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Th===SI S 4- • I n t hl S paper  SOm0 t heor et i cal  concept s  r ef er r i ng t o s t abi l i t y  anal ys i s  met hods  ar e di scussed 
hese concept s  c a m expl ai n some di sagr eement s  bet ween cal cul at i ons  and s t r uc t ur al  behavi our .

1.  I NTRODUCTI ON

I t  has been f r equent l y  r epor t ed i n t he t echni ­

cal  l i t er at ur e,  t hat  i n some cases  t he usual  met hods  f or

eval uat i ng t he s t abi l i t y  of  s l opes  r ender  val ues  t hat  __

ar e not  i n agr eement  wi t h t he s t abi l i t y  c ondi t i ons  ______

obser ved i n t he f i el d.  I t  seems t o be t hat  t hi s  di s a___

gr eement  mi ght  par t i al l y  f i nd i t s cause i n a def i c i ent  -  

way  t o appl y  t he f undament al  concept s  on whi ch t he st abi  

l i t y  anal ys i s  met hods  ar e based. .  Two mi sappl i cat i ons  - -

ar e di scussed f ur t her  on,  t oget her  wi t h t he bas i c  c on___

cept s  - t o whi ch t hey ar e r el at ed.

2.  THE USE OF THE COHt SI VE AND THE FRI CTI ONAL SHEAR RE­

SI STANCE CONCEPTS.

Fr om t he shear  r es i s t ence poi nt  of  vi ew,  t her e 

ar e t wo di f f er ent  ways t o s t abl i sh t he saf et y  f ac t or  -  -  

f or  a soi l  s t r uct ur e,  each l eadi ng t o a di f f er ent  def i ni  

t i on of  t hi s  concept ,  one appl i ed t o f r i c t i onal  soi l s  __

and t he ot her  t o cohes i ve soi l s.

Fi g.  1.  shows schemat i cal l y  t he c l ass i cal  pr o ­

bl em of  shear  f ai l ur e i n Mechani cs .  I n par t  1. 1 of  t he 

f i gur e,  t her e appear s  t he cas e wher e t he shear  s t r engt h 

i s not  a f unc t i on of  t he nor mal  f or ce appl i ed and t hus  -  

i t  has a cons t ant  val ue C.  The max i mum f or ce P t hat  can 

be appl i ed bef or e t he r el at i ve movement  s t ar t s  i s Pmax  =

C.  I f  a s mal l er  f or ce P i s appl i ed,  no movement  wi l l  __

occur ,  and how f ar  f r om movement  t he s t abi l i t y  condi ___

t i ons ar e,  can be es t i mat ed t hr ough t he f ac t or  of  s af e__

t y,  expr essed as:

( 1 )

whi ch i s t he t r adi t i onal  way t o expr ess  i t  i n pr obl ems - 

of  f i xed shear  s t r engt h,  t hat  i s,  as  t he r el at i ons hi p -  

bet ween t he avai l abl e shear  f or ce ( or  s t r engt h) and t he 

appl i ed shear  f or ce ( or  st r ess)  i s const ant .  Thi s  def i ­

ni t i on of  t he saf et y  f ac t or  has been t r adi t i onal l y  used 

f or  cohes i ve soi l s  i n Soi l  Mechani cs.

C O H E S I V E

P m r ix .  = C

l . l .  C O H E S I V E  R E S I S T A N C E
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1 . 2  F R I C T I O N A L  R E S I S T A N C E

F I G .  I .  S A F E T Y  F A C T O R S  ( ( • )  A S  D E F I N E D  I N  

C O H E S I V E  A N D  F R I C T I O N A L  S O I L S .

The second par t  of  Fi g.  1 shows t he case -  —  

wher e t he avai l abl e shear  r es i s t ance f or ce i s a l i near  

f unc t i on of  t he nor mal  f or ce app l i ed . Thi s  i s t he case 

of  a pur el y  f r i c t i onal  behavi our .  Now,  i f  f or ce P i s -  

appl i ed wi t h an angl e et  <  $ ( wher e $ i s t he angl e of  -  

f r i c t i on)  r el at i ve movement  wi l l  never  t ake pl ace,  no ma 

t t er  how l ar ge P mi ght  be,  and t o eval uat e t he s t abi l i t y  

condi t i ons,  t he f ac t or  of  saf et y  must  be s t abl i shed i n 

t er ms of  t he s l opi ng angl e of  t he appl i ed f or ce P,  as  -  

compar ed wi t h t he angl e of  f r i c t i on,  t hat  i s:

P c o s «  t an oi .

(2 )P senot

whi ch l eads  t o:

p _ t an P 
s t an oc (3)

Thi s  means  t hat  t he f ac t or  of  saf et y  i s not  -  

a f unc t i on of  t he magni t ude of  t he appl i ed f or ce P,  -  -  

but  onl y  of  i t s  di r ec t i on ae and t he f r i c t i on angl e pi . -

Thus,  t wo concept ual l y  di f f er ent  appr oaches  -  

ar e necessar y ,  one f or  cohes i ve and one f or  f r i c t i onal

soi l s.  I n pr act i ce,  t he use of  t hi s  t wo di f f er ent  ___ -

appr oaches  has not  been cons i der ed appr opr i at e,  and t o ma
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ke t hem compat i bl e,  t he saf et y  f ac t or  f or  f r i c t i onal  —  

soi l s  has been appl i ed us i ng equat i on ( 2)  r at her  t han -  

equat i on( 3)  ( except i on made of  s l opes  i n c l ean sand)  -  

whi ch appar ent l y  def i nes  t he saf et y  f ac t or  f or  f r i c t i o ­

nal  soi l  i n t er ms of  f or ce i nt ens i t i es ,  i ns t ead of  i n -  

t er ms of  angl es.  Us i ng t hi s appr oach t he saf et y  f ac t or  

appar ent l y  becomes equal l y  def i ned i n f r i c t i onal  and —  

cohes i ve soi l s,  f or  i f  t he shear  r es i s t ance i s  cons t ant  

f or  a gi ven nor mal  s t r ess,  t hen equat i ons  ( l )  and ( 2)  -  

concept ual l y  coi nc i de.

However ,  by  def i ni ng t he saf et y  f ac t or  i n -  -  

f r i c t i onal  soi l  as a r el at i on of  f or ce i nt ens i t i es  and 

cons t ant l y  us i ng t hi s  appr oach , t he Soi l  Mechani cs  -  -  

engi neer s  came t o f or get  t hat  f r i c t i onal  behav i our  -  —

does not  depend on f or ce i nt ens i t i es  but  on angl e v a---

l ues .

I n pr act i ce,  t he s af et y  f ac t or  i s used as  an 

i ndi cat or  of  how f ar  f r om f ai l ur e a gi ven soi l  s t r uc t u ­

r e i s.  I f  when eval uat i ng t he s t abi l i t y  of  a s t r uc t u—  

r e,  t he des i gner  i mpl i c i t y  t hi nks  as  i f  t he nor mal  f or ­

ce i n equat i on ( 2)  wer e c ons t ant  and t he shear  f or ce —  

wer e t he onl y  one t hat  c an var y,  t hen a saf et y  f ac t or  -  

of ,  f or  exampl e t wo,  i s i nt er pr et ed as i f  t he shear  f or  

ces can be dupl i cat ed bef or e r eachi ng f ai l ur e.  Thi s  —  

r epr esent s  a t r ans f or mat i on of  f r i c t i onal  soi l s  s t abi l i  

t y  pr obl ems,  t hat  ar e gover ned by  f r i c t i onal  mechani cs,  

i nt o cohes i ve soi l s  s t abi l i t y  pr obl ems  wi t h c ons t ant  —  

shear  st r engt h.  Such pr ocedur e mi ght  end i n mi s l eadi ng 

val ues  i n pr ac t i ce.

I n f act ,  when equat i on ( 2)  i s  expr essed i n —  

t er ms of  ef f ec t i ve s t r esses  i n Soi l  Mechani cs ,  t he f o—  

l l owi ng usual  ex pr es s i on i s  obt ai ned:

O’ t an

s = r

wher e t an j ' r epr esent s  t he aver age shear  s t r engt h -  

i n t he s l i di ng s ur f ac e ,based on t he s t r engt h par amet er  

obt ai ned f r om a dr ai ned t est ;  r epr esent s  t he mean 

shear  s t r ess  appl i ed on t he same s l i di ng sur f ace.  Equa 

t i on ( 4)  i s used i n pr ac t i ce as i f  &  woul d r emai n -  —  

cons t ant  as zr  i ncr eases.  A di r ec t  shear  t es t  c an exem 

pl i f y  t he usual  pr ocedur e t o eval uat e t he saf et y  f ac t or  

i n t hi s case.  A nor mal l y  consol i dat ed c l ay  sampl e i s  -  

shear ed under  nor mal  t ot al  s t r ess  <T , whi t hout  dr ai na—

ge.  Let  ABC ( Fi g.  2)  be t he ef f ec t i ve s t r ess  pat h - - - - -

t r oughout  t he t est .  Fol l owi ng t he s t r ess  pat h,  t her e -  

oc cur s  an ev er  i nc r eas i ng shear  s t r ess  up t o t he val ue 

S^  and an ev er  decr eas i ng nor mal  ef f ec t i v e s t r ess  as  —  

a c onsequence of  t he por e wat er  pr essur e i nc r ease due -  

t o t he shear  d i s t or t i on. When t he s ampl e i s  subj et ed -  

t o t he c ondi t i ons  r epr esent ed by  poi nt  B,  by  appl y i ng -  

equat i on ( 4)  t he saf et y  f ac t or  obt ai ned woul d be

F I G .  2  S T R E S S  P A T H  IN  A  C O N S O L I D A T E D  U N D R A I N E D  

D I R E C T  S H E A R  T E S T .

However ,  as  t he appl i ed s t r esses  r each f ai l u—  

r e,  t he f i nal  avai l abl e shear  s t r engt h wi l l  be S^,  whi ch 

i n t hi s exampl e i s smal l er  t han t he S^  pr ev i ous l y  c ons i ­

der ed , and t he al r eady  cal cul at ed saf et y  f ac t or  shows  t o 

be i n er r or ,  on t he unsaf e s i de i n t hi s  exampl e.  So,  by 

t he usual  pr ocedur es,  a saf et y  t hat  i s  not  i n agr eement ^  

wi t h t he r eal  one can be obt ai ned.  I n t he pr ev i ous  -  —  

exampl e,  a mor e r eal i s t i c  saf et y  f ac t or  woul d be

S 3
F = —

s r 2
whi ch i n pr ac t i ce can be eas i l y  ev al uat ed.

However ,  i n t hi s  l as t  expr ess i on,  t he i dea of  

a saf et y  f ac t or  as  t he r el at i on bet ween f or ces  i s s t i l l _ 

pr esent ,  even t hough i n f i gur e 2 i t  can eas i l y  be seen -  

t hat  t he c l ay  sampl e equi l i br i um ( i f  i t  shows a f r i c t i o ­

nal  behav i our  wi t h c = o)  depends  onl y  on t he or i ent a---

t i on of  t he v ec t or  f r om t he or i gi n t o any  poi nt  of  t he -  

s t r ess  pat h,  whi ch i s  t he vec t or  sum of  ef f ec t i ve nor mal  

and shear  s t r esses,  and not  on t he val ue of  t he shear  —  

s t r ess  al one as t he nor mal  s t r esses  r emai ns  const ant .

For  c l ay  s l opes,  when anal yzed i n t er ms of  -  -  

ef f ec t i ve s t r esses,  t he shear  s t r engt h l aw used can be -  

expr essed as

s = ^  t an

whi ch cor r esponds  t o a pur el y  f r i c t i onal  behavi our .  I n_ 

t hese cases  t he f ac t or  of  saf et y  mus t  be def i ned i n -  —  

t er ms of  t he s l ope angl e as  compar ed wi t h t he avai l abl e_ 

angl e of  i nt er nal  f r i c t i on.  I f  t he c l ay  mass  has no -  -  

excess  por e wat er  pr essur e,  t he s t abi l i t y  anal ys i s  c an -  

be r un i n t he same way  as i s usual  f or  c l ean sands  and -  

such met hod shoul d be cons i der ed r ec omendabl e. The s l o ­

pe angl e gover ns  i n t hi s  case t he s t abi l i t y  of  t he soi l _ 

s t r uc t ur e,  because at  t he s l ope sur f ace occur s  t he mos t _ 

unf avor abl e combi nat i on of  nor mal  and shear  st r esses.

The condi t i on t hat  no excess  por e wat er  pr essu

4 4 4
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r e be pr esent  cor r esponds  i n pr ac t i ce t o s l opes  wi t h no 

wat er  f l ow,  f or  l ong t er m s t abi l i t y  condi t i ons  ( dr ai ned 

condi t i ons)  and as f or  as  t he excess  por e wat er  pr ess u ­

r e due t o shear  def or mat i on can be d i s i pat ed. Al l  t hi s  

ar e t he usual  hypot hes i s  i n t he l ong t er m anal ys i s  f or  -  

s l opes  i n nor mal l y  consol i dat ed c l ays  and wi t h no wat er  

f l ow.

For  pr econsol i dat ed c l ay  s l opes  wi t h no wat er  

f l ow,  i f  anal yzed f or  l ong t er m condi t i on,  t hat  i s,  con 

s i der i ng t hat  ex cess  por e wat er  pr eassur e ( t ensi on)  i s 

di s i pat ed,  t hen t hei r  behav i our  wi l l  be near l y  f r i c t i o ­

nal  t oo.  The di f f er ence bet ween t hi s  behav i our  and t he 

pur el y  f r i c t i onal  one ( Fi g.  3)  i s usual l y  at t r i but ed t o 

t he s t or ed ener gy  at  f ai l ur e due t o pr econsol i dat i on —

and s econdar y  consol i dat i on ef f ect s .  I n Fi g.  3 t he ---

s t r ai ght  l i ne envel ope r epr esent s  t he pur el y  f r i c t i o---

nal  behav i our  of  nor mal l y  consol i dat ed cl ays,  and t he -  

s l i ght l y  cur ved upper  envol ope c or r esponds  t o pr econso ­

l i dat ed cl ays.  I f  such smal l  di f f er ence i s  di s r egar  —  

d e d , t hen t he pr econsol i dat ed c l ay  s l opes  wi t h no excess  

por e wat er  pr essur e,  shoul d be anal yzed as a f r i c t i onal  

phenomena and i t s  f ac t or  of  saf et y  s t abl i shed i n t er ms_ 

of  t he s l ope angl e t oo

Al so i n Fi g.  3,  t he dash br oken l i ne c or r es—  

ponds  t o t he s t r engt h envel ope of  a cl ay,  when t es t ed -  

i n an unconsol i dat ed undr ai ned t est  a n d  r epor t ed i n -  -  

t er ms of  t ot al  st r esses.  Thi s  envol ope def i nes  a c ons ­

t ant  shear  s t r engt h ( c ohes i on) , The i nt er sec t i on of  —  

t hi s  envel ope wi t h t he consol i dat ed dr ai ned envel ope —  

has been mar ked as poi nt  A.  I f  t he s t at e of  s t r esses  -  

( , T  ) i nduced by  t he ex t er nal  l oads i s r epr esent ed -  

by poi nt  B,  t o t he l ef t  of  poi nt  A,  and above t he dr ai ­

ned s t r engt h l aw,  but  bel ow t he undr ai ned one,  dur i ng -  

shear  di s t or t i on por e wat er  t ens i on wi l l  bui l t  up f or  -  

mak i ng t he s l ope s t abl e i n t he shor t  t er m condi t i ons ,  -  

but  as wat er  t ens i on di s i pat es  t he s l ope can become -  -  

unst abl e.  Agai n,  i t  can be seen t hat  f or  l ong t er m con 

di t i ons  t he s t abi l i t y  depends  on t he or i ent at i on of  vec  

t or  OB and not  onl y  t he val ue of  t  . I f  t he s t at e of  -  

i nt er nal  s t r ess  i s  r epr esent ed by poi nt  C,  t o t he r i ght  

of  poi nt  A,  abov e t he undr ai ned s t r engt h l aw and under  

t he dr ai ned one,  dur i ng shear  por e wat er  pr essur e wi l l _ 

gr ow hi gh enough t o t ur n t he s l ope uns t abl e i n t he -  —  

shor t  t er m condi t i ons ,  but  when excess  por e wat er  pr e ­

ssur e di s i pat es,  i n t he l ong r un,  t he s l ope pr obabl y  —  

wi l l  become st abl e.

F I G .  3  S H E A R  S T R E N G T H  E N V E L O P E S  F O R  

P R E C O N S O L I D A T E D  C L A Y S .

I n al l  t he cases  so f ar  anal yzed,  wher e no —  

excess  por e wat er  pr essur e exi st s,  t hat  i s,  as f ar  as  -  

no wat er  f l ow t akes pl ace and shear  def or mat i on occur s  

i n dr ai ned condi t i ons,  a l i near  di s t r i but i on of  neut r al  

pr essur e wi t h dept h exi st s.  Thi s  pr essur e di s t r i but i on 

does not  i nt er f er e wi t h t he gr av i t at i onal  f i el d,  so t he 

or i ent at i on of  s t r ess  vec t or  i s t he same as  i f  t he soi l  

wer e dr y.

I f  f l ow i s  t ak i ng pl ace t her e wi l l  appear s  —  

a new f or ce,  t he seepage f or ce,  t hat  wi l l  modi f i ed t he 

s t r ess  vec t or  or i ent at i on.  The magni t ude and di r ec t i on 

of  t hi s seepage f or ce var i es  i n pr ac t i ce as  f ar  as  i t  -  

depends  on t he f l ow f i el d,  and i n gener al ,  no l i near i t y  

wi l l  ex i s t  wi t h dept h.  I n t hi s  case,  apar t  f r om t he —  

f act  t hat  t he soi l  behav i our  wi l l  cont i nue t o be f r i c—  

t i onal ,  t he s l ope behav i our  wi l l  not  be f r i c t i onal  any _ 

mor e,  and now i t  i s pos i bl e t hat  a s l i p sur f ace t hr ough 

t he i nt er i or  of  t he s l ope be mor e c r i t i cal  t han t he s l o 

pe sur f ace i t sel f .  By  now,  t he s t abi l i t y  condi t i on i n 

t hi s  l as t  case ar e assesed by t he l i mi t i ng equi l i br i um_ 

met hod us i ng a s l i p sur f ace t hat  mi ght  be c i r cul ar  or  -  

have any  ot her  shape.  The aut hor s  have no bet t er  pr oce 

dur e t o pr opose,  but  bel i eve t hat  i f  i n t he f ut ur e some 

at t ent i on i s  dr i ven t o t hi s pr obl em,  i t  i s  poss i bl e -  -  

t hat  a bet t er  r azonal i zat i on of  t he s l ope s t abi l i t y  ana 

l ys i s  met hods can be r each.

3.  FAI LURE MECHANI SMS

Some gener al  r emar ks can al s o be made on t he 

cur r ent  met hods  t o sel ec t  t he f ai l ur e sur f aces  t hat  ar e 

t o be used i n t he s t abi l i t y  anal ys i s .  Spec i al l y  when -  

no c i r cul ar  suf aces ar e pr oposed,  i t  can be f r equent l y  

seen t hat  t he geomet r i cal  poi nt s  of  v i ew pr evai l  on t he 

geol ogi cal  ones,  whi ch ar e negl ect ed.  St r at i f i cat i on, _ 

cr ack i ng,  di scont i nui t i es ,  f ol di ng and ot her  non homo—  

geni t i es  pl ay  a much gr eat er  r ol e on t he sur f ace pos i —  

t i on t hat  i s  usual l y  seen i n t he desk anal ys i s .  Expl o 

r at i on and f i el d i ns t r ument at i on wi l l  hel p t o c l ar i f y  -  

t hi s  aspec t  i n each spec i f i c  s i t uat i on.
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a.  SHEAR STRENGTH OF OVERCONSOLIDATED CLAYS

I n  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  t h e  s h e a r  -  —  

s t r e n g t h  i n  t e r m s  o f  e f f e c t i v e  s t r e s s e s  i s  e x p r e s s e d  —  

a s :

s  =  (  <T  -  u )  t a n  ^  ( 5 )

w h e r e  i r i s  t h e  t o t a l  s t r e s s  a n d  u  t h e  p o r e  p r e s s u r e  -  -  

( p o s i t i v e ) ,  b u i l t  u p  d u r i n g  t h e  a p p l i c a t i o n  o f  s h e a r  —  

s t r e s s e s .

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

u  ( p o s i t i v e )  »  ? ,  d e c r e a s e s  

— ► s  ( a t  f a i l u r e )  d e c r e a s e s

W h ic h  s e e m e s  t o  p r o d u c e  a  s o l i d  m e n t a l  s c h e m e .

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

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

I n  f a c t ,  t h e  a u t h o r s  i m p r e s s i o n  i s  t h a t  i n  -

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

t i o n s  t h e  t e c h n i c i a n s  g e n e r a l  t h i n k i n g  i s :

u  ( n e g a t i v e )  »■ i n c r e a s e s  »

— s  ( a t  f a i l u r e )  i n c r e a s e s

T h i s  l a s t  s c h e m e  d e s e r v e s  s o m e  c o n s i d e r s ------

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

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

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

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

s o l i d a t e d  s t a t e ,  w i t h  ^  a s  t h e  v e r t i c a l  n o r m a l  c o n s o ­

l i d a t i o n  s t r e s s  ( F i g .  4 ) .  I f  a  d r a i n e d  t e s t ,  w i t h  -  —  

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

O ' c o n s t a n t ,  i t  i s  a c c e p t e d  t h a t  t h e  o b t a i n e d  s h e a r  -
1

s t r e n g t h  w o u l d  b e  s_ , . T h i s  v a l u e  d e f i n e s  t h e  s t r e n g t h  
d

l a w  i n  n o r m a l l y  1 c o n s o l i d a t e d  s o i l  a s  a  s t r a i g h t  -

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

w h e r e  p e r f o r m e d  t o  t h e  s a m e  s o i l  w i t h  t h e  s a m e  t o t a l  —

n o r m a l  s t r e s s  <T * i t  i s  a c c e p t e d  t h a t  s  r e p r e s e n t s  —
1 u

t h e  o b t a i n e d  s t r e n g t h  a n d  w i t h  t h i s  ' v a l u e  a  -  -  -

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

n e d  c o n s o l i d a t e d  c o n d i t i o n  c a n  b e  o b t a i n e d .  T h i s  i s  —

a l s o  a  s t r a i g t h  l i n e  t h r o u g h  t h e  o r i g i n .  I n  F i g .  4  i t _

c a n  b e  s e e n  t h e  p o s i t i v e  u  v a l u e  t h a t  h a s  b u i l t  u p  d u —

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

e f f e c t i v e  s t r e s s ,  (Jjj * ^ o r  t h e  c a s e .

C o n s i d e r i n g  t o t a l  s t r e s s e s ,  t h e  u n d r a i n e d  -  -  

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

t h e  s t r e n g t h  l a w  i s  t h e  s a m e  i n  t e r m s  o f  e f f e c t i v e  -  —  

s t r e s s e s .  T h i s  l a w  i s

S u ^  =  (  0^ -  u )  t a n  ^  =  0 ^  t a n  ^

I t  c a n  b e  s a i d  t h a t  t h e  i n i t i a l  " p o t e n t i a l  —  

s h e a r  s t r e n g t h "  o f  t h e  c l a y  u n d e r  0 ^  d e c r e a s e s  i n  t h e  -

u n d r a i n e d  t e s t  d u e  t o  t h e  p o s i t i v e  p o r e  p r e s s u r e  b u i l t  -  

u p .

T h e  p o s i t i v e  p o r e  p r e s s u r e  b u i l t  u p  d u r i n g  —  

t h e  u n d r a i n e d  t e s t  h a s  d e c r e a s e d  t h e  i n i t i a l  " p o t e n t i a l  

s t r e n g t h "  o f  t h e  c l a y  r e l a t e d  t o  -

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

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

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

d r a i n e d  s h e a r  s t r e n g t h  w o u l d  b e  s_, . I n  a n  u n d r a i n e d
d  “  

t e s t  o n  t h e  s a m e  v e r t i c a l  n o r m a l  2  s t r e s s  0 t h e  -  -

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

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

b e  g r e a t e r  t h a n  s_, . B y  e x t e n d i n g  t o  2  t h i s  c a s e  t h e  -  
d

r e a s o n i n g  m a d e  t o  2  t h e  n o r m a l l y  c o n s o l i d a t e d  c a s e ,  i t  

i s  u s u a l l y  s a i d  t h a t  t h e  a v a i l a b l e  i n i t i a l " p o t e n t i a l  — . 

s t r e n g t h "  i n  t h e  c l a y  w a s  i n c r e a s e d  b e c a u s e  t h e  n e g a t i ­

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

a s  i t  c a n  b e  s e e n  i n  F i g .  4 b ,  i n  d r a i n e d  o r  u n d r a i n e d  -  

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

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

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

0 's = - O’c

W h e r e :

( T  , i e  t h e  " s t o r e d  s t r e s s "  
s

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

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

m a x im u m  p r e s s u r e  0” , a n d  t h e n  u n l o a d e d  -  -  
p

u n d e r  d r a i n e d  c o n d i t i o n s  t o  O '  . s  p * i s  

a  a p p l i e d  s t r e s s  i n  a  o v e r c o n s o l i 9 a t e §  s t a  

t e .

< r  , i s  a  s t r e s s  c o r r e s p o n d i n g  t o  a  p o i n t  i n  —  
w e

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

h a v i n g  t h e  s a m e  v o i d  r a t i o  t h a n  p o i n t  A  i n

t h e  s w e l l i n g  b r a n c h .  P h y s i c a l l y ,  ff  m e a n s

t h e  s t r e s s  t h a t  t h e  s o i l  s t r u c t u r e  " f e e l s "

w h e n  ( f  i s  a p p l i e d . 
c

T h e  " p o t e n t i a l  s h e a r  s t r e n g t h " ,  b e f o r e  a n y  -  -  

s h e a r  s t r e s s  i s  a p p l i e d ,  m a y  t h e n  b e  e x p r e s s e d  a s :

s 2  =  (  <re -  (T  )  t a n  f i  +  < r2  t a n  (rf ( 6 )

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

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

I n  d r a i n e d  t e s t ,  t h e  a p p l i c a t i o n  o f  s h e a r  -  —  

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

e n e r g y "  p r o d u c e s  a  n e g a t i v e  p o r e  p r e s s u r e ,  d i m i n i s h i n g  -  

a s  t h e  s a m p l e  e x p a n d s ;  s o  t h e  " p o t e n t i a l  s t r e n g t h "  s ^  —  

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

S d 2  =  r  (  c r ,  -  t a n  t a n  i  ( 7 )

W h e r e  r  i s  a  n u m b e r  l e s s  t h a n  1 ,  b e c a u s e  t h e  -  

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

t h e  f a i l u r e  p l a n e ) .
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a. typical  shear strength envelopes

4.  D r a i n e d  a n d  u n d r a i n e d  s t r e n g t h  o f  n o r m a l l y  

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

I n undr ai ned t est s,  t he swel l i ng t endency  i s  -  

r es t r ai ned by t he por e wat er  t ens i on ( negat i ve por e pr e ­

ssur e)  . The s t or ed ener gy  l i ber at ed by s t r uc t ur e -  -  -  

br eakdown i n t he f ai l ur e pl ane i s now absor bed by t he wa 

t er  t ens i on,  r esul t i ng i n a r educ t i on of  t he i ni t i al  po ­

t ent i al  s t r engt h t o t he v a l ue :

Su *  r  ( <T - <r )  t an +CT_ t an 0 ( 0)
2 e c

beei ng { f ^ Sweat er  t han 0^  because t he negat i ve 

por e pr es s ur e. So t he shear  s t r engt h c omponent  due t o -  

t he r eal l y  appl i ed ef f ec t i ve s t r ess  has i ncr eased,  but  -  

t he shear  s t r engt h component  due t o t he s t or ed ener gy  —  

has decr eased,  beei ng i ni t i al l y  due t o <T -<S* and at  -  -  

f ai l ur e onl y  t o a smal l  f r ac t i on of  t ha? va5ue ( accor —  

di ng t o t he r  v a l ue) .

Measur ement s  made i n dr ai ned and undr ai ned -  -

t r i ax i al  t est s  on Weal d c l ay  ( Judr ez - Badi l l o, 1969)  ---  -

showed a r  val ue of  0. 04 f or  compr ess i on t es t s  and 0. 06_ 

f or  ex t ens i on t est s.

I t  can be seen as i n dr ai ned and undr ai ned -  -  

t est s  made on hi ghl y  over consol i dat ed cl ays,  t he pot en—  

c i al  shear  s t r engt h al ways  decr eases ,  wi t h a gr eat er  de ­

c r eas i ng i n t he f i r s t  t ype of  t e s t . But  t he gr eat er  -  -  

undr ai ned s t r engt h t her e i s  not  due di r ec t l y  t o t he de—  

v el opment  of  a negat i ve por e pr essur e.  I n bot h cases,  -  

dr ai ned and undr ai ned s t r engt h di mi ni shed f r om t he pot en 

c i al  i ni t i al  val ue s^  ( Fi g.  4. a) .

Thi s  f ac t  coul d be of  pr ac t i cal  i mpor t ance -  -  

accor di ng t o t he aut hor s  t hought .  Many  col l eagues  cons i  

der  t hat  negat i ve por e pr essur es  wi l l  bui l t  up i n hi ghl y  

over consol i dat ed cl ays,  wi t h t he cor r espondi ng i nc r ease_ 

i n t he avai l abl e soi l  s t r engt h.  So,  t he adopt i on of  a -  

l ow saf et y  f ac t or  i n a spec i f i c  ear t h wor k  seems  t o be -  

j ust i f i ed.  Of  cour se,  t hi s  i s  not  r eal  cons i der i ng t he

f ut ur e of  t he ear t h wor k,  because t he avai l abl e pot en---

t i al  s t r engt h wi l l  al ways  dec r ease and al so t he saf et y  -  

f act or .  The event ual  f ai l ur e wi l l  be conf use i f  i t  i s -  

not  expl ai ned i n t er ms of  a dec r eas i ng of  t he avai l abl e 

shear  st r engt h.

The cons i der at i on of  s t or ed ener gy  ef f ec t s  i n_ 

hi ghl y  over consol i dat ed soi l s,  f or  expl ai nni ng shear  -  -  

s t r engt h gener at i on and evol ut i on i s al so usef ul  when —  

t he di f f er ences  bet ween t he r eal  l i f et i me of  a nat ur al  -  

s l ope and t hat  obt ai ned f r om l abor at or y  t est s  ar e anal y ­

zed . The l oss of  s t or ed ener gy  i n f i ssur es  ( a nor mal  —  

condi t i on i n over consol i dat ed soi l s  f or mi ng s l opes)  wi l l  

pr oduce a dec r eas i ng i n t he pot ent i al  s t r engt h t hat  -  —  

expl ai ns  a saf et y  f ac t or  evol ut i on l ess  f avor abl e t han -  

t he one obt ai ned f r om l abor at or y  t es t s  anal ys i s .
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