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T h e  i n f l u e n c e  o f  u p l i f t  w a t e r  p r e s s u r e s  o n  t h e  d e f o r m a t i o n s  a n d  s t a b i l i t y  o f  f l o o d  

e m b a n k m e n t s
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SYNOPSIS: In  th e  N e t h e r la n d s , f lo o d  e mbankme nts  a r e  e x t e n s iv e ly  us e d a lo n g  th e  No r th  Se a c o a s t  and th e  r iv e r s  o f  th e  
Me us e - Rhine  d e l t a .  The s o i l  in  th e  w e s te r n  p a r t  o f  th e  N e t h e r la n d s  m o s t ly  c o n s is t s  o f  Holoc e ne  c la y  and p e a t  la y e r s ,  
o v e r ly in g  a  P le is t o c e n e  s a nd s t r a t u m  w hic h is  more  o r  le s s  in  ope n c o n t a c t  w it h  the  r iv e r  o r  t h e  s e a . Unde r  c e r t a in  
c ir c u m s t a n c e s , th e  w a te r  p r e s s u r e s  in  th e  p e r v io u s  s and s t r a t u m  may ca us e  u p l i f t in g  o f  t h e  o v e r ly in g  s e m i- im pe r v io us  
la y e r s ,  w hic h  may be  d e t e r m in a t in g  f o r  th e  e mbankme nt’ s  b e h a v io u r  d u r in g  s tor m s ur ge  o r  h ig h  r iv e r  d is c h a r g e .  A me thod 
is  p r e s e n t e d  t o  p r e d ic t  w he the r  u p l i f t  is  l ik e ly  t o  o c c ur  und e r  d e s ig n  f lo o d  c o n d it io n s  and t o  a s s e s s  the  le n g t h  and 
lo c a t io n  o f  th e  u p l i f t  a r e a  and t o  a n a ly s e  th e  s t a b i l i t y  and d e fo r m a t io n  o f  the  e mbankme nt.

1 .  INTRODUCTION

Unde r  th e  s a id  c ir c u m s t a n c e s ,  t im e  d e pe nde n t v a r ia t io n s  
o f  t h e  w a te r  le v e l  In  t h e  r iv e r  pr ovoke  t im e  a nd d is t a n c e  
d e pe n d e n t  v a r ia t io n s  o f  th e  po r e  w a te r  p r e s s u r e  in  th e  
p e r v io u s  s a nd  s t r a t u m . The w a te r  p r e s s u r e  in  t h e  s and  
s t r a t u m  d u r in g  s to r m  o r  h ig h  r iv e r  d is c h a r g e  ca n 
in c r e a s e  u n t i l  i t  r e a c he s  th e  p r e s s u r e  e x e r te d  by t h e  
w e ig h t  o f  t h e  o v e r ly in g  s e m i- im pe r v io us  la y e r s .

f ig .  1 . e mbankme nt on t y p ic a l  Dutch s o i l  s t r a t a

From t h a t  mome nt, t h e  e f f e c t iv e  c o n t a c t  s t r e s s  be twe e n 
th e  s o f t  Holo c e ne  fo u n d a t io n  la y e r  and t h e  s t i f f  s a nd 
s t r a t u m  is  lo s t .  T h is  phe nome non is  c a lle d  ’ u p l i f t * .
When t h e  o v e r ly in g  la y e r s  a r e  v e r y  lig h t w e ig h t e d  ( e .g .  
p e a t  o r  ve r y  o r g a n ic  c la y ) ,  t h is  lo s s  o f  s h e a r  s t r e s s  may 
le a d  t o  he avy c o m pr e s s io n  o f  th e  h o lo c e ne  la y e r s  be yond 
the  to e  o f  th e  in n e r  s lo p e  o f  th e  e mbankme nt and 
s u b s e q u e n t ly  t o  lo s s  o f  fu n c t io n  o f  t h e  e mbankme nt.

Face d w it h  t h e  t a s k  t o  s u p p ly  r u le s  fo r  t h e  d e s ig n  o f  
embankme nts  a lo n g  th e  r iv e r  Thames und e r  u p l i f t  
c o n d it io n s ,  t h e  B r i t i s h  B u ild in g  Re s e a r c h  E s t a b lis h m e n t  
made s a fe ,  c o n s e r v a t iv e  a s s u m pt io n s  (P a d f ie ld  e t  a l ,  
1 963 )* I t  was as s ume d t h a t ,  in  e x t re me  c a s e s , t h e  
r e s is t a n c e  e x e r te d  b y  t h e  mars h t o  th e  to e  o f  t h e  
e mbankme nt c o u ld  d r o p  as  low as  t h a t ,  c o r r e s p o n d in g  t o  a 
h y d r o s t a t ic  w a t e r p r e s s u r e . F a c in g  th e  same q u e s t io n  f o r  
th e  e mbankme nts  a lo n g  the  r iv e r s  o f  t h e  uppe r  Me us e - Rhine  
d e l t a ,  t h e  Dutch  T e c h n ic a l Ad v is o r y  Committe e  f o r  
Embankments  a d v is e d  t o  ta k e  o n ly  the  d r a in e d  c o h e s io n  o f  
th e  la y e r s  be yond th e  to e  in t o  a c c o u n t  in  t h e  s t a b i l i t y  
a n a ly s e s  und e r  u p l i f t  c o n d it io n s .

Both me thods  m e n t io ne d  a r e  some what r o ug h  a p p r o x im a t io n  
fo r  t h e  in t e r a c t io n  p r o b le m , as  the y  do n o t  t a k e  t h e  r e a l 
b e h a v io u r  o f  t h e  e mbankme nt ( in  p a r t ic u la r  i t s

d e fo r m a t io n s )  in t o  a c c o u n t . The fo llo w in g  f a c t o r s  a r e  
c o n s id e r e d  t o  a f f e c t  t h e  m a g n itud e  o f  th e  d is p la c e m e n t  a t  
th e  to e  o f  th e  e mbankme nt and he nce  the  m a g n itu d e  o f  
c r e s t  s e t t le m e n t s  und e r  u p l i f t  c o n d it io n s .

-  The lo c a t io n  and le n g t h  o f  th e  u p l i f t  a r e a
-  The m o b iliz e d  s he a r  s t r e n g t h  in  t h e  a c t iv e  a r e a  b e fo r e  

u p l i f t .
-  The lo s s  o f  s h e a r  r e s is t a n c e  a lo n g  th e  in t e r f a c e  

s u r fa c e  d u r in g  u p l i f t  c o n d it io n s .
-  The s t i f f n e s s  o f  th e  mar s h.

2 CALCULATION OF THE PORE WATERPRESSURE AND THE LOCATION 
AND LENGTH OF THE UPLIFT AREA

2 .1  P o r e  w a te r p r e s s u r e  a s  lo n g  a s  no u p l i f t  o c c u r s

For  t h e  g e o - h y d r o lo g ic a l c o n d it io n s  p r e v a il in g  in  th e  
Me us e - Rhine  d e l t a  (s e e  f ig .  2 ) i t  has  be e n shown t h a t  th e  
t im e  and d is t a n c e  d e pe nd e n t  r e s po ns e  o f  t h e  w a te r p r e s s u r e  
in  th e  p e r v io u s  s a nd due  t o  the  v a r ia t io n s  
o f  th e  w a t e r le v e l in  th e  r iv e r  ( t i d a l ,  s tor m s ur g e  a n d / o r  
h ig h  r iv e r  d is c h a r g e )  is  m a in ly  gove r ne d by t h e  
c o n s o lid a t io n  p r o c e s s  in  t h e  b o t to m la y e r  a nd th e  
a q u it a r d  (Ba r e n d s , 1962; Ba ud u in  and Ba r e n d s , 1 9 8 8 ). The

—  — w a t e r p r e s s u r e  b e f o r e  u p l i f t  

. . . . w a t e r p r e s s u r e  a t  t h e  s t a r t  o f  u p l i f t

.......... -  w a t e r p r e s s u r e  d u r i n g  u p l i f t

- - - - - - v e r t i c a l  s t r e s s

f i g .  2 . G e o h y d r o lo g ic a l s c h é m a t is a t io n  and po r e  w a te r  
p r e s s u r e s  d u r in g  u p l i f t .

f l o o d b a n k

h o l o c e n e

l a y e r s
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a n a ly t ic a l  s o lu t io n s  f o r  t h is  mode l a r e  p r e s e n t e d  In  
t a b le  I .  T he s e  s o lu t io n s  c a n  be  us e d  In  M a r s la n d ' s  
m e tho d o lo g y  t o  a s s e s s  t h e  b a s ic  g e o - h y d r o lo g ic a l 
p a r a m e te r s  u s in g  t h e  me as ure d r e s po ns e  u n d e r  no rm a l 
c ir c u m s t a n c e s  a nd t o  p r e d ic t  t h e  w a te r p r e s s u r e  und e r  
d e s ig n  f lo o d  c o n d it io n s  (s e e  f ig .  3 )

f ig .  3-  F lo w c h a r t  f o r  c a lc u la t io n  o f  po r e  p r e s u r e s  d u r in g  
d e s ig n  f lo o d  and v e r i f i c a t io n  f o r  u p l i f t

The le a k a g e  f a c t o r s  f o r  s t a t io n a r y  flo w  A' and A1' and 
fo r  t i d a l  v a r ia t io n s  A' and A ' '  c a n be  a s s e s s e d  u s in g  t h e  
r e s po ns e  o f  a t  le a s t  two p ie zo m e t e r s  (b u t  p r e fe r a b ly  more  
s in c e  t h is  in c r e a s e s  t h e  r e l i a b i l i t y  o f  t h e  a n s w e r ) . The 
tw o- s te p- me thod i s  i l l u s t r a t e d  f o r  t i d a l  v a r ia t io n s  :

-  d e t e r m in a t io n  o f  A' ba s e d  on t h e  me as ure d d a mping  o f  
t h e  r e s po ns e  o f  t h e  p ie zo m e t e r s  lo c a t e d  a t  x>P t o  one-  
a n o t h e r :

A^ = x l j / l n ( * 1 / * j )  (e q .  1 )

In  w h ic h : x . . i s  t h e  d is t a n c e  be twe e n t h e  p ie zo m e t e r s  
a na  * j  t h e  me as ure d p ie z o m e t r ic  le v e ls .

-  D e t e r m in a t io n  o f  A" by s o lv in g  t h e  e q u a t io n s  fo r  t id a l  
v a r ia t io n  In  t a b le  1 in  w hic h one  p u t s  t h e  v a lu e  o f  A' 
as  a s s e s s e d  In  t h e  f i r s t  s t e p  (e q . 1 ) .

The t i d a l  le a k a g e  fa c t o r s  fo r  o t h e r  fr e q u e n c ie s  o f  th e  
s in u s o id a l  v a r ia t io n  o f  t h e  w a te r  le v e l ,  c a n  be  d e r iv e d  
from t h e  me a s ure d o n e s , a s  f o r  a  g iv e n  g e o h y d r o lo g ic a l 
s i t u a t io n  t h e  fo llo w in g  is  v a l id :

V VA^ J o) = 0 = c o n s t a n t  A^ J  id = Q = c o n s t a n t  (e q . 2 )

The  t im e  d e pe nd e n t  le a k a g e  fa c t o r s  A^ a nd A” fo r  a  s t e p  
v a r ia t io n  o f  t h e  w a te r  le v e l ,  c a n n o t  be  me as ure d 
d i r e c t ly .  When t h e  t im e  t  in  t h e  fo r m u la s  f o r  A' and A ' '  
Is  s h o r t  compare d t o  t h e  hyd r od y na mic  p e r io d  o f  the  
a q u it a r d  a nd t h e  r iv e r  b o t to m  la y e r  (b e in g  e q u a l t o  
2d ' * d ' / c '  a nd 2d " * d " / c " ) ,  t h e  le a k a g e  fa c t o r s  f o r  s t e p  
v a r ia t io n s  a r e  r e la t e d  t o  t h e  t i d a l  le a k a g e  fa c t o r s  by :

* ;  ■ l i e ?  * " t = 17287  <«>■  3 )

In  o r d e r  t o  v e r ify  w he the r  u p l i f t  i s  l ik e l y  t o  o c c u r  
d u r in g  d e s ig n  w a te r  le v e l ,  th e  p o t e n t ia l  he a d s  g iv e n  by 
th e  e q u a t io n s  in  t a b le  I  mus t be  c o n v e r t e d  in t o  wa te r -  
p r e s s u r e s .  T a k ing  th e  r e fe r e n c e  p o t e n t ia l  he ad e q u a l t o  
ze r o  on the  p h r e a t ic  l in e ,  as  done  in  t a b le  I ,  t h e  
p o t e n t ia l  he ads  g iv e n  in  t h is  t a b le  ca n the n  d i r e c t ly  be  
c o n v e r t e d  in t o  p r e s s u r e s  by m u lt ip ly in g  b y  t h e  u n i t  
w e ig h t  o f  th e  po r e  w a te r .

Tabel I

Wa te r p r e s s u r e  v a r ia t io n  in  a q u if e r  as  a  fu n c t io n  o f  t im e  
and d is t a n c e .

W a t e r l e v e l

v a r i a t i o n

R e s p o r .s e  i n  a q u i f e r  a s  a  f u n c t i o n  o f  t i m e  a n d  p l a c e

S t a t i o n a r y o < x < p  - >  * ( x )  « ( • . - • p J # U - r ) * * p

X> P - >  ♦ ( X * )  = •  ‘ e x p i - X ’ / A ' )  w i t h  X ’ = X - P

i n  w h i c h  : * ,

1 ♦ ^TT̂ COt h {B/ A " )

x > p  - >  * ( x ; t )

i n  w h i c h  ♦ ,

s f w ’ t - X ' ^ t a n f S -  ) / A '  -  & ) * e x p ( - X ' / A ’ )

[ ( 1  -  h , 7 ‘

H ,*C 0 8 ( W * t ” T ) H ,*C 0 8 ( « , t - p )

1 1 1 . « , ] l / * p [ ( 1 . . . ] v '

1 * P / A ' J # s i n h ( 2 # B / A "  ) - s i n ( 2 # B # t a n ( « / 8 ) / A " J * t a n ( i i / 8 ) # P / A , w

®, * - - - - -- - - - - - - - -- - - - - - - - - - - - - -— ;- - - - - - - -- - rr
( c o s h ( 2 B / A "  ) - c o s ( 2 * B * t a n ( i i / 8 ) / A "  ) ) * ( ( l > P / A '  ) ♦ ( P * t a n ( n / 8 / A '  ) 1

( l - P / A • ) • ( s i n ( 2 B # t a n ( n / 8 ) / A "  ) ) ♦ s i n h ( 2 * B / A "  ) # P * t a n ( n / 8 ) / A '

( c o s h ( 2 * B / A "  J  - c o s ( 2 * B * t a n (  J ) / A "  J  ) *  ( ( l - P / A • J  *  ♦  ( P * t a n ( n / 8 ) / A '  J *  )

^ A ^ j . ( l * P / A " J # S Ì n h ( 2 # B / A " J * 8 Ì n ( 2 * B * t a n ( u / 8 ) / À " J * P * t a n ( l l / 8 ) / A " J  

À w ( c o 8 h ( 2 * B / A " w) - c o 8 ( 2 * B # t a n ( g - ) / A " w ) )

r I  A "  1 # ( P * t a n ( n / 8 ) / A "  ) * s i n h ( 2 * B / A "  ) - ( l * P / A "  ) * s i n ( 2 * B # t a n ( n / 8 ) / A "  
h  BV l _ Ü Ü  - - - - - - - - - - - - - - - - - - - - - - - “ - - - - - - - - - - - - - - - - - - - - - “ - - - - - - - - - - - - - - « - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ‘

( c o s h ( 2 * B / A " u ) - c o s ( 2 # B * t a n ( g ) / A " w ) ]

h ,

a t a n (7- - - - - )

Su d d e n  s u r g e 0 < X< P  - >  * ( X .  t |  -  ( ♦,  ( t > - » p ( t > ) * ( l ~ ) » * p  

X> P - >  * ( x ;  t ]  ■ ♦ p ( t ) * e x p ( - X , / A , t ) w i t h  X '  -  X - P  

__________ H______________  .  ______________H
i n  w h i c h :  ♦ .

P  P * A "  •  A "

- - - - ^ * c o t h ( B / À " t ) l . j r - S p ' c o t h l B / A - j )

k' t '  tp-D*'i >24'‘ t 1,COth|7(2*j'*t n ' , / ‘• t ) 1

S p e c i a l  c a s e s

1 .  N o  b o t t o n l a y e r  : A "  ■ 0 ,  A " ^  ■ 0  a n d  A " fc ■ 0

2 .  H o m o g e n e o u s a q u i t a r d :  P  « 0

3 -  V e r y  w i d e  r i v e r ,  s e a :  B *  i n f i n i t e

1714



24/4

2 . 2  Po r e  Ha t e r  Pr e s s u r e  d u r i n g  Upl i f t .

Wh e n  t he wa t e r p r e s s u r e  s ome wh e r e  i n t he s and  l ay e r  t ends  

t o b e c o me  g r e a t e r  t han  t he l oc a l  t ot a l  v e r t i c a l  s t r es s ,  

no  f u r t h e r  i nc r e a s e  o f  t he wa t e r p r e s s u r e  i s  pos s i b l e .  Th e  

f o r mu l as  g i v e n  i n  t ab l e  I  a r e  n o  l onge r  v a l i d  bec aus e  

wa t e r p r e s s u r e  r e d i s t r i b u t i o n  wi l l  oc c ur .  An  a p p r o x i ma t ed  

s o l u t i on  c an  be f ound  i n t he c as e  o f  s t a t i o n a r y  f l ow f or  

t he g e o - h y d r o l o g i c a l  c ond i t i ons  o f  f i g.  2.  Th e  l eng t h  L 

o f  t he u p l i f t e d  a r e a  i s  f ound  b y  s o l v i n g  t he f o l l owi ng  

i mp l i c i t  equat i on :

, 2D , f 1 , 
L = —  ac os h l - - - - - - - — - - - - - - - - - - =- - - - - - - - - - - - - - - - - - - - - - - - -  1

n 1 D*  .  . _ . . .  >
s i n(

A' ( H- *  ) L2D 
g

c os h( Ln/ 2D)  

( eq.  4)

i n whi c h:  L  = l eng t h  o f  t he up l i f t e d  a r ea  

D = t h i c k nes s  o f  t he aqu i f e r  

P = d i s t a n c e  b e t we e n  t he r i v e r  and t he 

b e g i n n i n g  o f  t he up l i f t  ar ea.

♦ g = po t e n t i a l  he a d  i n  u p l i f t  z one ° v / qw )

The  c o r r e s p o n d i n g  d i s t r i b u t i o n  o f  t he wa t e r  p r es s u r es  

d u r i n g  u p l i f t  i s  a p p r o x i ma t e l y  g i v en  by:

r, v */n\  H 2D a r c s i nh  a  ♦ A' n ♦
0  - > ♦ ( 0)  = _________________________ £

2D a r c s i nh  a  + A 1 n 

0 < x  < P - > *(x) = ( ♦ ( 0)  -  ♦ ) ( 1

( eq.  5)

e

P < x < P + L - >  * ( x )  = Mg )

x  > P + L - > ♦ ( x ) = ♦ ex p( x ' / A' )  t  x  = x'  + P ♦ L

sinh((P ♦ L) n/2D) 

cosh(Ln/2D)
I n whi c h:

The  b a s i c  as s ump t i o n  u n d e r l y i n g  t he abov e  men t i o n e d  

f o r mu l as  i s  t hat  t he f l ow at  t he e n d  o f  t he u p l i f t  a r ea  

i s  p u r e l y  hor i z on t a l ,  wh i c h  i s  o f  c ou r s e  no t  t r ue.  Th i s  

as s ump t i o n  l eads  t o an  o v e r e s t i ma t i o n  o f  L.  A f i r s t  

c o r r ec t i on  c an  be  ma d e  b y  r e p l a c i n g  P i n  eq.  4 by  

P+( 2Dl n2) / n .  A c o r r e c t e r  me t h o d  has  b e e n  p r o p o s e d  by  

Bar ends  ( 1988) .

Ex ac t  s o l u t i o n s  f or  t he t i me depe n d e n t  d e v e l opmen t  o f  t he 

up l i f t  a r e a  a r e  ha r d  t o f i nd  b e c aus e  o f  t he non - l i n e a r i t y  

i n t r oduc ed  at  t he  i n t e r f a c e  o f  t he l ay er s  d u r i n g  t he 

upl i f t .  An  ap p r o x i ma t e  s o l u t i on  c an be  f ound  h o we v e r  by  

r ep l a c i n g  A'  and  A"  by  A'  and  A"  i n  t he eq.  4 and 5.  I t  

c an be  s ho wn  t hat  t h i s  s o l u t i o n  I s  " ex ac t "  at  t he s t a r t  

o f  t he u p l i f t  and  t ha t  i t  t ends  t owar ds  t he s o l u t i on  f or  

s t a t i o n a r y  f l ow f or  l a r ge  v a l ues  o f  t .

3 DEFORMATI ONS AND STABI L I TY UNDER UPL I FT CONDI TI ONS.

3. 1 Th e  b a s i c  me c h a n i s m' s

The  s i g n i f i c a n c e  o f  u p l i f t  on  t he d e f o r ma t i on  and 

s t ab i l i t y  o f  f l ood  e mb a n k men t s  has  been  f i r s t  r epo r t ed  by  

Ma r s l a n d  ( 1961) ,  a n a l y z i n g  t he f a i l u r e  o f  t he e a s t e r n  

bank  o f  t he r i v e r  Da r en t  ( Thames  Val l ey ) .  I n  o r d e r  t o 

i n v e s t i ga t e  t he b e h a v i o u r  d u r i n g  upl i f t ,  Pa d f i e l d  e t  al  

( 1 983 ) p e r f o r me d  s er i es  o f  c en t r i f uge  t es t s ,  wh i c h  

de l i v e r ed  t he k e y  t o t he u n d e r s t a n d i n g  o f  t he bas i c  

mec hani s m.  Se v e r a l  a t t empt s  ha v e  been  ma d e  t o s i mu l a t e  

embank men t  b e h a v i o u r  u n d e r  up l i f t  c ond i t i ons  us i n g  

e l a s t o - p l a s t i c  FOI  a n a l y s i s  ( Ver meer  et  al ,  1984;

Baudui n ,  1985;  Te u n i s s e n  et  al ,  1 986 ) .  The s e  e x e r c i s es  

hav e  s h o wn  t hat  FEM ana l y s i s  i s  p r obab l y  t he mos t  

s u i t ab l e  ap p r o a c h  t o mode l  t he emban k me n t  beha v i o u r  

d u r i n g  u p l i f t  c ond i t i ons .

Fi gur e  4.  s hows  t he r es u l t s  o f  FEM ana l y s i s  f or  t he 

Wo l phe r e n s e  d i k e  i n t he Ne t he r l ands  ( Ver meer  e t  al ,

1984) .  I n d i c a t ed  a r e  t he c o n v e n t i ona l  f a i l u r e  me c han i s m 

( Bi shop)  and  t he u p l i f t  f a i l u r e  mec hani s m,  o f wh l c h  t he 

l a t t e r  p r o v e d  t o  be  t he mo s t  c r i t i c a l .

Fi g.  4a.  Pl a s t i c  z one  d u r i n g  f a i l u r e  o f  t he 

Wo l p h e r e n s e  Di k e  due  t o upl i f t .

l a *  —-

Fi g.  4b.  Co r r e s p o n d i n g  v e l o c i t y  f i e l d  and

i nd i c a t i o n  o f  mos t  c r i t i c a l  s l i p  c i r c l e

Th e  r es u l t s  o f  t he abov e  men t i o n e d  c en t r i f uge  t es t s  and 

f i n i t e  e l e me n t  c a l c u l a t i ons  p r ope r t i es  s u gges t  t he 

f o l l owi ng  b e h a v i o u r  f or  embank ment s ,  bu i l t  on  nor ma l l y  

c o n s o l i d a t e d  f ounda t i on  l ay er s  wi t h  l ow s t i f f nes s  

p a r ame t e r s  c omp a r e d  t o t hos e o f  t he embank men t ' s  

mat er i a l .

I n  n o r ma l  c i r c u ms t anc es  ( i . e.  no  u p l i f t  oc c ur s ) ,  t he 

c i r c u l a r  s l i p  s u r f ac e  i n  f i g.  5® I s  mor e  c r i t i c a l  t han 

t he e l o n g a t e d  s u r f a c e  i n  f i g.  5b.  Th e  pa r t  ABC o f  t he 

p o t e n t i a l  s l i d i n g  mas s  i s  ba l a n c e d  by  s he a r  s t r es s es  

a l o n g  AB and by  t he f or c e  I .

The  s he a r  r es i s t a n c e  a l o n g  t he i n t e r f ac e  b e t ween  t he 

Ho l o c e n e  l ay er s  and  t he Pl e i s t o c e n e  s and  s t r a t um 

r es t r i c t s  t he h o r i z on t a l  d i s p l ac emen t s  o f  t he s of t  

Ho l o c e n e  f ounda t i on  l ay er s  by  " p i nn i ng"  i t  on t o  t he s t i f f  

s and  s t r a t um.  Und e r  up l i f t  c ond i t i ons  howev er ,  t he s hear  

r es i s t a n c e  at  t he  I n t e r f ac e  be t ween  t he s o f t  Ho l oc ene  

l ay er s  and  t he s a n d  s t r a t um dr ops  t o zer o.  As  a r es ul t ,  

l a r ge  ho r i z o n t a l  s t r a i n  l eads  t o d i s p l ac emen t  o f  t he t oe 

o f  t he embank ment ,  b e c aus e  a new f o r c e  e q u i l i b r i um has  t o 

d e v e l o p  u n d e r  t h i s  n e w i n t e r f a c e  c ondi t i on:  Th e  f or c e  I  

i s  t o be  b a l a n c e d  by  neu t r a l  t o  p a s s i v e  f or c es  i n  t he 

a r e a  B' D'  ( 5b)  we l l  b e y ond  a r ea  BD ( 5a) .  Th e  up l i f t ed  

ma s h  wor k s  as  a c o mp r e s s e d  b e a m t r ans f e r r i ng  t he f or c e  I  

f r om t he a c t i v e  a r e a  t o t he r es i s t an t  a r e a  b e y ond  t he 

u p l i f t  zone.

Emb a n k me n t  f a i l u r e  d u r i n g  up l i f t  c an  be c aus ed  by  one of  

t he f o l l o wi n g  c ondi t i ons :

-  Th e  p a s s i v e  a r ea  B' D'  o r  t he up l i f t e d  pa r t  o f  t he mar s h  

c anno t  s u pp l y  t he p a s s i v e  r es i s t anc e  t o b a l anc e  I .

-  Th e  e l a s t i c  a n d / o r  p l a s t i c  de f o r ma t i ons  o f  t he pas s i v e  

a r e a  and  t he c ompr e s s e d  par t  o f  t he mar s h  ar e 

unac c ep t ab l e .

I n t hi s  l as t  c as e,  t he f a i l u r e  s ur f ac e  n e v e r  needs  t o r e-  

emer ge:  t he e mb a n k me n t  mob i l i z es  t he f ul l  s hea r  

r es i s t anc e  i n  t he ac t i v e  a r ea and s hows  unac c ep t ab l e  

d i s p l a c e me n t  at  t he c r es t .

A f ac t o r  o f  s a f e t y  aga i ns t  f a i l u r e  c an  be as s es s ed  

i n bo t h  u p l i f t  and  non - u p l i f t  c ond i t i ons  us i n g  

s t ab i l i t y  ana l y s i s .  Ho we v e r  t hi s  f ac t o r  o f  s a f e t y  a l one  

i s  n o t  s u f f i c i e n t  t o  j udge  wh e t h e r  t he e mbank men t  i s  

c apab l e  t o f u l f i l l  i t s  f unc t i on  und e r  des i gn  c ondi t i ons ,  

s i nc e  d i s p l a c e me n t s  a r e  no t  t ak en  i n t o  ac c ount .
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F i gu r e  5-  Fa i l u r e  me c h a n i s ms  wi t h  and  wi t h o u t  up l i f t

3 . 2  Th e  s i mp l i f i e d  Mo d e l , a n  Ad a p t e d  Sl i p  Su r f a c e  Me t h o d  

( ASSM) .

Th e  abov e  s t ud i es  ha v e  e mer ged  i n a s i mpl e,  Bi s hop /  

Sp e n c e r  o r i e n t e d  Ad a p t e d  Sl i p  Su r f a c e  Me t h o d  ( ASSM) ,  

wh i c h  p r ov i des  an i nex pens i v e  and l es s  t i me c ons umi ng  

a l t e r n a t i v e  f or  FEM anal y s i s .  I t  mu s t  be empha s i z e d  t hat  

i t s  v e r i f i c a t i o n  i s  s t i l l  l i mi t ed.  Howev er ,  up  t o n o w t he 

me t h o d  s eems  t o r ep r oduc e  ans wer s ,  c ompa r a b l e  wi t h  t hos e 

o f  FEM ana l y s i s  ( v an Baal en,  1 988 ) .

3 . 2. 1 St a b i l i t y  a na l y s i s  u n de r  u p l i f t  c ond i t i ons

Th e  p r i n c i p a l  adap t i ons  ar e  t hat  t wo unde r l y i n g  

a s s umpt i ons  o f  t he c o n v e n t i ona l  s l i p  s u r f ac e  ana l y s i s  ar e  

abandoned:  t he s ha p e  o f  t he s l i p  s ur f ac e  as  we l l  as  t he 

deg r e e  o f  mo b i l i z a t i o n  o f  av a i l a b l e  s he a r  s t r e n g t h  i n  t he 

ac t i v e  and t he p a s s i v e  a r ea  a r e  no  l o nger  d i r ec t l y  

r el at ed.

I n c o n v e n t i ona l  s l i p  s u r f ac e  ana l y s i s  t hi s  d e g r ee  of  

mob i l i z a t i o n  i s  a s s umed  t o be  c on s t a n t  a l o n g  t he s l i p  

s ur f ac e.  I n gene r a l  howev er ,  t he ac t i v e  a r e a  has  a 

r e l a t i v e l y  h i g h  d e g r e e  o f  mob i l i z a t i o n  und e r  al l  

c i r c ums t anc es :  t he p a s s i v e  a r ea  gene r a l l y  f a i l s  l as t .  I n 

c ons equenc e ,  wi t h  s l i p  s u r f ac e  ana l y s i s  and  r e l a t i v e l y  

h i gh  o v e r a l l  s t a b i l i t y  f ac t or s ,  t he  i n t e r  s l i c e  f or c es  

a r e  no t  c a l c u l a t e d  pr oper l y :  t hey  ar e  ov e r e s t i ma t e d  

b e c a u s e  t he mo b i l i z e d  s he a r  s t r eng t h  i n t he ac t i v e  a r ea  

i s  under es t i ma t ed .  I n ASSM a  f i r s t  a d ap t i on  i s  ma d e  by  

as s u mi n g  a  r e l a t i v e l y  h i gh  d e g r e e  o f  mob i l i z a t i o n  i n  t he 

ac t i v e  ar ea.

Sev e r a l  p o t en t i a l  s l i p  s u r f ac es  ar e  a na l y s ed  t o f i nd t he 

mi n i mu m s a f e t y  f ac t or .  Th e  f ac t o r  o f  s a f e t y  i n  ASSM i s 

d e f i n e d  as  t he mi n i mu m r a t i o  o f  t he mi n i mum c l o s i n g  f or c e 

i n  t he p a s s i v e  a r e a  o v e r  t he ma x i mum c l o s i n g  f o r c e  o f  t he 

ac t i v e  a r e a  i n  s ev e r a l  v e t i c a l s  ( see f i g.  5b) .  The  

au t hor s  p r o p o s e  t hat ,  un t i l  mo r e  ex pe r i e n c e  i s  gat her ed,  

t he s a f e t y  f ac t o r  ( n)  s hou l d  equa l  a  mi n i mu m o f  1- 3-  Th i s  

i s  i n  ac c o r d a n c e  wi t h  t he r equ i r emen t s  f or  t he 

c onv en t i ona l  Bi s h o p  ana l y s i s  us ed  f or  embank men t s  i n  t he 

l o wer  Me u s e - Rh l n e  del t a.

I n t he Sp e n c e r  anal y s i s ,  a  r e f i nemen t  c an  be  ma d e  by  

i t e r a t i n g  f or  t he  s l o p e  o f  t he i n t e r  s l i c e  f or c es  t hat  

y i e l ds  t he ma x i mu m i n t e r  s l i c e  f or ce.

3 . 2 . 2  De f o r ma t i ons  d u r i n g  upl i f t .

I f  abov e  c a l c u l a t e d  f ac t o r  o f  s a f e t y  ( n)  i s  ac c ept ab l e ,  

l os s  o f  f unc t i on  o f  t he emban k me n t  s t i l l  may  o c c u r  due  t o 

u nac c e p t a b l e  c o mp r e s s i o n  o f  t he mar s h.
Un d e r  u p l i f t  c ond i t i ons ,  t he s he a r  r es i s t a n c e  i n  t he 

s and / p e a t  i n t e r f ac e  i s  r educ ed.  Th i s  means  a  s h i f t  i n 

bou n d a r y  c ond i t i ons .  I f  t he mob i l i z a t i o n  o f  t he s hea r  

r es i s t anc e  i n  t he a c t i v e  a r ea  i s  c ompl et e,  up l i f t  wi l l  

ha v e  l i t t l e  o r  n o  d i r e c t  e f f e c t  on  t he i n t e r  s l i c e  f or c es  

i n  t he e mb a n k me n t  i t s e l f .  Howev er ,  und e r  t he be r m and

more  be y ond , h o r iz o n t a l  p r e s s u r e s  w i l l  in c r e a s e ,  due  t o  
t h e  lo s s  o f  s h e a r  s t r e n g t h  in  t h e  in t e r f a c e  s u r fa c e .  With  
t h e  d e t e r m in a t io n  o f  t h e  w a te r  he ad  a s  d e s c r ib e d ,  the  
s h e a r  r e s is t a n c e  in  t h e  in t e r f a c e  c a n  be  c a lc u la t e d  and 
he nc e  t h e  in c r e a s e  o f  t h e  in t e r s l ic e  fo r c e s .  T a k ing  th e  
s t i f f n e s s  o f  t h e  be rm a nd t h e  p e a t  u n d e r  and be yond i t  
in t o  a c c o u n t ,  h o r iz o n t a l  y ie ld in g  and a c c u m ila t e d  
d is p la c e m e n t s  c a n  be  a pp r o x im a te d  by t a lc in g  t h is  a r e a  a s  
h o r iz o n t a l ,  c o m p r e s s ib le ,  p a r t ly  f lo a t in g  beam (e q . 6 )

AL = I{ ( l - v ' ) . L 1 .AFh i / ( d . E u l )} (e q . 6 )

in  w h ic h :  AL -  t o t a l  c o m pr e s s io n  o f  t h e  p a s s iv e  a r e a  
AF^ in c r e m e n t  o f  t h e  h o r .  fo r c e  in  s l ic e  i .  
L^ ’ = le n g t h  o f  s l ic e  i .  
d = t h ic k n e s s  o f  t h e  a q u it a r d .
Eu ^ = Yo u n g ' s  mod ulus  (u n d r a in e d )  f o r  s l ic e  i .

The a c c u r a c y  o f  t h e  c a lc u la t e d  c o m pr e s s io n  o f  t h e  mars h 
i s  e s p e c ia lly  d e pe n d e n t  on t h e  e s t im a t io n  o f  t h e  
Inc r e m e n t  o f  t h e  h o r iz o n t a l  fo r c e .  F o r  t h e  d e t e r m in a t io n  
o f  t h is  in c r e m e n t  i t  Is  im p o r t a n t  t o  t a k e  t h e  p r e v io u s  
s t r e s s  h is t o r y  in t o  a c c o u n t . Due t o  e a r l i e r  u p l i f t  
c o n d it io n s  and a ls o  due  t o  t h e  c o n s t r u c t io n  o f  t h e  
e mbankme nt, t h e  mar s h m ig h t  have  be e n e x pos e d t o  h ig h  
h o r iz o n t a l  fo r c e s .  Du r in g  c o n s t r u c t io n  t h e  a c t iv e  a r e a  
un d e r  t h e  e mbankme nt i s  e x pos e d t o  h ig h  e x ce s s  po r e  
p r e s s u r e s ,  th r o u g hw hic h  le s s  s h e a r  r e s is t a n c e  c a n  be  
m o b iliz e d  a nd a s  a  r e s u l t  t h e  mar s h i s  t e m p o r a r ily  
e x pos e d t o  h ig h e r  h o r iz o n t a l  fo r c e s .  Hence  f o r  a  c o r r e c t  
e s t im a t io n  o f  t h e  c o m pr e s s io n  o f  t h e  mar s h due  t o  u p l i f t  
d u r in g  a  d e s ig n  s t o r m , a  h o r iz o n t a l  p r e - c o n s o lid a t io n  
fo r c e  ne e d s  t o  be  d e t e r m in e d .
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