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R E L A T IO N S H IP  BETWEEN T H E  SET T L EM EN T  OF SOFT CLA YS AND EXCESS PORE PRESSURE DUE TO IMPOSED LOADS 

RAPPORT ENTR E L E  TASSEMENT DES ARGILES TENDRES E T  L A  SURPRESSION IN T E R S T IT IE L L E  DUE AUX CHARGES 

IMPOSEES 
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S Y N O P S IS . T w o  2 . 5  m th ick  g r a v e l  f i l l s  w e re  c o n stru c te d  in 1 9 4 5  and 1946  to  stu d y  th e  s e c o n d a ry  c o m p r e s s io n  o f  a  13 m  
t h i c k  d e p o sit  o f s o ft  c la y . T h e  K je llm a n  c a rd b o a rd  d r a in s  w e r e  u se d  b e lo w  one o f  th e f i l l s . D r a in s  w e r e  n ot u se d  b e lo w  th e  
s e c o b d 'fU I . S ettle itien ts  and p o r e  p r e s s u r e  d iss ip a tio n  h a v e  b een  m e a s u r e d  at v a r io u s  d e p th s . T h e  m e a s u r e d  re d u ctio n s  
in w a te r  ddntent w e r e  found to  C o rresp o n d  c lo s e ly  w ith th e  m e a s u r e d  c o m p r e s s io n  o f  th e  d i ffe r e n t  8 o i r s t r a t a .  H igh  e x c e s s  
p o r e  p r e ^ s i ïr e s  w e r e  m e a s u r e d  b e lo w  th e tw o  f i l l s  w h ich  c o r r e s p o n d  to  a  d e g r e e  o f  c o n so lid a tio n  o f  about 3 0  %  a n d  2 5  %, 

r e s p e c t iv e ly . T h e  m e a s u r e d  s e t tle m e n t s  o f  th e tw o f i l l s  c o r r e s p o n d  t o .a  d e g r e e  o f  c o n so lid a tio n  c lo s e  to  100  %  w ith  r e s p e c t  

to  th e  c a lc u la te d  fin a l s e tt le m e n ts .

T h e  co m p u ta tio n  o f  s e t tle m e n t s  o f  s t ru c t u r e s  founded on 
c la y  o r  o th e r  s o i ls  w ith  low  p e r m e a b i lit y  h a s  b e c o m e  
ro u tita e  s in c e  T e r z a g lii  p r o p o se d  h is  c o n so lid a tio n  th e o ry  
in  1 9 2 3 . A c c o r d in g  to  t h is  th e o r y  th e  in itia l e x c e s s  p o re  
p r e s s u r e s  a r e  a s s u m e d  to  b e  eq u a l to  th e  to ta l v e r tic a l  
s t r e s s  in c r e a s e  fr o m  th e  su p e r im p o se d  lo a d . T h e  s e t tle 

m e n t is  a  r e s u lt  o f  p o r e - p r e s s u r e  d is s ip a tio n  a s  illu 

s t r a t e d  b y  th e  iso c h r o n e s  in F i g .  1 and b y  a c o r r e sp o n d in g  
in c r e a s e  o f  th e  e f fe c t iv e  v e r t ic a l  s t r e s s  in the s o i l .  T h e  
d e g r e e  o f  co n so lid a tio n  c o r r e s p o n d s  to  th e  r a tio  betw een  

ith e  d is s ip a te d  p o r e  p r e s s u r e  and th e  in it ia l  e x c e s s  p o r e  
p r e s s u r e . R e c o r d s  fr o m  d e ta ile d  fie ld  o b s e r v a tio n s  o f  the 
c o n so lid a tio n  p r o c e s s  a r e , h o w e v e r , r a r e .  D e c a d e s  a r e  
freq u en tly  r e q u ir e d  b e fo r e  m ean in g fu l d a ta  can b e  c o l 

le c t e d .

I n  1 946  T e r z a g h i  p r o p o se d  a  lo n g -t e r m  fie ld  loa d  te st  b y  
'.co n stru ctin g  a  2 . 5  m th ick  g r a v e l  f i l l  at V a s b y , S w ed en , 
the s i t e  fo r  a  p ro p o se d  in tern a tio n a l a ir p o r t  c lo s e  to • 
S to c k h o lm , in o r d e r  to in v e stig a te  th e  se c o n d a ry  c o m 

p r e s s io n  o f  so ft  o rg a n ic  c la y s  w h ich  m ig h t c a u se  e x te n s iv e  
c r a c k in g  o f  th e  ru n w a y s . M o r e o v e r , a n o th er  t e s t  f i l l ,  
id e n tic a l in s iz e  and sh a p e , had a lr e a d y  been  c o n stru c te d  
in 1 9 4 5  at th is  s it e  to  in v e stig a te  th e  e f fe c t iv e n e s s  o f  the 
c a r d b o a r d  d ra in s  d e v e lo p e d  b y  K je llm a n  (1 9 4 8 ) . T h is  te s t

i f i l l  i s  known a s  th e  D ra in e d  F i l l  to  d en o te  th e  in s e r tio n  
o f  v e r t ic a l  d r a in s ; th e f i l l  p r o p o se d  b y  T e r z a g h i,-  known 
a s  th e  U n d rain ed  F i l l ,  w a s  b u ilt in 1 9 4 6 . T h e  s e t tle m e n t s  
and th e p o r e  p r e s s u r e  d iss ip a tio n  b en eath  th e  tw o  H lla  
h av e  b een  m e a s u r e d  co n tin u ou sly  s in c e  that t i m e .  T h e  
d e ta ile d  r e s u lt s  fr o m  th e s e  t e s ts  h av e  b een  r e p o rte d  

¡e ls e w h e r e  (C h an g, 1 9 6 9 ) . T h e  o b s e r v e d  e x c e s s  p o re  
p r e s s u r e s  and s e tt le m e n ts  a r e  s u m m a r iz e d  in  t h is  a r t i c le .

T h e  c la y  at the V a s b y  s it e  w a s  d e p o site d  d u rin g  the Q u at 

e r n a r y  g la c ia l  and p o s t -g la c ia l  p e r io d s  in fr e s h  o r  b ra c k 

i s h  w a t e r . It h a s  a high su lfid e  co n ten t, p ro b a b ly  fr o m  the 
o r g a n is m s  w h ich  w e r e  d e p o s ite d  w ith  th e c la y  p a r t ic le s .

H~  t h ic k ne s s  o f  d a y  f r om  m a x .p o r e  p r e s s u r e  
f c  c l os es t  dr ainage  /ay e r  

z  -  d i s t an c e  f r o m  m a x . p o r e  p r e s s u r e

F i g .  1 R e la tio n sh ip  b etw een  p o r e  p r e s s u r e  and d e g r e e  
o f  co n so lid a tio n
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paper drains

Location of settlement markers after settlement

LAYER (3 )

Post g lac ia l grey clay extremely uniform, 

in  co lo r w ith  occa s io na l subangu lar g ra v e ls

with a traco ot sult/des

LAYER ( iA )

G lac ia l g rey  c lay w ith  d iffu sed  varves 

LAYER (¿B)
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Rock

F ig . 2  G round p r o fi le  sh ow n  w ith  one o f  th e  t e s t  f i l l s

C o n se q u e n tly , th e  r a t e  o f s e c o n d a ry  c o n so lid a tio n  o f  th e  
; c la y  I s  h ig h . A  ty p ic a l s o i l  p r o fi le  and an on tlin e  o f  one o f 
th e t e s t  H lls  a r e  show n in  F ig . 2  to g e th e r  w ith  th e index  
p r o p e r tie s  o f  th e  s o i l .

T h e  o r ig in a l  th ic k n e ss  o f the tw o t e s t  f i l l s ,  each  o f  w hich  
c o v e r e d  an a r e a  o f  3 0  x 3 0  m e t e r s , w a s  2 . 5  m e t e r s . T o  
in v e stig a te  th e  p r e lo a d in g  e f fe c t s  the D rain ed  F i l l  w a s  
p a r tia lly  un loaded in 1946  b y  r e m o v in g  8 0  c m  o f  the g r a v e l 
f i l l .  It con tin u ed to s e t t le , h o w e v e r , d e sp ite  the u n load in g . 
T h e  th ic k n e ss  o f  the U n d rain ed  F i l l  h a s  not been  ch a n ged . 
B y  June 1 9 7 1 , the D rain ed  and th e U n d rain ed  F i l ls  had 
se tt le d  1 .3  and 1 .5  m e t e r s , r e s p e c tiv e ly . T h e  fo r m e r  had 
s e t tle d  l e s s  on a cco u n t o f  the u n load in g .

T h e  s e tt le m e n ts  o f the o r ig in a l g rou n d  s u r fa c e  b elow  both  
t e s t  f i l l s  a re  p lo tted  on a  lo g a r ith m ic  t im e  s c a le  in F ig . 3 .  
A l l  e x c e p t th e in itia l 5 c m  o f  th e  o b s e r v e d  s e tt le m e n ts  a r e  
d u e  to  c o n so lid a tio n  o f the c la y . T h e  o b se r v e d  se tt le m e n t  
o f  e a c h  la y e r  c o r r e s p o n d s  c lo s e ly  to  th e  m e a su r e d  r e 

d u ction  in w a te r  con ten t s in c e  th e  begin n in g  o f  th e t e s t . 
T h a t is ,  th e  c o m p r e s s io n  o f  e a c h  la y e r  is  eq u al to  the 
d e c r e a s e  in  v o id s  co m p u ted  fr o m  th e w a te r  con ten t r e 

d u ction s .

In F i g . 4  i s  sh ow n  th e a c c u m u la tiv e  c o m p r e s s io n  o f  th e  
d iffe r e n t  c la y  la y e r s  o f  th e  U n d rain ed  F i l l  f r o m  th e  b ed 

r o c k  u p w a rd s . O n e o f  th e  c u r v e s  r e p r e s e n ts  th e  s e t t le 

m e n ts  d e te rm in e d  fr o m  th e s e t tle m e n t  m a r k e r s  b u r ie d  a t 
v a r io u s  d e p th s . T h e  o th e r  c u r v e  h a s b een  co m p u ted  fr o m  
o b s e r v e d  w a te r  con ten t c h a n g e s . T h e  tw o c u r v e s  a lm o s t  
c o in c id e .

T h e  grou n d  w a te r  t a b le  h as v a r ie d  b etw een  1 . 0  and 1 . 5  m  
b e lo w  th e n a tu ra l g rou n d  s u r fa c e  d u rin g  the la s t  2 6  y e a r s .  
B e c a u s e  o f  th e high w a te r  t a b le  th e  n et loa d  fr o m  th e  f i l l  
h a s  d e c r e a s e d  s lig h t ly  w ith  t im e  a s  p a rt o f  ,the f i l l  s e t tle d  
b e lo w  the grou n d  w a te r  t a b le . T h e  w eig h t o f  th e f i l l  h a s  
b een  re d u c e d  by th e bu oyan t fo r c e  o f  th e w a te r . T h e  n et 
s t r e s s  in c r e a s e  fo r  th e  tw o t e s t  f i l l s  i s  sh ow n  in  F i g .  3 
fo r  th e s a m e  t im e  s c a le  a s  th e  s e tt le m e n t r a t e .

T h e  sh a p e  o f  th e s e tt le m e n t c u r v e s , F i g .  3 , s u g g e s ts  
th at th e  s e tt le m e n ts  a r e  s t i l l  in  t h e ir  p r im a r y  s t a g e . T h e  
fin a l s e t tle m e n t s  fo r  th e im p o se d  t e s t  lo a d in g  com p u ted  
f r o m  th e c o m p r e s s io n  in d ex  C c d e te rm in e d  e ith e r  by  
o e d o m e te r  t e s ts  o r  b y  th e  p r o c e d u r e  p ro p o se d  by  

B je r r u m  (1 967) s u g g e s t , pn th e  o th er  h an d , th at th e  
s e tt le m e n ts  h ave re a c h e d  o r  h av e  p a s s e d  the p r im a c y  s t a g e .
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F ig .  3 Ground su r fa ce  se ttlem en t

F ig. 4  Undrained  f i l l .  C om par ison  betw een  m easu red  
»«H  com puted  c om p re ss io n

T h e  s ign if ic an ce  o f  th is  d iscrep an cy  cannot be  apprec ia ted  
until the  e x c e s s  p o r e  p r e s s u r e s  a r e  taken  in to  a ccoun t.

Tw o  h yd rau lic  p ie zom e te r s  w e re  in se r ted  under each  o f 
the  f i l l s  in  1947  to  o b s e r v e  th e  p o re  p r e s su r e  d is s ip a t io n . 
Add itiona l p o re  p r e s su r e  g ag e s  w e re  in sta lle d  betw een  
1966  and 1 9 6 8 . T h r e e  typ es  o f  p ie z om e te r s  w e re  u sed : 
S w e d ish , N o rw eg ia n  v ib r a t in g -w ir e , and N o rw eg ia n  o p e n - 
p ip e . T h e  p o r e  p r e s s u r e  d istr ib u tio n  w a s  d e te rm in e d  at 
f iv e  d iffe r e n t  lo c a tio n s  w ith in , and at fo u r  d iffe re n t  
lo c a t io n s  o u ts id e , ea ch  o f  th e  tw o t e s t  f i l l s .  T h e  p o r e  
p r e s s u r e s  at e a c h  lo c a tio n  w e r e  d e te rm in e d  fo r  e v e r y  
m e te r  o f  d ep th . T h e  p ie z o m e te r s  lo c a te d  o u tsid e  th e  t e s t  
f i l l s  w e r e  u sed  to  e s ta b lis h  th e  p o r e  p r e s s u r e  d istr ib u tio n  
in  th e  n a tu ra l g ro u n d , u n affected  by th e  f i l l s .  F i g s .  5 a n d 6 
sh ow  th e  e x c e s s  p o r e  p r e s s u r e s  b e lo w  th e c e n t e r s  o f  the 
D rain ed  and U n d rain ed  F i l l s ,  r e s p e c t iv e ly , in  r e la tio n  to  
th e  in c r e a s e  in v e r tic a l  s t r e s s  a s  co m p u ted  b y  th e  
B o u ss in e sq  eq u a tio n .

The com puted v e rt ¡c a t s tre ss  and  

m easured p o re  p re ssu re , t/m s

¿u  = excess pore pressure 

Ap = compufed vertical s/ress

F i g . 5 P o r e  p r e s s u r e  b en eath  D rain ed  F i l l

T h e  d e g r e e  o f c o n so lid a tio n  fr o m  th e m e a s u r e d  e x c e s s  
p o r e  p r e s s u r e s  a c c o r d in g  to  th e m eth od  show n in  F ig . 1 
is  about 3 0  %  fo r  the D rain ed  F i l l  and 25  % fo r  the 
U n d rain ed  F i l l .  T h e  d e g r e e  o f  co n so lid a tio n  w ith  r e s p e c t  
to  th e  c a lc u la te d  fin a l s e tt le m e n t o f  the tw o f i l l s  i s ,  on th e  
o th e r  hand, c lo s e  to  1 0 0  % , a lthough th e  co m p u ted  fin al 
s e tt le m e n t v a r ie s  so m e w h a t w ith  th e  m eth od  o f com p utation ! 
T h e  ra n g e  i s  b etw een  1 . 5  and 1 . 8  m e t e r s .
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The computed vertical stress end measured pore 

pressure , t/m1 

au=excess pore pressure 

Ap=computed vertical stresses

F ig .  6  P o re  p r e s su r e  beneath  Undrained  F i l l

R E FER EN CE S

B J E R R U M , L . ,  1 9 6 7 . S even th  R an k in e L e c t u r e . E n gin 

e e r in g  g e o lo g y  o f  N o rw e g ia n  n o r m a lly -c o n s o lid a te d  
m a r in e  c la y s  a s  r e la t e d  to  s e tt le m e n t o f  b u ild in g s .

G éo tech n iq u e  V o l .  17  N o . 2  p . 8 1  -  1 1 8 .

B O U S S IN E S Q , J . , 1 8 8 5 . A p p lic a tio n  d e s  p o te n tie ls  à  
l 'é t u d e  d e  l 'e q u i l i b r e  e t  du m o u v e m en t d e s  s o lid e s  
é la s tiq u e s . P a r i s ,  G a u t h ie r -V i l la r s .

C H A N G , Y . C . E . ,  1 9 6 9 . L o n g -t e r m  c o n so lid a tio n  ben eath  
th e te s t  f i l l s  a t V ä s b y , S w e d en . P h .D .  T h e s is , 
U n iv e r s ity  o f  I ll in o is , U rb a n a , I ll in o is .

H A N S B O , S . , 1 9 6 0 . C o n so lid a tio n  o f  c la y , w ith sp e c ia l 
r e fe r e n c e  to v e r t ic a l  sa n d  d r a in s . S w e d . G e o t. I n s t . 
P r o c . N o . 1 8 .

K J E L L M A N , W . , 1 9 4 8 . A c c e le r a tin g  c o n so lid a tio n  o f  One 
g ra in e d  s o i l s  b y  m e a n s  o f  ca rd b o a rd  w ic k s . P r o c .

2 .  In t. C o n f. S o il  M e c h . a .  F ou n d . E n gn g . V o l .  2  
p . 3 0 2  -  3 0 5 .

T E R Z A G H I, K . ,  1 9 2 3 . D ie  B erech n u n g  d e r  D u r c h lä s s ig 

k e it s z i f fe r  d e s  T o n e s  a u s d e m  V e r la u f  d e r  h y d ro 

d y n a m isch e n  S p a n n u n g se rsch ein u n g en . A k a d e m ie  d e r  
W is s e n s c h a fte n  in  W ie n . S itz u n g sb e r ic h te . 
M a th e m a tisc h  N a tu r w isse n sc h a ft lic h e  K l a s s e .

P a r t n a , 1 3 2  (1 9 2 3 ) :1 p . 125  -  1 3 8 .

T h e  t e s t  r e s u lt s  poin t out a  s ig n ific a n t  s h o r tc o m in g  o f  the 
T e r z a g h i  co n so lid a tio n  m o d e l and t h e o r y . It i s  ta c it ly  
a s s u m e d  that th e su p e r im p o s e d  lo a d  a lc n e  is  th e c a u se  o f  
e x c e s s  p o r e  p r e s s u r e  in  a  c la y  d e p o s it . T h e  V a s b y  t e s ts  
in d ica te  th at o th e r  fa c t o r s  m a y  h av e  an in flu e n c e . T h e  
d iss ip a tio n  o f  p o r e  p r e s s u r e  d u e to  co n so lid a tio n  at V a sb y  
m a y  h av e  b een  p a r tia lly  o f f - s e t  by  a  re g e n e ra tio n  o f  p o r e  
p r e s s u r e  due to  c o lla p s e  o f  th e  c la y  s tr u c tu r e  d u rin g  th e  
in itia l lo a d in g  and d u rin g  th e  con tin u in g d is to r tio n s  o r

c r e e p  o f  th e su b sid in g  d e p o s it  a s  co n so lid a tio n  p r o c e e d e d . * i

C o n se q u e n tly , th e  d iss ip a tio n  o f  p o r e  p r e s s u r e s  due to  
co n so lid a tio n  w a s  co m p e n sa te d  b y  a  p o r e  p r e s s u r e  r e 

g e n e r a tio n . T h is  p o rtio n , c a l le d  se c o n d a ry  co n so lid a tio n , 
h a s  g e n e r a l ly  been  c o n sid e re d  to  b eg in  a ft e r  the c o m p le tio n  
o f  th e  p r im a r y  p h a s e , and no o r  v e r y  lo w  e x c e s s  p o re  
p r e s s u r e s  h av e  been thought to  e x is t  d u rin g  the se c o n d a ry  
p h a se . T h is  co n cep t m a y  s o m e t im e s  b e  e r r o n e o u s , a s 
in d ica ted  by th e o b s e r v a tio n s  at V a s b y .

A C K N O W L E D G E M E N T S

T h is  in v e stig a tio n  h as m a in ly  been  c a r r ie d  out at the 
S w e d ish  G e o te c h n ic a l In stitu te  w hen th e  s e n io r  au th or w a s 
on le a v e  fr o m  H a r z a  E n g in e e r in g  C o .

T h e  c o n trib u tio n s to th is r e s e a r c h  p r o je c t  o f the N o rw eg ia n  
G e o te c h n ic a l In stitu te  h eaded b y  D r . L  B je r r u m  a r e  g ra te 

fu lly  ack n ow led ged .
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