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L. C A V A L E R A  D r .  E n g . ,  I s t i t u t o  d i  S c ie n z a  d e l l e  C o s t r u z io n i ,  U n i v e r s i t y  o f  R o m e  

G . S C A R P E L L I

SYNOPSI S The c ons t r uc t i on of  a net wor k  of  t r enc hes  i n t he Fi umi c i no ar ea c aus ed some
s hor t  t er m f ai l ur e phenomena i n t he s ur r oundi ng soi l .  Ani s ot r opy  ef f ec t s  i n t he shor t  t er m behav i our  
of  a sof t  c l ay ey  soi l ,  appear ed t o be i mpor t ant  t o ev al uat e t he i n s i t u undr ai ned shear  s t r engt h.  
Labor at or y  r es ul t s  s ugges t  how t he " s t r ess  i nduc ed"  ani s ot r opy  i s mai n l y  t o ac c ount  f or  t he " i n s i t u"  
ani sot r opy .  Ther ef or e,  t he ef f ec t  of  t he r eor i ent at i on of  t he pr i nc i pal  s t r es s  di r ec t i ons  i s ev al uat ed 
under  t he pl ane s t r ai n hy pot hes i s ,  pr ov i di ng a c or r el at i on bet ween t he ani s ot r opy  degr ee and t he soi l  
c har ac t er i s t i c s .  The c ons equenc es  of  as s umi ng an ani s ot r opi c  y i el di ng c r i t er i on i n t he s t abi l i t y  
pr obl em ar e i nv es t i gat ed by  means  of  t he f i el d of  c har ac t er i s t i c s  met hod.  The mai n r es ul t s  obt ai ned 
f or  t he as s umed ani s ot r opi c  d i s homogeneous  medi um ar e pr es ent ed f or  di f f er ent  v al ues  of  t he ani s ot r opy  
deg r ee .

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

I n t he s t abi l i t y  anal y s es  t he soi l  i s us ual l y  
as s umed t o be i s ot r opi c  as r egar ds  i t s  s t r engt h 
i n t he s hor t  and l ong t er m.

When t he di s s i pat i on of  t he i nduced ov er - pr es s  
ur e mak es  s af et y  i nc r eas e wi t h t i me,  smal l  
s af et y  f ac t or s  ar e us ual l y  al l owed.  I n t hi s  case,  
t he pr es enc e of  some f ac t or s  such as t he undr ai ned 
s t r engt h ani s ot r opy  or  t he s t r ai n- r at e may  have 
c ons i der abl e ef f ec t s  on t he s t r uc t ur e s t abi l i t y ,  
( Bj er r um,  1 973)  .

Empi r i c al  c or r el at i ons  ar e c ur r ent l y  appl i ed i n 
or der  t o ev al uat e t he c or r ec t  v al ues  of  t he i n 
s i t u s hear  s t r engt h,  ev en t hough t hey  ar e not  
al way s  r epr es ent at i v e of  t he obs er v ed phenomena.

Thi s  paper  deal s  wi t h t he ef f ec t  of  t he s t r engt h 
ani s ot r opy  of  c l ay  on s t abi l i t y  anal y s es  f r om a 
t heor et i c al  poi nt  of  v i ew onl y .  The s hor t  t er m 
behav i our  i n t er ms  of  t ot al  s t r es s es  i s t hus  
des c r i bed by  an anal y t i c al  model .

E X P E R I M E N T A L  A N D  T H E O R E T I C A L  R E M A R K S

The c ons t r uc t i on of  a net wor k  of  t r enc hes  f or  
c ol l ec t i ng s ur f ace wat er s  at  Fi umi c i no has  
s ugges t ed a r es ear c h on t heor et i c al  model s  f or  
ev al uat i ng t he s t abi l i t y  of  t r enc hes  dug i n sof t  
c l ay,  when i t s  upper  c r us t  i s dr i ed and f i s s ur ed 
( Bur ghi gnol i , Cal abr es i ,  1977) .  Ac t ual l y  some 
f ai l ur es  oc c ur r ed i n t hese c anal s  i mmedi at el y  
af t er  ex c av at i on and so a back  anal y s i s  of  t he 
s t abi l i t y  was  per f or med.

Tr adi t i onal  l i mi t  equi l i br i um met hods  of  anal y s i s  
wer e appl i ed t o ex c av at i ons  hav i ng di f f er ent  
f or ms  and s i zes  whi c h enabl ed a c r i t i c al  ev a l u ­
at i on of  t he l abor at or y  and i n s i t u obs er v at i ons  
on c l ay  behav i our .

The c r i t i c al  f ai l ur e s ur f ac es  c or r es pondi ng t o 
t he l ower  s af et y  f ac t or  v al ues  ar e i n good

agr eement  wi t h t he obs er v ed mov ement s .  However ,  
s i nce t he s af et y  f ac t or  v al ues  ar e s omewhat  hi gher  
t han one,  t he v ane t es t  s t r engt h v al ues  i nt r oduc ed 
i n t he anal ys i s ,  have s omehow ov er es t i mat ed t he 
r eal  c l ay  s t r engt h.

I t  i s gener al l y  ac c ept ed t hat  t he ef f ec t s  pr oduc ed 
by  t he v i s c os i t y  and ani s ot r opy  of  c l ay  ar e t he 
mai n r es pons i bl es  f or  s uc h di s c r epanc i es  ( Bj er r um,
1 973) .  They  can be t aken i nt o ac c ount  by  means  of  
t he empi r i c al l y  der i v ed c or r ec t i on f ac t or s  s ug ­
ges t ed by Bj e r r um( 1973)  on t he bas i s  of  i n s i t u 
obs er v at i ons .  Thi s  appr oac h has  some l i mi t at i ons  
ev en t hough at  pr es ent  i t  r epr es ent s  t he bes t  
pr ac t i c al  s ol ut i on f or  t he s t abi l i t y  ev al uat i on 
of  embank ment s ,  or  uns uppor t ed ex c av at i ons  i n 
sof t  c l ays .  I t  r es ul t s  t hat  t he t i me c or r ec t i ng 
f ac t or  uR and t he es t i mat ed ani s ot r opy  ef f ec t  
depend onl y  on t he p l as t i c i t y  i ndex  ( Fi g. 1) .
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Fi g.  1 -  Empi r i cal l y est abl i shed cor r ect i on f act or s 
t o be appl i ed t o t he vane t est s t o pr edi ct  
t he undr ai ned shear  st r engt h ( af t er  
Bj er r um,  1973) .
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I t  i s wor t h no t i ng t hat  a gener al l y  v al i d p r o ­
c edur e s houl d i nt r oduc e an ani s ot r opy  c or r ec t i on 
f ac t or  yf t  v ar y i ng al ong a s l i di ng s ur f ac e wi t h 
t he f ai l ur e pl ane or i ent at i on.  Thi s  was  s uppor t ed 
by  Bj er r um ( 1973)  i n t he f ol l owi ng expr ess i on:

cu ( f i el d)  = c u ( vane) ■ PR, WA ( D

i n whi c h pA s houl d be ev al uat ed f r om l abor at or y  
undr ai ned t es t s  on undi s t ur bed s ampl es  whi c h wer e 
ani s ot r op i c a l l y  c ons ol i dat ed at  t he same s t r es s es  
as t hos e c ar r i ed i n t he f i el d.

A s er i es  of  s i mpl e shear  t es t s  on t he Fi umi c i no-  
c l ay  sampl es ,  t r i mmed at  d i f f er ent  i nc l i nat i ons  
pr ov i ded an ev al uat i on of  t he ani s ot r opy .  Due t o 
t he hi ghl y  pl as t i c  behav i our  of  t he Fi umi c i no-  
c l ay ,  s l i ght  i mpor t anc e had been as c r i bed t o 
s uc h phenomena i n t he pr ev i ous  s t abi l i t y  anal y s es  
whi c h ac t ual l y  had been per f or med by  us i ng t he 
unc or r ec t ed v ane t es t  v al ues .  Howev er  when t hi s  
appr ox i mat i on i s used,  t he s af et y  f ac t or s  seem 
t o be i nc r eas ed by  ani s ot r opy  ef f ec t s  ( Bj er r um,
1 973) .  The c ur v e of  t he gl obal  c or r ec t i ng f ac t or  
y , l i es  i nf ac t  abov e t he Pr  c ur v e whi c h i nc l udes  
t i me ef f ec t s  al one.  I ndeed t he anal y s i s  of  t he 
ex per i ment al  r es ul t s  s ugges t s  t hat  t he s ol ut i on 
t o t he s t abi l i t y  pr obl em depends  on bot h t he 
v ane t es t  v al ue and on t he pos i t i on of  t hi s  
v al ue bet ween t he mi n i mum and t he max i mum shear  
s t r engt h obs er v ed al ong t he s l i di ng sur f ace.

Ex per i ment al  r es ul t s  c ol l ec t ed by  Lo( 1965)  ar e 
r epr oduc ed i n t he f ol l owi ng Tabl e t oget her  wi t h 
t hos e obt ai ned f or  t he Fi umi c i no- c l ay . They  al l  
seem t o c onf i r m t hat  t he i n s i t u s t r engt h meas ur e 
ment s  obt ai ned t hr ough t he v ane t es t  pr ov i de 
v al ues  t hat  ar e c l os e t o t he l owes t  ones  whi c h 
c an be obt ai ned on undi s t ur bed l abor at or y  bl ock  
sampl es ;  s omet i mes  t hey  c an appr ox i mat e t he 
s t r engt h v al ues  r es ul t i ng f r om a t r i ax i al  ex t en 
s i on t est .

TABLE I

Compar i son of  undr ai ned s t r engt h f r om vane and 

t r i ax i al  t es t s  on nor mal l y  consol i dat ed c l ays

Type of  t he soi l

Wel l and 

c l ay 

Z = 13 mt

Wel l and 

c l ay  

Z = 19 mt

Fi umi c i no 

c l ay 

Z = 7 mt

Wat er  cont ent  W % 21 32 62

Li qui d Li mi t  Wl  % 27. 5 44 80

Pl as t i c  i ndex I p % 11. 5 22. 5 40

Rat i o bet ween cu vane 

and cu f r om CKq UC 

t r i ax i al  t est

0. 72 0. 765 0. 83

Rat i o bet ween cu vane 

and cu f r om CKQUE 

t r i ax i al  t es t s

0. 95 0. 96 1. 07

I t  i s c l ear l y  ev i dent  t hat  t he ev al uat i on of  t he 
ani s ot r opy  ef f ec t s  may  be al t er ed by  t he c hos en 
ex per i ment al  pr ocedur e.

Mor eov er  i t  i s gener a l l y  ac k nowl edged t hat  t he 
ani s ot r opi c  behav i our  of  a sof t  c l ay  r es ul t s  
f r om an " i nher ent "  ani s ot r opy  r el at ed t o t he 
f abr i c  c onf i gur at i on,  and f r om a " s t r es s - i nduc ed"  
ani s ot r opy ,  r el at ed t o t he c hange i n t he boundar y  
s t r ess  c ondi t i ons .  Ther ef or e,  t he us e of  a r e ­
moul ded pr oper t y  ( I p%)  f or  c har ac t er i z i ng t he

ani s ot r opi c  behav i our  of  sof t  c l ay s  has  been 
r ec ent l y  ques t i oned ( Si mon,  Menz i es ,  1978) ,  be ­
c aus e t he i nher ent  ani s ot r opy  ef f ec t s  ar e ne ­
gl ec t ed.  However ,  as out l i ned by Ladd et  al .  
( 1977) ,  t he undr ai ned s hear  s t r engt h v ar i at i on,  
obs er v ed i n sof t  c l ay ey  soi l s ,  i s mai n l y  due t o 
t he s t r ess  i nduc ed ani sot r opy .

Cons equent l y ,  t he empi r i c al  appr oac h ev al uat i ng 
t he r eor i ent at i on ef f ec t s  al one,  whi c h seems  t o 
be l i mi t ed by  t he ex per i ment al  pr oc edur e t o 
whi c h i t  r ef er s ,  s houl d be ov er c ome by  an anal i t i ^  
cal  appr oach.  Wi t h t hi s  pur pos e a t heor et i c al  
model  has  been wor k ed out ,  ac c or di ng t o whi c h i t  
i s pos s i bl e t o ev al uat e how and t o what  ex t ent  
t he ani s ot r opy  ef f ec t  may  be of  r el ev anc e i n a 
s t abi l i t y  anal ys i s .

T E S T  R E S U L T S

The ex per i ment al  r es ul t s  r ef er  t o t he Fi umi c i no-  
c l ay ;  some of  i t s  pr oper t i es  ar e s ummar i z ed i n 
t he pr ec edi ng Tabl e.

The t es t s  whi c h wer e c ar r i ed out  wi t h t he Nor we 
gi an s i mpl e shear  appar at us  wer e c ons t ant  v ol ume 
shear  t es t s ,  pr ec eded by  ani s ot r opi c  c ons ol i dat i on.  
The s ampl es  t ak en at  i nc l i nat i ons  of  0° ,  45°  ,
90°  wer e r ec ons ol i dat ed so as t o . r epr oduc e t he 
pr e- ex i s t i ng s t r es s es  on t he shear  pl ane.  The 
f ai l ur e s t age,  wher e no v ol ume v ar i at i ons  occur ,  
was  obt ai ned by means  of  c ons t ant  s t r ai n- r at e 
t es t s  ( y  = 18% /  h)  , r un i n t he di r ec t i on of  t he 
c ons ol i dat i on shear  s t r es s  and i n t he oppos i t e 
d i r ec t i on so as  t o s i mul at e t he l i mi t  s i t uat i ons  
t hat  mi ght  oc c ur  al ong a hy pot het i c  f ai l ur e s ur ­
f ace .

The obs er v ed s t r engt h val ues ,  ex pr es s ed as  Tc r / o [ 0 
wher e Tcr  i s t he shear  s t r ess  t hat  c or r es ponds  
t o t he y i el di ng of  t he mat er i al  and o' l s i s t he 
nor mal  pr es s ur e ac t i ng on t he f ai l ur e pl ane,  ar e 
i l l us t r at ed i n f i g . 2.

0 . 3 2

f rcr

° ' 1 6 9 0 °  6 0 0

Fi g.  2 -  Shear  st r engt h var i at i on obser ved i n 
t he Fi umi ci no cl ay sampl es by si mpl e 
shear  t est .  Compar i son wi t h Bj er r um 
r esul t s obser ved on t he Ska Edeby cl ay.

The nor mal i z ed s t r engt h i s a f unc t i on of  t he 
angl e u bet ween t he f ai l ur e pl ane and t he 
r ef er enc e ax i s  t ak en as  bei ng hor i zont al .  The 
r es ul t s  s how t hat  t he v al ues  of  t he meas ur ed 
s t r engt h v ar y  wi t h t he f ai l ur e pl ane or i ent at i on:  
t he mi n i mum v al ue i s 78% of  t he max i mum whi c h 
was  f ound f or  4 5°  degr ees  i n t he ac t i v e case.
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T H E O R E T I C A L  M O D E L

As  pr ev i ous l y  men t i oned,  t he " i nduced"  ani s ot r opy  
ef f ec t  der i v es  f r om t he r eor i ent at i on of  t he pr i n 
c i pal  s t r es s  d i r ec t i ons  whi ch,  due t o t he c hange 
i n t he boundar y  s t r es s  c ondi t i ons ,  f ol l ows  an 
ani s ot r opi c  s t at e of  c ons ol i dat i on.

I t s  i nf l uenc e on t he undr ai ned s t r engt h,  was  
pr ev i ous l y  deal t  wi t h  by  Hans en and Gi b s o n ( 19 4 9 ) ,  

and by  Dunc an and Seed (1 9 6 6 ) ;  i n bot h wor k s  t he 
i nt r i ns i c  soi l  par amet er s  c 1 , <t>' , Af  ( t he por e 
pr es s ur e Sk empt on par amet er )  wer e as s umed t o be 
i sot r opi c .  Thei r  anal y s es  wer e r es t r i c t ed t o t he 
pl ane s t r ess  case.

By  i nt r oduc i ng a gener al  ex pr es s i on f or  t he por e 
pr es s ur es  t hat  ar i s e i n undr ai ned c ondi t i ons ,  i t  
i s pos s i bl e t o ex t end s i mi l ar  c ons i der at i ons  t o 
t r i d i mens i onal  pr obl ems ,  such as t he t r i ax i al  
s t r es s  and t he pl ane s t r ai n sys t ems.  The por e 
pr es s ur e i nc r ement s  Au i n s at ur at ed s oi l s  ar e a 
f unc t i on of  t he f i r s t  and s ec ond i nv ar i ant  I.) 
and I 2 of  t he s t r es s  i nc r ement s  Aa , ac c or di ng 
t o t he ex pr es s i on:  ( Henkel ,  1958)

Au I-| ( Aa)  + a I 2 ( Ao) ( 2 )

i n whi c h t he par amet er  a i s as s umed as bei ng 
i ndependent  f r om t he l oad pat h.  The Mohr  c r i ­
t er i on i s s uppos ed t o be v al i d and t he i s ot r opy  
of  t he c'  , <t>1 , a par amet er s  i s mai nt ai ned.

By  means  of  Mohr ' s  c i r c l es  f or  t he gr aphi c al  
r epr es ent at i on of  t he s t at es  of  s t r es s  ( Fi g. 3) ,

Fi g. 3 -  Rot at i on of  t he pr i nci pal  st r ess 
di r ect i ons af t er  ani sot r opi c 
consol i dat i on.

i n whi ch:  f a| n ] r epr es ent s  t he ef f ec t i v e i ni t i al  
s t at e of  s t r esses ;  [ oi ]  i s t he f ai l ur e s t r es s  
t ensor ,  [ A]  i s t he di r ec t or  c os i nes  mat r i x ;  [ Aa]  
i s t he t ot al  s t r ess  i nc r ement ;  [ Au]  i s t he i s o ­
t r opi c  t ens or  of  t he por e pr es s ur e i nc r ement .  For  
t he t r i ax i al  case,  t he t er m [ 6a]  -  [ Au]  i n t he 
r i ght - hand s i de of  t he equat i on ( 3)  i s:

[Aa ]  -  [ A u ]  =

( - | -  -  a 1/2) 6

-  ( -4-  + a| / 2) s

wher e 6 r epr es ent s  t he di f f er enc e bet ween t he 
max i mum and t he mi n i mum pr i nc i pal  s t r es s  i nc r ement s . 
For  t he pl ane s t r ai n c as e t he same t er m becomes :

[ A a ]  -  [ A u ]

< 4 -  -  ^ T >
6 0

-  a \ / ~-  6

i n whi c h t he soi l  i s as s umed t o hav e an el as t i c  
behav i our  i n or der  t o ev al uat e t he i nt er medi at e 
pr i nc i pal  s t r ess  i nc r ement :  Aa 2 = -J-  ( Aoi +Aas) .

Fr om t he pr ec edi ng equat i ons ,  wher e t he s t r ess  
i nc r ement  dev i at or  at  f ai l ur e,  , i s unknown,  
i t  i s pos s i bl e t o obt ai n t he v al ue of  t he f ai l ur e 
c i r c l e r adi us ,  t hat  i s t o say  t he undr ai ned shear  
s t r engt h c u ; i t  appear s  t o be a f unc t i on of :  
t he i ni t i al  s t r es s es ;  t he ef f ec t i v e s t r engt h 
and t he por e pr es s ur e par amet er s  c'  , , a ; 
t he angl e u , ( Caval er a,  Scar pel l i ,  1980) .

I n or der  t o s ummar i z e t he r es ul t s  obt ai ned f r om 
t he anal ys i s ,  a degr ee of  ani s ot r opy  has  been 
d e f i ned :

c mi n.
G = 1 - - - - “ - - - - - -

c u ma x .

I t s  t r end,  v er s us  t he par amet er s  c'  , <p' , a , i n 
t he pl ane s t r ai n c ondi t i on,  i s  i ndi c at ed i n 
Fi gs.  4a and 4b f or  t he c ' =0 and c ' / 0 cases  
r es pec t i v el y .  I t  r es ul t s  t hat  G dec r eas es  
when c'  i nc r eas es  or  <fi' dec r eas es ,  t hus  i ndi e a 
t i ng a c or r e l at i on bet ween G and I p whi c h i s 
v er y  c l os e t o t he empi r i c al  c or r e l at i on i n Fi g. 1 .

I n v i ew of  t he f ol l owi ng dev el opment ,  i t  mus t  be 
poi nt ed out  t hat  f or  c'  = 0  t he f unc t i on c u / aj  
does  not  depend on t he pr i nc i pal  s t r es s es  dur i ng
c ons ol i dat i on:  a' a '

i t  i s i nf er r ed t hat  by s i mpl y  as s umi ng t hat  t he 
pr es s ur e i nc r ement  depends  on t he f i r s t  t wo i n ­
v ar i ant s  of  t he appl i ed s t r ess  i nc r ement ,  ani s o 
t r opy  of  t he undr ai ned s hear  s t r engt h r es ul t s  
eac h t i me t hat  t he i ni t i al  s t at e of  s t r es s  i s 
not  i sot r opi c ,  i n par t i c ul ar  when a '3c, = K oaj 0 •
A 3r d degr ee equat i on i s  obt ai ned f r om t he 
equal i t y  bet ween t he r adi us  of  t he Mohr ' s  c i r c l e 
at  f ai l ur e,  and t ne r adi us  of  t he c i r c l e obt ai ned 
by  addi ng a s t r ess  i nc r ement  t o t he i ni t i al  s t at e 
of  s t r esses ,  c har ac t er i z ed by  ct '1o and a' 3o :

[ Of ] = [ AT ] [ a| n ] [ A]  + [ Aa]  -  [ Au]  ( 3)

A N A L Y T I C A L  S O L U T I O N  T O  S T A B I L I T Y  P R O B L E M S

Ac c or di ng t o t he pr ev i ous  c ons i der at i ons ,  when 
t he wat er t abl e l i es  at  t he gr ound l evel ,  t he 
s hear  s t r engt h i n t er ms  of  t ot al  s t r esses ,  c an 
be ex pr es s ed as

c u ( w)  = f  ( u)  • ( Yb \ z + c o ) ( 5)

wf yer e c Q i s t he c ohes i on v al ue f or  z = 0 , and 
f  (ui ) i s t he ani s ot r opy  f unc t i on.

The i ndependenc e of  t he y i el di ng c r i t er i on f r om 
t he mean pr es s ur e p , i s i mpl i c i t l y  as s umed i n 
t he pr ec edi ng equat i on,  whi l e t he hy pot hes i s  of
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ar e gi v en by t he f ol l owi ng equat i ons :

(f l ) ±= t g  - m  ± ~ r )
( 6 )

Fi g.  4 -  I nf l uence of  t he f r i ct i on angl e $'  and of  
t he over pr essur e par amet er  a on 
t he ani sot r opy degr ee G , ( Fi g. 4a) .  
I nf l uence of  t he cohesi on c'  ( Fi g. 4b) .

per f ec t  pl as t i c i t y  i s s t i l l  r equ i r ed t o des c r i be 
t he c l ay  behav i our .  Ani s o t r opy  ef f ec t s  t oge t her  
wi t h t he di s homogenei t y  i nf l uenc e -  as i nf er r ed 
f r om equat i on ( 5)  -  can be ex ami ned by means  of  
a l ower  bound appr oach.

By  c ombi ni ng t he equ i l i br i um equat i ons  and t he 
f ai l ur e c r i t er i on,  t he equat i ons  des c r i b i ng t he 
s t at e of  s t r ess  i n a c ohes i v e ani s o t r opi c  di s -  
homogeneous  med i um ar e pr ov ed t o be of  t he 
hy per bol i c  t ype.

I t  i s t her ef or e pos s i b l e t o de t er mi ne,  by means  
of  numer i c al  pr oc edur es ,  t he ne t wor k  of  c har ac ­
t er i s t i c  c ur v es  ob t a i ned by  l i nk i ng t he poi n t s  
wher e bo t h t he equ i l i br i um and t he y i el d c ond^  
t i ons  ar e s a t i s f i ed.  The s t r ess  c har ac t er i s t i c s

wher e T r epr es en t s  t he angl e t hat  t he pr i nc i pal  
max i mum di r ec t i on f or ms  wi t h t he r ef er enc e di r ec  
t i on,  t aken as bei ng hor i z ont al ,  and wher e m , 
def i ned by

t g 2 m
1

2c,
3cn
3Y

(7)

t ak es  i nt o ac c ount  t he ani s o t r opy  of  t he y i el di ng 
c r i t er i on.  Fur t her mor e,  t he v ar i a t i on of  t he 
s t r es s es  al ong t he c ha r ac t er i s t i c  l i nes  i s pr o ­
v i ded by  t he f ol l owi ng di f f er en t i a l  equat i ons :

dP ± 2-? U-  = 
cos  2m

( | ^)  ^ cos  2 S' -  s i n 2 V 
dx  ±

3cu
3z

dx  + ydz

( 8 )

I n t he f or egoi ng ex pr es s i ons  t he " +"  s i gn i s 
v al i d f or  c har ac t er i s t i c  l i nes  of  t he 6 t ype,  
and t he s i gn f or  t hos e of  t he a t ype.  They
ar e a gener al i z at i on of  t he equat i ons  appl y i ng 
t o i s o t r opi c  and di s homogeneous  medi a ( Booker ,  
Dav i s ,  1972a)  wher e 3cu / 3f  = 0 and 3cu / 3 z ^ 0 , 
and f or  ani s o t r opi c  homogeneous  medi a,  wher e 
3cu / 31' ^  0 and 3cu/ 3z = 0 , ( Booker ,  Dav i s ,  1 972b) .

A numer i c al  s ol ut i on of  t he s y s t em of  di f f er en t i a l  
equat i ons  ( 6) - ( 8)  has  been ob t a i ned by  t he f i ni t e 
di f f er enc e i n t egr a t i on me t hod t hat  Sok ol ows k y  
s ugges t ed ( 1965)  f or  homogeneous  i s o t r opi c  medi a.

Some s i gni f i c ant  r es ul t s  ar e r epor t ed i n Fi g.  5 
f or  di f f er en t  v al ues  of  G , i nc l udi ng t he case 
of  G= 0 ,  whi c h c oi nc i des  wi t h t he s ol ut i on pr o ­
v i ded by  Dav i s  and Book er  (1 973)  . The ani s o t r opy  
degr ee i nf l uenc es  t he l oad d i s t r i but i on and t he 
ne t wor k  ex t ens i on r equ i r ed f or  t he y i el di ng of  
a soi l  vol ume,  l i mi t ed by  a hor i z ont al  sur f ace.
I n par t i c ul ar ,  t he pl as t i c i z ed vol ume,  ( c r ossed 
by  t he s t r ess  c har ac t er i s t i c  f i e l d) , dec r eas es  
as  G i nc r eases ,  t he ex t ens i on of  t he pas s i v e 
l i mi t  zone bei ng t he same.  Si mi l ar  r es ul t s  wer e 
ob t a i ned f or  homogeneous - ani s o t r opi c  medi a , 
( Gr eens t a i n,  Li vneh,  1974) .

The i nf l uenc e of  t he ani s o t r opy  degr ee on t he 
f i ni t e s l ope angl es  and t hei r  r el ev an t  s t r ess  
f i el d c har ac t er i s t i c s  ar e r epor t ed i n Fi g . 6 by  
as s umi ng co = 0 i n equat i on ( 4)  . Thi s  hy po t hes i s  
al l ows  a c ompar i s on wi t h some c or r el a t i ons  of  
pr ac t i c al  use,  t hat  Book er  and Dav i s  ob t a i ned 
f or  t hei r  soi l  model . They  s how t hat  t he s af e t y  
f ac t or s  gi v en by  an upper  bound appr oac h ( sl i p 
c i r c l e anal ys i s )  ar e i nc r eas i ngl y  hi gher ,  when 
c ompar ed wi t h a l ower  bound s ol ut i on as s umed as 
bei ng exact ,  as t he s l ope angl e 6 dec r eas es  
( Davi s,  Booker ,  1973) .

The ani s o t r opi c  model  r es ul t s  ar e c ompar ed i n 
t he p/ y , 6 pl ane, wi t h t hos e ob t a i ned f or  t he 
i s o t r opi c  medi um.  The r a t i o p/ y  r epr es en t s  t he 
ma t er i al  s t r engt h,  when p = 3c„ / 3z i s t he c ohes i ve 
i nc r eas i ng r at e wi t h dep t h and y t he bul k  modul us  

f or  t he same v al ue of  B,  t he r at i o p/ y i s 
gr eat er ,  t he hi gher  t he ani s ot r opy  degr ee( Fi g . 7) .
I t  i s wor t h not i ng t hat  i n t he abov e ment i oned 
c ompar i s on t he max i mum vr al ue of  t he shear  s t r engt h 
i n as s umed as bei ng t he same i n bot h i s ot r opi c  and 
ani s ot r opi c  cases .  For  t he Fi umi c i no c l a y , vt ose char ac.  
t er i s t i c  val ues ar e G = 0. 22 and p/ y  = 0. 13 , t he 
t heor et i c al  s l ope angl e i s 5 = 14°  . I n t he hy ­
pot hes i s  of  an i s ot r opi c  behav i our ,  t he same
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Fi g.  £ -  St r ess char act er i st i c f i el ds and sur f ace l oadi ngs f or  di f f er ent  ani sot r opy degr ee val ues 
and di f f er ent  i ni t i al  cohesi on c a .

anal y s i s  pr ov i des 18°  .

The s ol ut i ons  ob t a i ned f r om c onv en t i onal  me t hods  
f or  pur el y  c ohes i v c  di s homogeneous  soi l s  ( s l i p 
c i r c l e anal ys i s ) ,  and t hos e pr ov i ded by  p l as t i c ­
i t y  anal yses ,  ar e c ompar ed i n Fi g. 8 f or  di f f er en t  
v al ues  of  G ( ani so t r opy  degr ee)  . Dav i s  and Booker  
showed t hat  i n a pr ac t i c al  r ange of  v al ues  of  t he 
p/ y  r a t i o ( 0. 065 t  0. 16)  t he s l i p c i r c l e anal y s i s  
ov er es t i mat es  t he soi l  bear i ng c apac i t y  wi t h a 
max i mum 10% er r or .  Thi s  i s i n ac c or danc e wi t h 
t he upper  bound nat ur e of  t he met hod;  but  i f  an 
i s o t r opi c  model  i s used,  a hi gher  max i mum er r or  
i s ob t a i ned ( Fi g. 8) .  A 2% er r or  appl i es  t o t he 
Fi umi c i no c l ay,  when t he ef f ec t  of  ani s o t r opy  i s 
negl ec t ed;  whi l e 17% i s ob t a i ned i n t he oppos i t e 
c a s e . Fi g.  7 -  Pl ast i ci t y sol ut i ons f or  di f f er ent  p/ y 

r at i o and ani sot r opy degr ee val ues.

Fi g.  6 -  Sl ope angl es and r el evant  st r ess 
char act er i st i c f i el ds f or  t wo 
ani sot r opy degr ees. Fi g.  8 -  Er r or  i n t he sl i p ci r cl e anal ysi s f or  

di f f er ent  ani sot r opy degr ee val ues.
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I t  i s wor t hwh i l e obs er v i ng t hat  t he s ol ut i ons  t o 
t he s t ab i l i t y  pr obl em wher e G/ 0  , mus t  be c on ­
s i der ed as " i nc ompl e t e"  sol ut i ons ,  s i nce k i n ­
ema t i c  and s t at i c al  admi s s i b i l i t i es  ar e no t  pr o ­
v i ded.  On t he o t her  hand,  t he c oi nc i denc e be t ween 
t he s t r es s  and v el oc i t y  c har ac t er i s t i c  f i el ds  i s 
ens ur ed bec aus e t he as s umed hy pot hes es  mak e t he 
nor mal i t y  r ul e val i d.

C O N C L U S I O N S

The abov e anal y s i s  shows  how ani s o t r opy  ef f ec t s  
c an i nf l uenc e t he s hor t - t er m s t ab i l i t y  of  c l ay ey  
soi l s .  Ev en t hough a hi gh pl as t i c i t y  i ndex  and a 
c ons equen t l y  l ow ani s o t r opy  degr ee G ar e i n ­
vol ved,  t he v ar i a t i on i n t he s af e t y  f ac t or  can 
be of  t he same or der  of  magni t ude as t hat  of  t he 
mar gi ns  der i v ed f r om c onv en t i onal  upper - bound 
s o l u t i ons .

Mor eov er  empi r i c al  c or r ec t i ons  whi c h ar e der i v ed 
f r om t he i n- s i t u obs er v a t i ons  as f unc t i ons  of  
t he p l as t i c i t y  i ndex  appear  t o negl ec t  t he 
" i nher en t "  ani s o t r opy  whi c h i n f ac t  c an be c on ­
s i der ed of  l i t t l e i mpor t anc e i n t he ev al uat i on 
of  t he soi l  r es ponse.  Nev er t hl es s ,  geome t r i c al  
f ea t ur es ,  as t he s l ope angl es  or  t he s hape of  
t he c r i t i c al  s ur f ac es  s houl d be t ak en i nt o ac c ount  
f or  t he i nf l uenc e t hey  hav e on t he magni t ude of  
t he r eor i en t at i on of  t he pr i nc i pal  s t r es s  di r ec  
t i o n s .

An ef f ec t i v e s t r es s  anal ys i s ,  t ak i ng i nt o ac c ount  
t he r eal  di s t r i but i on of  t he por e pr es s ur es  t hat  
ar i s e at  f ai l ur e seems  t o be mor e appr opr i a t e 
f or  deal i ng wi t h t he ani s o t r opy  of  c l ays  and 
i t s  ef f ec t s  on s t ab i l i t y  pr obl ems .
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