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I NTRODUCTI ON

At  t he l as t  I n t er nat i ona l  Con f e r enc e  on Soi l  Mec han i c s  

and  Founda t i on  Eng i neer i ng  he l d  i n Tok y o  i n 1977,  a 

St a t e - o f - t h e - Ar t  r epor t  on " Sl opes  and Ex c av a t i ons "  was  

p r es en t ed  by  Mor gens t e r n ,  Bl i gh t ,  J anbu and  Res end i z  

( 1977) ;  t h i s  s ub j ec t  ma t t e r  had been c ons i de r ed  so 

v as t  and so v a r i ed  t hat  i t  was  d i v i ded  i nt o f i v e  mai n 

par t s  i n t er ms  o f  t he na t u r e  o f  t he s oi l s  enc ount er ed:  

t he n o r ma l l y  and l i gh t l y  ov e r c o n s o l i d a t e d  c l a y s , t h e  

heav i l y  ov e r c o n s o l i d a t e d  c l ay s ,  t he r es i dual  s oi l s ,  

t he c ompac t ed  s oi l s  and  t he mi n i ng  and  i ndus t r i a l  was t e.  

I n s p i t e  o f  t he c omb i ned  e f f o r t s  o f  t hes e  f ou r  Aut hor s ,

t he St a t e - o f - t h e - Ar t  r epor t e r  c onc eded  t hat  i t  was  

i mpos s i b l e  t o embr ac e  al l  as pec t s  of  t hat  t heme  wi t h i n  

t he f r amewor k  o f  t he c on f e r enc e  p r oc eed i ngs .  For  t he 

p r es en t  Ses s i on  11 o f  t he 10t h Conf er enc e ,  t he 

Or gan i z e r s  hav e s pec i a l l y  r eques t ed  t ha t  t he Repor t er s  

do not  p r epar e  a St a t e - o f - t he - Ar t  Repor t ,  but  r a t her  

l i mi t  t he  c on t e n t  o f  t he i r  Gener a l  Repor t  t o a r ev i ew 

and ana l y s i s  o f  t he paper s  s ubmi t t ed  t o t hi s  Co n f e r ­

enc e,  o r  p r es en t ed  e l s ewher e  s i nc e t he Tok y o  Co n f e r ­

enc e  and  wh i c h  ar e  r e l ev an t  t o t he t hemes  o f  t hi s  

Ses s i on.

Many  mee t i ngs  dea l i ng  wi t h  s l ope  s t ab i l i t y  p r ob l ems  

hav e been hel d du r i ng  t he l as t  f our  y ear s .

-  The t h i r d  I n t er nat i onal  Sy mpos i um on Lands l i des  

( I SL)  was  o r gan i z ed  under  t he i n i t i a t i v e  o f  t he 

I nd i an eng i neer s  and  hel d i n New Del hi  j us t  ov e r  one 

y e a r  ago i n 1980.  I n add i t i on  t o t he 83 paper s  i nc l uded 

i n Vo l ume 1 o f  t he Pr oc eed i ngs  o f  t he Sy mpos i um,  t he 

f o l l owi ng  St a t e - o f - t he - Ar t  r epor t s  and s pec i al  l ec t ur es  

we r e  p r es en t ed  and  ar e pr i n t ed  i n Vo l ume 2:

. Lands l i des  i n s ens i t i v e  c l ay s  ( B. B.  Br oms  and 

T.  SU1 ) ;

. Sl ope  s t ab i l i t y  s t ud i es  i n c en t r i f uge  ( R. S.  Sc ot t ) ;

. Fac t or s  a f f ec t i ng  t he s e l ec t i on  o f  s hear  s t r eng t h  p a r a ­

me t e r s  i n s l ope s t ab i l i t y  ana l y s i s  ( N. R.  Mor gens t e r n ) ;

. Cr eep i n nat ur al  s l opes  and  c u t t i ngs  ( G.  Ter - St epa-  

n i a n ) ;

. Cr i t i c a l  ev a l ua t i on  o f  t he app r oac hes  t o s t ab i l i t y  

ana l y s i s  o f  l ands l i des  and o t he r  mas s  mov ement s  

( N.  J anbu) ;

. Us e o f  c omput e r s  f or  s l ope s t ab i l i t y  ana l y s i s  ( D. G.  

Fr e d l u n d ) ;

. I ns t r ument a t i on :  i t s  r o l e i n l ands l i de  pr ed i c t i on  and 

c ont r ol  ( M. Fuk uok a) ;

. El ec t r o - os mot i c a l  s t ab i l i s a t i on  of  s l opes  ( C. Veber  

and F.  Hi l b e r t ) ;

. Geol og i c a l  as pec t s  o f  l ands l i des  wi t h  par t i c u l a r  

r e f e r enc e  t o t he Hi ma l ay an  r eg i on  ( V. S.  Kr i s hnas -  
wa my ) .

-  For  t he mee t i ng  o f  t he Ex ec u t i v e  Commi t t ee  o f  t he 

I SSMFE i n Oax ac a  i n 1979,  an I n t er nat i onal  Sy mpos i um on 

Soi l  Mec han i c s  was  o r gan i z ed  by  t he Soc i edad  Mex i c ana  

de Mec an i c a  de Suel os .  Two gener al  r epor t s  wh i c h  had

a d i r ec t  bear i ng  on s l ope s t ab i l i t y  p r obl ems  wer e  p r e ­

s ent ed:  one  by  N.  J anbu  who  d i s c us s ed  t he mec han i s ms  of  

f a i l u r e  i n nat ur al  and ar t i f i c i a l  soi l  s t r uc t ur es ,  and 

one  by  N. R.  Mor gens t e r n  who  r ev i ewed t he geo t ec hn i c a l  

b ehav i ou r  o f  c l ay  s hal es .

-  The  6t h As i an  Regi onal  Con f e r enc e  on Soi l  Mec han i c s  

and Founda t i on  Eng i neer i ng  hel d i n Si ngapo r e  i n J u l y
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1979 i nc l uded  a s es s i on on " Sl opes  and  ex c av a t i ons "  

wi t h  a gener al  r epo r t  p r epar ed  by  P.  Lumb.

-  A t wo- day  Sp ec i a l t y  Con f e r enc e  on Sl ope  St ab i l i t y  

Pr ob l ems  i n Ur ban ar eas  was  hel d i n Tor on t o ,  Canada,  i n 

Au g u s t  1980.

Tak i ng  i nt o ac c o u n t  t he numer ous  paper s  wh i c h  hav e 

appea r ed  i n t he d i f f e r en t  j ou r na l s ,  and i n t he p r o ­

c eed i ngs  and r epor t s  o f  i n t e r nat i ona l  and nat i onal  

mee t i ngs  hel d wi t h i n  t he l as t  f ou r  y ear s ,  t he  Repor t e r s  

c ou l d  hav e eas i l y  been l ed t o wr i t e  a St a t e - o f - t he - Ar t  

r epor t  i f  t hey  had not  made  an e f f o r t  t o c on f i ne  t he i r  

r ev i ew and  c omment s  t o t he t op i c s  d i r ec t l y  c ov er ed  by  

t he paper s  p r es en t ed  t o t hi s  s es s i on.  Howev er ,  i n 

t r y i ng  t o do so,  t he Repor t e r s  ar e awar e  o f  t he f ac t  

t hat  s ome v a l uab l e  paper s  may  hav e been neg l ec t ed  i n 

t he i r  r ev i ew;  nev e r t he l es s ,  t hey  hope t ha t  t he i r  

r epor t  wi l l  r emai n  hel pf ul  t o t he a t t endan t s  of  

Ses s i on  11 and  ev en t u a l l y  t o t he r eader s  of  t he 

Con f e r enc e  Pr oc eed i ngs .

I n al l ,  49 paper s  ar e p r es en t ed  t o t hi s  s es s i on on s l ope 

s t ab i l i t y ;  t h i s  number  c ons t i t u t es  an i nc r eas e  o f  50% 

ov e r  t he 32 paper s  p r es en t ed  on t he s ame t opi c  i n Tok y o.  

The f ou r  t hemes  r e t a i ned  f or  t hi s  s es s i on  ar e:

Theme 1:  De t ec t i on  and c l as s i f i c a t i on  o f  pot ent i a l  

l ands l i de  ar eas

Theme 2:  Ana l y s i s  o f  s l ope s t ab i l i t y ,  i nc l ud i ng  dams .

Theme 3:  Fac t or s  i n f l uenc i ng  t he s hor t -  and l ong- t e r m 

s t ab i l i t y  o f  s l opes .

Theme 4:  Sl i de  war n i n g  s y s t ems  and me t hods  of  

p r ev en t i on  of  l ands l i des .

I t  s hou l d  be not ed  t hat  f or  t he c o n v en i enc e  o f  p r e s e n ­

t at i on,  t he o r d e r  p r opos ed  by  t he Or gan i z i ng  Commi t t ee  

f or  t hemes  2 and 3 has  been r ev er s ed.  The  paper s  wer e  

d i v i ded  up amon g s t  t he f our  t hemes  as  f o l l ows :

The me  Number  o f  paper s

1 - - - - - - - - 2- - - - -
2 37

3 3

4 7

The t ab l e  o f  paper s  g i v en be l ow i nc l udes  t he l i s t  of  

au t hor s ,  t i t l es  o f  t he paper s  and s ome k ey wor ds  wh i c h  

may  be f ound us ef u l .  Many  o f  t he paper s  a l l o t t ed  t o 

t heme 2,  wh i c h  r epr es en t s  t he bul k  o f  t h i s  Ses s i on,  c ou l d  

a l s o  hav e been i nc l uded i n o t he r  t hemes  as  ma n y  o f  t he 

aut hor s  g i v i ng  c as e  h i s t o r i es  and  ana l y s i s  o f  s l ope 

f a i l u r es ,  a l s o  c omment  on d i f f e r en t  as pec t s  o f  t he 

s t ab i l i t y  pr obl em.

Eac h of  t he t hemes  wi l l  be d i s c us s ed  s epar a t e l y  and 
r e f e r enc e  ( under l i ned)  wi l l  be made  t o paper s  pr es en t ed

t o t hi s  Ses s i on,  and dea l i ng  wi t h  t he t heme s ubj ec t .

THEME 1:  De t ec t i on  and  c l as s i f i c a t i on  o f  pot ent i a l  

l ands l i de  ar eas

The  i den t i f i c a t i on  and c l a s s i f i c a t i on  o f  l ands l i de  ar eas  

hav e been t he ob j ec t  of  ma n y  r ec ent  s t ud i es  ( Var nes  

1978,  Ri b and L i ang 1978) .  Th i s  ex e r c i s e  f or  wh i c h  many  

f ac t o r s  need t o be t ak en i nt o ac c ount ,  c ons t i t u t es  t he 

f i r s t  s t age i n t he e l abo r a t i on  o f  geot ec hn i c a l  maps  

p r epar ed  wi t h  t he pur pos e  o f  de f i n i ng  l ands l i de  haz ar d  

z oni ng.  Di f f e r en t  s ec t or s  o f  ou r  p r o f es s i on  ar e c o n c e r ­

ned by  t h i s  pr obl em.  The  Commi s s i on  on Lands l i des  and 

o t h e r  Mas s  Mov emen t s  o f  t he I n t er nat i onal  As s oc i a t i on  

o f  Eng i nee r i ng  Geo l ogy  ( I AEG)  i s  p r es en t l y  wo r k i ng  

unde r  Dr  D.  Var nes  on t he p r epar a t i on  o f  a doc ument  

g i v i ng  t he gu i de l i nes  f or  l ands l i de  haz ar d  z oni ng,  i t  

i s under s t ood  t hat  t h i s  doc ument  wi l l  s oon be av a i l ab l e  

t h r ough  UNESCO ( Par i s ) .

I n Se p t ember  1979,  t he I AEG has  a l s o hel d i n Newc as t l e -  

u pon - Ty n e  a Sy mp o s i u m on " Eng i neer i ng  geol og i c a l  mapp i ng  

f o r  p l ann i ng  and c o n s t r uc t i on  i n c i v i l  eng i neer i ng" .  The  

numer ous  paper s  p r es en t ed  at  t he s y mpos i um o r i g i na t ed  

f r om ma n y  c oun t r i es  and ar e  pub l i s hed  i n t he bu l l e t i ns  

No.  19 t o 21 o f  t he I AEG;  t hey  g i v e  ma n y  c as e  h i s t o r i es  

o f  s i t e and  r egi onal  map p i n g  p r a t i c e  wh i c h  ar e qu i t e  

v a l uab l e  f or  eng i nee r s  i nv o l v ed  i n t hi s  t y pe  o f  p r obl em.  

Du r i ng  t he r ec en t  y ear s ,  t he r e  has  been  a g r owi ng  i n t e ­

r es t  f o r  haz ar d  and r i s k  mapp i ng ,  wh i c h  i s  p r obab l y  due 

t o an  i nc r eas e  o f  human ac t i v i t y  i nt o mor e  unev en  and 

c r i t i c a l  ar eas ;  a Sy mpos i um dev o t ed  t o t hi s  t op i c  has  

been p r es en t ed  a t  t he  1980 I n t er nat i ona l  Geol ogi c a l  

Congr es s  i n Par i s .  I t  i s  t hus  s u r p r i s i ng ,  and  un f o r t una t e ,  

t ha t  on l y  t wo paper s  ar e p r es en t ed  under  t h i s  t heme i n 

o u r  s es s i on,  as  t hi s  t heme a i ms  at  p r ev en t i ng  d i s as t e r s  

and  l os s es  o f  l i f e wh i c h  s hou l d  be t he u l t i ma t e  s oc i al  

c onc er n  o f  t he geot ec hn i c a l  eng i neer s .

Af t e r  t he oc c u r r e n c e  o f  a l ar ge l ands l i de ,  des c r i bed  

by  Be r n t s on  and L i ndh,  wh i c h  des t r oy ed  an ar ea o f  t he 

c i t y  o f  Tuv e,  t he Swed i s h  Gov e r n me n t  dec i ded  t o c ar r y  

o u t  a nat i onal  l ands l i de  haz ar d  map p i n g  pr ogr am.  The 

p r e l i mi na r y  r es u l t s  o f  t h i s  p r og r am pr es en t l y  c on f i ned  

t o 10 c i t i es  i n t he s out h  wes t  pa r t  o f  Sweden  ar e  g i v en  

by  Vi  b e r g . The ex i s t i ng  l ands l i des  and t he i r  env i r onmen t  

hav e  been  i nv es t i ga t ed  as a bas i s  f or  a ma p p i n g  and 

c l a s s i f i c a t i on  met hod ;  t he i r  s i z es ,  s hapes  and f r e q u e n ­

c i es  us ua l l y  p r ov i de  a good i dea o f  t he  l ands l i de  s u s ­

c ep t i b i l i t y  o f  a g i v en  ar ea;  t hi s  i s  no r ma l l y  t he 

f i r s t  c h a r ac t e r i s t i c s  t hat  an e n g i nee r  wi l l  ex ami ne  

when  he i s  c a l l ed  t o j udge  on t he p r obab l e  s t ab i l i t y  

o f  a nat ur al  s l ope  i n a pos t - g l ac i a l  c l ay  ar ea.  The  

Au t h o r  g i v es  i n t e r es t i ng  gr aphs  s howi ng  t he i n f l uenc e 

o f  human ac t i v i t y  and o f  c l i ma t e  on t he  f r equenc y  of  

l ands l i des ;  as  wi l l  be s een unde r  t heme 3,  s ev er al  

paper s  i n t hi s  Ses s i on  e mphas i z e  t he  e f f ec t  o f  r a i n ­

f al l  on t he s t ab i l i t y  o f  s l opes .  An i n t e r es t i ng  l and 

f o r m f ea t u r e  wh i c h  has  been s t r es s ed  by  t he Au t ho r  i s 

t he f ac t  t ha t  t he s l i des  wi l l  o f t en  r e t r ogr es s  up t o 

r oc k  ou t c r ops ,  t o f r i c t i ona l  ma t e r i a l ,  o r  t o c l ay  r i dges  

a r ound  o l d  l ands l i de  s c ar s ;  t he s ame f ea t u r e  i s of t en  

o b s e r v ed  i n Canad i an  s e ns i t i v e  c l ay s .  As  ex pec t ed,  

e r os i on  i s i den t i f i ed  as  a c ommon  c aus e  o f  l ands l i de ;  

by  i nc r eas i ng  t he s t r es s  l ev el  a t  t he  t oe o f  a s l ope,  

i t  ma y  ac t  as  a t r i gger  t o t he f i r s t  s l i de  wh i c h  of t en  

p r ec edes  a l a r ger  f l ow- s l i de  i n t hes e  c l ay s .  But ,  i n 

o r d e r  f or  t he s l i de  t o r e t r og r es s ,  o t he r  c ond i t i ons  

mu s t  be met ,  s uc h as  u n f av ou r ab l e  soi l  p r oper t i es ,  

gener a l  t opogr aphy ,  hy d r ogeo l og i c a l  c ond i t i ons ,  et c . .

The  s l ope ang l e  has  been  us ed by  t he Au t h o r  as  a f i r s t  

s t ep i n t he es t a b l i s h me n t  o f  s t ab i l i t y  c r i t e r i a ,  t he 

o t he r  f ac t or s  be i ng t he s u r r ound i ng  t opogr aphy ,  i n f i l ­

t r a t i on  and  g r o undwa t e r  l evel  c ond i t i ons ,  s hear  s t r eng t h  

v a l ues ,  a c t i v e  e r os i on  and  pr ev i ous  l ands l i des .

The Repor t e r s  wonder ,  howev er ,  why  Vi be r g  has  put  so 

muc h  emphas i s  on de f i n i ng  t he f r equenc i es  and s i z es  

o f  l ands l i des  and s eems  t o hav e  p l ac ed  t he i t em of  

" p r ev i ous  l ands l i des "  at  t he b o t t om of  t he  l i s t  when  

es t ab l i s h i n g  t he s t ab i l i t y  c r i t e r i a .  The r e  ar e  k nown 

c as es  i n Canad i an  s ens i t i v e  c l ay s  whe r e  al l  t he 

c ond i t i ons  f or  l ands l i des  ar e  me t  a c c o r d i ng  t o t he 

Au t hor ' s  ma i n  c r i t e r i a :  s t eep  hi gh s l opes  wi t h  ma r g i ­

nal  f ac t or s  o f  s a f et y ,  h i gh  s ens i t i v i t y ,  and unc on-  

t r o l ed  human a c t i v i t y  s uc h as  i mpo r t an t  f i l l s  on t op 

of  s l opes ,  et c .  Nev e r t he l es s ,  no r ec en t  o r  o l d  s l i des  

a r e  o b s e r v ed  i n t hes e r eg i ons ,  wh i l e  a d j a c e n t  r eg i ons  

ar e v er y  muc h  a f f ec t ed  by  ma j o r  l ands l i des .  Thi s  

o b s e r v a t i on  t ends  t o s how t ha t  t he r e  ma y  be s ome 

s ec onda r y  c h a r ac t e r i s t i c s  wh i c h  ar e  s omet i mes  u n i d e n ­

t i f i ed  and  p l ay  a ma j o r  r o l e  i n t he s t abi l i t y .

Regi onal  h i s t o r y  s hou l d  t hen be t ak en i nt o c o n s i d e ­

r a t i on ;  t he Repor t e r s  wo u l d  c e r t a i n l y  ev a l ua t e  t he 

i t em " pr ev i ous  l ands l i des "  t o be as  i mpo r t an t  i f  not  

mor e ,  t han t he ang l e  o f  t he s l ope.
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The es t a b l i s h me n t  o f  z on i ng  f or  l ands l i de  haz ar d  

mapp i ng  wi t h  t he pu r pos e  o f  l and ma n a g e me n t  ev en t ua l l y  

r equ i r es  t ha t  s pec i f i c  geo t ec hn i c a l  s t udi es  be made,  

i nc l ud i ng  soi l  i nv es t i ga t i ons  and s t ab i l i t y  ana l y s es .  

Thi s  nec es s i t a t es  t he i nv es t men t  o f  budge t s  wh i c h  hav e 

t o be adap t ed  t o t he r eal  needs .  Sa l l f o r s  and Tagn f o r s  

p r opos e  a way  t o us e t he a v a i l ab l e  r es our c es  so as  t o 

o p t i mi z e  t he r es ul t s ;  t hey  hav e de f i ned  f i v e d i f f e r en t  

l ev e l s  o f  s l ope s t ab i l i t y  ana l y s i s  s t a r t i ng  f r om a 

gener a l  geo l og i c a l  and soi l  mapp i ng  down t o a r es ear c h-  

o r i en t ed  ana l y s i s  i nc l ud i ng  e l abo r a t e  t es t i ng .  The 

r e l i ab i l i t y  o f  t he f ac t o r  o f  s a f e t y  wi l l  be es s en t i a l l y  

a f unc t i on  o f  ou r  k nowl edge  o f  t he soi l  and o f  t he 

i nc r eas i ng  c os t  o f  t he i nv es t i ga t i on .  Th r ee  av enues  

o f  i mpr ov ement s  o f  t he  c o s t / bene f i t  r a t i o  ar e s ugges t ed  

by  t he Aut hor s .  A be t t e r  us e s hou l d  be made  o f  t he 

ex pe r i enc e  ob t a i n e d  i n one g i v en  ar ea,  i nc l ud i ng  t he ' 

empi r i c a l  k nowl edge  o f  soi l  par amet e r s  and t he o b s e r v a ­

t i ons  ga t he r ed  f r om l ocal  peop l e  and  c on t r ac t o r s ;  

t h i s  wo u l d  he l p  t o addr es s  t he e f f o r t s  t o t he i mpor t an t  

poi nt s .  Sec ond l y ,  l ong s er i es  o f  por e p r es s ur e  o b s e r v a ­

t i ons  s hou l d  be c o l l ec t ed  and c l as s i f i e d  ov e r  many  

y ea r s  and f or  d i f f e r en t  t y pes  o f  t e r r a i ns  and t o p o ­

gr aphy ;  t he Repor t e r s  ag r ee  t hat  t h i s  t y pe o f  i n f o r ma ­

t i on i s  bad l y  mi s s i n g  i n soi l  me c han i c s  and  wou l d  be o f  

gr ea t  he l p t o t he e n g i nee r  who  has  t o c hoos e  t he wor s t  

p r obab l e  c ond i t i ons  o f  wa t e r  p r es s u r e  t o ev a l ua t e  t he 

s t ab i l i t y  o f  a s l ope.  Th i r d l y ,  t he Au t hor s  s ugges t  t o 

us e mo r e  f l ex i b l e  pr ogr ams  a l l owi ng  c hanges  o f  dat a 

wi t h o u t  t oo muc h  c os t ;  s uc h a p r ogr am has  been d e v e ­

l oped at  Cha l mer s  Un i v er s i t y .  I n t hi s  r es pec t ,  t he 

Au t hor s  r e f e r  t o t he us e o f  t he s l ope s t ab i l i t y  c har t s  

p r opos ed  by  J anbu ( 1954) .  The Repor t e r s  wou l d  l i k e t o 

e mphas i z e  t he v a l ue of  t hes e  c har t s  f or  t he eng i neer s  

i nv o l v ed  i n s t ab i l i t y  p r ob l ems ;  i t  i s i ndeed u n f o r t u ­

na t e  t hat  t hes e c har t s  wh i c h  wer e  pa r t l y  pub l i s hed  i n 

a d i s c us s i on  by  J anbu  ( 1967)  wer e  not  g i v en  mor e  p u b l i ­

c i t y ,  as  t hey  c ons t i t u t e  a mos t  us ef ul  t ool  f o r  p r e l i ­

mi n a r y  s l ope  s t ab i l i t y  ana l y s i s  and c ou l d  be a v a l uab l e  

t i me and  mon e y  s av er .

THEME 2:  Ana l y s i s  o f  s l ope  s t ab i l i t y ,  i nc l ud i ng  dams

Al t hough  t her e  hav e  been s ome pes s i mi s t i c  c omment s  

e x p r es s ed  i n t he l i t e r a t u r e  l a t e l y  on t he l ac k  o f  

i mp r ov ement  o f  ou r  des i gn  me t hods  and o f  ou r  c apac i t y  

t o i nv es t i ga t e  f a i l u r es ,  t he Repor t e r s  be l i ev e  t ha t  t he 

numer ous  s t ud i es  and c as e  h i s t o r i es  wh i c h  a r e  pub l i s hed  

r egu l a r l y  he l p  us  t o pr ogr es s ,  at  a s l ow pac e  may  be,  

but  p e r c ep t i b l y  t owar ds  a be t t e r  u n d e r s t and i ng  o f  t he 

soi l  b e hav i ou r  and o f  t he pot ent i a l  and  l i mi t a t i ons  o f  

our  me t hods  o f  ana l y s i s .  Obv i o u s l y  we  hav e not ,  and 

we  wi l l  p r obab l y  nev e r  r eac h a po i n t  wh e r e  good 

eng i nee r i ng  j udgme n t  i s not  es s ent i a l  any mor e  i n d e c i ­

s i on mak i ng ;  nev e r t he l es s ,  i t  i s  be l i ev ed  t hat  t he 

e n g i nee r i ng  ana l y s i s  o f  s t ab i l i t y  p r ob l ems  has  bec ome 

a v a l uab l e  t ool  i n t he  hands  o f  a des i gn  eng i neer .

For  t he ana l y s i s  o f  t he s t ab i l i t y  o f  nat ur al  o r  man-  

ma d e  s l opes ,  t he t hr ee ma i n  ques t i ons  wh i c h  hav e been 

d i s c us s ed  f o r  s ome y ea r s  and  ar e  r ec e i v i ng  mor e  and 

mor e  p r ec i s e  ans wer s  ar e:

-  How a c c u r a t e  ar e t he me t hods  o f  ana l y s i s ?

-  Shou l d  t he s l ope be s t ud i ed  i n t er ms  o f  t ot al  or  

e f f e c t i v e  s t r es s es ?

-  Wha t  ar e t he s t r eng t h  and por e  p r es s ur e  v a l ues  ac t i ng  

i n t he f a i l u r e  z one a t  f a i l u r e?

I n t he  l i gh t  o f  t he r es u l t s  o f  many  s t ud i es  pub l i s hed  

du r i ng  t he l as t  f ou r  y ear s ,  t he  Repor t e r s  wou l d  l i k e t o 

s ugges t  s ome ans wer s  t o t hes e ques t i ons  i n t he hope t hat  

i t  mi g h t  s t i mu l a t e  d i s c us s i on  dur i ng  t he s es s i on.

2 •1 Ac c u r ac ^ _o f . t h e . me t h g d s _ g f . a n a l y s i s

The l i mi t  equ i l i b r i u m me t hods  o f  ana l y s i s  ar e wi de l y  us ed 

by  des i gn  eng i neer s  when  dea l i ng  wi t h  pr ob l ems  of  

s t ab i l i t y  o f  s l opes , e i t he r  nat ur al  o r  c ut  s l opes ,  or  

s l opes  o f  embank me n t  on r i g i d  or  on s of t  f oundat i ons .

Many  s uc h me t hods  ar e  av a i l ab l e  i n p r ac t i c e  and t he mos t  

c ommon ones  cal l  on t he p r i nc i p l e  o f  s l i c es  t o a l l ow 

t ak i ng  i nt o ac c oun t  t he c omp l ex  geome t r y  and  t he v ar i ab l e  

soi l  and  por e p r es s ur e  c ond i t i ons  o f  a g i v en  pr obl em.

The  a c c u r ac y  o f  t hes e  me t hods  ar e  o f t en  ques t i oned  a l ­

t hough  t he er r or s  r es u l t i ng  f r om unc er t a i n t i es  on t he 

geomet r y ,  por e pr es s ur es  and  v a l ues  of  mob i l i z e d  s hear  

s t r eng t h  ar e i n mo s t  c as es  mo r e  i mpor t ant .

The  me t hods  mos t  c ommon l y  us ed i n p r ac t i c e  ar e:

-  The  o r d i n a r y  met hod  of  s l i c es  o f  Fe l l en i us

-  The  mo d i f i ed  o r  s i mpl i f i ed  Bi s hop ' s  me t hod

-  J anbu ' s  gene r a l i z ed  me t hod  o f  s l i c es

-  Mor gens t e r n  -  Pr i c e ' s  met hod

-  Spenc er ' s  me t hod

The  f i r s t  t wo me t hods  do not  s a t i s f y  al l  t he mo me n t  and 

f or c e  equ i l i b r i u m equa t i ons  and c an on l y  a c c omoda t e  

c i r c u l a r  s l i p  s ur f ac es ,  wh i l e  t he t h r ee l as t  me t hods  

s a t i s f y  al l  e q u i l i b r i u m equa t i ons  and may  be us ed t o 

c a l c u l a t e  t he f ac t o r  o f  s a f e t y  a l ong  any  s hape  o f  s l i p 

s ur f ac es .  Thes e  d i f f e r en t  met hods ,  p l us  o t her  mor e  e l a ­

b o r a t e  ones ,  we r e  c ompar ed  by  Fr ed l und  and  Kr ahn ( 1977)  

and  by  Dunc an  and  Wr i g h t  ( 1980)  i n an a t t emp t  t o 

ev a l ua t e  t he i r  r es pec t i v e  a c c u r a c y  and r e l i ab i l i t y .  The 

r es u l t s  wh i c h  c ame ou t  o f  t hes e  t wo s epar a t e  s t udi es  

and o f  o t he r  paper s  p r es en t ed  t o t hi s  Ses s i on,  ar e  v er y  

s i mi l a r  and  t he c onc l us i ons  may  be s ummar i z ed  as  

f o l l o ws :

-  The  equ i l i b r i u m me t hods  wh i c h  s at i s f y  al l  c ond i t i ons  

o f  equ i l i b r i u m g i v e  a c c u r a t e  r es u l t s  wh i c h  do not  

d i f f e r  by  mor e  t han + 5% f r om t he " c or r ec t "  ans wer  

( Dunc an & Wr i g h t  1980) ;  t hes e Aut hor s  hav e c ons i der ed  

t ha t  t he  " c or r ec t "  ans wer  i s t he r es u l t  o b t a i ned  by  t he 

l og s pi r al  me t h o d  bec aus e  i t  s a t i s f i es  al l  c ond i t i ons  

o f  equ i l i b r i u m and  i s not  a me t hod  o f  s l i c es .  Bi s hop ' s  

s i mp l i f i ed  me t hod  i s a l s o  equa l l y  ac c u r a t e  ( Wr i ght  et  

a l . 1973) .  Thi s  c onc l us i on  i s f u r t he r  s ubs t an t i a t ed  i n 

a paper  by  Fr ed l und  et  a l . whe r e  t he Au t hor s  pr es ent

a gener al  l i mi t  equ i l i b r i u m me t hod  o f  s l i c es  ( GLE 

met hod)  and s how how t he abov e - me n t i o n e d  me t hods  ar e 

s pec i al  c as es  o f  t he gener al  f o r mul a t i on ;  t he d i f ­

f e r e n t  me t hods  ar e  c ompar ed  t o t he GLE met hod  and i t  

c an  be i n f e r r ed  t hat  t he t hr ee n o n - c i r c u l a r  me t hods  

g i v e  equ i v a l e n t  r es ul t s .  I t  s hou l d  be not ed,  howev er ,  

t hat  Res end i z  ( 1974)  has  c ha l l enged  t he c onc l us i ons  o f  

Wr i g h t  et  a l . ( 1973)  by  c ompar i ng  t he r es u l t s  o f  t he 

ana l y s i s  per f o r med  by  means  o f  l i mi t  equ i l i b r i um 

met hods ,  t o t hos e ob t a i ned  by  a F. E.  ana l y s i s  us i ng  t he 

hy per bo l i c  s t r es s - s t r a i n  r ep r es en t a t i on  pr opos ed  by  

Kondner  ( 1963) ;  t he s af e t y  f ac t o r s  we r e  10% t o 30% 

h i gher  when  c omput ed  by  t he F. E.  met hod ,  t he l a r ger  

d i f f e r enc e  bei ng ob t a i ned  on  f l a t t e r  s l opes .  The 

d i f f e r enc es  o b t a i ned  by  t h i s  Au t ho r  a r e  so i mpor t ant  

t hat  t hey  may  need t o be q u a l i f i ed  by  f u r t he r  d i s c u s s i o n .  

The  Repor t e r s  be l i ev e  t hat ,  i n c as es  whe r e  f a i l u r e  o c ­

c ur s ,  t he FEM i s no t  t he bes t  me t hod  t o ev a l ua t e  s t a b i ­

l i t y  c ond i t i ons .

-  The des i gn  eng i nee r  c an t hus  c hoos e,  amongs t  t he 

t hr ee n o n - c i r c u l a r  and  t he Bi s hop ' s  s i mp l i f i ed  me t hods  

t he me t hod  o f  s t ab i l i t y  ana l y s i s  whi c h wi l l  f i t  hi s  needs ,  

and be c o n f i den t  o f  ob t a i n i ng  a c or r ec t  ans wer  i n t er ms

o f  t he me c han i c s  o f  t he p r ob l em ( Dunc an & Wr i gh t  1980) .  

Ki s i el  et  a l . hav e us ed t he t heor y  o f  c ha r ac t e r i s t i c s  t o 

c ompu t e  t he uppe r  bound  v a l ue  o f  t he f ac t o r  o f  s a f e t y  

and,  f or  t he c as e  s t ud i ed,  t hey  hav e r eac hed  t he c o n c l u ­

s i on t ha t  t he me t hods  o f  Bi s hop  and J anbu  g i v e  v a l ues
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N o r m a l l y  c o n s o l i d a t e d  c l a y s ,  l o w  p l a s t i c i t y ,  

b r i t t l e  s t r a t u m ,  m ech an i sm  o f  f a i l u r e ,  m et h o d  

o f  a n a l y s i s .

C u t s  an d  t r e n c h e s ,  t h r e e - d i m e n s i o n a l  e f f e c t ,  

co m b i n ed  c y l i n d r i c a l  an d  c o n i c a l  s l i p  s u r f a ­

c e s ,  t a b l e s .

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

d i s t u r b e d  an d  r em o u l d ed  s a m p l e s ,  r e s i d u a l  

s t r e n g t h ,  f i r s t  s l i d e  an d  p e r i o d i c a l  d i s p l a ­

c e m e n t s .

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

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

s h o r t - t e r m  s t a b i l i t y .

N u m e r i c a l  m e t h o d , t h i n  l a y e r  o f  w eak  s o i l ,  

u n u su a l  b o u n d a r y  c o n d i t i o n s ,  m et h o d  o f  a n a ­

l y s i s .

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

f i e l d  o b s e r v a t i o n s ,  r e v i e w  o f  f l o w  l a w s ,  l a b ­

o r a t o r y  t e s t s .

1)  v a r i a t i o n a l  m e t h o d ; Co u l o m b  an d  K o t t e r  

e q s . ;  2 )  h e t e r o g e n e o u s ,  w eak  s u r f a c e s ,  l i m i t  

e q u i l i b r i u m ;  3 )  t h r e e - d i m e n s i o n a l ,  r i g i d  

b l o c k s .

C r e e p  m o d e l ,  FEM  n o n  l i n e a r ,  l o n g - t e r m  s t a b i ­

l i t y .

M o r g e n s t e m - P r i c e ,  S p e n c e r ,  Ja n b u ,  L o w e an d  

K a r a f i a t h  an d  C o r p s o f  E n g i n e e r s  m e t h o d s.

12 8  m h i g h  z o n ed  d am , m e a su r e d  an d  co m p u t ed  

p o r e  p r e s s u r e s .

R e t r o g r e s s i v e  an d  f l a k e - t y p e  s l i d e s ,  t r i a x l a l  

an d  s i m p l e  s h e a r  t e s t s  r e s u l t s ,  c r i t i c a l  s t r e s s  

l e v e l ,  s t a b i l i t y  a n a l y s i s .

P r o b a b i l i t y  t h e o r y ,  r e l i a b i l i t y  a n a l y s i s ,  s t ^  

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

F a c t o r  o f  s a f e t y ,  f a i l u r e  m e c h a n i sm s, s h e a r  

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

R o c k f l l l ,  a s p h a l t  f a c i n g ,  l i n e a r  e l a s t i c  

a n a l y s i s .

U p p er  b o u n d  a p p r o a c h ,  c h a r a c t e r i s t i c s ,  co n ­

v e n t i o n a l  m e t h o d s.

W ea t h e r e d  b l a c k  s h a l e s ,  r a i n f a l l ,  t i m e - d i s -  

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

l i t y  a n a l y s e s .

FE m e t h o d , an d  l i m i t  e q u i l i b r i u m  a n a l y s i s ,  

b l o c k s ,  s l i d i n g  b l o c k s .
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M i k a sa ,  M . 

e t  a l .

M u l d e r ,  G . 

e t  a l .

2 , 3  N a g a r k a r ,  P .K

2 

2

P a p a d o p o u l o s ,  B . P .  

A n a g n o s t o p o u l o e , A .G .

P a s t o r ,  J .

2 , 3  R u n e sso n ,  K . 

e t  a l .

2 S a l e n ç o n ,  J .

T r i s t â n - L ô p e z ,  A .

2  S o t l r o p o u l o s ,  E .  

C a v o u n i d i s ,  S .

2 , 3  T e y t o v i c h ,  N .A .

T e r - M a r t i r o s y a n ,  Z .G .

T i n o c o ,  F .H . 

V a l l e j o ,  L . E .

2 , 3  V a l l e j o ,  L . E .  

E d i l ,  T . B .

2 W a c k e r n a g e l ,  A .

2 . 3  W i d d i s ,  T . F .  

C l a p h am , H .G .

2 . 3  W i sem an , G . 

e t  a l .

B r a n d ,  E.W .

3

3

Ja p p e l l i ,  R . 

M u sso , A .

M a s sa r sc h ,  K .R  

B r o m s, B . B .

4 B e m t s o n ,  J .  

L i n d h ,  B ,G .

4 , 3 C a r t i e r ,  G . 

e t  a l .

4 H u d e r ,  J .  

D u e r s t ,  R .

, 3 , 2 M i t c h e l l ,  R . J.  

W i l l i a m s ,  D .R .

4 N o n v e l l l e r ,  E .

S h i e l d s ,  D .H . 

H a r r i n g t o n ,  E . J .

V i g g i a n i ,  C .

S t a b i l i t y  t e s t  o f  a  r o c k f i l l  dam  b y  

c e n t r i f u g e .

Som e p r o p e r t i e s  o f  s a n d a s p h a l t  a s  i t  i s  

u se d  i n  h y d r a u l i c  s t r u c t u r e s .

F a i l u r e s  o f  a  m o n o z o n e e a r t h  dam  o f  e x ­

p a n s i v e  d a y .

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

p e s .

A n a l y s e  l i m i t e  e t  e t a b i l i t e  d e s  f o u i l l e s

On t h e  b e h a v i o u r  o f  n a t u r a l  s l o p e s  i n  

c l a y .

S t a b i l i t é  d f o u v r a g e s  en  s o l s  c o h é r e n t s  

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

I r r e g u l a r  s t r e s s - s t r a i n  an d  p r o g r e s s i v e  

f a i l u r e .

S h o r t - t e r m  an d  l o n g - t e r m  s t a b i l i t y  o f  

s l o p e s .

A n a l y s i s  o f  a  c u t t i n g  i n  o v e r c o n s o l i ­

d a t e d  c l a y .

S t a b i l i t y  a n a l y s i s  o f  m ud f l o w s  o n  n a t u r ­

a l  s l o p e s .

S t a b i l i t y  o f  t h a w i n g  s l o p e s :  f i e l d  an d  

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

L o n g  t e r m  b e h a v i o u r  o f  dam  i n  a  p e r i o d  

o f  10 8  y e a r s .

En d  o f  c o n t r u c t i o n  f a i l u r e  o f  a  s l o p e  i n  

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

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

t a l  c l i f f .

M o d el  p r e p a r a t i o n ,  t e s t  m e t h o d , d i s p l a c e m e n t s ,  

w a t e r  f i l l i n g .

S t r e s s - s t r a i n  r e l a t i o n s h i p s ,  d u t c h  c e l l ,  d e ­

f o r m a t i o n s ,  s l o p e  e r o s i o n ,  l i n i n g .

O l d  d am , 30  m h i g h ,  s l o p e  f a i l u r e s ,  s t a b i l i t y  

a n a l y s i s «  d e s i c c a t i o n  an d  c r a c k i n g .

L i m i t  e q u i l i b r i u m ,  p a r a b o l i c  v s  c i r c u l a r  c y ­

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

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

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

S i l t  l a y e r s ,  p o r e  p r e s s u r e ,  co m b i n ed  a n a l y s i s  

o f  d e f o r m a t i o n  an d  i n s t a b i l i t y ,  c r i t i c a l  s t a ­

t e .

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

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

t i c  a p p r o a c h e s ;  t a b l e s .

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

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

V i s c o - p l a s t i c  f l o w ,  t h e o r y ,  c a s e  h i s t o r y .

M ec h an i sm  o f  f a i l u r e ,  p o r e  p r e s s u r e ,  s h e a r  

s t r e n g t h ,  s t a b i l i t y  a n a l y s i s .

M u d f l o w  s t r u c t u r e ,  m e c h a n i c s  o f  m o v em en t , 

s t a b i l i t y  a n a l y s i s .

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

m a t e r i a l ,  l i m i t  e q u i l i b r i u m .

M a t e r i a l ,  s e t t l e m e n t  o b s e r v a t i o n s ,  s t a b i l i t y  

a n a l y s i s .

E x c a v a t i o n ,  w ed g e f a i l u r e ,  i n c l i n e d  c l a y e y  

seam , l a b o r a t o r y  t e s t s ,  s t a b i l i t y  a n a l y s i s .

T r i a x i a l  t e s t s ,  s o i l  s t r e n g t h  p a r a m e t e r s ,  

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

t i o n .

Som e t h o u g h t s  o n  r a i n - i n d u c e d  s l o p e  

f a i l u r e s .

S l o p e  r e s p o n s e  t o  r e s e r v o i r  w a t e r  l e v e l  

f l u c t u a t i o n s .

P i l e  d r i v i n g  i n  c l a y  s l o p e s .

I n f i l t r a t i o n  o f  w a t e r ,  s u c t i o n  c h a n g e s ,  m o d es 

o f  f a i l u r e s ,  l a b o r a t o r y  t e s t s ,  f i e l d  m e a su r e ­

m en t s .

W e a t h e r ed  r o c k ,  r e s i d u a l  s t r e n g t h ,  m ec h an i sm  

o f  f a i l u r e ,  p o r e  p r e s s u r e .

I n d u c e d  p o r e  p r e s s u r e ,  d i s t u r b a n c e ,  d i s p l a c e ­

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

T h e T u v e l a n d s l i d e ,  a  p h o t o  d o cu m en t a ­

t i o n .

G l l s se m e n t  d e t a l u s  f e r r o v i a i r e s : s u r ­

v e i l l a n c e  e t  p r e v e n t i o n .

S a f e t y  c o n s i d e r a t i o n s  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  f o r  t h e  c u t  a t  t h e  N o r t h  

P o r t a l  o f  t h e  B o m  t u n n e l  ( S w i t z e r l a n d ) .

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

s l o p e .

E f f e c t  o f  b o r e d  h o r i z o n t a l  d r a i n s  o n  s l o ­

p e  s t a b i l i t y .

M e asu r em en t s o f  s l o p e  m o v em en t s w i t h  a  

s i m p l e  c a m e r a .

U l t i m a t e  l a t e r a l  l o a d  o n  p i l e s  u se d  t o  

s t a b i l i z e  l a n d s l i d e s .

R e h a b i l i t a t i o n  o f  t h e  a r e a ,  e x c a v a t i o n  an d  

r o c k f i l l s ,  s h e e t  p i l i n g ,  l i m e s t o n e  c o l u m n s.

S l o p e  m o v e m en t s, f i e l d  o b s e r v a t i o n ,  c o r r e c t i ­

v e  m e a su r e s .

P i l e  w a l l ,  a n c h o r  r o d s ,  m o n i t o r i n g  sy s t e m  » 

p o r e  p r e s s u r e ,  s t a b i l i t y  a n a l y s i s .

I n d u c e d  p o r e  p r e s s u r e s ,  p i e z o m e t e r s ,  e x t e n s o -  

m e t e r s ,  d e f l e c t o m e t e r s  an d  d i s t o r t i o n  g a u g e s ,  

w a r n i n g  d e v i c e s ,  s e n s i t i v e  c l a y ,  d i sp l a c e m e n t s

Se e p a g e  t o  d r a i n s ,  c o n s o l i d a t i o n ;  l e n g t h ,  

s p a c i n g  an d  l o c a t i o n  o f  d r a i n s ;  t i m e  v s  

s a f e t y  g a i n .

S i m p l i f i e d  p h o t o g r a m m et r y  e q u i p m e n t ,  co m p u t a ­

t i o n s  ,  m o n i t o r i n g .

F a i l u r e  m o d e s, r i g i d  an d  h i n g e d  p i l e s ,  co m p a­

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

t i o n .

*  T h e f i r s t  t h em e n u m b er  r e l a t e s  t o  t h e  m ai n  s u b j e c t  o f  t h e  p a p e r ,  an d  t h e  o t h e r  n u m b e r s , i n  i t a l i c ,  i n d i c a t e  o t h e r  

t h em e s u b j e c t s  r e f e r r e d  t o .
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whi c h  ar e  on l y  s l i gh t l y  l ower  t han t ha t  ob t a i ned  by  t he 

mo r e  e l abo r a t e  p l as t i c  anal y s i s .

-  When  i t  c omes  t o t he c ho i c e  o f  t he met hod ,  t he  e x p e r i ­

enc e  of  t he Repor t e r s  i s t hat  Bi s hop ' s  and  J anbu ' s  me t ­

hods  ar e  eas y  t o p r ogr am and  f ar  c heape r  t o us e t han t he 

Mor g e n s t e r n - Pr i c e  met hod.  Ac c o r d i ng  t o Fr ed l und  and  Kr ahn

( 1977) ,  t he Spe n c e r  and t he Mor g e n s t e r n - Pr i c e  met hods  

ar e  a t  l eas t  s i x  t i mes  as  c os t l y  t o r un as  Bi s hop ' s  or  

J anbu ' s  met hods .

The  e n g i nee r  wi l l  t hen hav e  t he c ho i c e  be t ween  a c i r c u ­

l ar  o r  a non - c i r c u l a r  s l i p  s u r f ac e  me t hod  i n t he l i ght  

of  t he s hape  o f  t he a n t i c i pa t ed  s l i p  s ur f ac e,  o r  o f  t he 

obs e r v ed  f a i l u r e  s ur f ac e.  The  s hape  o f  t hes e s ur f ac es  

wi l l  g r ea t l y  depend  on t he geomet r y  o f  t he p r ob l em and 

on t he s t r a t i g r aphy  o f  t he soi l  pr of i l e.  A s hear  f a i l u r e  

i n a s t eep  s l ope  o f  homogeneous  soi l  wi l l  us ua l l y  dev e l op  

a l ong  c i r c u l a r  s ur f ac es ;  howev er ,  i f  weak  l ay er s  or  

s eams  ar e  p r es en t  i n t he soi l  p r o f i l e ,  t he  f a i l u r e  

s u r f ac e  wi l l  hav e a t endenc y  t o f o l l ow as  muc h  as  i t  i s 

k i nema t i c a l l y  pos s i b l e  t hes e  p l anes  o f  weak nes s  and t o 

adop t  a n o n - c i r c u l a r  s hape.  I n t hes e  c as es ,  i f  t he 

s t ab i l i t y  ana l y s i s  i s ma d e  a l ong  c i r c u l a r  s ur f ac es ,  

t hus  i gnor i ng  t he de t r i ment a l  i n f l uenc e  o f  t he weak  

s t r at a,  t he f ac t o r  o f  s a f e t y  ob t a i ned  may  be o v e r ­

e s t i ma t ed  as  i t  may  not  c o r r es pond  t o t he mo s t  c r i t i c al  

s ur f ac e.

One o f  t he s ho r t c omi ngs  o f  t he n o n - c i r c u l a r  s ur f ac e 

me t hod  o f  ana l y s i s  r es t s  i n t he f ac t  t ha t  t he c omput e r  

p r ogr ams  do not  i nc l ude  an au t oma t i c  s ear c h f or  t he 

mo s t  c r i t i c a l  s ur f ac e.  Al t hough  t hi s  s ub r ou t i ne  i s  eas y  

t o i nc l ude i n a p r og r am us i ng  t he equa t i on  of  a c i r c u ­

l a r  s ur f ac e,  t hi s  i s not  so f or  a non - c i r c u l a r  s ur f ac e 

f or  wh i c h  t he c o mpu t e r  p r ogr am l eav es  i t  t o t he us er  

t o c hoos e  by  t r i a l s  t he mo s t  c r i t i c al  s ur f ac e;  t hi s  

r equ i r es  a good deal  o f  j u d gmen t  and i s obv i o u s l y  a 

t i me - c ons umi ng  oper a t i on .  For t una t e l y ,  a paper  s ubmi t t ed  

t o t h i s  Con f e r enc e  by  Ce l es t i no  & Dunc an  ex p l a i ns  a 

s i mp l e  numer i c a l  me t hod  wh e r e b y  a s ear c h f or  a c r i t i c a l  

non - c i r c u l a r  s u r f ac e  c an be a u t o ma t i c a l l y  per f o r med by  

i t e r a t i on ;  a s ub r ou t i ne  wh i c h  c an be i n t r oduc ed  i nt o 

a c ompu t e r  p r og r am of  a n o n - c i r c u l a r  me t hod  has  been 

dev e l oped  and i s g r ac i ous l y  ma d e  av a i l ab l e  by  t he 

Au t hor s  wi t h o u t  c os t .  Two ex ampl es  ar e  g i v en  i n t he 
. paper  t o i l l us t r a t e  t he bene f i t  o f  t h i s  met hod.

I n s p i t e  o f  t he i r  appa r e n t l y  good  pe r f o r manc e ,  t hes e 

me t hods  o f  s l ope  s t ab i l i t y  ana l y s i s  r ema i n  t he ob j ec t  

o f  ma n y  c r i t i c i s ms  r es u l t i ng  ma i n l y  f r om t he a s s u mp ­

t i ons  on wh i c h  t hey  ar e bas ed.  I t  ma y  be us ef ul  t o 

r ev i ew t hem i n o r d e r  t o be t t e r  under s t and  t he l i mi t a ­

t i ons  o f  t hes e anal y s es :

-  The  nor mal  s t r es s  on t he s hear  s u r f ac e  depends  on t he 

s t a t i c  equ i l i b r i u m of  t he s l i c e  and  i s qu i t e  i ndependen t  

o f  t he s t r es s - s t r a i n  c ha r ac t e r i s t i c s  o f  t he soi l .  The 

d i s t r i bu t i on  o f  t he nor mal  s t r es s es  a l ong  t he  c i r c u l a r  

s ur f ac e  as  de t e r mi ned  by  means  o f  Bi s hop ' s  s i mpl i f i ed  

me t hod  has  been c ompar ed  i n t he c as e o f  a s t eep s l ope

t o t hos e ob t a i ned  f or  t he l i near  e l as t i c  s t r es s  

d i s t r i bu t i on  and t he d i f f e r enc e  was  f ound  t o be qu i t e  

l ar ge ( La Roc he l l e  1960) ,  bu t  i t  d i mi n i s hes  as  t he 

s l ope bec omes  f l a t t e r  ( Wr i ght  et  a l . 1973) .  I f  t hes e 

e l as t i c  s t r es s  d i s t r i bu t i ons  we r e  r ep r es en t a t i v e  o f  t he 

r eal  c ond i t i ons  on t he f a i l u r e  s ur f ac e  a t  f a i l ur e,  

wh i c h  i s no t  t he c as e,  t he obv i ous  i mpl i c a t i on  wou l d  

be t ha t  f or  t he e f f ec t i v e  s t r es s  ana l y s i s ,  whe r e  t he 

s t r eng t h  depends  on t he e f f ec t i v e  nor mal  s t r es s  ac t i ng  

on t he f a i l u r e  s ur f ac e,  t he c a l c u l a t ed  s t r eng t h  a t  any  

po i n t  on t he s ur f ac e  c ou l d  d i f f e r  a p p r ec i ab l y  f r om t he 

s t r eng t h  mob i l i z e d  i n t he f i el d.  I t  s hou l d  be r ea l i z ed,  

howev er ,  t ha t  t he me t hods  f or  c ompar i s on  us ed  by  

d i f f e r en t  au t hor s  t o s ubs t an t i a t e  t hi s  po i n t  ( i n t he

pr es en t  c as e  t he l i near  e l as t i c  d i s t r i bu t i on  wh i c h  

c e r t a i n l y  does  not  model  t he soi l  behav i our )  c anno t  

r ea l l y  be app l i ed  t o c a l c u l a t e  t he nor mal  s t r es s es  on 

t he f a i l u r e  p l ane  a t  f a i l ur e.  For  f a i l u r e  c ond i t i ons ,  

no t ec hn i ques  ar e p r es en t l y  a v a i l ab l e  wh i c h  wou l d  a l l ow 

us t o model  ex ac t l y  t he b e hav i ou r  o f  t he soi l  i n o r de r  

t o es t ab l i s h  an ex ac t  q u an t i t a t i v e  bas i s  o f  c ompar i s on.

I n al l  equ i l i b r i u m met hods ,  an  as s ump t i o n  i s i mp l i c i t ­

l y  ma d e  t hat  t he soi l  i s  r i g i d  per f ec t l y ,  p l as t i c ,  wh i c h  

means  t hat  t he s t r eng t h  mob i l i z e d  may  r ema i n  c ons t an t  
f or  l ar ge s t r a i ns .  As  men t i o n e d  by  Dunc an  and  Wr i gh t  

( 1980)  t hes e  me t hods  a r e  not  app l i c a b l e  t o b r i t t l e  or  

" s t r a i n  s o f t en i ng"  ma t e r i a l s  s uc h as  s t i f f - f i s s u r ed  

c l ay s  and  s hal es ;  i n t hes e c as es  a v a l ue  o f  s t r engt h  

l ower  t han t he peak  mus t  be c hos en.  Thi s  i s t he p r o c e ­

du r e  wh i c h  i s f o l l owed when  e i t he r  t he r es i dua l ,  t he 

f u l l y - s o f t ened  or  t he l ar ge s t r a i n  s t r engt hs  ar e  us ed 

i n a s t ab i l i t y  ana l y s i s .

-  The  equ i l i b r i u m me t hods  o f  t he s l ope s t ab i l i t y  anal y s i s  

mo s t  wi d e l y  us ed i nv o l v e  t he as s umpt i on  t hat  t he f ac t o r  

o f  s a f e t y  i s  t he s ame f or  al l  t he s l i c es .  Wr i g h t  et  a l . 

( 1973)  hav e  c a l c u l a t ed  t he f ac t o r  o f  s a f e t y  a l ong  a shear  

s u r f ac e  by  means  of  a f i n i t e  e l eme n t  ana l y s i s  f or  c as es  

wh e r e  Bi s hop ' s  me t hod  was  g i v i ng  a f ac t o r  o f  s a f e t y  of  

1. 0.  The  r es u l t s  hav e  s hown t hat  t he l oc al  f ac t or s  of  

s a f e t y  ob t a i ned  by  FEM wi t h  l i near  e l as t i c i t y  we r e  d i f ­

f e r en t  f r om 1. 0 and  ev en  app r e c i a b l y  l ower  t han  1. 0 i n 

s ome par t s  o f  t he f a i l u r e  s ur f ac e.  One  s hou l d  i ndeed 

ques t i on  t he v a l i d i t y  o f  me t hods  o f  ana l y s i s  wh i c h  i n ­

c o r po r a t e  i n t he av e r a g e  s uc h l ow f ac t o r s  o f  s af et y .  

Nev e r t he l es s ,  a c c o r d i ng  t o t hes e  Au t hor s ,  t he magn i t ude  

o f  t he d i f f e r enc es  i n t he av e r age  v a l ues  o f  t he f ac t or s  

o f  s a f e t y  ob t a i ned  by  bot h  me t hods  f or  s l opes  o f  1. 5: 1,  

o r  f l a t t e r ,  v ar i es  f r o m z er o t o on l y  4. 5%.  Cons i der i ng  

t he l ar ge s p e c t r um of  soi l  p r oper t i es  and  o f  s l ope  angl es  

embr ac ed  i n t he s t udy ,  and a l s o  t he d i f f e r enc es  i n t he 

soi l  behav i ou r s  pos t u l a t ed  i n bot h  t he FEM and t he e q u i ­

l i b r i um met hod ,  an er r o r  o f  t he f ac t o r  o f  s a f e t y  o f  l ess  

t han 4 . 5% r es u l t i ng  f r om t hi s  as s ump t i o n  i s s u r p r i s i ng l y  

smal l  and qu i t e  t o l er ab l e .

-  Thr ee  o t he r  a r gumen t s  ques t i on i ng  t he v a l i d i t y  of  

t hes e  me t hods  ar e  p r es en t ed  i n a c r i t i c a l  paper  by  

Tav enas  et  a l . ( 1980) .  The  f i r s t  one  f o l l ows  f r om t he 

de f i n i t i on  of  t he f ac t o r  o f  s a f e t y  n o r ma l l y  i n t r oduc ed  

i n t he me t hods  o f  s t ab i l i t y  ana l y s i s .  The  mo b i l i z ed  

s hear  s t r eng t h  i s  us ua l l y  de f i ned  by:

c ' 
F

a'  t an <t>'
( 1 )

whe r e  o'  and t  r ep r es en t  t he app l i ed  nor mal  and  s hear  

s t r es s es  on t he pot ent i a l  f a i l u r e  s ur f ac e,  c 1 and 

t an i f 1 ar e t he c ohes i on  and t he f r i c t i on  c oe f f i c i en t ,  

a nd  F i s t he f ac t o r  o f  s af et y ,  J anbu  ( 1973)  has  s u g g e s ­

t ed a s i mp l i f i ed  f or m o f  Cou l omb ' s  equa t i on  wh i c h  can 

be wr i t t en  i n t e r ms  o f  t he " a t t r ac t i on"  a = c'  c ot an 

so t ha t  equa t i on  ( 1)  g i v i ng  t he mob i l i z e d  s t r engt h  

bec omes :

( a + a' )
t an

( a + a ' ) t an p

t an

t an p

( 2)

( 3)

Thi s  f o r mu l a t i on  i l l us t r a t es  mor e  c l ea r l y  t he p r ob l em 

r es u l t i ng  f r om t he de f i n i t i on  of  t he s a f e t y  f ac t or .  For  

a depo s i t  l i mi t ed  by  a hor i z ont a l  s ur f ac e,  t he  s a f e t y  

f a c t o r  s hou l d  be F +  * .  Ac c o r d i n g  t o ( 3) ,  t hi s  i mpl i es  

t ha t  t an p mus t  be equal  t o z er o,  wh i c h  i s a c ond i t i on  

on l y  ac h i ev ed  i n an i s o t r op i c  s t a t e  o f  s t r es s .  I n nat ur al  

depos i t s  whe r e  an an i s o t r op i c  s t a t e  of  s t r es s  g i v en  by

( of t / o; )  = ( o^ / aj )  = K0
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has  g e ne r a l l y  dev e l oped ,  a f ac t o r  o f  s a f e t y  muc h  l es s  

t han i n f i n i t y ,  and o f  t he o r d e r  o f  1. 6 t o 1. 7,  i s c a l c u ­

l a t ed on t he bas i s  o f  ( 3) .  As  c onc l uded  by  Tav enas  et  

al .  ( 1980) ,  t hi s  r a i s es  t he ques t i on  o f  t he r e l ev anc e  

o f  equa t i ons  ( 1)  or  ( 3)  f or  des c r i b i ng  t he s t ab i l i t y  

c ond i t i ons  i n nat ur al  a n i s o t r op i c  s oi l s .  Th i s  i s  p r obab l y  

t he mos t  s ev er e  c r i t i c i s m f o r mu l a t ed  aga i ns t  our  me t hods  

o f  s t ab i l i t y  ana l y s i s .

-  The  s ec ond  a r g u me n t  c onc er ns  t he i nd i s c r i mi na t e  us e of  

t he Mohr - Cou l omb  c r i t e r i on  t o r ep r es en t  t he f a i l u r e  

c ond i t i ons  i n a nat ur a l  c l ay .  Ac c o r d i ng  t o Tav enas  and 

Ler ouei l  ( 1977) ,  t he  s t r eng t h  o f  t he nat ur al  c l ay s  i s 

en t i r e l y  r ep r es en t ed  ( Fi g.  1)  by  i t s  l i mi t  s t a t e  s ur f ac e

F ig.I-----TYPICAL LIMIT STATE CURVE FOR NATURAL CLAYS.

{ from Tavenas et Leroueil ,1979)

and i t s  c r i t i c al  s t a t e  l i ne  wh i c h  i s i dent i c al  t o t he 

Mohr - Co u l o mb  c r i t e r i on .  When  t he e f f ec t i v e  s t r es s  pat h 

f o l l owed  by  a c l a y  e l emen t  r eac hes  t he l i mi t  s t a t e  c ur v e,  

wh i c h  i s t i me and s t r a i n - r a t e  dependen t ,  t he c l ay  y i e l ds  

and t he ens u i ng  s t r es s  pat h a i ms  t owar ds  t he c r i t i c al  

s t a t e  c o r r e s pond i ng  t o t he v oi d r at i o  o f  t he c l ay .  I t  

c an t hen be i n f e r r ed  t hat  t he d i r ec t  us e o f  t he Cou l omb 

equa t i on  r e l a t i ng  t he s t r eng t h  t o t he ov er bu r den  

e f f ec t i v e  s t r es s  as  i t  i s done  i n t he me t hods  o f  s t a b i ­

l i t y  ana l y s i s  i s  ques t i onab l e .  Howev er ,  as  men t i o n e d  by  

t he Au t hor s ,  i n t he c as e  o f  nat ur al  s l opes  wh e r e . f a i l u r e  

c an dev e l op  s l owl y ,  i t  i s pos s i b l e  t ha t  t he c l ay  has  a 

p a r t i a l l y  d r a i ned  r es pons e  and  t hat  i t s  v oi d r at i o  has  

t i me  t o a d j us t  t o t he amb i an t  e f f ec t i v e  s t r es s es ,  i n 

wh i c h  c as e  t he us e o f  t he Mohr - Co u l o mb  c r i t e r i on  woul d  

pos s i b l y  be l es s  e r r oneous  t han i n o t her  c as es  of  

s t ab i l i t y .  Tav enas  et  a l . ( 1980)  f u r t he r  men t i on  t hat  

t he on l y  c as e whe r e  t he p r edomi nan t  e f f ec t  o f  v oi d 

r at i o  c ou l d  be neg l ec t ed  i s i n t he r eac t i v a t i on  o f  an 

o l d  s l i de  a l ong  a we l l - d e f i n e d  ex i s t i ng  f a i l u r e  s ur f ac e 

wh e r e  t he Mo h r - Cou l omb  c r i t e r i on  wou l d  bec ome app l i c ab l e

-  The t h i r d  a r gume n t  p r opos ed  by  Tav enas  et  a l . ( 1980)  

f o l l ows  a d i s c us s i on  by  Bi s hop  ( 1974)  t o t he e f f ec t  t hat  

t he e f f ec t i v e  s t r es s  pat hs  f ound  i n mos t  pr ac t i c al  c as es  

ar e a p p r e c i a b l y  d i f f e r en t  f r om t hos e i mpl i ed  i n al l  t he 

me t hods  o f  s t ab i l i t y  ana l y s i s ;  as  a r es u l t ,  t he degr ee  

o f  mob i l i z a t i o n  of  t he s hear  s t r eng t h  wi l l  d i f f e r  f r om 

t hat  g i v en  by  equa t i on  ( 1) .  Tav enas  et  a l . ( 1980)  hav e 

wel l  i l l us t r a t ed  t h i s  po i n t  f or  c as es  o f  l oad i ng  and 

un l oad i ng  o f  a c l ay  mas s  and hav e a r r i v ed  f i na l l y  at  a 

v e r y  nega t i v e  c onc l us i on  on t he v a l i d i t y  of  ou r  me t hods  

o f  s t ab i l i t y  ana l y s i s .

A s i mi l a r  a r gumen t  i s p r es en t ed  i n t hi s  s es s i on  by  

J u a r e z - Bad i l l o  who  has  bas ed hi s  r eas on i ng  on d i r ec t  

s hear  s t r es s  pat hs  and has  a l s o  c onc l uded  t ha t  t he 

f ac t o r s  o f  s a f e t y  as  we  i n t r oduc e  t hem i n t he me t hod  of  

ana l y s i s  l ead t o s ome er r or .

I n t he l i gh t  o f  al l  t hes e f o r mu l a t ed  c r i t i c i s ms ,  i t  i s 

p uz z l i ng  t o r ea l i z e  t hat ,  i n s p i t e  o f  t he i r  appa r en t  

def ec t s ,  ou r  me t hods  o f  s t ab i l i t y  ana l y s i s  y i e l d  r es u l t s  

wh i c h  s eem t o r e f l ec t  r ea l i t y .  I t  appear s  t hat  we  ar e 

g e t t i ng  t he r i gh t  ans wer  but  f or  t he wr ong  r eas on.  I s i t  

b ec aus e  o u r  er r or s  ar e c anc e l l i ng  eac h o t her ?  Or  wou l d  

i t  be t hat  t he soi l  does  not  behav e  at  al l  i n nat u r e  as 

we  t h i nk  i t  s hou l d? I n t he op i n i on  o f  t he Repor t e r s ,  t he 

p r ob l em i s  not  r ea l l y  s ol v ed;  bu t  i n t he meant i me,  t he 

f ac t  r emai ns  t ha t  we  hav e a pr ov en  eng i nee r i ng  t ool  

wh i c h  a l l ows  us  t o c ar r y  ou t  wi t h  a c e r t a i n  degr ee  of  

c on f i denc e  s ome s t ab i l i t y  ana l y s es  wh i c h  ar e  qu i t e  v a l u ­

ab l e  f o r  d es i gn  pur pos es  a l t hough  t he r es u l t s  ob t a i ned  

mus t  not  p r ec l ude  ex pe r i enc e  and good e n g i nee r i ng  j u d g ­

me n t  f r om pr ev a i l i ng  i n dec i s i on  mak i ng.

2. 2.  Ef f ec t i v e . v e r s u s . t o t a l . s t r e s s  ana l y s i s

Ther e  has  been mor e  and  mor e  ev i denc e  ac c umu l a t ed  i n t he 

l as t  f ew y ea r s  t o t he e f f ec t  t ha t  s t ab i l i t y  ana l y s es  ar e 

mor e  r e l i ab l e  when  pe r f o r med i n t er ms  o f  e f f ec t i v e  

s t r es s es  t han t ot al  s t r es s es .  The  d i f f i c u l t i es  e n c o u n ­

t er ed wi t h  t he t ot al  s t r es s  o r  +=0  ana l y s i s ,  r es u l t  not  

s o muc h  f r om t he me t hod  o f  ana l y s i s  i n i t s e l f  wh i c h ,  as  

men t i o n e d  by  Tav enas  et  al .  ( 1980) ,  p r es en t s  pr obab l y  

f ewer  s our c es  o f  er r or s  t han t he e f f ec t i v e  s t r es s  a n a ­

l y s i s ,  but  a r e  due t o t he f ac t  t ha t  t he r e  ar e pr obab l y  

as  many  v a l ues  of  undr a i ned  s hear  s t r eng t h  as  t he r e  ar e 

me t hods  t o mea s u r e  i t .  For  ma n y  y ear s ,  t he i =0 ana l y s i s  

has  been a s s oc i a t ed  wi t h  t he  s ho r t - t e r m s t ab i l i t y  c as es ,  

and t he e f f ec t i v e  s t r es s ,  t o t he l ong- t er m.  Howev er ,  

t hi s  a s s o c i a t i on  of  c onc ep t s  has  been c ha l l enged  mor e  

and mor e  by  c as e  s t ud i es  wh i c h  s how t hat  t he  $=0 a n a ­

l y s i s  was  g e ne r a l l y  u n r e l i ab l e  i n s hor t - t e r m c as es  and 

t hat ,  i n o r de r  t o ob t a i n  s a t i s f ac t o r y  r es ul t s ,  s ome e m­

pi r i c al  c o r r ec t i on  f ac t or s  hav e t o be app l i ed  t o t he 

undr a i ned  s hear  s t r eng t h  us ed i n t he ana l y s es  

( Bj e r r um 1972) .

I t  i s  now r ec ogn i z ed  t hat ,  ev en  i n t he c as e  o f  ex c av a t ed  

s l opes  wh i c h  r epr es en t  t he i deal  s ho r t - t e r m c as e,  t he 

e f f e c t i v e  s t r es s  ana l y s i s  may  be a bet t e r  t ool  f or  d e ­

s i gn  t han t he <(i =0 ana l y s i s  pr ov i ded  t ha t  good me a s u r e ­

men t s  o f  por e p r es s u r es  ar e av a i l ab l e .  The  f a i l u r e  at  

t he Ki mol a f l oa t i ng  canal  has  s hown c l ea r l y  t hat  t he 

<f>=0 ana l y s i s  was  mo s t  un r e l i ab l e  i n t hat  c as e  ( Kank ar e 

1969) ,  and  t ha t  t he e f f ec t i v e  s t r es s  ana l y s i s  gav e  good 

r es u l t s  wi t h  t he me a s u r e d  por e pr es s ur es ;  t hi s  was  c o n ­

f i r med by  a s t udy  per f o r med by  Kenney  & Udd i n  ( 1974)  who 

hav e  a l s o  s hown t hat  t he s t ab i l i t y  o f  t he ex c av a t ed  

s l ope  s t ar t ed  t o d e c r eas e  i mmed i a t e l y  f o l l owi ng  c o mp l e ­

t i on  o f  ex c av a t i on  as  t he meas ur ed  por e  p r es s ur e  wh i c h  

had d r opped  d u r i ng  ex c av a t i on  s t ar t ed t o i nc r eas e.  I t  

s hou l d  be  men t i oned ,  howev er ,  t hat  t hi s  c onc l us i on  i s 

p r es en t l y  c ha l l enged  by  Leonar d  ( 1980)  who  i mput es  t he 

f a i l u r e  t o t he pr es enc e  of  a t h i n  weak  s eam of  c l ay  i n 

t he f ounda t i on  o f  t he s l ope.  J u Sr ez - Bad i l l o  a l s o e x ­

pr es s es  c onc e r n  t hat  d i s c on t i nu i t i es  ar e  o f t en  neg l ec t ed 

t o t he bene f i t  o f  s i mp l e r  geomet r i c a l  s ur f ac es .  The Re ­

por t er s  agr ee t hat  s t r a t i g r aph i c a l  f ea t u r es  and a n o ma ­

l i es  s hou l d  be i den t i f i ed  and  t ak en i nt o ac c oun t  i n t he 

ana l y s i s ;  howev er ,  t hey  r ema i n  i n t r i gued  by  t he f ac t  

t ha t  i n ma n y  c as es  t he f a i l u r e  has  been bac k - ana l y s ed  

wi t h  s uc c es s  a l t hough  t he pr es enc e  o f  a s i gn i f i c an t  d i s ­

c on t i nu i t y  was  not  t ak en  i nt o ac c oun t  i n t he anal y s i s .  

The  c as e  o f  t he Ki mol a canal  ( Kenney  & Udd i n  1974)  d i s ­

c us s ed  abov e  and t he f a i l u r e  o f  t he r i v er bank s  p r ec ed i ng  

t he d r ama t i c  f l ow- s l i de  o f  Sa i n t - J ean - Vi anney  ( La 

Roc he l l e  1975)  ar e t wo s uc h ex ampl es ,  wh i c h  l ead us t o 

be l i e v e  t ha t  i n s ome i ns t anc es  t he p r es enc e  o f  s t r a t i ­

g r aph i c a l  anoma l i es  may  on l y  be t he smal l  d i f f e r enc e  

be t ween  s t a b i l i t y  o r  f a i l u r e  c ond i t i ons .  I n t hes e  t wo 

c as es ,  t he ana l y s es  hav e  i nd i c a t ed  t hat  t he soi l  mas s es  

we r e  a t  t he l i mi t  o f  equ i l i b r i um;  i t  i s t hen c onc e i v ab l e  

t ha t  t he s t r a t i g r aph i c a l  anomal i es  had on l y  made  t he 

f a i l u r e  pos s i b l e  at  t ha t  moment .
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As  s hown by  Kenney  & Udd i n  ( 1974)  t he dr op  o f  por e 

pr es s u r e  due t o an ex c av a t i on  wi l l  d i s s i pa t e  wi t h  t i me.  

Sk empt on  ( 1977)  has  obs e r v ed  t hat  t he  e qu i l i b r a t i on  of  

t he por e  p r es s ur e  i n c ut s  i n London  c l ay  c ou l d  t ak e 

many  y ea r s  t o oc c u r  due t o t he l ow p e r meab i l i t y  o f  t ha t  

c l ay .  Howev er ,  Leonar d  ( 1979)  has  s ugges t ed  t hat  i n t he 

c as es  men t i o n e d  by  Sk empt on  ( 1977) ,  t he de l ay  i n t he 

f a i l u r e  o f  t he c ut s  c oul d be ex p l a i ned  by  t he f ac t  t hat  

a s t r uc t ur a l  b r eak down oc c ur s  and c on t i nua l l y  gener a t es  

nega t i v e  ex c es s  por e  pr es s ur es .  Thi s  s ugges t i on  i s 

s ubs t an t i a t ed  by  t he f ac t  t hat  t her e  i s a v er y  c o n s i s ­

t en t  c o r r e l a t i on  bet ween t he s l ope ang l e  and t he t i me 

t o f a i l ur e;  t he s t r uc t ur a l  b r eak down be i ng  mor e  r api d 

i n s t eepe r  s l opes ,  t hey  f ai l  s ooner .  As  a r es ul t ,  t he 

s t ab i l i t y  wi l l  dec r eas e  wi t h  t i me bu t  t he  r at e  of  

dec r eas e  does  not  depend  e x c l us i v e l y  on t he r at e  o f  

e qu i l i b r a t i on  o f  por e p r es s ur e  but  a l s o  on t he r at e 

o f  c r eep  wh i c h  wi l l  a f f ec t  t he l i mi t  s t at e c ur v e  as  

d i s c us s ed  by  Tav enas  and  Ler ouei l  ( 1981) .

I n t he l i gh t  o f  t he abov e  d i s c us s i on  on t he d i f f e r en t  

f ac t o r s  wh i c h  ma y  i n f l uenc e  t he s t ab i l i t y  of  a c l ay  

mas s ,  i t  bec omes  obv i ous  t hat  t he ev o l u t i on  o f  al l  

t hes e f ac t or s  c an be f o l l owed on l y  by  means  o f  t he 

e f f ec t i v e  s t r es s  appr oac h.

As  wi l l  be d i s c us s ed  l at er ,  ma n y  aut hor s  o f  paper s  

p r es en t ed  a t  t hi s  c on f e r enc e  a r r i v e  at  t he s ame c o n ­

c l us i on,  ev en  f or  c as es  o f  s ho r t - t e r m s t abi l i t y .

Howev er ,  i t  wi l l  be s een t hat  i n s ome o f  t he paper s ,  

t he undr a i ned  s hear  s t r engt h  appr oac h  i s s t i l l  p r e ­

f e r r ed  ev en  f or  t he s t ab i l i t y  ana l y s i s  o f  nat ur al  

s l o p e s .

2- 3 § t r engt h_and_gor e_gr es s ur e_at _ f a i  ] ^ r e

The  o t he r  ques t i on  wh i c h  needs  t o be c ons i de r ed  c onc er ns  

t he c ho i c e  o f  t he s t r engt h  par amet e r s  and o f  t he por e 

p r es s u r e  v a l ues  ac t i ng  i n t he z one o f  f a i l u r e  at  f a i l ur e.  

Thi s  ques t i on  has  been  d i s c us s ed  at  l engt h  by  d i f f e r en t  

a u t hor s  and wi l l  a l s o  p r obab l y  be dea l t  wi t h  at  s ome 

o t he r  s es s i on o f  t h i s  c onf er enc e.

2. 3. 1 Ef f ec t i v e  s t r eng t h  par amet e r s

The  c ho i c e  o f  t he e f f ec t i v e  s t r eng t h  par amet e r s  f o r  o v e r ­

c o ns o l i da t ed  f i s s u r ed  c l ay s  has  been s t ud i ed  es pec i a l l y  

by  Sk empt on  ( s ee Sk empt on  ( 1977)  and hi s  pr ev i ous  p a ­

per s ) .  Thi s  c ho i c e  i s p a r t i c u l a r l y  s i gn i f i c an t  i n t he 

c as e  wher e  t he soi l  ex h i b i t s  a s t r a i n - s o f t en i ng  behav i ou r  

f or  wh i c h  t hr ee l ev el s  o f  s t r engt h  mus t  be c ons i der ed.

Fi r s t ,  t he " peak "  s t r eng t h  wh i c h  i s o f t en  v e r y  wel l  

d e f i ned  i n t he l abor a t o r y  t es t s ,  i s s e l dom mo b i l i z ed  

i n nat ur e;  t h i s  i s c on f i r med  by  t he c onc l us i ons  o f  s ome 

o f  t he paper s  p r es en t ed  at  t h i s  Ses s i on.  The r e  ar e  many  

r eas ons  why  t he me a s u r ed  peak  s t r eng t h  s hou l d  no t  be 

r e l i ed  on i n pr ac t i c e:  t he p r es enc e  of  f i s s ur es ,  t he 

e f f ec t s  o f  s o f t en i ng,  t he an i s o t r opy ,  t he r at e  ef f ec t ,  

and  pos s i b l y  t he p r og r es s i v e  f a i l ur e,  a r e  al l  f ac t or s  

wh i c h  wi l l  t end t o er as e  t he peak  i n nat ur e.  I n f ac t ,  

one  wonder s  i f  t he peak  s t r eng t h  i s no t  mo r e  a p r oper t y  

o f  t he t es t  r a t her  t han a p r oper t y  o f  t he s oi l .  I t  i s 

i n t e r es t i ng  t o not e  at  t hi s  po i n t  t ha t  t he s ame a r g u ­

men t s  app l y  aga i ns t  t he us e o f  peak  s t r eng t h  i n s of t  

s ens i t i v e  c l ay s ,  ex c ep t  t ha t  t he s o f t en i ng  i n t hes e 

c l ay s  does  not  us ua l l y  r es u l t  f r om an i nc r eas e  i n wa t e r  

c on t en t  but  r a t her  f r om a d é s t r uc t u r a t i on  due t o s hear .

I n s t udy i ng  t he f i r s t - t i me  s l i des  i n t he Br own c l ay ,  

Sk empt on  ( 1977)  has  c ome t o t he c onc l us i on  t ha t  i n 

t hes e ov e r c o n s o l i d a t e d  f i s s u r ed  c l ay s ,  t he d i s p l a c e ­

men t  at  f a i l u r e  was  s u f f i c i en t l y  l ar ge t o r educ e  t he 

s t r eng t h  t o i t s  " f u l l y - s o f t ened"  v a l ue,  wh i c h  he al s o 

c a l l ed  " c r i t i c al  s t at e"  s t r engt h.  Thi s  v a l ue  c an be 

de t e r mi ned  by  mea s u r i n g  t he s t r engt h  o f  r emoul ded,

no r ma l l y  c o ns o l i da t ed  c l ay .  Th i s  i s t he s t r eng t h  l evel  

wh i c h  was  f ound t o be mob i l i z e d  i n t he f i r s t - t i me  

s l i des  i n London  c l ay .  For  t he s ens i t i v e  c l ay s ,  t hi s  

s ec ond  l evel  o f  s t r eng t h  has  been r e f e r r ed  t o under  

d i f f e r en t  names :  pos t - peak  s t r eng t h  ( Lo 1972) ,  s t r engt h 

a t  l a r ge s t r a i n  ( SALS)  ( La Roc he l l e  et  a l . 1974) ,  or  

r es i dual  s t r eng t h  ( Lef ebv r e  & La Roc he l l e  1974) .

Howev er ,  t he c onc ep t  r ep r es en t ed  by  t hes e t hr ee 

d i f f e r en t  names  i s t he s ame and c o r r es ponds  t o a 

s t r eng t h  v a l ue  de t e r mi ned  on a s t r es s - s t r a i n  c ur v e  

ob t a i n e d  by  t r i ax i al  t es t ,  pas t  t he peak ,  a t  about  

b% t o 15% ax i al  de f o r ma t i on  whe r e  t he s t r eng t h  s hows  

a t endenc y  t o s t ab i l i z e  wi t h  i nc r eas i nq  s t r ai n.

Thi s  i s t he l evel  o f  s t r eng t h  t ha t  was  f ound t o be 

mob i l i z e d  i n t he " f i r s t  s l i de"  i n s ens i t i v e  c l ay s ,  

wh i c h  us ua l l y  p r ec edes  a l a r ger  f l ow- s l i de  ( Le f ebv r e  

and  La Roc he l l e  1974) .

The  t h i r d  l evel  o f  s t r eng t h  mob i l i z a t i o n  i n t e r ms  o f  

e f f ec t i v e  s t r es s es  i s t he r es i dual  s t r eng t h  wh i c h  i mpl i es  

a v er y  l a r ge  mo v e me n t  a l ong  t h i n  z ones ,  or  f a i l u r e  

p l anes ,  wi t h  a r es u l t i ng  par a l l e l  r e - o r i en t a t i on  o f  t he 

c l ay  par t i c l es .  Sk empt on  ( 1977)  s t a t es  t hat  f or  London  

c l ay  t he r es i dual  s t r eng t h  i s not  r e l ev an t  t o t he f i r s t ­

t i me s l i des  and  t ha t  i t  app l i es  o n l y  t o pos t - s l i p  mo v e ­

men t s  or  r e - ac t i v a t ed  s l i des  as  o b s e r v ed  i n ma n y  c l ay  

s ha l es  i n t he wo r l d  ( Mar s al  1979;  Canc el  1 i  and o t her s ) .

I n s ens i t i v e  c l ay s ,  par t  o f  t he c on f us i on  i n t he 

names  men t i o n e d  abov e  c omes  f r om t he f ac t  t ha t  t he 

r es i dual  s t r engt h ,  and t he s t r eng t h  at  l a r ge s t r a i n  

c anno t  be d i s t i ngu i s hed  v e r y  c l ear l y .  Le f ebv r e  & La 

Roc he l l e  ( 1974)  hav e  r epo r t ed  r ev er s al  s hear  box  t es t  

r es u l t s  made  on s ens i t i v e  c l ay s  wh i c h  g i v e  t he s ame 

s t r eng t h  par amet e r s  as  t he s t r engt h  at  l a r ge  s t r a i n;  

t h i s  i s t he r eas on  why  t hes e  Au t ho r s  hav e us ed t he 

t e r m r es i dua l .  Howev er ,  i f  t he c onc ep t  o f  r es i dual  

s t r eng t h  i mpl i es  a r e - o r i en t a t i on  of  t he c l ay  p a r ­

t i c l es ,  as  i t  s eems  t o be t he c as e i n o v e r c o ns o l i da t ed  

c l ay  or  c l ay  s hal es ,  t hi s  c onc ep t  i s  no t  r e l ev an t  t o 

t he b e hav i ou r  o f  t he s ens i t i v e  c l ay s  and s hou l d  not  be 

us ed  i n t hi s  c ont ex t ;  t he t e r m s t r eng t h  a t  l ar ge s t r a i n  

( SALS)  s hou l d  be pr ef er r ed.

2. 3 . 2  Un d r a i n e d s t r e n g t h . v a l u e s

The c ho i c e  o f  t he " c or r ec t "  v a l ue  o f  undr a i ned  s t r eng t h  

i s s t i l l  mo r e  c omp l ex  as  t he r e  ar e ma n y  d i f f e r e n t  v a l ues  

o f  undr a i ned  s t r eng t h  wh i c h  depend  mo s t l y  on t he met hods  

o f  meas u r ement .  The  a b u ndan t  dat a a v a i l ab l e  i n t he  l i t ­

e r a t u r e  s how t hat  t he undr a i ned  s t r eng t h  v a l ues  ar e  d i f ­

f e r en t  i f  meas u r ed  by  unc on f i ned ,  o r  unc ons o l i da t ed -  

undr a i ned ,  o r  i s o t r op i c a l l y  or  a n i s o t r o p i c a l l y  c o n s o l i ­

da t ed  undr a i ned  t r i ax i a l  t es t s ,  by  d i r ec t  s i mp l e  s hear  

t es t ,  o r  by  any  f i e l d  met hod  as  t he v ane,  p r es s i omet e r ,  

et c . .  I t  i s on l y  at  r andom t ha t  t wo t es t s  wi l l  g i v e  t he 

s ame r es ul t s .  Of  al l  t he f i e l d  t es t s ,  t he v ane  i s t he 

mo s t  c ommon l y  us ed bec aus e  o f  i t s  s i mp l i c i t y  and l ow 

c os t ;  bu t  t he d i f f i c u l t i es  a s s oc i a t ed  wi t h  t he f i e l d  

v ane  s t r eng t h  ar e wel l  pub l i c i z ed  and  t hi s  s t r eng t h  i s 

no t  us ed any mor e  wi t h o u t  r e f e r r i ng  t o Bj e r r um' s  c o r r e c ­

t i on  f ac t or s  or  t o s ome o t h e r  f ac t or s  bas ed  on per s onal  

ex per i enc e .  Ev en wi t h  t he us e o f  s uc h c o r r ec t i on  f ac t o r s  

t he ou t c o me  has  been  s omet i mes  er r a t i c ,  t he r eas on  bei ng 

t ha t  t he v ane  t es t  i s no mor e  t han an i ndex  t es t  and  t hat  

i t s  a p p l i c a t i on  r emai ns  es s e n t i a l l y  empi r i c a l .  I n an a t ­

t empt  t o p r opos e  mo r e  r ea l i s t i c  v a l ues  o f  undr a i ned  

s t r eng t h ,  La Roc he l l e  e t  a l . ( 1974)  hav e  s ugges t ed  t hat  

t he " undr a i ned  s t r eng t h  at  l ar ge s t r a i n"  ( USALS)  def i ned  

i n unc ons o l i d a t e d - u n d r a i n e d  ( UU)  t r i ax i a l  t es t s  wo u l d  be 

mor e  r e l ev ant ;  Tr ak  e t  a l . ( 1980)  hav e  l a t er  f ound  t hat ,  

f o r  Ca n ad i an  s e ns i t i v e  c l ay s ,  t hi s  s t r eng t h  i s equi v al ent  

t o t he v a l ue o f  0 . 22  ap s ugges t ed  by  Mes r i  ( 1975)  wher e  

op i s  t he p r ec on s o l i d a t i o n  ov e r bu r d e n  pr es s ur e .  Thes e  

new appr oac hes  hav e  been  us ed s uc c es s f u l l y  i n t he a n a ­

l y s i s  o f  t he s t ab i l i t y  o f  embank men t s  on s of t  c l ay  f o u n ­

da t i ons .  I t  wou l d  s eem,  howev er ,  t hat  t he " USALS"  or  t he
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0. 22  On v a l ue  c ou l d  p o s s i b l y  be t he s t r eng t h  mob i l i z ed  

beh i nd  uns t ab l e  s l opes  ( Tav enas  et  al .  1980) .  I n t he c as e 

o f  many  No r weg i an  l ands l i des  s t ud i ed  by  Aa s , t he u n ­

d r a i ned  s t r eng t h  v a l ue  mob i l i z e d  at  f a i l u r e  s eems  t o be 

c l os e  t o 0 . 22  ol ,  as  d i s c us s ed  bel ow.  La r s s on  ( 1980)  has  

s hown t ha t  t he undr a i ned  s t r eng t h  nor ma l i z ed  at  about

0 . 22  an  i s a l s o  a pp l i c ab l e  t o s o f t  i nor gan i c  Sc a n d i n a v i ­

an c l ay s .  Tr ak  e t  al .  ( 1980)  and La r s s on  ( 1980)  bot h 

men t i o n  t hat  t hi s  empi r i c a l  r e l a t i on  i s not  v e r i f i ed  i n 

o r gan i c  s o i l s .

2 . 3 . 3  Por e  pr es s ur e

I n t he f o l l owi ng  s ec t i on  dea l i ng  wi t h  t he f ac t or s  

i n f l uenc i ng  t he s t ab i l i t y  o f  s l opes ,  r e f e r enc es  wi l l  

be ma d e  t o t he i mpor t anc e  o f  t he i n t ens i t y  o f  r a i nf al l  

as  a f ac t o r  o f  i ns t ab i l i t y  o f  s l opes .  I t  i s ev i den t  

t ha t  t he v a l ue  o f  t he por e  p r es s u r e  ac t i ng  i n t he z one 

o f  pot ent i a l  f a i l u r e  i s o f  t he uppe r mos t  i mpor t anc e  t o 

ev a l ua t e  c o r r e c t l y  t he s t ab i l i t y .  Un f o r t una t e l y ,  t hi s  

f ac t o r  i s not  a l way s  t r ea t ed  wi t h  t he a t t en t i on  t hat  

i t  des er v es ;  muc h  e f f o r t  i s  s omet i mes  dev o t ed  t o de f i ne  

and  t o ana l y s e  i n det ai l  t he soi l  c h a r ac t e r i s t i c s  i n 

t he soi l  p r o f i l e ,  but  when  i t  c omes  t o de t e r mi n i ng  t he 

por e p r es s ur es ,  t he meas u r e me n t s  ar e o f t en  s c ar c e or  

t he c hos en v a l ues  ar e bas ed  on s ome as s umpt i ons .

Ne i t he r  t he i n t ens i t y  nor  t he ne t wor k  o f  por e  pr es s ur e  

s hou l d  be negl ec t ed.

I n a paper  p r es en t ed  t o a d i f f e r en t  s es s i on  o f  t hi s  

Con f e r e n c e  by  Ler ouei l  & Ta v e n a s , i t  i s  s hown t hat  an 

e r r o r  o f  ± 0. 5 m i n t he es t i ma t ed  pos i t i on  o f  t he wa t e r  

t ab l e  c ou l d  r es u l t  i n an i mpor t an t  er r o r  i n t he c a l c u ­

l a t ed  f ac t o r  o f  s af et y ;  f or  a t y pi c al  c l ay  s l ope wi t h 

a he i gh t  o f  8 m and an i nc l i na t i on  o f  23° ,  t he f ac t o r  

o f  s a f e t y  wo u l d  v ar y  f r om 0. 99 t o 1. 33.  But  i t  i s not  

on l y  t he dep t h  o f  t he wa t e r  t ab l e wh i c h  i s i mpor t ant  

bu t  a l s o t he gener a l  pa t t e r n  of  t he g r o u ndwa t e r  r eg i me 

i n t he c l ay  s l ope;  t h i s  was  s t ud i ed  by  La f l eu r  &

Le f ebv r e  ( 1980)  who hav e s hown how upwar d  g r ad i ent s  

c an  dev e l op  at  t he t oe o f  t he s l opes ,  phenomenon  whi c h  

has  been o b s e r v ed  t o oc c u r  i n ar eas  whe r e  t he s ens i ­

t i v e  c l ay  s l opes  ar e  no t o r i ous l y  uns t ab l e  ( La Roc he l l e  

et  a l . 1970) .

The  us e o f  r u c o e f f i c i en t s  may  be j u s t i f i ed  f or  

p r e l i mi na r y  s t ud i es  i n ar eas  whe r e  s u f f i c i en t  ex per i enc e  

has  been  ac c umul a t ed ;  howev er ,  when  a j udgme n t  has  t o be 

ma d e  on t he s t ab i l i t y  o f  one  g i v en  s l ope o f  s ome i mp o r ­

t anc e,  me a s u r emen t s  s hou l d  be ma d e  t o ev a l ua t e  not  on l y  

t he dept h  o f  t he wa t e r  t ab l e  but  a l s o t he d i r ec t i on  o f  

t he g r ad i en t  i n t he c r os s  s ec t i on  o f  t he s l ope.

2. 4 Commen t s _on_pager s

I n t he f o l l owi ng  s ec t i on,  b r i e f  c omment s  wi l l  be made 

on t he paper s  wh i c h  hav e no t  been r e f e r r ed  t o i n t he 

a b ov e  r emar k s  and wh i c h  deal  wi t h  t he s ub j ec t s  r e l ev an t  

t o t heme 2:

-  Me t hods  of  ana l y s i s  -  Ear t h f l ows

-  Cut t i ngs  -  Cr eep mov emen t s

-  Nat ur a l  s l opes

2. 4. 1 Me t hods _o f _ana l y s i s

Fo l l owi ng  a s er i es  o f  s hor t  t e r m f a i l u r es  wh i c h  oc c u r r ed  

i n t he Fi umi c i no  ar ea  dur i ng  t he c o ns t r uc t i on  o f  a n e t ­

wo r k  o f  t r enc hes ,  Cav a l e r a  & Sc ar pel l i  hav e under t ak en  

a t heor e t i c a l  s t udy  t o e v a l ua t e  t ne e f f ec t  o f  t he 

s t r eng t h  a n i s o t r o p y  o f  t he c l ay  on t he s t ab i l i t y  a n a ­

l y s es .  The  ex per i ment a l  s t udy  o f  t he f a i l u r es  has  s hown 

t hat  t he mos t  c r i t i c a l  f a i l u r e  s ur f ac es  wer e  i n good 

a g r eemen t  wi t h  t he obs e r v ed  mov emen t s ;  t he v a l ues  o f  t he 

f ac t o r  o f  s a f e t y  bas ed  on t he unc o r r ec t ed  v ane  s t r eng t h  

wer e  s omewhat  h i gher  t han 1. 0 wh i c h  s eems  t o agr ee  wi t h  

t hé c ur v es  p r opos ed  by  Bj e r r um ( 1973) .  Howev er ,  no t i ng

t hat  t he e v a l ua t i on  of  t he a n i s o t r opy  e f f ec t s  may  be 

i n f l uenc ed  by  t he ex per i ment a l  p r oc edur e ,  t he Aut hor s  

hav e wo r k ed  out  a t heor e t i c a l  model  t o s how how and t o 

wha t  e x t en t  t he a n i s o t r o p y  e f f ec t  may  i n f l uenc e t he 

s t ab i l i t y  ana l y s i s .  The por e pr es s ur e  i nc r ement  was  

ex pr es s ed  i n t er ms  o f  t he f i r s t  and  s ec ond i nv ar i ant s  

o f  t he s t r es s  i nc r ement s  ac c o r d i ng  t o Henk e l ' s  e x p r e s ­

s i on;  i n t he p l ane  s t r a i n  c as e  t he soi l  was  as s umed t o 

be e l as t i c  i n o r de r  t o ev a l ua t e  t he i n t er med i a t e  s t r es s .  

The equ i l i b r i u m equat i ons  and t he f a i l u r e  c r i t e r i on  

us ed by  t he Au t hor s  pr ov ed t hat  t he equa t i ons  d e s c r i ­

b i ng t he s t a t e  o f  s t r es s  i n a c ohes i v e  an i s o t r op i c  

d i s homogeneous  me d i u m i s o f  t he hy per bo l i c  t y pe.  The 

s o l u t i ons  o f  t he d i f f e r ent i a l  equat i ons  ob t a i ned  s how 

t hat  as  t he s l ope ang l e  dec r eas es ,  t he s a f e t y  f ac t or s  

gi v en by  t he s l i p  c i r c l e  ana l y s i s  a r e  i nc r eas i ng l y  

h i gher  wh e n  c ompar ed  t o a l ower  bound  s o l u t i on  whi c h  

i s as s umed  t o be ex ac t .  The Au t ho r s  s t a t e  i n t he i r  c o n ­

c l us i on  t hat  " an e f f ec t i v e  s t r es s  ana l y s i s ,  t ak i ng  i nt o 

ac c oun t  t he r eal  d i s t r i b u t i o n  o f  t he por e p r es s ur es  

t hat  a r i s e  at  f a i l u r e  s eems  t o be mor e  a p p r op r i a t e  f or  

dea l i ng  wi t h  t he a n i s o t r o p y  o f  c l ay s  and i t s  e f f ec t  

on s t ab i l i t y  pr obl ems " .  I f  t he Au t ho r s  had any  a v a i l ­

ab l e  dat a t o s ubs t an t i a t e  t ha t  s t a t ement ,  t hey  woul d 

be qu i t e  wel c ome.

Us i ng  t he p r i nc i p l e  o f  l i mi t  equ i l i b r i um,  Papadopou l os  

& Anagnos t o p o u l o s  hav e c omput ed  t he s t ab i l i t y  number s  

( c / yH)  f or  s l opes  on c ohes i v e  s o i l s ,  as s umi ng  p a r a ­

bo l i c  s l i p s ur f ac es .  Thr ee  c as es  ar e ana l y z ed ,  name l y  

1)  i s o t r op i c  soi l  ( c = c ons t ) ;  2)  an i s o t r op i c  soi l  

( c max / c mi n  = K)  an<i  3)  i s o t r op i c  soi l  hav i ng  a 

c ohes i on  t ha t  i nc r eas es  wi t h  dep t h  ( c = s u z / H,  wher e  

s u = undr a i ned  c ohes i on  at  dept h  H,  z = dept h,

H = he i gh t  o f  s l ope) .  The Au t hor s  c ompar e  t he r es u l t s  

t hus  ob t a i ned  wi t h  t he s t ab i l i t y  number s  f o r  c i r c u l a r  

s l i p  s ur f ac es  and c onc l ude  t hat :  1)  f or  i s ot r op i c  

s o i l s  and  s moot h  s l opes ,  t he c i r c u l a r  ar c  y i e l ds  

l ower  v a l ues  o f  t he s af e t y  f ac t or ;  2)  t he s t ab i l i t y  

number s  ar e g r ea t e r  i n t he c as e  o f  par abo l i c  s l i p 

s ur f ac es  f or  s t eep s l opes  and  h i gh v a l ues  of  K,  and 

3)  t he par abo l i c  ar c  s ur f ac es  ar e  mor e  c r i t i c al  t han 

t he c i r c u l a r  ones  when  t he c ohes i on  i nc r eas es  wi t h  

dept h.  Al s o  t he i n f l uenc e  of  t he f r i c t i onal  c o mp o ­

nent  i s i nv es t i ga t ed  i n t he abov e  c as e s t udi es .  The  

Repor t e r s  s ugges t  t hat  bef o r e  go i ng  i nt o a mor e  

e l abo r a t e  me t hod  of  ana l y s i s ,  i t  wou l d  be wi s e  t o 

app l y  i t  t o wel l  d oc umen t ed  c as e  h i s t o r i es  av a i l ab l e  

i n t he l i t e r a t u r e  and  t o f i nd  o u t  wh e t h e r  or  not  t he 

par abo l i c  as s umpt i on  i s be t t e r  t han t he c i r c u l a r  ar c  

pr opos i t i on .

The i n f l uenc e  o f  an i s o t r o p y  on s l ope  s t ab i l i t y  has  a l s o  

been c ons i de r ed  by  Sa l enç on  and Tr i s t án - López  who ar e 

p r opos i ng  a r i gor ous  met hod  t o de f i ne  s ome c oe f f i c i en t s  

of  s t ab i l i t y  i n c ohes i v e  an i s o t r op i c  s oi l s .  The  Aut hor s  

g i v e c har t s  wh i c h  a l l ow t he us er  t o obt a i n ,  f or  a s i mpl e 

i dea l i z ed geomet r y ,  t he " f a i l u r e  c oe f f i c i en t s "  r equ i r ed  

t o d e t e r mi ne  t he s t abi l i t y .  I n o r d e r  t o under s t and  t he 

bas i s  o f  t ha t  met hod ,  t he r eader s  mus t  r e f e r  t o pr ev i ous  

paper s  o f  t he s en i o r  Aut hor .  Un f o r t una t e l y ,  t he c har t s  

ar e  bas ed on t he K2 c oe f f i c i en t  p r opos ed  by  Bi s hop  

( 1966) ,  wh i c h  i s t he r at i o  o f  t he undr a i ned  s t r engt h 

C( 45)  me a s u r ed  on a t r i ax i al  s pec i men c ut  at  45°  f r om 

t he f i e l d  v er t i c a l ,  d i v i ded  by  t he undr a i ned  v er t i c al  

s t r eng t h  Cv . I t  i s now wel l  r ec ogn i z ed  t hat  t he C( 45)  

s t r eng t h  meas u r e d  by  i nc r eas i ng t he t ot al  pr i nc i pal  

s t r es s  i nc l i ned  a t  45°  f r om t he e f f ec t i v e  pr i nc i pal  

s t r es s  app l i ed  i n t he f i e l d  dur i ng  c ons o l i da t i on ,  has  

no pr ac t i c a l  s i gn i f i c anc e ;  t hi s  s t r es s  s y s t em us ua l l y  

c aus es  t he s ampl e  t o buc k l e  dur i ng  c ompr es s i on  ( Pagano 

& Hal  pi  n 1968,  Saada  1970) .

Fede r o v s k y  et  a l . p r opos e  t hr ee me t hods  of  s t ab i l i t y  

ana l y s i s  t o s o l v e  pr ob l ems  o f  homogeneous  and h e t e r o ­
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geneous  s l opes ,  i n t wo and t hr ee d i mens i ons ,  one  of  

t hem bas ed on t he  Cou l omb ' s  l aw and Kot t e r ' s  equat i ons ,  

and t he o t h e r  t wo,  on t he l i mi t  equ i l i b r i u m o f  t he 

p o t e n t i a l l y  s l i d i ng  mas s .  The t r ea t men t  o f  t hi s  ma t t e r  

i s t heor e t i c a l ;  l i t t l e  i n f o r mat i on  i f  any ,  i s g i v en t o 

pr ov e t he mer i t s  o f  t he abov e  men t i o n e d  me t hods  ov e r  t he 

t r ad i t i onal  ones  app l i ed  i n geot ec hn i c a l  pr ac t i c e.

The  por e  p r es s ur e  c hanges  ar e k nown t o be a ma j o r  f ac t or  

i n t he s t ab i l i t y  o f  nat ur al  s l opes .  Th e i r  i n f l uenc e  may  

be s t i l l  mo r e  i mpor t an t  i n t he c as e  o f  s t r a t i f i ed  s oi l s  

whe r e  mor e  per meab l e  s i l t y  s eams  c an t r ans mi t  t he p r e s ­

s ur es  mor e  r api d l y .  St a r t i ng  f r om t hi s  pr emi s s e,

Runes s on  et  a l . hav e ma d e  a s t udy  o f  a c l ay  mas s  by  means  

o f  a f i n i t e  e l emen t  me t hod  ana l y s i s  wh e r e  s pec i al  a t t e n ­

t i on was  pai d t o t he i n f l uenc e  o f  a s i l t  s eam embedded  i n 

t he c l ay .  Tak i ng  i nt o ac c oun t  t he obs e r v ed  b e hav i ou r  of  

t he Swed i s h  c l ay s ,  i nc l ud i ng  c r eep,  t he Au t hor s  hav e 

c hos en  an e l as t i c - v i s c o p l a s t i c - p l a s t i c  model .  Thi s  model  

i s bas ed  on t he l i mi t  and c r i t i c a l  s t at es  and  t ak es  i nt o 

ac c oun t  t he c r eep  and  t he a n i s o t r o p y  o f  c l ay ;  t he d e ­

s c r i p t i on  o f  t he model  i s  v e r y  s uc c i nc t  so t hat  i t  i s 

i ndeed d i f f i c u l t  t o j u dge  i t s  i mp l i c a t i ons .  Ne i t he r  i s i t  

qu i t e  c l ea r  wh a t  t he Aut hor s  me a n  by  t he s t ab i l i s i ng  

e f f ec t  r es u l t i ng  f r om an i nc r eas e o f  por e pr es s ur e  unt i l  

t he " dr y  s i de"  o f  t he l oc us  i s obt a i ned ;  i t  i s not  a t  al l  

ev i d e n t  t ha t  t hi s  i s t he c as e  i n t er ms  o f  f a i l u r e  o r  d e ­

f o r mat i on .  Two c as e  s t ud i es  a r e  p r es en t ed  i nc l ud i ng t he 

Tuv e  l ands l i de ;  i n t ha t  l a t t e r  c as e,  t he f ac t o r  o f  s a f e t y  

6 i s de f i ned  i n a wa y  wh i c h  i s d i f f i c u l t  t o v i s ua l i z e  and 

wou l d  al s o need s ome c l a r i f i c a t i ons .

To i nc r eas e  t he a l l o wa b l e  ( c ode)  s ur c har ges  on t op and 

near  t he edge  o f  c u t t i ngs  and t r enc hes ,  Bi l z  & Br odel  

pr opos e  t o ac c o u n t  f or  t he t h r ee- d i mens i ona l  e f f ec t  of  

a l i mi t ed  s l i de  i n t he c onv ent i ona l  s t ab i l i t y  anal y s i s .  

Bas ed  on t he t h r ee- d i mens i ona l  model  d e v e l oped  by  Ba l i gh  

and  Az z ouz  ( 1975)  and  t y pi c al  d es i gn  par amet e r s ,  t he 

Aut hor s  d i s c us s  s ome o f  t he r es u l t s  ob t a i ned  t hr ough  

c ompu t a t i ons  f o r  d i f f e r en t  he i ght s ,  l engt hs  and  s l ope 

i nc l i na t i ons  o f  t he c ut s ,  as  wel l  as  f or  s e l ec t ed  v al ues  

and  d i mens i ons  o f  t he s ur c har ge.  The i nc r eas e  o f  s t a b i ­

l i t y  due  t o t he t h r ee- d i mens i ona l  g e o met r y  depends  ma i n ­

l y  on  t he soi l  c ohes i on  and  i s i ndependen t  o f  t he 

f r i c t i on  and  s l ope  i nc l i na t i on ;  t he r es u l t i ng  i nc r eas e 

of  t he  f ac t o r  o f  s a f e t y  i s  r at ed at  abou t  20 per c ent .  

Thes e  r es u l t s  ar e v a l uab l e  f or  t he des i gn  o f  ex c av a t i ons  

i n ur ban  and  i ndus t r i a l  ar eas  wh e r e  wo r k i n g  s pac e i s 

1 i mi  t ed.

Az z ouz  et  a l . a r e  p r opos i ng  one mor e  r e f i nemen t  i n t he 

met hod  o f  ana l y s i s  o f  an embank men t  on s of t  soi l  wi t h  

t he pu r pos e  o f  t ak i ng  i nt o ac c oun t  t he e nd  e f f ec t  o f  a 

f a i l u r e  s u r f ac e  wh i c h  i n t he c i r c u l a r  ar c  ana l y s i s  i s 

as s umed  t o hav e  an i n f i n i t e  l engt h,  wher eas  i n pr ac t i c al  

c as es ,  i t  dev e l ops  a l ong  a f i n i t e  l engt h.  The  Au t ho r s  ar e 

us i ng  bot h  t he unc o r r ec t ed  f i e l d  v ane  s t r eng t h  and t he 

SHANSEP ( St r es s  Hi s t o r y  and No r ma l i z ed  Soi l  Eng i neer i ng  

Pr oper t i es )  s t r eng t h  pr o f i l e ;  t hey  ar e a l s o  add i ng  

s t r eng t h  an i s o t r o p y  and s t r a i n  c o mp a t ab i l i t y  e f f ec t s  i n 

t he i r  ana l y s i s .  I n do i ng so,  t he Au t hor s  i mpl y  t ha t  t he 

s t r uc t u r e  o f  t he c l ay  i s wel l  p r es er v ed  at  h i gh s t r es s es  

and  t ha t  t he " peak  s t r engt h"  v a l ue  i s ob t a i ned  i n t he 

d i r e c t  s i mp l e  s hear  appar a t us ;  t wo i mp l i c a t i ons  on  wh i c h  

t he Repor t e r s  en t e r t a i n  s ome s er i ous  doubt s .  Tr ak  e t  a l . 

( 1980)  hav e  s hown t hat  t he nor ma l i z ed  s t r eng t hs  d e t e r ­

mi ned  by  Ladd and Foot t  ( 1974)  on  f i v e  c l ay s  a r e  e q u i v a ­

l en t  t o 0 . 22  al  f or  no r ma l l y  or  l i gh t l y  o v e r c ons o l i da t ed  

c l ay s  wh i c h  i n t ur n i s equal  t o t he v a l ues  o f  undr a i ned  

s t r eng t h  at  l ar ge s t r a i n  ( USALS)  as  s ugges t ed  by  La 

Roc he l l e  et  a l . ( 1974)  ; t hi s  s eems  t o e l i mi na t e  t he 

p o s s i b i l i t y  t ha t  t he peak  s t r eng t h  v a l ue  be t ak en  i nt o 

ac c oun t  i n t he SHANSEP me t hod  and i t  ex c l udes  t he n e c es ­

s i t y  t o i n t r oduc e  a s t r a i n  c omp a t i b i l i t y  ef f ec t .  The 

Repor t e r s  ar e a l s o  puz z l ed  by  t he f ac t  t hat ,  o f  t he f our  

c as es  s t ud i ed  by  t he Aut hor s ,  t he embank me n t  wh e r e  t he

f a i l u r e  s ur f ac e  was  f ound  by  t he Au t hor s  t o be  s u r ­

p r i s i ng l y  l ong s hows  t he l a r ges t  end ef f ec t .

So t i r opou l os  and Cav oun i d i s  g i v e one mo r e  ex amp l e  wher e  

t he peak  s t r eng t h  c anno t  be r e l i ed  upon i n s t ab i l i t y  

ana l y s i s .  They  hav e made  l abo r a t o r y  t es t s  on  s ampl es  of  

an ov e r - c o n s o l i d a t e d  f i s s u r ed  b l ue  mar l  wh i c h  was  i den ­

t i f i ed  as  t he s t r a t um i n wh i c h  mo s t  o f  t he  obs e r v ed  

s l i des  o r i g i na t ed .  The s t r es s - s t r a i n  c ur v es  i nd i c a t ed  

a t y pi c al  s t r a i n - s o f t en i ng  behav i our ;  howev er ,  a c e r t a i n  

number  ( 6 t o 20%)  o f  t he t es t s  di d not  r eac h t he peak  

but  f a i l ed  wi t h  a " t r unk a t ed  peak "  wh i c h  po i n t ed  ou t  t he 

p r es enc e  o f  s ome d i s c on t i nu i t i es .  The  Aut hor s  qu i t e  

r i gh t l y  s ugges t  t ha t  t he p r es enc e  o f  f i s s ur es  i s t he 

mo s t  p r obab l e  ex p l ana t i on .  The  Repor t e r s  wou l d  l i k e t o 

s ugges t  t hat ,  be f o r e  ge t t i ng  i nv o l v ed  i n t r y i ng  t o 

ex p l a i n  t he f i e l d  behav i ou r  by  a p r og r es s i v e  f a i l u r e  

appr oac h ,  t hey  s hou l d  r a t he r  i nv es t i ga t e  t he s c a l e  

e f f ec t  o f  t he i r  t es t i ng  wh i c h  we r e  ma d e  on smal l  d i a ­

me t e r  ( 37 mm)  s ampl es .  Rowe ( 1972)  has  s t r es s ed  t he 

i mpor t anc e  o f  us i ng l a r ge s ampl es  i n f i s s u r ed  ma t e r i ­

a l s ;  t hi s  was  a l s o e mphas i z ed  by  Lo ( 1970)  who  has  

s hown t hat ,  t he oper a t i ona l  s t r eng t h  o f  s uc h f i s s ur ed  

ma t e r i a l s  i n t he f i e l d  c ou l d  be c ons i d e r a b l y  s mal l e r  

t han t he s t r eng t h  v a l ues  ob t a i n e d  on smal l  s ampl es  i n 

t he l abor a t or y .

Foer s t e r  and  Geor gi  s ugges t  t he us e o f  t he f i n i t e  el e-  

men t  me t hod  and  o f  a gener al  c ons t i t u t i v e  e q u a t i on  f or  

s o l v i ng  t i me - d e p e n d e n t  s t r es s - s t r a i n  and s t ab i l i t y  p r o b ­

l ems .  They  had t o i dea l i z e  t he s t r a i n - s o f t en i ng  b e h a v ­

i our  wh i c h  no one  has  y e t  s uc c eeded  t o model  ex ac t l y  wi t h 

t he FEM.  A c e r t a i n  number  o f  as s umpt i ons  we r e  us ed f or  

t he b e hav i ou r  o f  t he mat er i a l .  I n t he ex amp l e  i l l us t r a ­

t ed i n f i gu r e  7 o f  t he Aut hor s '  paper ,  f o r  wh i c h  l i near  

e l as t i c i t y  i s us ed,  t he f i r s t  e l ement s  t o f ai l  a r e  l oc a ­

t ed a t  t he s ur f ac e  o f  t he s l ope  at  abou t  mi d - he i gh t .  Thi s 

s eems  t o d i s agr ee  wi t h  t he r es u l t s  ob t a i ned  by  d i f f e r en t  

au t hor s  us i ng  s i mi l a r  c ond i t i ons  o f  l i near  e l as t i c i t y  

who  obs e r v ed  t hat  a p l ac t i c  z one i s f i r s t  f o r med a t  t he 

t oe o f  s t eep  s l opes ,  o r  a t  a c e r t a i n  dep t h  be l ow t he 

s u r f ac e  o f  t he s l ope  f or  f l a t t e r  s l opes  ( La Roc he l l e  

1960;  Yamanouc h i  e t  a l . 1978;  Phuk an  et  a l . 1970) .  Fi e l d  

o b s e r v a t i ons  hav e a l s o  c on f i r med  t hat  bu l g i ng s t a r t s  at  

t he t oe o f  a s l ope  i n c ohes i v e  mat er i a l  be f o r e  f a i l u r e  

a c t ua l l y  oc c ur s  ( Sk empt on  & La Roc he l l e  1965) .

Ba s ed  on t he l i mi t  ana l y s i s ,  Pas t o r  i nv es t i ga t es  t he 

s t ab i l i t y  o f  u n i f o r ml y  l oaded,  homogeneous  s l opes  of  

i n f i n i t e  ex t en t  as s umi n g  t ha t  t he soi l  behav es  a c c o r ­

d i ng  t o t he Tr es c a  or  Cou l omb mat e r i a l s .  The Au t ho r  

app l i es  t o t he t heor e t i c a l  r es u l t s  t o a c y l i ndr i c a l  

ex c av a t i on  and  c ompar es  t he r at i os  y H/ c  ob t a i ned  wi t h  

t he Tr es c a  and Von Mi s es  c r i t e r i a .  The r es u l t s  ar e 

v e r y  v a l uab l e  f r om a f undament a l  po i n t  o f  v i ew,  p r o ­

v i ded  t ha t  we  a c c ep t  t he p r emi s s e  t hat  t he  Tr es c a  and 

Von Mi s es  c r i t e r i a  ar e app l i c ab l e  t o s oi l s ;  Bi s hop

( 1966)  has  s hown t ha t  t hes e c r i t e r i a  l ead t o a v er y  

s ubs t ant i a l  ov e r e s t i ma t e  o f  t he s t r eng t h  i n s oi l s .

Ac ev edo  e t  a l . p r es en t  a s t at i s t i c a l  appr oac h  t o per -  

f o r m wh a t  t he Au t hor s  hav e c a l l ed  a r e t r o g r es s i v e  

ana l y s i s ,  and  t ha t  t he Repo r t e r s  u nde r s t and  t o be a 

b ac k - ana l y s i s  o f  a s l ope.  They  c l a i m t ha t  t he i r  met hod  

wi l l  a l l o w a mor e  r at i onal  bac k - ana l y s i s  o f  a s l ope 

t ak i ng  i nt o ac c oun t  t he nat ur al  s c a t t e r  of  t he c,  <t> 

par amet e r s ,  wh i c h  ar e  under s t ood  t o be t he e f f ec t i v e  

s t r es s  par amet er s .  The  Repor t e r s  mus t  admi t  t hat  

a f t e r  hav i ng  r ead t hi s  paper ,  t hey  wo u l d  not  k now how 

t o app l y  t he s ugges t ed  me t hod  and t her e f o r e  c anno t  

c omme n t  on t he mer i t s  o f  i t .

?. ; 4. 2_Cut t i ngs

Two paper s  i n t hi s  Ses s i on  r epor t  on e f f ec t i v e  s t r es s  

ana l y s es  o f  c u t t i ngs  i n o v e r c o ns o l i da t ed  c l ay .
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Ti noc o  pr es en t s  a met hod  a t t emp t i ng  t o i nc l ude t he e f f ec t  

o f  por e pr es s ur e  e q u a l i z a t i on  and  s o f t en i ng  i n t he  a n a ­

l y s i s  o f  s t ab i l i t y  o f  a cut .  The  Au t h o r  us es  a l i mi t  

e q u i l i b r i u m me t hod  wh er e  t he s we l l i ng  pr oc es s  i s r e p r e ­

s en t ed  by  an hor i z ont a l  f or c e  ac t i ng  at  t he bas e  o f  t he 

s l i c e  and  wh i c h  i s  p r opor t i ona l  t o t he e f f ec t i v e  o v e r ­

bu r den  we i g h t  of  t he soi l  be f o r e  ex c av a t i on ;  t he s hear  

s t r eng t h  o f  t he s t i f f  f i s s u r ed  c l ay  i s  bas ed  on s ome 

mo d i f i ed  Hv o r s l e v  par amet er s  wh i c h  t he Au t ho r  has  p r o ­

pos ed i n an o t her  pape r  p r es en t ed  t o t h i s  Conf e r enc e .  The 

l i mi t i ng  v a l u e  o f  r ^  j us t  a f t e r  ex c av a t i o n  i s c a l c u l a t ed  

by  means  o f  t he equ i l i b r i u m equa t i ons  whe r e  t he c o e f f i ­

c i en t  o f  s we l l i ng  i s  t ak en  i nt o ac c ount .  The  c as e  o f  t he 

No r t h o l t  c u t t i ng  i s us ed  as  an ex ampl e  wh i c h  s hows  how 

t he i nc r eas e  i n por e pr es s ur e ,  f r om nega t i v e  v a l ues  a f t e r  

ex c av a t i o n  t o pos i t i v e  v a l ues  a f t e r  por e p r es s ur e  e q u a l ­

i z a t i on,  had r educ ed  t he e f f e c t i v e  c ohes i v e  c o mponen t  and 

t he s we l l i ng  f or c e.  The  Au t ho r  c onc l udes  t ha t  t he d i s t r i ­

bu t i on  and ma g n i t u d e  o f  por e p r es s ur es  and t he i r  v a r i a ­

t i on  wi t h  t i me a r e  es s ent i a l  f or  t he ev a l ua t i o n  o f  t he 

s t ab i l i t y  o f  c u t t i ngs  i n ov e r c o n s o l i d a t e d  s t i f f  c l ay s  i f  

e f f ec t i v e  s t r es s  ana l y s i s  i s t o be us ed.

An  end - o f - c o n s t r u c t i o n  f a i l u r e  o f  a s l ope  i n s t i f f  

Bou l d e r  c l ay  i s o f  a r a r e  oc c ur r enc e .  I n t he c as e  r e ­

por t ed  on by  Wi dd i s  & Cl a p h a m, t he c aus e  o f  f a i l u r e  

c ou l d  be e as i l y  t r ac ed  t o t he ex i s t enc e  o f  a s moot h 

p r e - ex i s t i ng  s hear  p l ane i n an i nc l i ned l ay er  o f  s i l t y  

c l ay  s ome 1 m f r om t he  bas e o f  t he ex c av a t i on ;  t hi s  

s eemed t o be an i deal  c as e  f or  us i ng  r es i dual  s t r engt h  

par amet e r s  t o ana l y s e  t he s t ab i l i t y .  The  ex c av a t i on  

was  made  i n a nat ur al  s l ope and  t he s ec t i on  o f  t he 

ex c av a t i on  i nc l uded  a s t ep  i n i t s  upper  par t  t o ac t  as 

an i n t e r c ep t o r  dr ai n.  Tens i on  c r ac k s  f or med at  t he t op 

o f  t he s l ope and  a r egr es s i v e  mov eme n t  t ook  p l ac e i n 

s ubs equen t  week s .  The f o r m o f  t he s l i de  mas s  was  wel l  

d e f i ned  as  a t r i angu l a r  we dge  s l i d i ng  on an i nc l i ned 

pl ane.  The  ana l y s i s  was  t hen r educ ed  t o s t udy  t he 

e qu i l i b r i u m of  t he wed g e  s l i d i ng  a l ong  t he c l ay  s eam 

wi t h  s ome wa t e r  p r es s ur e  i n t he c r ac k  beh i nd  t he wedge.

I n t hi s  c as e,  t he c a l c u l a t ed  f ac t o r  o f  s a f e t y  depends  

e s s e n t i a l l y  on t he he i gh t  o f  wa t e r  i n t he c r ac k  and on 

t he as s umed s hear  s t r engt h .  The Au t hor s  hav e t r i ed 

ma n y  s uc h as s umpt i ons  and  t hey  hav e  c onc l uded  t hat  t he 

ana l y s i s  us i ng  t he r es i dual  s t r eng t h  par amet e r s  i n t he 

c l ay  s eam c on f o r med  wel l  t o t he obs e r v e d  mo d e  o f  

f a i l u r e ,  whe r eas  t hos e  i n t er ms  o f  t ot al  or  peak  

e f f ec t i v e  s t r eng t hs  d i d  not .

Wh e n  d i s c us s i ng  t he p r ob l em o f  c ut  s l opes  i n r es i dual  

s o i l s ,  Ba r a t a  and  Da n z i ge r  ar e mor e  c onc e r ned  by  t he 

nec es s i t y  t o i ns ur e  t ha t  t he mo v emen t  wi l l  be l i mi t ed t o 

a v a l ue  wh i c h  i s  t ec hn i c a l l y ,  aes t h e t i c a l l y  and  p s y c h o ­

l og i c a l l y  t o l e r ab l e ;  t h i s  p r ob l em s eems  t o be c r i t i c a l  

i n l ar ge ar ea  o f  Br az i l  whe r e  50 t o 80 m h i gh c ut s  ar e 

bu i l t  i n r es i dual  t e r r a i ns  of  wea t h e r e d  r oc k .  Thes e  

s l opes  may  be t he s ea t  o f  l ar ge d i s p l ac emen t s  wi t h o u t  

r ea l l y  f a i l i ng ,  up t o a po i n t  wh e r e  s ome d i s c ont i nu i t i es ,  

s uc h as  f i s s u r es  and s t eps ,  c an  be obs e r v ed  t o f o r m at  

t he  s ur f ac e;  t he " s epar a t i ons "  or  s t eps  r es u l t i ng  f r om 

s hea r  d i s p l ac emen t s  ar e es pec i a l l y  ob j ec t i onab l e .  The  

Au t hor s  d e s c r i be  how t hes e  " s epar a t i ons "  f o r m and i n ­

c r eas e  as  t he e x c av a t i on  o f  t he c u t  p r oc eeds ,  and  t hey  

d e f i ne  t he f a i l u r e  as  t ha t  s t a t e  i n wh i c h  t he ex c av a t ed  

s l ope  under goes  p r o g r es s i v e  d i s p l ac emen t s  ev en t hough 

t he s hear  s t r es s  s t ops  i nc r eas i ng.  For  des i gn  pur pos es ,  

t he Au t hor s  s ugges t  t o adop t  a c r i t e r i on  o f  l i mi t ed  d i s ­

p l ac ement s  and  f i nd  t ha t  t he d i r ec t  s hea r  t es t  i s p r o b ­

ab l y  t he mos t  r e p r e s en t a t i v e  o f  t he soi l  b e hav i ou r  i n 

t he s l ope.  As  a t e n t a t i v e  s ugges t i on  need i ng  mor e  r e ­

s ear c h,  i n t he c as e  of  a p l as t i c  s t r es s - s t r a i n  behav i ou r  

o f  t he s oi l ,  t he ma x i mu m s hear  s t r es s  admi s s i b l e  s houl d 

c o r r es p o n d  t o a de f o r ma t i o n  o f  abou t  ha l f  t he d e f o r ma ­

t i on  a t  f a i l u r e ;  t hi s  wou l d  pos s i b l y  be s u f f i c i en t  t o 

av o i d  " s epar a t i on"  at  t he t op o f  t he s l ope.  Lower  v a l ues

wo u l d  be r equ i r ed  f or  b r i t t l e  s oi l s .  I t  s hou l d  be not ed 

t ha t  t he c u t  s l opes  s t ud i ed  by  t he Au t hor s  us ua l l y  hav e 

a c r i t i c a l  s u r f ac e  wh i c h  i s s ha l l ow and  s t eep,  wi t h  a 

deep  or  n o n - ex i s t en t  wa t e r  t abl e,  so t hat  t he s t udy  i s 

made  i n t er ms  o f  e f f ec t i v e  s t r es s es .

The pape r  by  Be l l , The i s s en  & Ts ai  i s a good i l l u s t r a ­

t i on o f  t he f ac t  t ha t  t he r e  ma y  be as  many  undr a i ned  

s hear  s t r eng t h  v a l ues  as  t he r e  ar e me t hods  o f  me a s u ­

r i ng i t ;  t he s e l ec t i on  o f  a v a l ue  wh i c h  i s r e p r e s e n ­

t a t i v e  o f  t he soi l  b e hav i ou r  t hus  bec omes  qu i t e  p r o b ­

l emat i c .  The Au t hor s  ar e  a n a l y z i ng  s l opes  f o r  an 8. 5 m 

ex c av a t i on  i n t he wel l  k nown San Fr anc i s c o  Bay  mud.  To 

de f i ne  t he s t r eng t h  pr o f i l e ,  t hey  hav e made  unc ons o l i -  

da t ed - und r a i ned  t r i ax i a l  t es t s ,  c o n s o l i d a t ed - und r a i ned  

d i r ec t  s hear  t es t s ,  l abo r a t o r y  v ane t es t s  and  f i e l d  v ane 

t es t s ,  and hav e f ound  app r e c i a b l e  d i f f e r enc es  bet ween 

t he d i f f e r en t  t y pes  o f  t es t s .  The l a r ger  s t r engt h  

v a l ues  we r e  g i v en  by  t he  smal l  l abor a t o r y  v ane;  t hi s  

was  a l s o  obs e r v ed  on t ube s amp l es  o f  Canad i an  s ens i t i v e  

c l ay s  by  La Roc he l l e  and  L e f ebv r e  ( 1971)  who  hav e a t t r i ­

bu t ed  t hi s  h i gher  s t r eng t h  t o t he f ac t  t ha t  t he smal l  

l abo r a t o r y  v ane  t es t  i nv o l v es  on l y  t he c or e  o f  t he t ube 

s ampl e  wh i c h  i s t he l eas t  d i s t u r bed  par t  o f  t he s ampl e.  

For  t he t es t s  on t he San Fr anc i s c o  Bay  mud,  a r e d u c ­

t i on f ac t o r  o f  45% was  app l i ed  on t he smal l  l abor a t o r y  

v ane  t es t ,  and  20% on t he d i r ec t  s hear  dat a.  The  Aut hor s  

t hen  p r oc eeded  t o i n t e r po l a t e  t he mean  v a l ues  o f  al l  

t hes e  c or r ec t ed  t es t s  and de f i ned  a me a n  s hear  s t r engt h  

c u r v e  wh i c h  was  c hec k ed  by  us i ng  i t  i n an ana l y s i s  of  

t wo f a i l ed  s l opes  and was  f ound  t o u nde r es t i ma t e  t he 

mob i l i z e d  s hear  s t r eng t h  by  abou t  10%;  t he l ower  

b o u nda r y  o f  t he s t r eng t h  env e l opes  gav e  a be t t e r  e s t i ­

ma t i o n  o f  t he mob i l i z e d  s hear  s t r engt h .  Th i s  c as e  pr ov es  

t he  c omp l ex i t y  and t he unc er t a i n t i es  as s oc i a t ed  wi t h  

t he us e o f  t he u n d r a i ned  s hear  s t r eng t h  t o wh i c h  e mp i ­

r i c al  r educ t i on  f ac t o r s  mu s t  be app l i ed .  I t  a l s o  s hows  

t he nec es s i t y  t o f i nd  a be t t e r  s o l u t i on ;  t he  undr a i ned  

s t r eng t h  at  l ar ge s t r a i n  ( USALS)  ma y  o f f e r  a v a l uab l e  

a l t e r na t i v e .  The  deep  c u t  g i v en  i n f i gu r e  5 o f  t he 

Au t ho r s ' s  paper  i s s omewhat  s i mi l a r  t o t he s ec t i on  of  

t he Ki mol a  c anal ,  and i t  wou l d  hav e  been  i n t er es t i ng  

t ha t  an e f f ec t i v e  s t r es s  ana l y s i s  be ma d e  t o c ompar e  

t he e f f ec t i v enes s  o f  t he met hods .

2 . 4 . 3  Na t u r a l _s l opes

Of  al l  t he paper s  p r es en t ed  at  t h i s  Ses s i on  and dea l i ng  

wi t h  nat ur al  s l opes ,  a t  l eas t  n i ne  o r i g i na t e  f r om 

Sc and i nav i a ;  t hi s  s hows  t he i mpor t anc e  o f  t he l ands l i de  

p r ob l em i n t ha t  ar ea.  Two ma j o r  l ands l i des  ar e  d e ­

s c r i bed:  t he Tuv e  l ands l i de  wh i c h  o c c u r r ed  i n Sweden  i n 

1977 and has  been  t he o b j ec t  o f  ma j o r  c o r r ec t i v e  wor k s  

wh i c h  wi l l  be d i s c us s ed  l at er ,  and t he l ands l i de  o f  Ri s s a 

i n Nor way  wh i c h  i s p r obab l y  up t o now t he bes t  doc ument ed  

s l i de  i n s ens i t i v e  c l ay s .

The  f r equenc y  o f  l ar ge l ands l i des ,  o f  t he o r der  o f  

mi l l i ons  o f  m3,  i s f a i r l y  h i gh i n No r way  whe r e  t hey  

oc c u r  at  i n t e r v a l s  o f  abou t  4 y ear s .  I t  i s t hen not  s u r ­

p r i s i ng  t hat  mu c h  e f f o r t  i s made  t o t r y  and  ex p l a i n  t hes e 

c a t as t r oph i c  l ands l i des .  The " f l ak e- t y pe"  f a i l u r es  wh i c h  

i nv o l v e  a l ar ge mono l i t h i c  v o l ume  o f  c l ay  s l i d i ng  s u d d e n ­

l y  and r ap i d l y  a l ong  a near  hor i z ont a l  s ur f ac e  ar e s t u ­

d i ed  by  Aa s . Us i ng  an i dea l i z ed  f l ak e- t y pe  s l i de  and 

a na l y s i ng  t he s t r es s  c ond i t i ons  a l ong  t he f a i l u r e  or  

s l i d i ng  p l ane  by  means  o f  t he s i mp l e  s hear  box  t es t ,  t he 

Au t ho r  i l l us t r a t es  how t he s hear  s t r eng t h  mob i l i z ed  

a l ong  t he f a i l u r e  p l ane  i s l ower  t han t he t heor et i c a l  

v a l ue  g i v en  by  t he ang l e  o f  f r i c t i on  a c r i t i c a l  s hear  

s t r es s  l evel  i s ob t a i ned  at  wh i c h  any  s udden i nc r eas e  i n 

s t r es s  wi l l  r es u l t  i n a mar k ed  i nc r eas e i n por e p r e s ­

s ur e and  an ov er a l l  d e c r eas e  i n t he e f f ec t i v e  s t r es s  

l ead i ng t o f a i l ur e.  The  r eas on i ng  bas ed on t he s i mpl e 

s hear  t es t  dev i c e  i s  d i f f i c u l t  t o f o l l ow and t he i n t e r ­

p r e t a t i on  o f  t he t es t  r es u l t s  i s as s oc i a t ed  wi t h  s ome
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unc e r t a i n t y  as  men t i o n e d  by  t he Aut hor ,  bec aus e  t he 

hor i z ont a l  bounda r y  s t r es s  on t he s pec i men i s not  

ex ac t l y  k nown.  Nev e r t he l es s ,  i t  i s qu i t e  i n t er es t i ng  

t hat  f or  f our  o f  t he f i v e  c as e h i s t o r i es  p r es en t ed  by  

t he Aut hor ,  t he r at i o  o f  t he undr a i ned  s t r engt h  su t o 

t he e f f ec t i v e  v er t i c a l  p r es s ur e  o¿ v a r y  bet ween  0. 16 and

0 . 22  bot h  i n t he l abor a t o r y  t es t  and on t he f i el d.  

Cons i de r i ng  t hat  t hi s  c l ay  i s near l y  no r ma l l y  c o n s o l i ­

dat ed,  t hi s  r a t i o  s eems  t o be c l os e  t o t he v a l ue  o f  

s u / op = 0 . 22  f ound by  Tr ak  et  a l . ( 1980)  and  Lar s s on 

( 1980)  t o be app l i c a b l e  t o t he p r ob l em of  s t ab i l i t y  o f  

embank men t s  on  s ens i t i v e  i nor gan i c  c l ay s  whe r e  o p  i s 

t he p r ec ons o l i da t i on  pr es s ur e .  Howev er ,  t he " l ong 

s l ope"  c as es  i n Sc and i nav i an  c l ay s  g i v en  by  Lar s s on 

( 1980)  s eem t o i nd i c a t e  g e ne r a l l y  t hat  an undr a i ned  

s t r eng t h  v a l ue l ower  t ha t  0 . 20 - Op  i s mobi l i z ed.

The  s p e c t ac u l a r  Ri s s a l ands l i de  wh i c h  was  t r i gge r ed  by  a 

smal l  ex c av a t i o n  wor k  and e x t ended  ov e r  an ar ea o f  

330 000 m2,  i nv o l v i ng  a v o l ume  o f  abou t  5 t o 6 mi l l i on  

m3 i s des c r i bed  i n det ai l  by  Gr e g e r s e n . The  Au t ho r  gi v es  

a good ac oun t  of  t he ma i n  ev ent s  and  of  t he  t wo di f f er ent  

s t ages  o f  s l i d i ng.  As  me n t i oned  abov e,  t he s l i de  was  

t r i gger ed  by  an e x c av a t i on  at  t he t oe a nd  t he f i r s t  st age 

oc c u r r ed  as  a r e t r og r es s i on  due  t o t he l ow s e n s i t i v i t y  of  

t he c l ay  and t o t opogr aph i c a l  r es t r a i n t s ;  mor eov er ,  i t  

was  t hough t  t ha t  i n t he ar ea a f f ec t ed  by  t he f i r s t  s t age 

o f  t he s l i de,  t he s hear  s t r es s  l evel  was  app r e c i a b l y  b e ­

l ow t he " c r i t i c al  s hear  s t r es s " .  Then  f o l l owed  t he s p e c ­

t ac u l a r  mov emen t s  o f  f l ak e - t y pe  s l i des  wh i c h  ar e d e s c r i ­

bed i n det ai l  wi t h  ey e- wi t nes s  ac c oun t s ,  The  e l abo r a t e  

v es t i ga t i ons  and mapp i ng  o f  t he c l ay  hav e s hown t hat  a 

band  o f  qu i c k  c l ay  200 t o 300 m wi de  ex i s t ed  al l  a l ong 

t he mo u n t a i n  s i de wh e r e  f r es h wa t e r  unde r  a r t es i an  p r e s ­

s ur e  was  i n f i l t r a t i ng  f r om t he bedr oc k  and l eac hed  t he 

c l ay .  Fr om t he l abor a t o r y  t es t  r es ul t s ,  f i gur e  12 o f  t he 

paper ,  i t  i s i n t e r es t i ng  t o not e  t hat  t he max i mu m s hear  

s t r eng t h  g i v en  by  t he d i r ec t  s i mp l e  s hear  c o r r es ponds  t o 

t he l ar ge s t r a i n  s t r eng t h  o f  t he t r i ax i al  c ompr es s i on  

t es t  and g i v es  a r at i o  s u / a i  o f  0 . 20  wh i c h ,  ac c o r d i ng  t o 

Aas  i s t he s t r eng t h  mob i l i z ed  at  f a i l u r e  i n Ri s s a;  t hi s  

s eems  t o s how t hat  t he " l a r ge s t r a i n  s t r engt h"  d e t e r ­

mi n e d  by  a c o mp r es s i on  t r i ax i al  t es t  wou l d  be j us t  as 

a c c u r a t e  t o ana l y s e  t he f a i l u r e ,  and  c e r t a i n l y  muc h  s i m­

p l e r  t han us i ng  a mi x t u r e  o f  dat a f r om c o mp r es s i on  t es t s  

and  ex t ens i on  t es t s  i n t he t r i ax i a l  appa r a t us  pl us  di r ec t  

s i mpl e  s hear  t es t s .

The  s t r a t i g r aphy  of  a dep o s i t  and t he p r es enc e  o f  s o f t e r  

or  mo r e  s i l t y  l ay er s  a t  s ome dep t h  be l ow s ur f ac e i s of t en 

o f  ma j o r  i mpor t anc e  i n t he ev a l ua t i o n  o f  t he s t ab i l i t y  of  

a s l ope.  Many  c as es  pr es en t ed  t o t hi s  Ses s i on  or  d i s c u s ­

sed e l s ewher e  ( Leonar d  1980)  i l l us t r a t e  t hes e  poi nt s .  

Be r n a n d e r  and Ol o f s s on  s ugges t  t ha t  t he p r es enc e  of  a 

b r i t t l e  l ay er  c ou l d  ex p l a i n  t he t r ans l a t i ona l  d i s p l a c e ­

men t  o f  a l ar ge l and ar ea;  t hey  ar e p r obab l y  r e f e r r i ng  t o 

t he f l ak e - t y pe  s l i de  d i s c us s ed  abov e.  The Au t hor s  as s ume 

t ha t  t he f a i l u r e  z one  i s dev e l op i ng  i n a b r i t t l e  s t r a t um 

l oc a t ed  at  s ome dept h be l ow s ur f ac e;  t he s t r es s - s t r a i n  

p r oper t i es  o f  t hat  s t r a t um ar e " t ak en t o be k nown"  wi t h 

t he t i me - dep e n d e n c y  c o r r es pond i ng  t o t he r at e  of  a p p l i c a ­

t i on o f  t he d r i v i ng  f or c e.  The  s hear  de f o r ma t i on  i s p r e ­

s umed t o o c c u r  p r i mar i l y  i n t he b r i t t l e  s t r a t um and  t he 

c o mp r es s i on  o f  t he upper  l ay er  t o be o f  an e l as t i c  nat ur e.  

Wi t h al l  t hes e as s umpt i ons ,  t he Au t hor s  pr opos e  an e q u i ­

l i b r i um equa t i on  wh i c h  c an be s ol v ed by  a s t ep - by - s t ep  

met hod ,  e i t he r  by  hand or  by  c omput e r ,  and  wh i c h  s i mu ­

l at es a p r o g r es s i v e  s hear i ng  i n t he b r i t t l e  z one.  Thi s  

ana l y s i s  s eems  i n t e r es t i ng  but  i t  r a i s es  ma n y  ques t i ons .  

How do we  d e t e r mi n e  t he t i me- dependen t  s t r es s - s t r a i n  p r o ­

per t i es  o f  t he b r i t t l e  l ay er  so t hat  i t  be c ompa t i b l e  

wi t h  t he e l as t i c  d e f o r ma t i on  o f  t he o v e r l y i ng  l ay er  and 

wi t h  t he t i me - d e p e n d e n t  d r i v i ng  f or c e? How do we  i den t i ­

f y  t he b r i t t l e  l ay er  i n a c l ay  depos i t  wh i c h  i s e s s e n ­

t i a l l y  b r i t t l e  t h r oughou t  i t s  dept h? I n t he i r  c onc l us i ons ,

t he Au t hor s  adv i s e  aga i n s t  us i ng  peak  s hear  s t r eng t h  as  a 

bas i s  f or  des i gn ;  t he Repor t e r s  agr ee  and  wou l d  f u r t her  

s ugges t  t ha t  t h i s  adv i c e  s hou l d  a l s o app l y  t o t he s t a b i l ­

i t y  ana l y s i s  o f  nat ur al  s l opes .  Thi s  wou l d  e l i mi n a t e  t he 

nec es s i t y  t o r es o r t  t o a p r og r es s i v e  f a i l u r e  t y pe o f  a n a ­

l y s i s  t o ex p l a i n  f a i l u r es  i n b r i t t l e  mat e r i a l s .

Canc el l i  p r es en t s  a de t a i l e d  d e s c r i p t i on  of  t he p r o p e r ­

t i es  o f  t he Lugagnano  c l ay  i n No r t h e r n  I t al y ,  t oge t her  

wi t h  t he ana l y s i s  o f  a per i od i c a l  s l i de  and o f  a f i r s t ­

t i me s l i de  wh i c h  oc c u r r ed  i n t h i s  f o r mat i on .  The  soi l  i s 

a s i l t y ,  heav i l y  ov e r c o n s o l i d a t e d  and  f i s s u r ed  c l ay  wh i c h  

c an be de f i ned  as a " weak l y  ma r l y  c l ay " .  The  peak ,  t he 

f u l l y - s o f t ened  and  t he r es i dual  s t r eng t hs  we r e  d e t e r ­

mi ned  i n t he l abor a t o r y  and we r e  us ed t o pe r f o r m s t a b i ­

l i t y  ana l y s es .  For  t he t wo s l opes  s t ud i ed,  p i ez omet r i c  

dat a  we r e  obt a i ned.  The  s t udy  gav e  v e r y  c ons i s t en t  r e ­

s ul t s :  f or  t he per i od i c a l  mov emen t ,  t he r es i dual  ang l e  

o f  f r i c t i on  4^  i s mob i l i z ed ,  and  f or  t he f i r s t - t i me  s l i de,  

t he mob i l i z e d  ang l e  o f  f r i c t i on  i s c l os e  t o t he f u l l y -  

s o f t ened  v al ue.  Mor eov er ,  t he  Au t h o r  has  o b s e r v ed  t ha t  

o n l y  t he s l opes  wi t h  an ang l e  B < 5°  t o 6°  ar e f r ee f r om 

l ands l i des ,  wh i c h  c o r r es ponds  t o t he s i t ua t i on  whe r e  t he 

r es i dual  ang l e  wou l d  be c l os e  t o mob i l i s a t i on ,  wi t h  t he 

wa t e r  t ab l e  c o i nc i d i ng  wi t h  t he  s ur f ac e.

The  c ont r ol  o f  t he r egr es s i on  o f  c oas t l i nes  wh i c h  ar e 

l i ab l e  t o be e r oded  by  wav es  and  s omet i mes  wi nd  ac t i on  i s 

a s ub j ec t  o f  c onc er n  i n ma n y  c ount r i es .  A v e r y  i n t e r es t ­

i ng s t udy  of  t he me c h a n i s m and r at es  of  r e t r ea t  o f  t he 

c l i f f  f r on t s  a l ong  t he nor t h  s hor e  o f  Lak e  Er i e  has  been 

p r es en t ed  by  Qu i g l ey  et  a l . ( 1977) .  A paper  pr es en t ed  i n 

t h i s  Ses s i o n  by  Wi s e ma n  et  a l . des c r i bes  a s t udy  made 

a l ong  t he Me d i t e r r anean  c oa s t l i n e  o f  I s r ael  i n v i ew o f  

dev e l op i ng  s ome s t ab i l i t y  c r i t e r i a  f or  a t r oub l es ome 13 

k m l engt h  o f  c l i f f . -  The  Au t ho r s  g i v e  a good des c r i p t i on  

of  t he d i f f e r en t  geo l og i c a l  un i t s  f ound  i n t he t y pi c al  

p r o f i l e  and ex p l a i n  how u n de r c u t t i ng  e r os i on  e i t he r  by  

wav es  or  by  wi n d  ac t i on  c an  c aus e  c o l l aps e  o f  t he mor e  

r es i s t a n t  l ay er s  o f  har d  c a l c a r eous  s ands t one.  Ev en af t er  

t he u n d e r c u t t i ng  was  c on t r o l ed  by  d i f f e r en t  p r o t ec t i v e  

s t r uc t u r es ,  s ha l l ow s l i ps  hav e  c on t i nued  t o oc c ur ;  i t  i s 

t o t hi s  p r ob l em o f  s t ab i l i t y  t ha t  t he Au t hor s  hav e  a d ­

d r es s ed  t he i r  ef f or t s .  I n s uc h f o r mat i ons  o f  c ement ed  

s and  or  s i l t ,  or  o f  l ami na t i ons  o f  c a l c a r eous  s ands t one  

and s and as  f ound  i n un i t  2,  l oc a t ed  at  t he  l ower  par t  

of  t he s l ope,  t he v a r i a b i l i t y  i n t he d eg r ee  o f  c e me n t a ­

t i on  i s s uc h t hat  l abo r a t o r y  t es t s  ar e har d l y  s i gni f i c ant .  

The Au t hor s  hav e  t hen  c hos en  t he r i gh t  appr oac h  o f  l ook ­

i ng at  t he  wa y  nat u r e  behav es  and t hen a t t e mp t  t o e s t a b ­

l i s h c r i t e r i a  on  t ha t  bas i s .  Many  s l ope s ec t i ons ,  bot h 

s t ab l e  and  uns t ab l e ,  we r e  me a s u r ed  and c omp i l ed  i n t er ms  

o f  t he beha v i o u r  o f  t he d i f f e r e n t  geol og i c a l  un i t s ,  and 

t he r es u l t s  we r e  p l o t t ed  i n g r aphs  o f  he i gh t  v er s us  

s l ope  o f  un i t  2 t oge t her  wi t h  c ur v es  ob t a i ned  by  us i ng 

Tay l o r ' s  c har t s ;  t he Au t hor s  hav e  c o nc en t r a t ed  t he i r  a t ­

t en t i on  t o uni t  2 bec aus e  t he i r  o b s e r v a t i ons  l ed t hem t o 

be l i ev e  t ha t  t h i s  i s t he s eat  o f  t he s ha l l ow i ns t abi l i t y .  

Ana l y s i s  o f  ac t ual  f a i l u r es  us i ng s i mp l i f i ed  Bi s hop  met h ­

od c omp l e t ed  t he dat a and he l ped  i n es t ab l i s h i ng  us ef ul  

d es i gn  c har t s .  As  me n t i oned  by  t he Aut hor s ,  t h i s  s t udy  i s 

i ndeed  an i n t e r es t i ng  ex ampl e  o f  t he s uc c es s f u l  " c oope r ­

a t i on  o f  eng i neer i ng ,  g e o l og i s t  and  geode t i c  per s onnel  

mak i ng  us e o f  f i e l d  o b s e r v a t i on  and  me a s u r emen t s ,  l abor a ­

t or y  t es t i ng  and  ana l y s i s " .

Ment i on  s hou l d  be ma d e  o f  t he v e r y  e l abo r a t e  s t udy  

wh i c h  was  per f o r med  by  Yamanouc h i  et  a l . ( 1977)  on t he 

p r ob l em of  c u t t i ngs  i n t he Pumi c e - f l ow soi l  depos i t  of  

t he s ou t her n  Ky ns hu ar ea  o f  J apan.  Th i s  s oi l ,  c a l l ed  

" Sh i r as u"  i s a v o l c an i c  as h  and s and mi x e d  wi t h  pumi c e  

wh i c h  i s s us c ep t i b l e  t o f l ow wi t h  r a i n f a l l .  The  s t udy  

i nc l uded  s t r eng t h  and s t r es s  ana l y s i s  wh i c h  l ed t o t he 

c ho i c e  o f  an o p t i mu m s l ope angl e.
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Ear t h f l ows  c ons t i t u t e  i n s ome c oun t r i es  pr ob l ems  wh i c h  

ar e  as  c h a l l eng i ng  f or  eng i neer s  and  c an  be as  d i s ­

a s t r ous  f o r  t he popu l a t i on  t han a ny  o t he r  t y pe  o f  mas s  

mov ement .  I n t h i s  Ses s i on  f ou r  paper s  dea l i ng  wi t h  

ear t h f l ows  hav e been pr es ent ed.

Manf r ed i n i  e t  a l . d e s c r i b e  ex t ens i v e  l ands l i des  wh i c h  ar e 

a f f ec t i ng  t he Cr e t e  Ner e  or  b l ac k  s ha l e  f o r ma t i on  i n 

I t al y .  The Au t ho r s  g i v e  a de t a i l ed  d e s c r i p t i on  o f  t he 

geol og i c a l  o r i g i ns  a nd  c har ac t e r i s t i c s  o f  t hi s  f o r ma t i on  

wh i c h  i s e s s e n t i a l l y  c o mpos ed  o f  a r g i l l ac eous  l ay er s  

i n t e r s t r a t i f i ed  by  r ar e  and  t h i n  l i t ho i d  l ay er s .  The  mi n ­

er al  c on t e n t  i n t he a r g i l l ac eous  l ay er s  i s h i gh and  i s 

c o n s t i t u t ed  ma i n l y  o f  i l l i t e  and k aol i n i t e .  The  mat er i a l  

i s h i gh l y  s l ak i ng  and  i s a f f ec t ed  by  s hear  def or mat i on .  

We a t h e r i n g  pl ay s  an i mpor t an t  r o l e i n t he e v o l u t i on  of  

t he s l ope;  wh e r e  ear t h f l ows  ar e  under way ,  t he or i g i na l  

s t r uc t u r e  o f  t he mat er i a l  has  been  c omp l e t e l y  o b l i t e r ­

a t ed  by  mec han i c a l  and c hemi c a l  degr ada t i on .  The  s ur f ac e 

d i s p l a c e me n t  i s o f  t he o r de r  o f  2 t o 4 c m/ day  and i s 

s hown t o be d i r ec t l y  i n f l uenc ed  b y  t he r ai nf al l  i n t ens i ­

t y .  The  i nc l i nomet e r  r ead i ngs  s eem t o i nd i c a t e  t hat  t he 

s l i d i ng  mas s  mov es  as  i f  i t  we r e  a r i g i d  body .  A t hor ough 

geot ec hn i c a l  ana l y s i s  o f  t he e a r t h f l ow and o f  t he i n t ac t  

mat er i a l  has  been  c a r r i ed  out  and s hows  t he i n f l uenc e  of  

t he r emou l d i ng  and  we a t h e r i n g  on t he f l owi ng  mat e r i a l .

The  s hea r  s t r eng t h  was  de t e r mi ned  by  t r i ax i al  d r a i ned  

and  undr a i ned  t es t s  and by  s hear  box  t es t s  on t he i nt ac t ,  

t he e a r t h f l ow and t he r emou l ded  mat er i a l .  The  r es u l t s  of  

t he b ac k - ana l y s i s  i nd i c a t ed  t ha t  t he  b e hav i ou r  o f  t he 

s l i de  i s c ons i s t e n t  wi t h  t he r es i dual  s t r engt h  v a l ues  ob ­

t a i ned i n t he l abor a t or y .  Thi s  i s a v e r y  wel l  doc umen t ed  

c as e  h i s t o r y  c on t a i n i ng  many  v a l uab l e  r es ul t s .  The  Au ­

t hor s  c onc l ude,  howev er ,  t hat  p r og r es s i v e  f a i l u r e  p r o b ­

ab l y  p l ay ed  an  i mpor t an t  r o l e d ue  t o t he c ons i de r ab l e  

d i f f e r e n c e  be t ween  t he peak  and t he r es i dual  s t r engt hs ;  

t he Repor t e r s  wa n t  t o e mphas i z e  t ha t  s uc h a b r i t t l e  ma ­

t er i al  c an i ndeed be  s ub j ec t ed  t o p r og r es s i v e  f a i l u r e  

but  o n l y  i f  an o v e r - s t r es s ed  c ond i t i on  pr ev a i l s  i n t he 

f i e l d,  wh i c h  i s not  t he c as e  i n t h i s  p r ob l em as  c onc eded  

by  t he Aut hor s .  Th i s  c as e  s eems  t o be on l y  o ne  o t her  

ex amp l e  wher e  t he peak  s t r eng t h  me a s u r ed  i n t he l a b o r a ­

t or y  i s not  mob i l i z e d  i n t he f i e l d  due  t o s o f t en i ng  e f ­

f ec t ,  f i s s u r es ,  r a t e  e f f ec t ,  o r  c r eep,  et c . . .

The mud  f l ows  wh i c h  a f f ec t  ma i n l y , t h e  s u r f ac e  l ay er  o f  

nat ur al  s l opes  ar e  s t ud i ed  by  Va 1 1 ej o and  ar e def i ned  

as  a mi x t u r e  o f  har d  c l ay  f r agment s  or  p i ec es  o f  r oc k  

f l oa t i ng  i n a ma t r i x  o f  l i qu i d - l i k e  c l ay ey  s l ur r y .  Thes e  

f l ows  us ua l l y  o c c u r  i n t wo s t ages :  t he f i r s t  one  i s due 

t o one  o f  ma n y  pos s i b l e  c aus es  s uc h as  dy nami c  l oadi ng,  

i nc r eas e  i n por e  pr es s ur e ,  r a i n f a l l  i mpac t ,  t hawi ng,  

et c . .  Af t e r  t he f a i l u r e  s t age,  i f  enough  wa t e r  i s 

av a i l ab l e ,  a t r ans i t i on  t o a c ond i t i on  o f  s t r eami ng  

oc c ur s ,  wh i c h  i mp l i es  f l owi ng  at  l ow v el oc i t y .  Bas ed  on 

o b s e r v a t i ons  ma d e  i n an ex per i ment a l  c hanne l ,  t he 

Au t ho r  has  s t ud i ed  t he ev o l u t i on  o f  t he f l ow,  o f  t he 

bu l bous  r i dge or  s nout  and has  s ugges t ed  a f ac t o r  of  

s a f e t y  bas ed  on s i mp l e  s t a t i c  c ond i t i ons  o f  equ i l i b r i um.  

The  l i mi t  equ i l i b r i u m c ond i t i ons  o f  t he adv anc i ng  

f r on t  o f  a mu d f l o w on t he  London  c l ay  s l ope  as wel l  as  

f or  t he ex per i ment a l  f l ow was  s u c c es s f u l l y  as s es s ed  by  

t he ana l y s i s  p r opos ed  by  t he Au t ho r  who  has  a l s o  s hown 

t he p r edomi nanc e  o f  t he f r ee s u r f ac e  s l ope on t he 

b e hav i ou r  o f  t he mudf l ow.  The  Au t ho r  ob t a i ns  a s i mpl e  

equa t i on  f or  t he s a f e t y  f ac t o r  bas ed  on t he c o n c e n t r a ­

t i on o f  c l ay  o r  r oc k  p i ec es  per  un i t  v o l ume of  t he 

mu d f l o w mi x t u r e ;  t h i s  pa r ame t e r  mi g h t  not  be eas y  t o 

p r ed i c t  i n nat ur e.  The  Au t ho r  c onc l udes  t hat ,  i n t he 

c as es  wh e r e  t he i nc l i na t i on  o f  t he f r ee s ur f ac e  and  o f  

t he bed of  mud f l o w i s s mal l ,  t he g r av i t y  s hear  s t r es s  

c aus i ng  t he mo v e me n t  i s a f unc t i on  o f  t he  s l ope o f  t he 

f r ee s u r f ac e  and i s  i ndependen t  o f  t he s l ope o f  t he bed.

2 . 4 . 4  E a r t h f l o w s I n t he pape r  by  Va l l e j o  & Ed i l , t he s t ab i l i t y  ana l y s es  

o f  t hawi ng  s l opes  i n c ohes i v e  s oi l s  ar e ex ami ned  i n t he 

l i gh t  o f  t he par t i c u l a t e  s t r uc t u r e  appr oac h  s ugges t ed  by  

t he s en i o r  Au t h o r  i n pr ev i ous  paper s .  By  i nv es t i ga t i ng  

t he b e hav i ou r  o f  a t hawi ng  s l ope  i n c ohes i v e  s o i l s ,  t hey  

hav e obs e r v ed  t ha t  when  a c r i t i c a l  dep t h  o f  t haw i s 

r eac hed i n t he  f ac e of  t he s l ope  a c omb i na t i on  o f  soi l  

l umps  and mu ddy  wa t e r  wi l l  be f o r med and  wi l l  s l i de.

They  ana l y s e  t he s t ab i l i t y  as s umi ng  t ha t  t he e f f e c ­

t i v e s t r eng t h  par amet e r s  as  de t e r mi ned  i n s hear  box  

t es t s  ar e mo b i l i z e d  and  t hus  s eem t o ob t a i n  good 

r es ul t s  f or  t ha t  s l ope.  They  a l s o ques t i on  t he 

v a l i d i t y  o f  o t her  appr oac hes  p r opos ed  by  d i f f e r en t  

aut hor s  but  t hey  do i t  on s c an t  ev i denc e.  For  ex ampl e,  

me as u r i ng  t he u nd r a i ned  s t r eng t h  wi t h  a smal l  v ane  at  

10 c m dept h  i n a t hawi ng  soi l  and as s umi ng  t hat  t hi s  

i s t he s t r eng t h  wh i c h  i s ac t i ng  a t  t he c r i t i c al  dept h  

o f  25 c m i s s omewha t  s pec u l a t i v e .  The  a r g umen t  t hat  

an ex c es s  por e p r es s ur e  as  smal l  as  0. 5 kPa,  wh i c h  

i s on l y  0. 1 t he ov e r bu r den  p r es s ur e  c anno t  dev e l op  at  

a dep t h  o f  25 c m i n a t hawi ng  soi l  i s not  ev i den t  t o 

t he po i n t  o f  r e j ec t i ng  a pr i or i  t he r e l ev an t  t heor y .

The Repor t e r s  wou l d  q u e s t i on  t he f ac t  t ha t  t he 

Au t hor s  a r e  g e ne r a l i z i ng  t he i r  o b s e r v a t i ons  t o d i f f e ­

r ent  c l i mat es .  The  ev o l u t i on  o f  t he f r os t  l i ne i n t he 

soi l  i s qu i t e  d i f f e r en t  i n t he s o u t he r l y  t emper a t e  

c l i mat e  o f  Mi c h i gan  f r om wh a t  i s obs e r v ed  i n mor e  

nor t he r l y  c l i ma t es ;  c ons equen t l y ,  t he b e hav i ou r  o f  t he 

s l opes  c an a l s o  d i f f e r  appr ec i ab l y .

2. 4 . 5  Cr eep j nov emen t s

Cr eep  mov emen t s  ar e  v er y  wi de  s pr ead  i n nat u r e  and 

hav e r e t a i ned  t he a t t en t i on  o f  ma n y  r es ear c her s .  The 

St a t e - o f - t h e - Ar t  r epo r t  p r es en t ed  by  Te r - St epan i an  

( 1980)  at  t he I SL i n New Del hi  p r es ent s  a good r ev i ew 

o f  t h i s  phenomenon  a f f ec t i ng  t he s l opes .  As  d i s c us s ed  

by  Var nes  ( 1978) ,  t he l i mi t  be t ween  t he t e r ms  f l ow and 

c r eep  i s r a t her  v ague;  o f t e n  peop l e  dea l i ng  wi t h  s l ow 

mo v emen t s  i n s l opes  wh i c h  ar e  not  f a i l i ng  wi l l  us e 

a l t e r n a t i v e l y  t he t er ms  c r eep  or  f l ow.

The  t h r ee  c as es  p r es en t ed  by  Di s l i  and  Rec o r don  c o n s t i ­

t u t e  s uc h an ex amp l e  o f  s l i des  wh i c h  ar e qua l i f i ed  by  t he 

Au t ho r s  o f  " v i s c ous  f l ows "  and  ar e s t ud i ed  by  means  of  

c r eep i ng  t es t s .  Thes e  mov emen t s  oc c u r  i n t he p r ea l p i ne  

and  gl ac i al  c l ay ey  f o r mat i ons  i n Swi t z e r l and .  Two of  

t hes e s l i des  c an be qua l i f i ed  of  " ear t h  f l ows "  as  t hey  

ar e  c on t i n u o u s l y  s upp l i ed  a t  t he i r  ups t r e a m end by  d i s ­

i n t egr a t i ng  c l i f f s .  I n t hes e c as es  t he r at es  of  d i s p l a c e ­

men t  we r e  qu i t e  i mpor t an t  up t o 3 m per  y e a r  me a s u r ed  i n 

s ome po i n t s  o f  t he f l ow.  I n t he o t he r  c as e,  t he mov emen t  

was  i n i t i a t ed  by  t he c ons t r u c t i o n  o f  a r oad embank men t  

and  t he r at e  wh i c h  was  qu i t e  h i gh a t  t he beg i nn i ng  was  

r educ ed  f o l l owi ng  t he c o ns t r uc t i on  o f  s ur f i c i a l  d r a i nage  

wor k s .  The  Aut hor s  hav e o b s e r v ed  i n s i t u a s t a t i onar y  

c r eep  wi t h  r andom smal l  a c c e l e r a t i ons  or  dec e l a r a t i ons  

wh i c h  ar e s omewhat  r e l a t ed  t o t he r ai nf al l  i n t ens i t y ,  or  

t o t he l oad i ng  or  un l oad i ng  o f  t he s ur f ac e;  t he v ar i a t i on 

o f  t he dy nami c  v i s c os i t y  i s s mal l .  I t  wou l d  t hen s eem 

t hat  t h i s  f l ow behav es  ac c o r d i ng  t o Bi ngham' s  l aw of  

c ons t a n t  v i s c os i t y .  The  l abor a t o r y  t es t s  made  by  means  

o f  a d i r ec t  s hear  appa r a t us  c on f i r med  t he ex i s t enc e  o f  a 

l i near  r e l a t i ons h i p  be t ween t he l ogar i t hms  o f  t he s hear  

r a t e  and o f  t i me.  Howev er ,  qu i t e  d i f f e r en t  r es u l t s  we r e  

ob t a i ned  by  means  of  a r i ng  s hear  appar a t us  dev e l oped  by  

t he Au t hor s  wh er e  t hr ee d i f f e r en t  phas es  o f  r a t e s hear  

v a r i a t i on  wi t h  t i me wer e  obs e r v ed  t o oc c ur ;  t hes e r at es  

we r e  p r obab l y  i n f l uenc ed  by  c ons o l i da t i on  at  t he ear l y  

s t age  o f  t he t es t .  On t he bas i s  o f  t he i r  obs e r v a t i ons  

and  t es t s ,  t he Au t ho r s  c ons i de r  t hat  t hi s  mat er i a l  shoul d 

be t r ea t ed  as  a s o l i d  or  v i s c ous  l i qu i d  r a t her  t han as  a 

r i g i d  s o l i d - pe r f ec t l y  p l as t i c .

Ts y t ov i t c h  and Te r - Mar t i r o s y a n  c ons i der  t ha t  t he det e r -  

mi n a t i on  o f  Theo l og i c a l  par amet er s  by  l oad i ng i n t he
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l abo r a t o r y  g i v es  no i dea o f  t he r heo l og i c a l  b e hav i ou r  of  

t he soi l  mas s  wh i c h  has  been under  s t r es s  f o r  a l ong 

t i me;  t hes e  Au t hor s  pr e f e r  t o bas e  t he i r  ev a l ua t i on  on 

f i e l d  obs e r v a t i ons .  They  ar e c onc e r ned  by  t he  c y c l i c  

mo v emen t s  o f  t he l ands l i des  r es u l t i ng  f r om t he c hanges  

i n t he i n i t i a t i ng  f ac t or s  and e s pec i a l l y  t he  r ai n f a l l  i n­

t ens i t y .  I n t he c as e  whe r e  t he s l ope has  a por ous  s t r a ­

t um,  t hey  ar e p r opos i ng  t o app l y  a t heor y  o f  t he  p r o p a ­

ga t i on  o f  p r es s ur e  " wav es "  i n a de f o r ma b l e  por ous  medi um.  

Ac c o r d i n g  t o t hi s  t heor y ,  ac c umu l a t ed  p l as t i c  d e f o r ma ­

t i ons  may  r es u l t  f r om i nc r eas es  i n s t r es s  wh i c h  l ead t o 

a s t r es s  i n ex c es s  o f  t he l ong - t e r m s t r eng t h  o f  t he soi l .  

They  c o n s i de r  t he soi l  t o behav e  as  a v i s c o - p l as t i c  me ­

d i um i n a c c o r danc e  wi t h  Bi ngham' s  l aw.  They  o b t a i n  a 

s a t i s f ac t o r y  a g r eemen t  be t ween  t he f i e l d  and l abor a t o r y  

i nv es t i ga t i ons  and t he c a l c u l a t ed  v a l ues  o f  d i s p l a c e ­

ment s .

I t  may  be r e l ev an t  t o men t i on  t hat ,  i n hi s  d i s c us s i on  on 

t he r heo l og i c a l  bas i s  of  t he me c h a n i s m o f  s l ope  f ai l ur es ,  

Te r - St e p a n i a n  ( 1979)  has  c ome t o t he c onc l us i on  t ha t  t he 

Bi ngham' s  l aw o f  c ons t an t  v i s c os i t y  o f  s oi l s  i s  gener al l y  

i nc or r ec t  ex c ep t  i n t he s l opes  f or  wh i c h  t he s t r es s  st at e 

has  been  es t ab l i s hed  l ong ago and  wh e r e  al l  t he p r oc es ­

s es  r ema i n  unc hanged.

The  phenomenon  o f  c r eep  has  been  mo s t l y  a s s oc i a t ed  t o 

t he r es i dual  s o i l s ,  c l ay  s hal es ,  ov e r c o n s o l i d a t e d  c l ay s ,  

and o t h e r  s i mi l a r  s oi l s .  I t  was  g e ne r a l l y  c ons i de r ed  

t ha t  t he s e ns i t i v e  qui c k  c l ay s ,  and es pec i a l l y  t he r e ­

pu t ed l y  " c ement ed"  s e ns i t i v e  c l ay s  o f  Eas t e r n  Canada,  

had s uc h a b r i t t l e  b e hav i ou r  t ha t  t he s l ope f a i l u r es  i n 

t hes e s oi l s  wou l d  oc c u r  v e r y  s udden l y  wi t h o u t  any  p e r ­

c ep t i b l e  pr ev i ous  c r eep  mov ement s .  Howev er ,  du r i ng  t he 

l as t  dec ade  or  so,  many  f i e l d  o b s e r v a t i ons  ( Mi t c hel l  & 

Eden 1972)  and l abo r a t o r y  s t ud i es  ( Vai d & Campane l l a  

1977;  Tav enas  et  a l . 1978)  hav e  s hown t hat  c ons i de r ab l e  

c r eep  c an t ak e p l ac e i n s ens i t i v e  s oi l s  bef o r e  f a i l u r e  

oc c ur s .  I n t he l i gh t  o f  t he l i mi t  s t a t e  mode l ,  Tav enas  

& Ler ouei l  ( 1981)  hav e  d i s c us s ed  t he me c h a n i s m of  o c c u r ­

r enc e o f  c r eep i ng  mov emen t s  and t he i r  c ons equenc e  on 

nat ur al  s l ope  behav i our .  They  pr es en t  an i n t e r es t i ng  o b ­

s e r v a t i on  whe r e  a downwar d  c r eep  mo v e me n t  or  s e t t l emen t  

o f  abou t  1 m has  a f f ec t ed  t he c r es t  of  a nat ur al  s l ope 

ov e r  a per i od  o f  40 y ea r s  bef o r e  f a i l u r e  oc c ur r ed .  An 

e x t r eme l y  v a l uab l e  f i e l d  ex pe r i men t  has  been  made  r ec ent ­

l y  by  Mi t c hel l  & Mi l l  j ams  who hav e  a r t i f i c i a l l y  p r oduc ed  

t he f a i l u r e  o f  an i ns t r ument ed  s l ope  i n t he s ens i t i v e  

c l ay s  o f  t he Ot t awa ar ea by  pumpi ng  wa t e r  i nt o r ec har ge  

we l l s  beh i nd  t he s l ope.  They  hav e meas u r e d  s u r f ac e  mo v e ­

men t s  up t o 50.  mm,  mor e  t han 15 day s  be f o r e  f a i l ur e.

Eden ( 1977)  and  Te r - St e p a n i a n  ( 1980)  hav e  a l s o  d i s c us s ed  

t he p r ob l em o f  c r eep  mo v emen t s  i n s ens i t i v e  c l ay  s l opes .

2. 5 Dams  and c omment s  on gager s

The  i nc r eas i ng  demand f or  e ne r gy  i n mo s t  o f  t he c oun t r i es  

has  p r omot ed  t he d e v e l opmen t  o f  hy dr oe l ec t r i c  p r o j ec t s ,  

wh i c h  i nc l ude t he c o ns t r uc t i on  o f  h i gh and  l ar ge e mb a n k ­

me n t  dams .  Be f o r e  1960,  t he ne i gh t  o f  t hes e  s t r uc t u r es  

was  l es s  t han 100 m,  wi t h  f ew ex c ept i ons .  The ex per i enc e  

ga i ned  at  t hat  t i me  was  v er y  v a l uab l e ,  but  not  adequa t e  

t o des i gn  ear t h  and  r oc k f i l l  dams  i n t he 100 t o 300 m 

h i gh r ange.  Ver y  l i t t l e  was  k nown abou t  t he mec han i c a l  

p r oper t i es  o f  f r ee  d r a i n i ng  mas s es  c ompos ed  o f  r oc k  

f r agment s ,  and f or  ec onomi c a l  r eas ons ,  deep  and  nar r ow 

dams i t es  hav i ng  i r r egu l a r  geomet r i es  we r e  s e l ec t ed,  t he 

c r es t  1e n g t h - he i gh t  r a t i o  be i ng l es s  t han t hr ee  i n s ome 

c as es .  Thes e  f ac t s  i mpe l l ed  t wo ma i n  l i nes  o f  ac t i on:

1)  t he  r es ea r c h  on r oc k  f i l l  ma t e r i a l s  and  2)  t he mo n i ­

t o r i ng  o f  embank me n t  behav i our .

The  i nv es t i ga t i on  o f  t he mec han i c a l  p r oper t i es  of  c oar s e  

g r a nu l a r  mat e r i a l s  demanded  t he des i gn  and c ons t r uc t i on  

o f  t es t i ng  e q u i pmen t  and  t he d e v e l opmen t  o f  t ec hn i ques  

t o hand l e  and  pr epar e  l ar ge s pec i mens  ( 1 t o 2 m3) .

Gr adua l l y ,  r es u l t s  o f  t he d r a i ned  s hear  s t r engt h ,  s t r es s -  

s t r a i n  c h a r ac t e r i s t i c s  and  c omp r e s s i b i l i t y  b ec ame a v a i l ­

ab l e ,  and  t oday  t he r e  i s a r eas on a b l e  a mo u n t - o f  e x p e r i ­

ment a l  i n f o r mat i on  on r oc k f i l l s  ( Fumagal l i  1969;

Mar ac hi  e t  a l . 1969;  Be c k e r  et  a l . 1972;  Mar s al  1973 &

1977) .

To obs e r v e  t he b e hav i ou r  o f  z oned embank men t s  i t  was  r e ­

qu i r ed  t o ada p t  and  i mpr ov e  mon i t o r i ng  dev i c es ,  t o d e ­

v e l op  o t h e r  i ns t r ument s  and t he t ec hn i ques  t o p l ac e  t hem 

i n t he dam du r i ng  c ons t r uc t i on ,  and  t o t ak e meas u r emen t s  

per i od i c a l l y .  To f ac i l i t a t e  t he i n t e r p r e t a t i on  o f  t hes e 

me a s u r emen t s  and as a f r ame o f  r e f er enc e ,  t he s t r es s es  

and  de f o r ma t i ons  wer e  c ompu t ed  f or  d i f f e r e n t  c o n s t r u c ­

t i on  s t ages ,  us i ng  t he f i n i t e  e l e me n t  me t hod  ( non l i near ,  

e l as t i c ) .  No t wi t hs t a n d i n g  t he l i mi t a t i ons  o f  bo t h  f i e l d  

meas u r e me n t s  and t he t heor e t i c a l  ev a l u a t i o n  o f  s t r es s es  

and  de f o r mat i ons ,  t he c ompar i s on  o f  obs e r v ed  and  comput ed 

v a l ues  a l l owed  t o ev a l ua t e  qua l i t a t i v e l y  t he behav i ou r  

o f  t he  s t r uc t u r e ,  and  i f  nec es s ar y ,  t o i mpr ov e  t he d e ­

s i gn  i n t he c our s e  o f  c ons t r uc t i on .  Thi s  app r oac h  t o t he 

d e s i g n  o f  r oc k f i l l  dams  l i k e El  I n f i e r n i l l o ,  La An g o s ­

t ur a and  Ch i c oas en  i n Mex i c o ,  f or  ex amp l e ,  has  d i s c l os ed  

i n f o r ma t i on  r e l a t ed  t o t he dev e l o p me n t  o f  p l as t i f i ed  and  

t ens i l e  z ones ,  a r c h i ng  be t ween  bank s ,  i n t e r ac t i on  b e ­

t ween  t he i mper v i ous  c or e and s hel l s ,  c r ac k i ng ,  et c .  

( SRH- CFE- UNAM,  1976;  Mar s al  a nd  Mor eno  1979)  as  wel l  as 

t o obs e r v e  t he pe r f o r manc e  o f  t he s t r uc t u r e  upon t he 

f i r s t  f i l l i ng  and  s ubs equen t  o p e r a t i on  o f  t he r es er v o i r  

( CFE 1980;  Mor eno  & Al  ber r o  1981;  Al  ber r o  & Mor eno  1981) .  

A r ev i ew o f  c u r r en t  t r ends  i n des i gn  and c o ns t r uc t i on  of  

e mbank men t  dams  was  u nde r t ak en  by  Wi l s o n  and  Mar s al

( 1979) .

Fr om t he abov e  i n t r oduc t o r y  r emar k s ,  one  i s t empt ed  t o 

as k :  wh a t  i s t he r o l e o f  t he s t ab i l i t y  ana l y s i s  i n t he 

c as e  o f  a h i gh ear t h  and  r oc k f i l l  dam? The  Repor t e r s  

be l i ev e  t ha t  t he s t ab i l i t y  a n a l y s i s  i s a good ex er c i s e  

f o r  t he pu r pos e  o f  d i s t r i b u t i n g  t he av a i l a b l e  mat e r i a l s  

wi t h i n  t he embank ment ,  and  a l s o  t o hav e  s ome meas u r e  of  

t he s a f e t y  aga i n s t  f a i l u r e  and o f  i t s  v a r i a t i on  f o r  t he 

d i f f e r e n t  geomet r i es  o f  t he dam c r os s - s ec t i on .  On  t hi s  

ma t t e r ,  s ev er al  paper s  p r es en t ed  t o t h i s  Ses s i on  whi c h  

wi l l  be b r i e f l y  c o mmen t ed  be l ow mi g h t  be of  s ome hel p 

i n s e l ec t i ng  t he mo s t  c onv en i e n t  t y pe  o f  s ec t i on  s ub j ec t  

t o r ev i ew a f t e r  t he  p r e l i mi na r y  s t r e s s - s t r a i n  anal y s es .  

But ,  as  ou t l i ned  a t  t he beg i nn i ng  o f  t hes e  r emar k s ,  t he 

d e s i gned  c r o s s - s ec t i on  may  under go  dur i ng  c ons t r uc t i on  

s uc c es s i v e  ad j us t men t s  t o t ak e i nt o ac c o u n t  t o p o g r a p h i ­

cal  and  geol og i c a l  de t a i l s ,  v a r i a t i on  o f  ma t e r i a l s  us ed,  

and  r es u l t s  o f  f i e l d  meas ur ement s .

The  f o l l owi ng  c omment s  on t he paper s  wi l l  be c l as s i f i ed  

under  f i v e  s ubhead i ngs :  1)  l i mi t  e q u i l i b r i um met hods ;

2)  t es t i ng  o f  phy s i c al  mode l s ;  3)  c ons t r u c t i o n  por e  

pr es s ur es ;  4)  embank me n t  pe r f o r manc e ,  and  5)  s and-  

as pha l t  f ac i ngs .

2. 5. 1 Li mi  t _egui l ^ i br i um_met hods

I n pr ac t i c e ,  when  dea l i ng  wi t h  homogeneous  embank ment s ,  

t he me t hods  d i s c us s ed  i n t he  pr ev i ous  s ec t i on  o f  Theme

2 ar e us ua l l y  app l i ed .  Des i gn  par amet e r s  ar e  bas ed  on 

r es u l t s  o b t a i ned  f r om c onv en t i ona l  l abo r a t o r y  t es t s  on 

s pec i mens  p r epar ed  a c c o r d i ng  t o c ompac t i on  s p e c i f i c a ­

t i ons  and  f u l l y  s a t ur a t ed ;  howev er ,  i n s ome c as es ,  t he 

s t r e n g t h - de f o r ma t i on  c h a r ac t e r i s t i c s  o f  t he as - p l ac ed  

mat er i a l  ( i n non s a t u r a t ed  c ond i t i on )  a r e  r equ i r ed  i n 

o r d e r  t o ev a l u a t e  t he embank men t  beh a v i o u r  du r i ng  c o n ­

s t r uc t i on .  Ef f ec t i v e  s t r es s  ana l y s es  ar e per f o r med  wi t h  

por e  p r es s ur es  e s t i ma t ed  f r om s hear  t es t s  a n d / o r  s eepage 

f l ow net s .  The  as s umed me c h a n i s m o f  f a i l u r e  i s t he s l i p 

c i r c l e  ( t wo- d i mens i ona l  c as e)  wh i c h  g i v es  t he  mi n i mu m 

f ac t o r  o f  s a f e t y  ( F) ;  t he ac c ep t ed  v a l ues  o f  F v ar y  

f r om 1. 0 t o 1. 5 f or  d i f f e r en t  wo r k i n g  c ond i t i ons  of  t he 

s t r uc t u r e  ( f ul l  r es er v o i r ,  d r awdown,  s e i s mi c  ac t i on  or  

c o mb i na t i on  o f  s uc h oond i t i ons ) .
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Fr e d l und  e t  a l ' s  c r i t i c a l  r ev i ew o f  s ev er al  me t hods  of  

s t ab i l i t y  ana l y s i s  ( Fel l en i us ,  Bi s hop,  J anbu,  et c . )  as  

c ompar ed  t o t he GLE f o r mu l a t i on ,  g i v es  a c l ea r  i ns i ght  

o f  t he v a r i a t i on  i n t he f ac t o r s  o f  s a f e t y  t ha t  c ou l d  be 

ex pec t ed  f r om t he a p p l i c a t i on  o f  t he abov e  met hods .

Gi v en  t he l oc a t i ons  o f  c r i t i c al  s l i p  s ur f ac es  c onnec t ed  

t o i n t r i ns i c  v a r i a t i ons  o f  soi l  p r oper t i es  and o t her  

u n c e r t a i n t i es  de r i v ed  f r om geot ec hn i c a l  p r ac t i c e ,

Gr i v as  es t ab l i s hes  t he r e l a t i ons h i p  be t ween t he f ac t or  

o f  s a f e t y  ( FS)  and t he p r o bab i l i t y  o f  f a i l u r e ,  as s umi ng  

t hr ee  d i f f e r en t  mode l s  f or  t he p r ob a b i l i t y  d i s t r i bu t i on  

o f  FS;  t he  p r oc edu r e  i s app l i ed  t o a c as e  s t udy  and  t he 

f ac t o r s  o f  s a f e t y  ar e c ompar ed  wi t h  t he v a l ue  ob t a i ned  

by  means  o f  t he Bi s hop ' s  s i mp l i f i ed  me t hod ,  t he l a t t er  

be i ng  s ma l l e r  t han t he mo s t  p r obab l e  FS es t i mat i on .  Yong 

et  a l . ( 1977)  wo r k i n g  on t he i ns t ab i l i t y  r i s k  o f  t he 

s l opes  a t  Dav i ds on  Cor ner s ,  Ot t awa,  f i nd a s i mi l a r  r e ­

s ul t .  The p r obab i l i s t i c  app r oac h  may  be a v a l uab l e  t ool  

i n dam eng i neer i ng ,  bec aus e  t he v a r i a t i on  of  t he 

mat er i a l  p r oper t i es  and t he  unc er t a i n t i es  c onnec t ed  t o 

c ons t r u c t i o n  p r ac t i c es  c an be r e l i ab l y  ac c oun t ed  f or .

The  d es i gn  o f  a z oned  embank me n t  r a i s es  s ev er al  q u e s ­

t i ons  r e l a t ed  t o t he a p p l i c ab i l i t y  o f  t he c onv ent i ona l  

s t a t i c  me t hods  o f  s t ab i l i t y  anal y s i s ,  namel y :  shape,  o f  

t he s l i p  s ur f ac e,  s t r a i n  c o mp a t a b i 1 i t y  a nd  t i me ef f ec t s .  

Non l i near  e l as t i c  s t r es s - s t r a i n  ana l y s i s  ( FEM)  hav e 

r ev ea l ed,  f or  i ns t anc e,  s ome i n t e r ac t i on  pr oc es s es  

be t ween  z ones  t ha t  a r e  not  t ak en  c ar e  o f  by  t he c ommon l y  

us ed  p r oc edur es ;  t he s t r es s  s t a t e  d e v e l oped  dur i ng  

c ons t r u c t i o n  ma y  be f a r  f r om t he s t r es s  d i s t r i bu t i on  

a s s umed  f or  des i gn  pur pos es .  Fu r t he r mor e ,  no ac c o u n t  i s 

ma d e  o f  1)  t he s t r es s  c hanges  c aus ed  by  t he  f i r s t  

f i l l i ng  o f  t he  r e s e r v o i r  and 2)  t he  t i me- dependen t  

phenomena  ( de l ay ed de f o r ma t i on  by  a r c h i ng  or  i n t e r ­

ac t i on)  wh i c h  a l s o  i nv o l v e  r e d i s t r i bu t i on  o f  s t r es s es .  

Howev er ,  hundr eds  o f  embank ment s  o f  t h i s  t y pe hav e been 

bu i l t  a r ound  t he wor l d  bas ed  upon t he abov e  me n t i oned  

me t hods  o f  s t ab i l i t y  ana l y s i s  ( J anbu 1967;  Mor gens t e r n  

& Pr i c e  1965) ,  and wi t h  f ew ex c ep t i ons ,  t hey  hav e s hown 

r eas onab l y  good behav i our .  App r o v e d  eng i neer i ng  

p r ac t i c es  as  wel l  as  c o n s t r uc t i on  ex pe r i e n c e  ar e  t he 

n ec e s s a r y  i ngr ed i en t s  o f  s uc h an e n g i nee r i ng  t as k  and 

ma y  be l a r ge l y  r es pons i b l e  f or  t he s uc c es s es  on r ec or ds .

To r ec onc i l e  t he abov e - me n t i o n e d  f ac t s  one  has  t o t ak e 

i nt o ac c o u n t  t ha t  1)  t he mat e r i a l s  c ommon l y  us ed i n 

ear t h  and  r oc k f i l l  dams  ar e  r ea l l y  p l as t i c  f or  l ar ge 

d e f o r ma t i ons  ( gr ea t e r  t han 5 per c ent )  and  2)  t he peak  

s t r eng t h  i s  not  o b s e r v ed  i n wel l  c ompac t ed  g r anu l a r  

ma t e r i a l s  when  s ub j ec t ed  t o s t r es s  l ev el s  h i gher  t han

5 k g / c m2 ( Mar s al  1977) .

The  me t hods  o f  s l ope s t ab i l i t y  ana l y s i s  app l i ed  t o 

z oned  embank men t s  ar e  bas ed  on non- c i r c u l a r  t y pes  of  

s l i p  s u r f ac es  ( wedges  or  c omb i na t i on  o f  c y l i nder s ) .  As  

men t i o n e d  i n a pr ev i ous  s ec t i on  o f  t h i s  r epor t ,  t he 

c o n t r i bu t i on  by  Ce l es t i no  & Dunc an  on t h i s  s ub j ec t  wi l l  

g r ea t l y  he l p  t he des i gn  e n g i nee r  i n s ear c h i ng  f or  t he 

c r i t i c a l  s l i p  s u r f ac e  by  means  o f  numer i c a l  c o mp u t a ­

t i on.  On t he o t h e r  hand,  Mar t i ns  et  a l . i nv es t i ga t e  t he 

l i mi t  equ i l i b r i u m o f  a n o n - c i r c u l a r  s l i d i ng  mas s  c ompos ed  

of  s ev er al  b l oc k s ,  i n wh i c h  t he s hea r  s t r eng t h  i s  mo b i ­

l i z ed  at  bot h  t he s l i p  s ur f ac e  and  i nt er nal  boundar i es  

when  f a i l u r e  oc c ur s .  Th i s  p r oc edu r e  l i k e t he me t hod  

p r opos ed  by  Fr ed l und  et  a l . ma y  f i nd  a p p l i c a t i on  t o 

ana l y s e  t he s t ab i l i t y  o f  ear t h  and r oc k f i l l  dams .

2. 5 . 2  I e s t i n g _ o f _ Bhy s i c a l _mode l s

To i nv es t i ga t e  t he s t ab i l i t y  o f  Gongen  Dam,  J apan,  s e ­

ver al  mode l s  we r e  t es t ed  i n a c en t r i f uge .  Thi s  s t r uc t u r e  

i s a z oned  embank me n t  32. 6 m h i gh r es t i ng  on a deep  

a l l uv i a l  dep o s i t  wh i c h  i nc l udes  a 2 m t h i c k  c l ay  s t r at um.

The  he i gh t  o f  eac h model  was  c hos en t o r ep r oduc e  i n a 

150 g ac c e l e r a t i o n  f i e l d ,  t he s t r es s es  on t he pr ot ot y pe.  

The t es t s  we r e  d i v i ded  i n t h r ee  s t ages ,  namel y :  1)  

gr adual  ac c e l e r a t i o n  up t o 150 g;  2)  ups t r eam wat e r  

l evel  c hanged f r om t he bas e  t o 90 per c en t  o f  t he dam 

he i gh t  ( 5. 5 c y c l es ) ;  and 3)  i nc l i na t i on  o f  t he model  up 

t o f a i l ur e.  Mi k as a  et  a l . d e s c r i be  t he d i s p l ac ement s  

and  s e t t l ement s  o f  t he i mper v i ous  c or e  i n s t ages  1 and

2 as  wel l  as  t he c o r r e s p o n d i n g  v o l ume  and s hear  s t r a i ns ,  

and  f or  s t age  3 t he i nc l i na t i on  ang l es  t hat  i nduc ed 

f a i l u r e  o f  t he model s .  The  me a s u r e d  de f o r ma t i ons  at  

s t age  2,  as  c ommen t ed  by  t he Au t hor s ,  a r e  s i mi l a r  t o 

t hos e  r epor t ed  by  Mar s al  & Rami r ez  de Ar e l l ano  ( 1967)  

f or  El  I n f i e r n i l l o  Dam,  wh i c h  we r e  bas ed  upon f i e l d  

meas u r ement s .  The de f o r ma t i on  o f  bot h  t he c l ay  s t r a t um 

at  t he f ounda t i on  and t he downs t r e a m r oc k f i l l  s howed 

l es s  i n f l uenc e  on a c ent r a l  i mper v i ous  c or e  t han i n an 

i nc l i ned  c or e,  as  o r i g i na l l y  p r opos ed  f or  t he Gongen  

Dam.  The  t ec hn i que  app l i ed  i n t hi s  pa r t i c u l a r  c as e,  

h owev er  i nv ol v ed,  mi gh t  be o f  g r ea t  hel p  t o i nv e s t i ­

ga t e  mo r e  c l os e l y  s ome phenomena t ha t  ar e  bei ng d i s ­

c l os ed  by  f i e l d  i ns t r umen t a t i on  ( SRH- CFE- UNAM 1976;  

Mar s al  & Mor eno  1979) .

2. 5. 3 Co n s t r u c t i on_Bor e_g r es s u r es

Meas u r emen t s  per f o r med dur i ng  t he c ons t r uc t i on  o f  Ram-  

ganga Dam,  I ndi a,  ar e des c r i bed  by  Goel  & Das ;  t hes e o b ­

s e r v a t i ona l  dat a ar e c ompar ed  wi t h  v a l ues  c omput ed  wi t h  

ana l y t i c a l  me t hods  ( Hi l f ,  Bi s hop  and Li ,  Gi bs on) .  The 

e mb a n k me n t  i s 128 m h i gh and  has  a c ent r a l  v er t i c a l  c or e 

ma d e  o f  c ompac t ed  c l ay  s ha l e  wi t h  s l opes  1 V t o 0 . 25  H,  

s uppo r t ed  by  per v i ous  z ones  o f  c r us hed  s ands t one.  To 

mon i t o r  por e  pr es s ur es ,  USBR t wi n - t ube  hy dr au l i c  p i e z o ­

me t e r s  we r e  i ns t a l l ed  at  abou t  t he ma x i mu m c r os s - s ec t i on  

of  t he dam;  al s o,  s e t t l ement s  we r e  meas ur ed  by  means  of  

s i x  USBR def or met e r s .

Compar i s on  o f  t he obs e r v ed  and p r ed i c t ed  v al ues  

i nd i c a t es  t ha t  por e p r es s u r e  dev e l opmen t  i n t he c or e  

does  not  c o i nc i de  wi t h  t he t heor e t i c a l  c ur v es ,  and 

t ha t  t he  mon i t o r e d  por e p r es s ur e  r a t i o  at  t he  end of  

c ons t r u c t i o n  r anges  f r om 0. 1 t o 0. 2,  wher eas  t hos e 

g i v en  by  t he Hi l f ,  Bi s hop  & Li ,  and  Gi bs on  me t hods  ar e 

a p p r e c i a b l y  hi gher .

2. 5 . 4  Emb a n k me n t g e r f o r ma n c e

On l y  t h r ee  paper s  p r es en t ed  t o Ses s i on  11 c on t r i b u t e  t o 

t h i s  s ub j ec t  t ha t  has  ev o l v ed  s i g n i f i c an t l y  i n t he l as t  

dec ades  as  a r es u l t  o f  f i e l d  meas u r e me n t s  and numer i c al  

ana l y s es  o f  s t r es s es  and de f o r ma t i ons  i n embank men t  

dams .  Due t o t he i n f l uenc e  o f  p l ac emen t  pr oc edur es  and 

def ec t s  o f  t he dev i c es  t hems e l v es ,  behav i our a l  mo n i t o ­

r i ng  has  t o be c ons i de r ed  c u r r e n t l y  as  a qua l i t a t i v e ,  

v a l uab l e  t ool .  On t he o t h e r  hand,  t he 2D and 3D non 

l i near  e l as t i c  mode l s  t ha t  c an  be hand l ed  wi t h  power f ul  

c omput e r s ,  a r e  l i mi t ed  by  l ac k  of  c ons t i t u t i v e  l aws  f or  

t he d i f f e r en t  ma t e r i a l s  us ed i n ear t h  and r oc k f i l l  dams .  

For  t he abov e  r eas ons ,  c as e  h i s t o r i es  on t hi s  t opi c  

c on t i nue  t o be i mpor t an t  s our c es  o f  i n f o r mat i on  t o gu i de 

t he r es ear c h  i n bot h  f i e l ds  of  e mbank men t  engi neer i ng .

Naga r k a r  et  a l . des c r i b e  s ev er al  par t i al  f a i l u r es  r egi s -  

t er ed dur i ng  100 y ea r s  o f  o p e r a t i on  o f  t he Waghad  Dam,  

I ndi a.  Thi s  i s a homogeneous  embank ment ,  32 m hi gh,  

r es t i ng  on wea t h e r e d  r oc k ;  i t  was  bu i l t  wi t h  h i gh l y  

p l as t i c ,  e x pans i v e  c l ay .  Due t o ov er t opp i ng ,  t he ear t h 

s t r uc t u r e  was  b r eac hed  upon t he f i r s t  f i l l i ng  and 

r epa i r ed ;  as  t h i s  c o ns t r uc t i on  oper a t i on  was  bar e l y  

f i n i s hed,  a s l i p  dev e l oped  a t  t he downs t r eam s l ope.  

Twen t y  y ea r s  l a t er ,  ano t he r  par t i al  f a i l u r e  i n a d i f ­

f e r en t  s ec t i on  o f  t he s ame s l ope was  t r i gger ed  by  heav y  

r a i n f a l l ;  wa t e r  p r ec i p i t a t i on  was  s c ar c e ( ha l f  t he mean 

annual  v al ue)  i n t he pr ev i ous  t wo y ear s .  A t h i r d s l i p
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was  obs e r v ed  i n 1919 a t  t he u p s t r eam s l ope,  t he s c ar p  

75 m i n l engt h r unn i ng  a l ong  t he pool  edge o f  t he c r es t .  

Fi nal l y ,  i n 1976 a f a i l u r e  l oc at ed at  t he  s ame s ec t i on  

as  t he s ec ond  s l i p  dev e l oped  under  s i mi l a r  c ond i t i ons  

o f  r a i n f a l l .

Af t e r  t he l as t  f a i l u r e ,  i nv es t i ga t i ons  we r e  under t ak en  

wi t h  t he open i ng  o f  t r enc hes  a t  s ev er al  l oc a t i ons  t o o b ­

s er v e  t he soi l  mas s ,  o b t a i n  b l oc k  s amp l es  and  pe r f o r m 

l abo r a t o r y  t es t s .  Wi t h  t hi s  geot ec hn i c a l  i n f or mat i on ,  

t he f our  s l i ps  men t i o n e d  abov e  we r e  ana l y s ed  us i ng  t he 

Bi s hop ' s  s i mp l i f i ed  me t hod  and t he Swed i s h  s l i p  c i r c l e ;  

t hes e s t ud i es  c ompr i s ed  bot h u p s t r eam and  downs t r eam 

s l opes  s ub j ec t ed  t o d r a wdown  and  s t eady  s eepage  c o n d i ­

t i ons  r es pec t i v e l y ,  as s umi ng  f ul l  s a t u r a t i on  by  r ai nf al l  

abov e  t he phr ea t i c  l i ne.  Bas ed  on t hi s  c ar ef ul  i nv e s t i ­

g a t i on  t he Aut hor s  c onc l ude  t hat  1)  t he Bi s hop ' s  s i mp l i ­

f i ed met hod  b a c k - p r ed i c t ed  mor e  ac c u r a t e l y  t he obs er v ed  

f ai l ur es ,  and 2)  t he dams  bu i l t  wi t h  h i gh l y  p l as t i c  c l ay s  

r equ i r e  a c ov e r  2 t o 5 m t hi c k ,  t o mi n i mi z e  c r ac k i ng  due 

t o dr y i ng.

Wac k er nage l  d i s c us s es  t he p e r f o r manc e  o f  a 9 m hi gh 

ear t h  dam,  bu i l t  i n 1866 near  t he c i t y  o f  Bas l e ,  Swi t ­

z er l and.  I t  was  ov e r t o p p e d  and  b r eac hed  i mmed i a t e l y  

a f t e r  t he f i r s t  f i l l i ng ;  du r i ng  i t s  l ong l i f e,  i t  was  

ov e r t o p p e d  s ev er al  t i mes  unde r go i ng  mi no r  damage.

Rec en t  s t ud i es  per f o r med  by  means  o f  t wo bor i ngs ,  u n ­

d i s t u r bed  s ampl i ng  and  l abor a t o r y  t es t s ,  hav e d i s ­

c l os ed  t ha t  t he dam i s o f  t he  homogeneous  t y pe and i s 

r es t i ng  on a 1. 5 m dep o s i t  o f  g r av e l l y  mat e r i a l s  wi t h  

l ow c l ay  c ont ent .  Ac c o r d i ng  t o t opogr aph i c a l  r ec or ds  

t he c r es t  has  s e t t l ed  a b ou t  1 m ( 12% of  i t s  hei ght )  i n 

108 y ear s ,  as  c ompar ed  t o 47 c m es t i ma t ed  upon c o n s o l i ­

da t i on  t es t  r es ul t s .  Fr om t hi s ,  t he Au t ho r  has  c o n c l u ­

ded t hat  t he  s e t t l emen t  was  p a r t l y  c aus ed  by  c r eep  o f  

t he  embank ment ;  he t hen  app l i ed  t he r es i dual  s t r engt h  

d e t e r mi ned  i n d i r ec t  s hear  t es t s  t o ev a l ua t e  t he 

c u r r en t  f ac t o r  o f  s a f et y ,  wh i c h  he f i nds  c l os e  t o one 

( FS = 1. 14) .

A t h i r d  paper  by  J us t o  & Saur a  des c r i bes  t he p e r f o r ­

manc e  o f  t he  as pha l t i c  c o n c r e t e  f ac i ng  o f  t he Venemo 

r oc k f i l l  d am by  c ompar i ng  t he d i s p l ac emen t s  meas u r ed  

one y e a r  a f t e r  t he f i r s t  f i l l i ng  and  t he c o r r es pond i ng  

v a l ues  c omput ed  wi t h  t he t hr ee  d i mens i ona l  f i n i t e  e l e ­

me n t  met hod ,  as s umi ng  l i near  e l as t i c  behav i ou r  o f  t he 

r oc k f i l l  mas s .  The modu l us  o f  d e f o r ma t i on  o f  t hi s  

mat er i a l  was  ad j us t e d  so t ha t  t he ma x i mu m c ompu t ed  and 

t he  me a s u r e d  d i s p l ac emen t s  be equal ,  wi t h  a Po i s s on ' s  

r at i o  o f  0. 25.  A wi d e  r ange  o f  v a l ues  o f  E and v  f or  

t he as pha l t i c  c o n c r e t e  o f  t he f ac i ng  we r e  t r i ed  i n t he 

c ompu t a t i ons  bec aus e  o f  t he v a r i ab i l i t y  s hown by  t he 

l abo r a t o r y  t es t  r es ul t s .  Wi t h  t he abov e  as s umpt i ons  t he 

Au t hor s  d i s c us s  t he e f f ec t  o f  1)  t he  abov e  des i gn  

p ar amet e r s  on t he d i s t r i bu t i on  o f  pr i nc i pal  s t r es s es  

a t  t he f ac i ng  f or  t he f ul l  r es e r v o i r  c ond i t i on ;  2)  t he 

i nc l i na t i on  o f  abu t me n t  s l opes  on t he  t ens i l e  s t r es s es  

i n t he  as pha l t i c  l i n i ng,  and 3)  t he v a r i a t i on  o f  t he 

mec han i c a l  c h a r ac t e r i s t i c s  of  t he f ac i ng  on  t he gl obal  

d e f o r ma t i o n  of  t he dam;  t he i n f l uenc e  o f  t he l a t t e r  

f ac t o r  i s v er y  modes t .

2 . 5 . 5  § andas ghal t _f ac i ngs

On t hi s  t op i c  t ha t  i s r a t he r  mar gi na l  t o Theme 2,

Mu l der  et  a l . p r es en t  s ome i n t e r es t i ng  i n f o r mat i on  on 

t he s t r e s s - de f o r ma t i on  c ha r ac t e r i s t i c s  o f  hot  mi x t u r es  

ma d e  o f  3 t o 5 pe r c en t  by  we i gh t  o f  b i t umen and  sand.

Thi s  mat er i a l  i s  us ed i n t he Ne t he r l ands  as  a p r o t ec t i on  

of  t he ou t e r  s l opes  o f  d r y  and s ubmer ged  s and depos i t s .  

The  Au t hor s  d i s c us s  t he v i s c ous  and  v i s c o - p l as t i c  

b ehav i ou r  o f  t he s andas pha l t  and  pr opos e  a model  f or  

l ar ge s t r a i ns  wh i c h  c an be i n t r oduc ed  i n t he  s t ab i l i t y  

ana l y s i s .  Ear l y  ex pe r i e n c e  and t he ex per i ment a l  r es u l t s  

men t i o n e d  abov e  s eem t o i nd i c a t e  t ha t  t h i s  t y pe o f  f ac i ng

i s pr omi s i ng ,  p a r t i c u l a r l y  i n c oas t al  and r i v e r  e n g i n e e ­

r i ng.

THEME 3:  Fac t or s  i n f l uenc i ng  t he s t ab i l i t y  o f  s l opes

Wh e n e v e r  a s l i de  oc c ur s  i n a g i v en  ar ea,  t he t endenc y  

f or  t he t ec hni c a l  man,  and  s omet i mes  a l s o f or  t he  l egal  

man,  i s t o f i nd  " t he"  c u l p r i t ,  o r  " t he"  c aus e  o f  t he 

s l i de.  Howev er ,  i t  i s  now g e ne r a l l y  ag r eed  upon  t ha t  i n 

mo s t  c as es ,  mo r e  t han o ne  f ac t o r  c on t r i bu t es  t o t he 

i ns t ab i l i t y  o f  a g i v en  soi l  mas s ,  and t ha t  t he " i den t i ­

f i ed"  c aus e  i s o f t en  t hat  mi n o r  ev en t  wh i c h  has  ac t ua l l y  

t r i gge r ed  t he mov ement .  Wh e n  t he Or gan i z i n g  Commi t t ee  

d ec i ded  t o us e t he t e r m " f ac t or "  r a t he r  t han " c aus e" ,  

t hey  made  a j ud i c i ous  c ho i c e  s i nc e t ha t  t e r m i mpl i es  a 

l es s  e x c l us i v e  r e l a t i ons h i p  wi t h  " ef f ec t " .

I t  i s not  t he pu r pos e  o f  t h i s  r epor t  t o r e v i ew al l  t he 

f ac t o r s  wh i c h  may  c on t r i bu t e  t o s l ope s l i d i ng  mov ement s ;  

t h i s  s ub j ec t  has  been c ov e r ed  v e r y  ex pe r t l y  by  Var nes

( 1978) .  To r ema i n  wi t h i n  t he s c ope o f  a gener a l  r epor t ,  

i t  has  been  j udged  p r e f e r ab l e  t o deal  wi t h  t he f ac t or s  

wh i c h  ar e  me n t i oned  i n t he paper s  p r es en t ed  t o t hi s  

Ses s i on.

3- 1 ?9Ce_pr es s u r e _ i n c r e a s e

Of  al l  t he  c o n t r i bu t i ng  f ac t o r s  r e f e r r ed  t o i n t he  many  

paper s  p r es en t ed  t o t h i s  Ses s i on ,  t he por e  p r es s ur e  

i nc r eas e  i s by  f ar  t he  one wh i c h  r ec ur s  mo s t  o f t en.  Por e 

p r es s ur e  ma y  i nc r eas e  i n a soi l  mas s  e i t he r  as  a r es u l t  

o f  nat ur al  c l i ma t i c  c ond i t i ons  s uc h as  r a i nf al l  or  

s nowmel t ,  o r  e l s e  i t  c an be i nduc ed by  d i f f e r en t  i n t e r ­

v en t i ons  o f  man.

3. 1. 1 Ra i n f a l l

Many  o f  t he paper s  wh i c h  ar e  d i s c us s ed  unde r  t he o t he r  

t hemes  p r es en t  g r aphs  wh i c h  s how how t he r a i nf al l  

i n t ens i t y  i n f l uenc es  t he r a t e  o f  d i s p l a c e me n t  or  t he 

n umber  of  s l i des .  I n des c r i b i n g  t he s l i des  and f l ows  

o c c u r r i n g  i n t he b l ac k  s ha l es  o f  I t al y ,  Manf r ed  i ni  et  

a l . g i v e  dat a  s howi ng  a v e r y  good c o i n c i denc e  bet ween  

t Fe r a i n f a l l  i n t ens i t y  and  t he r at e o f  d i s p l ac ement .  

Di f f e r en t  r es u l t s  we r e  ob t a i ned  by  Di s l i  & Rec o r don  i n 

t he c our s e  o f  t he i r  s t udy  o f  t h r ee  c as es  of  v i s c ous  

f l ows  i n t he p r ea l p i ne  c l ay ey  f o r ma t i ons  o f  Swi t z e r ­

l and;  i n one o f  t he t h r ee  c as es ,  t he Au t hor s  hav e 

o b s e r v ed  a r andom r a t e  o f  d i s p l a c e me n t  wh i c h  i s on l y  

s l i gh t l y  r e l a t ed  t o r a i n f a l l ;  un f o r t una t e l y ,  no 

i n f o r mat i on  i s g i v en  on t he t wo o t he r  c as es  s t udi ed.  

Ts y t ov i t c h  and  Ma r t i r os y an  hav e me a s u r e d  t he  por e  

p r es s ur es  at  d i f f e r en t  dept hs  i n a soi l  mas s  and  hav e 

s hown t ha t  t he s pe l l s  o f  r a i nf al l  a r e  t r ans l a t ed  as  

p r es s u r e  " wav es "  i nt o por ous  s t r at a;  howev er ,  t her e  i s 

no ev i denc e  g i v en  i n t he paper  t o t he e f f ec t  t ha t  t he 

r a t e  o f  d i s p l a c e me n t  f o l l ows  t he pr es s ur e  wav es .

Ni s h i da  et  a l . ( 1979)  g i v e  a l s o a t heor e t i c a l  ana l y s i s  

o f  t he mag n i t u d e  o f  por e  p r es s u r e  r es u l t i ng  f r om r ai n 

wa t e r  per meat i on .

A h i gh i n t ens i t y  o f  r a i n f a l l ,  c an o f t en  r es u l t  i n a 

ma r k e d  i nc r eas e i n t he f r eq u e n c y  o f  l ands l i des .  Thi s  

has  been obs er v ed ,  f or  ex ampl e ,  by  Fuk uok a  ( 1979)  who 

has  p r es en t ed  s ome e l abo r a t e  obs e r v a t i ons  l ead i ng t o 

a r e l a t i on  be t ween  r ai nf al l  i n t ens i t y  and  t he number  

of  l ands l i des  per  un i t  ar ea.  The  r e l a t i ons h i p  bet ween 

t he s eas on  and t he f r equenc y  o f  l ands l i des  i s a l s o wel l  

e s t ab l i s hed  i n t he nor t he r n  c oun t r i es  whe r e  s nowmel t  

c ombi nes  wi t h  r a i n  t o pr oduc e  c r i t i c a l  c ond i t i ons ;

Vi  b e r g s hows  t ha t  f or  t he who l e  o f  Sweden  t he r e  ar e 

t wo peak s  i n t he h i s t og r am o f  s l i de  f r equenc y ,  one  i n 

t he s pr i ng  and one  i n t he f a l l ;  but  i t  i s a l s o  

i n t e r es t i ng  t o not e  t ha t  i n no r t her n  Sweden  t he s l i de  

f r equenc y  i s h i gher  du r i ng  t he  s pr i ng  wh i l e  i n s out her n  

Sweden,  i t  i s h i ghe r  dur i ng  t he f a l l ,  wh i c h  i s an
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i nd i c a t i on  o f  t he i n f l uenc e  o f  s nowmel t  i n s p r i n g ­

t i me.  Ac c o r d i n g  t o t he Au t h o r  t he  s ame t r end was  f ound 

by  J o r s t ad  ( 1970)  i n Nor way .  I n t he s ens i t i v e  c l ay  

d epos i t s  o f  Québec ,  Canada,  Lebu i s  & Ri s s man ( 1979)  

hav e e s t ab l i s hed  an h i s t og r am wh i c h  g i v es  a v e r y  

p r edomi nan t  peak  du r i ng  t he mon t h  o f  Apr i l  and May  when  

t he s nowmel t  c omb i ned  wi t h  r a i n  c an p r oduc e  t he wo r s t  

pos s i b l e  c ond i t i ons  o f  i n f i l t r a t i on ;  t hi s  i s 

i l l us t r a t ed  i n Fi g.  2 whe r e  Tav enas  & Ler ouei l  ( 1981)  

c ompar e  t he v a r i a t i on  o f  t he s l i de  f r equenc y  wi t h  

s eas ons  i n Sc a nd i nav i a  and  Québec .  The  g r oundwa t e r  

r ec ha r ge  due t o s nowme l t  i s a p r edomi nan t  f a c t o r  i n 

Québec  wh e r e  t he s now c ov er  i s i mpor t an t ;  i n f ac t ,  

near l y  al l  t he ma j o r  l ands l i des  i n Eas t e r n  Canada hav e 

oc c u r r ed  dur i ng  s pr i ng t i me.
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When  dea l i ng  wi t h  t he r es i dual  s oi l s  of  Hong  Kong,

Br and  has  t o f ac e a s omewha t  d i f f e r en t  p r ob l em wher e  

t he ba l anc e  be t ween  i n f i l t r a t i on  and  por e p r es s ur e  

s uc t i on  p l ay s  a ma j o r  r ol e.  I n t hes e  c as es  o f  r a i n-  

i nduc ed f a i l u r es  i n s l opes  o f  u n s a t u r a t ed  s oi l s ,  t her e  

s eems  t o be no r at i onal  p r oc edu r e  f or  des i gn  or  a n a ­

l y s i s .  The i n f i l t r a t i on  c aus es  a r educ t i on  i n t he por e 

s uc t i on ,  henc e r educ i ng  t he s t r eng t h  unt i l  f a i l u r e  

wh i c h  t ak es  p l ac e  under  a l mos t  c ons t an t  s t r es s  c o n d i ­

t i ons ,  as  i n mo s t  nat ur al  s l ope f a i l u r es .  Obv i ous l y ,  

t h i s  p r ob l em c an on l y  be r a t i ona l l y  dea l t  wi t h  i n t er ms  

o f  e f f ec t i v e  s t r es s es  and t he Au t ho r  pr opos es  t o 

s i mu l a t e  t he f a i l u r e  c ond i t i ons  by  means  of  t r i ax i al  

t es t s  i n wh i c h  t he t ot al  s t r es s es  wou l d  be ma i n t a i ned  

c o n s t an t  and  t he por e  p r es s ur e  i nc r eas ed.  The  Au t ho r  

a l s o  emphas i z es  t he i mpor t anc e  o f  t he behav i ou r  o f  t he 

soi l  a t  f a i l ur e:  i f  i t  t ends  t o d i l a t e  at  f a i l u r e ,  s u c ­

t i on wi l l  i nc r eas e  and t he ac t i on  o f  i n f i l t r a t i on  wi l l  

be c oun t e r ac t ed ;  i f  i t  c ompr es s es ,  t he s uc t i on  wi l l  

r ap i d l y  d e c r eas e  wi t h  a r es u l t i ng  f l ow oc c ur r i ng .  Thi s  

phenomenon  wi l l  o f  c our s e  depend  on t he s t r es s  l evel  

r e l a t i v e  t o t he p r e c o n s o l i da t i on  p r es s u r e  be l ow whi c h  

d i l a t i on  i s o b s e r v ed  t o oc c u r  dur i ng  s hear  i n r es i dual  

s oi l s .  The s o l u t i on  o f  t he p r ob l em i s c omp l ex  as  t her e 

a r e  ma n y  ex per i ment a l  d i f f i c u l t i es  r e l a t ed  t o t hes e 

k i nds  o f  s oi l s  and t es t s .  The  Au t ho r  pr opos es  t o 

mon i t o r  soi l  s uc t i on  on a l ong t er m bas i s  i n a number  

o f  s e l ec t ed  s l opes .

Fr om al l  t hes e obs er v a t i ons ,  i t  i s  ev i den t  t ha t  r a i n ­

f al l  i n t ens i t y  i s a ma j o r  f ac t o r  i n t he oc c u r r e n c e  of  

l ands l i des ,  ear t h  f l ows  or  c r eep  mov ement s .  Howev er ,  

s u r p r i s i ng l y  l i t t l e  e f f o r t  has  been dev o t ed  t o r e l a t e
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Fig. 2 —  SLIDE FREQUENCY VERSUS MONTH OF THE YEAR 

IN QUEBEC, NORWAY AND SWEDEN.

(from Tavenas et Leroueil, 1981)

t he r a i nf al l  i n t ens i t y  t o t he por e p r es s u r e  or  por e 

s uc t i on  i n t he gr ound  as  s ugges t ed  by  Sa l l f o r s  and  Tagn-  

f o r s . Suc h a c o mp i l a t i on  made  ov e r  a f ew y ea r s  c oul d 

a l l ow t he us e o f  a p r obab i l i s t i c  appr oac h  t o de f i ne  t he 

mo s t  p r o bab l e  ma x i mu m por e  pr es s ur e  wh i c h  may  dev e l op  

i n s ome g i v en  t opogr aph i c a l  and geol og i c a l  c ond i t i ons .  

The  numer ous  f ac t or s  wh i c h  mu s t  be t ak en i nt o ac c oun t  

hav e  been  d i s c us s ed  by  Tav enas  & Ler ouei l  ( 1981)  who 

s how t he  c omp l ex i t y  o f  t hi s  p r ob l em and  c onc l ude  t hat  

t he s af e app r oac h  i s t o d e t e r mi ne  t he uppe r  l i mi t  of  

g r o u ndwa t e r  c ond i t i ons .  Howev er ,  a f ew unc er t a i n t i es  

r emai n  wh e n  i t  c omes  t o ev a l ua t i ng  t he ef f ec t s  o f  t hi s  

ma x i mu m g r o u ndwa t e r  on t he por e p r es s u r e  i n t he c l ay  

mas s ;  t h i s  e mphas i z es  t he i mpor t anc e  o f  por e  pr es s ur e  

meas u r ement s .

Rai nf al l  c an s omet i mes  be t r oub l es ome t o man- made  

s t r uc t ur es .  Na g a r k a r  et  a l . d i s c us s  t he pos s i b i l i t y  

o f  f a i l u r e  o f  t he  downs t r e a m s l ope o f  a dam i n I ndi a 

due  t o t he i n f i l t r a t i on  o f  wa t e r  i n c r ac k s  wh i c h  mi gh t  

hav e f o r med down t o t he phr ea t i c  l i ne  du r i ng  dr ought ;  

t hey  s how t ha t  by  t ak i ng  t h i s  f ac t o r  i nt o ac c o u n t  i n 

t he i r  s t ab i l i t y  ana l y s i s ,  t he c ompu t ed  f ac t o r  o f  

s a f e t y  wou l d  be app r e c i a b l y  l ower  t han uni t y .

Ca r t i e r  et  a l . des c r i b e  t he beha v i o u r  o f  r a i l r oad  em-  

bank ment s  wh i c h  we r e  bu i l t  du r i ng  t he l as t  c en t u r y  wi t h  

c l ay ey  and s i l t y  s o i l s  ex c av a t ed  f r om eac h s i de  o f  t he 

f i l l  t o mi n i mi z e  handl i ng .  Due t o t he l ac k  o f  c ompac t i on  

and  t o t he poor  qua l i t y  o f  t he f i l l  ma t e r i a l ,  t he e m­

b ank ment s  ar e d e f o r mi ng  and t he i r  s ur f ac es  ar e f o r mi ng  a 

pool  under  t he ba l l as t  wh e r e  r a i nwat e r  ac c umu l a t es  and 

i n f i l t r a t es  t h r ough  c r ac k s  i nt o t he f i l l  mat e r i a l ;  wa t e r  

c o l l ec t s  a l s o  at  t he t oe wi t h  t he r es u l t s  t hat  t he e m­

bank men t  mat er i a l  has  g e ne r a l l y  a h i gh wa t e r  c on t en t  and 

a l ow s hea r  s t r engt h .

3 . 1 . 2  I nduc ed gor e  gr es s ur e

Por e p r es s ur e  c an be i nduc ed i n d i f f e r en t  way s  i n a 

soi l  mas s  and ev en t u a l l y  l ead t o a mas s  mo v e me n t  o r  a 

s l i de.  The  mo s t  ev i den t  ex amp l e  i s g i v en  by  Mi t c hel l  

& Wi l l i ams  who  hav e pumped wa t e r  i nt o a r ec ha r ge  we 1 1 

and  me a s u r e d  t he r es u l t i ng  de f o r ma t i on  up unt i l  a s l i de  

oc c ur r ed ;  a s i mi l a r  ex pe r i me n t  had been  a t t emp t ed  i n 

J apan  s ome t en y ear s  ago wi t h  v er y  d r amat i c  c o n s e q u e n ­

c es  .

J ape l l i  & Mus s o  r epor t  t he c as e  o f  a " s l i de under  c o n ­

t r o l "  wh i c h  i s a f f ec t i ng  t he bank  o f  an  ar t i f i c i a l  r e s ­

e r v o i r  i n Si c i l y .  Th i s  s l i de  has  ma n y  c ha r ac t e r i s t i c s  

wh i c h  a r e  s i mi l a r  t o t he Va j on t  r oc k s l i de .  The  mas s  i n ­

v o l v ed  i n t he mo v emen t  i s o f  s uc h an  ex t en t  t hat  on l y  

t he l ower  par t  i s i n f l uenc ed  by  t he c hanges  i n t he r es ­

e r v o i r  wa t e r  l ev el .  The  f o r ma t i on  i nc l udes  a bed o f  

Cr e t ac eous  l i mes t one  ov e r l a i n  by  a c hao t i c  s t r uc t u r e  of  

l i mes t one,  mar l ,  g r een  and br own c l ay .  Of  pa r t i c u l a r  i n ­

t e r es t  i s t he o r i e n t a t i o n  o f  t he r oc k  l ay er s  wh i c h  f o l ­

l ows  t he s l ope  o f  t he s ur f ac e and bec omes  hor i z ont a l  i n 

i t s  l ower  par t  and at  t he r es e r v o i r  bot t om.  Ac c or d i ng  t o 

t he o bs e r v a t i ons ,  t he f a i l u r e  p l ane  ma y  be e i t he r  near  

t he c on t ac t  o f  t he debr i s  wi t h  t he bedr oc k ,  o r  i n t he 

b ed r oc k  i t s e l f  depend i ng  on t he s ec t i on  s t ud i ed.  A mar l y  

c l ay  l ay er  has  been  i dent i f i ed  i n one  ar ea at  t he c o n ­

t ac t  be t ween  t he debr i s  and  t he bedr oc k ,  wi t h  a r es i dual  

ang l e  cj>'  = 13°  meas u r ed  on  a r emou l ded  s ampl e  o f  t hat  

c l ay .  The s l i de  was  f i r s t  obs e r v ed  dur i ng  t he i ni t i al  

f i l l i ng  o f  t he r es e r v o i r  i n 1963 and  i s  under  o b s e r v a ­

t i on  ev er  s i nc e.  The  Au t hor s  pr es en t  s ome v er y  i n t e r e s t ­

i ng me as u r emen t s  s howi ng  how t he r at e of  d i s p l a c e me n t  

r eac t s  t o t he r at e  o f  wa t e r  l evel  r i s e  and men t i on  t hat  

t he i n f l uenc e  o f  t he r a i nf al l  i n t ens i t y  on t he s l ope 

mo v e me n t  i s not  ev i dent .  I f  t he mar l y  c l ay  l ay er  wi t h  a 

r es i dual  ang l e  o f  13°  i s as s umed t o be l oc at ed al l  a l ong 

t he f a i l u r e  s ur f ac e,  t he c a l c u l a t ed  f ac t o r  o f  s a f e t y  i s

1. 0 f or  t he c o nd i t i on  when  t he l ak e i s  empt y .  Howev er ,  

i f  t he r es e r v o i r  l evel  i s i nc r eas ed t o nor mal  oper a t i on
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l ev el ,  t he f ac t o r  o f  s a f e t y  dr ops  t o 0. 92.  Thi s  may  be 

an i nd i c a t i on ,  as  men t i o n e d  by  t he Aut hor s ,  t ha t  t he 

c l ay  l ay er  or  c l ay  f i l l i ngs  wh i c h  ar e p r obab l y  mor e  or  

l es s  c on t i nuous  gov er n  t he s t abi l i t y .

Mas s a r s c h  and Br oms  d i s c us s  t he p r ob l em o f  por e  p r es s ur e  

i nduc ed  by  p i l e  dr i v i ng  i n s ens i t i v e  s oi l s  and  t he 

adv e r s e  c ons equenc es  t ha t  i t  may  hav e on t he s t ab i l i t y  

o f  s l opes .  Thi s  i s a mos t  we l c o me  pape r  i n t hes e  t i mes  

o f  l os t  as s umpt i ons .  The  Au t hor s  f i r s t  ana l y s e  t he 

gener a t i on  o f  po r e  pr es s ur e  due t o p i l e  d r i v i ng  by  

means  o f  t he t heor y  o f  ex pans i on  o f  s pher i c a l  and 

c y l i nd r i c a l  c av i t i es  and p r opos e  a gr aph  c o mb i n i ng  bot h 

t y pes  o f  ex pans i on  and enab l i ng  t he p r ed i c t i on  o f  por e 

p r es s ur e  i n t he p l as t i c  z one a r ound  a s i ng l e  dr i v en 

pi l e.  They  t hen p r oc eed  t o d i s c us s  t he e f f ec t  t ha t  p i l e  

d r i v i ng  ma y  hav e on t he d i s t u r banc e  o f  t he c l ay  and t he 

e ns u i ng  dec r eas e  i n i t s  s t r engt h ;  t he Au t hor s  men t i on  

c l ea r l y  t hat  t he s udden i nc r eas e  i n por e  p r es s u r e  does  

not  a f f ec t  d i r ec t l y  t he s t ab i l i t y ,  as  t he undr a i ned  

s hear  s t r eng t h  o f  a c o h es i v e  soi l  i s  i ndependen t  o f  a 

c hange  i n t ot al  s t r es s ;  howev er ,  when  t he ex c es s  por e 

p r es s ur e  d i s s i pa t es  by  r ad i a t i ng  t o ad j ac e n t  z ones ,  t he 

s wel l i ng  wh i c h  oc c ur s  c an r es u l t  i n a gr adual  dec r eas e  

o f  t he s t r engt h.  One  of  t he mo s t  p r ob l emat i c  s i t ua t i ons  

ar i s es  wh e n  per meab l e  s eams  a r e  l oc a t ed  i n t he c l ay  

s l ope  s ec t i on ;  t he d r i v i ng  o f  p i l es  wi l l  t hen pr oduc e  

an i nc r eas e  i n por e  p r es s u r e  wh i c h  wi l l  i mmed i a t e l y  

r educ e  t he s hear  s t r eng t h  o f  c ohes i on l es s  s o i l s  or  

c aus e  s ome l i que f ac t i on  i f  t he soi l  i s a l oos e s a t u r a ­

t ed s and o r  s i l t .  Runes s on  et  a l . d i s c us s  t he i n f l uenc e  

o f  por e  p r es s u r e  i nc r eas e  i n mo r e  per meab l e  s eams  and 

s how how t hi s  c an l ead t o t he f a i l u r e  of  a s l ope.  Thi s  

s i t ua t i on  i s s t i l l  mo r e  c r i t i c a l  i f  t he s eams  happen 

t o be d i pp i ng  t owar ds  t he t oe o f  t he s l ope.  Mas s ar s c h

& Br oms  r e f e r  t o ma n y  c as es  o f  s l i des  due  t o p i l e  

d r i v i ng  i n Sc a nd i nav i an  c l ay s  wh i c h  ar e  r epor t ed  i n 

t he l i t er at ur e.  One c as e  has  a l s o o c c u r r ed  r ec en t l y  

i n Canada  ( Car s on 1979)  wh e r e  a l ar ge l ands l i de  i n a 

s e ns i t i v e  c l ay  c ou l d  be a t t r i bu t ed  t o l i que f ac t i on  

du r i ng  p i l e  d r i v i ng  o f  a s i l t y  l ay er  at  s ome dept h  

be l ow t he t oe o f  a s l ope.  The Au t ho r s  ar e  p r es en t i ng  a 

v er y  wel l  doc ume n t e d  c as e  h i s t o r y  wh e r e  t hey  hav e 

me a s u r ed  at  t he t oe o f  a s l ope t he de f o r ma t i ons  and 

por e pr es s ur es  g e ne r a t ed  by  p i l e dr i v i ng ;  t hey  hav e 

c ome t o t he c onc l us i on  t hat  p r ebor i ng  was  es s ent i a l  

i n o r de r  no t  t o endange r  t he s t ab i l i t y  o f  t he s l ope.

Thi s  paper  i s a v a l uab l e  c on t r i b u t i o n  and t he 

Repor t e r s  wou l d  l i k e  t o t ak e t hi s  o p p o r t u n i t y  t o 

emphas i z e  t hat ,  i n s p i t e  o f  t he " l os t  as s umpt i on"

( Gol der  1979) ,  p i l e  d r i v i ng  c an pr oduc e  s l ope  f a i l u r es ,  

es pec i a l l y  i n s t r a t i f i ed  and / o r  s ens i t i v e  s oi l s .

3. 2 Er os i on

Er os i on  c an p r obab l y  be c ons i de r ed  as  t he s ec ond  mos t  

i mpor t an t  f ac t o r  o f  s l ope i ns t ab i l i t y ;  i t  i s o f t en  

i den t i f i ed  as  t he  t r i gge r i ng  agen t  o f  l ar ge f l ow s l i des  

i n s ens i t i v e  s o i l s ,  and as  t he ma i n  f ac t o r  o f  bank  

r egr es s i on  and s l i des  i n l es s  s ens i t i v e  c l ay s  and  c l ay  

s hal es .  A s t udy  by  Bj e r r um et  a l . ( 1969)  has  s hown t he 

r o l e  o f  e r os i on  i n qu i c k  c l ay  s l i des ,  and  mo r e  r ec ent l y ,  

Wi l l i ams  et  a l . ( 1979)  hav e  s t ud i ed  t he r a t e  o f  r e c e s ­

s i on  o f  a r i v e r bank  due  t o e r os i on  i n t he Ot t awa ar ea;  

er os i on  a l s o  pl ay s  an ac t i v e  r ol e i n ar eas  wh e r e  c l ay  

s hal es  ar e p r edomi nan t  and may  l ead t o l ar ge r e t r o ­

g r es s i v e  l ands l i des  as  obs e r v ed  i n t he Sas k a t oon  ar ea 

by  Hang  et  a l . ( 1977) .

I t  i s t hen  s omewhat  s u r p r i s i ng  t ha t  on l y  t wo paper s  i n 

t hi s  Ses s i on  r e f e r  t o e r os i on  as  an i mpor t an t  f ac t o r  o f  

i ns t ab i l i t y  f or  t he s l opes  under  s t udy .  Wi s eman  et  a l . 

s t udy i ng  t he p r ob l em o f  r eg r es s i on  o f  t he c oas t  l i ne 

a l ong  t he Med i t e r r anean  Sea i n I s r ael ,  hav e des c r i bed  

t wo t y pes  of  er os i on:  t he c l as s i c a l  ac t i on  o f  t he 

wav es  wh i c h  ar e  unde r c u t t i ng  t he t oe o f  t he s l ope  i n

t he s o f t  r oc k ,  and  t he wi n d  ac t i on  wh i c h  i s e r od i ng  t he 

l i gh t l y  c emen t ed  s and i n t he upper  ha l f  of  t he  s l ope and 

u n d e r mi n i ng  t he o v e r l y i ng  har d  s ands t one.  I n hi s  paper  

on  t he ev o l u t i on  o f  nat ur al  s l opes  i n o v e r c o n s o l i da t ed  

ma r i n e  c l ay s ,  Canc e l ! i  d i s c us s es  t he c as e  o f  a f i r s t ­

t i me s l i de  wh i c h  r es u l t ed  f r om s t r eam e r os i on  i nc r eas i ng  

t he me a n  ang l e  o f  s l ope  o f  a h i l l s i de  t ha t  had nev er  

been  a f f ec t ed  by  p r ec ed i ng  s l i des .

The f ac t  t hat ,  i n t h i s  Ses s i on,  so l i t t l e  men t i o n  i s 

ma d e  o f  e r os i on  as  a f ac t o r  c o n t r i bu t i ng  t o i ns t ab i l i t y  

s hou l d  no t  l ead us  t o a wr ong  appr a i s a l  o f  i t s  i mp o r ­

t anc e.  I n t he op i n i on  o f  t he Repor t e r s ,  e r os i on  r ema i ns  

one  o f  t he ma i n  f ac t o r s  and s hou l d  p r obab l y  be p l ac ed 

by  o r de r  o f  i mpor t anc e  i mmed i a t e l y  a f t e r  por e pr es s ur e  

i nc r eas e.  I t  i s  a k nown f ac t  t hat  s ome i mpor t an t  l a n d ­

s l i des  c ou l d  hav e  been av o i ded,  or  de l ay ed  appr ec i ab l y ,  

i f  e r os i on  o f  t he t oe o f  t he s l opes  had been  c ont r o l ed .

3. 3 § t r at i gr aghi c a] . _di s c qnt i nui t y

The  i mpor t anc e  o f  t he s t r a t i g r aphy ,  or  o f  t he pr es enc e 

o f  a d i s c o n t i n u i t y  i n t he soi l  p r o f i l e  i s a f ac t o r  wh i c h  

i s o f t en  ov e r l o o k e d  and  c an  mak e  a c o ns i de r ab l e  d i f f e r ­

enc e  be t we e n  s t ab l e  c ond i t i ons  and a d i s as t r ous  s l i de;  

t he  ex amp l es  t o s u b s t an t i a t e  t hi s  po i n t  a r e  abundan t .  I n 

t he p r es en t  Ses s i on,  ma n y  paper s  d i s c us s  t he adv e r s e  i n ­

f l uenc e  o f  s eams  o f  c l ay ,  s i l t ,  or  o f  b r i t t l e  mat er i a l  

as  a f ac t o r  o f  i ns t ab i l i t y  ( Ber nander  & Ol o f s s on ,  

Runes s on  e t  a l . ,  Mas s a r s c h  & Br o ms , Ts y t ov i t c h  & Ter -  

Ma r t i r o s a y a n , J apel l i  & Mu s s o ) .  I n t wo c as es ,  f a i l u r e  

was  o b s e r v ed  t o nav e  t ak en  p l ac e a l ong  s ome d i s c o n t i n u i ­

t i es  s uc h as  a ma r l y  c l ay  s eam at  t he c on t ac t  wi t h  or  i n 

t he bed r oc k  ( J a p p e l 1 i  & Mu s s o ) , o r  i n a p r e - s hea r ed  

l ay er  o f  s i l t y  c l ay  be l ow a we d g e  o f  Bou l d e r  c l ay  

( Wi ddi s  & Cl a p h a m) .  Va j on t  r emai ns  p r obab l y  t he mos t  

d r amat i c  ex amp l e  o f  t he i mpor t anc e  o f  s t r a t i g r aph i c  f e a ­

t ur es ,  but  t her e  ar e  a l s o  o t he r  ex ampl es  d i s c us s ed  by  

Leonar d  ( 1980) .  The  c as e  of  Sa i n t - J e a n - Vi a n n e y  ( Tav enas  

et  a l . 1971)  o f f e r s  an ex amp l e  wh i c h  under l i nes  t he i m­

p o r t anc e  o f  not  on l y  t he pr es enc e  o f  s t r at a,  bu t  a l s o  of  

t he i r  di p.  As  r epor t ed  by  La Roc he l l e  ( 1975) ,  on t he 

s out h  s i de o f  t he r i v e r  whe r e  t he f l ow- s l i de  t ook  p l ac e,  

t he s t r a t i f i c a t i ons  we r e  d i pp i ng  1°  t o 2°  t owar ds  t he 

r i v e r  wh i l e  on  t he nor t h  s i de,  t hey  wer e  d i pp i ng  i n l and;  

on  t he  nor t h  s i de  wh e r e  i mpr es s i v e  c l ay  c l i f f s  we r e  e x ­

pos ed,  on l y  mi n o r  s l i des  hav e  o c c u r r ed  a l t hough  t he upper  

20 m t h i c k  l ay er  o f  c l ay  was  obs e r v ed  t o mo v e  o u t  mor e  

t han 8  c m a l ong  s t r a t i f i c a t i on  pl anes .  I n t hi s  c as e  t he 

c h a r ac t e r i s t i c s  of  t he s t r a t a  he l ped  t o ex p l a i n  t he e x ­

t en t  o f  t he f l ow- s l i de ,  but ,  as  me n t i o n e d  i n s ec t i on  2. 2 

abov e,  t he f i r s t  s l i p  o f  t he r i v e r  bank  c ou l d  be bac k -  

a n a l y s ed  s uc c e s s f u l l y  wi t h o u t  t ak i ng  i nt o ac c oun t  t he 

p r es enc e  o f  t he s t r at a.

3. 4 Human_ a c t i v i t y

One o t her  f ac t or ,  human ac t i v i t y ,  has  been  men t i o n e d  by  

t h r ee  Au t hor s  and  i s o f  s ome i mpor t anc e  es pec i a l l y  i n 

s o f t  c l ay  ar eas .  The  s pec t ac u l a r  s l i de o f  Ri s s a has  been  

t r i gger ed  by  man.  Gr ege r s en  r epor t s  t ha t  t he s l i de  was  

i n i t i a t ed  by  an ear t h  f i l l  o f  700 m3 p l ac ed  on  t he s hor e  

o f  l ak e Bot nen.  Dy s l i  & Rec o r don  a l s o  r epor t  t ha t  o ne  of  

t he ea r t h - f l ows  t nat  t hey  hav e  been s t udy i ng  r es u l t ed  

f r om t he c o ns t r uc t i on  o f  a h i ghway  ac r os s  t he ar ea.  The 

i n f l uenc e  o f  human a c t i v i t y  i s a l s o  wel l  i l l us t r a t ed  by  

Vi ber q  who  g i v es  a gr aph s howi ng  ma r k e d  i nc r eas e  i n 

l ands ! i de  f r equenc y  s i nc e 1890,  per i od  wh i c h  c or r es ponds  

t o t he beg i nn i ng  o f  t he c ons t r u c t i o n  o f  r a i l r oad  l i nes  

a nd  o f  t he i ndus t r i a l  er a.

3 . 5  0 t he r _ f ac t o r s

I n s ome c ount r i es ,  f r os t  i s a f ac t o r  o f  d e g r ada t i on  and 

we a t h e r i n g  o f  s oi l s  wh i c h  dec r eas es  t he s t r eng t h  o f  t he 

soi l  and  ma y  l ead t o ear t h f l ows  wh i c h  ar e us ua l l y  of  a 

s ur f i c i a l  na t ur e;  s uc h a c as e  i s  d i s c us s ed  by  Va l l e j o
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i n t he t emper a t e  c l i mat es ,  bu t  i n per i g l ac i a l  ar eas ,  

t hawi ng  c an be a ma j o r  f ac t o r  o f  a l t e r a t i o n  o f  l and-  

f o r m wh i c h  oc c ur s  ma i n l y  as  a s o l i f l uc t i on  phenomenon;  

Mc Rober t s  & Mor g e n s t e r n  ( 1974)  hav e  g i v en  a good 

d e s c r i p t i on  o f  t he me c h a n i s m and e x t en t  o f  t h i s  pr oc es s  

o f  d e g r ada t i on  o f  s l opes  i n no r t he r n  Canada.

THEME 4:  Sl i de  war n i ng  s y s t ems  and  me t hods  of  

p r ev en t i on  o f  l ands l i des

Mos t  o f  t he paper s  r e l a t ed  t o t h i s  t heme i n t he Ses s i on  

r e f e r  t o meas u r es  wh i c h  a r e  app l i ed  i n p r ac t i c e  t o 

p r ev en t  s l i d i ng  or  t o i mpr ov e  s t ab i l i t y ;  a s i ng l e  c o n ­

t r i bu t i on  dea l s  wi t h  wa r n i ng  s y s t ems .  Howev er ,  be t ween 

t he Tok y o  I n t er nat i onal  Con f e r enc e  ( 1977)  and  t he p r e ­

s ent  one,  ma n y  paper s  on  t hi s  ma t t e r  hav e been  i nc l uded 

i n t he f o l l owi ng  pub l i c a t i ons .

-  The Pr oc eed i ngs  of  t he  I n t er nat i ona l  Sy mpos i um on 

Lands l i des ,  New Del hi ,  I ndi a,  1980:  Ses s i on  V was  

dev o t ed  t o p r ed i c t i on  o f  l ands l i de  behav i ou r  ( 11 

paper s ) ,  and Ses s i on  VI  de l t  wi t h  l ands l i de  c ont r ol  

me a s u r es  and t he i r  e f f i c ac y  ( 15 paper s ) ;  t hes e  c o n ­

t r i bu t i ons  ar e  i nc l uded  i n Vo l ume I  o f  t he pr oc eed i ngs ;  

Vo l ume I I  c on t a i ns  t he Gener al  Repor t s  by  Bhandar i ,  and 

by  Da t y e  on t he abov e  men t i oned  s ub j ec t s ,  r es pec t i v e l y ,  

and  a l s o  t he  i nv i t ed  l ec t u r e  on " I ns t r ument a t i on ,  i t s  

r o l e  i n l ands l i de  p r ed i c t i on  and c ont r o l "  p r es en t ed  by  

Fu k u o k a .

-  The  Spec i a l  Repo r t  176 on " Lands l i des ,  ana l y s i s  and 

c ont r o l " ,  pub l i s hed  by  t he Tr ans p o r t a t i o n  Res ear c h  

Boar d ,  Nat i onal  Ac ad e my  o f  Sc i enc es ,  Wa s h i n g t o n  D. C. ,  

USA,  1978;  Chapt e r s  8 and 9 c on t a i n  i n f o r mat i on  on 

des i gn  p r oc edur es  and  r emedi a l  me a s u r es  f or  soi l  and 

r oc k  s l opes ,  and  c hap t e r  5 on f i e l d  i ns t r ument a t i on .

-  The  p r oc eed i ngs  o f  t he Si x t h  As i an  Regi onal  Con f e r enc e  

on Soi l  Mec han i c s  and  Founda t i on  Eng i neer i ng ,  Si ngapor e ,  

1979;  s ev er al  paper s  on l ands l i de  s t ab i l i z a t i on  us i ng  

r e t a i n i ng  wal l s ,  c a i s s ons ,  pe r f o - bo l t s  and  p r es t r es s ed  

anc hor s ,  d r a i ns ,  et c .

Al s o ,  a n umber  o f  paper s  hav e been s ubmi t t ed* t o  

Ses s i on  12 o f  t he p r es en t  I n t er nat i ona l  Con f e r enc e ,  

wh i c h  des c r i be  s ome met hods ,  f o r  soi l  i mp r ov ement  t ha t  

may  a l s o be app l i c a b l e  t o p r ev en t  l ands l i des .

4. 1 Wa r n i n g s y s t e ms

To s t udy  t he e v o l u t i on  o f  a s l i de  by  means  o f  o b s e r v a ­

t i onal  t ec hn i ques ,  Mi t c hel l  & Wi l l i ams  c ar r i ed  out  

me as u r emen t s  on  a s l ope  o f  Champ l a i n  c l ay ,  Canada,  

wh i c h  was  b r ough t  t o f a i l u r e  by  i nc r eas i ng  t he 

hy dr au l i c  p r es s u r e  i n r ec ha r ge  wel l s .  Pr ev i ous  s t a b i ­

l i t y  ana l y s i s  o f  t h i s  s l ope s howed t ha t  t he  s af e t y  

f ac t o r  was  c l os e  t o uni t y .  The  Au t hor s  c ommen t  t ha t  t he 

v i s ual  obs e r v a t i o n  o f  c r ac k s  and d e f o r ma t i on  at  t he t oe 

o f  t he s l ope,  p i ez omet r i c  mon i t o r i n g  and me as u r emen t s  

by  means  of  mi c r o s e i s mi c  or  ac ous t i c  me t hods  ar e not  

c l ea r  i nd i c a t o r s  o f  t he i ns t ab i l i t y  o f  nat ur al  s l opes  

on c l ay s  o f  t h i s  t y pe,  wh i c h  a r e  o v e r c ons o l i da t ed ,  

f i s s u r ed  and v e r y  p l as t i c  ( w^ = 66%,  wp= 8 t o 10) .

The  i ns t r ument a l  dat a c o l l ec t ed  at  t he t es t  s l ope 

r ev ea l ed  t he r es pons e  o f  t he d i f f e r en t  i ns t r ument s  

i ns t a l l ed  ( p i ez omet er s ,  de f l ec t ome t e r s ,  s hear  d i s ­

t o r t i on  meas u r i n g  dev i c es  and  e x t e n s o me t e r s ) . Fo l l owi ng  

t hes e  r es ul t s ,  t he Au t hor s  r ec ommend,  f or  mon i t o r i ng  

t he l ong - t e r m behav i our ,  t he us e  o f  ex t ens omet e r s  near  

t he s ur f ac e  c onnec t ed  t o an a l a r m d ev i c e  wh i c h  wi l l  be 

t r i gger ed  when  t he s l ope d e f o r ma t i on  r eac hes  a 

s pec i f i ed  l i mi t  v al ue.  Ma i n t enanc e  o f  s uc h a d ev i c e  i s 

s i mp l e  and  c an be ad j us t ed  pe r i od i c a l l y  so as  t o hav e 

a c o mp l e t e  r ec or d  o f  t he s l ope  mov ement .  Thi s  paper  

al s o  c on t a i ns  i n f o r mat i on  on t he b e hav i ou r  o f  s e n s i ­

t i v e  c l ay s ,  as  i nd i c a t ed  i n a pr ev i ous  s ec t i on  o f  t hi s  

Repor t .

The  us e o f  a pho t og r ammet r i c  me t hod  t o obs e r v e  s l ope 

mo v emen t s  i s a d v oc a t ed  by  Sh i e l ds  and Ha r r i n g t o n .

Al t hough  t he i r  paper  r e f e r s  s p e c i f i c a l l y  t o t he det ec -  

t i on o f  d i s p l ac emen t s  i n open  mi n e  ex c av a t i ons ,  t he 

me t hod  mi gh t  be app l i ed  t o ear t h f l ows  and  may  pr ov i de  

de t a i l ed  i n f o r mat i on  on t he ma j o r  f ea t u r es  o f  t h i s  t y pe 

of  s l i de.  The  au t hor  c omment s  on how t o get  ac c ep t ab l e  

ac c u r ac y  wi t h  c onv ent i ona l  equ i pment .  ^

4 - 2  Pc e v e n t i on_o f _ l ands l i des

Dr a i nage  i s  one  of  t he mo s t  c o mmo n l y  us ed means  of  

i mpr ov i ng t he  s t ab i l i t y  o f  nat ur al  s l opes  and c ut t i ngs .  

Nonv e i l l e r  i nv es t i ga t ed  t he e f f ec t  o f  hor i z ont a l  dr a i ns  

on  s l ope  s t ab i l i t y  t ak i ng  i nt o ac c oun t  t he t i me 

r equ i r ed  t o es t ab l i s h  t he f l ow o f  wa t e r  i n t he  doma i n  

o f  eac h dr a i n,  wh i c h  i n t ur n depends  on  i t s  l eng t h  and 

s pac i ng,  as  wel l  as  on t he c o e f f i c i en t  o f  c o n s o l i da t i on  

o f  t he s oi l .  Bas ed  on  t he t heor y  o f  c o n s o l i da t i on  and 

by  means  o f  f i n i t e  d i f f e r enc es ,  t he Au t ho r  es t i mat es  

wa t e r  p r es s ur e  d i s s i pa t i on ,  i nc r ement  o f  e f f ec t i v e  

s t r es s es  i n t he z one o f  i n f l uenc e  o f  t he dr a i n,  c o r r e ­

s pond i ng  s e t t l emen t s  and t he t i me r equ i r ed  by  t he  pr oc es s .  

Wi t h  a par ame t r i c  appr oac h ,  t wo s l opes  ( 2: 1 and  3: 1)  

a r e  ana l y z ed ,  v a r y i ng  t he l engt h,  s pac i ng and l oc a t i on  

o f  t he dr a i ns -  Thi s  t heor e t i c a l  s t udy  d i s c l os es  t hat  

s hor t  dr a i ns  i ns t a l l ed  i n t he f ac e o f  t he s l ope hav e 

l es s  s t ab i l i z i ng  e f f ec t  t han l ong dr a i ns  bor ed  at  t he 

bas e,  t he l a t t e r  be i ng  a l s o  mor e  e f f ec t i v e  t han a 

d r a i n a g e  d i t c h  e x c av a t ed  at  t he t oe.  Ano t h e r  c o n c l u ­

s i on  o f  pr ac t i c a l  i n t e r es t  de r i v ed  f r om t he abov e  

men t i o n e d  s t udy  i s t he ev a l ua t i on  o f  t he t i me  n e c e s ­

s a r y  t o i nc r eas e  t he s a f e t y  f ac t o r  i n t er ms  o f  t he 

c o e f f i c i en t  o f  c ons o l i da t i on ;  i t  i s s hown t hat  s a t i s ­

f ac t o r y  s t ab i l i s a t i on  c an be ac h i ev ed  wi t h i n  one mon t h  

i n s andy  or  s i l t y  ma t e r i a l ,  wh i l e  i t  ma y  t ak e  s i x  

mon t hs  i n c l ay s .  The des i gn  o f  hor i z ont a l  d r a i ns  f or  

soi l  s l opes  was  s t ud i ed  by  Kenney ,  Paz i n  & Choi

( 1977)  who  p r ov i de  des i gn  c har t s  as  s ugges t ed  g u i d e ­

l i nes .  A c as e  h i s t o r y  of  t he s t ab i l i z a t i on  o f  a l a n d ­

s l i de  i n s t r a t i f i ed  s ens i t i v e  c l ay  by  means  o f  s u b ­

hor i z ont a l  d r a i ns  pus hed  i nt o t he t oe o f  t he  s l ope i s 

a l s o  r epo r t ed  by  La Roc he l l e  et  al .  ( 1977)  wi t h  an e-  

v a l ua t i on  o f  t he i r  benef i c i a l  e f f ec t s ;  d r a i nage  has  

i nc r eas ed  t he f ac t o r  o f  s a f e t y  o f  t he  s l ope by  30%.

Among  t he paper s  on s t ab i l i t y  ana l y s i s  ( Theme 2)  p r e ­

s ent ed  t o Ses s i on  11,  t wo r e f e r  t o d r a i nage  as  a 

me t hod  o f  i mpr ov i ng  s t ab i l i t y  ( Dy s l i  & Re c o r d o n ; 

Manf r ed i n i  et  a l . ) .  I t  i s a l s o  wor t h  no t i ng  t hat  a 

paper  by  Den i au  et  a l . p r es en t ed  t o Ses s i on  3 

d es c r i bes  a new t ec hn i que  t o dev e l op  a deep  d r a i nage  

t r enc h i nt o t he soi l  by  d i gg i n g  a s l u r r y  t r enc h wi t h  

a b i o - de g r a d a b l e  s l u r r y  mi x ed  wi t h  c l ean  s and;  t hi s  i s 

f ound  t o be a v er y  p r omi s i ng  t ec hn i que.

Ano t he r  means  o f  i mpr ov i ng  t he s t ab i l i t y  o f  s l opes  c o n ­

s i s t s  o f  d r i v i ng  pi l es  ac r os s  t he uns t ab l e  mas s  down 

t o t he u nde r l y i ng  s t ab l e  s oi l ;  t he l oc a t i on  o f  t he 

pot ent i a l  s l i p  s u r f ac e  and  t he s hear  f o r c e  needed t o 

i nc r eas e  t he  s a f e t y  f ac t o r  by  a g i v en amount ,  i s us ua l l y  

ac c omp l i s h e d  by  per f o r mi ng  c onv en t i ona l  s t ab i l i t y  a n a ­

l y s es .  Vi gg i ani  d i s c us s es  t he mec han i s ms  o f  f a i l u r e  o f  

t he  p i l es  bas ed  on t he Br o ms 1 c onc ep t  ev a l ua t i ng  t he 

y i e l d  v a l ue  o f  t he s o i l - p i l e  i n t e r ac t i on  i n t he  c as e 

o f  c ohes i v e  s oi l s .  The  Au t ho r  c ons i der s  t hr ee modes  o f  

f a i l u r e  f o r  bot h t he r i g i d  p i l e  and t he p l as t i c a l l y  

h i nged  p i l es ,  f or  wh i c h  t he f or mul i  and c o r r es pond i ng  d e ­

s i gn  c har t s  we r e  dev e l oped.  Ag r eemen t  be t ween t he t heo r e ­

t i cal  ex p r es s i ons  and  f ul l  s c a l e  meas u r ement s  t ak en 

f r om t he l i t e r a t u r e  appear s  t o be q u a l i t a t i v e l y  s a t i s ­

f ac t or y .  A s i mi l a r  t y pe o f  p r o t ec t i v e  meas u r e  i s 

d e s c r i bed  by  Hude r  & Du e r s t , c ons i s t i ng  o f  a t i ebac k  

i n t e r mi t t en t  p i l e  wal l  t ha t  was  bu i l t  a t  t he en t r anc e  

o f  t he  Bo r n ' s  r a i l r oad  t unnel  i n Swi t z e r l and .  Si nc e  

r a i s i ng  o f  t he p i ez omet r i c  l evel  c an i nduc e a c r i t i c al
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s t ab i l i t y  c ond i t i on ,  geode t i c  s ur v ey s  as  wel l  as  t i l t  

and  por e  p r es s u r e  me a s u r emen t s  a r e  per i od i c a l l y  p e r ­

f o r med  t o p r ev en t  an ac c i den t ;  d r a i nage  and  dewat e r i ng  

s y s t ems  wer e  c ons i de r ed  not  e f f e c t i v e  i n t hi s  c as e.

The phot o  d o c u me n t a t i on  p r es en t ed  by  Be r n t s on  & L i ndh 

on t he Tuv e  s l i de  near  Got henbur g ,  Sweden,  i l l us t r a t es  

s ev er al  o f  t he  s t ab i l i t y  meas u r es  t ha t  we r e  t ak en i n 

r i s k  ar eas  a r ound  t he l ands l i de ,  t o pr o t ec t  p r i v at e 

p r ope r t y  f r om damage.  Among  t hes e  meas u r es ,  s hou l d  be 

ment i oned :  1)  t he ex c av a t i on  o f  t r enc hes  t hr ough  t he 

s l i de  mas s  down t o bedr oc k  o r  f r i c t i ona l  s oi l ,  s ub ­

s e quen t l y  f i l l ed  wi t h  r oc k f i l l ;  2)  s heet  p i l e wal l s  

anc ho r ed  wi t h  t i e r ods  i n t he bedr oc k ,  and 3)  c i r c u l a r  

s hee t  p i l e  wa l l s  c omb i ned  wi t h  l i mes t one  c o l umns  t o he l p  

r ec ons o l i da t i on  o f  t he c l ay .  The  Au t hor s  c omment  t hat  

t he mo s t  s u i t ab l e  me t hod  was  t he bu t t r es s i ng  o f  t he 

l ands l i de  edge  wi t h  r oc k f i l l  p l ac ed  i n a pr ev i ous  

ex c av a t i on  c a r r i ed  down t o bedr oc k  or  t o f r i c t i onal  

s o i l s .

Ca r t i e r  et  a l . r epo r t  on t he s t ud i es  r ec en t l y  under -  

t ak en  i n Fr anc e  t o ana l y z e  t he pe r f o r manc e  o f  r a i l r oad  

embank men t s  i n v i ew o f  t he i nc r eas ed  f r equenc y  o f . ma i n ­

t enanc e  and  r epa i r  wor k s .  Mos t  o f  t hes e  ear t h f i l l s  we r e  

bu i l t  dur i ng  t he l as t  c en t u r y  wi t h  equ i p me n t  and  s p e c i ­

f i c a t i ons  t hat  ar e f ar  f r om ac c ep t a b l e  by  c u r r en t  s t a n ­

dar ds .  Bas ed  on f i e l d  o b s e r v a t i ons  and  r ec or ds  o f  t he 

r ai l  l ev e l l i ng  i n a number  of  s ec t i ons  o f  t he r a i l way  

s y s t em,  a c l a s s i f i c a t i on  o f  t he p r ob l ems  a s s oc i a t ed  

wi t h  t he s t ab i l i t y  o f  t hes e  embank ment s  was  a t t empt ed.  

Fr om t hi s  s t udy ,  i t  was  c onc l uded  t hat :  1)  mo s t  o f  t he 

d e t ec t ed  i ns t ab i l i t i es  ar e  r e l a t ed  t o t he na t u r e  o f  t he 

ma t e r i a l s  us ed i n c ons t r uc t i on ,  t o t he ac t i on  o f  r a i n ­

wa t e r  on t he  t op o f  t he embank ment ,  and t o t he e r os i on  

and  i n f i l t r a t i on  o f  wa t e r  at  t he bo t t om o f  t he  f i l l  due 

e i t he r  t o i t s  p r ox i mi t y  t o a r i v e r  or  t o a l at er al  

bo r r ow p o o r l y  d r a i ned ,  and  2)  t he bes t  i ndi ca- t or  of  

t he embank me n t  s t ab i l i t y  o r  i ns t ab i l i t y  i s t he h o r i z o n ­

t al  d i s p l ac emen t  o f  t he upper  par t  of  t he ear t hf i l l  due 

t o p l as t i c  d e f o r ma t i on  i nduc ed by  r epea t ed  l oadi ng.  The 

a c c u mu l a t ed  l ev e l l i ng  c o r r ec t i ons  of  t he r a i l s  p l o t t ed  

i n t er ms  o f  t i me,  a l s o g i v e  a good i nd i c a t i on  o f  t he 

ear t hf i l l  behav i our .

Af t e r  r ev i ewi ng  t he r ec en t  t ec hni c al  l i t e r a t u r e ,  t he 

Repor t e r s  f eel  t ha t  t her e  has  been  a g r owi ng  emphas i s  

p l ac ed  on t he us e o f  heav y  wor k s  t o p r ev en t  o r  c ont r ol  

l ands l i des .  Dur i ng  t he l as t  f ou r  y ear s ,  ma n y  ex ampl es  

hav e  been d e s c r i bed  o f  b u t t r es s ed  r e t a i n i ng  wa l l s ,  

a n c ho r ed  s heet  p i l es  wa l l s ,  c a i s s ons ,  pi l ed wa l l s ,  

p i l es ,  r oc k  dy k es ,  e l abo r a t e  d r a i nage  wor k s ,  et c . . .

I t  mi gh t  be us ef ul  t o l ook  mor e  c l os e l y ,  i n t he  near  

f ut ur e,  at  t he me d i u m- t e r m pe r f o r manc e  of  t hes e s t r u c ­

t ur es  and  at  t he i r  c os t / b e n e f i t  r at i o.

FI NAL COMMENTS

Fo l l owi ng  t he i r  e x t ens i v e  r ev i ew o f  al l  t he paper s  

p r es en t ed  t o t hi s  Ses s i on,  t he  Repor t e r s  hav e ac qu i r ed  

c e r t a i n  p e r s pec t i v e  v i ews  wh i c h  t hey  wou l d  l i k e  t o 

s har e  wi t h  t he r eader s  f o r  t he bene f i t  o f  d i s c us s i on.  

Th e y  c ons i de r  t ha t  t hes e  paper s  g i v e  an i mpor t an t  

a moun t  o f  v a l uab l e  dat a wh i c h  wi l l  c on t r i bu t e  t o 

i mpr ov e our  k nowl edge  o f  s l ope behav i our .  I t  has  

bec ome obv i ous  t hat  muc h  wor k  r emai ns  t o be done  on a 

r egi onal  bas i s  and  t ha t  t he ac c umu l a t ed  k nowl edge  

c a nno t  be g e n e r a l i z ed  t o al l  geogr aph i c a l  ar eas .  The  

Repo r t e r s  c e r t a i n l y  do not  s har e  t he pes s i mi s t i c  v i ews  

t ha t  ou r  k nowl edge  on s l ope s t ab i l i t y  p r ob l ems  has  

not  i mpr ov ed  i n s p i t e  o f  al l  t he e f f o r t s  and  ex pens es .  

Some o f  t he paper s  p r es en t ed  t o t h i s  Ses s i on  deal  wi t h  

t he f undament a l  as pec t s  o f  s l ope  s t ab i l i t y ,  and ot her s  

p r es en t  c as e  h i s t o r i es  s uppor t ed  by  f i e l d  obs er v a t i ons ;  

bot h  o f  t hes e c a t ego r i es  o f  paper s  ar e l ead i ng t o 

p r o g r e s s .

One o f  t he mo s t  i mpor t an t  r e s p o n s i b i l i t i es  o f  t he 

geot ec hn i c a l  e n g i nee r  i nv o l v ed  i n l ands l i de  pr ob l ems  

i s t he de t ec t i on  and c l a s s i f i c a t i on  o f  r i s k  ar eas :

-  J udgme n t  on t he s t ab i l i t y  o f  nat ur a l  s l opes  i n a 

g i v en  r eg i on  c an be bas ed on ma n y  dat a,  t he f i r s t  

one  t o be c ons i de r ed  be i ng  t he geo mo r p h o l o g y  of  

t he  ar ea.

-  I n o r de r  t o he l p  a be t t e r  ev a l ua t i on  o f  t he s t ab i l i t y  

o f  a s l ope  i n a g i v en  ar ea,  t he c o l l ec t i o n  and 

pr oc es s i ng  o f  l o ng - t e r m dat a on r ai nf a l l  and i t s  

i n f l uenc e  on t he por e p r es s u r e  i n d i f f e r en t  t e r r a i ns  

s hou l d  be c ons i de r ed  es s en t i a l .  Some s pec i al  a t t e n ­

t i on s hou l d  a l s o  be dev o t ed  t o a r t es i a n  pr es s ur e.

-  St r a t i g r aph i c a l  d i s c on t i n u i t i e s  and  t he i r  i mp l i c a t i ons  

on  t he  s t ab i l i t y  o f  t he s l ope  s hou l d  be i nv es t i ga t ed  

mos t  c ar e f u l l y .  Howev er ,  i t  s hou l d  be r ea l i z ed  t hat  

s uc h a f ea t u r e  ma y  be ne i t he r  a s u f f i c i en t  nor  a 

nec es s a r y  c o nd i t i on  f or  a l ands l i de  t o oc c ur .

The  l i mi t  equ i l i b r i u m me t hods  o f  s t ab i l i t y  ana l y s i s  

s a t i s f y i ng  t he equa t i ons  o f  s t a t i c  equ i l i b r i u m and a l s o  

Bi s hop ' s  s i mp l i f i ed  me t hod  ar e s u f f i c i en t l y  a c c u r a t e  t o 

be us ed as  a v a l uab l e  e n g i nee r i ng  t ool  bot h f or  h o mo ­

geneous  or  h e t e r ogeneous  s oi l s .  The  FE met hod  i s a l s o  

a v a l uab l e  t ool  bu t  o n l y  f or  de f i n i ng  qua l i t a t i v e l y  t he 

s t r e s s - s t r a i n  b e hav i ou r  o f  t he soi l  mas s  be f o r e  f a i l u r e ;  

howev er ,  f i e l d  me as u r emen t s  c an  he l p  t o quan t i f y  

app r o x i ma t e l y  t he c ompu t ed  r es ul t s .

Th e r e  i s mor e  and mo r e  ev i denc e  t end i ng  t o s how t ha t  t he 

e f f e c t i v e  s t r es s  ana l y s es  ar e mor e  r e l i ab l e  t han t he 

t ot al  s t r es s ,  ev en f o r  c as es  o f  s ho r t - t e r m s t abi l i t y .

Ac c o r d i ng  t o a c c u mu l a t ed  ev i denc e ,  o f  t he t h r ee  l ev el s  

o f  s hear  s t r eng t h  wh i c h  a r e  c ons i de r ed  i n t hi s  r epor t  

i n t he  c as e  o f  s t r a i n - s o f t en i ng  ma t e r i a l s  ( peak ,  f u l l y -  

s o f t ened  or  l a r ge s t r a i n,  and  r es i dua l ) ,  t he peak  

s t r eng t h  does  not  s eem t o be mob i l i z e d  i n nat ur e.  For  

t he f i r s t - t i me  s l i de,  t he mob i l i z e d  s t r eng t h  on t he 

f a i l u r e  s u r f ac e  a t  f a i l u r e  c o r r es ponds  t o t he " f u l l y -  

s o f t ened"  v a l ue  i n ov e r c o n s o l i d a t e d  c l ay s ,  and t o t he 

" s t r eng t h  at  l a r ge  s t r a i n"  i n n o r ma l l y  c o ns o l i da t ed  

c l ay s ;  t h i s  i mpl i es  t ha t  t he s t r a i n  c o mp a t i b i l i t y  does  

not  need  t o be t ak en  i nt o ac c oun t  f o r  al l  pr ac t i c al  

pur pos es .  The r es i dual  s t r eng t h  on l y  app l i es  t o 

r e ac t i v a t i on  o f  o l d  f a i l u r e  s ur f ac es  i n o v e r c o n s o l i d a ­

t ed,  f i s s u r ed  c l ay s  and  c l ay  s hal es .

Of  al l  t he  f ac t o r s  i den t i f i ed  as  c o n t r i bu t i ng  t o t he 

i n s t ab i l i t y  of  s l opes ,  t he mo s t  r ec u r r en t  and  i mpor t an t  

o ne  i s t he i nc r eas e  i n por e pr es s ur e ;  t h i s  may  r es u l t  

f r om nat ur a l  c l i ma t i c  c ond i t i ons  s uc h as  r a i nf al l  and 

s nowmel t ,  o r  f r om o t he r  i n t e r v en t i on  s uc h as  human 

ac t i v i t y .  I t  s hou l d  be emphas i z e d  t ha t  p i l e d r i v i ng  c an 

c aus e  f a i l u r e  o f  a s l ope i n c e r t a i n  s oi l s .

No g e n e r a l i z a t i on  o f  app r oac h  t o t he p r ob l em o f  s l ope 

s t ab i l i t y  wi l l  ev er  be pos s i b l e ,  as  t oo ma n y  v ar i ab l es  

a r e  i nv ol v ed.  Eac h p r ob l em has  t o be s t ud i ed  wi t h i n  i t s 

r egi onal  c ont ex t .  Howev er ,  t he bas i c  p r i nc i p l es  and t he 

p r ov en  ex pe r i enc es  a c c u mu l a t ed  i n t he f i e l d  o f  g e o ­

t ec hni c a l  eng i nee r i ng  may  f ac i l i t a t e  t he t r ans f e r  of  

v a l uab l e  appr oac hes  be t ween  geot ec hn i c a l  r eg i ons .  I n 

t ha t  pe r s pec t i v e ,  t he Repor t e r s  be l i ev e  t ha t  t he c o n ­

t r i bu t i ons  t o t h i s  Ses s i on  hav e s er v ed  a us ef ul  pur pos e.
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i s g r ea t l y  app r ec i a t ed .  The f i nal  c omment s  r e f l ec t  t he 

es s enc e  o f  t he c onc l us i ons  r eac hed  by  t he  Repor t e r s  

upon  d i s c us s i ng  t he s ubs t anc e  o f  t he  c on t r i bu t i ons  

p r es en t ed  at  Ses s i on  11.  Par t  o f  t he r epor t  was  wr i t t en  

dur i ng  a t wo - week  s t ay  o f  t he Co- Repo r t e r ,  and f i r s t  

Aut hor ,  P.  La Roc he l l e ,  i n Mex i c o  under  t he  aus p i c es  o f  

t he I ns t i t u t o  de I ngen i er i a  o f  t he  Un i v e r s i dad  Nac i onal  

Au t ónoma de  Méx i c o  and  o f  t he  Go u v e r nemen t  du Quebec ,  

Canada.  The  Repo r t e r s  ac k n o wl e d g e  t he c o n t r i bu t i on  of  

t he i r  r es pec t i v e  i ns t i t u t i ons :  I ns t i t u t o  de I ngeni er i a ,  

UNAM,  and  Un i v e r s i t é  Lav al ,  Québec .
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