
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Arching in the Foundations of a Large Dam

E f f e t  d e  V o û t e d a n s l a Fo n d at i o n  d ' u n  G r an d  B a r r a g e

2/ 53

G.LEFEBVRE Université de Sherbrooke,

O .D A S C A L Hydro-Quëbec,

G .S T -A R N A U D  Formerly Université de Sherbrooke, Québec, Canada

S Y N O P S I S  T h e  M a n i c o u a g a n  3  d a m ,  l o c a t e d  i n  n o r t h e r  Q u e b e c ,  C a n a d a ,  i s  a  z o n e  e a r t h  d a m  1 1 0  m  h i g h  f o u n d e d  o n  a  

s e d i m e n t  f i l l e d  c a n y o n  1 2 5  m  d e e p .  S e e p a g e  i n  t h e  f o u n d a t i o n  i s  c o n t r o l l e d  b y  a  p o s i t i v e  c u t - o f f  c o n s i s t i n g  o f  

i n t e r l o c k i n g  c a s t - i n - p l a c e  c o n c r e t e  p i l e s  a n d  p a n e l s .  A  f i n i t e  e l e m e n t  s t u d y  h a s  s h o w  t h a t  t h e  w e i g h  o f  t h e  d a m  

w a s  t r a n s m i t t e d  b y  a r c h i n g  i n  t h e  f o u n d a t i o n  s o i l  t o  t h e  w a l l s  o f  t h e  s t e e p  c a n y o n .  E l e c t r i c a l  e x t e n s o m e t e r s  i n  

t h e  c u t - o f f  w a l l  a n d  b e d r o c k  s e t t l e m e n t  p o i n t s  i n d i c a t e  t h a t  a  s i g n i f i c a n t  c r o s s - v a l l e y  a r c h i n g  h a s  d e v e l o p e d  

d u r i n g  c o n s t r u c t i o n  i n  t h e  c u t - o f f  w a l l  a n d  i n  t h e  f o u n d a t i o n  s o i l .  P r a c t i c a l  i m p l i c a t i o n s  o f  a r c h i n g  e f f e c t  o n  

t h e  c u t - o f f  w a l l  a r e  d i s c u s s e d .

I  I N T R O D U C T I O N

T w o  d i m e n s i o n a l  p l a n e  s t r a i n  a n a l y s e s  p r o v i d e  a n  a c ­

c u r a t e  e s t i m a t e  o f  d e f o r m a t i o n s  a n d  s t r e s s e s  i n  c e n ­

t r a l l y  l o c a t e d  t r a n s v e r s e  s e c t i o n s  o f  a  l o n g  d a m .  

H o w e v e r  t h e  t r a n s v e r s e  s e c t i o n s  n e a r  t h e  c e n t e r  o f  a  

d a m  i n  a  s t e e p - w a l l e d  v a l l e y  c a n n o t  b e  c o n s i d e r e d  i n  

p l a n e  s t r a i n  b e c a u s e  o f  t h e  e f f e c t  o f  c r o s s - v a l l e y  

a r c h i n g .  L e f e b v r e ,  D u n c a n  a n d  W i l s o n  ( 1 9 7 3 )  b y  c o m ­

p a r i n g  r e s u l t s  o f  t w o  d i m e n s i o n a l  p l a n e  s t r a i n  a n a l y ­

s e s  o f  t h e  t r a n s v e r s e  s e c t i o n  w i t h  t h o s e  o f  t h r e e  d i ­

m e n s i o n a l  a n a l y s e s  h a v e  s h o w n  t h a t  c r o s s - v a l l e y  a r ­

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

s t r e s s  c o n d i t i o n  f o r  s t e e p - w a l l e d  v a l l e y s .

T h e  m a i n  d a m  o f  t h e  M a n i c o u a g a n  3  H y d r o  E l e c t r i c  

P r o j e c t  w a s  c o m m i s i o n e d  i n  n o r t h e r n  Q u e b e c  a t  t h e  e n d  

o f  1 9 7 5 .  T h e  e m b a n k m e n t  w a s  b u i l t  a b o v e  a  c o m p r e s s ­

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

T h e  p u r p o s e  o f  t h i s  p a p e r  i s  t o  p r e s e n t  r e s u l t s  o f  a  

f i n i t e  e l e m e n t  s t u d y  a n d  i n t e r p r e t a t i o n s  o f  i n s t r u ­

m e n t a t i o n  d a t a  d u r i n g  a n d  a f t e r  t h e  c o n s t r u c t i o n  o f  

t h e  d a m  w h i c h  i n d i c a t e  a  s i g n i f i c a n t  a r c h i n g  e f f e c t  

i n  t h e  f o u n d a t i o n .

I I  D E S C R I P T I O N  O F  D A M  A N D  S I T E

T h e  M a n i c o u a g a n  3  H y d r o  P o w e r  D e v e l o p m e n t  P r o j e c t  i s  

l o c a t e d  o n  t h e  M a n i c o u a g a n  r i v e r  s o m e  8 8  k m  n o r t h  o f  

i t s  c o n f l u e n c e  w i t h  t h e  S a i n t  L a w r e n c e  r i v e r  a n d  a t  

a b o u t  5 6 0  t a n  n o r t h  e a s t  o f  M o n t r e a l ,  Q u e b e c .  A t  t h e  

s i t e  o f  t h e  m a i n  e m b a n k m e n t ,  1 0 7  m  h i g h ,  t h e  r i v e r  

v a l l e y  n a r r o w s  c o n s i d e r a b l y  a n d  b o t h  b a n k s  r i s e  

s t e e p l y  a b o v e  i t s  f l o o r  w h i c h  i s  u n d e r l a i n  b y  a  1 2 5  m  

d e e p  a l l u v i a l  c a n y o n .

T h e  g e n e r a l  a s p e c t  o f  t h e  v a l l e y  a t  t h e  s i t e  i s  s h o w n  

o n  f i g .  1 .  T h e  p l e i s t o c e n e  g l a c i a t i o n s  h a v e  m o l d e d  

t h e  v a l l e y  i n t o  a  c h a r a c t e r i s t i c  U  s h a p e  w i t h  a  d e e p  

V  g o r g e  e x t e n d i n g  a p p r o x i m a t e l y  f r o m  E l .  5 7  m  t o  E l .

-  1 6  m .  T h e  r o c k  s l o p e s  o f  t h e  g o r g e  a v e r a g e  6 5 °  

w h i l e  a b o v e  t h e  g o r g e  u p  t o  t h e  c r e s t  o f  t h e  d a m ,  

r o c k  s l o p e s  a v e r a g e  5 5 °  o n  t h e  r i g h t  b a n k  a n d  4 0 °  o n  

t h e  l e f t  b a n k .

T h e  b e d r o c k  i s  a  c o a r s e  g r a i n e d  a n o r t h o s i t e  o f  p r e -  

c a m b r i a n  a g e  w i t h  v e r y  l i t t l e  w e a t h e r i n g  a t  t h e  s u r ­

f a c e .  S e d i m e n t s  i n  t h e  v a l l e y  v a r y  f r o m  f i n e  s i l t y  

s a n d s  t o  b o u l d e r s  r a r e l y  e x c e e d i n g  1  m e t e r  i n  d i a m e ­

t e r .  G e n e r a l l y ,  t h e  b o u l d e r s  a r e  l o c a t e d  i n  t h e

g o r g e  a n d  n e a r  b e d r o c k  w i t h  t h e  s a n d s  a n d  g r a v e l s  i n  

t h e  c e n t e r  o f  t h e  v a l l e y .  E x t e n s i v e  z o n e s  o f  f i n e  

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

t h e  r i v e r b e d .  O n  t h e  b a s i s  o f  p u n c t u a l  t e s t s  i n  b o ­

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

m a t e d  b e t w e e n  1 x 1 0 “ ^  a n d  1 x 1 0 " !  c m / s e c .

T h e  c r o s s  s e c t i o n  o f  t h e  d a m  i s  p r e s e n t e d  o n  f i g .  1 .  

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

t e c t e d  b y  a  l a r g e  t r a n s i t i o n  z o n e s .  T h e  s h o u l d e r s  o f  

t h e  d a m  a r e  s a n d  a n d  g r a v e l  a n d  s l o p e d  a t  a b o u t  3 : 1 .  

T h e  c u t - o f f  w a l l  w i t h  a  m a x i m u m  d e p t h  o f  1 2 5  m  c o n ­

s i s t s  o f  t w o  d i a p h r a g m s ,  3  m  a p a r t  a n d  b u i l t  o f  i n t e r ­

l o c k i n g  c a s t - i n - p l a c e  c o n c r e t e  p i l e s  0 . 6  m  i n  d i a m e ­

t e r .  O n  e a c h  s i d e  o f  t h e  v a l l e y  w h e r e  t h e  a l l u v i o n s  

b e c o m e  g r a d u a l l y  t h i n n e r ,  t h e  p i l e s  a r e  r e p l a c e d  b y  

c a s t - i n - p l a c e  c o n c r e t e  p a n e l s .  D e t a i l e d  i n f o r m a t i o n  

o n  t h e  d e s i g n  a n d  t h e  s i t e  c o n d i t i o n s  h a v e  b e e n  p r e ­

s e n t e d  b y  D r e v i l l e  a n d  a l  ( 1 9 7 0 ) .

I l l  F I N I T E  E L E M E N T  A N A L Y S E S

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

t h e  c o n s t r u c t i o n  o f  t h e  e m b a n k m e n t  u s i n g  f i n i t e  e l e ­

m e n t  p r o c e d u r e s  f o r  a n a l y s i s  o f  e m b a n k m e n t  d e v e l o p e d  

b y  K u l h a w y ,  D u n c a n  a n d  S e e d  ( 1 9 6 9 ) .  T h e  a n a l y s e s  s i ­

m u l a t e d  t h e  b u i l t  u p  o f  t h e  e m b a n k m e n t  i n  l a y e r  a n d  

e m p l o y e d  n o n - l i n e a r ,  s t r e s s - d e p e n d e n t ,  s t r e s s - s t r a i n  

r e l a t i o n s h i p s  f o r  t h e  t a n g e n t  m o d u l u s  a n d  t h e  t a n g e n t  

P o i s s o n ' s  r a t i o  o f  t h e  e m b a n k m e n t  s o i l s .

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

s i o n a l  f i n i t e  e l e m e n t  a n a l y s e s ,  f o r  a  d a m  w i t h  2 . 5 : 1  

s l o p e s ,  L e f e b v r e ,  D u n c a n  a n d  W i l s o n  ( 1 9 7 3 )  h a v e  s h o w n  

t h a t  t w o  d i m e n s i o n a l  p l a n e  s t r a i n  a n a l y s e s  o f  C h e  

m a x i m u m  l o n g i t u d i n a l  s e c t i o n  c a n  g i v e  f a i r l y  a c c u r a t e  

r e p r e s e n t a t i o n  o f  s t r e s s  a n d  s t r a i n  i n  t h a t  s e c t i o n .  

P l a n e  s t r a i n  a n a l y s e s  o f  t h e  m a x i m u m  l o n g i t u d i n a l  

s e c t i o n  o f  M a n i c o u a g a n  3  e m b a n k m e n t  s h o u l d  t h e n  g i v e s  

e v e n  m o r e  a c c u r a t e  r e s u l t s  d u e  t o  t h e  s m a l l e r  a v e r a g e  

s l o p e  o f  t h e  e m b a n k m e n t  ( 3 : 1 ) .

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

a r e  p r e s e n t e d  o n  T a b l e  1  a n d  h a v e  b e e n  d e r i v e d  f r o m  

f i e l d  a n d  l a b o r a t o r y  t e s t s  a n d  f r o m  d a t a  p r e s e n t e d  

b y  K u l h a w y ,  D u n c a n  a n d  S e e d  ( 1 9 6 9 ) .
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i--1--1

F ig .  1 G enera l a spec ts  o f Che v a l le y  

and c ro ss  s e c tio n  o f  Che dam

F IN IT E  ELEMENT RESULTST a b le  1

Foundation Foundation Dam

sand g ra v e l M a te r ia l

E f fe c t iv e  d e n s ity 1003 1243 2242

Y1 (kg/m 3)

Cohesion c ' 0 0 0
F r ic t io n  a n g le  4> 37° 4 0 ° 3 4 °

Modulus number K 350 715 525

Modulus exponent n 0 .6 5 .5 .5

P o is s o n 's  r a t io  

param eters

G .47 .5 0 .38

F .21 .27 .12
d 2.1 7 .2 5 .3

The d i f f e r e n t  param eters  r e la te d  to  th e  modulus o r  th e  

P o is s o n 's  r a t io  a re  w e l l  d e s c rib e d  in  Kulhaw y, Duncan 

and Seed (1 9 69 ) o r  Duncan and Chang (1 9 7 0 ).

I n  o rd e r to  s im u la te  th e  zone o f  lo o s e  sand id e n t i f i e d  

i n  th e  upper p a r t  o f  th e  fo u n d a tio n , two zones were  

c onsidered  in  th e  fo u n d a tio n , a zone o f  dense g ra v e l 

in  th e  low er p a r t  and a zone o f  lo o s e  sand w ith  a 

low er modulus fo r  th e  upper 37 m e te rs . The p ro p e r t ie s  

o f  th e  co re  w ere assumed th roug hout th e  embankment in  

th e  an a ly se s  o f  th e  lo n g itu d in a l  s e c t io n . T h is  ch o ice  

is  o f  l i t t l e  consequence because th e  t i l l  o f  th e  core  

has d e fo rm a tio n  p r o p e r t ie s  v e ry  s im i la r  to  th e  g ra v e l 

o f the  t r a n s it io n s  and s h o u ld e rs . Due to  th e  v e ry  

h ig h  modulus o f  th e  ro c k , th e  nodal p o in ts  on the  

contour o f  th e  v a l le y  were assumed f ix e d .  The i n i t i a l  

s tre s s e s  in  th e  fo u n d a tio n  w ere made e q u a l to  th e  

overburden  p re s s u re .

Contours o f  m ajor and m inor p r in c ip a l  s tre s s e s  a t  th< 

end o f  c o n s tru c t io n  a re  shown on f i g .  2 . Some a r ­

ch in g  o r  beam e f f e c t  a re  r e a d i ly  observed on th e  03 
c o n to u rs . Because v e r t i c a l  d isp la c em e n t i s  la r g e r  

in  th e  c e n te r  o f  th e  s e c t io n , zones o f  low  c o n fin in g  

p ressure  deve lop  c lo s e  to  th e  ro c k  abu tm ent. The 

phenomenon appears  le s s  s ig n if ic a n t  a t  Che to p  o f  th  

dam because th e  f i l l  was added la y e r  by la y e r .  A r­

c h in g  in  th e  fo u n d a tio n  i s  e v id e n t in  th e  â  contour 

th e  m ajor p r in c ip a l  s tre s s e s  in c re a s e  in  th e  dam fro: 

top to  botCom b u t decreases  w ith  d ep th  in  th e  founda 

t io n .

A rch ing  in  th e  fo u n d a tio n  i s  v e ry  e v id e n t when th e  

v e r t i c a l  s tre s s  a t  th e  c e n te r  o f  th e  s e c t io n  c a lc u la  

ted a t  th e  end o f  c o n s tru c t io n  by th e  f i n i t e  e lem ent 

method is  compared to  th e  overburden  p re s s u re .

F ig u re  3 compares th e  i n i t i a l  s tre s s e s  in  th e  founda  

t io n  w ith  overburden  s tre s s e s  a t  end o f  c o n s tru c t io n  

and w ith  s tre s s e s  c a lc u la te d  by f i n i t e  e le m e n t. The 

v e r t i c a l  s tre s s e s  in c re a s e  due to  th e  w eig h t o f  th e  

dam i s  about e q u a l to  th e  overburden ac th e  founda­

t io n  s u r fa c e  b u t decrease r a p id ly  w ith  d ep th  in  the  

fo u n d a tio n . I n  th e  deepest s t r a t a  o f  th e  foun datio r. 

c lo s e  to  th e  bottom  o f th e  canyon, th e  in f lu e n c e  o f 

the  w e ig h t o f  th e  dam is  seen to  be n e g lig e a b le .  Tb 

w eigh t o f  th e  dam is  tra n s m it te d  by a rc h in g  on each 

s id e  o f  th e  canyon.
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F ig . 2 Contours o f  m a jo r and m inor p r in c ip a l  

s tre s s e s  a t  th e  end o f  c o n s tru c t io n  

c a lc u la te d  by th e  f i n i t e  e lem ent method

F ig .  3 Comparison o f  overburden  s tre s s e s  w ith  

v e r t i c a l  s tre s s e s  c a lc u la te d  by f i n i t e  

elem ent a t  th e  end o f  c o n s tru c t io n

W ith  th e  s o i l  param eters  assumed in  th e  a n a ly s is ,  the  

maximum s e ttle m e n t a t  th e  s u r fa c e  o f  th e  fo u n d a tio n  

was around 1 .1  m. Two o th e r  an a ly se s  w ere run  to  

check i f  v a r ia t io n  o f  th e  c o m p r e s s ib i l i ty  o f  the  

fo u n d a tio n  would have a g re a t  in f lu e n c e  on th e  r e ­

s u l t s .  An a n a ly s is  w ith  a more com pressib le  foun ­

d a tio n  was perform ed us in g  th e  param eters  assumed 

fo r  th e  sand in  a l l  th e  fo u n d a tio n  s o i ls ;  a s e t t l e ­

ment o f  1 .4  m was o b ta in e d . A more r i g i d  fo u n d a tio n  

was s im u la te d  by assuming th a t  th e  w hole fo u n d a tio n  

had the  p ro p e r t ie s  o f  th e  g r a v e l;  a maximum s e t t l e ­

ment o f  0 .8  m was thus c a lc u la te d .  The v e r t i c a l  

s tre s s e s  c a lc u la te d  in  these  a n alyses  a re  compared 

on f i g .  3 and a re  seen to  be v e ry  s im i la r  to  those  

o bta in e d  in  th e  f i r s t  a n a ly s is  w hich assumed 2 
la y e rs  in  th e  fo u n d a tio n . Because th e  ro c k  is  assu­

med in co m p re s s ib le  when compared to  th e  s o i l ,  a  sm all 

d if fe r e n c e  in  th e  c o m p r e s s ib i l i ty  o f  th e  fo u n d a tio n  

does n o t change much th e  a rc h in g  w hich  develops in  

th e  fo u n d a tio n  s o i l .

IV  EVIDENCE OF ARCHING FROM THE INSTRUMENTATION DATA

The developm ent o f  th e  a rc h in g  phenomenon in  the  

fo u n d a tio n  s o i l  has been confirm ed by th e  r e s u lts  o f  

th e  in s tru m e n ta t io n  in s t a l le d  in  th e  c u t - o f f  w a l ls .

INSTRUMENTATION LAYOUT

Due to  th e  unusual problem  caused by th e  deep perme­

a b le  fo u n d a tio n , an e x te n s iv e  a r ra y  o f  in s tru m en ta ­

t io n  was in s t a l le d  a t  th e  Manicouagan 3 m ain embank­

m ent. O nly th e  in s tru m e n ta t io n  from  w hich th e  a r ­

c h in g  phenomena can be a p p re c ia te d , w i l l  be b r i e f ly  

d e s c rib e d . E le c t r ic a l  extensom eters  have a llo w e d  

th e  measurement o f  s t r a in  a lo n g  th e  w hole le n g th  o f  

some p i le s  and have g iv e n  an id e a  o f  th e  s tre s s e s  

e x is t in g  in  th e  fo u n d a tio n  s o i l .  S e ttle m e n t p o in ts  

s e t in  th e  bedrock below th e  c o n c re te  c u t - o f f  w a l l  

have p e rm itte d  re ad in g  o f  th e  bedrock com pression  

d u rin g  c o n s tru c t io n  and prov id ed  in d ic a t io n  o f  th e  

s tre s s e s  t ra n s m it te d  to  th e  bedrock by the  founda­

t io n  s o i l .  The re ad in g s  from th e s e  in s tru m en ts  were  

recorded  in  an in s p e c tio n  tu n n e l s i t t i n g  on the  

doub le  c u t - o f f  w a l l .

ELECTRICAL EXTENSOMETERS

The C a rlso n  typ e  e xten s o m eters , o f  1 .5  and 3 .0  m 

le n g th , w ere assembled in  ch a in s  (up to  68 u n i ts )  to  

cover th e  le n g th  o f  th e  p i l e  in  w hich  they  were  

i n s t a l le d .  Ten p i le s  were in s tru m en ted  w ith  e le c ­

t r i c a l  e x ten so m eters ; o n ly  2 r e p r e s e n ta t iv e  s e ts  o f  

r e s u lts  w i l l  however be d iscussed in  th is  paper.

BEDROCK SETTLEMENT POINTS

The bedrock s e ttle m e n t p o in ts  c o n s is t o f  a 2 .5  cm 

d iam e te r m e ta l rod in s t a l le d  in  a 10 cm d iam e te r  

s te e l  cas in g  and anchored in  th e  rock  fo r  a t  le a s t  

3 m .  A d i a l  gauge placed  on th e  to p  o f  th e  rod in  a 

recess  o f  th e  tu n n e l 's  l in in g  a llo w s  th e  measurement 

o f th e  p i l e  com pression. P re c is e  le v e lin g  on th e  top  

o f th e  rods in  th e  tu n n e l a llo w  an e v a lu a t io n  o f  th e  

bedrock s e t t le m e n t.  Some o f  th e  in strum ented  p i le s  

a re  shown on f i g .  4 .
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1111 I I I I I I  E L E C T R IC A L  E X T E N S O M E T E R S  

............  B E D R O C K  N E T T L E M E N T  P O IN T S

F ig .  k L o c a tio n  o f  in s tru m e n ta t io n  p i le s  

INTERPRETATION OF THE INSTRUMENTATION RECORDS 

E le c t r ic  extensom eters

The la r g e  d i f fe r e n c e  in  c o m p r e s s ib i l i ty  between th e  

fo u n d a tio n  s o i l  and th e  c o n c re te  c u t - o f f  w a l l  has in ­

duced load  c o n c e n tra tio n s  on the  w a l ls ,  r e s u lt in g  in  

h ig h  com pressive s tre s s e s  o r  h igh  com pression s t r a in s  

i n  the  p i le s  and pa n els  o f  th e  w a l ls .  The v a lu e s  o f 

th e s e  s tre s s e s  o r s t r a in s  a re  fu n c tio n  o f  th e  w a l l -  

s o i l  movement, th e  w a l l - s o i l  f r i c t i o n  and th e  norm al 

p ressure  a c t in g  on th e  w a l ls .

A f a i r l y  good id ea  o f  th e  com pressive s t r a in  p a tte rn  

in  th e  w a ll  and consequently  o f th e  w a l l - s o i l  r e la t iv e  

movement i s  g iv e n  by th e  extensom eters  in s t a l le d  in  

the  w a l ls .  The s t r a in  versus  depth  a re  p re se n te d  fo r  

v a r io u s  s tages  o f  c o n s tru c t io n  on f ig u r e  5 f o r  a  p i l e ,  

128 m. lo n g , lo c a te d  a t  th e  c e n te r  o f  th e  v a l l e y .  On 

f ig u r e  6, th e  s t r a in  and th e  c u m u la tiv e  d e fo rm a tio n  

a t  th e  end o f  c o n s tru c t io n  a re  p resen ted  vers u s  depth  

fo r  a  p i l e  55 m long and s i t t i n g  on th e  r ig h t  s id e  o f  

th e  v a l le y  above th e  deep V shape canyon. For th e  

long p i l e  lo c a te d  in  th e  c e n te r  o f  th e  v a l le y  ( f i g .  5), 

th e  s t r a in  in  the  e a r ly  s tages  o f  c o n s tru c t io n  is  

f a i r l y  c o n s ta n t through d e p th . As th e  embankment p ro ­

g ressed , th e  s t r a in  d is t r ib u t io n  changed g ra d u a lly ;  

a t  th e  end o f  c o n s tru c t io n  th e  com pression s t r a in  in ­

c rea se s  from  z e ro  a t  th e  to p  o f  th e  p i l e  to  a maximum 

lo c a te d  a t  about m id -d e p th  and then  decreases gradu­

a l l y  to  ze ro  a t  th e  t i p  o f  th e  p i l e .

In  th e  upper p o r t io n  o f  th e  fo u n d a tio n , th e  s o i l  com­

presses more than th e  c o n c re te  p i l e  and induces a d d i­

t io n a l  s tre s s e s  in  th e  p i l e  by n e g a t iv e  s k in  f r i c t i o n .  

In  the  low er h a lf  o f  the  p i l e ,  the  g ra d u a l decrease of 

th e  a x i a l  s tre s s e s  is  e x p la in e d  by two fa c to r s .

W h ile  i t  has n o t been s tu d ie d  by f i n i t e  e le m e n t, i t  i s  

b e lie v e d  th a t  some c r o s s -v a l le y  a rc h in g  has developed  

in  th e  c u t - o f f  w a l l  and has re s u lte d  in  a s tre s s  

t r a n s fe r  from  th e  c e n te r  o f  th e  c u t - o f f  w a l l  to  th e  

s id e s  o f  th e  v a l le y .  In  a d d it io n  to  t h a t ,  v e ry  l i t ­

t l e  o r  no a d d it io n a l  s tre s s e s  w ere tra n s m it te d  to  th e  

p i l e  by n e g a tiv e  s k in  f r i c t i o n  in  th a t  re g io n  due to  

a r e la t i v e l y  sm all com pression o f  th e  s o i l  and to  the  

s m a ll norm al s tre s s  on the  c u t - o f f  w a l l .  I n  th e  la s t  

80 f e e t  o f  th e  p i l e  where th e  s tre s s  decreases ra p id ­

l y ,  i t  is  a ls o  v e ry  p o s s ib le  th a t  th e  c o n c re te  p i le  

compressed more than  th e  a d ja c e n t s o i l  and tra n s m it te d  

s tre s s  by p o s it iv e  f r i c t i o n  to  th e  a d ja c e n t s o i l .

F o r th e  s h o r te r  p i l e  r e s t in g  on th e  edge o f  th e  deep V 

shaped canyon ( f i g .  6) ,  th e  s t r a in  a t  th e  end o f  con­

s t r u c t io n  is  seen to  in c re a s e  from  ze ro  a t  th e  to p  to  

h ig h  v a lu e s  in  the  low er p o r t io n  o f  th e  p i l e .  In  th e  

deeper q u a r te r  o f  th e  p i l e ,  h ig h  com pressive s t r a in  

have been recorded  re ac h in g  v a lu e s  c lo s e  to  1% a t  th e  

bottom . Such a h ig h  s t r a in  f o r  exceeds th e  s t r a in  a t  

f a i lu r e  o f  th e  c o n c re te . P la s t ic  y ie ld  o r compress­

io n  f a i lu r e  in d ic a te d  by th e  s t r a in  is  a ls o  e a s i ly  

d e te c te d  on th e  c u m u la tiv e  d e fo rm a tio n  c u rve  where a 

sudden and la rg e  d e fo rm a tio n  i s  seen a t  th e  bottom .

The s t r a in  in c re a s in g  r a p id ly  w ith  d ep th  i s  an i n d i ­

c a t io n  o f  la r g e  a d d it io n a l  s tre s s e s  be in g  tra n s m itte d  

by f r i c t i o n  to  th e  p i l e .  The s o i l  a lo n g  th e  p i l e  is  

compressed more than  th e  c o n c re te  o f  th e  w a l l  and a 

s ta te  o f h ig h  s tre s s e s  e x is te d  to  m o b il iz e  f r i c t i o n  

around the  p i l e .  The phenomena is  more im p o rta n t  

a lo n g  th e  low er p a r t  o f  th e  p i l e  due to  a d d it io n a l  

s tre s s e s  be in g  tra n s m it te d  to  th a t  zone by the  a r ­

ch in g  e f f e c t  w hich  has developed in  th e  s o i l  and in  

th e  c u t - o f f  w a l l .

The s t r a in  in  a p i l e  on th e  l e f t  edge o f  th e  deep 

canyon (P -5 6  on f i g .  4 ) has a ls o  been recorded  and 

show th e  same p a t te r n  as the  p i l e  d iscussed above.

BEDROCK SETTLEMENT POINTS

S e ttle m e n t o f  th e  bedrock under th e  c u t - o f f  w a ll  has 

been measured d u r in g  c o n s tru c t io n  a t  th re e  d i f f e r e n t  

lo c a t io n s ,  ( f i g .  4 )  one a t  the  bottom  and one on each 

s id e  o f  th e  deep canyon. S e ttle m e n t o f  the  bedrock  

is  an in d ic a t io n  o f  th e  s tre s s e s  tra n s m itte d  by th e  

w a lls  and by th e  fo u n d a tio n  s o i l .

The d e fo rm a tio n s  o f  th e  bedrock d u rin g  c o n s tru c t io n  

a re  presen ted  on f i g .  7 as a fu n c t io n  o f  t im e . I f  a 

c o r r e c t io n  f o r  th e  ze ro  re a d in g  is  a p p lie d  to  th e  

curves  o f  f i g .  7 , th e  s e t tle m e n t o f th e  bedrock a few 

months a f t e r  c o m p le tio n  i s  about A mm in  th e  bottom  

o f  th e  canyon and 10 mm on each edge o f  th e  canyon. 

These re a d in g s  seem to  in d ic a te  a s ta te  o f  s tre s s e s  

a p p re c ia b ly  h ig h e r on each s id e  o f th e  canyon th a n  in  

th e  bottom , thus  s tro n g ly  a d vo c a tin g  th e  hy p o th e s is  

o f c r o s s -v a lle y  a rc h in g  in  th e  upper zone o f  th e  foun­

d a tio n  s o i l  and in  th e  c u t - o f f  w a l l .

The in te r p r e t a t io n  o f  th e s e  two d i f f e r e n t  ty p e s  o f  

m easurem ents, s t r a in  in  th e  c o n c re te  p i le s  and bed­

rock  d is p la c e m e n ts , c le a r ly  in d ic a te s  th a t  a s i g n i f i ­

c a n t a rc h in g  e f f e c t  has developed in  th e  fo u n d a tio n . 

These measurements were however r e la te d  to  th e  be­

h a v io u r o f  th e  c u t - o f f  w a l l  and d id  n o t c le a r ly  show 

w hich p a r t  o f  th e  be h av io u r was due to  a rc h in g  in  the 

c u t - o f f  w a ll  i t s e l f  o r in  th e  fo u n d a tio n  s o i ls .  Due 

to  the  dim ensions and n a tu re  o f  th e  w a l l ,  composed of 

in te r lo c k in g  v e r t i c a l  e lem ents w hich cannot s u s ta in  

la rg e  h o r iz o n ta l  s tre s s  in  the  p lan e  o f  th e  w a ll  w i­

th o u t la r g e  d e fo rm a tio n s , i t  i s  thou ght th a t  c ro ss ­

v a l le y  a rc h in g  in  th e  c u t - o f f  w a l l  o n ly  cannot ex­

p la in  th e  observed b e hav iour and th a t  an im p o rta n t  

a rc h in g  e f f e c t  had to  developed in  th e  upper p o r tio n  

o f the  fo u n d a tio n  s o i l  as p re d ic te d  by th e  f i n i t e  

e lem ent s tu d ie s .
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F ig .  5 S t r a in  measured in  a  long  p i l e  a t  v a r io u s  

stages o f  embankment c o n s tru c t io n

C O M P R E S S IO N C O M P R E S S I O N

D EFO RM A T I O N  ( m m )

F ig .  6
ST R A I N  (%)

S tr a in  and c u m u la tiv e  d e fo rm a tio n  a t  th e  

end o f  c o n s tru c t io n  f o r  a  l a t e r a l  p i l e

P R A C T I C A L  I M P L I C A T I O N S  O F  C R O S S  V A L L E Y  A R C H I N G

' i n i t e  e l e m e n t  s t u d i e s  a s  w e l l  a s  i n s t r u m e n t a t i o n  r e ­

c o r d s  i n d i c a t e ,  t h a t  d u e  t o  a n  a r c h i n g  e f f e c t  i n  t h e  

' o u n d a t i o n  s o i l ,  t h e  c o n s t r u c t i o n  o f  t h e  e m b a n k m e n t  

i a s  i n d u c e d  v e r y  l i t t l e  a d d i t i o n a l  v e r t i c a l  s t r e s s e s  

- n  t h e  l o w e r  z o n e  o f  t h e  f o u n d a t i o n  s o i l .  O n  t h e  

.’ t h e r  h a n d ,  d u e  t o  a  l o a d  t r a n s f e r  b y  t h e  s o i l  a r c h ,  

c o n e s  o f  v e r t i c a l  s t r e s s e s ,  h i g h e r  t h a n  t h e  w e i g h t  o f  

: h e  s o i l  a b o v e ,  h a v e  d e v e l o p e d  o n  e a c h  s i d e  o f  t h e  

/ a l l e y .  I t  i s  e v i d e n t  t h a t  t h i s  p a r t i c u l a r  s t a t e  o f  

■ s t r e s s e s  i n  t h e  f o u n d a t i o n  s o i l  h a s  i n f l u e n c e d  t h e  

b e h a v i o u r  o f  t h e  r i g i d  w a l l  c u t t i n g  t h r o u g h  t h e  f o u n ­

d a t i o n  s o i l .

S T R E S S  D I S T R I B U T I O N  I N  T H E  P I L E S

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

s o u n d  b e d r o c k  a n d  s h o u l d  t h e n  b e  c o n s i d e r e d  a s  e n d  

b e a r i n g  p i l e s .  I n  t h e  l o n g  p i l e  a t  t h e  c e n t e r  o f  t h e  

v a l l e y ,  o n e  s h o u l d  h a v e  e x p e c t e d  a x i a l  s t r e s s e s  i n

t h e  p i l e  i n c r e a s i n g  g r a d u a l l y  w i t h  d e p t h  d u e  t o  n e g a ­

t i v e  s k i n  f r i c t i o n  d o w n  t o  a l m o s t  t h e  e n d  o f  t h e  p i l e .  

U n d e r  t h o s e  c o n d i t i o n s ,  t h e  l o w e r  p a r t  o f  t h e  p i l e  

w o u l d  h a v e  t o  b e  d e s i g n e d  t o  r e s i s t  t h e  l a r g e s t  a x i a l  

s t r e s s e s .

D u e  t o  c r o s s  v a l l e y  a r c h i n g ,  h o w e v e r ,  t h e  l o n g  p i l e s  

s h o w  s m a l l  a x i a l  s t r e s s e s  a t  t h e  b o t t o m  a n d  t h e  

h i g h e s t  s t r e s s e s  a t  t h e  m i d d l e .

M A G N I T U D E  O F  S T R E S S E S  I N  T H E  P I L E S

I n  t h e  e a r l y  s t a g e  o f  d e s i g n ,  i t  w a s  b e l i e v e d  t h a t  

d u e  t o  n e g a t i v e  s k i n  f r i c t i o n  t h e  a x i a l  s t r e s s e s  w i l l  

b e  a p p r e c i a b l y  h i g h e r  i n  t h e  l o n g  p i l e s  o f  t h e  c e n t e r  

o f  t h e  v a l l e y ,  t h a n  i n  t h e  s h o r t  p i l e  o n  t h e  s i d e s  o f  

t h e  v a l l e y .  T h e  d e s i g n e r  w a s  t h e n  m o r e  c o n c e r n e d  

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

r a t h e r  t h a n  i n  t h e  s h o r t  l a t e r a l  p i l e s .

D u e  t o  l o a d  t r a n s f e r  b y  c r o s s - v a l l e y  a r c h i n g  t h e  a x i a l
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F ig . 7 P ro g res s io n  o f bedrock s e ttle m e n ts  

d a r in g  c o n s tru c t io n

s tre s s e s  w ere h ig h e r in  th e  s h o rt p i l e .  Large  

s t r a in  measured in  th e  bottom  end o f  th e  s h o rt p i l e  

in d ic a te d  some f a i lu r e  o r c ru sh in g  due to  th e  h igh  

com pressive s tre s s e s .

EFFECTIVE STRESS IN  THE FOUNDATION

Due to  c r o s s -v a l le y  a rc h in g , th e  c o n s tru c t io n  o f  the  

dam has caused v e ry  l i t t l e  v e r t i c a l  s tre s s e s  in cre a se  

in  th e  fo u n d a tio n  s o i l  a t  th e  bottom  o f  th e  deep ca­

nyon. A f te r  com p le tio n  o f  th e  embankment i t  may be 

assumed th a t  th e  e f f e c t iv e  s tre s s e s  in  th is  zone was 

no t a p p re c ia b ly  h ig h e r  than i t  was b e fo re  c o n stru c ­

t io n .  A t th e  r e s e r v o ir  f i l l i n g ,  th e  pore w a te r  p re s ­

sure  in  th e  upstream  zone o f  th e  fo u n d a tio n  has in ­

c rea se d , assuming a w ate r t ig h t  c u t - o f f  w a l l ,  by a 

v a lu e  c lo s e  to  f u l l  r e s e r v o ir  head. Rough c a lc u la ­

t io n s  in d ic a te  t h a t ,  under these  c o n d it io n s , th e  wa­

t e r  p re ss u re  reaches v a lu e s  a lm o st as la r g e  than  the  

t o t a l  v e r t i c a l  s o i l  s tre s s e s  and , acc o rd in g  to  the  

f i n i t e  e lem ent s tu d ie s ,  la r g e r  than  th e  t o t a l  h o r i ­

z o n ta l  s o i l  s tre s s e s .

I t  is  b e lie v e d  th a t  these  c o n d itio n s  may somehow de­

c rea se  th e  e ffe c t iv e n e s s  as a w a te r b a r r ie r  o f  the  

mud c o a tin g  e x is t in g  a t  th e  s u rfa c e  o f  th e  c a s t - in -  

p la c e  c o n c re te  e lem ents o f  th e  c u t - o f f  w a l l .

DOWNSTREAM CONFINEMENT OF THE CUT-WALL

I f  th e  c u t - o f f  w a l l  i s  assumed w a t e r - t ig h t ,  th e  f u l l  

head o f  th e  r e s e r v o ir  i s  a c t in g  a lo n g  the  w hole depth  

o f th e  upstream  fa c e  o f  th e  w a l l .  As i l lu s t r a t e d  by 

th e  f i n i t e  e lem ent r e s u lts  o f  f i g .  2 th e  s tre s s e s  

a f t e r  c o n s tru c t io n  decrease  w ith  depth  in  th e  foun­

d a tio n  s o i l .  In  o th e r  w ords, the  s tre s s e s  w hich re ­

s is t  th e  downstream movements o f th e  w a l l  under the  

r e s e r v o ir  head decrease  w ith  d e p th . In c lin o m e te rs  

c a s t - in  th e  c u t - o f f  w a ll  have in d ic a te d  a la r g e r  

downstream movement o f  th e  w a lls  a t  th e  bottom  o f 

th e  canyon d u rin g  th e  f i l l i n g  o f  the  r e s e r v o ir .

CONCLUSIONS

The m ain embankment o f  th e  Manicouagan 3 Power D e ve l­

opment was b u i l t  in  a narrow  and s te e p -w a lle d  v a l le y  

e x ten d in g  125 m below th e  fo u n d a tio n  o f  th e  dam. F i ­

n i t e  e lem ent s tu d ie s  have shown th a t  th e  f u l l  w e ig h t 

o f th e  embankment was tra n s m it te d  to  the  s id e s  o f  

th e  v a l le y  by a rch in g  in  th e  fo u n d a tio n  s o i l  and

th a t  th e  in c re a s e  in  v e r t i c a l  s tre s s e s  was v e ry  

s m all in  th e  lo w er h a l f  o f  th e  fo u n d a tio n  s o i l .

I n f i l t r a t i o n  in  th e  fo u n d a tio n  s o i l  had to  be con­

t r o l le d  by a p o s it iv e  c u t - o f f  w a ll  w h ich  was e x te n ­

s iv e ly  in s tru m e n te d . The s t r a in  in  p i le s  o b ta in e d  

by e le c t r i c a l  extensom eter and th e  com pression in  th e  

bedrock read from  s e ttle m e n t p o in ts  c le a r ly  show th a t  

an im p o rta n t a rc h in g  e f f e c t  has developed in  the  

fo u n d a t io n .
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