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S Y N O P S IS :  Or g a n ic  ma t te r s  s uc h  as g y t t ja  are  c h a r a c te r ize d b y  lo w  s tr e ng th pr o pe r t ie s  a n d  d e fo r m a t io n  p ar a me te r s . T h is  le ads  to  s ta b ility  a n d  d e fo r m a t io n  

p r o b le m s  in  c o n n e c t io n  w it h  c on s t r uc t io n  o f  e m b a n k m e n ts . T h e  lo w  p e r m e a b ilit y  r e duce s  the  ra te  o f  s e t t le me nts  a n d  the  ra te  o f  inc r e a s e  in  s he a r  s tr e ngth. 

Aft e r  p r im a r y  c o n s o lid a t io n  a n d  e lim in a t io n  o f  e xce s s  p o r e  w a te r  pr e s s ur e  s e c ond ar y  s e t t le me nts  (c r e e p) ar e  a n im p o r ta n t  m a t t e r  in  c o n n e c t io n  w it h  r oa d  and  

r a ilw a y  c o ns t r uc t io n. E s s e n t ia l in fo r m a t io n  is  ga the r e d  d u r in g  p r e lo a d in g  o f  a  3 m  to  15 m  d e e p m a r in e  g y t t ja  la y e r  s itua te d  in  a  7 5  m  w id e  v a lle y  in  s t iff  

g la c ia l de pos it s . Dr a in a g e  is  ac ce le r a te d  th r o ug h  ve r t ic a l d ra ins . Se t t le m e nt s  a n d  s lo p e  d e fo r m a t io n s  a re  fo llo w e d  in  d e ta il d u r in g  p r e lo a d in g  w it h  in it ia lly  8.5 

m  s a n d  fill fo llo w e d  b y  a d d it io n a lly  4 .5  m  fill a ft e r  8 m o n t h s  o f  c o n s o lid a t io n  a n d  to ta lly  fo llo w  up  o f  the  d e fo r m a t io n s  o ve r  a  p e r io d  o f  4  ye a rs . In it ia l 

in fo r m a t io n  a fte r  p a r t ia l u n lo a d in g  is  c o lle c te d.

IN T R O D U C T IO N

A / S  S to r e b s lt s fo r b in d e ls e n , S B F  (T he  Gr e a t  B e lt  L in k ,  Lt d .)  c ons tr uc ts  a  

r o ad  a n d  r a ilr o a d  e m b a n k m e n t  o n  g y t t ja  de po s its  as  p a r t  o f  the  a pp ro ac he s  

to  the  18 k m  b r id ge  a n d  tun n e l c r os s in g  a t  Gr e a t  Be lt . Co n s t r u c t io n  o f  ro ad  

a n d  r a ilw a y  e m b a n k m e n t s  o n  w e a k  s o ils  a re  fa c e d  w ith  s t a b ility  a n d  

s e t t le m e nt s  p r o b le m s . L o w  p e r m e a b ilit y  re s ults  in  lo n g  t e r m p r im a r y  

c o n s o lid a t io n  a n d  c o r r e s p o n d in g ly  s lo w  inc r e a s e  o f  un d r a in e d  s tr e ng th. W h e n  

r e p la c e m e n t  w it h  be t te r  f ill m a te r ia l is  im p o s s ib le  d ue  to  d e p t h  o r  cos t , 

p r e c o n s o lid a t io n  is  a t  h a n d , b u t  s t ill t im e  c o n s u m in g  a n d  w it h  s t a b ility  

p r o b le m s  a lo n g  s lo pe s . Ge n e r a l e x pe r ie nc e  s ho w s  th a t  ve r t ic a l d r a ins  in s t a lle d  

in  in o r g a n ic  c la y s  a n d  s ilt s  a re  a  s u it a b le  m e th o d  fo r  inc r e a s e d  c o n s o lid a t io n  

a n d  s tr e ng th  inc r e a s e . Le s s  in fo r m a t io n  fo r  the  u s e  in  o r g a n ic  m a t te r s  a r e  at 

h a n d . F o r  o r g a n ic  m a t te r s  s uc h  as  m a r in e  g y t t ja  p r e d ic t io n  o f  s e t t le me nts  are  

p os s ib le  b as e d  o n  t r a d it io n a l s o il p ar a me te r s , b u t  a r e  a ls o  d e p e n d e n t  o n  

p r e c o n s o lid a t io n  in  the  de po s its . M a in  p r o b le m s  are  t im e  fo r  d e v e lo p m e n t  o f  

p r im a r y  c o n s o lid a t io n  (v e r t ic a l a n d  h o r izo n t a l p e r m e a b ility ) , t he  ra te  o f  

s e c o nd a r y  c o n s o lid a t io n  (c r e e p) a n d  the  e ffe c t  o n  the  c r e e p rate  a fte r  

u n lo a d in g  o f  o v e r b ur d e n. T h e  r e lia b ilit y  o f  the  fu n c t io n  o f  ve r t ic a l d r a ins  

d u r in g  a  p e r io d  o f  s e ve r a l ye ars  w it h o u t  c lo g g in g  o r  d a m a g e  d u r in g  h e a v y  

d e fo r m a t io n s  (s e t t le me nts , r uptur e ) is  im p o r t a n t  F u ll s ca le  e x pe r ie nc e  has  

b e e n c o lle c te d  d u r in g  c o n s o lid a t io n  o f  a  15 m  d e e p  m a r in e  g y t t ja  d e p o s it  

un d e r  13 m  o f  s a n d fill p r e lo a d  o ve r  a  p e r io d  o f  4  ye a r s  s uc c e s s fu lly  

c o n d u c te d  b y  S B F  a n d  u n d e r  d e ta ile d  s up e r v is io n  in  the  fie ld  b y  the  Da n is h  

S ta te  Ra ilw a y s , D S B .

S O IL  C O N D IT IO N S

va n e  s he a r  te s ts , cv. M e a n  v a lue s  e q ua l to  cv -  15 k N / m 2 a t  g r o un d  le ve l 

in c r e a s in g  to  cv -  5 0  k N / m 2 a t  a  d e p t h  o f  15 m  are  r e corde d . Ba s e d  o n  a  u n it  

w e ig h t  o f  the  g y t t ja  y  -  13 k N / m 3 (y  ' -  3 k N / m 3) the  e ffe c t iv e  ve r t ica l

O  O  O  O  O  0 11 4  O  O  O  O

A  r e c la im e d  a r e a  c los e  to  the  s e a  (m e a n  le ve l 0  m )  c o ns is t s  o f  a  to p  la y e r  o f  

m a r in e  g y t t ja  b e tw e e n  the  s o il s u r fa c e  in  le v e l - 1 m  a n d  u n d e r la y in g  s t iff  la te  

g la c ia l o r  g la c ia l d e po s its  in  le ve l - 3 m  to  - 4 m . In  a  v a lle y  w ith  a  w id t h  o f  

7 5  m  in  the  g la c ia l d e po s its  the  th ic k ne s s  o f  g y t t ja  inc r e a s e s  to  15 m . T h e  

v a r ia t io n  o f  the  la t e  g la c ia l s ur fac e  is  s h o w n  o n  F ig u r e  1 a n d  a  c r os s  s e c t ion  

o n  F ig u r e  2 . Ba s e d  o n  g e o te c h n ic a l in v e s t ig a t io n s  in  the  fie ld  a n d  la bo r a to r y  

a  c h a r a c te r is t ic  p r o file  o f  the  g y t t ja  s tr a t a  is  s h o w n  o n  F ig u r e  3 . W it h  a  w a te r  

c on te n t , w  -  1 2 0 % the  d e fo r m a t io n  p r ope r t ie s  d u r in g  n o r m a l c o n s o lid a t io n  

( a , '  >  Op,.') is  b as e d  o n  a  c o n s o lid a t io n  r a tio  Q  -  0 .3  d e te r m in e d  o n  ge ne r a l 

Da n is h  e x pe r ie nc e  (c o n s o lid a t io n  in d e x  C c =  (1+  e ) Q .  Co d e  o f  P r a c t ic e , 

D S 4 1 5 ).  T h e  e v a lua t io n  o f  the  un d r a in e d  s he a r  s tr e ng th , cu is  b a s e d  o n  in  s itu
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T o p  o f  g y t t ja  in  le ve l - lm .

O- - - - Me a s u r in g  p o in t .  Se t t le m e nt s . 

- - - - - Ru p tu r e  lin e  in  s a n d  s ur face .

F ig . 1. L o c a t io n  m a p . P a r t ia l a r e a  o f  g y t t ja  v a lle y  a n d  e m b a n k m e n t . Cr os s  

s e c t ions  A- A a n d  B- B, c f. F ig .  2  a n d  5.
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s tre s s  inc r e a s e s  fr o m  a 0' -  0  to  a 0' -  4 5  k N / m 2. T h e  r a tio  o f  s tr e ng th  inc r e a s e  

a  c Ja  a 0' -  0 .8

T h e  m e a s ur e d  v a n e  s h e a r  s t r e ng th, cv e x ce e ds  the  v a lue s  fo r  a  n o r m a lly  

c o n s o lid a te d  la y e r  (c v -  0 .8  a „ ')  w ith  a  c o ns ta n t  v a lue  o f  a p p r o x im a te ly  a c v

-  1 5 k N / m 2. T h is  d iffe r e n c e  is  r e fe r re d to  as  a n  o v e r c o n s o lid a t io n , a O^'  d ue  

to  c r e e p  (s e c on d a r y  c o n s o lid a t io n )  a n d  s tre s s  v a r ia t io n s  (c h a n ge s  in  g r o un d  

w a te r  le ve l). T h e  o v e r c o n s o lid a t io n  in  the  g y t t ja  la y e r  is :

a  0 , . '  -  15 /0 .8  -  19 k N / m 2

T h is  le a d s  to  p r e c o n s o lid a t io n  s tre s s e s  in  the  la y e r

-  a „  +  a  a „ (1 )

W h e n  ve r t ic a l s tre s s e s  in  the  g y t t ja  la y e r  are  in c r e a s e d d ue  to  w e ig h t  fr o m  

e m b a n k m e n t  f ill,  r e c o n s o lid a t io n  e q ua l to  a  s tre s s  inc r e a s e  a o ^ '  w ill be  

fo llo w e d  b y  a  p r im a r y  c o n s o lid a t io n  g o v e r n e d  b y  c h a n g e  in  e x ce s s  po r e  

w a te r  pr e s s ur e . A ft e r  1 0 0 % th e o r e t ic a l, p r im a r y  c o n s o lid a t io n ,  5 100 a t  the  t im e  

t 100 fu r th e r  d e fo r m a t io n  d u e  to s e c o nd a r y  c o n s o lid a t io n  (c r e e p) a t  lo w  e xce s s  

p or e  w a te r  pr e s s ur e  w ill t ak e  p la c e  w it h  a  s tr a in  ra te  e8%  p e r  lo g  c y c le  o f  

t im e  a n d  in it ia l la y e r  thic k n e s s , g.

E V A L U A T IO N  O F  S E T T L E M E N T S

F o r  a  r a il r oad  e m b a n k m e n t  w it h  a  f in a l m e a n  s ur fac e  in  le ve l + 3 m  o r  4  m  

a bo v e  o r ig in a l g r o un d  le ve l tw o  o p t io n s  w e re  e v a lua te d . A  p a r t ia l e x c a v a t io n  

o f  g y t t ja  to  a  d e p th  o f  6  m  to  le ve l - 7 m  fo llo w e d  b y  s a n d fillin g  to  le ve l + 6 

o r  i f  ne c e s s a ry  to  le ve l + 8 in  to ta l 13 m  to  15 m  s a n d fill fo r  p r e c o n s o lid a ­

t io n  o f  the  r e m a in in g  0  m  to  9  m  g y t t ja . A  d ir e c t  in s t a lla t io n  o f  ve r t ica l 

d r a in s  in  the  g y t t ja  la y e r  a n d  a  p r e c o n s o lid a t io n  o f  the  3 m  to  15 m  g y t t ja  

la y e r  w it h  3 .5  m  to  8 .5  m  s a n d fill s ugge s te d  b y  the  c on t r a c to r  (Bo s k a lis , 

Oo s t e r w ijk  B .V .,  H o lla n d )  as  a n  a lte r na t iv e  s o lu t io n  (la t e r  inc r e a s e d b y  4 .5  

m  to  a  to ta l m a x im u m  in  the  c c nt r a l par t  o f  13 m ) . A n  e v a lu a t io n  o f  the  tw o  

a pp r o a c he s  in d ic a te d  tha t  the  s ys te m w it h  ve r t ica l d r a ins  - i f  fu n c t io n in g  

th r o u g h  the  w h o le  c o n s t r uc t io n  p e r iod  o f  2  o r  3 ye a r s  - w o u ld  e ns ur e  a 

s u ffic ie n t  d e g r e e  o f  c o n s o lid a t io n  a n d  thus  le a d  to  a  p r e c o n s o lid a t io n  a fte r  

e x c a v a t io n  to  f in a l e m b a n k m e n t  le ve l. T h e  p r e c o n s o lid a t io n  w a s  a ls o  

e x pe c te d  to  r e d uc e  the  fu tur e  s e c on d a r y  c o n s o lid a t io n  rate .

E V A L U A T IO N  O F  S L O P E  S T A B IL IT Y

T h e  s t a b ility  p r o b le m  w a s  lo c a te d a t  the  s lo p e  e n d  o f  the  e m b a n k m e n t  w ith  

a  h e ig h t  o f  8 .5  m  s a n d fill a n d  15 m  g y t t ja . T he  ve r t ica l d r a in  s ys te m s top pe d 

a t  the  s lop e  e dge . Ba s e d  o n  e x pe r ie nc e  the  Co d e  o f  P r a c t ic e  (DS 4 1 5 ) 

r e c o m m e n d s  a  r e d u c t io n  fa c to r  fo r  d e te r m in a t io n  o f  the  u n d r a in e d  s he a r  

s tr e ng th , cu ba s e d  o n  in  s itu v a n e  s he a r  s tr e ng th , cv:

c„ =  0 .7  x  c v (fo r  I„ -  7 0 % )

T h e  s a fe ty  a ga in s t  fa ilu r e  d u r in g  the  c o n s t r uc t io n  is  r e d uc e d to  a  p a r t ia l 

c o e ffic ie n t  yc -  (1- 5)*4 (fr o m  yc -  1 .5). T h is  v e r y  s m a ll s a fe ty  m a r g in  c a lls  fo r  

a n  in  s itu  d e fo r m a t io n  c o n t r o l to  a v o id  un a c c e p ta b le  un d r a in e d  r uptur e  

d e fo r m a t io n s . T he  inc r e a s e  in  un d r a in e d  s he a r  s tr e ng th  d u r in g  c o n s o lid a t io n  

to ge th e r  w ith  the  r e m o va l o f  the  s ur c ha r ge  w ill e ns ur e  the  fin a l s lop e  

s ta b ility . T he  m a in  p a r t  o f  the  e m b a n k m e n t  fill d oe s  n o t  pr e s e nt  s t a b ility  

p r o b le m s  a n d  the  s e t t le m e nt s  thus  r e pr e s e nt  o n e  d im e n s io n a l,  ve r t ica l 

c o n s o lid a t io n .

100 k N / m 2

-  S

- 1 5  -

Fig. 3.

: D e p t h  b e lo w  g r o un d  le ve l

: E ffe c t iv e  b u lk  d e n s ity

: E ffe c t iv e  o ve r b u r d e n  pr e s s ur e

. : P r e c o n s o lid a t io n  in  e xce s s  o f  o',,

In it ia l s o il c o n d it io n s  w it h  m e a n  p a r a m e te r  v a lue s . Ve r t ic a l s tre s s  

a n d  v a n e  s h e a r  s t r e ng th  d is t r ib u t io n .
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F ig . 4 . De v e lo p m e n t  o f  s a n d fillin g , s  a n d  s e t t le me nts , 8  w it h  t im e . P o in t  N o . 3. S k e tc h  s h o w in g  ge ne ra l d e v e lo p m e n t  o f  p r im a r y  a n d  s e c on da r y  s e t t le me nts .

IN S T A L L A T IO N  O F  V E R T IC A L  D R A IN S

B y  p la c in g  a  1 m  s a n d  la y e r  o n  g e o te x t ile  d ir e c t ly  o n  to p  o f  the  g y t t ja  the  

a r e a  w a s  p re pa r e d  fo r  m e c h a n ic a l in s t a lla t io n  o f  v e r t ic a l d r a in s  in  De c e m b e r  

1988 . T h e  M e m b r a  d r a in  s ys te m has  a  s ize  o f  3 m m  x  100  m m  a n d  cons is t s  

o f  a  c o r r ug a te d  p o ly p r o p y le n e  p la t e  c o ve r e d b y  n o n- w o v e n  g e o te x t ile . T h e  

d r a in s  a r e  p la c e d  th r o ug h  the  e s t a b lis he d  s a nd la y e r , the  g y t t ja  a n d  in to  the  

un d e r la y in g  s o il (p a r t ly  a  s a nd  la y e r ) s e c ure d b y  a  b o t t o m  a n c h or . T h e  d r a ins  

ar e  p la c e d  in  a  t r ia n g u la r  c o n fig u r a t io n  w it h  a  d is t a n c e  o f  1.5 m  a n d  c ut  0 .3  

m  a bo v e  the  to p  o f  the  s a n d  s ur fa c e . Dr a in a g e  t ake s  p la c e  th r o ug h  the  

s a n d fill a n d  the  (s and- ) laye r s  b e n e a th  the  g y t t ja .

E M B A N K M E N T

T h e  e s t a b lis h m e n t  o f  the  e m b a n k m e n t  w a s  s ta r te d in  Ja n u a r y  1989 b y  

in s t a lla t io n  o f  0 .5  m  c o m p a c te d  s a n d  lay e r s  w it h  a  p la n n e d  ra te  o f  a  n e w  

la y e r  e a c h  w e e k  a n d  a  m a x im u m  th ic kne s s  o f  s  -  8 .5  m . A ft e r  the  e s t a b lis h ­

m e n t  o f  the  e m b a n k m e n t  (F ig u r e  2 ) fo llo w e d  b y  a  p e r io d  o f  c o n s o lid a t io n  

d u r in g  8 m o n t h s  the  th ic k n e s s  o f  s a n d fill w a s  inc r e a s e d  b y  a d d it io n a l 4 .5  m .

D E F O R M A T IO N  M E A S U R E M E N T S

Be fo r e  s a n d fillin g  2 3  r e fe r e nce  p o in t s  w e re  e s ta blis he d. 1 x 1 m  s te e l pla t e s  

w e re  p la c e d  o n  the  g y t t ja  s ur fac e  fo r  v e r t ic a l s e t t le m e nt  c o n t r o l o n  v a r y in g  

g y t t ja  thick ne s s e s . S u p p le m e n t a r y  p o in t s  w e re  p la c e d  in  the  e m b a n k m e n t  

s lo p e  as  w e ll a s  in  3 r ow s  in  the  g y t t ja  s ur fac e  in  fr o n t  o f  the  s lop e  (F ig ur e s

1 a n d  5 ) fo r  d e te r m in a t io n  o f  ve r t ic a l h e a ve  a n d  h o r izo n t a l m o ve m e n ts .

D E V E L O P M E N T  O F  S E T T L E M E N T S

T h e  in it ia l e s t a b lis h m e n t  o f  1 m  s a n d fill (y -  1 9 kN / m 3) c o r r e s pon ds  to  the  

p r e d ic te d  o v e r c o n s o lid a t io n , a o ^ '  -  19 k N / m 2, th us  r e pr e s e nt ing  a  

r e c o n s o lid a t io n . T h e  p r e lim in a r y  s e t t le me nts  d e v e lo p  r a p id ly  d u r in g  1 m o n t h  

(F ig u r e  4 )  a n d  the  d e fo r m a t io n s  c o r r e s p on d  to  a n  u n ia x ia l m o d u lu s  o f  

c o m p r e s s ib ility , K  -  2 0 0 0  k N / m 2. S e t t le m e n t s  d u r in g  th e  fo llo w in g  f illin g  up  

in  s te ps  o f  0 .5  m  s a nd  are  r e g is te r e d as  a  n u m b e r  o f  lo a d in g  s te ps  un d e r  

p a r t ia lly  d r a in e d  c o n d it io n s . Afte r  fin a l f illin g  the  s e t t le m e n t/ t im e  c u rv e  

re pre s e nts  a  s ta te  o f  n o r m a l c o n s o lid a t io n  in it ia lly  in flu e n c e d  b y  the  p r e v io us  

f illin g  ra te . As  in d ic a te d  o n  F ig u r e  4 , the  s e t t le m e n t ra te  a ft e r  4 0  d a y s  fr o m  

th e  fin a l f illin g  (t  =  0 )  fo llo w s  the  e q ua t io n :

8 = 8„ V T (2 )

F ig . 5 . L o n g it u d in a l s e c t io n  B- B, F ig . 1. S a n d fillin g . Se t tle me nt s . He a v e  o f  g y t t ja  s ur fac e  in  fr o n t  area . Lo c a l r uptur e  in  s lo p e  s e c t ion. In it ia l g y t t ja  th ic kne s s , 

g . T h ic k ne s s  o f  s a n d fill, s . La te s t  s e t t le me nts  8  =  x .x x  m  me as ur e d  1992- 09- 25.
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T h e  a c co r d a n c e  to  th is  d e fo r m a t io n  rate  is  ve ry  c lo s e  d u r in g  a  p e r io d  fr o m  

4 0  to  2 0 0  d ay s  in d e p e n d e n t  o f  the  th ic k ne s s  o f  the  g y t t ja  la y e r  (g  -  5  m  to  

IS  m )  in d ic a t in g  th a t  the  c o n s o lid a t io n  pr oce s s  is  g o v e r n e d  b y  the  d r a in s  

(h o r iz o n t a l flo w ). 80 re fe r s  to  d e fo r m a t io n s  o b s e r v e d  d u r in g  the  p e r io d  fr o m  

4 0  to  2 0 0  d a y s  a n d  the  t im e  t  =  0 . D u r in g  a  p e r io d  fr o m  2 0 0  d a y s  to 

a p p r o x im a te ly  3 0 0  d ay s  the  d e fo r m a t io n  ra te  c h a n ge s  to  s e c on d a r y  c o n s o lid a ­

t io n :

6  = 8 „ + constant  l o g ___

înft

(3 )

T h e  te s t r e s ults  in d ic a te  tha t  1 0 0 % the o r e t ic a l, p r im a r y  c o n s o lid a t io n , 5 100 is  

o b ta in e d  a ft e r  t 100 -  3 0 0  to  4 0 0  d a y s  in d e p e n d e n t  o f  the  la y e r  th ick n e s s  (g  -  

5  to  15 m ).  Ob s e r v e d  d e fo r m a t io n s  d u r in g  a  p e r io d  fr o m  4 0 0  to  5 0 0  d a y s  to  

9 0 0  to  1 ,2 00  d a y s  a ft e r  the  la t e s t  lo a d  c h a n g e  s ho w s  tha t  s e c on d a r y  

d e fo r m a t io n  r a te  in  p e r  ce nt  o f  the  in it ia l g y t t ja  th ic kne s s  g  is  e x pe c te d  to  be :

e , -  3 %  to  5 %  p e r  lo g  c y c le  o f  t im e

T h e  d e v e lo p m e n t  o f  the  d e g r e e  o f  c o n s o lid a t io n ,  U  w ith  t im e  o f  p r im a r y  

c o n s o lid a t io n ,  t  in  a  c y lin d r ic a l s o il c o lu m n  w it h  a  c e n tr a l d r a in  is  e x pr e s s e d  

b y  B a r r o n  (1 9 4 4 ):

8 c.u
in  1 - 2

d , 4
In

1

T - Ü

(4 )

T he  d ia m e t e r  d ,  a n d  r e pre s e nts  c o m p u t a t io n a l v a lue s  fo r  the  d r a in e d  s o il 

c o lu m n  a n d  the  d r a in . S o il c o lu m n :  Ar e a  1.95 m 2 ~  j i (d ,/ 2 )2, d ,  -  1.58 m . 

Dr a in  s ur fac e : 2  x  (0 .1 +  0 .0 0 3 ) m 2/ m  -  ic d j,  d ,  -  0 .0 6 6  m , H a n s b o  (1 9 8 1 ). 

W it h  a  d e gr e e  o f  c o n s o lid a t io n  U  -  9 7 %  a n d  t 100 -  3 0 0  to  4 0 0  d a y s  th is  

c o r r e s p on ds  to  a  c o e ffic ie n t  o f  h o r izo n t a l c o n s o lid a t io n :

-  1 0 ‘7 m 2/s

As  s h o w n  o n  F ig u r e s  4  a n d  5 the  e m b a n k m e n t  h e ig h t  w a s  inc r e a s e d  b y  4 .5  

m  s a n d fill a ft e r  8 m o n t h s  o f  c o n s o lid a t io n  w ith  a  m a x im u m  o f  8 .5  m  s a n d fill.  

T h e  in it ia l 3 m  s a n d fill w a s  p la c e d  a t  a  s lo w  r a te  d u r in g  1 m o n t h  fo llo w e d  

b y  a  c o n s o lid a t io n  p e r io d  o f  a p p r o x im a te ly  1 m o n t h .  T h e  la s t  1.5 m  f ill w a s  

p la c e d  d u r in g  3 d ay s  a n d  r e s ulte d  in  a  lo c a l r uptur e  (F ig u r e  1) in  the  

e m b a n k m e n t  s lo p e  (1990- 04- 12) as  s h o w n  in  F igu r e s  4  a n d  5. A p a r t  fr o m  a n  

in it ia l g r e a te r  d e fo r m a t io n  ra te  in  the  lo c a l a r e a  r e s ult in g  fr o m  the  r uptur e , a 

p r im a r y  c o n s o lid a t io n  p roce s s  w a s  r e co r de d  in  th e  w h o le  a r e a  d ue  to  the  n e w  

lo a d  c o n d it io n s .  T h e  s e t t le m e nt  r a le  a ft e r  the  4 .5  m  s ur c ha rg e  in d ic a te s  

u n c h a n g e d  fu n c t io n  o f  the  d r a in  s y s te m e v e n  in  the  r uptu r e  zo n e . Co r r e s p o n ­

d in g  v a lue s  o f  m e a s ur e d  a n d  c a lc u la te d  s e t t le m e nt  ar e  s h o w n  o n  F ig u r e  6. 

T h e  c a lc u la t io n s  a r e  b a s e d  o n  the  pa r a me te r s  in  F ig u r e  3 . T h e  g r a p h  s ho w s  

c lo s e  a g r e e m e n t  t a k e n  in  c o n s id e r a t io n  tha t  the  d e fo r m a t io n s  in  p o in t  N o s . 2  

to  4  in c lu d e  p la s t ic  d e fo r m a t io n s  in  the  s lo p e  a r e a  a n d  are  in flu e n c e d  b y  the  

lo c a l r uptur e  (v e r t ic a l d e fo r m a t io n  d u r in g  r uptur e  a p p r o x im a te ly  0 .5  m ).

3 -

(m) Se ttle me nts /  8400 -  5ale

LE GE N D:

® Firs t  ge ne n

• Firs t ge ne n

•  Supple me n

•  Supple me n

ìl s a ndfilling.

:1 s a ndfilling. 

tary s andfilling 

tary s andfillinj

Point  2- 4 

P oint  1,5- 23 

. P o int  2- 4 

. P o int  \ ,S- A

/  y

. 3 /

3

• 3  /  

2  • «4

^  1.4 6ale

2

/ X

/

Me as ure d 

Se ttle ments  

8 « )  (m)

F ig . 6 . Co r r e la t io n  b e tw e e n c a lc u la te d  a n d  m e a s u r e d  s e t t le me nt s  (t  -  4 0 0  

d a y s ) in  the  w h o le  e m b a n k m e n t  ar e a . P o in t  N o s . 2  to  4  in c lu d e  

p la s t ic  a n d  r uptur e  d e fo r m a t io n s .

Sk e tc h  o f  fillin g :

1.5m Final F illing 
K lO m  Suppl. F illing

(m )

2

1 Embankment 

1990.01.31
-H

l l m  L IN E

J C '

lm  L IN E  H

11m 21mL IN E S : lm

F ig . 7 . S u r fa c e  d e fo r m a t io n s  in  fr o n t  o f  s lope .

S T A B IL IT Y

T he  rate  o f  s a n d fillin g  w a s  inc r e a s e d  fr o m  0 .5  m  p e r  w e e k in  the  fir s t  pa r t  

o f  Ma r c h  1989, r e s ult in g  in  a n  inc r e a s e d  rate  o f  p la s t ic  d e fo r m a t io n s  in  the  

s lo p e  a r e a  (p o in t s  2  to  4 , 113 to  115 a n d  2 0 2 , F igu r e s  1 a n d  4 )  r e s u lt in g  in  

a  s u r fa c e  c r a c k  in  the  s a n d fill.  T h e  m a x im u m  th ick n e s s  o f  s a n d fill w a s  5  m . 

A ft e r  a  d e la y  o f  3 w e e k s  the  fillin g  w a s  r e s um e d in  the  c r it ic a l a r e a  a t  a 

lo w e r  ra te  to  a  m a x im u m  th ic k ne s s  o f  8 .5  m  w it h o u t  fu r th e r  p r o b le m s . Aft e r  

8 m o n t h s  o f  c o n s o lid a t io n  a d d it io n a l s a n d fill w a s  p la c e d  o n  the  e m b a n k m e n t . 

T h e  fir s t  3 m  f ill w a s  p la c e d  w it h  a  rate  o f  a p p r o x im a te ly  0 .5  m  p e r  w e e k 

w it h o u t  p r o b le m s . A ft e r  c o n s o lid a t io n  d u r in g  1 m o n t h  the  la s t  1.5 m  w a s  

p la c e d  in  le s s  th a n  a  w e e k r e s u lt in g  in  a  lo c a l r up tur e  as  in d ic a te d  o n  F igu re s

1, 4  a n d  5 . T h e  d e fo r m a t io n  ra te  d ue  to  the  fr a c tu r e  in  the  s a n d fill a n d  g y t t ja  

la y e r  w a s  r e duce d to  a  c o n s o lid a t io n  rate  a ft e r  a  c o u p le  o f  w e e ks . In  fr on t  o f  

the  s lo p e  a n d  o u t s id e  the  d r a in a g e  s ys te m s ur fac e  m o v e m e n t  o f  the  g y t t ja  

la y e r  w a s  m e a s ur e d  (1 m  a n d  11 m  lin e , F ig u r e  5 ). Aft e r  the  p la s t ic  

d e fo r m a t io n s  d u r in g  the  in it ia l f illin g  (1 ) a n d  the  s up p le m e n ta r y  f illin g  (2 ) 

(F ig u r e  7 ) a n  inc r e a s e d  d e fo r m a t io n  d u r in g  the  r uptur e  c a us e d b y  the  la s t  1.5 

m  f illin g  (3 )  w a s  o bs e rv e d . T h e  d ir e c t io n  o f  s ur fac e  m o v e m e n ts  d u r in g  the  

p la s t ic  d e fo r m a t io n  a n d  the  r uptur e  is  un c h a n g e d . T h e  s uc ce s s  o f  the  lo w  cos t  

s o lu t io n  ha s  o n ly  b e e n  a c h ie ve d  d ue  to  the  d e ta ile d  a n d  a d v a n c e d  d e fo r m a ­

t io n  m e a s ur e me nt s .

C O N C L U S IO N S

S e t t le m e nt s  d u r in g  r e c o n s o lid a t io n  a r e  c a lc u la te d  fr o m  the  m o d u lu s  o f  

c o m p r e s s ib ility ,  K ,  the  t im e  o f  s e t t le me nt  b e in g  s hor t . S e t t le m e n t s  d u r in g  

p r im a r y  c o n s o lid a t io n  c a n  b e  ba s e d o n  th e  c o n s o lid a t io n  r a t io  Q  -  f  (w ) fr o m  

o e d o m e te r  te s ts , a n d  the  k n o w le d g e  o f  p r e c o n s o lid a t io n , a n d  the  fin a l 

s tre s s  le ve l, o ^ '  c a n  be  e va lua te d  fr o m  the  v a r ia t io n  o f  the  in  s itu  u n d r a in e d  

v a n e  s he a r  s tr e ng th , cv. T h e  s e c on d a r y  c o n s o lid a t io n  (c r e e p w ith o u t  e xce s s  

p or e  w a te r  pr e s s ur e ) is  d e te r m in e d  b y  the  s t r a in  rate , e s (%  p e r  t im e  lo g  

c y c le ). It  s e e ms  tha t  th is  v a lue  is  g r e a te r  in  s itu  th a n  d e te r m in e d  b y  

o e d o m e te r  te s t. P r e lim in a r y  re s ults  d u r in g  the  la s t  p a r t  o f  the  o b s e r v a t io n 

p e r io d  in d ic a te  a  m o d e r a te  r e d uc t io n  o f  e s in  c o n n e c t io n  w it h  a  p a r t ia l 

u n lo a d in g  o f  the  s ur c ha rge . S t a b ilit y  e v a lua t io n  b as e d  o n  in  s itu  v a n e  s he a r  

s t r e ng th  a n d  a  c o r r e c t io n  fa c to r  is  pos s ib le .

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

T h e  a u th o r  w is h e s  to  th a n k  A / S  S t o r e b s lt s fo r b in d e ls e n  (T he  Gr e a t  B e lt  L in k , 

L t d .)  fo r  h a v in g  p e r m it t e d  the  p ub lic a t io n  o f  th is  w o r k  a n d  the  p ro je c t  

d ir e c to r  M r . N ils  Ha vs te e n  fo r  c o n v e y in g  v a lu a b le  s up p o r t  d u r in g  the  

c o n s t r uc t io n  p e r io d . T h a n k s  are  a ls o  e x te nd e d  to  Mr s . Be r it  C a r ls o n  a n d  Mr . 

O le  S c h 0 lle r  La r s e n  fr o m  the  Da n is h  S ta te  Ra ilw a y s  fo r  t e c h nic a l d is c us s io ns  

a n d  u n w a v e r in g  c o m m itm e n t ,  the  h ig h  q u a lit y  in fo r m a t io n  flo w  a n d  the  

d e ta ile d  s ur v e y  p r o g r a m m e .
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d r a in s . P ro c e e d in g s  o f  the  T e n th  In te r n a t io n a l Co n fe r e n c e  o n  S o il 

M e c h a n ic s  a n d  F o un d a t io n  E n g in e e r in g .

C o d e  o f  p r ac t ic e  fo r  F o u n d a t io n  E n g in e e r in g  (1 9 8 5 ). Da n is h  Ge o te c h n ic a l 

In s t itu te . B u lle t in  N o . 36 , Co p e n h a g e n .
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