a y)  t he  d i f f e r e n c e  i n voi d 

r a t i o  f or  t he  t wo s t r e s s  s t a t e s  c a n be  de t e r mi ne d ,  a nd 

c a n be  e x pr e s s e d  a s  a v o l u me t r i c  s t r a i n.

t  . / p ve r s u s  vo l ume t r i c  s t r a i n  r e l a t i o n s h i p s  pr e -  

di ct ef l  By t he  a bo v e  me n t i o n e d  t e c h n i q u e  a r e  s ho wn  i n 

Fi gs .  9 a nd 10 b. v s o l i d c u r v e s  f or  p l a np  s t r a i n  d r a i n e d
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pa s s i v e  a nd a c t i v e  c o mpr e s s i on .  Th e  o b s e r v e d  r e l a t i o n ­

s h i p s  a r e  s hown by da t a  poi nt s .  Exc e p t  f o r  s ma l l  d i s ­

c r e p a n c i e s  i n t he  i ni t i a l  s t a ge s  of  pa s s i v e  c omp r e s s i o n  

t he r e  i s  ve r y  goo d a g r e e me n t  be t we e n  o b s e r v e d  a nd  p r e ­

d i c t e d  s t r a i ns .  I t  i s  s uog e s t e d  t ha t  Re ndu l i c ' s  

un i que n e s s  c on c e p t  c ou l d  p r o v i d e  a s a t i s f a c t o r y  me a n s  01 

r e l a t i nq  v o l u me t r i c  s t r a i n s  i n d r a i n e d  p l a ne  s t r a i n  

t e s t s  t o po r e  pr e s s u r e s  i n c o r r e s p o n d i n g  u ndr a i ne d  

t e s t s ,  p r o v i de d  s u i t a b l e  s t r e s s  pa r a me t e r s  a r e  c h os e n  

a n d t he  s a mpl e s  ha ve  t he  s a me  c o n s o l i d a t i o n  hi s t or y.

Dr a i ne d  a nd  u n d r a i n e d  b e h a v i o u r  u n de r  t he  a c t i ve  

e x t e n s i o n  s t r e s s  pa t h  wa s  e s s e n t i a l l y  i de n t i c a l  ( c om 

pa r e  e x t e n s i o n  e f f e c t i v e  s t r e s s  r a t i o- a x i a l  s t r a i n  c u r ­

ve s  i n Fi gs .  4 a nd 5) .  Th e  r e a s on  f o r  t hi s  wa s  t he  

v e r y  s ma l l  v o l u me t r i c  s t r a i n  d u r i ng  t he  d r a i n e d  t e s t ,  

t hus  r e nd e r i n g  t he  s i t u a t i o n  c l o s e  t o undr a i ne d.
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Fa i l u r e  c o n d i t i o n s  -  Be c a u s e  of  t he  s e n s i t i v e  na t u r e  

o f  Ha n e y  c l a y  t he r e  we r e  t wo c o n d i t i o n s  of  f a i l u r e  i n 

und r a i n e d  s he a r ,  i e . ,  one  c o r r e s p o n d i n g  t o pe a k  d e v i a ­

t or  s t r e s s  a nd t he  o t he r  t o pe a k  e f f e c t i v e  s t r e s s  r a ­

t i o.  Bot h t he s e  c ond i t i ons  ha v e  be e n  s hown i n t he  

s umma r y  i n Ta b l e  1,  howe v e r ,  d i f f e r e n c e s  be t we e n  $ f or  

de v i a t o r  s t r e s s  a nd pe a k  s t r e s s  r a t i o  e x i s t  on l y  f or  
u n dr a i ne d  c o mpr e s s i on ,  i n wh i c h  4>‘ wa s  a b o u t  6 de gr e e s  

h i ghe r  a t  pe a k e f f e c t i v e  s t r e s s  r a t i o  t ha n a t  pe a k 

d e v i a t o r  s t r e s s .

Wh e n  c ompa r i ng  <(>' va l ue s  a t  pe a k  oj / oi  i t  i s  i m­

me d i a t e l y  e v i d e n t  t ha t  t he  va l ue s  i n e x t e n s i o n  we r e  

e s s e n t i a l l y  t he  s a me  or  a b o u t  34. 5°  wh e t h e r  d r a i n e d  or  

u nd r a i n e d .  Th e  va l u e s  i n c o mp r e s s i o n  we r e  a l s o e s s e n ­

t i a l l y  t he  s a me  r a ng i n g f r o m a b o u t  29. 5°  f or  d r a i ne d 

t o 31. 5°  f or  undr a i n e d .  Thi s  r a nge  i n <j>' c a n  be  d i ­

r e c t l y  a t t r i b u t e d  t o d i f f e r e n t  v o l ume  c ha nge  c h a r a c t e r ­

i s t i c s  dur i ng  s hea r .  Ge n e r a l l y  s p e a k i ng  i t  c a n  be  

c o nc l ude d  t ha t  f o r  no r ma l l y  c o n s o l i d a t e d  Ha n e y  c l a y ,  

t he  s he a r  s t r e n g t h  pa r a me t e r  <j>' i n p l a ne  s t r a i n  wa s  an 

a ve r a g e  of  3°  h i ghe r  i n e x t e n s i o n  t ha n c ompr e s s i on .  A 

s i mi l a r  o r d e r  o f  d i f f e r e n c e  i n c o mp r e s s i o n  a nd  e x t e n ­

s i o n cf'  f o r  t hi s  c l a y  wa s  a l s o  f oun d i n Ko  t r i a xi a l
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t e s t s  ( Ca mpa ne l l a  a nd Va i d 1972) .

CONCLUSI ONS

Re s ul t s  of  pl a ne  s t r a i n  t e s t s  on a n o r ma l l y  c o n ­

s o l i da t e d .  u n d i s t u r be d ,  s e n s i t i ve ,  ma r i n e  c l a y  us i ng  a 

va r i e t y  of  i mpos e d s t r e s s  pa t hs  e na b l e  t he  f ol l owi ng  

c o n c l u s i o n s  t o be  dr a wn:

1.  For  e i t he r  c o mp r e s s i o n  or  e x t e ns i on ,  t he  und r a i n e d  

r e s po n s e  i s  una f f e c t e d  by a pp l i e d  t ot a l  s t r e s s e s .

i .  I n t e r c ha nge  of  pr i nc i pa l  s t r e s s  d i r e c t i o n s  dur i ng  

s he a r  r e s u l t s  i n a l os s  of  und r a i n e d  s t r e ngt h .

3.  Fo r  a gi v e n  mo d e  o f  de f o r ma t i o n ,  i e . ,  e i t he r  c o m­

p r e s s i on  or  e xt e n s i on ,  t he  s t r a i n  t o f a i l u r e  i n 

d r a i ne d  s he a r  i s  d e p e n d e n t  on t he  i mpos e d  s t r e s s  

pa t h,  e ve n t ho ugh  t he  pe a k  f r i c t i o n  a n g l e  mob i l i z e d  

i s  t he  s ame .

4.  Pe a k f r i c t i o n  a ng l e s  a r e  l owe r  by  a n a v e r a g e  o f  3°  

i n c o mp r e s s i o n  c o mpa r e d  t o e x t e n s i o n  f a i l u r e s .

5.  I r r e s pe c t i ve  of  t he  s t r e s s  oa t h ,  t he  pr i nc i pa l  

s t r e s s  i n t he  d i r e c t i o n  o f  z e r o  s t r a i n  ma i n t a i ns  

a c o n s t a n t  r a t i o  wi t h  r e s pe c t  t o t he  s um of  t he

ot he r  t wo p r i n c i pa l  s t r e s s e s .

6.  A mo d i f i e d  f o r m of  Re n d u l i c ‘ s hypo t h e s i s  pr ov i de s  

a s a t i s f a c t o r y  me t h o d  of  r e l a t i ng  v o l u me  c ha ng e s

i n d r a i n e d  c o mp r e s s i o n  t e s t s  wi t h  por e  p r e s s u r e s  i n 

u n dr a i ne d  c o mp r e s s i o n  t e s t s .
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( ‘’l ' ^ ma x ( oj / oj ) ma x

Axi a l

St r a i n

%

Vo l . 

St r a i n

%
c u / o l c ai / a 3

de q.

Axi a l

St r a i n

%

Vol .
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% de q.
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