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P r e s s io n  in te r s t it ie lle  e t  r é s is ta n c e  a u  c is a ille m e n t  de s  s ols  a r g ile u x  s ous - c ons o lid é s

N . Ya .  D E N IS S O V , Profes s or, Ch ie f  o f  the  Ch air o f  Eng ine e ring  Ge ology , Mos c ow  In s titu te  o f  C iv il Engine e ring , M o s ­

cow , U.S .S .R .

S U M M A R Y

The  efficiency o f the c ompa cling  effect o f na tur al loads  and 

pressures unde r  labora tory  condit ions  on clay soils  depends  

greatly upon the res is tance offered by ce me nta t ion bonds  

be tween soil particle s . T he  for ma tion of these bonds  at early 

stages o f s e dime ntation o f c lay depos its  a nd the ir  subsequent 

prese rvation leads  to the fo r ma tion o f unde rc ons olida te d soils . 

Diffe re nt kinds  o f loesses, pe r mafros t soils , and post- glacial 

quic k clays  o f sea and lake  or igin be long to this  category of 

soils . T he  degree o f sens itivity o f such soils  depends  on the 

degree o f the ir  unde rcons o lida t ion. A characte ris tic feature  o f 

unde rcons olida te d soils  is the ir  ability lo  be fur the r  cons olidate d 

unde r  cons tant stresses as a  result o f the de s truction o f the ir 

na tura l s tructure  alone . Pore  pressure in such soils  ma y spring 

up and increase  not  only as a result o f the e xte rnal pressures 

be c oming greater  but also afte r  r e moving the effects o f the 

ce me ntat ion bonds  at cons tant pressure. T he  pore- pressure 

par ame te r  for  unde rcons olidate d soils , A f, ma y be greater than 

unity. T he  pe culiar ity o f the process o f the de ve lopme nt o f the 

pore  pressure in unde rcons olidate d soils  gives evidence  of this  

pressure exerting no direct effect on the  s trength o f clay soils. 

T he  value  o f the  pore  pressure is an indica tor  o f the  degree of 

the discrepancy be tween the  dens ity and s trength o f clay soils , 

on one  ha nd, and the  value  o f pressure applie d to the m, on 

the othe r ; it indicate s  also the degree of r e moving the effects 

o f the ce me nta t ion bonds  in such soils  (the  degree of pe ptiza ­

t io n ).  T he  value  of the  pore  pressure shows wha t propor tion 

of the  total pressure is not  balance d by the  resistance offered 

by the bonds  be tween soil particles .

S O M M A IR E

La  c ons olidat ion des sols argile ux sous l’effet des charges 

nature lle s  e t sous les press ions  déve loppées  en labor atoire  dépe nd 

c ons idérableme nt de la rés is tance  provoquée  par  des cohés ions  

de  cime nta tion entre  les par ticule s . La fo r ma tion de  ces liaisons  

au pre mie r  s tade de  la s édime ntat ion des dépôts  argile ux et 

le ur  cons e rvation s ubséquente  amène  la création de  sols non 

consolidés . Les  différentes  sortes de  loess et les sols congélés  

a ins i que  les dépôts  pos tglaciaire s  des argiles  ma rine s  a ppa r t ie n ­

ne nt à  cette  catégorie  de  sols . Le  degré de  se ns ibilité de  ces sols 

dé pe nd de  le ur  degré de  c ons olidat ion insuffisant. Ces  sols ont 

une  pa r ticular ité  caractér is tique : ils  peuve nt cont inue r  le ur  

cons olidat ion s uppléme ntaire  dans  des condit ions  de contrainte  

cons tante  si la de s truct ion de  la s tructure  nature lle  a lieu. La 

press ion de  l’e au inte rs titie lle  peut se for me r  et s’accroître  par  

suite  de  la press ion extérieure , de  mê me  q u ’après  l’é limina t ion de  

l’influence  des cohés ions  de  c ime nta tion sous press ion cons tante . 

Le  par amètr e  de  la  press ion de  l’e au inte rs titie lle  A { pour  des 

sols qui ne sont pas  assez cons olidés  peut dépasser cons idérable ­

me nt  l’unité . Les  par ticular ités  de  ce processus  de  déve loppeme nt 

de  la press ion de  l’eau inte rs titie lle  dans  ces sols prouve nt que  

cette  press ion n’a pas  d ’influe nce  directe  sur  la rés is tance des 

sols  argile ux. La  press ion de l’eau inte rs titie lle  est un indice  

d ’une  différence  de dens ité e t de  rés is tance dans  le sol, ains i 

que  de  l’or dre  de g rande ur  de  la  press ion qui leur  est appliquée . 

Ce tte  press ion indique  de plus  la  perte  de  l’effet des liens  de 

c ime nta tion (le  degré de  “pe ptiza lion” ).

La  vale ur  de  la press ion de  l’eau inte rs titie lle  montr e  que lle  

par tie  de  la press ion totale  n ’est pas  équilibr ée  par  la rés is tance 

offerte  par  la cohés ion de  c ime nta t ion entre  les par ticule s  de sol.

s o i l s  w i t h  h i g h l y  s e n s i t i v e  s t r u c t u r e s  a t t r a c t  the  a t te n ­

t io n  o f  m a n y  inve s t iga tor s  (B je r r u m , 19 61 ; Cr a w fo r d , 1963; 

De n is s o v , 19 63 ; Go r k o v a , 19 63 ; K e in o n e n , 1963; Simo ns , 

1 9 6 0 ).  Be c a us e  the y  dr a s t ic a lly  de cr eas e  th e ir  s tr e ng th  

w he n  the ir  na t u r a l s t r uc tu r e  is  de s tr oye d a nd  be caus e  the y  

ha ve  s ome  a no m a lie s  o f de ve lo pm e nt  o f the  por e  pr es s ur e  

w h ic h  ar e  re fle c te d in  the  v a lue  o f the  por e - pre s s ur e  p a r a ­

me te r , A {, b e ing  gr e a te r  th a n  un it y . Ac c o r d in g  to  pre s e nt 

ide as  the  s tr e ng th  o f c la y  s oils  is  gove r ne d b o th  by  a t t r a c t io n 

for ce s  be tw e e n the  pa r t ic le s  (V a n  de r  W a a ls ’ a n d  L o n d o n ’s 

fo r c e s ) a nd  by  c e m e n ta t io n  bo nd s  (De nis s o v , 1946, 1956; 

Ros e n qv is t , 19 59 ; Se e d, M it c h e ll, a n d  C h a n , 1960; Bje r r um  

a n d  Lo , 19 63 ; De n is s o v  a n d  Re lt o v , 19 57 , 1 9 6 1 ).

T he  e ffe ct o f  the  int e r pa r t ic le  a t t r a c t io n for c e s  a nd the  

s tr e ng th  o f c la y  s oils  c a us e d by  th is  e ffe ct de pe nds  u p o n  

t he ir  de ns ity. T he  p a r t ic u la r  s ignific a nc e  o f the s e  force s  

be c ome s  c le a r  w he n  one  take s  in to  c o ns id e r a t io n th a t  the  

e ffect o f the  c e m e n ta t io n  bo nd s  d u r in g  the  pe r io d o f e x is te nce  

o f s oils  m a y  be  gr e a t ly d im in is h e d  by  the  p e p t iz in g  a c t io n 

o f s u r r o u n d in g  m e d ia — lo w  m in e r a lize d  wate r s  (loe s s e s  a nd 

diffe r e nt  c la y  s o ils ), r is in g  te m pe r a tur e  (p e r m a fr o s t ) ,  a nd 

b y  r e m o u ld in g  o f the  soils . T he  e ffe ct o f the  int e r pa r t ic le

a t t r a c t ion  for c e s  is n o t  a ffe c te d by  the  s u r r o u n d in g  m e d ia  

to  the  s a me  s ig nific a nt  de gr ee . T he  s tr e ng th  o f c la y  s oils  

c a us e d by  the s e  for c e s  m a y  d im in is h  o n ly  w he n the  de ns ity 

o f  the  s o ils  de cre as e s .

In  e v a lua t in g  c la y  s oils  fo r  c o ns tr uc t io n pur pos e s , the  

da ta  c o nc e r n in g  th e ir  s tr e ng th  c a us e d by  the  a t t r a c t io n 

for ce s  are  o f g r e at  inte r e s t. T he r e for e  the  d a t a  c o nc e r n ing  

n a tu r a l c o ns o lid a t io n  o f c la y  s oils , th a t  is the  de gr ee  of 

th e ir  c o ns o lid a t io n  as  c o m p a r e d  w ith  the  s ta te  o f a r e c e nt ly  

fo r m e d  s e d im e nt , a r e  s ig nific a nt . T he  s ta te  o f a  c la y  s e di­

m e n t  w it h  the  m o is tu r e  c o nt e n t  (d e ns ity ) c o r r e s p o nd in g  to 

the  liq u id  lim it ,  w L, m a y  be  ta k e n  as  a s t a nd a r d  o f s uch 

in it ia l s ta te . T he  v o id  r a t io  fo r  th is  s ta le  m a y  be  c a lc u la t e d  

fr o m  the  va lue s  o f the  liq u id  lim it , w L, a nd  the  s pe c ific  

g r a vity , y:

e j, =  w Ly / 100. ( 1 )

La b o r a to r y  inve s t iga t io ns  s ho w  th a t  c la y  s oils  o f a ve r y 

h ig h  init ia l mo is tu r e  c ont e nt , g r e a t ly  e x c e e ding  the  va lue  o f 

w T/, w ill ha ve  a mo is tu r e  c o nte nt  low e r  th a n  w L a t pre s s ure s  

o f the  o r de r  o f o n ly  0.8 to  1.0 k g / s q .c m .
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pr e s s ion c ur ve s  fo r  s a m ple s  o f  s uc h s o ils  w ith  und is tu r b e d

C o m p a r is o n  o f  the  va lue  o f th e  v o id  r a t io  fo r  a  s o il in  

its  n a t u r a l c o n d it io n , eQ, w it h  th a t  o f  eL, a s s ume d t o  be  the  

s t a nd a r d  o f  the  in it ia l s ta te , m a y  be  a c c o m plis he d  by  me a n s  

o f  the  c oe ffic ie nt  o f n a tu r a l c o ns o lid a t io n , K c:

K c =  eL/ e 0. ( 2 )

T h e  lo w e r  th e  v a lue  o f  K c a s  c o m p a r e d  w ith  un ity , the  less 

c o ns o lid a t e d  is  th e  s o il, a nd  v ice  versa— th e  va lue s  o f  K c 

t h a t  a r e  m u c h  gr e a te r  t h a n  u n it y  ind ic a te  s ig nific a n t  c o n ­

s o lid a t io n  o f  the  s oil.

Q u ic k  c la ys  in  N o r w a y  a nd  s om e  o th e r  c o unt r ie s  w ith  

th e  c h a r a c t e r is t ic  K c va lue s  o f  the  o r de r  o f  0 .7  to  0 .9  ar e  

u s ua lly  r e fe r r e d  t o  as  n o r m a lly  c o ns o lid a t e d . T h e  d a t a  

r e la t ing  t o  th e  g e o log ic a l h is to r y  o f  the  a r e a s  o f  the ir  

o c c ur r e nc e  a r e  ta k e n  as  the  fo r m a l bas is  o f  th is  s ta te me n t; 

the s e  d a ta  g ive  e vid e nc e  t h a t  the  c la ys  w e r e  ne ve r  s ub ­

je c t e d  t o  n a t u r a l pr e s s ure s  g r e a te r  th a n  now . Sinc e  s uc h 

s oils , lik e  loesses , m a y  be  fu r th e r  c o ns o lid a t e d  a ft e r  th e ir  

s t r uc tu r e  is  de s tr oye d (a t  a  c o ns ta nt  s tre s s  s ta te ), a n d  c ons e ­

q u e n t ly  m us t  be  d is t ing u is h e d  as  a  s pe c ial c a te go r y  o f  und e r ­

c on s o lid a te d  s oils  (De n is s o v , 1 94 6, 1 9 6 1 ).

W h e n  c o ns id e r in g  th e  r e as ons  fo r  the  lo w  de gr e e  o f 

c o n s o lid a t io n  in  m a n y  k in d s  o f  c la y  s oils , e s pe c ia lly  q ua te r ­

n a r y  one s , o n e  m u s t  c o ns id e r  t h a t  in  s o m e  cas e s  th is  lo w  

de gr e e  o f  c o ns o lid a t io n  m a y  r e fle c t o n ly  th e  a bs e nc e  o f  the  

e ffe c t  o f  a n y  s ubs ta nt ia l pre s s ure s  d u r in g  th e  w h o le  pe r io d 

o f  th e  e x is te nc e  o f  the  s oil. T h is  fa c t  e x p la in s  w h y  the  

va lue s  o f  K c fo r  th e  u p p e r  h o r izo n  o f  s ilts  d o  n o t  us u a lly  

e x ce e d 0 .6  t o  0 .8 . T h e r e  a r e , ho w e v e r , w e ll- kno w n c la y  s o ils  

w h ic h  ha v e  the  s a me  va lue s  o f  K c b u t  a r e  s ubje c t  t o  na t u r a l 

pre s s ur es  e x c e e ding  1.5 to  2 .0  k g / s q .c m . Diffe r e n t  k in d s  

o f  loe s s e s  a n d  p e r m a fr o s t  s oils  w h ic h  a r e  c a p a b le  o f  b e in g  

fu r th e r  c o ns o lid a t e d  w h e n  m o is te ne d a n d  th a w e d  r e s pe c ­

t ive ly , a n d  pos t- glac ia l c la ys  o f  sea a nd la ke  o r ig in  b e lo ng  

to  th is  c a te go r y  o f  s oils . T he  r e a s on fo r  the  e x t r e me ly  w e a k  

r e a c t io n o f  the  a bove - me ntione d type s  o f  de pos its  t o  the  

pr e s s ur e  o f  o ve r b ur d e n m a y  lie  s ole ly  in  s om e  pe c u lia r it ie s  

o f  the  proce s s  o f  th e ir  n a tu r a l c o ns o lid a t io n .

F ir s t  o f  a ll,  it  is  to  be  no te d  t h a t  fo r  inc o m p le te  na t u r a l 

c o n s o lid a t io n  o f  the  type s  o f  de pos its  in  q ue s t io n c a n no t  

be  jus t ifie d  in  te r m s  o f  ins uffic ie nt  t im e . H a d  s uc h  a n 

e x p la n a t io n  be e n c or re c t , c o ns ide r a ble  d iffe r e nc e s  in  s tr e ng th  

be tw e e n s a m ple s  w it h  und is tu r b e d  s t r uc tu r e  a n d  thos e  in '  

the  r e m o u ld e d  s ta te  w h ic h  ar e  c ha r a c t e r is t ic  o f  a ll the  s oils  

h a v in g  lo w  va lue s  o f  K L., c o u ld  n o t  ha ve  o c c u r r e d  s o 

fr e q ue n t ly .

T h e  v a lu e  o f  K e o f  the  o r d e r  o f 0 .6  to  0 .8  fo r  s oils  s ub ­

je c te d  t o  g r e a t  pre s s ure s  indic a t e s  th a t  s uc h  s oils  r e ta in 

h ig h  po r o s ity  w h ic h  is  a  c ha r a c t e r is t ic  o f  r e c e nt ly  p r e ­

c ip it a t e d  de pos its . T h e  c o nd it io ns  o f de ns ity  a n d  mo is t u r e  

c o n t e n t  w h ic h  c o r r e s p on d t o  ve r y  lo w  pr e s s ure s  pr ov e d  to  

be  pr e s e r ve d fo r  th e  w h o le  s ubs e que nt  p e r io d  o f  t im e  w he n 

n a t u r a l pre s s ur e  ha d  be e n inc r e a s ing . S uc h “ p r e s e r va t ion” 

o f  h ig h  m o is tu r e  c o n t e n t  m ig h t  be  o n ly  a  c ons e que nc e  o f 

t he  e ffe cts  o f  the  c e m e n ta t io n  b o nds  w h ic h  a ft e r  the ir  

e me r ge nc e  lo w e r e d the  e ffic ie nc y o f  the  n a tu r a l pre s s ure  

(w h ic h  h a d  a lw a y s  be e n inc r e a s ing ) tow a r ds  ze r o.

T o  c o n fir m  the  s ignific a nc e  o f  the  c e m e n ta t io n  b o nds  

w e  r e fe r  t o  the  w e ll- kno w n p h e n o m e n o n  o f  fr o ze n  s oils  

r e ta in in g  lo w  de ns ity  und e r  fa ir ly  h ig h  pr e s s ure s  (u p  t o  2 

to  3 k g / s q .c m . a n d  h ig h e r ) . Ic e  pla y s  the  r o le  o f  a  c e m e nt  

in  s uc h s oils . T he  a bs e nc e  o f c o m p a c t io n  und e r  the  a c t io n 

o f  r is in g  pre s s ure s  is  c ha r a c t e r is t ic  fo r  th e  r e g ion  o f  lo w  

pre s s ure s  as  w e ll as  fo r  loesses  a n d  pos t- g lac ia l c la ys . Corn-

S t z e f f

f i g . 1. Cons o lida t ion curves  fo r  a post- glacial 

c la y in  r e moulde d (Cur ve  1) and undis turbe d 

(Cur ve  2 ) states.

s t r uc tur e  ha ve  a  d is t inc t ive  bu lg e  d ir e c te d  up w a r d , in it ia l 

pa r ts  o f  the s e  c ur ve s  o fte n be ing  h o r iz o n t a l.  T he  c o m ­

pre s s ion c urve s  s lope  m o r e  ge n t ly  as  pr e s s ure s  inc r e a s e ; th is  

is  c ha r a c t e r is t ic  o n ly  o f r e m o u ld e d  s a m ple s  o f  s u c h  s oils . 

F ig . 1 is  g ive n as  a n illu s tr a t io n : c u r ve  1 s how s  the  r e la t ion 

be tw e e n s t r a in a n d  pre s s ur e  fo r  a  pos t- g lac ia l c la y  in  the  

r e m o u ld e d  s ta te ; c u r v e  2 s how s  the  s a me  r e la t io n  fo r  the  

s a m e  pos t- g la c ia l c la y  w it h  und is tu r b e d  s t r uc tur e . It  is  to 

be  no t e d , t h a t  as  the  pre s s ur e  incr e as e s  the  s lope  o f  the  

c ur ve  fo r  the  s a m ple  w ith  u n d is tu r b e d  s t r uc tur e  be c om e s  

s te e pe r , a nd  t h a t  fo r  the  r e m o u ld e d  s a m p le  be c ome s  

ge nt le r , s o t h a t  th e  tw o  c ur ve s  a p p r o a c h  o ne  a n o the r . Sinc e  

the  pas te  is  in  the  m a x im u m  pe p t ize d s ta te , a n d  the  s a m ple  

w ith  und is tu r b e d  s t r uc tu r e  is  in  the  a ggr e ga te  s ta te , the  

a bove - m e n tio ne d  a p p r o a c h  o f  the  tw o  c ur ve s  m a y  be  

e x p la ine d  b y  a  h ig he r  de gre e  o f  pe p t iza t io n  o f  the  s oils  du e  

to  a  pre s s ur e  r is e . T he  de gr e e  o f p e p t iza t io n  m a y  a ls o  

r is e  w it h o u t  a n y  r is e  o f  pr e s s ure , how e ve r , d ue  to  the  a c t io n  

o f lo w  m in e r a lize d  w a te r s  (pos t- g la c ia l c la y s ) , inc r e a s e d 

mo is tu r e  c o n t e n t  (loe s s e s ), h ig h e r  te m pe r a tur e s  (p e r m a ­

fr o s t ) ,  a n d  r e m o u ld in g .

T h e  e ffects  o f the  pe c ulia r it ie s  in  the  n a tu r a l s t r uc tu r e  o f 

c la y  s oils  m a y  r e s ult  n o t  o n ly  in  th e  a bove - me ntione d d if ­

fe r e nce s  in  th e  r a te  o f  the  s t r a in ing  o f  s a m ple s  w ith  u nd is ­

t u r be d s t r uc tu r e  a n d  in  th e  r e m o u ld e d  s ta te , b u t  m a y  a ls o  

b r in g  a b o u t  d iffe r e nc e s  in  the  p o r e  pr e s s ur e  w h ic h  de ve lop 

w h ile  lo a d in g  und is tu r b e d  a nd  r e m o u ld e d  s a mple s  o f s ome  

c lays . T e s ts  w ith  N o r w e g ia n  pos t- g la cia l c la ys  s how e d th a t  

the  por e - pre s s ur e  pa r a m e te r , A { (S k e m p t o n , 1 9 5 4 ) fo r  

r e m o u ld e d  s a m ple s  doe s  n o t  us ua lly  e xc e e d u n it y , whe re as  

t h a t  fo r  s a m ple s  o f  the  s a me  c la ys  w it h  und is tu r b e d  s t r uc ­

tur e  m a y  o ft e n  be  w e ll ove r  u n it y  (B je r r u m , 1 96 1; S im o n s , 

1 9 6 0 ).

T o  und e r s ta nd  the  r e a s ons  fo r  the  por e  pre s s ur e  a n o m a ly  

d u r in g  the  lo a d in g  o f  s o il s a mple s , c ha nge s  in  the  s ta le  o f 

the  c la y  s o ils  u n d e r g o in g  s uc h  lo a d in g  m us t  be  c o ns ide r e d. 

In  s he a r  the  de ns ity  o f  c la y  as  w e ll as  s a ndy  s oils  a p pr oa c he s  

the  s ta te  c o r r e s p o nd in g  to  the  c r it ic a l v o id  r a t io  o r  c r it ic a l
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de ns ity . T h e  c r it ic a l de ns ity  is  the  flo w  de ns ity  a t  w h ic h  

the  v o lu m e  a n d  the  s ha pe  o f  por e s  c o n fo r m  to  the  s ha pe  o f 

m in e r a l pa r t ic le s  d is p la c ing  th e m . Ze r o  v a lu e  o f  th e  pore-  

pr e s s ur e  p a r a m e te r , A {, c or r e s po nds  t o  th is  s ta te . So ils  w it h  

de ns it ie s  lo w e r  t h a n  c r it ic a l, t h a t  is  n o r m a lly  c o ns o lid a t e d  

a n d  und e r c o n s o lid a te d  s oils , a r e  fu r th e r  c o ns o lid a t e d  w h e n  

s ubje c t  t o  s he a r , s ur p lus  por e  pre s s ur e  ( A t  >  0 )  a r is in g  in  

the m . I f  the  de ns ity  o f  a  s o il e xce e ds  the  c r it ic a l de ns ity , it  

s we lls  u n d e r  s he a r , w it h  ne g a t ive  por e  pre s s ure  ( A f <  0) 

a r is ing  in  it .

a 6 c  d

f i g . 2 . Me c ha nica l mode ls  o f  c la y soils  in diffe re nt states: 

(a )  init ia l s tate ; ( b ) norma lly cons olidate d s tate  a t  the 

pressure <r"; (c ) a nd (d )  unde rcons olidated s tate  (bla c k 

tr iangle s  s how oxide  film representing ce me nta t ion bonds ).

T he  d e v e lo p m e n t  o f po r e  pre s s ure  d u r in g  the  lo a d in g  o f 

s o il s a m ple s  c a n  be  illus tr a te d  by  a  s im ple  m e c h a n ic a l m o d e l. 

A  m o d e l o f  a  c la y  s o il is  g iv e n  in  F ig . 2 a . By  c o mp r e s s ing  

the  s p r ing  (c o n s o lid a t io n  o f  s o il)  the  s a m p le  is  s ubje c te d  

t o  a  lo w  pr e s s ur e  </ . In c r e a s in g  the  e x te r na l pre s s ur e  to  <r" 

r e s ults  in  th e  s p r ing ing  u p  o f  pre s s ure  in  th e  w a te r  e q ua l to 

<r" — o- '; u n d e r  th e  c o mp r e s s io n the  s p r in g  is  s ho r te ne d by  

th e  v a lue  o f  Sh (F ig . 2 b ) .  In  th is  s ta te , th e  m o d e l illus tr a te s  

a  n o r m a lly  c o ns o lid a t e d  s o il (F ig . 2 a ) ,  w h ic h  is  fu r th e r  

c o ns o lid a te d  (F ig . 2 b ) ,  p r o v id e d  the r e  a r e  n o  d e ta in in g  

a ge nts  lik e  c e m e n ta t io n  bonds .

T o  s how  the  e ffe cts  o f  s uc h b o n d s , a s s ume  t h a t  by  the  

t im e  the  pis to n d r o p s  th r o u g h  th e  d is ta nc e  S v (S c is  m u c h  

s m a lle r  t h a n  a n  ox ide  film  is  fo r m e d  o n  th e  s ur fa c e  o f  

the  m e ta l (t r ia ng le s  in  F ig . 2 c ) w h ic h  a t ta c he s  th e  pis to n 

to  the  w a lls  o f  th e  c y lin de r . T h e  pre s s ur e  in  the  w a te r  w ill 

d r o p  t o  ze r o , a n d  the  m o d e l (F ig . 2 c )  w ill illu s tr a te  the  

und e r c o ns o lida te d  s ta te  o f  the  s oil, the  o x id e  film  r e pr e s e nt ­

in g  c e m e n ta t io n  bo nds . T h e  de gre e  o f  u nd e r c o n s o lid a t io n  

o f the  s o il, c o r r e s p o nd in g  t o  the  m o d e l (F ig . 2 c ) ,  m a y  be  

de s c r ibe d by  the  r a t io :

=  (S b -  Sv) / S b. (3 )

T he  s p r in g  o f  the  m o d e l (F ig . 2 c ) r e ta ins  a  p o te n t ia l 

a b ility  to  be  fu r th e r  c o mpr e s s e d a fte r  th e  r e m o v a l o f  the  

e ffe cts  o f  th e  o x id e  film  (c e m e n t a t io n  b o nds  in  a  s o il) .  T he  

r e m o v a l o f  the  ox id e  film  m a y  be  a c c o m plis he d  e ithe r  b y  its  

in te n t io n a l de s tr uc t io n b y  a c id , fo r  e x a m ple  (c o r r e s p o nd in g  

to  the  de s t r uc t ion o f  th e  c e m e n ta t io n  bo nd s  in  loesses  by  

wa te r , a n d  in  fr o ze n  s o ils  by  h e a t ) ,  o r  b y  inc r e a s ing  the  

pr es s ur e .

In  the  firs t cas e , a ft e r  the  de s t r uc t ion o f  the  film  in  the  

m o d e l (c e m e n t a t io n  b o nds  in  s o ils ) the  w a t e r  is  s ubje c t  to 

a pre s s ur e  the  v a lue  o f w h ic h  de pe nds  u p o n  the  de gre e  o f 

the  p r e c e d ing  un d e r c o n s o lid a t io n :

am =  [ (Sh -  S ,.)/ S h](<r" -  < / ) .  (4 )

In  the  s e c ond ca s e  the  de s t r uc t ion o f th e  film  in  the  m o d e l 

(t h e  c e m e n ta t io n  b o n d s  in  s o ils ) m a y  ta ke  p la c e  d ue  t o  the  

e x te r na l pr e s s ur e  h a v in g  r e a c he d  s o m e  v a lu e , o- '", s uffic ie nt  

to  c a us e  th e  de s t r uc t io n . A t  the  m o m e n t  o f  de s tr uc t io n the  

por e  pr e s s ur e  w ill be  e q u a l to

AU =  (< / " — <r") - f [ (5 ,, -  S , . ) / S u] (<r " — a■'), (5 )

i.e ., w ill be  m u c h  gre a te r  tha n th e  inc r e m e n t  o f  th e  stress  

(o- '" — <t " ) .  T h us , the  por e - pre s s ur e  p a r a m e te r , A t, w ill be  

e q u a l to

( V "  -  c r ") +  [ (S b — S c) / S b] 0 "  — cr')
/ I  r  =  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 7 7 7 - - - - - - - - - - - 7 7 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

a  — <j

=  1 +  ^  ~  • C  ~  a- „ . (6 )
o — <r

T h e  fa c t  t h a t  the  pa r a m e te r  A t e xce e ds  u n it y  w h e n  po s t ­

g la c ia l c la y  s a m ple s  a r e  lo a d e d  is  c o nn e c te d  w ith  “ m o b iliz a ­

t io n ”  o f  the  e ffe cts  o f  p r e vious  s tage s  o f the  d e v e lo pm e nt  

o f  pre s s ure . Su c h  a  c o n d it io n  m a y  a r is e  w he n  a s a m ple  

be for e  lo a d in g  is  in  th e  s ta te  o f u nd e r c o n s o lid a t io n  d ue  to  

the  e ffects  o f  the  c e m e n ta t io n  bon ds . T he  de s t r uc t ion o f 

the  b o nds  o p p o s in g  e x te r na l pre s s ur e  ta ke s  pla c e  und e r  s he a r

3»

S tz e s  s

f i g . 3. Cur ve s  fo r  na tur al c ons olidat ion o f c la y se diments : 

1, w ithout  a ny  influence  of the  ce me ntat ion bonds  (nor m a l 

cons o lidat ion c ur ve ); 2, 3, 4, w ith  the  effects o f the  ce me ntat ion 

bonds .
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a nd  c o ns e que nt ly  caus e s  the  por e  pre s s ure  to  r is e  a t this  

t ime .

Aft e r  the  de s t r uc t io n o f the  o x id e  film  in the  mo d e l, 

r o ug hne s s  m a y  de v e lop  a lo n g  the  s ur fac e s  o f c o nta c t  o f the  

pis t o n  a n d  the  c y lin d e r ; as  a  r e s ult the  pis to n m a y  dr o p 

o n ly  th r o u g h  a  d is ta nc e  S () <  Su (F ig . 2 d ) .  U n d e r  these  

c ir c um s ta nc e s  the  m o d e l (F ig . 2 d )  w ill r e pr e s e nt a  c la y  

s o il w hos e  c e m e n ta t io n  bo nd s  ar e  n o t  de s troye d c om ple te ly ,

i.e ., a n  in c o m p le te ly  pe p t ize d s o il. As  a  r e s ult  the  s o il 

r e ta ins , to  a c e r t a in de gr ee , its  s ta te  o f und e r c o n s o lid a t io n .

T h e  v a lue  o f the  por e  pre s s ure  de pe nds  no t  o n ly  o n  the  

de gre e  o f  unde r-  o r  o v e r c o ns o lida t io n, b u t  a ls o  o n  the  

r e la t io n be tw e e n the  r e s is tance  to filt r a t io n  o f w a te r  a nd  the  

r e s is tance  to  d is p la c e m e n t  o f pa r t ic le s  a lo ng  th e ir  s ur face s  

o f c ont a c t . I f  the  r e s is tance  to filt r a t io n o f w a te r  is  g re a t , the  

va lue  o f the  por e  pre s s ure  w ill be  r e la t ive ly  g re a t . If  the  

r e s is tance  to filt r a t io n  o f w a te r  is  lo w , a nd  the  re s is tance  

a lo n g  the  c o n t a c t  s ur fac e s  o f pa r t ic le s  is  g r e at , the  va lue  

o f the  po r e  pre s s ur e  w ill be  ne g lig ib le , if  a ny . It  is  in  the  

cas e  o f  s uc h a  r e la t io n o f the  re s is tance s  t h a t  so- called 

s e c onda r y  c o n s o lid a t io n  o f s oils  take s  pla c e . T h is  r e la t io n ­

s h ip  o f re s is tance s  caus e s  the  r o le  o f the  s e c onda r y  c o ns o lid a ­

t io n  to  be c o m e  m o r e  im p o r t a n t  w h e n  pre s s ure  incr eas e s , 

w ith  the  v a lue  o f pre s s ur e  s tage s  de c r e a s ing  (Le o na r d s  

a n d  G ir a u lt ,  1 9 6 1 ).

T he  fo r e g o in g  ide as  c o nc e r n in g  the  s ig nific a nc e  o f the  

c e m e n ta t io n  b o n d s  a nd  the  e ffects  o f the ir  de s t r uc t ion u p o n  

the  d e v e lo p m e n t  o f  the  por e  pre s s ur e  m a y  be  us e d in 

c a lc u la t in g  the  v a lue  o f the  por e  pre s s ure . As s u m e  th a t  a 

s o il in  its  n a t u r a l c o n d it io n  is  und e r c o ns o lida te d  (o r  is 

s uc h by  the  c o m p le t io n  o f p r e lim in a r y  c o ns o lid a t io n  in 

c a r r y in g  o u t  und r a in e d- c o ns o lid a t io n te s ts ), a nd  un d e r  the  

pre s s ur e  o-c it  ha s  a v o id  r a t io  o f e0 (F ig . 3 ) .  T he  c e m e n ta ­

t io n  b o nds  a nd  the  in te r pa r t ic le  a t t r a c t io n  for c e s  re s is t the  

pre s s ur e . Aft e r  c o m ple te  de s t r uc t ion o f the  s oil s t r uc tur e  

a n d  the  r e m o v a l o f the  e ffects  o f the  c e m e n ta t io n  b on ds  the  

s t r e ng th  o f the  s o il w ill be  r e duc e d to a v a lue  c o r r e s p o nd in g  

to  the  pre s s ur e  <r01. If  the  c e m e n ta t io n  b o nds  ar e  pa r t ly  

r e t a ine d, the  s t r e ng th  o f the  s oil w ill be  o f  the  v a lue  o f tr0, 

int e r m e d ia te  be twe e n o-01 a nd  cre.

T hus , the  por e  pre s s ur e  w ill be :

U  =  a £( t r c — a-01) ,  (7 )

whe r e

a  is  a  c oe ffic ie nt  de s c r ib ing  the  c o n d it io n  o f dr a ina g e  a nd  

the  r e la t io n be tw e e n the  filt r a t io n  r e s is tance  a n d  the  c on ta c t  

re s is ta nce . W h e n  the re  is  no  dr a ina g e  a nd  the  filt r a t io n  

r e s is tance  is  g r e at , a  =  I;  w h e n  dr a ina g e  is  go o d, a nd  the  

filt r a t io n r e s is tance  is low , a =  0.

yd is a  c oe ffic ie nt  de s c r ib ing  the  de gr ee  o f  the  r e m o v a l o f 

the  e ffects  o f  the  c e m e n ta t io n bo nd s  (t h e  de gr ee  o f the  

p e p t iza t io n  o f s o il) .  W h e n  the s e  b o nds  ar e  c o mp le te ly  

de s troye d, 0  =  1; w he n  the y  ar e  c o m ple te ly  r e ta ine d , f i =  0.

T he  pos s ib ility  o f a r is e  o f the  por e  pr es s ur e  due  to the  

de s t r uc t io n o f  the  n a tu r a l s t r uc tu r e  o f und e r c o ns o lida te d  

c la y  s o ils  d is pr ove s  the  w ide s p r e a d ide a  c on c e r n in g  the  

e ffects  o f por e  pre s s ur e  o n  the  s t r e ng th  o f c la y  s oils . T he  

va lue s  o f  the  por e  pr es s ur e  m us t  be  c ons ide r e d (t a k in g  into  

a c c o un t  the  a bove - me ntione d c oe ffic ie nts  a  a n d  £ )  to  be  

ind ic a to r s  o f the  de gr ee  o f the  d is c r e pa nc y  be twe e n the  

de ns ity  a nd  s tr e ng th  o f c la y  s oils , o n  one  h a n d , a nd  the  

va lue s  o f pre s s ur es  a p p lie d  to  th e m , o n  the  o the r . S uc h  a n 

a p p r o a c h  to the  p r o b le m  is jus t ifie d  in  p a r t ic u la r  by  the  

re s ults  o f the  tes ts  (L o , 1 9 6 1 ) w h ic h  pr ove d the  de pe nde nc e  

o f the  por e  pre s s ure  o n  the  de gr ee  o f s t r a in in g  the  soils .

T he  e ffects  o f the  c e m e n ta t io n b o nds  on the  pr oce s s  o f

the  fo r m a t io n  o f the  pr ope r t ie s  o f c la ys , in c lu d in g  the ir  

und e r c o n s o lid a t io n , is  illus tr a te d  in  F ig . 3. Cur ve  1 c or re s ­

po nd s  to a  c la y  s e dim e nt  h a v in g  no  c e m e n ta t io n bonds . 

T h is  c ur ve  has  a c o nv e n t io n a l s ha pe  c ha r a c te r is t ic  o f the  

pr oce s s  o f n o r m a l c o ns o lid a t io n . Cur ve  2 illus tr a te s  n a t u r a l 

c o ns o lid a t io n  o f a c la y  s e dim e nt  in  w h ic h  c ons ide r a ble  

c e m e n ta t io n  b o nds  ( in c lu d in g  t h ix o tr o p ic  o ne s ) s p r a n g  up  

a t  the  e a r lie s t  s ta ge  o f its  fo r m a t io n  w h e n  the  v o id  r a t io  e' 

g r e a t ly  e x ce e de d the  v o id  r a t io  eL, a t the  liq u id  lim it . By  the  

c o m p le t io n  o f c o ns o lid a t io n  un d e r  n a t u r a l pre s s ure  <j v, 

the  v o id  r a t io  e0 is a g a in  g r e a te r  th a n  eL. T he  s tr e ng th  o f 

the  c la y  s oil in  s uc h a  c o n d it io n  e ithe r  c or r e s ponds  to the  

pre s s ure  a-,, o r  e xce e ds  the  s tr e ng th  c o r r e s p o nd in g  to the  

la t te r  pre s s ure  (d u e  to  the  c e m e n ta t io n  b o n d s ) . Aft e r  the  

de s t r uc t io n o f the s e  bon ds , the  s tr e ng th  o f the  s oil w ill, in 

a c c o r da nc e  w ith  Cur ve  1, c o r r e s p o nd  to a  s ubs ta n t ia lly  

lo w e r  pre s s ure  cr01, a nd  m a y  be  ma nife s t e d  in  liq u e fa c t io n  o f 

the  s o il. T he  r a t io  o- ,./o-0l ma y  be  c o ns ide r e d o ne  o f the  

c r it e r ia  o f the  s e ns it iv ity  o f c la y  s oils .

W h e n  the  c e m e n ta t io n  bo nd s  fo r m  a ft e r  the  s oil has  

c o ns o lid a te d  to the  s ta te  c o r r e s p o nd in g  to  the  v o id  r a t io  e " 

(e " is m u c h  s m a lle r  th a n  e r.) n a tu r a l c o ns o lid a t io n  und e r  

pr e s s ur e  r is ing  to  the  v a lue  o f a-,, w ill be  illus tr a te d  by 

Cur ve  3. If  the  na tu r a l s t r uc tu r e  o f  c la y  is  de s troye d und e r  

s uc h c o nd it io ns , o n ly  a  c o m p a r a t iv e ly  in s ig n ific a nt  de cr eas e  

o f s tr e ng th  w ill r e s ult. Aft e r  this  the  s tr e ng th  w ill c o r r e s po nd 

to  the  pre s s ure  o-02 w h ic h  is  m a n y  t ime s  gr e a te r  th a n <r0 l. 

An y  pos s ib ility  o f liq u e fa c t io n  o f s oils  und e r  s uc h c o n d i­

t io ns  is o u t  o f the  que s t ion.

F o r  cases  in  w h ic h  the  c e m e n ta t io n  b o nds  s p r a n g  up  at 

e a r ly  s tage s  o f the  fo r m a t io n  o f de pos its  a nd  ar e  o f r e la t ive ly  

lo w  s tr e ngth , n a tu r a l c o ns o lid a t io n  is illu s t r a te d  by  Cur ve  4, 

w h ic h  g r a d ua lly  a p pr oa c he s  Cur ve  1.

In  a c c or da nc e  w it h  F ig . 3 s e ns it ivity  o f c la ys  g rows  

a b r u p t ly  w it h  the  d im in is h in g  o f the  n a tu r a l c o ns o lid a t io n 

c oe ffic ie nt  K v, i.e ., w it h  the  inc r e a s e  o f the  de gr ee  o f the ir  

und e r c o n s o lid a t io n . T a k in g  a c c o unt  o f the  a bove  dis c us s ion 

in c lu d in g  r e la t io n ( 7 ) ,  the  S k e m p to n ’s fo r m u la  fo r  c o m p u ­

ta t io n o f the  pore - pre s s ur e  pa r a m e te r , A {, by  me a s ur e d 

va lue s  o f the  inc r e m e n t  o f the  por e  pre s s ure

A t =  AwAo- j — u 3) ( 8)

m a y  be  r e pr e s e nte d as  fo llo w s :

A f  =  (o - j —  cr0 ) / ( a l —  er; i ) ,  ( 9 )

whe r e  <r, a nd  o-;, a r e  r e s pe ct ive ly m a x im u m  a n d  m in im u m  

p r in c ip a l s tresses  w he n  a s oil is be ing  te s te d, o-0 is  the  

pr es s ur e  c o r r e s p o nd in g  to the  de ns ity  o f a  s oil in  a c c o r da nc e  

w it h  the  c ur ve  fo r  n o r m a l c o ns o lid a t io n  (o f  the  type  o f 

Cur ve  1, F ig . 3 ) .

E q  ( 8) indic a te s  th a t , a s s um in g  a =  1 fo r  und r a in e d  

c o nd it io ns , a nd  0 =  1 fo r  c o mp le te  pe p t iza t io n  o f a s oil, 

the  va lue  o f A c de pe nds  on the  r e la t ion be twe e n <r0 a nd  the  

tw o  p r in c ip a l s tresses  cr, a n d  <r:i, i.e ., it  indic a t e s  to w h a t  

de gr ee  the  de ns ity  a nd  the  s tr e ng th  o f a  s o il c or r e s pond 

w it h  the s e  p r in c ip a l s tresses .

Co ns id e r  firs t the  s ignific a nc e  o f  the  r e la t ion be twe e n o-0 

a n d  the  m in im u m  p r in c ip a l s tress <r;). T h e ir  e q ua lity  (cr0 =  

(r:l) is  c ha r a c te r is t ic  o f  the  no r m a l de ns ity  o f a  s oil (w ith  

r es pe ct to the  pre s s ur e  o-;{) ,  A f b e ing  e q ua l to u n it y  fo r  this  

c o n d it io n . Wh e n  o-0 <  o-;}, s oils  a re  und e r c o ns o lida te d , a nd 

A f >  1. Wh e n  <r0 >  <r;i, s oils  a r e  ov e r c o ns o lida te d  (w ith  

r e s pe ct  to  the  pre s s ure  o-:j ) ,  a nd  A ( <  1.

So ils  o ve r c ons o lida t e d  w it h  r e s pe ct  to the  pre s s ure  cr;l ma y  

be  e ithe r  und e r c o ns o lida te d  o r  n o r m a lly  c ons o lid a te d , o r
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ove r c o ns o lid a te d  w ith  r e s pe ct  to  the  m a x im u m  p r in c ip a l 

s tres s  cr1. W h e n  the y  ar e  und e r c o n s o lid a te d , cr0 <  <rlt  a n d  

A t m a y  be  o f a ny  v a lue  w it h in  the  in te r v a l o f 0 to 1. Wh e n  

the y  a r e  n o r m a lly  c o ns o lid a t e d , <r0 =  <rlt a n d  A t =  0  (th e  

s ta te  o f c r it ic a l d e n s ity ). W h e n  the y  ar e  o ve r c ons o lida te d , 

<r0 >  crj, a n d  A f  <  0.

T hus , o ne  a n d  the  s a me  s oil m a y  ha ve  diffe r e nt  va lue s  

o f  A { (n e g a t ive  fo r  r e la t ive ly  lo w  va lue s  o f <r3, po s it ive  fo r  

r e la t ive ly  h ig h  va lue s  o f  <x3) ,  d e p e n d ing  o n  the  s tres s  s ta te  

w h e n  a s o il is  b e ing  s he a r e d, t h a t  is , de p e n d in g  o n  the  

v a lue  o f  the  m in im u m  p r in c ip a l s tress  <r3.

T he  a bov e  dis c us s ion jus t ifie s  the  e x pe d ie nc y  o f ta k in g  

in to  a c c o unt , w h e n  a p p r e c ia t in g  s oils , no t  o n ly  the  his to r y 

o f  th e ir  s tre s sed s ta te  (a s  is  u s ua lly  the  pr a c t ic e  w he n  c las s i­

fy in g  s oils  in to  n o r m a lly  c ons o lid a t e d  a nd  ov e r c ons o lida te d  

o n e s ), bu t  a ls o  the  de gr ee  o f the  e ffic ie ncy  o f the  effects  

o f s tresses u p o n  the  proce s s  o f c o ns o lid a t io n . It  is  r e a s ona ble  

to  c ons id e r  c la y  s oils , c o ns o lid a t io n  o f w h ic h  un d e r  na t u r a l 

as  w e ll as  la bo r a tor y  c o nd it io ns  pr oc e e ds  e ffic ie nt ly  due  to 

the  a bs e nc e  o f the  e ffects  o f  the  c e m e n ta t io n  bo nds , to  be  

n o r m a lly  c o ns o lid a t e d  s oils . T he  e ffic ie nc y  o f pre s s ure  

und e r  s uc h a  c o n d it io n  m a y  be  ta k e n  as  e q ua l to  un ity . T he  

s tres s - s train cur ve s  fo r  s uc h s oils  are  o f the  c o nv e n t io n a l 

ge ntle - s loping  c h a r a c t e r  a n d  ha ve  no  s ha r p be nds . T he  

de s t r uc t ion o f the  n a t u r a l s t r uc tur e  o f s uc h s o ils  u n d e r  a 

c o ns ta nt  stress  s tate  c a n no t  be  a c c o m pa n ie d  by  a ny  d im in u ­

t io n  in  th e ir  v o lu m e . T he  por e - pre s s ur e  pa r a m e te r , A t , fo r  

the s e  s o ils  is  e q ua l to un ity .

U n d e r c o n s o lid a t io n  is  c ha r a c te r is t ic  o f s oils , the  pr oce s s  

o f c o ns o lid a t io n  o f w h ic h  pr oc e e de d und e r  the  e ffects  o f the  

c e m e n ta t io n  b on ds  w h ic h  r e duc e  the  e ffic ie nc y  o f c o ns o lid a ­

t io n  as  w e ll as  the  e ffic ie ncy  o f pre s s ure . T he  s tre s s - s train 

cur ve s  fo r  s uc h s oils  a r e  o f a n o the r  c ha r a c t e r ; the ir  s lope s  

be c om e  s te e pe r  w it h  the  inc r e a s e  o f pre s s ure , th e ir  in it ia l 

por t io ns  b e ing  o fte n  h o r izo n ta l.  U nd e r c o ns o lid a te d  s oils  are  

c a p a b le  o f de c r e a s ing  the ir  v o lu m e  a fte r  the  de s t r uc t ion o f 

the ir  n a t u r a l s t r uc tu r e  und e r  c o ns ta nt  stress  s ta te . T he  pore-  

pre s s ure  pa r a m e te r , A f, fo r  s uc h s oils  is  g r e a te r  th a n  un it y .
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