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siimf . ARY.  Tho pa pe r  s e t s  f or t h,  a  t heor y of  t he  de f or ma t i on and f a i l ur e  of  c l a ye y s oi l s ,  
ba s e d on a n i nve s t i ga t i on of  t he  ki ne t i c s  of  cha nge s  oc c ur r i ng i n t he  s oi l  mi c r os t r uc t ur e .  
The  i nve s t i ga t i ons  c ons i s t e d of  c r eep t e s t s  of  s oi l s  wi t h s i mul t a ne ous  obs e r va t i on 
of  t he  c ha nge s  i n t he i r  s t r uc t ur e .  On t he  ba s i s  of  t hes e  i nves t i ga t i ons ,  t he  t nechani s m of  
de f or ma t i on and f a i l ur e  wa s  r eve a l ed,  and i t s  l aws  we r e  e s t abl i s hed,  k ge ne r a l i z e d 
e qua t i on of  de f or ma t i on and an e qua t i on of  l ong- t e r m s t r e ngt h we r e  der i ved.  Hes ul t s  of  
i nves t i ga t i ons ,  c a r r i ed out  i n r e c e nt  ye a r s  by t he  a ut hor s  unde r  t he  s upe r vi s i on of  
Pr of .  S. S. Vya l ov,  a r e  s ummar i zed.

As  a  r ul e ,  s oi l  me c ha ni c s  e qua t i ons  ar e  of  
a  phe nome nol ogi c a l  na t ur e  and do not  t ake  
i nt o a c c ount  f e a t ur e s  of  s oi l  s t r uc t ur e  
and i t s  c ha nge s  i n t he  de f or ma t i on pr oces s .

A numbe r  of  wor ks ,  by l ai t chel l ,  e t  al ,  
Mur a ya ma  and Shi ba t a ,  Chr i s t e ns e n and Wu,  
et c. ,  ha ve  appe a r e d i n r e c e nt  ye a r s  whi c h  
de a l t  wi t h equa t i ons  of  s oi l  f l ow ba s e d 
t he  f yr i ng t heor y of  r a t e  pr oces s es .  The  
a ppl i c a t i on of  t hi s  t he or y i s  a  doubt l e s s  
a dva nc e me nt  i n s oi l  mec ha ni c s .  I t  i s  
ne ce s s a r y,  however ,  t o poi nt  out  t ha t  t he  
t heor y of  r a t e  pr oc e s s e s  de a l s  wi t h  t he  
f l ow pr oc e s s  as  mot i on of  mol e c ul e s  of  a  
l i qui d me di um when,  ac t ua l l y,  s oi l  de f or ­
ma t i on i s  r e l a t e d ma i nl y t o t he  di s pl a c e ­
me nt  of  s t r uc t ur a l  e l e me nt s  of  t he  s oi l  -  
mi ne r a l  pa r t i c l e s  s ur r ounde d by a  f i l m of  
a ds or be d wat e r .  The r e f or e ,  a  s t udy of  t he  
de f or ma t i on me c ha ni s m s houl d be  ba s e d pr i ­
ma r i l y on an i nve s t i ga t i on of  t he  ki ne t i c s  
of  s t r uc t ur a l  e l e me nt s  of  t he s oi l .

I n t he  f l ow e qua t i on f or  a  pe r f e c t l y vi s ­
cous  f l ui d:  dj 7dt  = T/ ÿ0 > t he  coe f f i c i ent

of  vi s c os i t y i a  a c c or da nc e  wi t h

mol e c ul a r  ki net i c t heor y,  has  t he  f ol l owi ng 
phys i c a l  me a ni ng:

n 1 U/ kO

L  -  r  •  < ’ >

whe r e  U = a c t i va t i on ener gy,  i . e .  t he  
ener gy i t  i s  ne c e s s a r y t o i mpa r t  t o a  
pa r t i c l e  i n or de r  t o br e a k i t s  bonds  wi t h  
ne i ghbour i ng pa r t i c l e s  and,  ove r c omi ng t he

e ne r gy bar r i e r ,  t o pas s  ove r  t o t he  a dj a ­

cent  e qui l i br i um s t a t e# k = Bol t z ma nn

cons t ant ;  Q = abs ol ut e  t e mpe r a t ur e  i n K;  
and A  = a c e r t a i n pa r a me t e r  whi ch,  s t r i c t l y 
s peaki ng,  a l s o de pe nds  on t he  t emper a t ur e .

Equa t i on ( 1)  wa s  de r i ve d f or  a  vi s c ous  
me di um wi t h- i nva r i a bl e  pr ope r t i e s .  I n s oi l s  
t he vi s c os i t y va r i e s  i n t he  de f or ma t i on  
pr oces s .  Thi s  i s  due,  pr i mar i l y,  t o c ha nge s  
i n t he s oi l  mi c r os t r uc t ur e  i n t he cr eep 
pr oce s s .  I n t he i r  t ur n,  t hes e  cha nge s  l e a d 
t o c ha nges  i n t he  a c t i va t i on ene r gy s i nce  
t he  bonds  ar e  a l t e r ed be t we e n t he  par t i c l es «

I t  s ha l l  be  s hown i n t he  f ol l owi ng t ha t  t he  
ba s i c  c ha nges  i n s oi l  mi c r os t r uc t ur e  
c ons i s t  i n t he  di s pl a c e me nt ,  r e a r r a nge me nt  
and r e or i e nt a t i on of  pa r t i c l e s  on t he  one  
hand,  and t he de ve l opme nt  of  i mpa i r me nt s  
( mi c r of i s s ur e s  and ot he r  de f ec t s ) ,  on t he  
ot her .  Cons equent l y,  t he  a c t i va t i on e ne r gy 
i n e qua t i on ( 1)  ma y be  wr i t t e n as

U* -  »o* "  ° d“  ’  Uor  ( 2)

whe r e  U*  = U/ k8;  UQ = i ni t i a l  ene r gy

r e qui r e d t o br e a k t he  bonds  be t we e n t he  
pa r t i c l e s  at  t he i ns t a nt  of  t i me  t  = 0 ( i t  
i s  de t e r mi ne d by t he  i nt e r pa r t i c l e  f or c e s  
of  i nt e r a c t i on) ;  = change  i n t he  i ni t i a l

e ne r gy as  a  r e s ul t  of  t he  br e a ki ng of  bonds  
and t he  de ve l opme nt  of  mi c r of i s s ur e s  and 
ot he r  da ma e e s  i n s t r uc t ur e  upon s t r e s s  a c ­
t i on;  and UQr  = cha nge  i n e ne r gy due  t o t he

di s pl ac e me nt ,  r e a r r a nge me nt  and r e or i e nt a ­
t i on of  par t i c l e s .
The  a i m of  t he  c onduc t e d i nve s t i ga t i ons  was  
t o s t udy t he  ki ne t i c s  of  s t r uc t ur a l  c ha nge s  
i n s oi l s  and t o de ve l op a  t heor y of  t he
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de f o r ma t i on  a nd f a i l ur e  of  c l a y  i n  a c c or ­
da nc e  wi t h,  e qua t i on  ( .2 ) . Expe r i me nt a l  
i nve s t i ga t i ons  c ons i s t e d  i n  c r e e p t e a t s  
of  a  s e r i e s  of  s pe c i me ns  of  s oi l s  wi t h  
s i mul t a ne ous  s t udi e s  of  t he  c ha nge s  t ha t  
oc c ur  i n  t he  s oi l  mi c r os t r uc t ur e .

I nve s t i ga t i ons  we r e  c a r r i e d  out  on a r t i ­
f i c i a l l y  p r e pa r e d  s pe c i me ns  of  monomi ne r a l  
( ka ol i n;  a nd pol ymi ne r a l  ( J ur a s s i c )  c l a ys  
of  s e mi s ol i d  c ons i s t e nc y.  The  wa t e r  c ont e nt  
i nd i c e s  f o r  t he  ka o l i n  we r e :  w = 38 t o 40%,

= 58% a nd Wp = 38/ 5;  t hos e  of  t he  J ur a ­

s s i c  c l a y we r e :  $  = 32$,  w^  = 50% a nd  

Wp = 2 6 % ( wi t h a  c dnt e nt  of  f r a c t i ons  s ma l ­

l e r  ' t ha n 0. 005 mm e qua l  t o 56%) .

The  t e s t s  we r e  c onduc t e d  by s ub j e c t i ng  
hol l ow c y l i ndr i c a l  s pe c i me ns  t o t or s i on  
wi t h  d i f f e r e n t  s he a r  l oa ds ,  c ons t a n t  f or  
e a c h  s pe c i me n.  The  t e s t s  we r e  i n t e r r up t e d  
a t  va r i ous  s t a ge s  of  de f or ma t i on  a nd mi c r o -  
s e c t i ons  we r e  t a ke n  a t  s e ve r a l  po i n t s  of  
t he  s pe c i me ns  f or  s t udyi ng  t he  mi c r os t r uo -  
t ur e  a nd i t s  c ha nge s .  St r uc t ur a l  i nve s t i ­
g a t i ons  we r e  c a r r i e d  out  wi t h  t he  a i d of  
opt i c a l  a nd e l e c t r on  mi c r os c ope s .  I n o r de r  
t o r e c o r d  t he  o r i g i na t i on  a nd  de ve l opme nt  
of  pos s i b l e  i mpa i r me nt s  i n s t r uc t ur e  ( mi c ­
r of i s s ur e s ,  e t c . ) ,  t he  s oi l  wa s  s a t ur a t e d  
wi t h  a  l i qu i d  po l yme r  ( i n a  va c uum) ,  f o l ­
l owe d by po l yme r i z a t i on  a nd f i xi ng.

The  c ha nge  i n  s oi l  s t r uc t ur e  wa s  ( j vi ant i t a-  
t i ve l y e va l ua t e d  by  t he  de gr e e  of  i mpa i r ­

me n t  ¿ y= 100% a nd t he  de gr e e  of  or i e nr  

S S
t a t i on  Q *  , ■ . 100%,  whe r e  3d = a r e a

S
oc c up i e d  by  de f e c t s  i n s t r uc t ur e ;  SQ r  =

a r e a  oc c up i e d  by  pa r t i c l e s  o r i e n t e d  i n  t he  
s he a r  di r e c t i on;  a nd S = t ot a l  a r e a  o f  t he  
mi c r os e c t i on .  The s e  qua nt i t i e s  we r e  me a s u r ­
ed by  me a ns  of  a n op t i c a l  mi c r os c ope .

I n de t e r mi n i ng  i n d e x  I t ) , mi c r o f i s s u r e s  f r om 
t e ns  t o hundr e ds  of  mi c r ons  i n  s i z e  we r e  
t a ke n  i nt o  a c c ount  a s  we l l  a s  mi c r opor e s  
of  t he  s a me  s i z e s .  The  i nc l us i on  of  por e s  
i n  t he  ma gn i t ude  of  CJ wa s  due  t o t he  i m­
pos s i b i l i t y  of  c l a s s i f y i ng  por e s  a nd mi c r o ­
f i s s ur e s .  Thus ,  t he  ob t a i ne d  va l ue  of  CJ 
s houl d  not  be  r e ga r de d  a s  t he  a bs ol u t e  va ­
l ue  of  t he  de gr e e  of  i mpa i r me nt ,  but  a s  a  
r e l a t i ve  va l ue  wh i c h  r e pr e s e n t s  wi t h  s uf ­
f i c i e nt  r e l i a b i l i t y  t he  dyna mi c s  of  mi c r o-  
f i s s ur e  f or ma t i on.

The  r e s u l t s  of  t he  c r e e p t e s t s  a r e  p r e s e n t ­
e d i n  Fi g. 1 by c ur ve s  s howi ng t he  de ve l op ­
me n t  of  de f or ma t i on  wi t h  t i me  t  a t  va r i ous  
s he a r  l oa ds  /U  . As  i s  e vi de nt ,  t he  p r oc e s s  
i s  of  a  da mpe d  na t u r e  a t  l ow s t r e s s e s .  
Und a mp e d  c r e e p,  e ndi ng t he  f a i l ur e ,  oc c ur s  
a t  h i gh  t  va l ue s .  Cor r e s pondi ngl y,  i n  t he  
f i r s t  c a s e  t he  r a t e  of  de f or ma t i on  

T" = dj 7dt  a ppr oa c he s  z e r o a nd i n  t he  s econd,  
a f t e r  r e a c hi ng  a  mi n i mum va l ue ,  i t  be gi ns  
t o g r ow ( Pi g.  1a) .

Fi g. 1.
Cr e e p c ur ve s  f o r  s he a r  ( ka ol i n,  w = 3 8 %) s

1.  -  f = 8 3  g / c m2 ; 2 . - T =  90 g / c m2 ;

3.  - T =  100 g / c m2 ; A .~ ^ =  133 g / c m2 ;

5 n -  T =  165 g / c m2 .
( a)  c ur ve s  s howi ng t he  c ha nge  i n  t he  r a ­

t e  of  de f o r ma t i on  wi t h  t i me :  1 - £ ^ 1 0 0  g / c n A 

2 -  T =  93 g / c m2 .
l he  c ha nge s  i n t he  s oi l  mi c r os t r uc t u r e  i n  
t he  c our s e  of  t he  a bove - me nt i one d  p r oc e s s e s  
c an be  p r e s e n t e d  a s  t he  s c he me  i n  f i g . 2 . *

The  I n i t i a l  s t r uc t ur e  of  t he  B o i l  wa s  o f  •  
b l oc k- d i s or de r e d  na t ur e ,  60 t o 7 0 % of  t ha  
mi c r os e c t i on  a r e a  be i ng  oc c up i e d  by  a ggr e ga ­
t e s  c ons i s t i ng  of  c l e a r l y  aarti ef t t ed p a r t i c ­
l e s  . The  s pa oe  be t we e n  t he  a ggr e ga t e d «a s  
f i l l e d  wi t h  a  r a ndoml y  o r i e n t e d  ma s s  of  
c l a ye y pa r t i c l e s «

To be  no t e d  i n  t he  f i r s t  p l a c e  u pon  da mpe d  
c r e e p i s  t he  r e duc t i o n  of  t he  s i z e  a nd  
qua nt i t y  of  de f e c t s  wi t n  t i me .  Thus ,  t he  
de gr e e  o f  i mpa i r me nt  of  k a o l i n  e qua l l e d  
CUQ b 24 t o 2 5 % i n  t he  i n i t i a l  s t a t e  and,

a f t e r  de f or ma t i on  f or  6 da ys  a x £"= S3
2

g / c m , i t  wa s  r e duc e d  t o CO =  21%.  Sub ­
s e que nt  c ha nge s  i n  CO oc c u r r e d  wi t h  mu c h  
l e s s  i n t e ns i t y  and,  a t  t  = 22 da ys ,  t he  
va l ue  of  CO wa s  r e duc e d  onl y  t o 20%.  Af t e r  
t hi s ,  de f o r ma t i on  wa s  s t a bi l i z e d.  Al ong  
wi t h  t he  " he a l i ng"  of  t he  de f e c t s ,  d i s ­
p l a c e me nt  of  t he  pa r t i c l e s  oc c ur s  a nd t he y  
be c ome  mor e  de ns e l y  pa c ke d,  t he r e by s t r e n g ­
t he ni ng  t he  s oi l .  Thi s  i s  t he  e xp l a na t i on  
of  t he  i nc r e a s e  i n s oi l  s t r e ng t h  obs e r ve d  
by ma ny  i nve s t i ga t o r s  f o l l owi ng  p r o l onge d  
d e f or ma t i on  u n d e r  c ondi t i ons  of  da mpe d  
c r e e p.  Thus ,  i n t he  e xpe r i me nt s  of  S. S. Vya ­

l ov a nd H. K. Pe ka r s ka ya ,  bo t h  t he  i ns t a n t a ­
ne ous  a nd l ong- t e r m s t r e ng t h  of  ka o l i n  
s pe c i me ns  i nc r e a s e d  by  18 t o 2 0 % f o l l o wi n g  
pr e l i mi na r y  de f or ma t i on,  i n  c ompa r i s on  wi t h

"  Pho t omi c r og r a phs  of  t he  c ha nge s  i n
s t r uc t ur e  ha ve  be e n  p r e s e n t e d  p r e v i ous l y  
( Vya l ov,  Pe ka r s ka ya  a nd Ma xi mya k,  1970) .
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t he  s t r e ng t h  of  t he  i n i t i a l  s pe c i me ns .

Ne z t  t o be  c ons i de r e d  i s  t he  p r oc e s s  of  
un d a mp e d  c r e e p.  I n t he  i n i t i a l  ( 1s t )  s t a ge  
of  t h i s  pr oc e s s ,  t he  a bove - de s c r i be d  phe ­
nome n o n  of  s t r e ng t he n i ng  oc c ur s .  Bu t , a t  t he  
s a me  t i me ,  mi c r omove me n t s  of  t he  pa r t i c l e s  
oc c ur  t oge t he r  wi t h  t he  b r e a k i ng  of  s t r uc t u ­
r a l  bonds ,  r e o r i e n t a t i on  of  pa r t i c l e s ,  a nd  
t he  o r i g i na t i on  a nd de ve l opme nt  of  mi c r o -  
f i s s ur e s .  I n o t he r  wor ds ,  a l ong  wi t h  t he  
s t r e ngt he ni ng,  t he  s oi l  s t r uc t ur e  i s  
we a ke ne d.  The  p r e domi na t i on  o f  we a ke n i ng  
ove r  s t r e ng t he n i ng  l e a ds  t o t he  de ve l opme nt  
of  i r r e ve r s i b l e  pl a s t i c  de f o r ma t i ons  -  
unda mpe d  c r e e p.

The  f o l l owi ng  r e s u l t s  we r e  ob t a i ne d  i n  i n ­
v e s t i ga t i ng  s pe c i me ns  of  po l ymi ne r a l  J ur ­
a s s i c  c l a y a f t e r  de f o r ma t i on  ( a t  V = 400

o
g / c m ) f or  6. 5 hour s ,  8 a nd  40 da ys i  Onl y  
s l i ght  s t r uc t ur a l  c ha nge s  we r e  obs e r ve d  
a f t e r  6. 5 hour s :  t he  c a vi t i e s  we r e  r e duc e d  
s ome wha t  a nd r e o r i e n t a t i on  of  t he  p a r t i c ­
l e s  ( i n t he  s he a r  di r e c t i on)  be ga n  i n  
s ma l l ,  we a ke s t  r e g i ons  b e t we e n  t he  a ggr e ga ­
t e s  or  a t  poi n t s  of  s t r e s s  c onc e nt r a t i on.  
Af t e r  8 da ys ,  mo r e  p r onounc e d  s t r uc t ur a l  
c ha nge s  a r e  obs e r ve d:  t he  n umbe r  of  or i e n ­
t e d pa r t i c l e s  i nc r e a s e s  a nd  t he  a ggr e ga t e s  
be gi n  t o br e a k  up a nd be c ome  r e or i e n t a t e d ,  
¡ ui cr o f i s s ur e s  a r e  f o r me d  a l ong t he  z one s  
wi t h  o r de r e d  or i e n t a t i on.  Eve n mor e  n o t i c e ­
a bl e  c ha nge s  oc c u r r e d  a f t e r  40 da ys  of  
de f or ma t i on .  A l a r ge  pa r t  of  t he  a ggr e ga .  
t e s  we r e  br oke n  up s o t ha t  t he y  oc c up i e d  
onl y  20 t o 30% of  t he  a r e a  of  t he  mi c r o ­
s e c t i ons .  The  r e o r i e n t a t i on  p r o c e s s  ha d  
d e ve l ope d  t o a  de gr e e  i n  wh i c h  5 0 % a f  t he  
a r e a  of  t he  mi c r o s e c t i o n s  wa s  a l r e a dy  
oc c upi e d  by  o r i e n t e d  pa r t i c l e s * She  n u mb e r  
of  mi c r o f i s s u r e s  ha d  a l s o i nc r e a s e d  s ha r pl y;  
t he  de gr e e  of  i mpa i r me nt  r e a c he d  32/ 6.

Si mi l a r  c ha nge s  we r e  obs e r ve d  f or  t he  mono-  
mi ne r a l  c l a y  ( ka ol i n) .  Thi s  i s  i l l us t r a t e d  

^ by t he  c ur ve s  i n  Fi g . 2 wh i c h  s how t he  de ve -  
‘ l opme nt  of  t he  de gr e e s  of  i mpa i r me nt  a nd  

or i e n t a t i on  wi t h  t i me .

Ho r e o r i e n t a t i on  of  pa r t i c l e s  ha s  t i me  t o 
oc c ur  upon r a p i d  f a i l ur e .  For  e xa mpl e ,  
u p o n  f a i l u r e  of  ka o l i n  i n  t wo mi nu t e s  
( a t  T = 180 g / c m2 )» t he  s t r uc t ur e  r e ma i ns  
pr a c t i c a l l y  unc ha nge d.  Up o n  f a i l ur e  i n
9 mi n u t e s  ( a t  £" =160 g / c m2 ) a  c e r t a i n,  
t hough  not  v e r y  l a r ge ,  r e or i e n t a t i on  
( £ =1 4 . 3 %)  i s  obs e r ve d.  Up o n  l ong- t e r m f a i ­
l u r e  ( a f t e r  840 hour s  a t  T = 100 g / c m2 )» 

t he  de gr e e  of  r e o r i e n t a t i on ' r e a c ne d  50%.
As  t o t he  de ve l opme n t  of  mi c r of i s s ur e s ,  i t  
oc c ur s  b o t h  i n l ong- t e r m a nd r a p i d  f a i l ur e .  
For  e xa mpl e ,  u p o n  f a i l ur e  i n  t  = 2 mi nu t e s  
( a t  T = 166 g / c m2 ) » t he  de gr e e  of  i mpa i r ­
me nt  wa s  CO = 36 . 8 % a nd a f t e r  t  = 1. 2 

hour s  ( at  33 g / c m ) i t  wa s  U ) = 36. 3%.
The  de gr e e  of  pa r t i c l e - r e o r i e n t a t i on  c a n  
be  r e g a r d e d  as  de pe ndi ng  pr i ma r i l y  on  t he  
l e ng t h  of  t i me  f or  t he  de f or ma t i on  pr oc e s s ,  
whi l e  t he  de gr e e  of  i mpa i r me nt  de pe nds  u pon  
t he  l oa d  a nd t he  t i me  dur i ng  wh i c h  i t  a c t s .

0 m  ten sot Ar m  w  m m ( hwts

Fi g . 2.
Cur ve s  s howi ng t he  de ve l opme nt  of  t he  de gr eq 
of  i mpa i r me nt  (¿ ¿ H  a nd de gr e e  of  or i e n t a ­
t i on I Q)  wi t h  t i me,  a nd a  s c he me  of  t he  
c ha nge  i n  s oi l  s t r uc t ur e  i n t he  p r oc e s s  of  
unda mpe d  c r e e p:  a  -  i n i t i a l  a t r uc t u r e f  
b -  a f t e r  1 hour ;  c  -  a f t e r  1 da y;  d  -  
a f t e r  9 da ys .  - „

Soi l :  ka ol i n,  C d =  38%,  Z =  100 g / c m .

As  t he  b r e a k i ng  of  bonds  be t we e n t he  pa r ­
t i c l e s  p r oc e e ds  a nd t he  i mpa i r me n t  of  t he  
s t r uc t ur é  gr ows ,  t he  r a t e  of  de f or ma t i on  
i nc r e a s e s  a nd t he  s t a ge  of  f a i l ur e  be gi ns .  
Br e a k i ng  up of  t he  a ggr e ga t e s  a nd pa r t i c l e  
r e o r i e n t a t i on  c ont i nue  i n  t hi s  s t a ge .  The  
mo a t  c ha r a e t e r i a t i e  î éat uî - ê  of  t hi s  s t age ,  
howe ve r ,  i s  t he  de ve l opme nt  Of  Hr i ar wf i ' aPHu-  
r e a  wh i c h  me r ge ,  f o r mi ng  a  ne t wor k,  a nd  
be oome  ma c r oi f ds s ur e B t ha t  t oreei k up  t he  
s oi l .  I t  i s  p r e c i s e l y  t he  de ve l opme n t  of  
mi or of i s s ur e s  a nd  t he  r up t ur e  of  i n t e r pa r -  
t i c l e  bo n d s  t haf t  c a ua e a  s ol i  f a i l u r e  i n  
t he  c r e e p p r oc e s s .  Fa i l u r e  Cr e pt ur . e i a c c uM 
wh e n  t he  de gr e e  of  i mpa i r me nt  r e a c he s  a
c e r t a i n  c r i t i c a l  va l ue  Cl) a .  Thi s  va l ue  CO_

r  r
de pe nds  ne i t he r  on  t he  l oa d  n o r  on  t he
f a i l ur e  t i me  a nd i s  37 . 5 * 2 % f o r  ka ol i n

a nd 4 0 . 9 - 2 % f or  pol ymi ne r a l  J ur a s s i c  c l a y
( s e e  t a bl e ) .
Thus ,  t he  de gr e e  of  i mpa i r me nt  u pon  f a i l u ­
r e  i s  a  c ons t a nt  f or  t he  g i ve n  s oi l  
( CUr  = c ons t )  a nd i t  c a n be  r e ga r de d  a s  a

s t r e ng t h  c r i t e r i on.  I nde e d,  i f  t he  i n i m­
pa i r e d  a r e a  of  t he  s pe c i me n  c r os s  s e c t i on  
i s  de no t e d  by  S*  = 1 -  Cü , t he n t he  a c t ua l  
s t r e s s  wi l l  be £" *  = £V( 1- ûJ ) .  . Evi dent l y,  

i nc r e a s e s  wi t h- t he - i mpa i r me nt  CO a nd  
f a i l ur e  oc c ur s  whe n  t hi s  s t r e s s  r e a c he s  
t he  l i mi t i ng  va l ue  e qua l  t o = 2V( 1- ^ ÿ) .

The  l owe r  t he  s t r e s s ,  t he  l onge r  t hé  t i me  
r e qu i r e d  t o r e a c h  t he  c r i t i c a l  de gr e e  of  
i mpa i r me nt  COr .  Thus ,  f or  J u r a s s i c  c l a y,

t he  va l ue  &>r  = 40 . 9 % wa s  r e a c he d  a t

550 g/ cf i 2 i n  30 s e c onds ;  a t  T =  460  
g/ c mi  i n  1. 9 hour s ;  a t  T =  425 g / c m2 - l a  
6. 6 hour s ;  e t c .  The s e  pr oc e s s e s ,  a l ong t he
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Ta b l e

Va l ue s  of  t he  de gr e e  of  i mpa i r me nt  COr (% ) 

a t  f a i l ur e

Ka ol i n
Loa d 'V  » s / c m̂

100 1 « 160 166 180 200

36, 9
37, 3
39, 7
40, 5

39. 1
37. 1
36, 3
37, 0

36. 8  37,
36. 8 37,  
37, 4 33,
35. 9

0

2
5

38, 4 38, 0
36, 0
37, 5
37, 3

i an
33, 6 37, 3 36, 7 37, 6 33, 4 37. 2

6/ r ( me a n)  = 3 7 , 5

J ur a s s i c  c l a y

Loa d T  . g / c m2

416 425 460 550

40, .
41,

3 43, 0  
1 41, 6  

39, 8

39, 9
41, 4

41, 0

l / i ean 40, ' 7 41, 4 40, 6 41, 0

¿¿ .̂ (i àeâri ) = 4C», 9

br e a ki ng  of  t he  i nt e r pa r t i c l e ,  bonds  a na  
t he  r e a r r a nge me nt  of  t he  s t r uc t ur e ,  a r e  t he  
c a us e  of  t he  r e duc t i on  i n  Bo i l  s t r e ng t h  
u p o n  p r o l onge d  a c t i on  of  t he  l oa d .

The  k i ne t i c s  of  s t r uc t ur a l  c ha nge s  c a n be  
r e pr e s e n t e d  by t he  f o l l owi ng  r e l a t i ons h i ps  
wh i c h  a r e  a ppr ox i ma t i ons  of  t he  c ur ve  i n  

Pi g.  2.

The  de gr e e  of  or i e n t a t i on  Q , va r y i ng  wi t h ­
i n  t he  l i mi t s  Q 0 < £> < 1,  i s  e xpr e s s e d  by

t he  e qua t i on

1 - £ =  ( 1  -  S?n )  ( 1  + t ) _A ( 3)

The  de gr e e  of  i mpa i r me nt  CO , va r y i ng  wi t h i n  
t he  l i mi t s  C0Q < CO <6^. ,  c a n be  e xpr e s s e d

by  one  of  t wo r e l a t i ons h i ps ,  t he  d i f f e r e nc e  
be t we e n  wh i c h  i s  t o be  e xpl a i ne d f ur t he r  
on:

1 -  Q )m  ( 1 - ^ ) e " f 1 ( r ) t  or  ( 4)

1 -  COI  (1 -4/0 )(  1 + t ) " f 2 < ^

whe r e  f  ( V  ) i s  a  c e r t a i n  f unc t i on o f  t he  
s t r e s s .  -

Le t  us  r e t u r n  t o t he  i n i t i a l  e qua t i on ( 2) .  

The  e ne r gy U*  i s  a  c ons t a nt  of  t he  s oi l  

de pe ndi ng  on i t s  c ompos i t i on a nd s t a t e .  The  

e ne r g i e s  U® a nd c a n be  de t e r mi ne d  by

c ond i t i ons  t ha t  f o l l ow f r om a c ons i de r a t i on  
of  t he  pr oc e s s  of  s t r uc t ur a l  c ha nge s  a s  
a  s t oc ha s t i c  one .  The  c ha nge  i n t he  e ne r gy  

U*  t ur ns  out  t o be  p r opor t i ona l  t o t he  

i nc r e me nt  of  i mpa i r me nt  wi t h  r e s pe c t  t o a  

c e r t a i n  uni mpa i r e d  c r os s  s e c t i on,  a nd t he

r e duc t i on i n  t he  e ne r gy Uor  i s  pr opor t i o ­

na l  t o t he  de gr e e  of  r e or i e n t a t i on  r e f e r r e d  
t o t he  a r e a  of  t de  unor i e n t e d  pa r t i c l e s ,

i * e * Af . ,  *  v  ¿ g
*  V . A  CO a nd j U„  = “  <£■>

¿ U,  “ 2 1 -C O
or 3 1 - i ?

( 5)

Le t  us  c o n s i d e r  t he  f i r s t  of  t he s e  
e qua t i ons .
I t _ f ol l ows  f r om e qua t i on ( 4)  t ha t

- A U ) -  = f a x  ( 6 )

1 -C O

whe r e  c oe f f i c i e nt  df i s  a  f unc t i on  of  onl y  
t he  s t r e s s  â C = t ^ { T )  on t he  ba s i s  of  t he

f i r s t  of  t he  e qua t i ons  ( 4)  ar i d a  f unc t i on  
of  bot h  s t r e s s  and t i me  X =  f T  ) / ( 1+t )

on t he  ba s i s  of  t he  s econd.

I nt e gr a t i ng  e qua t i on ( 6) ,  t he  f ol l owi ng  i s  
obt a i ne d:

t r  Ci)j j

r -  f t CO

1-  C0o 

I n  — , ,  = c ons t

( 7)o u)0

Thi s  e qua t i on c a n be  r e ga r de d  as  t he  c ond i ­
t i on f or  l ong- t e r m f a i l ur e  of  t he  s o i l ;  i t  
i s  e qui va l e nt  t o t he  c ond i t i on  = c ons t .

On t he  ba s i s  of  t he  p r oba b i l i s t i c  f l a t ur e of  
i mpa i r me nt  a c c umul a t i on,  i t  c a n be  s hown  
t ha t  t he  s t r e s s  f unc t i on c a n be  t a ke n i n  
t he  f or m

f t  » ' ■ ‘ I r r  <8)

whe r e c ond i t i ona l l y  i ns t a nt a ne ous

s t r e ngt h c or r e s pond i ng  t o t he  r e s i s t a nc e  
t o r a p i d  f a i l ur e ;  a nd £ L=  l ong- t e r m 
s t r e ngt h*  

Subs t i t u t i ng  X=  f 1 ( V )  f r om e qua t i on ( 8)  

i nt o e q^pt i on_( 7) ,  we  obt a i n  a t  £ “= c ons t  "  

I  —   3 t

1 e 
whe r e  T = —  I n

*1

1 - ^

i-co*
He nc e  pa r a me t e r

T c ha r a c t e r i z e s  t he  r a t i o of  t he  de gr e e s  
of  i mpa i r me nt  i n t he  i n i t i a l  s t a t e  a nd a t  
t he  i ns t a n t  of  f a i l ur e .  Equa t i on  ( 9)  i s  t he  
l ong- t e r m s t r e ngt h e qua t i on r e l a t i ng  t he  
s t r e s s  a nd t he  t i me  a f t e r  wh i c h  f a i l ur e  
oc c ur s .  Equa t i on ( 9)  i s  ba s e d on t he  
a s s umpt i on t ha t  f a i l ur e  oc c ur s  onl y  a t  l oa ds  
e xc e e di ng  t he  l i mi t  2 ^  wh i c h  de ma r c a t e s

be t we e n da mpe d  ( V  < ) a nd unda mpe d
( V  >  2“«.  ) de f or ma t i on .

I f  t he  a s s umpt i on i s  ma de  t ha t  f a i l ur e  
oc c ur s  at  a ny s t r e s s  a c t i ng du r i ng  a n un ­
l i mi t e d l e ng t h  of  t i me  ( c or r e s pond i ng t o 

t he  l a w of  " s e c u l a r ” c r e e p) ,  t he n t he  s t r e a m 

f unc t i on  s ha ul d be  d £  t he  f or m f 2 ( T)  =
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= £ , £ " / ( £ -  2")  a nd c oe f f i c i e nt  3 i  o f  t he

f o r m i T/ ( 0*- £) ( 1 + t ) .  I n  - t hi s  ca s e

t he  l ong- t e r m s t r e ngt h e qua t i on  wi l l  be  of  
t he  f o r m

T & ! ? -  = I n ( 1 + t  ) ( 10)

Z  r
Fo r  e ng i ne e r i ng  pr obl e ms ,  bot h  e qua t i ons
( 9)  a nd ( 10)  pr ov i de  s uf f i c i e nt l y  c l os e  
r e s ul t s ,  c o i nc i d i ng  wi t h  e xpe r i me nt s  ( whi c h  
i s  a  c ons e que nc e  of  a  c e r t a i n  a r bi t r a r i ne s s  
o f  t he  c onc e p t i on  of  ' 2' « ) •  The s e  e qua ­
t i ons  a nd t he i r  c ompa r i s on wi t h  e xpe r i me n ­
t a l  da t a  ha ve  be e n  de a l t  wi t h  ( Vya l ov a nd 
i i es chyan,  1969# Za r r t s ky a nd Vya l ov,  1971) .

Af t e r  c ons i de r i ng  t he  c ond i t i on f or  l ong ­
t e r m s o i l  f a i l ur e ,  t he  l a w of  de f or ma t i on  
wi l l  n<?w be  de a l t  wi t h.  Compa r i ng t he  f i r s t  
o f  e qua t i ons  ( 5)  wi t h  e qua t i on ( 6)  a nd  
a s s umi ng  t ha t  4f = f  •]( ' £' ) ,  whe r e  f ^(  f  )  i s

d e t e mi n e d  by e qua t i on ( 8) ,  t he  e ne r gy of  
f i s s ur e  f or ma t i on  i s  obt a i ne d a f t e r  
i n t e gr a t i ng :  „  ,  f f j f c  wher ( J

^  = X"z l n  / ' d - £t/0 ) / ( 1 - ^ r )/  and 

T  = ( T-  O A Z y Z ' ) .

The  e ne r gy  UQr  i s  de t e r mi ne d  by i n t e gr a t i ng  

t he  s e c ond e qua t i on ( 5) ,  t a k i ng i n t o a c c ount  

e qu a t i o n  ( 3) .  a s  UQ*  = -  ^  I n ( 1+t ) ,

whe r e

SuDs t i t u t i ng  t he s e  e qua t i ons  i nt o . e qua t i on
( 2) ,  t he  c r e e p r a t e  i s  f ound  t o be  ( Za r e t — 
s ky a nd Vya l ov,  1971)

1 e x p( - ^   ̂ Z x
T

m i • ■ ' ■ UJ

2 o  C1 +

{ i d

whe r e  £  

v i s c os i t y ;

Q = 1/ A e xp ( UQ/ kd)  = i ni t i a l

T  =
r -

%  -  r

= s t r e s s  l e ve l ;

a nd T = pa r a me t e r  f r om e qua t i on ( 9) .

Ge ne r a l l y,  pa r a me t e r  S 2 de pe ndé  on t he

Bt r e s s  a nd va r i e s  i n  a c c or da nc e  wi t h  
wh e t h e r  or  f  < X 'a o * I t  c a n be

s hown,  howe ve r  ( Za r e t s ky a nd Vya l ov,  1971) ,  
t ha t  und e r  de f i ni t e  c ond i t i ons

à !j = ($*2 -  &  “  c ons t .

Equa t i on  ( 11)  de s c r i be s  b o t h  da mpe d  a nd un ­
da mpe d  c r e e p,  t he  f i r s t  c a s e  c or r e s pond i ng  
t o t he  ne ga t i ve  s i gn of  t he  s t r e s s  l e ve l

^  ( a t  T  < T o*  )  a nd t he  s e c ond t o t he  
pos i t i ve  s i gn ( a t  V  >  2^ ,  ) .  Equa t i on ( 11)  

r e l a t e s  t he  de f or mâ t i ve  a nd s t r e ng t h  c ha r a c ­
t e r i s t i c s .  I t  s houl d be  no t e d  t ha t  t he

pa r a me t e r s  ox e qua t i on ( 11)  ha ve  a  s t r i c t l y  
phys i c a l  me a ni ng.  Mot  e xc l ud i ng t he  pos s i ­
bi l i t y  t ha t  t hi s  e qua t i on ma y  s ubs e que nt l y  
be  s i mpl i f i e d,  i t  i s  ne c e s s a r y  t o e mpha s i z e  
t ha t  i t  wa s  obt a i ne d  on t he  ba s i s  of  a  c on ­
s i de r a t i on of  t he  phys i c a l  e s s e nc e  o f  phe ­
nome na ,  na me l y,  t he  ki ne t i c s  of  s t r uc t ur e d  
c ha nge s  i n  s oi l s .
For  pa r t i c u l a r  c a s e s ,  e qua t i on ( 11)  c a n be  
r e duc e d  t o t he  f o l l owi ng  mod i f i c a t i ons .  At  
¿/ Yt  = 0,  t he  we l l - known powe r  l a w i s  ob ­

t a i ne d;  a t  ¿f / T = 0 a nd 1,  t he  l oga r i t h ­
mi c  l a w of  . " s e c ul a r "  c r e e p;  a t  ¿F  = 0 but  
¿f / T ^  0,  t he  e xpone nt i a l  l a w;  a nd a t  ¿T  = 0,  
t he  ¡ ¡ ( ewt on l a w of  l i ne a r  f l ow.  I f  t he  s i mp ­
l e  r e l a t i ons h i p  = <<• Z  i s  . a s s ume d f or

U*  i n t he  i ni t i a l  e qua t i on ( 2) ,  t he n t he

de f or ma t i on  e qua t i on ( 11)  wi l l  be c ome  
. 1 e xp( c Cf / 2“ ) / 12)

wh i c h  ha s  be e n  e mpi r i c a l l y  e s t a bl i s he d  
( Si ngh a nd Mi t c he l l ,  1968) .  I f  i n  e qua t i on
( 12)  i t  i s  a s s ume d t j i a t ^ = 0,  t he  f l ow 
e qua t i on of  t he  t he or y of  f a t e  p r oc e s s e s  i s  
obt a i ne d ( whi c h d oe s  not  c ons i de r  oha nge s  
i n  t he  d e f o r ma t i on  pr oc e s s  wi t h t i me ) .

An e xpr e s s i on f or  t he  mi n i mum r a t e  of  f l ow 
mi n  c or r e s pond i ng  t o t he  i ns t a nt  of

t i me  t  = t . »,  c a n be  obt a i ne d  f r om e qua t i on  
( 11) ;  r

•  t  < £ ¥  '
wha r e  f a  =  e xp C- i f )  i s  a  ps r a -

me t e r  t ha t  c a n be  r e ga r de d  a s  p i 6. 6t i c  
vi s c os i t y .
Equa t i ons  ( 9) » ( 10) ,  ( 11)  a nd ( 13)  c a n be  
e xt e nde d t o cbver '  a  c ompl e x  3t c e a s e d  s t a t e ,  
f or  wh i c h  pur pos e  i s  r e pl a c e d by  t he  
i n t e ns i t y  o f  t he  r a t e  o f  Bhe a r  de f or ma t i on  

by t he  i nt e ns i t y  of  s hoa r  de f or ma ­

t i on a nd f  by t he  i n t e na i t y  of  

a he a r i ng  s t r e s s e s  S ' . .  The  u l t i ma t e  

s t r e ngt hs  0Q a nd a r e  e xpr e s s e d  by  

i n t e ns i t i e s  a a  ^j _( 0 ) = ( H0+ <?^) t an ^  a nd  

^ i ( o e )  =( H + ^ m^ t a n  * whe r e

<5' m = i / 3(  &2+ and a  and y 7 0X9

s t r e ngt h pa r a me t e r s  c or r e s pond i ng  t o t he  
i Li s e s - Sc h l e i c he r  p l a s t i c i t y  c ond i t i on f or  
t he  i ni t i a l  a nd u l t i ma t e  l ong- t e r m s t a t e s .

The  de f or ma t i on  e qu a t i o n  i s  obt a i ne d by  
i n t e gr a t i ng  e qua t i on ( 11)  wh i c h ,  at
2 = c ons t  a nd ¿7 = 1,  c ons t i t u t e s

= f ( J ± l ) 1' i / ' _ L  + f l —C^l) +
2r. I  1-C?

2( 3- ( ^)
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Us i n g  o n l y  t he  f i r s t  t e r ms  o f  t he  s e r i e s ,  
t he  we l l - known  l oga r i t hmi c  ( or  powe r ,  I f  
(T  4 1)  l a w of  de f or ma t i on  i s  obt a i ne d*
I f  t he  Be oond t e r ms  a r e  a l s o t a ke n  I nt o  
a c c ount ,  a n e qua t i on o f  t he  f o i m

-  f t  wi l l  be  obt a i ne d,  whe r e

J'q j , •  da mpe d  c r e e p;  “ f l ow a t  cons t ant -

ve l oc i t y  wh i c h  i s  a dde d  ( whe n ‘S '> T * , ) or  
s ubt r a c t e d  ( wha n V  < T oo  ) f r o m t he  va l ue s  

of  t he  c ur ve  f or

The  pa r a me t e r s  o f  t he  ba s i c  e qua t i on ( 11)  
c a n be  de t e r mi ne d  d i r e c t l y  f r om e xpe r i me nt s .  
Pa r a me t e r  T a nd t he  s t r e ng t h  c ha r a c t e r i s ­
t i c  Z'oe a r e  de t e r mi ne d  f r om t he  l ong- t e r m 
s t r e ng t h  ( Tv s  t r ) c ur ve ,  a nd pa r a me t e r s

&  a nd 2 0  f r om t he  The ol og i c a l  ( 7f  v s  T  )

c ur ve .
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Fi g . 3.
Ha t e  of  f l ow vs  s he a r  s t r e s s  % c a l c ul a t ­
ed by e qua t i on ( 13) « Expe r i me nt a l  da t a  s hown  
by poi nt s .

ft  o’! (1 J
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Pi g . 4.
Va r i a t i on i n t he  de f or ma t i on  r a t e  wi t h  t i me  
f o r  c ons t a nt  s t r e s s  T  a nd c r e e p c ur ve  ( a)  
c a l c u l a t e d  by e qua t i ons  ( 12)  a nd ( 14) *

- 1. - r = 460 g / c m2 ; 2 -  450 g / c m2 . 
Expe r i me nt a l - da t a  s hown, by poi nt s .

k  c ompa r i s on of  e xpe r i me nt a l  a nd c a l c ul a t e d  

d a t a  i s  g i ve n  be l ow.  Pr e s e n t e d  i n  Pi g s . 3 
a nd 4 a r e  da t a  on t he  t or s i on t es t §  of  
J ur a s s i c  c l a y ~W =  26. 5%)  a s  we l l  a s  a

c ompa r i s on  of  t he s e  d a t a  wi t h  t hos e  , 
obt a i ne d  i n c a l c u l a t i ons  us i n g  e qua r Tons
( 13)  a nd ( 14) .  Si mi l a r  c ompa r i s ons  ha ve  be e n  
ma de  ( Za r e t s ky a nd Vya l ov,  1971)  f or  da t a  
obt a i ne d i n s he a r  t e s t s  of  f r oz e n  s a ndy l oam.

O ijcr t h
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Pi g . 5.
Long- t e r m s o i l  s t r e ngt h c u r ve s  c a l c u l a t e d  
by e qua t i on  ( 9) :  a -  l a bor a t o r y  c on f i ne d  
c ompr e s s i on  t e s t s  o f  f r oz e n  s a ndy l oa m a t  
a  hydr os t a t i c  pr e s s ur e :  1 - 6 0  k g / c m2 ;

2. -  30 k g / c m2 ;  3«-  15 k g / c m2 ; 4. - 0.  
b -  f i e l d  d a t a  o f  L. Suk l j e  o n  t he  r e l a t i on ­
s hi p be t we e n  t he  t i me  up  t o f a i l u r e  a nd  
t he  s he a r  s t r e s s  i n  s l ope s .  Expe r i me nt a l  
da t a  s hown by po i nt s  a nd  i n  t a bl e .

The  l ong- t e r m s t r e ng t h  e qua t i on  (-9) i s  
c he c ke d a ga i ns t  e xpe r i me nt a l  d a t a  i n  Fi g . 5.  
Fi gur e  5a  r e f e r s  t o d a t a  of  l a bor a t o r y  c on ­
f i ne d  c ompr e s s i on  t e s t s  ( S. E. Gor ode t s ky) , a nd  
Fi g . 5b  t o da t a  o f  f i e l d  ob s e r va t i ons  on t he  
c o l l a ps e  of  a  s e r i e s  o f  s l ope s  of  London  
c l a y p r o c e s s e d  by  L.  Sukxj e .  Of  i n t e r e s t  I s  
t he  f a c t  t ha t  t he  va l ue  of  £  = 0 . 085  g / c m2 t 
c a l c u l a t e d  by e qua t i on  ( 9) ,  t u r ne d  out  t o be  
c l os e  t o t he  va l ue  £ * =' 0 . 1  g/am £  e s t i ma t e d  
by  Sukl j e  f r om da t a  on t he  s t a b i l i t y  o f  n a t u ­
r a l  s l ope s .  The  a pp l i c a b i l i t y  of  e qua t i on  
( 10)  ha s  be e n  c he c ke d ( Vya l ov a nd ke s c hya n,  
1967) .
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