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SYNOPSI S

A r a i l r o a d  c u t  a t  G o d a rv i l le ,  w h ich  has a t o t a l  h e ig h t o f  21 m etereand w h ich  runs o ve r most o f  i t s  h e ig h t  in  

a s t i f f  f is s u re d  c la y  b e lo n g in g  to  th e  Y p re s ia n  s tage  o f  th e  T e r t ia r y  age (eocene) has been des igned  a c c o r­

d in g  to  th e  peak shear s t re n g th  va lu e s  o f  th e  c la y ,  bu t ta k in g  in to  acco u n t th e  most u n fa v o u ra b le  seepage f o r ­

ces w hich can o c c u r, and a d o p tin g  a s u f f i c ie n t l y  la rg e  fa c to r  o f  s a fe ty  in  o rd e r  to  be o u ts id e  th e  c o n d it io n s  

o f  la rg e  d e fo rm a tio n s , be ing  a b le  to  induce  a p ro g re s s iv e  ru p tu re .

S ince  i t s  r e a l i z a t io n  t h is  c u t  has been under perm anent c o n t ro l ,  w ith , measurement o f  th e  d e fo rm a tlo n s -w ith  i n ­

c lin o m e te rs ,  and o f  th e  w a teppressu res w ith  Warlam p ie zo m e te rs .

The c o n t r ib u t io n  g iv e  a l l  d e ta i ls  co n ce rn in g  t h is  c u t .  C onc lu s io n s  a re  drawn about th e  B e lg ia n  e xp e rie n ce  con­

c e rn in g  th e  s t a b i l i t y  o f  im p o r ta n t c u ts  in  o v e rc o n s o lid a te d  c la y s .

INTRODUCTION

In  Be lg ium  in  th e  p a s t ye a rs  s e v e ra l im p o r ta n t cu ts  

have been r e a l iz e d  in  o v e rc o n s o lid a te d  c la y s .

To s o lv e  th e  s t a b i l i t y  problem  o f  permanent s lo p e s , 

th e  q u e s tio n  a r is e s  i f  th e  s t a b i l i t y  c a lc u la t io n s  

sh o u ld  be based on th e  re s id u a l s tre n g th  param eters 

w h ich , as p o in te d  o u t by B je rru m , " re p re s e n ts  in  ma­

ny cases an u n n e c e s s a r ily  c o n s e rv a t iv e  and enormous­

l y  expens ive  s o lu t io n " .  Ll"*

The B e lg ia n  e x p e rie n ce  seems to  show th a t  in s o fa r  no 

e a r l i e r  s l i p  s u rfa c e s  e x is t ,  s ta b le  s lo p e s  can be 

des igned , s t a r t in g  from  th e  peak shear s t re n g th  va ­

lu e s , p ro v id e d  th e  w o rs t p o s s ib le  assum ptions con­

c e rn in g  th e  w a te r-p re s s u re s  a re  made, and reduced 

va lu e s  o f  th e  cohtesion a re  in tro d u c e d .

Based on p re v io u s  e xp e rie n ce  on c u ts  e x is t in g  s in c e  

s e v e ra l decades, r e c e n t ly  a r a i l r o a d  c u t  made a t  Go­

d a r v i l le ,  in  o rd e r  to  e l im in a te  an e x is t in g  r a i l ­

road  tu n n e l,  and dug in  t e r t i a r y  c la y s  has been de­

s ig n e d  a c c o rd in g  to  these  r u le s .  I t  has th o ro u g h ly  

been observed d u r in g  and a f t e r  c o n s tru c t io n  and 

e x is ts  now fo r  about 4 y e a rs , w ith o u t  any m ajor 

t r o u b le .

The same d e s ig n  has been fo llo w e d  f o r  a c u t a ls o  

made in  th e  t e r t i a r y  Y p re s ia n  c la y ,  In  o rd e r to  e l i ­

m inate  a tu n n e l in  the  ca n a l c o n n e c tin g  th e  S c h e ld t 

and L e ie  r iv e r s .

B e fo re  d e s c r ib in g  th e  new r a i l r o a d  c u t a t  G o d a rv il le ,  

a b r i e f  re v ie w  i s  g iv e n  o f  th e  most im p o r ta n t e x is ­

t in g  c a n a l-  and r a i l r o a d  c u ts  in  B e lg ium , and t h e i r  

b e h a v io u r .

I . E x is t in g  deep c u ts  in  t e r t i a r y  c la y s  in  B e lg iu m .

Among th e  most im p o r ta n t c u ts  r e a l iz e d  in  th e

p a s t y e a rs , w h ich  o ve r a c e r ta in  h e ig h t  ru n  in to

o v e rc o n s o lid a te d  t e r t i a r y  c la y s  a re  l i s t e d  :

-  The c a n a l c u t  a t  E ig e n b ilz e n  in  th e  A lb e r t  ca ­

n a l,  w h ich  run s  p a r t ly  in t o  two c la y  la y e rs ,  

b e lo n g in g  to  th e  R u p e lia n  s ta g e  (o l ig o c e n e ) .

The c u t has a t o t a l  h e ig h t  o f  26 m eters and 

e x is ts  now, w ith o u t  any m a jo r t r o u b le ,  f o r  abou t 

37 y e a rs .

-  The ca n a l c u t  a t  G o d a rv il le  (c a n a l B ru s s e ls -  

C h a r le r o i) ,  w ith  a t o t a l  h e ig h t  o f  43 m ete rs , 

w h ich runs in t o  c la y  la y e rs  b e lo n g in g  to  th e  

Y p re s ia n  s tage  o f  th e  eocene age.

-  The c a n a l c u t  a t  La F le c h e re  (c a n a l C h a r le ro i-  

B ru s s e ls )  w ith  a t o t a l  h e ig h t  o f  19 m eters w h ich  

run s  in t o  th e  Y p re s ia n  c la y .

-  The s lo p e s  a t  th e  e n tra n ce  o f  th e  E 3 S c h e ld t 

tu n n e l a t  Antw erp w ith  a t o t a l  h e ig h t  o f  22 me­

te rs  w h ich  ru n  in t o  th e  Boom c la y  (o l ig o c e n e ) .

-  The c u t  a t  G o d a rv il le  ( r a i l r o a d )  w ith  a t o t a l  

h e ig h t  o f  21 m eters w h ich  run s  in t o  th e  Ypre­

s ia n  c la y .

-  The c u t in  th e  ca n a l S c h e ld t-L e ie  a t  Moen, w ith  

a t o t a l  h e ig h t  o f  38 m w h ich  run s  in  th e  Y pre­

s ia n  c la y .

The c h a r a c te r is t ic s  o f  th e  t e r t i a r y  c la y s  in  w hich

these  c u ts  ru n  a re  g iv e n  in  ta b le  I .
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TABLE I

Phys i ca l  and mec hani c al  pr oper t i es

H

(m)

Stage P h y s ic a l c h a r a c te r is t ic s M echan ica l c h a r a c te r is t ic s

P ereen- 

tage  

< 2 ()

M a tu ra i

w a te r

c o n te n t

w %

l i q u id

l i m i t

w %

p la s t ic

l i m i t

w 5?
P

p l a s t i ­

c i t y

in d e x

i
P

Peak e 

c 1

( t /n ?  )

t r e n g th Residue

c
r

( t /m 2 )

i l  s t re n g th

cp’
r

E ig e n b ilz e n 26
R u p e li-  

an ( o l i ­

gocene)

Rl , c  ° la y
31 22 68 22 46 0,6 26° 0 10 ° (a )

R2,c  ° la y
14 21 40 19 21 0 ,4 32° 0 18 ° (a )

G o d a rv il le  

C anal c u t
43

Y p re s ia n  

(eocene)

Upper la y e r 16 34 62 25 37 0 ,4 32° 0 12 °301 (a )

Lower la y e r 18 25 48 19 ,5 28,5 0,6 29° 0 14 °301 (a )

La F le ­

chere

19 Y p re s ia n

(eocene)

19-23 19-27 37-50 17-20 20-30 - - 0 13°

E n tra nce  

o f  th e  E 3 

S c h e ld t  tu n ­

n e l

22
R u p e lia n (o lig o c e n e ] 49 25-32 7 3 -8 9 .5 0 2 5 ,7 -3 2 ,4 52,2 1 .5 22° 0 22°

Moen

C anal c u t
38 Y p re s ia n (eocene) 20 à 3C 39 81 ,4 2 9 ,9 51 ,5 0,2 26° 0 10 ° (a )

G o d a rv il le  

R a i lr o a d  c u t 21
Y p re s ia n  

(eocene )

Upper la y e r 22 33 62 27 35 1.0 24 ^30 1 0 12 °30 ' (a )

Lower la y e r 18 26 53 22 31 0 13° (a )

(a )  : a c c o rd in g  to  th e  c h a r t  o f  BJerrum .

C a lc u la t io n s  show, th a t  i f  f o r  th e  s lo p e s  o f  these  

c u ts ,  th e  w o rs t assum ptions co n c e rn in g  th e  w a te r 

p re ssu re s  a re  made, and th e  r e s id u a l s h e a rin g  s tre n g th  

param eters a re  in tro d u c e d , th e se  s lo p e s  canno t be 

s ta b le .

However a l l  th e se  s lo p e s  have u n t i l  y e t  shown no 

s ig n s  o f  d is t r e s s ,  a lth o u g h  some o f  them e x is t  s in c e  

s e v e ra l decades.

There has o n ly  been an e x c e p tio n  in  two cases, where 

th e  observed  s l ip s ,  a re  w ith o u t  any d oub t r e la te d  to  

p re v io u s ly  e x is t in g  s l i p  s u rfa c e s , w h ich  e x p la in s  why 

t h e i r  e q u i l ib r iu m  was governed n o t by th e  peak -  b u t 

by th e  r e s id u a l shear s t re n g th  v a lu e s .

These two s p e c ia l cases a re  th e  fo l lo w in g  :

a -1 .  Canal c u t  a t  La F l^ c h e re .

A t La F le c h e re  th e  e x is t in g  300 to n  ca n a l B ru s - 

s e ls - C h a r le r o i had to  be deepened and e n la rg e d  

f o r  1350 to n  s h ip s .

When th e  300 to n  c a n a l was b u i l t  in  th e  la te  

e ig h t ie s ,  because th e  e n g in e e rs  o f  th a t  tim e  

o f te n  c o n s id e re d  a s t i f f  c la y  as a v e ry  s tro n g  

m a te r ia l ,  much to o  s te e p  s lo p e s  were des igned , 

w ith  th e  consequence th a t  r a th e r  e x te n s iv e  s l ip s

occu re d . Thus in  many p la ce s  in  th e  Y p re s ia n  c la y  

p re v io u s  s l i p  s u rfa c e s  e x is te d .

F o r th e  1350 to n  c a n a l th e  s lo p e s  were des igned  

a c c o rd in g  to  th e  peak shear s t re n g th  v a lu e s . How­

e ve r in  th e  p a r ts ,  where p re v io u s  s l ip s  e x is te d ,  

these  s lo p e s  s ta r te d  to  s l id e  a lre a d y  d u r in g  th e  

e x c a v a tio n  w o rks . S t a b i l i t y  c a lc u la t io n s  o f  th e  

ru p tu re d  masses ta k in g  in t o  acco u n t th e  measured 

w a te r p re s s u re s , showed th a t  th e  e q u i l ib r iu m  was

governed by th e  r e s id u a l va lu e s  c ' = 0 rp' = 13°
r  r*

o f  th e  Y p re s ia n  c la y .

Based on these  r e s id u a l v a lu e s , th e  s lo p e s  in  th e  

p a r ts  a f fe c te d  by p re v io u s  s l id e s  were f la t te n e d  

and re in fo r c e d  by bored anchor p i le s  0 = 1 m p la ­

ced near th e  to e  o f  th e  s lo p e .

a -2 . Canal c u t  a t  G o d a r v i l le .

A t G o d a rv i l le  th e  s lo p e s  o f  th e  c u t  f o r  th e  Canal 

B ru s s e ls -C h a r le ro i, w ith  a t o t a l  h e ig h t  o f  43 m, 

have been des igned  w ith  th e  peak shear s tre n g th  

o f  th e  Y p re s ia n  c la y ,  ta k in g  in to  acco u n t th e  

w o rs t p o s s ib le  w a te r-p re s s u re s .

The ca n a l c u t  e x is t s  now f o r  a bou t 17 ye a rs  w ith ­

o u t any t r o u b le ,  e xce p t f o r  a lo c a l  s l i p ,  near th e  

end o f  th e  c u t ,  a t  a p la ce  where th e  t o t a l  h e ig h t 

i s  r a th e r  l im i t e d .  A t t h is  lo c a t io n ,  a s l i p  a lr e a ­
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dy occured  d u r in g  th e  e x c a v a tio n  w orks, and the  

c o n t ra c to r  s im p ly  re s to re d  th e  s i t u a t io n  by an 

e x te n s io n  o f  th e  d ra in a g e  system  and d ig g in g  a - 

w&y p a r t  o f  th e  s l ip p e d  mass. Some e ig h t  yea rs  

a f t e r  c o n s tru c t io n ,  in  a v e ry  ra in y  p e rio d  th e  

same mass f a i le d  a g a in .

E q u il ib r iu m  c a lc u la t io n s ,  based on th e  measured 

w a te r p re ssu re s  showed, th a t  th e  e q u i l ib r iu m  o f  

t h is  lo c a l  s l i p  is  governed by th e  r e s id u a l 

shear s t re n g th  param eters o f  th e  Y p re s ia n  c la y ,  

and a t  th a t  lo c a t io n  th e  s lo p e s  were f la t te n e d  

and th e  system  o f  t ra n s v e rs e  d ra in s  adapted , in  

o rd e r to  o b ta in  a s u f f i c ie n t  fa c to r  o f  s a fe ty  

w ith  re s p e c t to  th e  r e s id u a l shear s tre n g th  pa­

ram e te rs  .

Here a g a in  th e  n e c e s s ity  to  in tro d u c e  th e  r e s i ­

d u a l shear s t re n g th  param eters is  a consequence 

o f  th e  e x is te n c e  o f  a p re v io u s  s l i p .

The e xp e rie n ce  o f  th e  B e lg ia n  deep c u ts  in  t e r ­

t i a r y  c la y s  shows, th a t  i f  p re v io u s  g e o lo g ic a l 

o r  h i s t o r i c a l  s l ip s  do n o t e x is t ,  th e  de s ig n  

o f  th e  s lo p e s  can be based on th e  peak shear 

s t re n g th  v a lu e s , a t  th e  c o n d it io n  th a t  th e  w o rs t 

assum ptions c o n ce rn in g  th e  w a te r-p re s s u re s , and 

r a th e r  la rg e  s a fe ty  fa c to r s ,  e s p e c ia l ly  on th e  

co h es ion  c '  a re  in tro d u c e d .

More d e ta i ls  have a lre a d y  hecn g iv e n  in  e a r l i e r  

papers a b o u t th e  c u t  a t  E ig e n b ilz e n , th e  c u t  a t  

G o d a rv i l le  f o r  th e  c a n a l B ru s s e ls -C h a r le ro i,  th e  

c u t  a t  La F le ch e re  and th e  s lo p e s  a t  th e  e n tra n ce  

o f  th e  EJ S c h e ld t T unne l a t  Antwerp Lin[_5"' .

T h is  paper i s  concerned more e s p e c ia l ly  about the  

s lo p e s  o f  th e  r a i l r o a d  c u t  a t  G o d a rv i l le .

I I .  R a ilro a d  c u t  a t  G o d a r v i l le .

A t G o d a rv il le  a r a th e r  deep c u t  had to  be r e a l iz e d

in  o rd e r to  re p la c e  an e x is t in g  one way r a i l r o a d  

tu n n e l.

The map o f  f ig u r e  1 g iv e s  th e  g e n e ra l lo c a t io n  o f  

th e  s i t e  o f  th e  new c u t .  On th e  same map is  a ls o  g i ­

Fi o 2  G R O U N D P L A N

C u t  a t  G o d a r v i l l e

GOU Y i E Z - P I E T ON

G O D A R V IL L E ,

M A N A G E

R a i l r o a d \ u t  a t  G o d a i

, C H A P E L L E  ,

LEZ /
H E R L A I M O W

Fig 1 Map indicating the location of the cuts at 

Godarville and LaFlccherc
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Fig. 3 C R O S S  SECTION A T  L A R G E S T  D E P T H

ven th e  lo c a t io n  o f  th e  c u t  a t  G o d a rv il le  f o r  th e  

ca n a l B ru s s e ls -C h a r le ro i and th e  c u t  a t  La F le ch e re  

f o r  th e  same c a n a l.

For th e  d e s ig n  o f  th e  new r a i l r o a d  c u t ,  an e x te n s iv e  

in v e s t ig a t io n  program  has been pe rfo rm ed  f o r  d e te rm i­

n in g  th e  p h y s ic a l and m echan ica l p ro p e r t ie s  o f  th e  

s o i l  la y e rs  In v o lv e d  in  th e  s t a b i l i t y  problem  o f  the  

s lo p e s , and in  o rd e r  to  d e te rm in e  th e  w a te r p re ssu re s  

and t h e i r  seasona l changes.

The f ig u r e  ? g iv e s  a g round p la n  o f  th e  new c u t,  

w ith  an in d ic a t io n  o f  th e  pe rfo rm ed  b o r in g s , th e  p la ­

ced open and c lo s e d  p iezom e te rs  and th e  p laced  i n c l i ­

nom eters .

The f ig u r e  3 g iv e s  a c ro ss  s e c t io n  th e re  where th e  

c u t  has i t s  la r g e s t  d e p th  o f  21 m e te rs . T h is  c ro ss  

s e c t io n  shows th a t  under a cove r o f  q u a te rn a ry  loam 

and B r u x e l l ia n  sand, th e  c u t  runs in to  th e  Y p re s ia n  

s ta g e  o f  eocene age. A t th e  lo c a t io n  o f  th e  c u t  t h is  

s ta g e  c o n s is ts  o f  an upper c la y e y  sand la y e r ,  an up­

per c la y  la y e r ,  an in te rm e d ia te  sand la y e r ,  and a 

lo w e r c la y  la y e r .  T h is  lo w e r c la y  la y e r  r e s ts  on th e  

c a rb o n ife ro u s  ro c k  a t  a d e p th  o f  a bou t 45 m under 

th e  s o i l  s u r fa c e . The c u t  run s  o n ly  in t o  th e  upper 

c la y  la y e r  o f  th e  Y p re s ia n . The f i g .  3 shows a ls o  

th e  lo c a t io n  o f  th e  d is m a n tle d  one t r a c k  r a i l r o a d  

tu n n e l .

T y p ic a l da ta  c o n ce rn in g  th e  p h y s ic a l p ro p e r t ie s  o f  

th e  two c la y  la y e rs  a re  g iv e n  in  ta b le  I .  These l a t ­

t e r  shows th a t  these  p h y s ic a l p ro p e r t ie s  a re  p r a c t i ­

c a l l y  th e  same as those  f o r  th e  two co rre sp o n d in g  

Y p re s ia n  c la y  la y e rs  a t  th e  nearby ca n a l c u t  a t  Go­

d a r v i l l e .

D ra ined  shear s t re n g th  p a ra m e te rs .

To d e te rm in e  th e  d ra in e d  shear s t re n g th  param eters a 

la rg e  number o f  c o n s o lid a te d  u n d ra in e d  t r i a x i a l  te s ts  

w ith  measurement o f  th e  pore w a te r-p re s s u re  were p e r­

form ed.

On th e  f i g .  4 f o r  each o f  th e  pe rfo rm ed  t r i a x i a l  

te s ts ,  th e  d if fe re n c e s  o f  th e  p r in c ip a l  s tre s s e s  is  

p lo t te d  ve rsus th e  sum o f  th e  p r in c ip a l  e f f e c t iv e

/  /  ;  /  /  /  /  

0 10 2 0 m

s tre s s e s .  O n ly th e  samples taken  in  th e  upper Y p re ­

s ia n  c la y  a re  c o n s id e re d .

T he re  is  a r a th e r  b ig  s c a t te r  in  th e  r e s u l t s ,  w h ich 

is  however norm a l f o r  a s t i f f  f is s u re d  o v e rc o n s o li­

d a ted  c la y ,  as i s  th e  Y p re s ia n  c la y .

Ü PPER  y p r e s ia n  c l a y  l a y e r

A l in e a r  re g re s s io n  a n a ly s is  g iv e s  th e  fo l lo w in g  r e ­

s u l t s  : c '  = ?,8  t/m 2 cr ’ = 27°00 '
P P

w ith  number o f  te s ts  n = 4?

c o r r e la t io n  c o e f f i c ie n t  r  = 0 , 95.

The l in e  (a )  o f  f i g .  4 re p re s e n ts  t h is  mean re g re s ­

s io n  l in e .

F o r sake o f  s a fe ty ,  more le s s  c h a r a c te r is t ic s  sh o u ld  

be taken  in t o  acco u n t than  those  de te rm ined  by th e  

mean re g re s s io n  l in e .

On f i g .  4 two co n ve rg in g  l in e s  (b )  and ( c )  a re  been 

drawn, m aking th e  same a n g le  w ith  th e  l in e  (a )  and

c ' = 4 , 8 t / m2  t p'  =  3 0 ’ 0 0 '  

c  = 2 £ t / m 2  ( ( I ' = 2 7 * 0 0 ’ 

c ' =l , 0 t / m 2  i f '  = 2 4 * 3 0 '

( a ) : me a n  r e g r e s s i o n  l i ne

n umber  of  t est s : n = 42 

r egr essi on coef f i ci ent  : r i a *

_L
u 5 10 15 20 25

(Tj *< rj k g / c m2

£ig._A_CQNSQLIDATED UNDRAINED TRIAXIAL TFSTS
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w ith  a c o n fid e n c e  l i m i t  o f  2 /3 .  As a supp lem entary  

c o n d it io n  was imposed th a t  th e  p o in t  P o f  th e  d ia ­

gram re p re s e n tin g  th e  t r i a x i a l  t e s t  a t  th e  lo w e s t 

p ressu res sh o u ld  be lo c a te d  on th e  lo w e r co n fid en ce  

l in e  ( c ) .

The param eters co rre s p o n d in g  to  these  two l in e s  are  

g ive n  on th e  f ig u r e .

For sake o f  s a fe ty  in  th e  c a lc u la t io n s  o f  th e  s ta b i ­

l i t y  o f  th e  s t i f f  f is s u re d  Y p re s ia n  c la y  th e  parame­

te rs  c o rre s p o n d in g  to  th e  lo w e r co n fid e n ce  l in e  (c )  

have been c o n s id e re d , thus

c ' = 1 t /m ? rp' = 2H ' 30 ' .

R e s id u a l shear s t re n g th  p a ra m e te rs .

The re s id u a l shea r s t re n g th  was n o t d i r e c t l y  measured.

However BJerrum  [ l" l  has p u b lis h e d  a v e ry  u s e fu l c h a r t

r e la t in g  th e  re s id u a l shear a n g le  to  th e  p la s t i c i t y

in d e x . A cco rd in g  to  t h is  c h a r t ,  f o r  th e  re s id u a l

s tre n g th  o f  th e  upper c la y  la y e r ,  va lues  c ' = 0
n ' = 12°^>0' a re  deduced.
' r

A th o rough  s tu d y  o f  th e  e q u i l ib r iu m  o f  e x is t in g  in ­

strum en ted  s l i p  s u rfa c e s  o f  th e  same c la y  a t  th e  La 

F lech e re  c u t ,  has g iv e n  th e  va lu e s  c ' = 0 and 

V  = 13 °, w h ich  th u s  co rrespond  q u ite  w e l l  w ith  th e  

c E a rt o f  BJerrum .

Data co n ce rn in g  th e  w a te r p ressu rc-s .

A v e ry  im p o r ta n t f a c t o r  f o r  th e  s t a b i l i t y  o f  s lopes 

are  th e  w a te r-p re s s u re s . Indeed in  most o f  th e  cases 

s lopes s t a r t  to  move d u r in g  o r  im m e d ia te ly  a f t e r  pe­

r io d s  o f  in te n s e  r a i n f a l l  o r  a f t e r  m e lt in g  o f  snow, 

in d ic a t in g  th e  paramount in f lu e n c e  o f  th e  w a te r-p re s -  

sures on th e  e q u i l ib r iu m .

Data co n ce rn in g  th e  w a te r-p re s s u re s  were g a the red  in  

•the  e a r ly  s ta g e  by measurements in  open p iezom ete rs  

in s t a l le d  in  th e  in te rm e d ia te  Y p re s ia n  sand la y e r

and in  the  upper sandy and loamy la y e rs .

Long term  o b s e rv a t io n  In  some open p iezom e te rs  w h ich , 

ro u g h ly  and due to  c e r ta in  c irc u m s ta n c e s , had t h e i r  

f i l t e r  p o in t  p u t in  th e  upper and lo w e r c la y  la y e rs ,  

gave in s ig h t  on th e  p ie z o m e tr ic  head in  th e  c la y  

la y e r s .

L a te r  on, Warlam a ir -p re s s u re  p iezo m e te rs  were p u t 

in  th e  upper c la y  la y e r  to  c o n t in u o u s ly  fo l lo w  th e  

f lu c tu a t io n s  o f  th e  w a te r-p re s s u re s  in  th e  c la y .

F ig .  5 g iv e s  th e  measurements In  fu n c t io n  o f  th e  t i ­

me f o r  th e  p iezom e te rs  in s t a l le d  in  th e  c ro ss  s e c t io n  

w ith  la r g e s t  d e p th .

On th e  p re ssu re  d iagram  o f  f i g .  6 a re  shown th e  m axi­

mum and minimum w aterheads measured b e fo re  and a f t e r  

e x c a v a tio n  o f  th e  c u t .

A t th e  r a i l r o a d  c u t  a t  G o d a rv il le  th e  w a te r-p re s s u re  

c o n d it io n s  e x is t in g  p r io r  to  d ig g in g  th e  c u t ,  were 

o f  course  in f lu e n c e d  by th e  a lre a d y  e x is t in g  r a i l ­

road  tu n n e l,  w h ich  p layed  more o r le s s  th e  r o le  o f  

a d ra in ,  as c o u ld  be observed by th e  w a te r p e rc o la ­

t in g  in  th e  tu n n e l and w h ich  is  re s p o n s ib le  f o r  th e  

lo w e r p ie z o m e tr ic  head, as can be seen on f i g .  6, 

in  p iezom e te r P2, lo c a te d  near th e  a x is  o f  th e  tu n n e l,

On th e  f i g .  6 th e  l in e  AB g iv e s  th e  h y d ro s ta t ic  law  

o f  th e  p re ssu res  in  th e  upper loamy and sandy la y e rs  

b e fo re  e x c a v a tio n , and th e  l in e  DE th e  h y d ro s ta t ic  

law  o f  th e  p re ssu re s  in  th e  in te rm e d ia te  sand la y e r  

o f  the  Y p re s ia n  a ls o  b e fo re  e x c a v a tio n .

In  th e  case th e  upper Y p re s ia n  c la y  la y e r  w ou ld  be 

f u l l y  homogeneous f o r  i t s  p e rm e a b il i ty ,  th e  w a te r 

p re ssu re s  in  th e  c la y  la y e r  b e fo re  th e  e x c a v a tio n  

works sh o u ld  fo l lo w  th e  law  BD ( f i g .  5 ) .

I f  a t  th e  c o n tra ry ,  a much le s s  perm eable f i lm  sh o u ld  

e x is t  a t  th e  base o f  th e  upper c la y  la y e r  th e  w a te r-

F i o . 5  P I E Z O M E T R I C  L E V E L S
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p re ssu re s  in  th e  c la y  la y e r  sh o u ld  fo l lo w  th e  law  BF, 

i . e .  th e  c o n t in u a t io n  o f  th e  law  o f  th e  h y d ro s ta t ic  

p re ssu re s  in  th e  upper loamy and sandy la y e rs  ( f i g . 6 ).

U n less one o r more sandy in c lu s io n s  in  th e  c la y  w ould 

be in  c o n ta c t  w ith  h ig h e r  upstream  le v e ls ,  th e  l in e  

BF re p re s e n ts  th e  w o rs t p o s s ib le  w a te r-p re s s u re  in  

th e  upper Y p re s ia n  c la y  la y e r ,  b e fo re  th e  e x c a v a tio n  

w o rk s .

For th e  d e s ig n  c a lc u la t io n s  o f  th e  s lo p e s  th e  f o l l o ­

w ing  assum ptions f o r  th e  w a te r-p re s s u re s  were made, 

based on th e  maximum known w a te r-p re s s u re s  a t  th e  mo­

ment o f  th e  c a lc u la t io n s  ( f i g .  6 ) ;

-  in  th e  sandy and loamy o v e r ly in g  s o i l s ,  th e  waters 

p re ssu re  has been ta ke n  c o rre s p o n d in g  to  th e  h ig h e s t 

observed  le v e l  + 153.00 ( l in e  AB, f i g .  6 )

-  in  th e  upper Y p re s ia n  c la y  th e  w a te r-p re s s u re s  have 

been ta ke n  as h y d ro s ta t ic  c o rre s p o n d in g  to  th e  p ie a o - 

m e tr ic  le v e l  in  th e  o v e r ly in g  sandy and loamy s o i ls  

( l i n e  BF, f i g .  6 )

-  in  th e  in te rm e d ia te  Y p re s ia n  sand th e  w a te r p re ssu ­

re s  have been taken  c o rre s p o n d in g  to  th e  le v e l

+ 138,00 ( l in e  CE, f i g .  6 ).

W Warlam piezometers 

•  • : min. waterpressure 

x.' : max . waterpressure

DIAGRAM OF THE W ATERPRESSURESfigJi

L a te r  on. fc f te r  a th re e  ye a rs  o b s e rv a t io n  p e r io d  o f  

th e  p ie z o m e tr ic  le v e ls ,  p r io r  to  th e  r e a l i z a t io n  o f  

th e  c u t ,  th e  h ig h e s t observed  le v e l  in  th e  o v e r ly in g  

sandy and loamy la y e rs  has been no ted  as + 154 ,81 .

As t h is  observed w a te r le v e l  was h ig h e r  than  th a t  i n ­

tro d u c e d  in  th e  d e s ig n  c a lc u la t io n s ,  check c a lc u la ­

t io n s  based on th e  a c tu a l ly  observed  le v e ls  were made 

a f te rw a rd s .

P o s s ib le  e x is te n c e  o f  s l i p  s u rfa c e s  p r io r  to  th e  re a ­

l i z a t io n  o f  th e  c u t .

A t th e  s i t e  o f  th e  ra i lw a y  c u t  a t  G o d a rv i l le ,  th e  

r a i lw a y  t r a c k  passed e a r l i e r  in  a one way tu n n e l lo c a ­

te d  n e a r ly  a t  th e  sane le v e l  as th e  base o f  th e  a c tu ­

a l  c u t .

No ev idence  has been observed  o r  re p o r te d  c o n c e rn in g  

th e  p o s s ib le  e x is te n c e  o f  any p o s s ib le  s l id e  on th e  

s i t e ,  h a v in g  occured  d u r in g  o r  a f t e r  th e  c o n s tru c t io n  

o f  th e  r a i l r o a d  tu n n e l.

In  th e  case o f  th e  r a i lw a y  c u t  a t  G o d a rv i l le  th e  c u t  

was r e a l iz e d  s t a r t in g  from  th e  n a tu ra l g round s u rfa c e , 

i . e .  th e re  have n o t been any e x c a v a tio n  works done 

e a r l i e r  a t  th e  s i t e  w ich  c o u ld  have "damaged" th e  s i t e  

in  the  sense o f  le s s e n in g  th e  shear s t re n g th  c h a ra c ­

t e r i s t i c s  o f  th e  Y p re s ia n  c la y  as in  th e  case re p o r ­

te d  e lsew here  [41 .[5"! o f  th e  ca n a l c u t  a t  La F le c h e re  

a t  a bou t 1 km from  th e  r a i lw a y  s i t e .

C a lc u la t io n  o f  th e  s t a b i l i t y  o f  th e  s lo p e s .

In  accordance w ith  th e  p r in c ip le s  exposed b e fo re , th e  

s lo p e s  were c a lc u la te d  s t a r t in g  from  th e  d ra in e d  peak 

shear s t re n g th  c h a r a c te r is t ic s  o f  th e  Y p re s ia n  c la y  

la y e r .

On th e  f i g .  7 is  g iv e n  an example o f  th e  d e s ig n  c a l ­

c u la t io n s  f o r  th e  s lo p e s  a t  th e  r a i l r o a d  c u t  f o r  th e  

c ro s s -s e c t io n  where th e  c u t  shows i t s  la r g e s t  d e p th .

On th e  f ig u r e  a re  shown, f o r  th e  d i f f e r e n t  la y e rs  

in v o lv e d

1° )  th e  adopted  w a te r-p re s s u re s

2° )  th e  adopted  shear s t re n g th  param eters c 1 and cp'.

A d o p tin g  th e  method o f  th e  f r i c t i o n  c i r c le s ,  a s a fe ty  

f a c to r  F = 1.3  on co h e s io n  and tg  cp' was asked f o r .

The c a lc u la t io n s  were made w ith  th e  w o rs t c o n d it io n s  

f o r  th e  w a te r-p re s s u re s  as shown on th e  f ig u r e  i . e .  

w ith  th e  p ie z o m e tr ic  le v e l  a t  th e  s u rfa c e  o f  th e  s lope  

and l im i t e d  to  th e  maximum w aterhead known a t  th e  mo­

ment o f  th e  d e s ig n  c a lc u la t io n s  o f  + 153, 00.

The c a lc u la t io n s  were made w ith  th e  shear s tre n g th  

param eters  cp1 = 2 4 ”3 0 ' and a reduced  v a lu e  o f  th e  

co h e s io n  o f  c '  = 1 t /m 2 ( l i n e  c o f  f i g .  4 ) .

The s a fe ty  fa c to r  o b ta in e d  in  these  c o n d it io n s  f o r  

th e  most c r i t i c a l  s l i p  c i r c l e  i s  shown on th e  f i g .  7 

and i s  F = 1 ,2 9  on co h es ion  and tg  V .

The ta b le  on f i g .  7 shows fu r t h e r  th e  r e s u l t s  o f  th e  

com plem entary c a lc u la t io n s  in  w h ich  th e  w a te r ta b le  

i s  ta ke n  a t  a d e p th  one m eter below th e  s u rfa c e  o f  

th e  s lo p e . I . e .  a t  th e  bo ttom  o f  th e  d ra in a g e  mat 

w h ich  has been p u t on th e  s lo p e s  o f  th e  c u t .  As in d i ­

ca te d  on th e  ta b le  o f  f i g .  7. th e  s a fe ty  f a c to r  f o r  

th a t  case amounts to  1 ,41  on co h e s io n  and tg  cp'.

In  o rd e r  to  g e t an id e a  a bou t th e  s e n s i t i v i t y  on th e  

r e s u l t s  o f  a v a r ia t io n  o f  th e  param eters In v o lv e d , a 

c a lc u la t io n  has a ls o  been perfo rm ed  w ith  a reduced 

va lu e  o f  th e  co h e s io n , namely c 1 = 0 , 5  t /m 2 . In  th a t  

case a s a fe ty  f a c to r  o f  s = 1,26  i s  o b ta in e d  on cohe­

s io n  and tg  cp1 .
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W 2

EXAMINED CASES

ckpth of the 
waterlevel
underneath 
the surface 
of the slope

c 2 

t /m^

* 2
s

0 1,0 24*30 1,29

1 m 1/> 24*30 1,41

1m 0 * 24*30 1,26

1m 0 12*30* < U>

Fig. 7 Railroad cut at Godarville Equilibrium calculations

The check c a lc u la t io n s  based on th e  h ig h e s t observed 

p ie z o m e tr ic  le v e l  o f  + 154,81 were perform ed w ith  a 

computer program  based on th e  method o f  B ishop . Adop­

t in g  c 1 = 1 t /m 2 and rp1 = 24 "3 0 ' one g e ts  a fa c to r  o f  

s a fe ty  o f  1 ,2 74 .

C o n tro l o f  th e  s t a b i l i t y  o f  th e  des igned  s lo p e s  i n ­

t ro d u c in g  th e  r e s id u a l va lu e s  o f  th e  c la y  la y e r s .

I f  in s te a d  o f  in t ro d u c in g  th e  peak shear s tre n g th  va ­

lues c ' = 1 t/m 2  cp1 = 2 4 ° 3 0 ', th e  r e s id u a l shear 

s tre n g th  va lu e s  c ' =P0 cp' = 12 °30 ' a re  c o n s id e re d , 

and th e  w a te r-p re s s u re s  shown on f i g .  7 , one g e ts  a

s a fe ty  fa c to r  le s s  th a n  one 

ta b le  o f  f i g .  7 .

as in d ic a te d  on th e

Even f o r  s lo p e s  as f l a t  as l r t ,  th e  s a fe ty  fa c to r  ob­

ta in e d  by c o n s id e r in g  these  re s id u a l v a lu e s , i s  much 

s m a lle r  than  u n i t y .

I f  one sh o u ld  base th e  d e s ig n  o f  s lopes  in  th e  Y pre - 

s ia n  c la y  on i t s  r e s id u a l v a lu e , one shou ld  come to

s lo p e s , so f l a t ,  th a t  th e y  become a n ti-e c o n o m ic a l,  

and fu rth e rm o re  do n o t lo n g e r  co rrespond  to  th e  beha­

v io u r  o f  s te e p e r s lo p e s , w h ich  behaved w ith o u t  t r o u ­

b le  s in c e  s e v e ra l decades.

R e a liz e d  s lo p e s .

The s lo p e s  have been r e a l iz e d  a c c o rd in g  to  th e  d e s ig n  

c a lc u la t io n s  b u t a supp lem en ta ry  in te rm e d ia te  bank 

has been p u t in  th e  s lo p e  w h ich  f la t t e n s  s t i l l  a 

l i t t l e  th e  mean va lu e  o f  th e  s lo p e .

The dashed l in e  o f  f i g .  8 shows th e  s lo p e s  c o n s id e ­

re d  in  th e  d e s ig n  c a lc u la t io n s .  On th e  same f ig u r e  

th e  f u l l  l i n e  g iv e s  th e  s lo p e s  as th e y  were a c tu a l­

l y  r e a l iz e d .

The c u t e x is ts  now f o r  about fo u r  ye a rs  and i t  i s  

w o r th w h ile  to  c a lc u la te  th e  va lu e  o f  th e  s a fe ty  fa c ­

t o r  f o r  th e  c o n d it io n s  o f  w a te r-p re s s u re s  observed 

a f t e r  e x c a v a tio n  o f  th e  c u t .
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The f i g .  5 shows th e  w a te r-p re s s u re s  observed in  th e  

Warlam p ie zo m e te rs . The maximum observed  le v e ls  a re  

+ 150 ,41  in  W8 and + 147,50 in  W7 (S ou the rn  s lo p e ) .
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These maximum w a te r-p re s s u re s  a re  in d ic a te d  on the  

c ro ss  s e c t io n  o f  f i g .  3 .

On th e  same f ig u r e  a re  in d ic a te d  th e  maximum observed 

w a te r - le v e ls  in  th e  in c l in o m e te r  tube  18 (+■ 1 5 2 ,2 4 ) in  

th e  same c ro s s  s e c t io n .

Assuming th a t  th e  w a te r le v e l  in  t h is  tube  co rresponds  

to  th e  w aterhead in  th e  o v e r ly in g  sandy and loamy 

la y e rs  and to  th e  p ie z o m e tr ic  le v e l  in  th e  upper c la y ,  

an in t e r p o la t io n  is  made, by a p a ra b o lic  law , as shown 

on f i g .  3 .

A com puter c o n t r o l  has been made f o r  th e  r e a l iz e d  s lo ­

pes w ith  th e  w a te rp re s s u re s  co rre s p o n d in g  to  th e  pa­

r a b o l ic  law  deduced from  th e  o b s e rv a t io n s .

In t ro d u c in g  th e  peak shear s t re n g th  c h a r a c te r is t ic s  

c ' = 1 t /m 2 and co' = 2 4 "301, a s a fe ty  f a c to r  s = 1 ,465 

is  o b ta in e d  on co h es ion  and tg  ® ' .

Measures ta ke n  d u r in g  th e  e x c a v a tio n  w o rk s .

In  o rd e r  to  secu re  th e  perm anent s lo p e s  deduced from  

th e  peak shear s t re n g th s ,  i t  i s  n o t s u f f i c ie n t  to  

c o n t ro l  t h a t  no p re v io u s  s l id e s  ( h i s t o r ic a l  o r  g e o lo ­

g ic a l )  e x is t  in  th e  a rea  o f  th e  c u t ,  b u t i t  i s  a ls o  

necessary  to  p re v e n t th e  occurence o f  lo c a l  s l id e s  

d u r in g  th e  e x c a v a tio n  works the m se lve s .

Indeed d u r in g  th e  e x c a v a tio n  works v e ry  o f te n  th e  

e x c a v a tio n  f r o n t  i s  much s te e p e r th a n  th e  permanent 

s lo p e s  to  be r e a l iz e d .  F u rth e rm o re  d u r in g  these  works 

th e  w a te r-p re s s u re  c o n d it io n s  can be worse than  in  

th e  f i n a l  s i t u a t io n  a f t e r  th e  w o rks . F o r b o th  reasons, 

i f  no ca re  is  ta k e n , lo c a l  s l ip s  can o c c u r, w h ich  can 

cause a s e r ie s  o f  re g re s s iv e  f a i lu r e s ,  w h ich  f i n a l l y  

e n t a i l  th e  s o i l  mass lo c a te d  beh ind  th e  f i n a l  s lo p e s  

to  be r e a l iz e d .  A long these  re g re s s iv e  s l i p  s u rfa c e s  

no lo n g e r  th e  peak shear s t re n g th  b u t th e  re s id u a l 

s t re n g th  i s  p re v a le n t .

In  o rd e r  to  p re v e n t such s l i p  s u rfa c e s  d u r in g  th e  ex­

c a v a tio n  works i t  has been s p e c if ie d  th a t  th e  excava­

t io n  had to  p roceed in  n e a r ly  h o r iz o n ta l la y e rs  ove r 

th e  f u l l  w id th  o f  th e  c u t ,  and th a t  n e ve r n o r a t  any 

s i t e  th e  s lo p e , be i t  te m p o ra r i ly ,  may be s te e p e r 

th a n  th e  in c l in a t io n  o f  th e  f i n a l  s lo p e s  to  be r e a l i ­

zed.

Because o f  t h is  s p e c i f ic a t io n ,  no lo c a l  s l id e s  occu- 

re d  d u r in g  th e  e x c a v a tio n  w orks.

C o n tro l d u r in g  e x c a v a tio n .

D u rin g  th e  e x c a v a tio n  works and th e r e a f te r ,  system a­

t i c  measurements were made a t  th e  a ir -p re s s u re  p ie z o ­

m ete rs  (W arlam ) p laced  in  th e  upper c la y  la y e r  and 

in  th e  in c l in o m e te r  tubes  w h ich  reached  w h ith in  th e  

in te rm e d ia te  sand la y e r .

The maximum p ie z o m e tr ic  le v e ls  observed  s in c e  th e  

e x c a v a tio n  o f  th e  c u t  a re  shown in  th e  c ro ss  s e c t io n  

o f  f i g .  3 . These maxima have occu red  a f t e r  a v e ry  

r a in y  p e r io d .

The maximum w a te r le v e ls  observed  co rre sp o n d  n e a r ly  t 1 

th e  le v e ls  o f  th e  ¿ lo p e  show ing th a t '  th e  .assum ptions rr ids 

co n c e rn in g  th e  w a te r p re ssu re s  in tro d u c e d  in  th e  c a l ­

c u la t io n s  were n o t e x c e s s iv e .

D u rin g  th e  l i f e t im e  o f  th e  c u t ,  a t  r e g u la r  in t e r v a ls  

in c l in o m e te r  re a d in g s  have been ta k e n . D u r in g  and a f ­

t e r  r a in y  p e r io d s , c o rre s p o n d in g  to  maximum le v e ls  i r  

th e  p ie zo m e te rs , th e  in c l in o m e te r  re a d in g s  a re  made 

a t  s h o r te r  in t e r v a ls .  However th e  re a d in g s  have never 

shown d if fe re n c e s  la r g e r  th a n  5 d i g i t s ,  w h ich  c o r re s ­

pond to  th e  p re c is io n  w ith  w h ich  su cce ss ive  re a d in g s  

can be made. T h e re fo re  i t  can be conc luded  t h a t  no 

movements have been d e te c te d .

C o n c lu s io n s .

E xcep t fo rsom e c u ts  o r  p a r t  o f  them where e a r l i e r  

s l i p  s u rfa c e s  e x is te d  and where o b v io u s ly  th e  s t a b i ­

l i t y  was governed by th e  r e s id u a l shear param eters  o f 

th e  c la y  and s tu d ie d  on t h a t  base, th e  c o n s id e re d  

c u ts  in  th e  t e r t i a r y  c la y s  were b a s ic a l ly  s tu d ie d  t a ­

k in g  in t o  acco u n t th e  peak shear s t re n g th  c o rre s p o n ­

d in g  to  th e  un loaded s ta te  o f  th e  c la y .

In  th e  c a lc u la t io n s  th e  w o rs t assum ptions were made 

c o n ce rn in g  th e  w a te r-p re s s u re s  in  th e  c la y .

A s a fe ty  fa c to r  F o f  a t  le a s t  1.3  i s  asked f o r ,  i n  

o rd e r  to  s ta y  s u f f i c i e n t l y  away from  th e  re g io n  o f  

la rg e  d is t o r t io n s ,  w h ich  in c lu d e  th e  danger o f  p ro ­

g re s s iv e  ru p tu re .

The re c e n t r a i l r o a d  c u t  a t  G o d a rv il le  has been d e s ig ­

ned and r e a l iz e d  on th a t  base and e x is ts  now s in c e  

fo u r  ye a rs  w ith o u t  any t r o u b le .

From th e  g a th e re d  e xp e rie n ce  ca n n o t be conc luded  th a t  

in  s i t e s  where no e a r l i e r  s l i p  s u rfa c e s  e x is t ,  th e  

s t a b i l i t y  o f  s lo p e s  in  o v e rc o n s o lid a te d  t e r t i a r y  c la y ; ,  

i s  n e c e s s a r i ly  governed by th e  r e s id u a l pa ram e te rs .

The B e lg ia n  e xp e rie n ce  seems a t  th e  c o n tra ry  to  show 

th a t  a d o p tin g  th e  peak shear s t re n g th  param eters c o r ­

re s p o n d in g  to  th e  un loaded s ta te  o f  th e  c la y  and i n ­

so fa r, as no p re v io u s  s l i p  s u rfa c e s  e x is t ,  s ta b le  s lo ­

pes can be des igned  p ro v id e d  t h a t  th e  w o rs t assump­

t io n s  a re  made co n c e rn in g  th e  w a te r-p re s s u re s  in  th e  

c la y  and a s u f f i c i e n t l y  la rg e  fa c to r  o f  s a fe ty  is  

re s p e c te d , in  o rd e r  to  be o u ts id e  th e  c o n d it io n s  o f  

la rg e  shear s t r a in s ,  w h ich  in c lu d e  th e  danger o f  

p ro g re s s iv e  ru p tu re .
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