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A  Ne w Ex pe r ime nta l Me thod for  the  De te r mina t ion of 

Hvors le v Stre ngth Parame te rs  for  Sens itive  Clays

U n e  N o u v e lle  M é t h o d e  e x p é r im e n t a le  d e  d e t e r m in a t io n  de s  p a r a m è t r e s  d e  H v o r s le v  p o u r  la  r é s is t a n c e  a u  

c is a ille m e n t  de s  a r g ile s  s e n s ib le s

I. N O O R A N Y ,  P H . D . ,  A s s i s t a n t  P r o f e s s o r  o f  E n g i n e e r i n g ,  S a n  D i e g o  S t a t e  C o l l e g e ,  C a l i f o r n i a ,  U . S . A .

H . B. S E E D ,  P H . D . ,  P r o f e s s o r  o f  C i v i l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  B e r k e l e y ,  C a l i f o r n i a ,  U . S . A .

S U M M A R Y

A  ne w e x pe r ime nta l p r oce dur e  is pr opos e d fo r  the  de t e r m ina 
t ion  o f the  Hvor s le v  s tre ngth pa rame te rs , cL> a nd  <pv , fo r  s e ns itive  

clays . T he  p r oce dur e  involve s  the  use  o f u nd r a ine d  t r ia x ia l tests 
w ith  pore - wate r- pre ssure  me as ur e me nts  p e r fo rm e d  o n pa irs  o f 

s ample s  in it ia lly  c ons o lida te d  a nis o t rop ic a lly . In  e ach p a ir , one  
s ample  is s he are d und ra ine d . O n  the  s e cond s pe c ime n, the  a nis o 
t r opic  s tress c ond it ion  is re lease d w itho u t  c hange  in  wate r  

cont e nt  and  the  s a mple  is the n s he are d u nd r a ine d . F r o m  a 
c o mp a r is o n be twe e n the  e ffe c tive  stresses o f  the  two s ample s  
at fa ilur e , the  pa r ame te r s , ce a nd  <f>c , m a y  be  de te rmine d. Tes t 

da t a  are  pre s e nte d to  illus tr a te  the  proce dure .

S O M M A IR E

U n  nouve a u procédé  e x pé r ime nta l p o u r  la  dé t e r m ina t ion  des 

pa r amè tr e s  de  Hvor s le v , ce e t <pc , p o u r  de s  argile s  s e ns ible s  est 

propos é . Le  pr oc é dé  c om por te  des  essais  au tr ia x ia l no n  dra iné s , 

ave c me s ure  de  la  pre s s ion inte r s t it ie lle , s ur  des  pa ire s  d ’é c h a n 

t illons  in it ia lle m e nt  cons olidé s  a nis o t rop ique m e nt . Da n s  c ha que  

pa ire , u n  é c h a nt illo n  es t s oumis , s ans  d r a ina ge , au c is a ille me nt . 
L ’é ta t  a nis ot rope  de  c ontr a inte s  d u  s e cond é c h a n t illo n  es t r e lâché  

sans  a u cu n c ha nge me nt  dans  la  te ne ur  en e au e t l’é c h a nt illo n  est 
a lor s  s oumis , s ans  d r a ina ge , au c is a ille me nt . E n  c o m pa r a n t  les  

c ontr a inte s  e ffective s , à  la  r up tur e , des  de ux  é c ha n t illo ns , les 
pa r amè tr e s , c 0  e t  <t>G, pe uve nt  être  dé te r minés . Afin  d ’illus t r e r  le  

pr océdé , des  donnée s  e x pé r ime nta le s  s ont  présentée s .

S H E A R  S T R E N G T H  P A R A M E T E R S ,  C0 A N D  fa
t h e  s t r e n g t h  o f  a  c l a y  is  o ft e n  e x pre s s e d  b y  tw o  c o m p o n 

e n ts :  a  p h y s ic a l c o m p o n e n t  a t t r ib u t e d  t o  fr ic t io n a l r e s is t a n c e  

a n d  in t e r lo c k in g , a n d  a  p h y s ic o c h e m ic a l c o m p o n e n t ,  w h ic h  

is  r e fe r r e d  t o  as  c o h e s io n . E x p e r im e n ta l s t ud ie s  b y  H v o r s le v  

(1 9 3 7  a n d  1 9 6 0 )  a n d  o th e r  in v e s t ig a to r s  h a v e  s h o w n  th a t  

t h e  c o h e s iv e  c o m p o n e n t  o f  s h e a r  s t r e n g th  is  a  fu n c t io n  

p r im a r ily  o f  t h e  v o id  r a t io  in  t h e  p la n e  o f  fa ilu r e  a t  t im e  o f  

fa ilu r e , w h ile  t h e  fr ic t io n a l c o m p o n e n t  d e p e n d s  o n  t h e  n o r 

m a l e ffe c t ive  s tre s s  o n  the  p la n e  o f  fa ilu r e  a t  fa ilu r e . T h e r e 

fo r e , a t  a  g iv e n  v o id  r a t io ,

Tff =  c 0  +  o- 'ff t a n  f a .  ( 1 )

In  t h is  e q u a t io n ,  r ff a n d  o- 'ff a r e  s h e a r  s tre s s  a n d  n o r m a l 

e ffe c t ive  s tre s s  o n  t h e  p la n e  o f  fa ilu r e  a t  fa ilu r e , r e s p e c t ive ly ;  

c t> a n d  f a  a r e  the  H v o r s le v ’s s t r e n g th  p a r a m e te r s .

E X P E R I M E N T A L  D E T E R M IN A T IO N  O F  C(, A N D  <f>0

S e v e r a l e x p e r im e n ta l p r o c e d u r e s  fo r  the  m e a s u r e m e n t  o f  

H v o r s le v  c o h e s io n  a n d  a n g le  o f  f r ic t io n  a r e  b a s e d  o n  t h e  

e s t a b lis h m e n t  o f  a  M o h r  fa ilu r e  e n v e lo p e  fo r  a  s e r ie s  o f  

s a m p le s  o f  t h e  s a m e  s o il a t  id e n t ic a l w a te r  c o n t e n t s , b u t  w ith  

d iffe r e n t  e ffe c t ive  s tre s se s  a t  fa ilu r e . In  a m e th o d  p r o p o s e d  

b y  T e r za g h i (1 9 3 8 ) ,  c 0  a n d  f a  m a y  be  d e d u c e d  fr o m  th e  r e 

s u lts  o f  a  s e r ie s  o f  d r a in e d  d ir e c t  s h e a r  te s ts  o n  n o r m a lly  a n d  

o v e r c o n s o lid a t e d  s a m p le s  (F ig . 1 ) .  P o in t s  A  a n d  B  o n  the  

s he a r - s t r e ng th  d ia g r a m  r e pr e s e n t  t h e  s h e a r  s tre s s  a t  fa ilu r e  

fo r  tw o  s a m p le s  w it h  id e n t ic a l w a te r  c o n t e n t s , w l t  a n d  fix  

t h e  p o s it io n  o f  t h e  “ t r u e ”  e n v e lo p e  o f  fa ilu r e  fo r  t h is  p a r t i 

c u la r  w a te r  c o n t e n t . S k e m p to n  a n d  B is h o p  (1 9 5 4 )  e x t e n d e d  

T e r z a g h i’s  m e th o d  fo r  t h e  d e t e r m in a t io n  o f  t h e  “ t r u e ” 

s t r e n g th  p a r a m e t e r s  b y  m e a n s  o f  t r ia x ia l c o m p r e s s io n  te s ts  

(F ig .  2 ) .  I f  u n d r a in e d  te s ts  a r e  p e r fo r m e d  o n  tw o  s a m ple s ,

A  a n d  B ,  a n d  t h e  p o r e  w a te r  p r e s s u re s  m e a s u r e d , t h e  M o h r  

c ir c le s  fo r  t h e  e ffe c t ive  s tre s s e s  a t  fa ilu r e  c a n  b e  d r a w n .  

S in c e  t h e  w a te r  c o n t e n t , w } , fo r  t h e  tw o  s a m p le s  is  id e n t ic a l, 

t h e  d iffe r e n c e  in  t h e ir  s t r e n g th  is  d u e  t o  u n e q u a l n o r m a l 

e ffe c t ive  s tre s se s  a t  fa ilu r e  o n  t h e  p la n e s  o f  fa ilu r e  o f  t h e  tw o  

s a m ple s . T h u s , t h e  e n v e lo p e  t o  t h e  tw o  c ir c le s  w ill  d e t e r m in e  

f a  a n d  c (> fo r  t h e  w a te r  c o n t e n t ,  w v

In  a n o t h e r  m e th o d  p r o p o s e d  b y  B is h o p  a n d  H e n k e l 

( 1 9 5 7 ) ,  a  s e r ie s  o f  is o t r o p ic a lly  c o n s o lid a t e d  u n d r a in e d  

te s ts  w ith  p o r e  w a te r  p r e s s u re  m e a s u r e m e n t s  is  c o n d u c t e d  

o n  s a m p le s  u s in g  d iffe r e n t  c o n fin in g  p r e s s ur e s . F o r  a  s e r ie s  

o f  te s ts  o f  t h is  t y p e , it  m a y  be  r e a d ily  s h o w n  th a t  t h e  s t r e n g th  

o f  t h e  s p e c im e n s  is  e x pre s s e d b y  t h e  r e la t io n s h ip

w h e r e  < / , a n d  <t \  a r e  t h e  m a jo r  a n d  m in o r  p r in c ip a l e ffe c t ive  

s tre s se s  a t  fa ilu r e ;  p0 is  e q u iv a le n t  c o n s o lid a t io n  p r e s s ur e  

c o r r e s p o n d in g  t o  t h e  w a te r  c o n t e n t  o f  t h e  s p e c im e n ; a n d , c e 

a n d  <f>0  a r e  t h e  H v o r s le v  s t r e n g th  p a r a m e te r s . S in c e  t h e  r a t io  

c,./ pc, h a s  b e e n  fo u n d  to  be  e s s e n t ia lly  c o n s t a n t  (H v o r s 

le v , 1 9 3 7 ) ,  t h e  r a t io  ( <r \  —  o- ';i) f/2 /?,, m a y  be  p lo t t e d  

a g a in s t  o-':i/ p(,. T h e  s lop e  o f  t h e  r e s u lt in g  lin e  is  s in  f a  f r o m  

w h ic h  </>,. m a y  be  o b t a in e d ;  t h e  in t e r c e p t , d ,  o f  t h e  lin e  

e q u a ls  c,. cos  ^ (, / / ? , ,( l — s in  (f>t . )  f r o m  w h ic h  c„/ pQ m a y  be  

c a lc u la t e d .

As s u m in g  th a t  H v o r s le v ’s fa ilu r e  c r it e r io n  is  v a lid  a t  a n y  

a x ia l s t r a in , c, S c h m e r t m a n n  a n d  Os t e r b e r g  ( I9 6 0 )  p r e 

s e n te d  a  ne w  t e s t in g  p r o c e d u r e  ( C F S  te s t) fo r  t h e  e v a lu a t io n  

o f  c (  a n d  <f>(  a t  d iffe r e n t  s t r a in s  a n d  a t  a n  e s s e n t ia lly  c o n s t a n t  

v o id  r a t io . A lt h o u g h  th e  d e f in it io n  o f  c ,  d oe s  n o t  a s s um e  

c o n s t a n t  c o h e s io n  a t  c o n s t a n t  v o id  r a t io  (S c h m e r t m a n n ,
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Co n s o lid a t io n  P r e s s u r e

f i g .  1. De te r m in a t io n  o f  c e  and  <pe b y  d r a ine d  dir e c t  

s he a r  tes ts .

1 9 6 1 ) ,  a t  la r g e  s t r a in s , c ( =  ce a n d  =  <{>c (S c h m e r t m a n n ,  

1 9 6 3 ) .

A  p r a c t ic a l d iffic u lt y  in  m o s t  o f  th e s e  p r o c e d u r e s  fo r  t h e  

m e a s u r e m e n t  o f  t h e  H v o r s le v  p a r a m e te r s  lie s  in  a s c e r t a in in g  

t h a t  t h e  n o r m a lly  c o n s o lid a t e d  a n d  t h e  r e b o u n d  s a m p le s  

h a v e  t h e  s a m e  w a t e r  c o n t e n t  a t  fa ilu r e . It  c a n  a ls o  b e  a r g u e d  

t h a t  t h e r e  m u s t  b e  a  c o n s id e r a b le  d iffe r e n c e  in  s t r u c tu r e  

b e tw e e n  th e  n o r m a lly  c o n s o lid a t e d  a n d  o v e r c o n s o l ¡ da t e d  

s a m p le s . T h e  m e t h o d  p r o p o s e d  h e r e  m in im iz e s  the s e  d iffi

c u lt ie s  a n d  is  s im p le  in  t h a t  it  d oe s  n o t  r e q u ir e  p r e p a r a t io n  

o f  o v e r c o n s o lid a t e d  s a m ple s .

T H E O R E T I C A L  B A S I S  F O R  T H E  N E W  M E T H O D

C o n s id e r  a  s a m p le  o f  s a t u r a t e d  c la y  a n is o t r o p ic a lly  c o n 

s o lid a t e d  in  a  t r ia x ia l c e ll. T h r o u g h o u t  c o n s o lid a t io n  t h e  

s tre s s e s  a r e  a p p lie d  in  s m a ll in c r e m e n t s  a n d  <r3p/<r lp =  K  is  

m a in t a in e d  c o n s t a n t . A  b a c k  p r e s s u r e  o f  m0 is  u s e d  t o  a s s ur e  

c o m p le t e  s a t u r a t io n .  F ig . 3 a  illu s t r a t e s  t he  t o t a l, p o r e  w a t e r  

a n d  e ffe c tive  s tr e s s e s  a t  the  e n d  o f  c o n s o lid a t io n . A t  t h is  

s ta ge , t h e  d r a in a g e  v a lv e  is  c lo s e d , a n d  t h e  s tre s s e s  o- j a n d  <r3 

a r e  s im u lt a n e o u s ly  r e m o v e d . C o n s e q u e n t ly , t h e  s o il t e n d s  t o  

e x p a n d , t h e r e b y  c a u s in g  a  d e c r e a s e  in  p o r e  w a te r  s tre s s  o f  

Au. T h e  s tre s s  c o n d it io n  a ft e r  t h e  r e m o v a l o f  o-x a n d  <r;) is  

s h o w n  in  F ig . 3 b . S in c e  t h e  t o t a l s tre s s  is  ze r o ,  a n d  t h e  p o r e  

w a te r  s tr e s s , u0 — A m ,  a c ts  w it h  e q u a l m a g n it u d e  in  a ll d ir e c 

t io n s , i t  fo llo w s  t h a t  t h e  e ffe c t ive  s tre s s  a c t in g  o n  t h e  s a m p le  

is  a n  is o t r o p ic  s tre s s  s y s t e m , h e r e in  c a lle d  </ 0, a n d  t h a t ,

o -'0 =  Ah - w0. (3 )

a  u  a '

b  -  A f t e r  R e le a s e  o f  ^  a n d  ^

f i g . 3. Effect of removal of anisotropic stresses.
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f i g . 4. In it ia l and fa ilu re  effective  stresses fo r  sam ples a and  b.

In  o rd e r  to  e v a lu a te  th e  m a g n itu d e  o f  th e  e ffe c t iv e  stress, 

o -'q , the  ch an g e  in  p o re  p re ssu re , A m , w i l l  f ir s t  be c a lc u la te d ,

Aw =  5 [ A o -3 +  A  ( A ct , —  A<r;1) ] . ( 4 )

F o r  s a tu r a t e d  c la y s , B  =  1, a n d  A  =  BA  is  t h e  por e - pr e s s ur e  

c o e ffic ie n t  fo r  t h e  r e le a s e  o f  t h e  d e v ia to r  s tr e s s , h e r e in  c a lle d  

A 0 . T h u s ,  Am  =  o- o +  A n (o - j —  o-3 ) .  S u b s t it u t in g  fo r  cr , =  

< / x +  u0 a n d  <t:{ =  K<t\  +  m,„ e q u a t io n  ( 4 )  y ie ld s

Am =  o-'] [ X  +  /40( 1 — /C) ] +  lift.

S u b s t it u t in g  t h is  v a lu e  o f  A m in  e q u a t io n  ( 3 ) ,  t h e  r e s id u a l 

is o t r o p ic  e ffe c t ive  s tre s s  a c t in g  o n  t he  s a m p le  c a n  be  

c a lc u la t e d :

<r'„ =  o- '1[JC + A „ ( \  - K ) ] .  ( 5 )

T h e  c o e ffic ie n t  A 0 in  t h is  e q u a t io n , w h ic h  r e p r e s e n ts  t h e  

c h a n g e  in  p o r e  w a t e r  p r e s s u re  d u e  t o  de c r e a s e  o f  t h e  

d e v ia to r  s tr e s s , is  in  g e n e r a l c o n s id e r a b ly  s m a lle r  t h a n  t h e  

c o e ffic ie n t  A  fo r  a  c o r r e s p o n d in g  in c r e a s e  in  d e v ia to r  s tre s s . 

F o r  e x a m p le , fo r  n o r m a lly  c o n s o lid a t e d  s a m p le s  o f  a  s o ft  s ilty  

c la y  f r o m  S a n  F r a n c is c o  Ba y , n u m e r o u s  te s ts  g a v e  a n  a v e r 

a g e  v a lu e  o f  A 0 =  0 .20  (N o o r a n y ,  1 9 6 3 ; Se e d , N o o r a n y , a n d  

S m ith , 1 9 6 4 ) . F o r  Bo s t o n  B lu e  c la y , A ti =  0 .1 1 ,  a n d  fo r  a  

g r o u p  o f  c la y s  f r o m  K a w a s a k i,  Ja p a n ,  A 0 « * 0 . 1 7  ( L a d d  a n d  

L a m b e ,  1 9 6 3 ).

T h e  s tre s s  t r a n s fe r  f r o m  the  a n is o t r o p ic  c o n d it io n  t o  t he  

is o t r o p ic  s tre s s , <r'0, b r o u g h t  a b o u t  b y  t he  r e le a s e  o f  cr, a n d  

ar:i, in v o lv e s  n o  n e t  v o lu m e  c h a n g e ,  a n d  t h u s ,  t h e  s a m p le  

w a te r  c o n t e n t  r e m a in s  t h e  s a m e . T h e r e fo r e , i f  a  p a ir  o f  

id e n t ic a l s a m p le s  a r e  fir s t  c o n s o lid a t e d  a n is o t r o p ic a lly , a n d

In it ia l  F a ilu r e

+  <A f f l  -  A u >£a

—  +  ( ¿ w 3  - A u ) f a  

’ o  +  <A<,1 '  A u ) fb

—  * ; +

r°

[ K  □

t h e n , u n d e r  u n d r a in e d  c o n d it io n s , <r, a n d  cr:i o f  o n e  s a m p le  

a r e  r e m o v e d , t h e r e  w ill  e x is t  tw o  s a m p le s  a t  id e n t ic a l v o id  

r a t io s , b u t  u n d e r  d iffe r e n t  e ffe c t iv e  s tre s s  s y s te ms . C o n s e 

q u e n t ly , i f  b o t h  s a m p le s  a r e  lo a d e d  t o  fa ilu r e ,  t h e ir  u n 

d r a in e d  s t r e n g th s  w o u ld  be  e x p e c t e d  t o  be  d iffe r e n t . F r o m  a  

c o m p a r is o n  b e tw e e n  th e  e ffe c t iv e  s tr e s s e s  a t  fa ilu r e  fo r  t he s e  

t w o  s a m p le s , t h e  s h e a r  s t r e n g th  p a r a m e te r s ,  c e a n d  , m a y  

be  d e d u c e d .

F ig . 4 a  illu s t r a t e s  t h e  e ffe c t iv e  s tre s s  c o n d it io n s  fo r  a  p a ir  

o f  a n is o t r o p ic a lly  c o n s o lid a t e d  s a tu r a t e d  s a m p le s , h e r e in  

c a lle d  s a m p le s  a  a n d  b. S u b s e q u e n t  t o  t h e  a n is o t r o p ic  c o n 

s o lid a t io n , u n d e r  u n d r a in e d  c o n d it io n s , t h e  s tre s s e s , crl  a n d  

<r3 o f  s a m p le  b  h a v e  b e e n  r e m o v e d . T h e n ,  b o th  s a m p le s  h a v e  

b e e n  lo a d e d  to  fa ilu r e . A lt h o u g h  th e  fa ilu r e  w a t e r  c o n t e n t  

is  t h e  s a m e  fo r  t h e  tw o  s a m p le s , b o th  t h e  in it ia l a n d  t h e  

fa ilu r e  e ffe c t iv e  s tre s s  c o n d it io n s  a r e  q u it e  d iffe r e n t . F ig .  4 b  

illu s t r a t e s  t h e  M o h r  c ir c le s  fo r  t h e  fa ilu r e  e ffe c t ive  s tre s s e s  

s h o w n  in  F ig . 4 a . S in c e  t h e  v o id  r a t io s  o f  t h e  tw o  s a m p le s  

a  a n d  b  a t  fa ilu r e  a r e  e q u a l,  t h e  c o m p o n e n t  cv o f  t h e  s he a r  

s t r e n g th  ( E q  1 ) w ill  b e  t h e  s a m e  fo r  b o th  s a m p le s  a n d  t h e  

d iffe r e n c e  b e tw e e n  th e  s t r e n g th s  o f  th e s e  tw o  s a m p le s  w ill  

be  d u e  o n ly  t o  u n e q u a l n o r m a l e ffe c t ive  s tre s s e s  o n  t h e  

p la n e s  o f  fa ilu r e  a t  fa ilu r e , <r'ff. T h u s  t h e  s t r a ig h t  lin e  

t a n g e n t  t o  t h e  tw o  M o h r  c ir c le s  r e p r e s e n t in g  t h e  e ffe c t ive  

s tre s s e s  a t  fa ilu r e  fo r  t h e  s a m p le s  a  a n d  b  ( F ig .  4 b ) ,  w ill  

m a k e  a n  a n g le , f a ,  w it h  t h e  h o r iz o n t a l;  t h e  in t e r c e p t  o f  t h is  

lin e  o n  t h e  s h e a r  s tre s s  a x is  w ill  be  t h e  c o h e s io n  p a r a m e t e r  

c (( fo r  t h e  tw o  s a m p le s .

T h is  c o n c e p t  p r o v id e s  t h e  b a s is  fo r  t h e  p r o p o s e d  e x p e r i

m e n t a l m e t h o d  fo r  t h e  d e t e r m in a t io n  o f  t h e  s t r e n g th  p a r a 

m e te r s , c,. a n d  (f>(„ u s in g  p a ir s  o f  a n is o t r o p ic a lly  c o n s o lid a t e d  

s pe c im e ns .

T E S T IN G  P R O C E D U R E

T o  illu s t r a t e  t h e  d e t a ils  o f  t h e  m e th o d , t h e  r e s u lt s  o f  a  

s e r ie s  o f  te s ts  c o n d u c t e d  o n  u n d is tu r b e d  s a m p le s  o f  S a n  

F r a n c is c o  B a y  m u d *  w ill be  e x p la in e d . T h r e e  p a ir s  o f  

id e n t ic a l u n d is tu r b e d  s a m p le s , t r im m e d  s id e  b y  s ide , w e r e  

c o n s o lid a t e d  a n is o t r o p ic a lly , u s in g  K  =  <r:u./o- u. =  0 .5 , t o  

m in o r  p r in c ip a l s tre s s e s  o f  0 .4 , 0 .6 , a n d  0 .8  k g / s q .c m .  A  

b a c k  p r e s s u r e  o f  1.0 k g / s q .c m .  w a s  u s e d  d u r in g  c o n s o lid a 

t io n  t o  in s u r e  c o m p le t e  s a tu r a t io n .  K e e p in g  K  =  0 .5  c o n 

s t a n t  t h r o u g h o u t  t h e  c o n s o lid a t io n  s ta ge , t h e  la t e r a l a n d  

a x ia l s tre s s e s  w e r e  b u ilt  u p  in  s e v e r a l in c r e m e n t s  o f  Acr3 =

0.10 k g / s q .c m . a n d  A<rl  =  0.20 k g / s q .c m . ,  t he  m in im u m  

t im e  in t e r v a l b e tw e e n  th e  lo a d  in c r e m e n t s  b e in g  2 4  h o u r s . 

T h is  p r o c e d u r e  p r o v e d  s u c c e s s fu l, a n d  n o  b u lg in g  o r  b e n d 

in g  o f  t h e  s a m p le s  w a s  o bs e r v e d .

A f t e r  t h e  c o m p le t io n  o f  c o n s o lid a t io n , t h e  d r a in a g e  v a lve s  

w e r e  c lo s e d  a n d  th e  d e v ia to r  s tre s s  o n  o n e  s a m p le  o f  e a c h  

p a ir  w a s  inc r e a s e d  t o  fa ilu r e . H a v in g  c lo s e d  t h e  d r a in a g e  

v a lv e , t h e  s tre s s e s , cr, a n d  <r:i o n  t h e  s e c o n d  s a m p le  o f  e a c h  

p a ir  w e r e  s im u lt a n e o u s ly  r e m o v e d  a n d  th e  r e s u lt in g  de c r e a s e  

in  p o r e  w a t e r  p r e s s u r e  w a s  m e a s u r e d . Be c a u s e  o f  a n  in it ia l 

b a c k  p r e s s u r e  o f  1.0 k g / s q .c m . ,  t h e  t e n s io n  d e v e lo p e d  s u b 

s e q u e n t  t o  t h e  r e le a s e  o f  cr, a n d  cr;5 d id  n o t  e x c e e d  — 1.0 

k g / s q .c m . T h e  s a m p le s  w e r e  t h e n  lo a d e d  to  fa ilu r e . T h e  

v a r ia t io n  in  p o r e  w a te r  p r e s s u r e  d u r in g  t h e  u n d r a in e d  s he a r  

w a s  m e a s u r e d  u s in g  S t a th a m  p r e s s u re  t r a n s d u c e r s  in s t a lle d  

in  t h e  ba s e  p la te s  o f  th e  t r ia x ia l c c lls .

A  ty p ic a l le s t  r e s u lt  is  s h o w n  in  F ig . 5 . T h e  v a r ia t io n s  o f

*T h e  s oft s illy  c la y  in  Sa n  F r anc is c o  a re a  is a  m a r in e  de pos it 

compos e d p r im a r ily  o f  illit e  a nd  c hlor ite  w ith  s ome  mo ntmo r illo -  
n ite , ve r mic ulit e , a nd  ka o lin ite . it’, =  88 a nd  it',, =  43 . T he  soil 
ha s  a  s e ns it ivity  o f  a bo ut  10, a nd  a t  na tur a l wa te r  c ont e nt  (a b o u t  

90 pe r  c e n t ),  has  a  s he a r  s tr e ngth o f  a pp ro x im a te ly  40 0  ps f.
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Re fe r e n c e  t o  F ig s . 5  a n d  6 a n d  T a b le  I  w ill  s h o w  t h a t  t h e  

w a t e r  c o n t e n t s  o f  t h e  tw o  s a m p le s  te s te d in  e a c h  p a ir  w e r e  

n o t  e x a c t ly  t h e  s a m e , e ve n  t h o u g h  th e  s a m p le s  in  e a c h  p a ir  

w e r e  t r im m e d  s id e  b y  s id e  a n d  c o n s o lid a t e d  a t  t h e  s a m e  

t im e  a n d  in  t h e  s a m e  m a n n e r . S in c e , fo r  a n  a c c u r a t e  

m e a s u r e m e n t  o f  c0 a n d  <f>c, it  is  e s s e n t ia l t h a t  b o th  s a m p le s

f i g . 5 . Va r ia t io n s  o f  t h e  de v ia to r  s tress  a n d  pore  

wa te r  pre s s ure  w ith  a x ia l s t r a in for  s ample s  
a  a nd  b.

f i g . 7 . Effe c tive  s tress  versus  w a te r  c o nt e n t  r e la t ions hips  a t  fa ilur e  
fo r  s ample s  a  a nd  b.

T A B  L I1'  I .  S U M M A R Y O F  T R IA X IA L  T E S T  RE S U LT S

S a m ple
N o .

(T| c

(k g / s q .c m .)
O'3c

(k g / s q .c m .)
TV(

(pe r  c e nt)
ff'o

(kg /s q .c m .)
( ir ' i  — <7'3)r  

(k g / s q .c m .)
Aitf

(k g / s q .c m .)
<r'a(

(k g / s q .c m .)
<r 'it

(kg /s q .c m .)
(<r 'i — <r'3)f  

(k g / s q .c m .)

1- a 1 .60 0 .8 0 6 7 .9 ___ 1 .1 8 0 .3 9 0 .41 1 .59 2 .0 0
1- b 1 .60 0 .8 0 6 7 .2 0 .9 0 1 .13 0 .5 5 0 .3 5 1 .4S 1 .83

2- a 1 .20 0 .6 0 7 2 .5 — 0 .9 2 0 .2 7 0 .3 3 1 .25 1 .5 8
2- b 1 .20 0 .6 0 7 2 .0 0 .6 7 0 .8 7 0 .3 8 0 .2 9 1 .1 6 1 .4 5

3 - a 0 .8 0 0 .4 0 7 9 .9 — 0 .6 5 - 0 .0 5 0 .2 0 0 .8 5 1 .0 5
3 - b 0 .8 0 0 .4 0 80 .1 0 .4 2 0 .6 2 - 0 .3 5 0 .1 5 0 .7 7 0 .9 2

n o t e : l a  p a i r s  1 a n d  2 ,  f a i l u r e  w a s  in d u c e d  b y  i n c r e a s in g  < n ;  p a i r  3  w a s  t e s t e d  w i t h  d e c r e a s in g  <r3. A  b a c k  p r e s s u r e  o f  1 .0  k g / s q . c m .  w a s  

u s e d  i n  a l l  t e s t s .

■

v;t - 6 8 .6  e 

wf = 72.4

Wf78. Key:

c,
g  =

r s in  0  

1C,“ cs /  

22 ° , x =ce

ta n  y  

cosrf>9

/< rrc  ■0 .1

l ( e r ; + o i )  +  

¿ (c f- 0 $ )= C t c o s f c ± ( ï +  0 3  ) s in

Normal Effective Stress -  kg persq cm

f i g . 6 . M o h r  c irc le s  a t  fa ilur e  a nd  ve c tor  curve s  fo r  s a m ple s  a 
and b.

d e v ia to r  s tre s s  a n d  p o r e  w a t e r  p r e s s ur e  w ith  a x ia l s t r a in  h a ve  

b e e n  p lo t t e d  fo r  tw o  s a m p le s , a  a n d  b , in it ia lly  c o n s o lid a t e d  

u n d e r  o-]c =  1 .6 0  k g / s q .c m .  a n d  K  =  0 .5 . S im ila r  d a t a  

o b t a in e d  o n  tw o  o th e r  p a ir s  o f  s a m p le s  a r e  s u m m a r iz e d  in  

T a b le  I. In  F ig . 6, t h e  tw o  M o h r  c ir c le s  m a r k e d  a  a n d  b  

r e pr e s e n t  t h e  s ta te  o f  e ffe c t ive  s tre s s e s  a t  fa ilu r e  fo r  t h e  tw o  

s a m p le s  a  a n d  b  s h o w n  in  F ig . 5 . T h e  e n v e lo p e  t o  t h e  tw o  

c ir c le s  g ive s  =  1 8 °,  a n d  c 0 =  0 .3 1  k g / s q .c m .  A ls o  p lo t t e d  

in  F ig . 6 a r e  t h e  v e c to r  c u r ve s  fo r  s a m p le s  a  a n d  b , s h o w in g  

th e  v a r ia t io n  o f  t h e  n o r m a l e ffe c t ive  s tre s s  o n  t h e  p la n e  

o r ie n t e d  a t  a n  a n g le  4 5  4-  f a / 2  w it h  t h e  h o r iz o n t a l.  I t  is  

r e a d ily  a p p a r e n t  t h a t  t he  s tre s s  p a t h s  fo r  t h e  tw o  s a m p le s  

a  a n d  b  a r e  q u it e  d iffe r e n t .

L (O f  +  o j  ) -k g per sq cm

f i g . 8. Re la t io ns h ip  be twe e n %(<r'1 — <j\ ) f versus  +  

cr'3 ) f fo r  s ample s  a  a n d  b.

a  a n d  b  h a v e  a n  id e n t ic a l w a t e r  c o n t e n t , t h e  v a lu e s  o f  c 0 a n d  

f a  d ir e c t ly  d e d u c e d  f r o m  e a c h  p a ir  ( F ig .  6 )  w ill  be  s lig h t ly  

in  e r r o r . A  m o r e  a c c u r a t e  r e s u lt  m a y  r e a d ily  be  o b t a in e d  b y  

c o m p ila t io n  o f  t h e  d a t a  fo r  a ll t h r e e  p a ir s  in  t h e  m a n n e r  

s h o w n  in  F ig . 7 .

T h e  r e la t io n s h ip  b e tw e e n  th e  m a jo r  p r in c ip a l s tr e s s , o- !,,, 

a n d  t h e  w a t e r  c o n t e n t  a t  t h e  e n d  o f  c o n s o lid a t io n  is  fir s t  

p lo t t e d .*  A ls o  s h o w n  in  t h is  fig u r e  a r e  v a lu e s  o f  (<j \  — o- '3 ) f 

a n d  (o- 'j +  o- 'aK fo r  s a m p le s  a  a n d  b  a t  d iffe r e n t  w a te r  con-

*T h e  cho ice  o f  <rlc  fo r  th is  p lo t  was  fo r  the  pur pos e  o f  pr e 

s e nting a  c le a r  figure . N o  e m ine n t  influe nce  o f  <rlc  in  c o n t r o lling  

the  wate r  c on t e n t  is  im p lie d .
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t e n ts . F r o m  the s e  c u r ve s , t h e  q u a n t it ie s  ( < r \  —  <r'3 ) £a, ( < r \  +  

^ 3>fQ» W i  ~  f f ' s )»* a n d  (<^i +  ^ 3) ^  ( fo r  s a m p le s  a  a n d  
b )  m a y  be  d e t e r m in e d  a t  c o n s t a n t  w a te r  c o n t e n t s . T h e  v a lu e s  

s e le c te d  a t  w a t e r  c o n t e n t s  o f  7 8  p e r  c e n t , 7 2 .4  p e r  c e n t , a n d

6 8 .6  p e r  c e n t  (c o r r e s p o n d in g  t o  <rlc  =  0 .9 0 ,  1 .2 0 , a n d  1 .50  

k g / s q .c m . )  h a v e  b e e n  p lo t t e d  in  F ig .  8. F r o m  th is  p lo t ,  t h e  

a n g le  o f  in t e r n a l fr ic t io n , f a ,  a n d  t he  c o h e s io n , c c ,  fo r  e a c h  

w a t e r  c o n t e n t  m a y  be  d e t e r m in e d . F r o m  th e  d a t a  in  F ig . 8, 

f a  =  2 2 °  a n d  a p p e a r s  t o  be  c o n s t a n t . T h e  p a r a m e t e r ,  c e, 

inc r e a s e s  w ith  d e c r e a s in g  w a t e r  c o n t e n t , b u t  t h e  v a lu e  o f  

x  =  c c/ V lc  =  0 .1 7  (o r  X  =  c J ) z (<t 1q +  2 o-3c )  =  0 .2 5 ) 

r e m a in s  c o n s t a n t .

C O N C L U S IO N S

T h e  p r o p o s e d  e x p e r im e n ta l m e t h o d  fo r  t h e  d e t e r m in a t io n  

o f  t h e  H v o r s le v  s he a r - s tr e ng th  p a r a m e te r s ,  c e a n d  f a ,  in  

c la y s  r e q u ir e s  t h a t  s e ve r a l (p r e fe r a b ly  t h r e e  o r  m o r e )  p a ir s  

o f  id e n t ic a l s p e c im e n s  be  c o n s o lid a t e d  a n is o t r o p ic a lly  a t  

d iffe r e n t  c o n fin in g  p r e s s ur e s . In  e a c h  p a ir , o n e  s p e c im e n  is  

s h e a r e d  u n d r a in e d  a n d  th e  p o r e  w a te r  p r e s s ur e  is  m e a s u r e d . 

O n  th e  s e c o n d  s p e c im e n  in  e a c h  p a ir ,  t h e  a n is o t r o p ic  s tre s s  

c o n d it io n  is  r e le a s e d  w it h o u t  c h a n g e  in  w a t e r  c o n t e n t  a n d  t h e  

s a m p le  is  t h e n  s u b je c t e d  t o  u n c o n s o lid a t e d - u n d r a in e d  s h e a r  

w ith  p o r e  w a te r  p r e s s ur e  m e a s u r e m e n t s .

T h e  te s t  r e s u lt s  a r e  fir s t  p lo t t e d  t o  s h o w  o n e - h a lf o f  the  

s u m  a n d  th e  d iffe r e n c e  o f  t he  e ffe c t ive  m a jo r  a n d  m in o r  

p r in c ip a l s tre s s e s  a t  fa ilu r e  as  a  fu n c t io n  o f  t he  w a t e r  c o n 

t e n ts  o f  t h e  s a m p le  as  s h o w n  in  F ig . 7 . F r o m  th is  p lo t  v a lu e s  

o f  th e s e  t e r m s  m a y  be  r e a d  o ff a t  t h e  d iffe r e n t  v a lu e s  o f  

w a te r  c o n t e n t  a n d  p lo t t e d  as  s h o w n  in  F ig . 8 , p r o v id in g  tw o  

p o in t s  fo r  e a c h  v a lu e  o f  w a te r  c o n t e n t .  By  d r a w in g  s t r a ig h t  

line s  t h r o u g h  the s e  p a ir s  o f  p o in t s , t he  c o h e s io n , c , „  a n d  the  

a n g le  o f  fr ic t io n , f a ,  m a y  be  d e t e r m in e d  as  s h o w n  in  F ig . 8.

A  d is a d v a n ta g e  o f  t h is  m e th o d  is  t h a t  t h e  tw o  M o h r  

c ir c le s  r e p r e s e n t in g  t h e  e ffe c t ive  s tre s s  c o n d it io n s  a t  fa ilu r e  

fo r  s a m p le s  a  a n d  b ( o n  t h e  tw o  p o in t s  in  —  c r ^)

v e r s u s  /¿(c / 1 +  a - '3 ) p lo t ) ,  m a y  b e  v e r y  c lo s e  t o  e a c h  o th e r  

fo r  in s e n s it iv e  c la y s . H o w e v e r  fo r  s e n s it ive  s o ils  t h e y  a r e  

s u ffic ie n t ly  fa r  a p a r t  t o  p e r m it  t h e  de s ir e d  in t e r p r e t a t io n  o f

th e  te s t d a t a  a n d  t h e  m e t h o d  h a s  t h e  a d v a n t a g e  t h a t  te s t  d a t a  

fo r  s a m p le s  a t  t h e  s a m e  w a t e r  c o n t e n t  a r e  r e a d ily  o b t a in e d  

w it h o u t  t h e  ne c e s s ity  o f  p e r fo r m in g  te s ts  in  o v e r c o n s o lid a t e d  

s a m p le s .
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