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SYNOPSI S:  T h e  p r i n c i p l e  o f  Na t u r a l  P r o p o r t i o n a l i t y  i s  a p p l i e d  t o  f i n d  s i mp l e  g e n e r a l  e q u a t i o n s  t o  

d e s c r i b e  t h e  s t r a i n - t i me  r e l a t i o n s h i p  ( c r e e p )  i n  t h e  s t a b l e  a n d  i n  t h e  u n s t a b l e  z o n e s  o f  t h e  

t r i a x i a l  t e s t s  i n  s o i l s .  A  g e n e r a l  s t r e n g t h - t i me  e q u a t i o n  a n d  a  g e n e r a l  K -  t i me  r e l a t i o n s h i p  a r e

a l s o  g i v e n .  T h e  t h e o r e t i c a l  e q u a t i o n s  a r e  a p p l i e d  t o  e x p e r i me n t a l  d a t a  o n  d r a i n e d  a n d  u n d r a i n e d  

t r i a x i a l  t e s t s  a l r e a d y  p u b l i s h e d  i n  t h e  l i t e r a t u r e .

INTRODUCTION

T he p r in c ip le  o r  N a tu ra l  P r o p o r t io n a l i ty  h a s  b een  e n u n c ia te d  

an d  a p p lie d  to  v a r io u s  p h y s ica l phen o m en a  ( J u a re z -B a d illo ,  

1981, 1985a,b , 1990). T h is  p r in c ip le  s im p ly  s t a t e s  t h a t  a ll  

p h y s ic a l phen o m en a  a r e  o rd e re d  an d  s im p le . T h e  m a in  p ro b le m  is  

to  f in d  th e  p ro p e r  v a r ia b le s  f ro m  w h ich  th e  p ro p e r  fu n c tio n s  

a r e  d e f in e d  an d  r e la te d  th ro u g h  th e  p ro p e r  non l in e a r  n a tu r a l  

p r o p o r t io n a l i ty .  T h is  p ro c e s s  is  ap p lie d  in  th i s  p a p e r  to  

o b ta in  a  g e n e r a l  e q u a t io n  t h a t  r e l a t e s  d e v ia to r ic  d e fo rm a tio n s  

to  t im e  (c re e p )  in s o ils . T he p ro p e r  v a r ia b le  u sed  to  d e s c r ib e  

d e v ia to r ic  d e fo rm a tio n  is  th e  n a tu r a l  g e n e r a l  s h e a r  

d e fo rm a tio n  ( J u i r e z -B a d i l lo ,  1974). L e t (v e r t i c a l) ,  an d

be  th e  C a r te s ia n  c o o rd in a te  sy s te m  an d  le t  u s  c o n s id e r  th e

s im p le  c a s e  o f  a  t r i a x i a l  c o m p re ss io n  t e s t ,  a x ia l  s t r e s s  

in c re a se d . T h e  n a tu r a l  p r in c ip a l  s t r a in s  (H encky) a r e  d e fin e d  

by

e ,=  In —  
1 x C2 ■ ln x20 C3  = ln T  

J  3 0

(1)

T h e  n a tu r a l  g e n e ra l  s h e a r  d e fo rm a tio n  i) f o r  o u r  c a s e  is  s im p ly  

g iven  by

T) = e -  e =  c -  c =  e -  c =  e -  e (6 )

S in ce  f ro m  eq s. (3) a n  (5) w e have  t h a t

e  + 2  e  = 0  
a  r

th e n , f ro m  eq s. (6 ) an d  (7)

STRAIN-TIME EQUATION

(7)

(8)

All t r i a x i a l  t e s t s  on  s o ils  p ro d u c e  c re e p  c u rv e s  s im ila r  to  

th e  o n e s  show n  in F ig . 7 (B ishop, 1966). F rom  th e s e  c u rv e s  It 

is  ob v io u s  t h a t  th e y  a ll  obey  th e  p r in c ip le  o f  N a tu ra l  

P r o p o r t io n a l i ty .

w h e re  x  = in i t ia l  x  , w h e re  x  is  th e  v e r t ic a l  d im en s io n  o f  
10 1 1

th e  s am p le  a t  t im e  t ,  e tc .  In t r i a x i a l  t e s t s  th e  fo llo w in g

sym bo ls  a r e  u sed : f o r  th e  a x ia l  s t r a in  an d  e r  f o r  th e

ra d ia l  s t r a in .  T h e  n a tu r a l  v o lu m e tr ic  s t r a in  is  s im p ly  g iven  

by

c v= ln \ T  = C1 + C2  + C3= c a  + ^ r  (2)o

w h e re  Vq = in i t ia l  volum e V. The is o tro p ic  co m p o n e n t o f  s t r a in

C1 + C2  + C3  Ca  + 2  Cr  

C 3 3

and  th e  d e v ia to r ic  c o m p o n e n ts  o f  s t r a in  e. a r e

*1 E1 " C> e2  “  C2  '  C’ e 3 _ C3  '  C

e  = e  -  e ,  e  = c  -  c  
a  a  r  r

(3)

(4)

(5)

L e t aco b e  th e  I s o tro p ic  c o n so lid a tio n  p r e s s u r e  in th e  f i r s t

s ta g e  o f  th e  t r i a x i a l  t e s t  a n d  le t  bo- -  <r -  <r_ be  th e  a x ia l
a  l 3

in c re m e n t o f  s t r e s s  ln  th e  seco n d  s ta g e  o f  th e  t e s t .

Som e b a s ic  c o n s id e ra t io n s  o f  th e  p ro b le m  a re :  w hen  a  c e r ta in

v a lu e  o f  o ',-« “-  is  ap p lie d , a t  t = 0  w e h ave  e  “ 0  and  e 
1 3  a  a

in c re a s e s  to  a  f in a l  v a lu e  e  ,  a t  t=® If  th e  leve l o f
a f

s t r e s s  is  be lo w  f a i lu r e ,  t h a t  is , If  w e  a r e  ln th e  s ta b le  

zone. I f  th e  leve l o f  s t r e s s  Is  in  th e  u n s ta b le  zo n e , f a i lu r e  

w ill be  p ro d u c e d  and  w e w ill have  ( th e  n e g a tiv e

c h a r a c t e r  o f  e a  Is i r r e l e v a n t  a t  p re s e n t)  a t  a  c e r ta in  f a i lu r e

tim e  tj.. T h e  f a i lu r e  t im e  t^. w ill be s m a l le r  a s  th e  leve l o f

s t r e s s  in c re a s e s .  B etw een  b o th  z o n es , th e  s ta b le  zo n e  an d  th e

u n s ta b le  z o n e , th e r e  e x i s t s  a  c e r ta in  th re s h o ld  leve l o f

s t r e s s  f o r  w h ich  e  =® a t  t=«o, th e  f r o n t i e r  f a i lu r e  c u rv e , 
a

L et us consider f i r s t  th e  s ta b le  zone. If th e  ax ia l dev ia to ric
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s t r a in  e i s  a  p ro p e r  v a r ia b le ,  i t s  fu n c tio n a l r e la t io n  w ith

tim e  sh o u ld  be  a s  fo llo w s . T he  v a r ia b le  t im e  v a r ie s  f ro m  0  to

oo, i t  h a s  a  co m p le te  do m ain  an d , t h e r e f o r e ,  i t  is  i t s  p ro p e r

fu n c tio n . T h e  v a r ia b le  e  v a r ie s  f ro m  O to  e - ,  i t s  do m ain  is  
a  a f

in co m p le te . I ts  p ro p e r  fu n c tio n  z, w ith  a  co m p le te  d om ain , is

th e  s im p le s t  p o s s ib le  fu n c tio n , a n d  i t  is

(9)

w h e re , f o r  s im p lic ity ,  th e  s u b s c r ip t  a  h a s  been  d ro p p e d . Now 

w e h a v e  t h a t  f o r  t= 0 , z=a> an d  f o r  t=a>, z = 0  . z  h a s  a  c o m p le te  

dom ain  an d  i t  is  th e  p ro p e r  fu n c tio n  c o rre s p o n d in g  to  th e  

p ro p e r  v a r ia b le  e. T he  p ro p e r  p ro p o r t io n a l i ty  b e tw e e n  th em  is

(10)

w h e re  th e  m in u s  s ig n  ta k e s  in to  a c c o u n t t h a t  w hen  t  in c re a s e s ,  

z  d e c r e a s e s  an d  £  is  a  c o n s ta n t  o f  p ro p o r t io n a l i ty .

T he  c o n s ta n t  £  is  a  c h a r a c t e r i s t i c  o f  th e  m a te r ia l  (a s  i t  w ill 

b e  sh o w n  l a te r )  an d  i t  is  a  m e a su re  o f  th e  non l in e a r  s h e a r  

v is c o s ity  o f  th e  m a te r ia l .  A p ro p e r  nam e f o r  5  >s " s h e a r  

f lu id i ty ”, s in c e  £  in c re a s e s  w hen  th e  non l in e a r  v is c o s ity  

d e c re a s e s .

I n te g r a t in g  eq . (10) w e o b ta in

(11)

J ___1_
t t r

(17)

Now w e h av e  t h a t  f o r  e= 0 , z=«o and  f o r  e=®, z= 0 . T h e  p ro p e r  

p r o p o r t io n a l i ty  b e tw ee n  th em  is  now

d e  _ _ -  d z  

e  ^  z
(18)

w h e re  th e  c o n s ta n t  o f  p ro p o r t io n a l i ty  £  is  a ssu m e d  to  be th e  

sam e  th a n  f o r  th e  s ta b le  zone  s in c e  i t  is  a  m e a su re  o f  th e  

f lu id i ty  o f  th e  m a te r ia l .

In te g ra t in g  eq . (18) w e o b ta in

- 5-  = < ^ - f ? 

e i z i

In tro d u c in g  eq. (17) in to  eq. (19) w e  o b ta in

= (- 1 1

w h ich  m ay  be w r i t t e n  a s

—  - ( - Ì -  
e l f

r  ?

(19)

(20)

(21)

w h e re  is  a  know n p o in t.

In tro d u c in g  eq. (9) In to  eq . (11) w e o b ta in

J _____ L  = ( J _____L , (_L,-€
e e f  e :  e f  ^

w h ich  m ay  be  w r i t t e n  a s

_ !t  -  1 ♦ ( J l  - 1) , t
e e j tj

(12)

(13)

An e le g a n t  a n d  s im p le  w ay  o f  w r i t in g  eq . (13) Is In te r m s  o f  

th e  p o in t f o r  w h ich  e ^  O.Sej. a t  t ^ t "  w h e re  t*  Is th e

" c h a r a c te r i s t i c  tim e " . T hen , eq . (13) m ay  be  w r i t t e n  a s :

e .

e  = (14)

An e le g a n t  an d  s im p le  w ay  o f  w r i t i n g  eq . (21) is  in  t e r m s  o f 

th e  p o in t  f o r  w h ich  tj= 0 .5 t^ . a t  e j= e*  w h e re  e"  is  th e

" c h a r a c te r i s t i c  e". T h en  eq. (21) m ay  be  w r i t t e n  a s

t .
e =  e*  ( -  l f C (22)

F o r  th e  f r o n t i e r  f a i lu r e  c u rv e , w hen  Cj.=* f o r  tj.=a>, f ro m  eq. 

(2 0 ) w e a g a in  o b ta in  eq . (16).

In  th e  u n s ta b le  zo n e  th e  r a t e  o f  s t r a in ,  f ro m  eq . (21), is

1de

e -  h i  = e i

e

“t-  ~ r (23)

I t  m ay  be  o b se rv e d  t h a t  f o r  th e  f r o n t i e r  f a i lu r e  c u rv e , eq s. 

(16) o r  (23 ) p ro v id e

H ow ever, a  u s e fu l e q u a t io n  in  p r a c t ic e  is  eq. (13) In th e  

fo rm :

e .'1

1 i+ ( _ t  - i )  ( - i - f c 

e i l i

(15)

F o r th e  f r o n t i e r  f a i lu r e  c u rv e , w hen  f o r  t= > , f ro m  eq.

(12 ) w e o b ta in

- r  ■ ' - f ’E1 1
(16)

L e t u s  now  c o n s id e r  th e  u n s ta b le  zo n e . Now e  h a s  a  c o m p le te  

d o m ain  f ro m  0  to  •  , w h ile  t  v a r ie s  f ro m  0  to  tj. .  P ro ce e d in g

in  a  v e ry  s im ila r  w ay  w e now  h ave  t h a t  th e  p ro p e r  fu n c tio n  

f o r  t  Is

¿ - i f (24)

T h a t  is , f o r  th e  f r o n t i e r  f a i lu r e  c u rv e , th e  in s ta n ta n e o u s  

r a t e  o f  d e fo rm a tio n  is  £  t im e s  th e  m ean  r a t e  o f  d e fo rm a tio n .

F o r  th e  f a i lu r e  c u rv e s  one  im p o r ta n t  p o in t  is  w hen  th e  r a t e  o f 

s t r a in  c h an g e s  f ro m  d e c re a s in g  to  in c re a s in g , t h a t  is  w hen

g f  “  0 . I t  t ’ Is  th e  t im e  a t  w h ich  th i s  o c c u rs ,  f ro m  eq . (23) 

I t  m ay  b e  fo u n d  t h a t

(25)

t h a t  is , th e  ch an g e  o c c u rs  a t  a  t im e  t ’ so m ew h a t s m a l le r  th a n  

h a l f  th e  f a i lu r e  t im e  t^..

T h e  m in im um  v a lu e  o f  e ,  t h a t  is , th e  v a lu e  o f  e  a t  t = t '  is , 

f ro m  eq . (23)
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<«> • = 2-T m in 1+Ç
® — 1 ? ® 

T - -  4 ( î+ i ld -ç )  “ Ç (26)

F ig . 1 p r e s e n ts  th e  g ra p h s  o f  th e  c re e p  c u rv e s  in lo g -lo g  p lo t 

f o r  d i f f e r e n t  v a lu e s  o f  £ , eq . (15) f o r  th e  s ta b le  zo n e , eq. 

(16) f o r  th e  f r o n t i e r  f a i lu r e  c u rv e s  and  eq . (2 1) f o r  th e  

u n s ta b le  zo n e . All c u rv e s  a r e  p lo t te d  u s in g  f o r  th e  s ta b le  

c u rv e s  e^ = 10  e^ an d  f o r  th e  f a i lu r e  c u rv e s  t^.= 10 0  t  .

Im p o r ta n t c h a r a c t e r i s t i c s  o f  th e m  a r e  n o ted  in th e  f ig u r e .  All 

f r o n t i e r  f a i lu r e  c u rv e s  a r e  s t r a ig h t  lin e s  w h e re  €  a r e  th e  

s lo p es . All s t a b l e  c u rv e s  p lo t  be lo w  th e  f r o n t i e r  f a i lu r e  

c u rv e s  a n d  a r e  co n cav e  d o w n w ard s . All f a i lu r e  c u rv e s  p lo t 

above  th e  f r o n t i e r  f a i lu r e  c u rv e s  an d  a r e  co n cav e  u p w a rd s . T he 

c h a r a c t e r i s t i c  t im e s  have  b een  n o te d  in th e  s ta b le  c u rv e s  a s  

w e ll a s  th e i r  m id d le  t h i r d s  t h a t  p lo t  v e ry  c lo se  to  s t r a ig h t  

l in e s  in s e m i- lo g  p lo t .  T h e  c h a r a c te r i s t i c  s t r a in s  a n d  th e

p o in ts  w h e re  = 0  h av e  b een  n o te d  in th e  f a i lu r e  cu rv e s .

th e  f r o n t i e r  f a i lu r e  c u rv e s  o c c u r  so m ew h a t " la te " , le t  u s  say , 

one cy c le  b e fo re  tj.. T h is , f o r  low  v a lu e s  o f  a llo w s  in

p r a c t ic e  to  e s t im a te  £  f ro m  th e  b eg in n in g  o f  th e  f a i lu r e  

c u rv e s  an d  l a t e r  on  p e rm its  th e  c a lc u la tio n  o f  t^  f ro m  th e

la s t  p a r t  o f  th e  e x p e r im e n ta l  c re e p  cu rv e s .

F ig . 3  sh o w s  th e  g ra p h s  o f  f a i lu r e  c u rv e s , eq . (22), f o r  

v a r io u s  v a lu e s  o r  £.

In p r a c t ic e  i t  m ig h t be  u s e fu l  th e  lo g -lo g  p lo ts  o f  th e  s t r a in  

r a t e s .  F o r  th e  s ta b le  z o n e , f ro m  eq . (14) It Is o b ta in e d

-C l-2

At tim e  t= t  w e s im p ly  g e t

1 * f 
V f  -  —  5 - t r ­

izi)

(28)

Fig . 2  p r e s e n ts  th e  g ra p h s  o f  th e  sam e  e q u a t io n s  in  s e m i- lo g  

p lo ts .  All s ta b le  c u rv e s  a r e  s y m m e tr ic  w ith  r e s p e c t  to  th e i r  

m id d le  p o in ts ; th e y  a r e  co n cav e  u p w a rd s  in th e i r  f i r s t  h a lf  

an d  co n cav e  d o w n w a rd s  in t h e i r  seco n d  h a l f ; t h e i r  m id d le  t h i r d  

is  v e ry  c lo se  to  a  s t r a ig h t  line . F u r th e r  p r o p e r t i e s  o f  th e s e  

s ta b le  c u rv e s  m ay be  seen  in ( J u a re z -B a d illo ,  1985a) s in ce  

t h e i r  e q u a t io n s  a r e  o f  th e  sa m e  s t r u c tu r e  th a n  th e  g e n e ra l  

e q u a t io n  o f  se c o n d a ry  c o m p re ss io n  f o r  s o ils . All f r o n t i e r  

f a i lu r e  c u rv e s  a n d  f a i lu r e s  c u rv e s  a r e  co n cav e  u p w a rd s .

T h e  c h a r a c t e r i s t i c  o f  th e  s ta b le  c u rv e s  w h o se  m id d le  t h i r d  is  

p r a c t ic a l ly  a  s t r a ig h t  lin e  is  v e ry  u s e fu l in  p ra c t ic e .  T h is  

p ro p e r ty  a llo w s  to  e s t im a te  e^.. N o te  a ls o  t h a t  in  f a i lu r e

c u rv e s , an d  d e p en d in g  on th e  v a lu e  o f  £ , th e i r  s e p a r a t io n  f ro m

N o rm a ly z in g  eq . (27) by  eq . (28 ) w e g e t

T — * [ ' * ( 4 - 1 1  
® t= t»

-e l  -2 (29)

One im p o r ta n t  c h a r a c te r i s t i c  Is th e  s lo p e  in  lo g -lo g  p lo t .  

F ro m  eq. (27 ) i t  is  o b ta in e d

(30)

F ro m  eq . (3 0 ) w e s ee  t h a t  th e  s lo p e  d e c r e a s e s  f ro m  - ( l - ( )  a t

All are concave downwardsStable curves

•) All are concove upwardsFailure curves

■) All are straight lines (£ Is the slope)Frontier failure curves
Unstable zone

All curves are plotted using for : 

the stable curves Unstable zone

Stable zonethe failure curves

o -* -  -»-o Middle third in the stable curves that plot very 

close to straight lines in semi-log plots.

t  = t *  for e= 0.5 ef in stable curves

e = e* for t = 0.5 t f  in failure curves

Stable zone

30 40  50 60 708090100

Fig 1 Graphs of creep curves for different values of £

339



10 100 1000

Fig. 2. Graphs of creep curves for different values of £

100000

e tf -f 
Fig. 3. Graphs of -----1 ) v lo r  various value» o f  £

At t  ^—  w e s im p ly  g e t

e >
e* = 4 <■

f

N o rm a ly z in g  eq . (33) by  eq . (34) w e g e t 

. i  t
e

e" 1 -
—  (-L  - i f *  
t  t

F rom  eq. (33 ) i t  is  o b ta in e d

d log e _ _2 + 1+ g
d  lo g  t 1 —

(34)

(35)

(36)

F rom  eq . (36 ) m e s e e  t h a t  th e  s lo p e  In c re a s e s  f ro m  - ( l - £ )  a t  

t  = 0  to  cd a t  t  = tj. (S ee  F ig . 5).

t  = 0  to  - ( l+ O  a t  t  = co (S ee  F ig . 4).

F o r th e  f r o n t i e r  f a i lu r e  c u rv e , f ro m  eq. (16) w e g e t

F ro m  th i s  eq. (31) i t  is  o b ta in e d

d ‘°8 ¿ = - d -f)  
d lo g  t  u

(31)

(32)

t h a t  is , th e  s lo p e  is  c o n s ta n t  a l l  th e  w ay th ro u g h , f r o m  t  *  0

to  t  = CD.

F o r th e  u n s ta b le  zone, f ro m  eq. (22) i t  is  o b ta in e d  

t „
t

(33)

F ig . 4 sh o w s th e  g ra p h s  o f  eq . (29) f o r  d i f f e r e n t  v a lu e s  o f  £ 

in th e  s ta b l e  zo n e  a n d  F ig . 5 sh o w s th e  g ra p h s  o f  eq . (35) fo r  

d i f f e r e n t  v a lu e s  o f  £  In th e  u n s ta b le  zone.

SHEAR STRENGTH-TIME EQUATION

L e t b e  th e  leve l o f  s t r e s s  t h a t  p ro d u c e s  th e

f r o n t i e r  f a i lu r e  c u rv e  w ith  f a i lu r e  t im e  t^.= ®. I f  th e  level

o f  s t r e s s  in c re a s e s  th e  f a i lu r e  t im e  d e c re a s e s  a n d , a t  th e  

lim it ,  w e h a v e  ( cT j - c \ j ) j . =  co f o r  tj.= 0 . T h e  do m ain  f o r  tj. is

c o m p le te  b u t th e  dom ain  f o r  (<r -«• Is n o t. T he p ro p e r

fu n c t io n  f o r  is' now

z = ( ^ 3)f -  < ^ 3)fm (37)

Now, f o r  t j .=  0 , z  = od an d  f o r  t .̂ = to, z  = 0 . T h e  re la tio n s h ip
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Fig 4 Grophs of -4 — = 4 1 ♦ ( -Ji)’^]etit* *

( o\ - c* _) r  -  (<r - <r . )  _ .

, 1 V --------, *  3 = ( 4  f Ç (40)

' W n  ■ lW r »  *1

w h ic h  m ay  be  w r i t t e n  a s

(o-, - « ■ , ) ,  r  (< r,-< r0 )

T
i " 3?f = i j  - i i t - i - r «  (4i)
i ^'rco I J l i

A gain , i f  i t  is  ch o sen  a s  th e  know n p o in t th e  p o in t f o r  w h ich

(o* -< r_ ),,=  2  (o-,-<r_), a t  th e  c h a r a c te r i s t i c  t im e  t  = t* .  th e n  
1 3  i l  1 3 1 ®  l

eq . (41) m ay be  w r i t t e n  a s

------1— ¡LI----  = i + (_ i_ )  <• (42)

(o- -< r_ ). t "
1 3  fœ

w h e re , f o r  s im p lic ity ,  th e  s u b s c r ip t  f  f o r  t  h a s  b een  d ro p p e d  

in  th e  above  a n a ly s is .

I f  (u-,-0- - ) ,  = 0  th e  r e s u l t in g  e q u a t io n  is  obv ious  f ro m  
1 3 fœ

eq .(4 0 ) .

F ig . 6  p r e s e n ts  g ra p h s  o f  eq. (42) f o r  v a r io u s  v a lu e s  o f  C  

OB T E NT I ON OF  P A RA ME T E RS

T he s t r u c tu r e  o f  t h e  above  e q u a t io n s  f o r  th e  r e la t io n s h ip  o f 

s t r a in  an d  s t r e n g th  w ith  t im e  is  th e  sam e  th a n  f o r  th e  

" g e n e ra l c o m p re s s ib il i ty  e q u a t io n  f o r  s o i ls 1' ( J u a re z -B a d ll lo ,  

1981) an d  f o r  th e  " g e n e ra l t im e  volum e c h an g e  e q u a t io n  f o r  

s o ils"  ( J u a re z -B a d illo ,  1985a). F u r th e r  p r o p e r t i e s  o f  th e s e  

e q u a t io n s  a r e  t r e a t e d  in  d e ta i l  in th e s e  re f e re n c e s .  In th e  

p r e s e n t  p a p e r  som e b r i e f  In d ic a tio n s  f o r  th e  d e te rm in a t io n  o f 

p a r a m e te r s  a r e  g iven .

T he sem ilo g  p lo t  is  th e  b e s t  p lo t  f o r  th e  s ta b le  c re e p  cu rv e s . 

I f  th e  e x p e r im e n ta l  c u rv e s  a llo w  to  d e te rm in e  th e  b eg in n in g  o f  

th e  s t r a ig h t  s e c tio n  a t  e= a , th e n  e .̂ = 3 a . I f  n o t ,  a  t r i a l  an d

e r r o r  p ro c e d u re  is  need ed . T h re e  p o in ts  in th e  e x p e r im e n ta l  

c u rv e  a r e  n eeded : a n  e a r ly  p o in t 3, a  m idd le  p o in t 1 an d  a  

f in a l  p o in t 2. T hen  th e  v a lu e  o f £  c an  be c a lc u la te d  fro m  

p o in ts  1 an d  2  an d  eq . (13) in th e  fo rm :

* 2  e f ~ ' l  
l o g ---------------------

e l V e 2
£  = ------------- ------- ^ ---- —  (43)

, 2 
lo g  - 5-

1

L a te r  on , u s in g  p o in t 3 th e  v a lu e s  o f  e .̂ and  i  a r e  c o n firm ed

u s in g  eq . (13). G e n e ra lly  a  seco n d  and  a  th i r d  t r i a l  a r e  

needed  u n t i l  p o in t 3 ch eck s . L a te r  on th e  c h a r a c t e r i s t i c  tim e  

is  c a lc u la te d  u s in g  eq . (14) in  th e  fo rm :

1/Ç
t*  = t 2  I .  I (44)

O nce e <; an d  t*  a r e  know n, th e s e  v a lu e s  a r e  e n te re d  in  eq. 

(14).

T h e  lo g -lo g  p lo t  is  th e  b e s t  p lo t  f o r  th e  f a i lu r e  c re e p  

cu rv e s . H ow ever, w ith  som e e x p e r ie n c e , th e  s e m i- lo g  p lo t  Is 

su c h  a s  good . I f  t^. is  n o t know n, i t  m ay be g u e sse d  an d  a  v e ry

s im i la r  p ro c e d u re  th a n  f o r  th e  s ta b le  c re e p  c u rv e s  m ay  be 

fo llo w e d . H ow ever a n  a l te r n a t iv e  and  m o re  co n v en ien t p ro c e d u re  

in  p r a c t ic e  is : f i r s t  to  ch eck  th e  v a lu e  o f  £  (f ro m  th e  s ta b le  

c re e p  c u rv e s )  w ith  th e  f i r s t  p a r t  o f  th e  e x p e r im e n ta l  cu rv e s ; 

i f  £  < 0 .2 , th e  f i r s t  p a r t  sh o u ld  be  c o n s id e re d  a t  le a s t  one 

cy c le  b e fo re  f a i lu r e ,  s ee  F ig s . 1 an d  2; u s in g  eq. (16) In th e

Fig. 5 Grophs ol - | ï  ■ —  ~t - . ,

1 
t f

!L
(-V- -1 )“

ii

b e tw en  th e m  sh o u ld  be

d z  _  f  d t  

z  — ” t

w h e re  £ is  t h e  " s tr e n g th  f lu id ity "  o f th e  m a te r ia l .  

In te g ra t in g  eq. (38) w e o b ta in

1  •  ' 4  1 1

In tro d u c in g  eq. (37 ) in to  eq. (39 ) w e o b ta in

—  = ( - J -  ) s  (39)
z  t  l l
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10
10000
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100000
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€ =

. C2 
lo g  —

C1

t 2
lo g  —

1

( 45)

L a te r  on  w ith  a  f in a l  p o in t 3 , th e  f a i lu r e  tim e  t f  m ay  be 

c a lc u la te d  f ro m  eq. (2 1) in th e  fo rm :

R
e3 l 1/C.

V  -  *3 - ^ H T T  

e l i

(46)

Once tj., £  a n d  e ’ a r e  know n, th e s e  v a lu e s  a r e  e n te re d  in  eq. 

(22).

F o r th e  s t r e n g th - t im e  e q u a t io n , a  s e m i- lo g  p lo t  is  v e ry  good.

T h re e  e x p e r im e n ta l  p o in ts  a r e  n eed ed  to  d e te rm in e  (<r —o- ) , r  
« 1 3  in

and  t f : a n  e a r ly  p o in t  1, s ay , a t  (0 . 1- 1 m in), a  m id d le  p o in t

2  (10 -  100 m in) and  a  la te  p o in t 3 (1 ,0 0 0 -1 0 .0 0 0  m in ). F i r s t  

( o \ - c r ^ ) ^  is  e s t im a te d  an d  ^  is  c a lc u la te d  f ro m  eq. (41) in

th e  fo rm :

log

C =

(V  <r3 ) f 2  “ (<rr <r3 ) r<D 

(<rr <r3 ) f 3  ■ ' v V r ®

lo g

(50)

If  th e  r a t e  o f  s t r a in  e  is  know n a t  p o in t 3 , t^. m ay  be 

c a lc u la te d  f ro m  eq. (23) in th e  fo rm :

V  =

t e

( 47)

E q u a tio n  (47) is  v a lid  f o r  th e  w ho le  c u rv e , b u t  th e  

a p ro x im a tio n  is  b e t t e r  f o r  p o in ts  c lo s e r  to  tj..

I f  tp  is  know n, a  u s e fu l e q u a t io n  f o r  f ro m  eq. (21), is:

log

"i
( 48)

*3 V  " l l 
> °8  —  ~ -  t  

I f  3

■
T he v a lu e  o f  e is  th e n  c a lc u la te d  f ro m  eq. (22) In th e  fo rm :

t f  p 
e -  = e3  - 1)C (49)

o r ,  i f  £  is  know n, *s  c a lc u la te d  f ro m  eq . (41) in

th e  fo rm :

(<r.
i<rr <r3 )f 3 ( t  ■ (<rr ° ‘3 ) f 22

1 3 I B
(51)

-  1

L a te r  on  th e  v a lu e s  o f  (<r,—<r_)_ an d  C a r e  c o n f irm e d  u s in g
1 J  1 OP

eq . (41) an d  p o in t 1. T h e  v a lu e s  o f (tr, —o-_)_ an d  £ sh o u ld  be
1 J  IB

m o d if ied  u n ty  p o in t 1 c h eck s . F in a lly  th e  c h a r a c te r i s t i c  

f a i lu r e  t im e  t^. is  c a lc u la te d  f ro m  eq . (42) in th e  fo rm :

, . , , P
(<r,-<r.),.-(cr -o- )

1 3 f l  1 3 fm

(<r, -<r_) _
1 3 f®

(52)

O nce (<r,-o-_), , < an d  t , *  a r e  know n, th e s e  v a lu e s  a r e  e n te re d  
i J  I ® I

in eq. (42).
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STRESS-STRAIN EQUATION

" Basi c st r ess st r ai n equat i on f or  cl ays"  ( Juar ez- Badi l l o,  

1988)  i s t he t i t l e of  a  paper  pendi ng of  publ i cat i on wh e r e  a 

st r ess- st r ai n equat i on i s post ul at ed and appl i ed t o Weal d  

cl ay.  Tak i ng t hat  paper  as  a basi s t he f ol l owi ng equat i on i s 

cons i der ed i n t hi s paper  f or  t he pr act i cal  appl i cat i on t hat  

wi l l  be made:

dt<ri _<r3 )

d ' a= -  3
( 53)

wh e r e  ft and  v ar e t wo  cons t ant  par amet er s  cal l ed t he 

coef f i ci ent  of  shear  def or mat i on and t he shear  ex ponent  

<r
r espect i vel y and  - - - -  i s t he over consol i dat i on f ac t or  wh e r e

co
o"eo i s t he equi val ent  consol i dat i on pr essur e,  t hat  i s,  t he

pr essur e on  t he vi r gi n c ompr es s i on cur ve c or r espondi ng t o t he 

voi d r at i o of  t he sampl e.  Th e  over consol i dat i on f ac t or  c an be
(T

f ound f r o m t he over consol i dat i on r at i o —  by  t he equat i on
c o

( Juar ez- Badi l l o,  1975) ,  ( Juar ez- Badi l l o and Ri co- Rodr i guez ,  

1975) .

c  o- , 
eo = ( P , 1- P

<T (T 
CO CO

( 54)

eqs.  ( 55)  and ( 56)  t he coef f i ci ent  n i s a f unct i on of  t i me and  

t hat  al l  ot her  quant i t i es ar e t i me i ndependent ,  we  c an wr i t e,  

f r o m eqs.  ( 14) ,  ( 55)  and ( 56) :

1 + (— f Ç
( 57)

A f ur t her  appl i cat i on t o be st udi ed i n t he f ut ur e,  i s t o 

consi der

eq.  ( 42)

cons i der  t he var i at i on of  (o- j -o- l̂ j .  wi t h t i me,  wr i t i ng f r o m

( 58)

For  t he pr esent  paper ,  we  c an wr i t e,  f r o m eqs.  ( 55) ,  ( 56)  and  

( 57)

For  dr ai ned t est s,  v = 1

1 "co , T , 1 1

v  5 M- ^  k r l f i ^

For  undr al ned t est s,  v »  2

tr <r,-o\ 1 co ,

ea ~  3  »
eo

( 60)

' V V f

wh e r e  p  i s t he expansi bi l i t y- compr essl bi l i t y r at i o.  

I nt egr at i on of  eq.  ( 53)  gi ves,  f or  v  »  1

and  f or  v -  2

1 / c o f  V  *3 ) , r. * 1̂ 3  1
3  <r [ o -  ( <r . - <r - ) f J

eo v c o  '  L 1 3  f J
( 55)

( 56)

■ (» ,-» 3 )f

Th e  exper i ence of  t he aut hor  wi t h Wea l d  cl ay I ndi cat es t hat  

eq.  ( 55) ,  v  «  1,  i s ver y  good f or  dr ai ned t est s whi l e eq.  

( 56) ,  v »  2,  I s f ai r l y good f or  undr ai ned t est s.  Howev er ,  at  

hi gh over conconsol l dat i on r at i os,  f or  s o me  undr al ned t est s,  

t he coef f i ci ent  f i  s e ems  t o i ncr ease ver y  mu c h  I n eq.  ( 56) .

I t  shoul d be obs er v ed t hat  eq.  ( 56)  I s ver y  si mi l ar  t o t he 

hyper bol i c  st r ess- st r ai n r esponse pr opos ed by  ( Kondner ,  1963)  

f or  cohesi ve soi l s.  Th e  ma i n  di f f er ences bei ng t hat  I n eq.  

( 56)  i s t he nat ur al  devl at or i c  axi al  st r ai n I nst ead of  t he

c o mmo n  t ot al  axi al  st r ai n i n Kondner ' s  equat i on and t hat  t he 

cons t ant s  cons i der ed I n eq.  ( 56)  f or  t he hyper bol i c  f unct i on 

ar e i nt r oduced.  Eq.  ( 55)  ma y  al so be r ef er r ed t o as  t he 

l ogar i t hmi c st r ess- s t r ai n r esponse.

STRESS-STRAIN-TIME EQUATION

Ko-TIME EQUATION

I n t he unpubl i shed ment i oned paper  " Basi c  st r ess- st r ai n 

equat i on f or  cl ays' ,  f or  v -  1, t he f ol l owi ng equat i on f or  Kq

wa s  f ound:

‘ -H _  - i
si n 0 y ______

‘ 1 
si n ÿ  7

( 61)

wh e r e  Kq  I s  t he ear t h coef f i ci ent  at  r est ,  ÿ  -  angl e of

i nt er nal  f r i ct i on and j r -  coef f i ci ent  of  compr es l bl l l t y  I n t he 

equat i on ( Juar ez- Badi l l o,  1975) .

vi V
( 62)

wh e r e  V -  Vo l ume  and («“j . Vj ) i s a k n o wn  poi nt .

As s umi ng  agai n t hat  si n ^  I s t i me i ndependent ,  we  hav e t hat  Kq

I s t i me dependent  bec aus e f i  i s a f unc t i on of  t i me,  eq.  ( 57) .  

Th e  coef f i ci ent  of  compr essi bi l i t y  r  I s t i me I ndependent .

So me  dat a on t he var i at i on of  K wi t h t i me appear s  I n ( Mesr l

°  AKo
and Cast r o,  1987) .  Thes e  dat a appear  as  val ues  of

A l og  t

Di f f er ent i at i ng eq.  ( 61)  we  ma y  obt ai n:

d K

St r ess- s t r ai n equat i ons  ( 55)  and  ( 56)  do  not  cons i der  t he 

var i at i on of  t he st r ai n wi t h t i me.  Th e y  r ef er  t o t he 

" i ns t ant aneous"  st r ai n wh e n  st r ess i s appl i ed,  s ay  f or  t  =  1 
mi n  f or  undr al ned t est s and t  =  t  f or  dr ai ned t est s wh e r e  t

P P
i s t he t i me f or  p r i mar y  compr ess i on.  But  I n r eal i t y ea=  O f or

t  =  0  and ea*  e^  f or  t  =  e». I f  we  ma k e  t he hypot es l s  t hat  I n y or  eq  (53) becomes :

1

, 1  , <■> 1 ,2 

si n *  *  *  ■* ! ♦ ( £) €

(63)
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[  d l og t Jt = f  "  1 1 5  t  j

I n t hese f i gur es " t he appl i ed pr i nci pal  st r ess di f f er ences ar e  

( 64)  per cent ages  of  t he peak  val ues  meas ur ed  i n dr ai ned t r i axi al  

t est s of  5 day s  dur at i on" .  Th e  f i xed per cent ages  s h o wn  we r e  

t he val ues us ed i n eq.  ( 67) .

Di r ect  cal cul at i on of  eq.  ( 63)  s hows  t hat  t he ma x i mu m val ues  

d K

of  j  |  t  ar e of  t he or der  of  257.  hi gher  t han t he val ues

gi ven by  eq.  ( 64)  and  t hat  t hey  oc c ur  at  t i mes  var i ous or der s  

of  magni t ud smal l er  t han t *.

Her e  i t  wa s  f ound £  -  0. 045 f or  t he st abl e cur ves  and £  -  

0. 055 f or  t he f ai l ur e cur ve.  I n Fi g.  8 i t  shoul d be obser ved  

t hat  t he exper i ment al  poi nt s at  t  = 10 mi n,  speci al l y t he 

poi nt  wi t h st r ess l evel  90- 1067. ,  wh i c h  f ai l ed at  t  =  3, 120 mi n  

= 2  day s  4  hr s. ,  i ndi cat e a gr eat er  s t r engt h at  t  = 10 mi n,  of  

t he or der  of  107. ,  t han at  t  = 3 00 , 000  mi n  = 2 0 8  days.

PRACTICAL APPLICATION

Pr act i cal  appl i cat i on of  t he abov e t heor y  wa s  ma d e  usi ng
exper i ment al  dat a cont ai ned i n ( Si ngh and Mi t chel l ,  1968) .
Thes e dat a s h o w t he var i at i on of  t he c o mmo n  t ot al  axi al  st r ai n
ec ( Cauchy)  wi t h t i me i n c ompr es s i on t r i axi al  t est s,

i ncr easi ng t he axi al  st r ess.  Th e  r el at i onshi p of  t he nat ur al
devi at or i c axi al  st r ai n e t o t he c o mmo n  axi al  st r ai n c  i s:  

a c

C v X 1 S  A x l

3 -  = ln  5T ‘  r  “  ln ( 1 + t 1  
10 X 10

= l n ( 1 + c  ) -

) -

( 65)

I n pr ac t i ce an i mpor t ant  quant i t y  i s t he f r act i on of  t he 

" i ns t ant aneous st r ai n"  at  t  =  t  or ,  say,  t  = 10 mi n,  wi t h
P

r espect  t o t he t ot al  st r ai n at  t  = «  . Thi s  c an be cal cul at ed 

f r o m eqs.  ( 14)  and ( 57) .  Then,  we  c an wr i t e,  f or  t he st abl e 

cur ves

9 e l 0 ^ 1 0  
Ç =  0. 045,  t *  = 10 mi n,  —  = —  =  0. 30  

e it
( 69)

Fi gs.  9 and 10 s h o w undr ai ned c r eep t est s on over consol i dat ed 

i ndi st ur bed Sa n  Fr anc i sco Bay  mud.  Wi t h t he dat a s h o wn  i n 

Fi g.  9  t he f i nal  equat i ons  ar e,  f or  t he st abl e cur ves,  eq.  

( 60) .  v = 2

( 70).7. = 3. 5 [ - - - !- - -  - l l  - - - - - î—

L V a  -I 1 + ( *
1— j - 2^  7 5 , 0 0 0

- 0. 18

I n undr ai ned t est s,  t he i sot r opi c c omponent = 0 and i n

dr ai ned t est s t he i sot r opi c c omponent  i s,  nor mal l y ,  ver y  smal l  

c o mp a r e d  t o t he nat ur al  axi al  st r ai n,  except  i n nor mal l y  

consol i dat ed s ampl es  of  ver y  compr ess i bl e cl ays.  Ther ef or e,  

t he I sot r opi c c omponent  wa s  i gnor ed.  Fur t her mor e,  mo s t  of  t he 

ex per i ment al  dat a s h o w ma x i mu m val ues of  c  = - 57.  t o whi c h  a

val ue of  ea = - 5. 137. .  cor r esponds.  Ther ef or e,  f or  si mpl i ci t y,

t hey we r e  cons i der ed equi val ent .  So  i t  wa s  a s s umed t hat

(66)

Fur t her mor e,  i n t hi s f i r st  anal ysi s of  exper i ment al  dat a,  t he 

var i at i on of  s t r engt h wi t h t i me wa s  al so i gnor ed as  al r eady  

ment i oned.

Al l  ex per i ment al  dat a we r e  anal yzed f ol l owi ng t he pr oc edur e  

descr i bed i n Obt ent i on of  par amet er s .  Fi r st  t he c r eep  

par amet er s  ê . ,  £ and t *.  eq.  ( 14) ,  we r e  obt ai ned f r o m t he

st abl e cur ves,  wi t h sl i ght  adj us t ment s  t o ê .  t o c o n f o r m t o one

of  t he st r ess st r ai n equat i ons  ( 55)  or  ( 56)  t o ar r i ve t o a  

f i nal  eq.  ( 59) ,  v = 1, f or  t he dr ai ned t est s and eq.  ( 60) ,  v  = 

2,  f or  t he undr al ned t est s.  Th e  val ues f ound f or  t he di f f er ent  

quant i t i es ar e gi ven i n t he f i gur es and her e t he f i nal  

equat i ons  wi l l  be pr esent ed.  For  t he f ai l ur e cur ves  t he 

pr oc edur e wa s  si mi l ar ,  f i ndi ng f i r st  t he c r eep par amet er s  t .̂ ,

£  and e* ,  eq.  ( 22) .  Th e  f i nal  equat i ons  ar e al so gi ven i n t hi s 

sect i on.

Fi gs.  7 and  8 s h o w dr ai ned c r eep t est s on undi s t ur bed b r o wn  

London  cl ay f r o m Hendon.  Wi t h t he dat a s h o wn  i n Fi g.  7 t he 

f i nal  equat i ons  ar e,  f or  t he st abl e cur ves,  eq.  ( 59) ,  v = 1

r V 0^  1 1
,7.  « 5. 0 I n 1 -  t-!— ——r  ----- ;-----pr-

I- ' W f  J 1 *(-U )"°‘
0 4 5

10

and,  f or  t he f ai l ur e cur ve,  eq.  (22)

- ea ,7.  =  3. 55 ( Ì 1 2 0  _n  - 0. 055

( 67)

(68)

and,  f or  t he f ai l ur e cur ve,  eq.  (22)

- ea ,7.  = 6. 15 ( ^ f °  - I f 0'20 (71)

Her e  i t  wa s  f ound £  = 0. 18 f or  t he st abl e cur ves  and  £  = 0. 20  

f or  t he f ai l ur e cur ve.  I n Fi g.  10 i t  shoul d be obs er v ed t hat  

t he ex per i ment al  poi nt s appear  t o i ndi cat e hi gher  s t r engt h at  

t = 1 mi n  t han at  t  =  1, 000 mi n  . I n t hi s case t he upper  cur ve,

D=  0. 99 k g / c mz, wa s  f ound t o be a  f ai l ur e cur ve.  A pr obabl e 

f r ont i er  f ai l ur e cur ve has  been pl ot t ed,  eq.  ( 16) ,  us i ng
0. 18 and - e 1. 17.  f or  t j = 1 mi n.

For  t hese undr al ned t est s,  i f  we  cons i der  t he " i ns t ant aneous  

st r ai n"  at  t  = 1 mi n,  we  c an wr i t e f or  t he st abl e cur ves,  f r o m 

eqs.  ( 14)  and  ( 57) :

e l M1
e = 0. 18,  t "  =  75, 000 mi n,  —  = —  *  0. 12 

e fi
( 72)

Fi g.  I I  s h o ws  dr ai ned c r eep t est s on t wo  s ampl es  of  dr y  

i l l i t e.  Tak i ng t he geomet r i cal  av er age of  t he dat a s h o wn  i n 

Fi g.  11 we  c an wr i t e f or  t h e m t he f i nal  equat i on as,  eq.  (14) :

- e , 7.  =
2. 8

1 + (-
- 0 . 0 6 2

( 73)

2 . 4 x 1 0

Cons i der i ng t he " i nst ant aneous st r ai n"  at  t  = 1 mi n  we  can  

wr i t e f or  t hi s case:

9 c i **i
Ç = 0. 062,  t *  = 2. 4 x  10 mi n,  —  -  —  = 0. 21

e _

( 74)

Fi gs.  12 and 13 s h o w undr al ned c r eep of  sat ur at ed r emol ded  

i l l i t e.  " Wat er  cont ent  of  al l  s ampl es  = 34. 3 - 0. 17. .  Al l

s ampl es  i ni t i al l y consol i dat ed t o t r ^= 2. 0 k g / c m2 at  68° F,  t hen

over consol i dat ed by  i ncr easi ng Temp,  t o 110° F under  undr ai ned
2

condi t i ons.  Cel l  pr essur e = 4. 0 k g / c m Wi t h t he dat a s h o wn  

i n Fi g.  12 t he f i nal  equat i ons  ar e,  f or  t he st abl e cur ves,  eq.  

( 60) .  v =  2:
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Fig. 7 Drained creep tests on undisturbed brown London clay from Hendon

200 days

di-cr3 
(Ol-CTj)f

Fig . 9  Cru p  o f overcoraolidatad undsturbed Son Fro ncitco  boy mud.

wh e r e  t he speci f i c val ues of  £,  e ■ and tj . appear  I n Fi g.  12 

f or  eac h cur ve.

For  t hi s case I t  wa s  f ound t hat  t he c r eep cur ve f or  D -  1. 58
2

I cg/ cm wa s  a f ai l ur e cur ve.

Fig. 8 Drained creep tests on undisturbed brown London 

cloy from Hendon

• v  * ■
1. 7 1 5 0 , 0 0 0

and f or  t he f ai l ur e cur ves,  eq.  (22):

e . 7. = e ■ ( /  - i f *  a a t

( 75)

( 76)

For  t he st abl e cur ves  we  can wr i t e

e l  M1
f  -  0. 15,  t"  = 150, 000 mi n,  —  -  —  = 0. 14 

e_
( 77)

For  t hi s case,  t he exper i ment al  poi nt s I n Fi g.  13 appear  t o 

I ndi cat e,  agai n,  hi gher  s t r engt h at  t  -  1 mi n  t han at  t  - 1,000 
mi n.

Fi g.  14 s h o ws  t he appl i cat i on of  eq.  ( 41)  t o t he f ai l ur e dat a  

of  Fi gs.  12 and 13.  Th e  f ai l ur e dat a consi st  of  onl y 2  poi nt s 

whi l e 3  poi nt s  ar e needed t o def i ne eq.  ( 41) .  Fi g.  14 s hows  

t he gr aphs  of  eq.  ( 41)  and t he cor r espondi ng val ues of  

f or  t hr ee val ues of  £:  0. 12,  0. 18 and 0. 30.  The
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Fig. 10 Creep of overconsolidated undisturbed San Francisco bay mud

D=Oi -O3 1 ̂  

Kg/cm2

and

T im e , min

Fig 11 Drained Creep tests on dry illite

1 2 3 4 5 6 7 8 9

- e a , %

Fig. 13 Undrained creep of saturated remolded illite

t he s t r engt hs  at  t  = 1 mi n  and t  =  1,000 mi n  wou l d  be 

= 1. 85 k g / c m2 and ^ " ^ ( " i o o o  =  159  k g ^ c m2 , t hat  

i s,  257. and 77.  hi gher  t han at  t  =  «,  r espect i vel y.

At  t hi s poi nt  i t  i s i mpor t ant  t o obser ve t hat  at  t  = 1, 000 mi n  

t he st r ess -  st r ai n r el at i on behav es  as  i f  t he s t r engt h we r e
2

s o me wh a t  hi gher  t han 1. 7 k g / c m , Fi g.  13,  whi l e t he r eal  

2
s t r engt h i s 1. 59 k g / c m , Fi g.  14,  t hat  i s,  t he f i r st  i s 77. 

hi gher  t han t he sec ond st r engt h.  Thi s  ef f ect  wa s  f i r st  

obser ved by  Kondner  ( 1963) .  Howev er ,  f r o m Fi g.  14 i t  i s f ound
2

t hat  at  t  = 1 mi n,  i f  < = 0. 18,  1. 85 k g / c m , val ue

t hat  f i t s ver y  wel l  wi t h t he upper  poi nt s i n Fi g.  13,  

suggest i ng t hat  t he di f f er ence abov e ment i oned i s a t i me  

ef f ect .  I s i t  7.  Ex per i ment al  ev i dence i s needed f or  a  f i nal  

concl usi on.

So me  pr act i cal  appl i cat i on of  t he var i at i on of  Kq  wi t h t i me,  

eq.  ( 61) ,  i s as  f ol l ows.

T~T~m —n—1---- '—'—1—I U'~
f  Rupture ot -« 0 =8  3 %

‘ f .«2= 6.2% £:0.18

-  e a .%

10 100 1000 

Time t , min

Fig. 12 Undroined creep o l saturated remolded illite

val ues of  t * .  eq.  ( 42) ,  ar e al so shown.  I f ,  as  an ex ampl e,  

t he val ues of  £ and £ we r e  equal ,  t he f i nal  equat i on
woul d be,  Eq.  ( 42) :

For  Weal d  cl ay i t  wa s  f ound 0  = 21. 8 , ? = 

( Juar ez- Badi l l o,  1975)  and p = 0. 10 ( Juar ez- Badi l l o,  

and,  t her ef or e,  eq.  ( 61)

K = 
o

0. 1 0 
2 69 + - 1 

2. 69  + + 1
= 0. 63

0. 06

1988)

( 79)

Thi s  val ue i s f or  t  = t

0 . 0 6

For  t  = 0,  0  = 90° and ¿1 = 0 and,

t her ef or e,  K = 0.  For  t  =  o,  i f  we  cons i der  t he r el at i on o
gi ven f or  London  c l ay = 0. 30 p , eq.  ( 69) ,  we  obt ai n f or1U «*»
Weal d c l ay = 0 . 3 3  and as s umi ng t he s a me  val ue of  0  00

0 . 3 3
2. 69  +

K = 
oa

0 . 0 6
-1

2 *9 * -

=  0. 78 ( 80)

and t he pr ogr ess  of  Kq  wi t h t i me wou l d  be gi ven by  eq.  ( 61)

wi t h fi gi ven by  eq.  ( 57)  onc e t he val ues of  £  and  t "  f or  Wea l d  

cl ay ar e k nown.

Mesr i  and  Cas t r o ( 1987)  hav e publ i shed s o me  exper i ment al  dat a  

AK_  d K_  n fiurw uiv -i fi

( T j - ^ .k g / cm 2  = 1. 48S[  H(5Tooo4 i >' 0 1 8  ]  <78> ° f  ^  ^  (64)’ d“ ^  J t =t "  depCndS 0n ^  ~ T  “ ld
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Experimental points 

(After Campanello, 1965)

__ I___ I__I_1 t -L I 11________1____ I___I__L 1 1 I 1 I________l_

(170,1.63)

Values of (< J i-0 j) fo 

. . . . . . . . . . I ' _______ I '__ l i i i

Strength used In *q. (75) 

*

(1800,1.58)

Time t ,  min

Fig. 14 Graphs of (<Ji-03)f=  (0~i -CT3 )faoC M 1 ) ^ ^  Undrained creep of saturated remolded illiillite

( a , - a 3 )f ,

kg/cm 2

0.  For  Ç = 0. 1 t he val ues of  eq.  ( 64)  f or  di f f er ent  val ues of

—  and <p ar e 
7

d K
Tabl e 1. Val ues  of

dl  og

*  1
2 5 10

20 °

30°

40°

0 . 010 

0.  014  

0 . 018

0 . 0 1 4

0 . 0 1 9

0 . 0 2 3

0 . 0 1 4

0 . 0 1 8

0.020

Tak i ng i nt o account  t hat  at  t  < t *  t hese val ues ma y  be of  t he 

or der  of  257.  gr eat er  we  hav e t hat  f or  val ues of  £  f r o m O t o 

d K

0. 3,  t he val ues of  -t —;— ma y  be f r o m 0  t o 0. 086.  
d l og  t

Th e  meas ur ed  val ues  f or  5 cl ays ar e

AK
Tabl e 2.  Val ues  of  meas ur ed ( Mesr i

A 1 og  t  

and Cas t r o ,  1987) .

A K
Sof t  cl ay

Bay  Mu d  

Sai nt  Al ban  

Br oadbac k  

At c haf  al aya 

Bat  i scan

A l og t  

0. 025 -  0. 065  

0. 020 

0. 045

0. 038

0. 070

Th e  meas ur ed  val ues  r epor t ed I n Tabl e 2  ar e,  t her ef or e,  

wi t hi n t he r ange gi ven by  eq.  ( 64) .  Howev er ,  a f i nal  

conc l us i on I s t o be r eac hed by  di r ect  appl i cat i on of  eqs.  ( 61)  

and ( 57)  t o t hose cl ays.

FINAL COMMENTS

Th e  ma i n  pur pos e of  t hi s paper  i s t o pr esent  wh a t  ar e  

cons i der ed t o be gener al  r el at i onshi ps of  devl at or l c st r ai ns 

and s t r engt hs  wi t h t i me dur i ng t he t r l axl al  t est i ng of  

geomat er i al s .  Eqs.  ( 14) ,  ( 22)  and ( 42)  we r e  f ound appl y i ng t he 

pr i nci pl e of  Nat ur al  Pr opor t i onal i t y  wt c h  has  been al r eady  

appl i ed t o var i ous physi cal  p h e n o me n a  ( Juar ez- Badl l l o,  1985b) .  

Th e  st r ess- st r al n equat i ons  ( 55)  and  ( 56)  ar e cons i der ed st i l l  

not  t o be gener al .  The y  we r e  I ncl uded as  a second st ep t owar ds  

a  gener al  equat i on t o be f ound i n t he f ut ur e.  Eqs.  ( 55)  and  

( 56)  we r e  appl i ed t o Wea l d  cl ay f i ndi ng t hat  eq.  ( 55)  I s ver y  

good f or  dr ai ned t est s,  c ompr es s i on or  ext ensi on,  var y i ng onl y  

t he axi al  st r ess,  var y i ng onl y t he r adi al  st r ess or  Jj  -  ct e.

wi t h li »  0. 10 up  t o OCR -  24.  Eq.  ( 56)  wa s  f ound t o be f ai r l y 

good f or  undr ai ned t est s,  f or  c ompr es s i on t est s wi t h | i  -  0. 04  

and ex t ens i on t est s wi t h (i  - 0 . 02  up  t o OCR -  2.  For  hi gher  

OCR j i  I ncr eased wi t h t he OCR i n bot h t ypes  of  t est s,  t o a 

val ue of  n = 0. 20 f or  OCR ■ 24.  Thi s  s ho ws  t hat  eq.  ( 56)  needs  

gr eat  i mpr ov ement s .

To  i mpr ov e eqs.  ( 14) ,  ( 22)  and ( 42)  ver y  good t est s wi t h gr eat  

ac c ur ac y  t o I ncl ude eq.  ( 42)  i n eqs.  ( 59)  and  ( 60)  ar e needed  

as wel l  as  t o di l uci dat e t he di f f er ence bet ween t he r eal  

s t r engt h of  soi l s at  di f f er ent  t i mes  wi t h t he s t r engt h t o be 

us ed i n eqs.  ( 59)  and ( 60)  i f  such a di f f er ence exi st .

On e  i mpor t ant  poi nt  i s t o f i nd t he f ac t or s  t hat  I nf l uence t he 

val ues of  t he " f l ui di t i es" ,  t he v ol ume f l ui di t y 3 ( f or mer l y
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cal l ed v o l ume vi scosi t y) ,  t he shear  f l ui di t y £  and t he 

s t r engt h f l ui di t y C  Mai nl y,  do t hese pr oper t i es var y  

wi t h t he t ype of  t r i axi al  t est ? An d  h o w do t he scal e af f ect s  

t h e m ?.

Th e  aut hor  f eel s t hat  t he pr i nci pl e of  Nat ur al  Pr opor t i onal i t y  

ma y  be appl i ed succesf ul l y t o ot her  physi cal  p h e n ome n a  such as  

t o par t i al l y sat ur at ed soi l s and t o dy nami c  pr oper t i es  of  

geomat er i al s .  I n r espect  t o ear t hquakes ,  i f  t he pr oper  

var i abl e i s f ound,  whi c h i s necessar i l y r el at ed t o t he 

mo v e me n t  of  t he t ect oni c pl at es,  eqs.  ( 46)  or  ( 47)  wou l d  gi ve 

t he t i me of  t he oc c ur r ence of  t he ear t hquakes.

CONCL USI ONS

Th e  mai n  conc l us i ons ma y  be as  f ol l ows

1. Th e  pr i nci pl e of  Nat ur al  Pr opor t i onal i t y has  succesf ul l y  

been appl i ed t o t he c r eep p h e n o men a  i n cl ays.

2.  Si mpl e equat i ons  hav e been f ound t o descr i be t he c r eep  

p h e n o me n a  i n t he st abl e z one as  wel l  as  i n t he unst abl e zone  

of  geomat er i al s ,  eqs.  ( 14)  and ( 22) .

3.  A s i mpl e equat i on has  been f ound t o desc r i be t he shear  

s t r engt h of  soi l s as  f unct i on of  t i me dur at i on of  devi at or i c

st r ess l evel  I n t he unst abl e zone,  eq.  ( 42) .

4.  Si mpl e equat i ons  desc r i be t he var i at i on of  Kq  wi t h t i me,  

eqs.  ( 61)  and ( 57) .

5.  " I nst ant aneous st r ai ns"  at  1 or  10 mi n  i n t r i axi al  t est s 

ar e r eal l y a  smal l  par t ,  of  t he or der  of  10 t o 307. ,  of  t he 

f i nal  st r ai ns at  t  = <d.

6. Th e  shear  f l ui di t y Ç and  t he s t r engt h f l ui di t y Ç,  t oget her  

wi t h t he v ol ume f l ui di t y 5,  f or mer l y  i nt r oduced,  appear  t o be  

f undament al  pr oper t i es of  geomat er i al s.

7.  Go o d  ex per i ment al  dat a,  howewer ,  ar e needed t o f i nd t he 

f ac t or s  t hat  i nf l uence t he val ues of  t he f l ui di t i es ment i oned.

8. Th e  pot ent i al i t y of  t he pr i nci pl e of  Nat ur al  

Pr opor t i onal i t y  t o descr i be ot her  physi cal  p h e n o me n a  i s ver y  

pr omi si ng.
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