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ABSTRACT 

The o b j e c t i v e  of t h i s  r e p o r t  was t o  review a v a i l a b l e  

l i t e r a t u r e  on t h e  s u b j e c t ,  "Slopes  i n  Champlain Clay". 

The g e o l o g i c a l  e v e n t s  l ead ing  t o  t h e  format ion o f  

t h e  Champlain s e a  a r e  d i scussed .  With t h e  h e l p  o f  16 c a s e  

h i s t o r i e s  r e g i o n a l  p r o p e r t i e s  of t h e  Champlain c l a y  a r e  

shown. 

Recent developments i n  t h e  a n a l y s i s  of s l o p e  

s t a b i l i t y  a r e  d i scus sed .  The d i l a t i v e  and p o s t  peak f a i l u r e  

envelopes a r e  compared. Fu r the r  g e o t e c h n i c a l  problems when 

d e a l i n g  wi th  t h e  Champlain s ea  sediments a r e  exposed. 
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INTRODUCTION 

Over t h e  y e a r s ,  t h e r e  have been many d i s a s t r o u s  

s l i d e s  i n  e a s t e r n  Canada's  lowlands where a m a t e r i a l  known 

a s  t h e  "Champlain c l a y "  i s  p re sen t .  Chagnon (1968) r e p o r t e d  

686 s c a r s  i n  a r e c e n t  a i r  photo i n v e s t i g a t i o n  of t h e  

lowlands i n  t h e  province of Quebec. I n  t h i s  i n v e s t i g a t i o n  

o n l y  s c a r s  t h a t  were undisputab ly  a t t r i b u t e d  t o  a s l i d e  

movement were counted.  I f  w e  cons ide r  t h e  ones  t h a t  have 

a l s o  occur red  i n  Ontar io ,  t h e  t o t a l  i s  w e l l  over  700. 

Records d e s c r i b e  s l i d e s  going back a s  f a r  as 1840. Publ i shed  

in format ion  of t h e s e  e a r t h  movements i n d i c a t e s  a l o s s  of 

c l o s e  to  100 l i v e s  and approaching 10,000 a c r e s  (Eden 1973) .  

There a r e  many names f o r  t h e  c l a y  found i n  e a s t e r n  

Canada's  lowlands. They a r e  o f t e n  r e f e r r e d  t o  a s  Leda 

c l a y s .  T h i s  name was g iven  t o  them by S i r  Willlam Dawson 

when he i d e n t i f l e d  t h e  most cormon fossx l  found i n  it a s  

"Leda g l a c i a l i s " .  More r e c e n t  work has  d i sproved  t h i s  t heo ry  

and t h e  c l a y  is more p r o p e r l y  c a l l e d  Champlain c l a y  (Eden 

and Crawford 1957; Gadd 1960; LaRochelle e t  a l .  1970) .  The 

name Leda had wide accep tance  b u t  i s  s lowly l o s i n g  ground t o  

t h e  more correct name, Champlain c l a y .  They a l s o  have been 

c a l l e d  Lauren t ian  o r  Rideau c l a y s  (Eden and Crawford 1957) .  
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Whatever t h e  name,there a r e  many pape r s  which have 

t r i e d  t o  p i e r c e  t h e  many s p e c i a l  problems encountered when 

ded l inq  wi th  t h e  Champlain s ea  d e p o s i t s .  T h i s  paper t r e a t s  

one of t h e s e  problems: s l o p e  s t a b i l i t y  - w i t h  a g r e a t e r  

emphasis on long-term s l o p e  s t a b i l i t y .  

W e  s h a l l  f i r s t  look a t  t h e  g e o l o g i c a l  e v e n t s  l ead ing  

t o  t h e  d e p o s i t i o n  of t h e s e  sediments i n  o r d e r  t o  e s t a b l i s h  

r e g i o n a l  c h a r a c t e r i s t i c s .  T h i s  w i l l  l ead  u s  t o  t h e  t h i r d  

c h a p t e r  where t h e  p r o p e r t i e s  of  t h e  c l a y  w i l l  be  desc r ibed .  

Regional  c h a r a c t e r i s t i c s  w i l l  be  more c l e a r l y  d e f i n e d  i n  

t h i s  c h a p t e r  w i th  t h e  h e l p  o f  some 16 c a s e  h i s t o r i e s .  The 

nex t  s t e p ,  c h a p t e r  f o u r ,  w i l l  e x p l o r e  t h e  v a r i o u s  views -- -1- 

now being p re sen ted  i n  t h e  l i t e r a t u r e  t o  e s t a b l i s h  a b a s i s  

f o r  eva lua t ing  long-term s l o p e  s t a b i l i t y  problems. I n  t h e  

f i f t h  c h a p t e r ,  w e  s h a l l  look a t  v a r i o u s  o t h e r  problems t h a t  

s o  f a r  have n o t  been solved and have a d i r e c t  bear ing  on 

t h e  problem a t  hand, s l o p e  s t a b i l i t y .  

Slope f a i l u r e  i n  Champlain c l a y  may t a k e  v a r i o u s  

forms. I t  may be a s i n g l e  s l i d e ,  LI r e t r o g r e s s i v e  s l i d e ,  o r  

a f low s l i d e .  Whatever t h e  f i n a l  outcome t h e  i n i t i a l  t r i g g e r  

i s  always a smal l  c i r c u l a r  s l i p  which p rog res se s  from t h a t  

p o i n t  on (Bjerrum e t  a l .  1969) .  

The d i s a s t r o u s  s l i d e s  a r e  of cou r se  t h e  r e t r o g r e s s i v e  

s l i d e s  and t h e  f l ow s l i d e s .  The f i r s t  i s  c h a r a c t e r i z e d  by a 

series of c l o s e l y  spaced c i r c u l a r  s l i p s  l eav ing  a jagged 

topography i n  t h e  bowl. The material between t h e  s l i p s  i s  
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r e l a t i v e l y  undis t rubed.  However, t h e r e  i s  some complete ly  

remolded m a t e r i a l  forming a  smal l  apron a t  t h e  t o e  of t h e  

s l i d e .  A r e c e n t  example of t h i s  t y p e  of s l i d e  i s  t h e  one 

t h a t  occurred on t h e  South Nation River i n  May of 1971. 

A t  t h e  o t h e r  end of t h e  s c a l e ,  t h e r e  a r e  f low s l i d e s  where 

t h e  m a t e r i a l  t u r n s  t o  a v i scous  l i q u i d  and f lows  o u t  of t h e  

c r a t e r .  An example i s  t h e  Toulnustouc s l i d e  t h a t  occurred 

i n  May of 1962. There a r e  of cou r se  t h e  in-between s l i d e s ,  

t h e  r e t r o g r e s s i v e  f low s l i d e s  a l s o  c a l l e d  ea r th f lows ,  They 

a r e  c h a r a c t e r i s t i c  of  most s l i d e s  and a r e  e s p e c i a l l y  

not ice ' ib le  by t h e i r  pea r  shaped c r a t e r s  (F igure  1.1). The 

s l i d e  t h a t  occurred a t  Breckenridge i n  1963 i s  an example. 

These d i f f e r e n t  modes of f a i l u r e  a r e  c o n t r o l l e d  by 

t h e  p r o p e r t i e s  of t h e  c l a y  and o f t e n  by t h e  geology of  t h e  

a r e a .  



CHAPTER I1 

GEOLOGY 

2 . 1  - I n t r o d u c t i ~ ~ n  

I n  t h i s  chap te r  t h e  g e o l o g i c a l  h i s t o r y  of t h e  

e a s t e r n  lowlands w i l l  be s tud ied .  This  a r e a  i n c l u d e s ,  t h e  

S t .  Lawrence lowlands, t h e  Outaouais v a l l e y  and t h e  l a c  

S t .  J ean  r eg ion .  Th i s  was t h e  e x t e n t  of  t h e  Champlain 

sea. Figure  2.1 shows t h e  geograph ica l  d i s t r i b u t i o n  of t h e  

s e n s i t i v e  c l a y s  which were depos i t ed  du r ing  t h e  l i f e  of  

t h i s  sea .  

2 . 2  P r i o r  t o  -- t h e  Champlain Sea 

The a c t i v i t i e s  p r i o r  t o  t h e  Champlain s e a  v a r y  wi th  

t h e  r eg ions .  I n  t h e  Outaouais  a r e a ,  evidence of o n l y  one 

southward moving g l a c i a t i o n  was found. Hence, i n  t h i s  

a r e a  w e  have a  till directly above bedrock above which w i l l  

be  depos i t ed  t h e  m a r i n e  c l a y s .  G l a c i a l  l a k e  varves  a r e  

sometimes p r e s e n t  d i r e c t l y  above t h e  till i n  t h e  Outaouais 

a r e a  b u t  n o t  a s  a  mappable u n i t .  These i n d i c a t e  t h e  presence  

of a  long narrow g l a c i a l  l a k e  a long t h e  Rideau v a l l e y  t h a t  

e x i s t e d  f o r  on ly  a  s h o r t  time be fo re  t h e  i n v a s i o n  of t h e  

Champlain s e a  (Gadd 1962) .  

I n  t h e  c e n t r a l  S t .  Lawrence r e g i o n ,  t h e  s t r a t i g r a p h y  

is much more complicated.  There i s  ev idence  of two g l a c i a l  
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advances,  between which t h e r e  was a non-glacia l  p e r i o d ,  

t h e  S t .  P i e r r e  interval. The f i r s t  g l a c i a l  advance occur red  

p r i o r  t o  4 , 0 0 0  y e a r s  B.P.  ( be fo re  p r e s e n t ) .  This  south-  

ward advance blocked o f f  t h e  n o r t h e r l y  d r a i n a g e  and formed 

a g l a c i a l  l a k e  i n  which were depos i t ed  varved sediments .  

The advance of t h e  g l a c i a t i o n  te rmina ted  t h i s  g l a c i a l  l a k e  

and overrode t h e s e  varved sediments.  Th i s  pe r iod  was fol lowed 

by the St. Pierre i n t e r v a l  which i s  e v i d e n t  today by t h e  

presence  of h igh ly  compressed p e a t  l a y e r s  i n  t h e  s t r a t i g r a p h y .  

T h i s  phase was followed by ano the r  g l a c i a l  advance which 

a g a i n  formed a g l a c i a l  l a k e  (Descha i l lon)  i n  t h i s  reg ion .  

Again varved c l a y  sediments w e r e  depos i t ed .  These were 

over r idden  by t h e  advancing g l a c i a t i o n  which depos i t ed  a 

sandy g r e y  till ( G e n t i l l y  till) (Gadd 1971) .  

2 . 3  Formation o f  t h e  Champlain s ea .  

A s  t h e  i c e  s t a r t e d  t o  r e t r e a t  i n  a no r th ,  nor th-  

e a s t e r l y  d i r e c t i o n ,  ano the r  g l a c i a l  l a k e  was formed. However, 

somehow, t h e  i c e  blocking t h e  n ~ ~ t u r n l  n o r t h e r l y  d ra inage  t o  

t h e  s ea  r e t r e a t e d  promptly,  a l lowing  s a l i n e  wate r  t o  invade 

t h e s e  i s o s t a t i c a l l y  depressed a r e a s .  Th i s  was t h e  format ion 

of t h e  Champlain sea . (Kenney  1964) .  T h i s  sea can be 

sepa ra t ed  i n t o  t h r e e  b a s i c  regions:  t h e  c e n t r a l  S t .  Lawrence 

lowlands,  t h a  Outaouais v a l l e y ,  and t h e  Saguenay r eg ion .  

The Champlain s e a  d i d  n o t  invade t h e s e  a r e a s  a l l  a t  once.  

Each r eg ion  has  i t s  own s p e c i a l  p r o p e r t i e s  which d i f f e r e n t i a t e s  



7 

it from t h e  o t h e r s .  These w i l l  be  explored  i n  t h e  nex t  

chap te r .  

2.3.1 The C e n t r a l  S t .  Lawrence Lowlands 

., j ; ,  < ?  "/ i .  
This  w a s  t h e  f i r s t  r eg ion  t o  be invaded. The i i. ; j , ;  c ' !  

t 6 .  
e a r l i e s t  p o s s i b l e  d a t e  of t h e  Champlain s e a  i s  about  11,800 ; ; , ,  

i 

y e a r s  B.P. (Kenney 1964; Elson 1 9 6 9 ) .  Geo log ica l ly  t h e r e  

is nothing p e c u l i a r  t o  t h i s  r eg ion .  F i n e  g ra ined  sediments 

w e r e  depos i t ed  i n  a  s a l i n e  t o  b rack i sh  water  environment.  

The Champlain sea ended due t o  i s o s t a t i c  u p l i f t .  T h i s  i s  

e s t ima ted  t o  have occur red  some 9500 y e a r s  ago. 

2.3.2 The Outaouais  Va l l ey  

I t  was e s t a b l i s h e d  t h a t  t h e  e a r l i e s t  p o s s i b l e  d a t e  

f o r  t h e  e x i s t e n c e  of t h e  Champlain s ea  i n  t h e  Outaouais  

v a l l e y  is approximately 10,800 y e a r s  B.P. During t h e  t ime 

t h e  s e a  was a t  i ts  maximum, o n l y  t h e  land now above 650 f e e t  

remained d ry .  However, marine o r  e s t u a r i n e  c l a y s  a r e  on ly  

found a t  e l e v a t i o n s  below 375  f e e t .  When t h e  s u r f a c e  

e l e v a t i o n  i.s l.ower than about 325 f ee t  t h e  predominant 

s u r f a c e  sediments  a r e  non-marine, i n d i c a t i n g  a  l o c a l  change 

of t h e  s a l i n i t y  of t h e  water  when t h e  s e a  l e v e l  was a t  o r  

nea r  325  f e e t  i n  Ottawa (Gadd 1962) .  

I t  i s  reasoned t h a t  t h e  s a l i n i t y  of t h e  water  changed 

r a p i d l y  from a  b rack i sh  t o  a  f r e s h  water  environment, 

sugges t ing  a  p o s s i b l e  r e d e p o s i t i o n  of t h e  upper sediments  i n  

t h i s  r eg ion  (Gadd 1962; Sangrey and Paul  1971) .  The q u e s t i o n  
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t hen  is posed, how do t h e s e  upper c l a y s  form a f l o c c u l a t e d  

s t r u c t u r e  when depos i ted  i n  f r e s h  water?  I t  has  been 

sugyested t h a t  t h e  open s t r u c t u r e  can be a t t r i b u t e d  t o  

r e s i d u a l  c a t i o n s  from t h e  o r i g i n a l  d e p o s i t s  (Crawford 1965, 

1968) .  Kenney (1964) suggested t h a t  a f r e s h  water  environment 

e x i s t e d  a f t e r  10,500 B.P .  

There a r e  t w o  exp lana t ions  p u t  forward f o r  t h i s  

sudden abundance of f r e s h  wate r .  The second one is p r e s e n t l y  

p r e f e r r e d  (Gadd 1962; Kenney 1964) .  

1. The land rebounded from i t s  depressed  p o s i t i o n ,  

l eav ing  a sha l low sea .  Fresh  wa te r ,  being i n  g r e a t  abundance 

from r e t r e a t i n g  g l a c i e r s ,  prevented t h e  e n t r a n c e  of s a l t  

wate r .  

2. A g r e a t  volume of f r e s h  water  was in t roduced  

from a f r e s h  wate r  l a k e  now known a s  l a k e  Huron. 

I n  any event ,  it has  been proposed by Sangrey and Paul  (1971) 

t h a t  t h i s  p a r t i c u l a r  g e o l o q i c a l  event  was of g r e a t  importance 

w i t h  r e s p e c t  t o  s l o p e  s t a b i l i t y  problems. 

2.3.3 The Lac S t .  J ean  Region 

Karrow (1972) d i f f e r e n t i a t e s  between t h e  occur rence  

of t h e  Champlain sea  and t h e  Laflamme sea .  H e  e s t i m a t e s  

t h a t  t h i s  mar ine  environment e x i s t e d  from 9500 y e a r s  B.P. t o  

8500 y e a r s  B.P. However, most a u t h o r s  t h a t  have worked i n  

t h i s  a r e a  have inc luded  t h i s  g e o l o g i c a l  even t  a s  p a r t  o f  

t h e  Champlain s e a  (LaRochelle e t  a l .  1970; Tavenas e t  a l .  
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1971) .  The p r o p e r t i e s  of t h e  c l a y  a r e  s l i g h t l y  d i f f e r e n t  

f r o m  t h e  prev ious  two r e g i o n s ,  though t h e  same type  of 

d i s a s t r o u s  s l i d e s  occur .  T h i s  i s  probably t h e  reason  why 

g e o t e c h n i c a l  eng inee r s  do no t  d i f f e r e n t i a t e  between t h e s e  

g e o l o g i c a l  e v e n t s .  

2 . 4  End of t h e  Champlain s e a  

A s  s t a t e d  p r e v i o u s l y ,  dur ing  t h e  l a s t  g l a c i a l  advance 

of t h e  Wisconsin age,  t h e  no r the rn  p a r t  of North America 

was depressed s e v e r a l  hundred f e e t .  The Champlain s e a  was 

formed when t h e  g l a c i e r s  r e t r e a t e d  and s a l i n e  water  invaded 

t h e  depressed land.  I t  took  over  4,000 y e a r s  f o r  i s o s t a t i c  

u p l i f t  t o  b r ing  an  end t o  t h e  Champlain s e a  by r a i s i n g  t h e  

land  above e x i s t i n g  sea  l e v e l  (Gadd 1956; Karrow 1961; 

Crawford 1968).  I t  was es t imated  by Kenney (1964) t h a t  

N i c o l e t  (Quebec) has r i s e n  750 f e e t  and Ottawa (Ontar io )  

has  r i s e n  800 f e e t  s i n c e  p o s t  g l a c i a l  marine inunda t ion  

occur red .  

2.5 Conclusion 

Seve ra l  f a c t o r s  can be lea rned  about  t h e  sediments  

of t h e  Champlain s ea  i f  one looks  a t  t h e  geology of t h e  r e g i o n s  

a s  p r e v i o u s l y  d i scussed .  

F i r s t ,  t h e  wa te r s  w e r e  probably marine  everywhere 

b u t  t h e  s a l i n i t y  was c e r t a i n l y  v a r i a b l e .  We would expect  t h e  

s a l i n i t y  t o  i n c r e a s e  w i th  dep th  of sediment (Elson 1969) and 

w i t h  proximity  t o  Quebec c i t y  (Wagner 1970) .  
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Secondly,  w e  can expec t  i n  t h e  Outaouais  a r e a ,  

two t y p e s  of c l a y  (Gadd 1962).  

1. The o l d e r  c l a y  which was depos i t ed  i n  a  marine 

o r  b r a c k i s h  water  environment. 

2 .  The younger c l a y  which was depos i t ed  i n  a  f r e s h  

water o r  l a c u s t r i n e  environment b u t  s t i l l  r e t a i n s  a  

f l o c c u l a t e d  s t r u c t u r e .  

T h i r d l y ,  i f  one looks  a t  t h e  p r o p e r t i e s  of t h e  c l a y  

i n  v a r i o u s  p a r t s  of t h e  Champlain sea, a  n o t i c e a b l e  t r end  

can be observed.  With i nc reas ing  d i s t a n c e  i n l a n d  from t.he 

ocean,  t h e  c l a y  f r a c t i o n ,  p l a s t i c i t y  and n a t u r a l  water  con ten t  

i n c r e a s e .  L i q u i d i t y  index and s e n s i t i v i t y  va ry  between wide 

l i m i t s  i n  s p e c i f i c  l o c a t i o n s  (Crawford 1961 a ) .  There a r e  

o t h e r  s i m i l a r i t i e s  b u t  t h e s e  w i l l  be d i scus sed  f u r t h e r  i n  

t h e  next  chap te r  which d e a l s  w i th  t h e  p r o p e r t i e s  of t h e  c l a y .  

A f o u r t h  p o i n t  of i n t e r e s t  i s  t h e  t h i c k n e s s  o f  t h e  

marine d e p o s i t .  It v a r i e s  g r e a t l y ,  mainly because it conforms 

t o  t h e  lower s u r f a c e .  Genera1l.y speaking i n  t h e  Cornwall- 

Ca rd ina l  a r e a  t h e  marine c l a y  i s  3 5  t o  80  f e e t  deep;  i n  t h e  

Outaouais  a r e a  t h e  maximurn d e p t h  v a r i e s  from 100 t o  200 f e e t ;  

on 14ontreal i s l a n d  t h e  maximum dep th  v a r i e s  from 80 t o  145 

f e e t ;  i n  t h e  Becancour a r e a  many of t h e  d e p o s i t s  a r e  more 

than  100 f e e t  t h i c k  (Karrow 1961) .  

I s o t a t i c  u p l i f t  ha s  e l e v a t e d  t h e  land above i ts 

former depressed p o s i t i o n .  Hence, most s t reams a r e  you th fu l  

and e r o s i o n  a ided  by weather ing and d e s s i c a t i o n  i s  v e r y  a c t i v e .  
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CHAPTER I11 

HISTORY OF LANDSLIDES AND PROPERTIES 

OF TIlE CHAMPLAIN CLAY 

3 .1  In t roduc t ion  

A s  de f ined  p rev ious ly  t h e r e  a r e  t h r e e  b a s i c  r e g i o n s  

o f  t h e  Champlain sea:  The Saquenay River  and t h e  lower S t .  

Lawrence v a l l e y ,  t h e  c e n t r a l  S t .  Lawrence lowlands, and t h e  

OuCaouais River v a l l e y .  We s h a l l  a t t empt  i n  t h i s  c h a p t e r ,  

w i th  t h e  h e l p  of documented l a n d s l i p s  t o  g a i n  a b e t t e r  

unders tanding of t h e  p r o p e r t i e s  of t h e  c l a y  i n  t h e  r e g i o n s  

p rev ious ly  d e f i n e d .  

3 . 2  TJrevious - Lands l ips  - and General  C h a r a c t e r i s t i c s  

The h i s t o r y  of l a n d s l i p s  i n  t h e s e  a r e a s  s t r e t c h e s  

back t o  t h e  f i r s t  y e a r s  of  recorded h i s t o r y  i n  t h i s  count ry .  

Nowadays wi th  t h e  he1.p of a i r -photos  and v a r i o u s  d a t i n g  

techniques ,  more a n c i e n t  massive  l a n d s l i p s  have been observed.  

Some work of t h i s  kind has  been done by v a r i o u s  a u t h o r s  

(Chagnon 1968; LaRochelle e t  a l .  1970) .  

Table 3 . 1  g i v e s  a ch rono log ica l  l i s t  of documented 

e a r t h  movements i n  Champlain c l a y .  T h i s  is an incomplete  list 

bu t  c o n t a i n s  t h e  b e t t e r  documented s l i p s  t h a t  have occur red .  

Some o l d e r  s l i d e s  a r e  n o t  l i s t e d  i n  Table  3.1. f o r  example 

Notre-Dame-de-la-Salette, 1908, which took 33 l i v e s .  They 
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a r e  important  i n  a  h i s t o r i c  s e n s e ,  and are d e s c r i b e d  a s  such 

i n  t h c  l i t e r a t u r e .  In  t h i s  s tudy ,  they  a r e  of no q u a n t i t a t i v e  

use.  

I f  we ana lyze  t h i s  t a b l e  w e  may n o t e  t h a t  10 of t h e  

16 s l i d e s  a r e  r epo r t ed  t o  have occur red  when water c o n d i t i o n s  

were a t  a  maximum. Hence, we can deduce t h a t  sp r ing t ime  

o r  heavy r a i n s  a f t e r  a  v e r y  h o t  summer a r e  c o n d i t i o n s  

conducive t o  l a n d s l i d e s  i n  t h e  Champlain c l a y s .  Of t h e  1 6 ,  

8 occurred i n  t h e  sp r ing t ime  and 5 i n  l a t e  summer o r  autumn. 

Of t h e  3 t h a t  are l e f t ,  one is a n c i e n t  (it i s  n o t  known 

e x a c t l y  when it f a i l e d ) ;  one occur red  i n  t h e  summer and t h e  

o t h e r  i n  t h e  w in t e r .  I t  seems c l e a r  a t  t h i s  p o i n t  t h a t  water  

c o n d i t i o n s  i n  a  s l o p e  i n  Champlain c l a y  a r e  c r i t i c a l  t o  i t s  

s t a b i l i t y .  

Table  3 .2  ( a )  and 3.2  (h) g i v e  a  l i s t  of t h e  engineer ing  

p r o p e r t i e s  of t h e  c l a y  a t  each s i t e  p rev ious ly  desc r ibed .  

Some averaging had t o  be done. Most of  t h e  d a t a  f o r  t h i s  

t a b l e  has  been taken  d i r e c t l y  from t h e  corresponding 

re fe renced  au tho r .  Data has  a l s o  heen taken  from M i t c h e l l  

and Markwell (1974) who have extended some s t u d i e s .  They 

have ga thered  in format ion  on 4 1  s l i d e s  t h a t  have occur red  i n  

t h e  sediments of t h e  Champlain sea and Lake Ojibway-Barlow. 

T h i s  paper on ly  d e a l s  wi th  t h e  Champlain c l a y  and it i s  

be l i eved  t h a t  t h e  s l i d e s  desc r ibed  i n  Tables  3 .1  and 3.2 

a r e  r e p r e s e n t a t i v e  of t h e  a r e a s  so t h a t  some g e n e r a l i z a t i o n  

may be recognized .  
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W e  no t e  immediately t h a t  no f a i l u r e  h a s  occur red  

on n a t u r a l  s l o p e s  t h a t  have an i n c l i n a t i o n  less than  

approximately 25O. One has  occur red  a t  an i n c l i n a t i o n  of 

20° i n  Hawkesbury, 1955, bu t  t h i s  was a c u t  s l o p e .  

The nex t  p o i n t  t o  n o t i c e  i s  t h a t  t h e  n a t u r a l  water  

c o n t e n t  is c l o s e  t o  o r  g r e a t e r  t han  t h e  l i q u i d  l i m i t .  T h i s  

is a c h a r a c t e r i s t i c  of a quick o r  s e n s i t i v e  c l a y .  That i s  

t h e  l i q u i d i t y  index is c l o s e  t o  o r  g r e a t e r  t han  u n i t y .  

The s e n s i t i v i t y  measurements va ry  g r e a t l y  b u t  t h e y  

are undoubtedly i n d i c a t i v e  of a s e n s i t i v e  s o i l .  I t  v a r i e s  

from 2 t o  i n f i n i t y  ove r  t h e  whole Champlain sea and o f t e n  

over  an o rde r  of  magnitude w i t h i n  t h e  same a r e a .  W e  s h a l l  

see i n  c h a p t e r  V t h a t  t h e  numbers ob ta ined  a r e  ve ry  much 

dependent on t h e  method of e v a l u a t i o n  used (Eden and Kubota 

1961) .  

The o t h e r  p r o p e r t i e s  such a s  s a l t  c o n t e n t ,  c l a y  

s i z e ,  undrained s h e a r  s t r e n g t h ,  a l l  va ry  g r e a t l y  bu t  we 

s h a l l  t r y  t o  ana lyze  them t o  account f o r  any t r e n d  t h a t  might 

e x i s t .  

3.3 Saguenay ---- and Lower S t .  Lawrence Region 

F i r s t  l e t  u s  look a t  t h e  Saguenay and lower S t .  

Lawrence r eg ion .  There a r e  r e p o r t s  t h a t  t h e  c l a y s  i n  t h i s  

a r e a  a r e  e i t h e r  heav i ly  conso l ida t ed  o r  ve ry  s t r o n g l y  bonded 

(Eden and M i t c h e l l  1973) .  Two o f  t h e  t h r e e  c a s e  h i s t o r i e s  

t h a t  we have i n  Table  3.2 ( b )  demonstrate t h i s  c l e a r l y  
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3.5 - 4.0 t o n s  per  square  f o o t .  However, t h e  d a t a  recorded 

from t h e  Rimouski s l i d e  ( 6 )  shows t h a t  t h i s  a r e a  h a s  a low 

s t r e n g t h .  Other c h a r a c t e r i s t i c s  l ead  u s  t o  b e l i e v e  t h a t  

even though t h i s  s l i d e  i s  geograph ica l ly  i n  t h e  lower S t .  

Lawrence a r e a ,  i t  should b e  p a r t  of  t h e  c e n t r a l  S t .  

Lawrence r eg ion  o r  a  t r a n s i t i o n  zone. 

W e  can a l s o  n o t e  t h a t  t h e  c l a y s  i n  t h i s  a r e a  a r e  

s i l t ier  than  i n  t h e  o t h e r  two a r e a s .  Th i s  i s  r e f l e c t e d  by 

t h e  l i q u i d  l i m i t s  which a r e  l o w e r  t h a n  i n  t h e  o t h e r  two 

r eg ions .  The i r  n a t u r a l  wate r  con ten t  i s  g e n e r a l l y  h ighe r  

t h a n  t h e  l i q u i d  l i m i t .  The i r  s e n s i t i v i t y  i s  also v e r y  high.  

It f r e q u e n t l y  has  a  v a l u e  c l o s e  t o  i n f i n i t y  ( ~ a R o c h e l l e  1 9 7 2 ) .  

Some of t h e  Largest  f lm s l i d e s  recorded have occurred 

i n  t h i s  t y p e  of m a t e r i a l .  Both t h e  examples we  have s t u ~ ! i c c l  

he re  have d i s p l a c e d  m a t e r i a l  i.n excess  of 5  m i l l i o n  cub ic  

yards .  

3 . 4  The C e n t r a l  S t .  Lawrence L,c,i;ii!nds .- --. . 

The m a t e r i a l  i n  the  c e n t r a l  S t .  Lawrence Lowlands 

is t h e  one w e  s h a l l  look a t  now, it i s  r e p o r t e d  t h a t  t h e  

c l a y s  i n  t h i s  a r e a  tend  t o  be  s o f t e r  and s l i g h t l y  over-  

conso l ida t ed  (Eden and M i t c h e l l  1 9 7 3 ) .  The occur rence  of 

t h e s e  p r o p e r t i e s  w i l l  b e  shown w i t h  t h e  h e l p  of our  c a s e  

h i s t o r i e s  i n  t h i s  r e g i o n  ( 2 , 4 , 5 , 7 ) .  

' ~ f f e r s  t o  numbered case h i s t o r i e s  Table  3.1, 3.2 (a), 
3.2 ( b ) .  
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The undrained shear  s t r e n g t h  v a r i e s  from 0 .3  t o  0.8 

t o n s  per square  f o o t .  The c l a y s  a r e  t hen  much s o f t e r  than  

4n  t h e  Saguenay r eg ion  and a s  w e  s h a l l  s e e  o n l y  s l i g h t l y  

s o f t e r  t han  i n  t h e  Outaouais reg ion .  

Again h e r e  t h e  n a t u r a l  water  c o n t e n t  g e n e r a l l y  

exceeds t h e  l i q u i d  l i m i t .  However, t h e  l i q u i d  l i m i t s  a r e  

approximately 30 p e r c e n t  h igher  t h a n  they  were i n  t h e  

Saguenay reg ion .  T h i s  probably r e f l e c t s  t h e  h igher  c l a y  s i z e  

conten t .  However, t h i s  p rope r ty  is q u i t e  v a r i a b l e  i n  our  

c a s e  h i s t o r i e s .  I t  v a r i e s  from 3 6  t o  80 pe rcen t .  There is 

however an  i n d i c a t i o n  t h a t  t h e  m a t e r i a l  g e t s  s i l t i e r  w i t h  

dep th  i n  N ico le t  ( 7 ) .  There is  u n f o r t u n a t e l y  n o t  enough 

in format ion  t o  v e r i f y  t h i s  on o t h e r  sites. W e  may conclude 

t h a t  t h e  c l a y s  i n  t h i s  r eg ion  a r e  more c l ayey  and s o f t e r  

than  i n  t h e  r e g i o n  p rev ious ly  s t u d i e d .  

I n  our  f o u r  examples t h e  l i q u i d i t y  index v a r i e s  

between 1.0 and 1 . 9  which a g a i n  shows a  s e n s i t i v e  c l a y .  

The s e n s i t i v i t y  however v a r i e s  g r e a t l y ,  even wi th in  t h e  same 

s l i d e .  

The sa l t  con ten t  v a r i e s  g r e a t l y  a l s o .  There i s  an 

i n d i c a t i o n  t h a t  it i n c r e a s e s  wi th  dep th .  Th i s  r e f l e c t s  

probably t h e  t r a n s i t i o n  from a  marine t o  a  f r e s h  water 

environment. However, c o n t r a r y  t o  t h e  Norwegian c l a y s  

it has  been shown t h a t  t h e  p r o p e r t i e s  of t h e  Champlain sea  

a l a y s  a r e  independent of s a l t  con ten t  (Crawford 1968) .  I n  

any case ,  it would be  i n t e r e s t i n g  t o  f i n d  o u t  i f  a  r e d u c t i o n  
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i n  s a l t  con ten t  on  a  s i te  i s  t h e  r e s u l t  of t h e  leach ing  

p roces s  o r  not .  Because i f  leaching is going on,  t h e n  t h e r e  

must e x i s t  a  h y d r a u l i c  g r a d i e n t  which i s  q u i t e  d e t r i m e n t a l  

t o  t h e  s t a b i l i t y  of a  s lope .  LaRochelle (1972) r e p o r t e d  

a hydrau l i c  g r a d i e n t  of 0.9 a t  t h e  S t .  Louis  s l i d e  ( 5 ) .  

T h i s  h igh  va lue  c e t t a i n l y  played a  g r e a t  p a r t  i n  causing t h e  

i n s t a b i l i t y  of t h i s  s lope .   his f a c t o r  shows c l e a r l y  t h e  

poor d ra inage  c o n d i t i o n s  t h a t  e x i s t  throughout  t h e  c e n t r a l  

S t .  Lawrence lowlands (Eden and M i t c h e l l  1973) .  

3 .5  The Outaouais  Va l l ey  

The t h i r d  and l a s t  r eg ion  of t h e  Champlain s e a  i s  

t h e  Outaoua is  v a l l e y .  I t  is probably t h e  most s t u d i e d  o f  

t h e  t h r e e  reg ions .  Nine of t h e  s i x t e e n  c a s e  h i s t o r i e s  a r e  

s i t u a t e d  i n  t h i s  r eg ion  (1,3,8,10,11,12,13,14,15). Thi s  

r e g i o n  can b e  d i f f e r e n t i a t e d  from t h e  o t h e r s  by i t s  t h i c k  

weathered c r u s t ,  extending t o  dep ths  of 1 0  t o  20 f e e t  (Eden 

and M i t c h e l l  1973) .  T h i s  weathered c r u s t  e x i s t s  i n  t h e  o t h e r  

two r e g i o n s  bu t  it is  u s u a l l y  thiclcer and better de f ined  i n  

t h e  Outaouais  a r e a .  

W e  n o t i c e  h e r e  t h a t  t h e  n a t u r a l  w a t e r  c o n t e n t  

r anges  u s u a l l y  w i t h i n  p l u s  o r  minus 10 p e r c e n t  from t h e  

l i q u i d  l i m i t .  The l i q u i d i t y  index is  c l o s e  t o  and is o f t e n  

sma l l e r  than  u n i t y .  T h i s  is an i n d i c a t i o n  t h a t  t h e  m a t e r i a l  

i n  t h i s  r e g i o n  i s  n o t  a s  s e n s i t i v e .  Usual ly  t h e  f low s l i d e s  

a r e  of a  smaller n a t u r e  t h a n  i n  t h e  o t h e r  t w o  r e g i o n s .  
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Iiowever t h e r e  a r e  always some excep t ions  t o  t h e  r u l e .  The 

South Nation r i v e r  l a n d s l i d e  (15)  is t h e  l a r g e s t  l a n d s l i d e  

t h a t  has occurred i n  t h i s  r e g i o n  i n  r e c e n t  h i s t o r y .  I t  i s  

second i n  e x t e n t  t o  t h e  S t .  Jean  Vianney l a n d s l i d e .  The 

c l a y  s i z e  con ten t  of  t h e  South Nation r i v e r  m a t e r i a l  is 

comparable t o  t h e  S t .  J e a n  Vianney m a t e r i a l .  I t  i s  q u i t e  

s i l t y .  I t  i s  n o t  r e p r e s e n t a t i v e  o f  t h e  rest o f  t h e  m a t e r i a l  

i n  t h e  Outaouais v a l l e y  which on t h e  average  i s  a l i t t l e  

more c l ayey  than  t h e  m a t e r i a l  i n  t h e  c e n t r a l  S t .  Lawrence 

r eq ion .  

The s a l t  con ten t  is a g a i n  s u b j e c t  t o  cont roversy .  

However, it i s  g e n e r a l l y  accepted t h a t  t h e r e  has been a  

reworking o r  r e d e p o s i t i o n  of t h e  upper sediments  i n  a f r e s h  

wate r  environment i n  some a r e a s  of t h e  Outaouais  v a l l e y  

(Sangrey and P a u l  1971) .  

The undrained s h e a r  s t r e n g t h  is however v a r i a b l e  and 

u s u a l l y  i n c r e a s e s  w i th  dep th  below t h e  weathered c r u s t .  

I t  v a r i e s  from s o f t  t o  s t i f f .  It is g e n e r a l l y  a  l i t t l e  

s t i f f e r  t han  i n  t h e  c e n t r a l  S t .  Lawrence reg ion .  I t  a l s o  

has  been r e l a t e d  t o  t h e  p r e c o n s o l i d a t i o n  p r e s s u r e  (Eden and 

Crawford 1957) .  The c r u s t  i t s e l f  i s  u s u a l l y  v e r y  s t i f f  and 

d e c r e a s e s  r a p i d l y  i n  s t r e n g t h  t o  t h e  unweathered m a t e r i a l .  

3 . 6  Conclusion 

W e  have seen i n  t h i s  chap te r  t h a t  t h e  t h r e e  b a s i c  

r e g i o n s  of t h e  Champlain s e a  do have some d i s t i n c t  d i f f e r e n c e s .  



is 

Thcsc may he lp  us  unders tand t h e  p roces ses  of l a n d s l i d e s  

i n  t h r  Champlain s e a  sediments .  

The one p rope r ty  t h a t  has  n o t  been mentioned s o  

f a r  is t h e  s t r e s s - s t r a i n  p rope r ty  o f  t h e s e  c l a y s .  They a r e  

d i r e c t l y  involved wi th  t h e  l a n d s l i d e  a n a l y s i s  and will be 

t r e a t e d  i n  t h e  nex t  chap te r .  
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CHAPTER I V  

LANDSLIDE ANALYSIS 

4 . 1  I n t r o d u c t i o n  - 
There a r e  two b a s i c  concepts  t h a t  have emerged 

from about  10 y e a r s  of  a c t i v e  r e sea rch  i n t o  t h e  mechanisms 

of s l o p e  f a i l u r e  i n  t h e  Champlain c lay.  The f i r s t  is t h e  

s o  c a l l e d  d i l a t i o n / f r i c t i o n a l  approach and t h e  second t h e  

s o  c a l l e d  p rog res s ive  f a i l u r e  approach. 

A major s t e p  forward was accomplished when Kenney 

and A l i  (1966) i n  a d i s c u s s i o n  of a paper by Crawford and 

Eden (1966) po in ted  o u t  t h a t  t h e  i n i t i a l  s l i d e  i s  o n l y  v e r y  

s m a l l  compared to  t h e  mass t h a t  r e t r o g r e s s e s  a f t e r  t h i s  

i n i t i a l  d r a ined  f a i l u r e .  They also noted t h a t  t h i s  bonded 

Champlain c l a y  s u f f e r e d  impor tan t  d e c r e a s e s  i n  s t r e n g t h  a t  

s m a l l  conf in ing  stresses. The q u e s t i o n  t h a t  they  posed a t  

t h e  time was, does  t h i s  c l a y  f a i l  a s  a n  i n t a c t  m a t e r i a l  o r  

r a t h e r  as a m a t e r i a l  w i t h  i n h e r e n t  d e f e c t s ?  

A t  about t h e  same t i m e ,  Conlon (1966) i n i t i a t e d  

t h e  i dea  of p r o g r e s s i v e  f a i l u r e  w i th  h i s  s t u d y  of t h e  

Toul.nustouc l a n d s l i d e .  The very  b r i t t l e  c h a r a c t e r  of t h e  

c l a y s  suggested t o  him t h a t  t h e  f a i l u r e  took p l a c e  because 

o f  a l o c a l  f a i l u r e  which i n  t u r n  o v e r s t r e s s e d  t h e  m a t e r i a l  

up slope t h e r e f o r e  f a i l u r e  occur red  i n  a p r o g r e s s i v e  manner. 

H e  a l s o  r e a l i z e d  t h e  importance o f  t h e  l e v e l  of c o n s o l i d a t i o n  

24  
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p r e s s u r e  i n  a t r i a x i a l  t e s t .  

I n  t h e  fo l lowing  d i s c u s s i o n  an  a t t e m p t  w i l l  be made 

t o  review t h e  r e s e a r c h  t h a t  has been performed i n  r e c e n t  

y e a r s .  We s h a l l  be d e a l i n g  w i t h  t h e  "long-term" s t a b i l i t y  

of s l o p e s  i n  Champlain c l a y .  Hence, w e  a r e  r e f e r r i n g  t o  

equ i l i b r ium ground water  c o n d i t i o n s  and d e a l i n g  w i t h  t h e  

e f f e c t i v e  stress parameters  of t h e  s o i l .  For t h e  s ake  of 

c l a r i t y  on ly  t h e  d ra ined  t r i a x i a l  r e s u l t s  w i l l  be d i scus sed .  

I t  is be l ieved  t h a t  t h e  i n i t i a l  s l i d e  f a i l s  i n  a d r a i n e d  

manner and t h a t  subsequent r e t r o g r e s s i o n  should be  analyzed 

using a sma l l e r  pore  p r e s s u r e  parameter than  t h e  one used i n  

t h e  i n i t i a l  s l i p .  Ul t imate ly  s l o p e  f a i l u r e  i n  a r e t r o g r e s s i v e  

s l i d e  should be analyzed us ing  a = 0 a n a l y s i s  (Mi t che l l  

and Markwell 1974) .  However, because most Champlain c l a y s  

have a h igh  A va lue  t h e  i n d i v i d u a l  s l i p s  immediatbly a f t e r  

t h e  i n i t i a l  s l i d e  should probably be  analyzed i n  an undrained 

f a sh ion .  I n  o u r  d i s c u s s i o n  w e  s h a l l  be involved on ly  wi th  

t h e  t r i g g e r  o r  i n i t i a l  s l i d e s .  Hence, w e  s h a l l  be  looking 

a t  t h e  d ra ined  behaviour of t h e  Champlain c l a y .  

4.2 S t r e s s - S t r a i n  Behaviour and Mohr Envelope 

4 . 2 . 1  General  

I t  has  been recognized t h a t  t h e  d ra ined  (and a l s o  t h e  

undrained)  s t r e n g t h  of t h e  Champlain s ea  sediments  is  

dependent on t h e  con f in ing  o r  c o n s o l i d a t i o n  p r e s s u r e s  under 

which a sample i s  t e s t e d .  The Mohr envelope h a s  been d iv ided  



i n t o  t h r e e  phases .  F igu re  4 . 1  t y p i f i e s  t h e  shape of t h e  

envelope (Mi t che l l  1970 (a) ;  J a r r e t  (1972).  

Phase I occu r s  when t h e  c o n s o l i d a t i o n  p r e s s u r e  

i s  g r e a t e r  than  t h e  bond s t r e n g t h  o r  t h e  p r e c o n s o l i d a t i o n  

p re s su re .  The m a t e r i a l  f a i l s  a s  an u n s t r u c t u r e d  m a s s  a t  

very  l a r g e  s t r a i n s  ( i n  t h e  o r d e r  of 30 p e r c e n t ) .  The 

s t r e s s - s t r a i n  behaviour is t h a t  of  an e l a s t o - p l a s t i c  s t r a i n  

hardening m a t e r i a l  (Figure  4.2) (Lo 1972) .  

When t h e  cemented s t r u c t u r e  c o n t r o l s  t h e  f a i l u r e  

envelope,  t h e  second phase is i n  evidence (F igure  4 . 1 ) .  The 

s t r e s s - s t r a i n  curve is of t h e  t ype  shown i n  F igu re  4.2.  

F a i l u r e  t a k e s  p l a c e  u s u a l l y  a t  low s t r a i n s  ( i n  t h e  o r d e r  of  

3 pe rcen t )  . 
Phase I11 occurs  when f a i l u r e  is  induced a t  low 

e E f e c t i v e  conf in ing  s t r e s s e s .  It i s  i n  t h i s  r eg ion  t h a t  

most if n o t  a l l  t h e  working s t r e s s e s  of s l o p e s  a r e  s i t u a t e d  

( J a r r e t  1972) .  The importance of on ly  us ing s t r e s s e s  t h a t  

a r e  a p p l i c a b l e  t o  t h e  f i e l d  problem i n  t h e  l a b o r a t o r y  is 

q u i t e  e v i d e n t  from t h e  prev ious  d i scuss ion .  T h i s  phase is 

a l s o  t h e  one i n  which t h e r e  is t h e  most con t roversy .  During 

t h e  r e s t  of th i s  paper we s h a l l  l i m i t  our d i s c u s s i o n  t o  t h i s  

important  phase.  

4.2.2 Low Confining P r e s s u r e  S t r e s s - S t r a i n  Behaviour -- 
Genera l ly  t h e  cont roversy  stems from t h e  f a c t  t h a t  

two t y p e s  of s t r e s s - s t r a i n  curves  have been ob ta ined  when 



a t tempt ing  t o  d e f i n e  t h e  f a i l u r e  envelope a t  low conf in ing  

p re s su re s .  

The f i r s t  t ype  of f a i l u r e  can be desc r ibed  a s  an 

e l a s t o - p e r f e c t l y  p l a S t i c  behaviour.  T h i s  i s  shown i n  F igu re  

4 . 3  ( b ) .  Th i s  t y p e  of s t r e s s - s t r a i n  curve has  been ob ta ined  

n'  + a; + a!, from a  p  test 1 
( 

i n  s e v e r a l  c a s e  
= c o n s t a n t )  

2 

h i s t o r i e s  from t h e  Outaouais  v a l l e y  (Mi t che l l  1970 ( a ) ) .  

The second type  of f a i l u r e  is one c h a r a c t e r i s t i c  

of ve ry  b r i t t l e  material. It was however ob ta ined  from an 

o r d i n a r y  s t r a i n  c o n t r o l l e d  conso l ida t ed  d r a i n e d  t r i a x i a l  

t e s t .  F igu re  4.3 ( a )  shows a  t y p i c a l  s t r e s s - s t r a i n  curve.  

The peak is u s u a l l y  reached a t  s t r a i n s  smal le r  t han  1 pe rcen t .  

T h i s  curve i s  t y p i c a l  of t h e  ones  ob ta ined  f o r  c l a y s  i n  t h e  

c e n t r a l  S t .  Lawrence r eg ion  and Saguenay a r e a .  

Before going on t o  d i s c u s s  t h e  d i f f e r e n t  f a i l u r e  

envelopes  we s h a l l  a t t empt  t o  exp la in  t h e s e  d i f f e r e n c e s  and 

e s t a b l i s h  a  mode of f a i l u r e .  

The f i r s t  d i f f e r e n c e  be tween  t h e  cu rves  i s  of cou r se  

t h e  t e s t i n g  method. One i s  obta ined  from a  p  test ,  t h e  o t h e r  

from an  o rd ina ry  s t r a i n  c o n t r o l l e d  test .  M i t c h e l l  (1974) i n  

h i s  arguments favour ing  t h e  use  of t h e  p  test ,  d i s c r e d i t s  

t h e  s t anda rd  t r i a x i a l  by showing t h a t  t h e  normal stress 

('i + '!, a t  f a i l u r e  i s  w e l l  o u t s i d e  t h e  range  of mean average 
2 

stress considered o p e r a t i v e  i n  a  s lope .  H e  f u r t h e r  a rgues  

t h a t  such s t r e s s  would hamper t h e  d i l a t i v e  f a i l u r e  of t h e  



2 8 

samples. This  f a c t  is s u b s t a n t i a t e d  by a  s t anda rd  t r i a x i a l  

t e s t  run a t  very  low conf in ing  stress by Lefebvre  and 

I,aRocltellc (1971) which f a i l e d  i n  a  d i l a t i v e  manner. Other  

samples i n  t h a t  s e r i e s  t e s t e d  a t  h igher  con f in ing  p r e s s u r e s  

f a i l e d  i n  a compressive f a sh ion .  

The second incons i s t ency  i s  t h a t  t h e  c l a y s  i n  t h e  

S t .  Lawrence r eg ion  peak wh i l e  t h e  tests performed on samples 

of t h e  Outaouais a r e a  do no t .  The answer t o  t h a t  problem i s  

probably i n  t h e  n a t u r e  of t h e  c l a y  i t s e l f .  The c l a y  i n  t h e  

Outaouais a r e a  is a  higher ,  o l d e r  c l a y  than  i n  t h e  S t .  

Lawrence r eg ion .  I t  has  been r e p o r t e d  (Mi t che l l  1970) t h a t  

i t  is mic ro f i s su red  and has  a t  f a i l u r e  a  nodular  cons i s tency .  

I t  i s  then  presumed t h a t  t h e  c l a y s  i n  t h e  S t .  Lawrence 

r e g i o n  a r e  n o t  mic ro f i s su red  and t h e  cemented bond must be 

broken b e f o r e  f a i l u r e  can  occur.  It i s  t h i s  p roces s  t h a t  

c r e a t e s  a  peak. I t  i s  then  p o s t u l a t e d  t h a t  t h e  f a i l u r e  

mechanism is t h e  same and t h a t  t h e  nodular  s t r u c t u r e  i s  

p r e s e n t  i n  t h e  S t .  Lawrence c l a y s  b u t  o n l y  on t h e  f a i l u r e  

p lane .  A p o s s i b l e  analogy t o  t h i s  is r e p o r t e d  by LaRochelle 

and Lefebvre (1970).  They have shown t h a t  c l a y s  from t h e  

S t .  Lawrence r eg ion  a r e  g r e a t l y  a f f e c t e d  by sampling methods. 

More p r e c i s e l y  t hey  have demonstrated t h a t  sampling s t r a i n s  

t h e s e  c l a y s  which i n  t u r n  dampens cons ide rab ly  t h e  peak of 

a  s t r e s s - s t r a i n  curve  ( s e e  F igu re  4 . 4 ) .  I t  i s  t h e r e f o r e  

p o s t u l a t e d  t h a t  t h e  c l a y s  i n  t h e  Outaouais a r e a  have been 

s t r a i n e d  on s t r e s s  r e l i e v e d  the reby  c r e a t i n g  m i c r o f i s s u r e s  
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whi le  t h e  S t .  Lawrence c l a y s  have no t  been submit ted t o  

such processes .  

What then i s  t h e  f a i l u r e  mechanism o f  t h e s e  c l a y s ?  

The r e c o g n i t i o n  of  t h e  mic ro f i s su red  n a t u r e  of  t h e  Outaouais  

c l a y s  has played an  important  p a r t  i n  unders tanding t h e  

f a i l u r e  i n  Champlain c l a y s .  I t  is  be l i eved  t h a t  a s  t h e  

m a t e r i a l  t e s t e d  i n  t h e  l abo ra to ry  d i l a t e s  near  f a i l u r e ,  

n e g a t i v e  pore  p r e s s u r e s  a r e  induced on t h e  f a i l u r e  p l ane  

0 '  + 0 '  This  i n c r e a s e s  t h e  e f f e c t i v e  mean stress 1 3 which 
( 2 

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

tests w e r e  run  on S t .  Lawrence c l a y s  t hey  would f a i l  i n  t h e  

same manner, i n  a d i l a t i v e  f a s h i o n  ( a s  p rev ious ly  d i s c u s s e d ) .  

However, long t e r m  t e s t s  ( 3  months) performed by 

Lo (1972) on S t .  Lawrence c l a y  sugges t  t h a t  no t  o n l y  peak 

s t r e n g t h  is t i m e  r a t e  dependent bu t  t h a t  post-peak s t r e n g t h  

i s  a l s o  a f f e c t e d .  H e  e s t i m a t e s  t h e  l o s s  a t  10 pe rcen t  per  

logcyc le  of t i m e .  Th is  behaviour s t r o n g l y  s u g g e s t s  a 

p rog res s ive  f a i l u r e  mechanism l ead ing  t o  f a i l u r e .  However, 

as d i scussed  p rev ious ly ,  it i s  be l ieved  t h a t  t h e  s t anda rd  

t r i a x i a l  tes t  does  n o t  r e p r e s e n t  t h e  f a i l u r e  p a t h  o f  such 

c l a y s  and t h a t  its d i n m e n t  might hamper t h e  d i l a t i v e  

f a i l u r e  mechanism. Therefore ,  long term p tests should be  

performed t o  e s t a b l i s h  i f  such a time r a t e  dependence does  

e x i s t .  



4.2.3 - Low Confining P re s su re  F a i l u r e  Envelope 

A s  shown by F igure  4.5 t h e r e  a r e  t h r e e  p o s s i b l e  

f a i l u r e  envelopes  t o  choose from: t h e  peak f a i l u r e  envelope,  

t h e  post-peak f a i l u r e  envelope and t h e  d i l a t i v e  f a i l u r e  

envelope.  

M i t c h e l l  (1974) a rgues  t h a t  t h e  peak s t r e n g t h  envelope 

i s  a t o t a l  stress f a i l u r e  and p o s t u l a t e s  t h a t  a t  v e r y  slow 

s t r a i n  r a t e s  t h e  nega t ive  po re  p r e s s u r e s  se t  up du r ing  t h e  

test should tend  t o  equa l i ze .  This  envelope i s  t h e n  no t  

a p p l i c a b l e  t o  s l o p e  s t a b i l i t y  a n a l y s i s .  Lefebvre and 

LaRochelle (1974) have s u b s t a n t i a t e d  t h i s  conc lus ion  by 

t r y i n g  t o  ana lyze  t w o  s l o p e  f a i l u r e s  and ob ta in ing  f a c t o r s  

of s a f e t y  which a r e  much t o o  high.  

M i t c h e l l  (1974) a l s o  a rgues  t h a t  t h e  post-peak 

f a i l u r e  envelope i s  not  a p p l i c a b l e  t o  s l o p e  a n a l y s e s  because 

i t  does  not  r e p r e s e n t  t h e  t r u e  mode of f a i l u r e .  Because 

of t h e  higher  con f in ing  p r e s s u r e s ,  t h e  m a t e r i a l  is prevented 

from d i l a t i n g  thereby  reducing t h e  f a i l u r e  envelope.  Slope 

s t a b i 1 i . t ~  a n a l y s e s  us ing  t h i s  f a i l u r e  envelope would then  

be e s t ima ted  conse rva t ive ly .  

It is then  p o s t u l a t e d  t h a t  t h e  on ly  a c c e p t a b l e  f a i l u r e  

envelope is t h e  one ob ta ined  from a p test where t h e  conf in ing  

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

f a i l u r e  i s  p r e s e n t .  
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4 . 3  Analys i s  of F a i l u r e  

It is q u i t e  ev iden t  t h a t  t h e  peak f a i l u r e  envelope 

cannot be used t o  e s t i m a t e  t h e  s t a b i l i t y  of  a s l o p e .  However, 

t h e  pos t  peak f a i l u r e  envelope has  been used by Lefebvre 

and LaRochelle (1974) t o  e v a l u a t e  s l o p e  f a i l u r e s  a t  S t .  

V a l l i e r  and S t .  Louis.  The i r  a n a l y s i s  f i t s  w e l l  w i t h  t h e  

a c t u a l  s l o p  c i r c l e  a t  a f a c t o r  of s a f e t y  of u n i t y .  They 

a t t r i b u t e  t h e  f a i l u r e  t o  a p roces s  o f  p r o g r e s s i v e  f a i l u r e .  

The m a t e r i a l  t e s t e d  i n  a s t anda rd  t r i a x i a l  tes t  e x h i b i t e d  a 

h r i t t l e  behaviour necessary  f o r  t h e  p r o g r e s s i v e  f a i l u r e  

concept.  M i t c h e l l  (1970 ( a ) )  has  also had good succes s  w i t h  

t h e  d i l a t i v e  f a i l u r e  envelope.  F a i l u r e s  i n  t h e  Outaouais  

a r e a  a r e  d i l a t i v e - f r i c t i o n a l  i n  n a t u r e .  T h i s  t ype  of f a i l u r e  

i s  a t t r i b u t e d  t o  c l o s e l y  spaced imper fec t ions  i n  t h e  m a t e r i a l .  

A r e  t h e r e  two modes of f a i l u r e ,  o r  can f a i l u r e  be  

expla ined  by one mode of f a i l u r e  a s  p rev ious ly  d i scussed?  

A key t o  t h i s  problem might r e s i d e  i n  t h e  a n a l y s i s  of  t h e  

Pineview g o l f  c l u b  l a n d s l i d e  (Mi t che l l  1970).  It i s  be l i eved  

t h a t  t h i s  c l a y  i s  n o t  f i s s u r e d  ( a s  t h e  ones  i n  t h e  S t .  

Lawrence r e g i o n ) .  Hence, w e  can observe  t h a t  a d i l a t i v e  

envelope is ob ta ined  a t  low conf in ing  p r e s s u r e s .  No complete 

s t a b i l i t y  a n a l y s i s  was performed because of t h e  l a c k  of 

in format ion  on t h e  groundwater regime. However, a good 

c o r r e l a t i o n  between t h e  d i l a t i v e  f a i l u r e  a n a l y s i s  and a c t u a l  

f a i l u r e  mechanism seemed t o  be  ob ta ined .  
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The importance of knowing t h e  groundwater c o n d i t i o n s  

cannot be emphasized enough. I t  i s  be l ieved  t h a t  ground- 

water movement i s  t h e  prime i n s t i g a t o r  of s l o p e  f a i l u r e s .  

Complete f a i l u r e  of a s l o p e  i s  dependent on t h e  a v a i l a b i l i t y  

of  s u r f a c e  water  e n t e r i n g  v i a  t e n s i o n  c r a c k s  t o  s a t i s f y  

t h e  d i l a t a n t  tendency and reduce  t h e  e f f e c t i v e  normal 

s t r e s s e s  (Eden and M i t c h e l l  1970) .  So f a r  most l a n d s l i d e  

i n v e s t i g a t i o n s  have been performed wi th  poor groundwater 

informat ion.  Accurate  in format ion  about  t h i s  important  

parameter is e s s e n t i a l  i n  f u t u r e  c a s e  h i s t o r i e s  i f  any 

p rog res s  is  t o  be made i n  t h i s  f i e l d .  

T h e o r e t i c a l l y  M i t c h e l l  (1974) has  p resen ted  p l a u s i b l e  

arguments i n  f avo r  of t h e  d i l a t i v e  f a i l u r e  envelope us ing  

p  tests. However, t h e  use  of t h e  post-peak f a i l u r e  envelope 

has  a l s o  demonstrated good p o t e n t i a l  i n  a n a l y s i s  of  s l o p e  

f a i l u r e s  (Lefebvre  and LaRochelle 1 9 7 4 ; m  and Lee 1974) .  

Lo (1972) admi ts  t h a t  t h e  use  of t h e  post-peak f a i l u r e  

envelopc is conse rva t ive .  The q u e s t i o n  now remains,  how 

conse rva t ive  is i t ?  Only a  d i r e c t  c ~ ~ n p a r i s o n  of both  f a i l u r e  

envelopes  on a s l o p e  f a i l u r e  where groundwater c o n d i t i o n s  a r e  

known a t  t h e  moment of f a i l u r e  w i l l  c l a r i f y  t h i s  ques t ion .  

6 . 4  Other Cons idera t ions  

Important  p r o p e r t i e s  of t h e  m a t e r i a l  have been neg lec t ed  

i n  our d i s c u s s i o n  t h u s  f a r .  Such t h i n g s  a s  a n i s o t r o p y ,  r a t e  

e f f e c t s ,  and end e f f e c t s ,  have been i n t e n t i o n a l l y  omi t ted  n o t  t o  
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c o n f u s e  t h e  i s s u e s  any  f u r t h e r .  However, t h e s e  c h a r a c t e r i s t i c s  

arc l m p o r t a n t  and s h a l l  b e  d i s c u s s e d  h e r e .  

Because of  t h e  b r i t t l e  b e h a v i o u r  o f  t h e  Champlaln 

s d a  s e d i m e n t s ,  C o a t e s  and  McRost le  (1963)  r e p o r t  t h a t  s e r i o u s  

errors a r e  i n t r o d u c e d  when t h e  e n d s  of s a m p l e s  t e s t e d  a r e  

n o t  p a r a l l e l .  

The i n f l u e n c e  o f  r a te  o f  t e s t i n g  is a v e r y  d e b a t e d  

and  confused  i s s u e .  L o  and  Morin (1972) r e p o r t  t h a t  stress- 

s t r a i n  b e h a v i o u r  a r e  dependen t  on  r a t e  o f  t e s t i n g .  However, 

Eden and  M i t c h e l l  (1970) and M i t c h e l l  (1970 ( b ) )  r e p o r t  

t h a t  i n  t h e  l o w  stress r a n g e  t h e  s t r e s s - s t r a i n  c u r v e s  a r e  

i n d e p e n d e n t  of  r a te  of s t r a i n .  Ra te  of s t r a i n  i s  a n  

l m p o r t a n t  c h a r a c t e r  t h a t  may have  f a r  r e a c h i n g  i m p l i c a t i o n s  

i n  t h e  mode o f  f a i l u r e  o f  Champlain c l a y .  More r e s e a r c h  

work shou ld  be d e v o t e d  t o  t h i s  a s p e c t .  

S t r e n g t h  a n i s o t r o p y  h a s  been found t o  be independent 

o f  sample  o r i e n t a t i o n  by b o t h  Lo (1972) and Eden and M i t c h e l l  

(1970)  a t  l o w  conf in i r~cg  p r e s s u r e s .  L o ' s  c o n c l u s i o n  i s  o n l y  

v a l i d  f o r  pos t -peak  or r e s i d u a l  s t r  c n q t h .  H e  found t h a t  peak  

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

Sample s i z e  Eor O u t a o u a i s  c l a y s  i s  a n  i m p o r t a n t  i s s u e  

b e c a u s e  o f  t h e  p r e s e n c e  o f  m i c r o f i s s u r e s .  Eden and  M i t c h e l l  

(1970) r e p o r t  t h a t  an  a r e a  o f  10  s q u a r e  c e n t i m e t e r s  a p p e a r s  

t o  b e  l a r g e  enough t o  e l i m i n a t e  sample s i z e  e f f e c t s .  

T h e r e  i s  a n o t h e r  i m p o r t a n t  problem, t h e  c u r v a t u r e  o f  

t h e  f a i l u r e  e n v e l o p e  e i t h e r  pos t -peak  or d i l a t i v e .  T h e r e  i s  a 



b a r r i e r  i n  a t r i a x i a l  test ,  a t  v e r y  low conf in ing  s t r e s s e s ,  

where s o i l s  cannot be t e s t e d .  I t  i s  t h e  unconfined 

compression l i n e .  By adapt ing  a c e r t a i n  rock  t e s t i n g  

technique  t o  s o i l  J a r r e t  (19701 provided d a t a  t o  complete 

t h e  f a i l u r e  envelope. H e  ob ta ined  f a i l u r e  parameters  

c '  = 0.08 kg/cm2 and 41' = 45'. Eden and M i t c h e l l  (1970) 

2 ob ta ined  c '  = 0.12 kg/cm and I$' = 3 3 O  f o r  t h e  same s o i l .  

When used i n  t h e  s t a b i l i t y  a n a l y s i s  bo th  s e t s  of s t r e n g t h  

parameters  y i e l d e d  a f a c t o r  of  s a f e t y  c l o s e  t o  u n i t y .  T h i s  

was explained by t h e  f a c t  t h a t  bo th  f a i l u r e  c r i t e r i a s  

i n t e r s e c t e d  c l o s e  t o  t h e  v a l u e  o f  average normal stress on 

t h e  c r i t i c a l  c i r c l e s .  However it may be impl ied t h a t  t h e  

c u r v a t u r e  of t h e  f a i l u r e  envelope is an important  a s p e c t  of 

t h e  envelope and t h a t  approximating it by a s t r a i g h t  l i n e  

may be in t roduc ing  s u b s t a n t i a l  e r r o r .  

4 . 5  Empir ical  Approach 

M i t c h e l l  and Msrkwell (1974) documented 4 1  c a s e  

h i s t o r i e s  of l a n d s l i d e s .  They d t t impted  to p r e d i c t  i n s t a b l e  

a r e a s  by t h e  u s e  of an  e m p i r i c a l  r u l e  based on t h e  s tudy  

they  performed. I n  every  c a s e  where l a r g e  f low s l i d e s  were 

s u f f i c i e n t l y  documented, t h e  v a l u e  of yH was found t o  exceed 

6Cu, a t  o r  near  t h e  dep th  of f a i l u r e .  An a r e a  can be 

cons idered  dangerous i f  yHr6Cu. Using y = 2.4 y '  t hey  a l s o  

noted t h a t  normally conso l ida t ed  c l a y s  w i th  Cu/pl< 0.4 a r e  

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



Even i f  ylr < 6Cu t h i s  does n o t  e l imina tB  t h e  

danger of  s l i d i n g .  However, chances a r e  t h a t  i f  a  s l i d e  

i s  t o  occur ,  it w i l l  be smal l .  

I f  a f t e r  such a  s tudy  it is found t h a t  t h e  a r e a  

i n v e s t i g a t e d  could be sub jec t ed  t o  f a i l u r e  under t h e  proper  

c o n d i t i o n s ,  t h e n  w e  may apply  t h e  p r i n c i p l e  proposed by 

Lo and Lee (1974) .  They found t h a t  a  f i r s t  approximation 

t o  s l o p e  s t a b i l i t y  s tudy  could be  ob ta ined  by us ing  t h e  

parameters  c' = 0  and 4 '  = 43O. M i t c h e l l  (1974) presen ted  

a  t a b l e  comparing t h e  pore  p r e s s u r e  parameter (r ) f o r  a  
U 

f a c t o r  of s a f e t y  of u n i t y  f o r  t h e  d i l a t i v e  f a i l u r e  envelope 

and Lo and Lee ' s  approximation.  W e  n o t i c e  t h a t  t h e  pore  

p r e s s u r e  parameter us ing  t h e  d i l a t i v e  approach i s  e i t h e r  

equa l  t o  o r  g r e a t e r  t h a n  t h e  po re  p r e s s u r e  parameter  ob ta ined  

from an  a n a l y s i s  us ing  c '  = 0  and $I' = 43O. 

To e s t i m a t e  how conse rva t ive  t h i s  approximation 

r e a l l y  is, a  few s l i p  c i r c l e  ana lyses  have been c a l c u l a t e d  

us ing  Bishop 's  method. 

The f i r s t  one analyzed was t h e  s l i d e  t h a t  occurred 

a t  R o c k c l i f f e  (1967) r e p o r t e d  by Eden and M i t c h e l l  (1970).  

C '  = 0, $I' = 43O and rU = 0.6 were used on t h e  s l i p  c i r c l e  

C 3 .  A f a c t o r  o f  s a f e t y  of u n i t y  was ob ta ined .  T h i s  aga in  

r e f l e c t s  t h e  c u r v a t u r e  of t h e  f a i l u r e  envelope a s  d i scussed  

p rev ious ly .  

The second s l i p  c i r c l e  t o  b e  c a l c u l a t e d  was t h e  c i r c l e  

CA of t h e  Or leans  s l i d e  r e p o r t e d  by Eden and M i t c h e l l  (1970). 



For  c '  = 0, 4 '  = 43O and rU = 0 . 6  a f a c t o r  of s a f e t y  of 

0 . 3  was ob ta ined .  For c '  = 0,4 '  = 4 3 O  and rU = 0 . 4  a 

f a c t o r  of s a f e t y  of 0.8 was ob ta ined .  

Therefore ,  it i s  be l i eved  t h a t  t h i s  method of 

approximation can on ly  be u s e f u l  i f  a  g e n e r a l  i dea  of t h e  

s t a b i l i t y  of a s l o p e  i s  r equ i r ed .  Otherwise,  l a b o r a t o r y  

t e s t i n g  is e s s e n t i a l .  These a n a l y s e s  a l s o  p o i n t  o u t  aga in  

t h e  importance of knowing a c c u r a t e l y  t h e  groundwater c o n d i t i o n s  

i n  t h e  s l o p e  i n v e s t i g a t e d .  Lo and Lee ' s  approximation might 

i n  some c a s e s  prove t o  be t o o  conse rva t ive .  

4 . 6  F i n a l  Remarks 

I f  a f t e r  p re l imina ry  i n v e s t i g a t i o n  a more d e t a i l e d  

a n a l y s i s  i s  r equ i r ed ,  a t  t h i s  moment t h e r e  are two r o u t e s  

t o  fol low.  

I f  t h e  c l a y  is f i s s u r e d  (i.e. Outaouais  a r e a )  t hen  

t h e  d i l a t i v e  f a i l u r e  envelope should be  determined wi th  

t h e  a p p r o p r i a t e  p t e s t s  a t  l o w  con f in ing  p re s su re s .  

I f  t h e  c l a y  is not  f i s s u r e d  ( i . e .  S t .  Lawrence) we 

should de te rmine  t h e  post-peak envelope.  T h i s  f a i l u r e  

envelope might be o v e r l y  conse rva t ive .  Only f u r t h e r  r e s e a r c h  

w i l l  de termine i f  t h e  d i l a t i v e  f a i l u r e  c r i t e r i a  is a p p l i c a b l e  

t o  t h e s e  i n t a c t  c l a y s .  

It is hoped t h a t  one day a g e n e r a l i z e d  f a i l u r e  

envelope w i l l  be  a v a i l a b l e  t o  determine t h e  s t a b i l i t y  of 

s l o p e s  i n  Champlain c l ay .  W e  could then  e l i m i n a t e  t h e  
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p r o h i b i t i v e  c o s t s  of determining a  f a i l u r e  envelope.  Only 

a few samples could  be t e s t e d  to  de te rmine  t h e  a p p l i c a b i l i t y  

of t h e  g e n e r a l i z e d  f a i l u r e  envelope t o  t h e  p a r t i c u l a r  s lope .  
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CHAPTER V 

UNRESOLVED PROBLEMS 

5 .1  I n t r o d u c t i o n  

When dea l ing  wi th  t h e  Champlain s ea  sediments ,  t h e r e  

are many problems t h a t  have t o  be contended with .  W e  have 

s o  f a r  d i s cus sed  t h e  p r i n c i p a l  ones. However, t h e r e  a r e  a 

few more which have a d i r e c t  bea r inq  on s l o p e  s t a b i l i t y .  

They w i l l  be  explored i n  t h i s  chap te r .  Measurement of  

s e n s i t i v i t y ,  sampling t echn iques ,  causes  of microf issure:;, 

causes  of s l i d e s ,  undrained s h e a r  s t r e n g t h  measurement and 

@ = 0 a n a l y s i s  a r e  some examples of t h e s e  problems. 

5 .2  Measurement of - S e n s i t i v i t y  

I t  i s  g e n e r a l l y  agreed today t h a t  t h e  measurement 

o f  s e n s i t i v i t y  i s  h igh ly  dependent on t h e  method used t o  

measure it. Eden and Kubol.a (1961.) i n v e s t i g a t e d  t h e  f o u r  

t ypes  of methods ns<d t o  mc!;~ir:!.ii;, s-tii ; i t : ivity of a cl.ay s o i l .  

These a r e :  t h e  f i e l d  vane, t h e  unconfined compression test ,  . 

t h e  l a b o r a t o r y  vane,  and t h e  f a l l  cone t e s t .  The s tudy  found 

t h a t  no one method is t o  t o  be p r e f e r r e d  over  another .  However, 

t h e  f i e l d  vane method is probably t h e  most economical,  b u t  

it appears  t o  underes t imate  s e n s i t i v i t y  a t  low l i q u i d i t y  

i n d i c e s  and ove re s t ima te  s e n s i t i v i t y  when t h e  l i q u i d  inclices 

a r e  high.  They a l s o  concluded t h a t  no c r i t i c a l  v a l u e s  of 

4 3 
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s e n s i t i v i t y  have appeared t h a t  would d i s t i n g u i s h  a c l a y  

s u b j e c t  t o  e a r t h f  lows and one t h a t  is no t .  

5 . 3  Sampling Techniques 

Sampling is an  important  problerrt i n  t h e s e  s e n s i t i v e  

b r i t t l e  Champlain c l a y s .  It is regarded a s  of minor importance 

i n  t h e  f i s s u r e d  c l a y s  (Mi t che l l  and Lawrence 1973) bu t  i s  o f  

major importance i n  t h e  more i n t a c t  c l ays .  The e f f e c t  of 

sampling on l a b o r a t o r y  t e s t i n g  has  been r epo r t ed  by many 

(Coates and McRostie 1963; Crawford 1963; LaRochelle and 

Lefebvre 1971; Raymond e t  a l .  1971; Raymond 1973) .  

However good samples a r e  a f u n c t i o n  of economics 

and p r a c t i c a l i t y .  Samples should on ly  be a s  good a s  t h e y  

need t o  be  f o r  a p a r t i c u l a r  i n v e s t i g a t i o n .  Coates  and 

McRostie (1963) found t h a t  t h e  e f f e c t s  of  sample d i s t u r b a n c e  

was q u i t e  important  compared t o  s i z e  of sample. It would 

seem t h a t  l a r g e  undis turbed  b l o c k  samples a r e  t h e  on ly  

samples t h a t  can be  r e l i c t i  upon c o n s i s t e n t l y  (Coates and 

McRostie 1963; Crawford 1953: i : J c n  1970; LaRochelle and 

Lefebvre  1971; Raymond et  as.. 1971; Raymond 1973).  M o s t  

i n v e s t i g a t i o n s  suppor t  t h e  op in ion  t h a t  l a t e r a l  s t r a i n s  

al lowed o r  induced by t h e  sampler l e a d s  t o  se r i ,ous  d i s tu rbance .  

LaRochelle and Lefebvre (1971) have shown t h a t  

r e s u l t s  from C I D  o r  C I U  tests a t  low stress l e v e l s  a r e  

a f f e c t e d  app rec i ab ly  by t u b e  sampling. The s t r e s s - s t r a i n  

curve  ob ta ined  from t u b e  samples i s  cons ide rab ly  dampened 
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compared t o  t h e  peaked s t r e s s - s t r a i n  behaviour  o b t a i n e d  

from block samples (see F i g u r e  4 . 4 ) .  T h i s  i s  probab ly  a  

dirc,ct  r e s u l t  o f  t h e  s t r a i n i n g  s u f f e r e d  by t h e  sample on 

t h e  i n t r o d u c t i o n  of t h e  sampler  i n t o  t h e  ground. Raymond 

et a 1  (1971) a l s o  found t h a t  e x t r a c t i o n  from t u b e s ,  w i thou t  

f i r s t  c u t t i n g  them i n  l e n g t h s  of a b o u t  6 i n c h e s  long ,  caused 

e x t e n s i v e  d i s t u r b a n c e .  

Raymond e t  a l .  (1971) and Raymond (1973) a f t e r  a n  

e x t e n s i v e  t e s t i n g  program have l i S t e d  t h e  sampling t e c h n i q u e s  

i n  o r d e r  of i n c r e a s i n g  d i s t u r b a n c e :  b lock  samples ,  Os t e rbe rg  

samples,  Swedish p i s t o n  sampling,  she lby  p i s t o n  w i t h  s h a r p  

c u t t i n g  edge, she lby  p i s t o n  sampling,  s h e l b y  open t u b e  

sampling.  

5 . 4  Causes - of Microf i s s u r e s  

An unders tand ing  of  t h e  cause s  and d i s t r i b u t i o n  of 

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

e s s e n t i a l  f o r  f l ow  t y p e  s l i d e s  (Mi t che l l  1970 ( a ) ) .  There  

have been a few a t t m p t s  that :  i i : i i ~ - i :  t r i e d  t o  e s t a b l i s h  t h e  

c a u s e s  o f m i c r o f i s s u r e s ,  bu t  most s o  f a r  a r e  j u s t  s p e c u l a t i o n .  

S t r e s s  r e l i e f  i s  probab ly  t h e  most quoted cause  of 

m i c r o f i s s u r e s  (Eden and M i t c h e l l  1970; M i t c h e l l  1970 ( a ) ) .  

T h i s  mechanism would be  dependent  on t h e  r e l a t i o n s h i p  between 

swe l l i ng  p r e s s u r e  and cementa t ion  bond of t h e  c l a y .  

A second p o s s i b l e  cause  of m i c r o f i s s u r i n g  could  be 

t h e  f a t i g u i n g  e f f e c t  of s ea sona l  change w i t h  r e s p e c t  t o  

t empe ra tu r e  and groundwater  (Mi t che l l  1970 ) .  It i s  a  w e l l  



4 6  

known f a c t  t h a t  t h e  d r y i n g  and w e t t i n g  c y c l e  i n  Champlain 

c l a y  p roduces  i r r e c o v e r a b l e  d e f o r m a t i o n s  (Warkent in  and 

Bozozuk 1 9 7 0 ) .  Does t h i s  phenomenon a l s o  c a u s e  a sys tem 

of  j o i n t i n g ?  Sangrey  and  P a u l  Q 9 7 l )  d i s c o u n t  t h e  i d e a  t h a t  

m i c r o f i s s u r i n g  is  caused  by d e s s i c a t i o n  o r  f r o s t  a c t i o n  

b e c a u s e  t h e  m i c r o f i s s u r e s  are n o t  c o n t i n u o u s  b u t  e n  e c h e l o n ;  

t h e y  i n t e r l o c k .  

5 . 5  Causes  o f  S l i d e s  -- 
Water i n f i l t r a t i o n  i n  t h e  mass is c o n s i d e r e d  t o  b e  

t h e  i n s t i g a t o r  o f  most  s l i d e s .  Extended p e r i o d s  o f  qround- 

water p r e s s u r e  may r e s u l t  i n  s u f f i c i e n t  s t r a i n  t o  d e v e l o p  

t e n s i o n  c r a c k s  n e a r  t h e  t o p  of a s l o p e .  Complete f a i l u r e  

may depend on  t h e  a v a i l a b i l i t y  o f  s u r f a c e  w a t e r  e n t e r i n g  

v i a  t e n s i o n  c r a c k s  (Eden and M i t c h e l l  1970, 1 9 7 3 ) .  

LaRoche l l e  (1972)  r e p o r t s  a n  upward g r a d i e n t  a t  S t .  

L o u i s  d e  Yamaska a f f e c t i n g  the toe of t h e  s l o p e .  The f l o w  

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

bedrock .  

The i m p o r t a n c e  of  knowing a c c u r a t e l y  t h e  g roundwate r  

c o n d i t i o n  a t  a s i t e  h a s  been  s t r e s s e d  i n  p r e v i o u s  d i s c u s s i o n s .  

Groundwater  f l u c t u a t i . o n  and movement a r e  now c o n s i d e r e d  t h e  

p r i n c i p a l  c a u s e s  of  l a n d s l i d e s  i n  Champlain c l a y s .  

A second  i m p o r t a n t  c a u s e  o f  s l o p e  f a i l u r e  is toe  

e r o s i o n .  W e  may n o t i c e  i n  T a b l e  3 . 1  t h a t  m o s t  s l i d e s  o c c u r  

a l o n g  ma jo r  r i v e r s  where a c t i v e  t o e  e r o s i o n  i s  s o m e t i m e s  
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p re sen t  (Karrow 1 9 7 2 ;  Eden and M i t c h e l l  1973) .  

However, t h e r e  may be some unknown causes  o f  land- 

s l i d e s  i n  Champlain c l a y s  which have not  y e t  been accounted 

f o r .  I t  i s  not  u n t i l  we have reached a  complete chemical  

and hydro-chemical knowledge of t h e  cementat ion bonds and 

a complete unders tanding of t h e  behaviour of t h e  c l a y  mass 

t h a t  s p e c u l a t i o n  w i l l  s t o p  wi th  r e g a r d s  t o  causes  of land- 

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

5 . 6  Undrained Shear S t r e n g t h  Measurement and 
@ = 0 Analys i s  

So f a r  we have not  d i s cus sed  s h o r t  t e r m  s t a b i l i t y .  

I t  i s  however very important .  W e  s h a l l  o f f e r  h e r e  on ly  a  

ht-ief d i s c u s s i o n  of t h e  problems involved i n  u t i l i z i n g  t h e  

shor t - term s t a b i l i t y  a n a l y s i s .  

There a r e  b a s i c a l l y  two ways of measuring t h e  

undrained shea r  s t r e n g t h  of a m a t e r i a l :  l a b o r a t o r y  methods 

and i n  s i t u  probinqs .  

Laboratory rnet:hods ( i . .e .  unconfined compression, 

l a b o r a t o r y  vane) a r e  sub jec t ed  t o  sample d i s t u r b a n c e s  a s  

p rev ious ly  d i scussed .  LaRochelle and Lef ebvre  (1971) and 

Eden (1970) r e p o r t  v a l u e s  of undrained s h e a r  s t r e n g t h  ob ta ined  

from t u b e  samples 50 t o  60 pe rcen t  sma l l e r  than v a l u e s  

ob ta ined  from b lock  samples. 

There a r e  t h r e e  i n  s i t u  methods a v a i l a b l e :  vane, 

p ressuremeter ,  penetrometer .  The vane i s  by f a r  t h e  most 

widely  used method. However, i f  w e  compare vane  t e s t  
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measurements w i th  v a l u e s  of undrained shea r  s t r e n g t h  ob ta ined  

from an unconfined compression t e s t  on block samples, w e  

n o t i c e  t h a t  t h e  vane s t r e n g t h s  a r e  about 30 pe rcen t  smal le r  

(LaRochelle and Lefebvre 1 9 7 1 ) .  According t o  t h e s e  a u t h o r s  

t h i s  r e d u c t i o n  can be explained by two causes :  s t r a i n i n g  

due t o  t h e  i n t r o d u c t i o n  of t h e  vane and p rog res s ive  f a i l u r e .  

An a t tempt  hy LaRochelle e t  a l .  (1973) t o  e x t r a p o l a t e  t o  

ze ro  b lade  t h i c k n e s s  us ing  vanes  of d i f f e r e n t  t h i c k n e s s e s  

on ly  i n c r e a s e s  t h e  undrained s h e a r  s t r e n g t h  by about  15 

pe rcen t .  Hence, t h e r e  is  a p o s s i b i l i t y  of p r o g r e s s i v e  f a i l u r e .  

The t w o  o t h e r  methods of measuring undrained shear  

s t r e n g t h  a r e  s t i l l  i n  t h e  exper imental  s t a g e .  The p re s su re -  

meter  is hampered by t h e  technique  used t o  o b t a i n  t h e  c a v i t y  

i n  which t h e  p r o b e ' i s  lodged (LaRochelle e t  a l .  1973) .  

Ladanyi (1972) lists v a r i o u s  advantages  i n  us ing  t h e  

pressuremeter :  s o i l  i s  less d i s t u r b e d ,  n a t u r a l  p l anes  of 

weakness do n o t  much a f f e c t  t h e  test .  The penetrometer  has  

t h e  same advantages  a s  t h e  pressuremeter  bu t  a r e l i a b l e  

v a l u e  of E/Cu must be  ob ta ined  before i t  can be used wi th  

conf idence.  However, t h e  r a t e  e f f e c t  of t e s t i n g  must be  

determined f o r  bo th  methods. T h i s  e f f e c t  could w e l l  e x p l a i n  

p a r t  o f  t h e  d i sc repancy  between t h e  measurements of undrained 

s h e a r  s t r e n g t h s .  

The u s e  of @ = 0 or s h o r t  t e r m  a n a l y s i s  has  n o t  

r e c e i v e d  much a t t e n t i o n  by r e s e a r c h e r s .  It has  been p rev ious ly  

mentioned t h a t  t h e  vane s t r e n g t h  underes t imates  t h e  undrained 
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shea r  s t r e n g t h  ob ta ined  form block samples by about  30 

pe rcen t .  However, f i e l d  exper iences  w i t h  l a r g e - s c a l e  t e s t s  

prove t h a t  t h e  vane s t r e n g t h  ove re s t ima te s  t h e  f a c t o r  o f  

s a f e t y  (LaRochelle e t  a l .  1974) .  Bjerrum (1972) h a s  suggested 

an  empi r i ca l  approach whereby a c o r r e c t i o n  f a c t o r  of  a 

magnitude dependent on t h e  p l a s t i c i t y  of  t h e  c l a y  is a p p l i e d  

t o  t h e  vane s t r e n g t h .  Rate e f f e c t s  and a n i s o t r o p y  a r e  

cons idered  t h e  main causes  f o r  t h i s  r e d u c t i o n  i n  s t r e n g t h .  

Where t h e  c l a y s  a r e  mic ro f i s su red  o r  even c racked ,  t h e  vane 

s t r e n g t h s  a r e  aga in  much t o o  high.  I t  i s  be l i eved  t h a t  

s t r e s s  r e l i e f  and t h e  presence  of f i s s u r e s  has t en  t h e  

d i s s i p a t i o n  of t h e  nega t ive  pore  p r e s s u r e s  and hence c r e a t e  

i n s t a b i l i t y  qu ick ly  a f t e r  excava t ion  (Baze t t  e t  a l .  1961; 

Lo e t  a l .  1969; Lo 1970) .  Again l a s t  year  s e v e r a l  workers,  

i n  Templeton, Quebec, were bur ied  a l i v e  when t h e  s loped 

t r e n c h  they  were working i n ,  f a i l e d .  

5.7 Conclusion 

I n  e s sence  t h e r e  a r e  s t i l l  q u i t e  a few problems l e f t  

t o  be r e so lved  b e f o r e  g e o t e c h n i c a l  work i n  Champlain c l a y s  

may be a t tempted i n  a l l  conf idence.  

S t a b i l i t y  o f  n a t u r a l  s l o p e s  is  an  e x t e n s i v e  problem 

i n  t h i s  r e l a t i v e l y  young topography. The wors t  c o n d i t i o n s  

f o r  i n s t a b i l i t y  a r e :  

- very  d r y  summers (opening t e n s i o n  c r a c k s )  fol lowed 

by a wet autumn 
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- v e r y  heavy s n o w f a l l  Eollowed by s l o w  s p r i n g  

m e l t i n g  p e r m i t t i n q  maximum i n f i l t r a t i o n  

- a v e r y  w e t  s p r i n g  

T h e r e  i s  no doub t  t h a t  t h e  p r e s e n c e  of h i g h  g roundwate r  

is a  s u r e  s i g n  of t r o u b l e .  



CONCLUSION 

G .  1 P r e d i c t i o n  --- . .- of F u r t h e r  - C a t a s t r o p h e s  

To t h e  layman it would seem t h a t  c a t a s t r o p h e s  s u c h  

a s  S t .  J e a n  Vianney s h o u l d  b e  e a s y  t o  p r e d i c t .  T h i s  i s  n o t  

t h e  c a s e .  S l i d e s  i n  Champlain c l a y s  g i v e  v e r y  l i t t l e  

warn ing ;  o n l y  a few t e n s i o n  c r a c k s  p r i o r  t o  f a i l u r e .  

The work done by M i t c h e l l  and Markwell  (1974) i s  a  

:Step i n  t h e  r i g h t  d i r e c t i o n .  The g e n e r a l  s t a b i l i t y  or 

i n s t a b i l i t y  of a n  a r e a  can  be  a s s e s s e d  q u i c k l y  i n  t h e  manner 

t h a t  t h e y  p roposed .  T h e r e  a re  however t h o u s a n d s  o f  m i l e s  

of s h o r e l i n e s  a l o n g  r i v e r s  d i s s e c t i n g  t h e  Champlain sea 

d e p o s i t .  I t  is a n  i m p o s s i b l e  t a s k  t o  e v a l u a t e  t h e  s t a b i l i t y  

of t h e  s h o r e l i n e  everywhere .  

Itarrow (1972)  s u g q e s t s  t .hat  l o c a t i o n  o f  l a n d s l i d e  

s c a r s  s h o u l d  b e  mal.iped, p o i n t i  nil o u t  t h a t  t h e s e  a r e a s  are 

v e r y  s u s c e p t i b l ~ e  t o  f u r t f r c r  a c t i - ~ i  1;;~. A pr ime example i s  

S t .  J e a n  Vianney.  Where Lhere  have  been  no e a r t h f l o w s  t h e  

h a z a r d  i s  less b u t  n o t  n o n - e x i s t a n t .  

6.2 C o n t r o l  C o n s i d e r a t i o n s  

Creep  movement o p e n i n g  t e n s i o n  c r a c k s  i n  t h e  

O u t a o u a i s  a r e a  i s  a n  e v e r  p r e s e n t  p o s s i b i l i t y  ( N i t c h e l l  and  

Eden 1 9 7 2 ) .  These  would p e r m i t  t h e  i n f i l t r a t i o n  o f  r u n o f f  
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w . r i c r -  which b u i l d s  u p  i j roundwater  p r e s s u r e  b r i n g i n g  c l o s e r  

thc onset .  of f a i l u r e .  C r a c k s  a t  t h e  crcst o f  a  s l o p e  s h o u l d  

o L w i o ~ . ~ s l y  G o  s e a l c d  w i t h  t h e  b r i e f e s t  p o s s i b l e  d e l a y  (Eden 

and M i t c h e l l  1 9 7 3 ) .  

S i n c e  w a t e r  's t h e  main problem o f  s l o p e  i n s t a b i l i t y ,  

to<? d r a i n s  s h o u l d  b e  b e n e f i c i a l .  T h e i r  p r e s e n c e  s h o u l d  

a s s u r e  t h a t  no b u i l d - u p  o f  p o r e  p r e s s u r e  i s  c r e a t e d  d u r i n g  

thc wct s e a s o n  of  t h e  y e a r .  The c r i t i c a l  p o r e  p r e s s u r e  

p a r a m e t e r  must  be  e v a l u a t e d  a n a l y t i c a l l y  t o  wha teve r  f a c t o r  

o i  s a f e t y  t h e  s l o p e  i s  d e s i g n e d  f o r .  

The p r o t e c t i o n  of  s l o p e  toes a c t i v e l y  b e i n g  e r o d e d  

by a  r i v e r  is a n o t h e r  p r e v e n t a t i v e  measu re  t h a t  may b e  used  

to  p r e v e n t  s l i d e s  i n  Champlain c l a y s .  

The u s e  of  s l o p e  f l a t t e n i n g  is n o t  a  method t h a t  is 

f a v o u r e d .  I f  stress r e l i e f  i s  t h e  c a u s e  o f  m i c r o f i s s u r i n g  

then f l a t t e n i n g  a  s l o p e  may c r e a t e  worse  long-term s t a b i l i t y  

t h a n  t h a t  e x i s t i n g  b e f o r e -  

6 .  3 S t a t e  o f  Evaluct t ing ~ 1,orrq-l,::::i ..~.. .~ ~ I ! ; f a b i l i 9  - ... 

Ever si.rice <jeotechnic-a1 engir icerr ;  r e a l i s e d  t h a t  s l o p e  

f a i l u r e s  i n  t h e  Chainplain c l a y  were i r i i t i a l l y  a  s h a l l o w  

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

t r i a x i a l  tes ts  t o  s i m u l a t e  low stresses i n  t h e  f i e l d  h a s  

p roven  t o  be  o n e  o f  t h c  most i m p o r t a n t  advancements  i n  t h e  

r e s e a r c h  o n  s l o p e  f a i l u r e s  i n  Champ1ai.n c l a y .  T h i s  p h a s e  of  

t h e  f a i l u r e  e n v e l o p e  h a s  a  h i g h  e f f e c t i v e  f r i c t i o n  a n g l e  and 



a very  low e f f e c t i v e  cohesion.  The use  of e i t h e r  t h e  

d i l a t i v e / f r i c t i o n a l  concept o r  t h e  concept of p r o g r e s s i v e  

I 'ailure is st-ill deba tab l e  i s s u e .  

IIowever, i t  i s  be l ieved  t h a t  t h e  d i l a t i v e  f a i l u r e  

envelope i s  t h e o r e t i c a l l y  and concep tua l ly  c o r r e c t  i n  t h e  

Outaouais a r e a .  I t  i s  a l s o  suspected t h a t  t h i s  t heo ry  is 

a p p l i c a b l e  t o  t h e  S t .  Lawrence c l a y s .  More r e sea rch  i s  

necessary  t o  confirm t h i s  hypothes i s .  The p r a c t i c a l i t y  of  

us ing  t h e  post-peak f a i l u r e  c r i t e r i a  may be of g r e a t  va lue .  

The degree  of conservat ism i n  us ing  t h i s  t heo ry  compared 

t o  t h e  d i l a t i v e  approach must be determined be fo re  it i s  

abandoned. 
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