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A S .  A Z Z O U Z  R e s e a rch  A s s o c ia te  
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C.C. LA D D  P ro fe s s o r ,  M a s s a c h u s e t ts  In s t i tu te  o f  T e c h n o lo g y ,  U S A

SYNOPSI S Thi s  paper  pr es ent s  f our  c as e hi s t or i es  of  embank ment s  r api dl y  l oaded t o
f ai l ur e on s at ur at ed c l ay  f oundat i ons .  Two- and t hr ee- di mens i onal  t ot al  s t r es s  ( c = c u and 0 = 0 )

c i r c ul ar  ar c  s t abi l i t y  anal y s es  ar e per f or med ut i l i z i ng t wo s t r engt h model s :  1)  t he ( uncor r ec t ed)  
f i el d v ane s t r engt h,  and 2)  t he St r ess  Hi s t or y  and Nor mal i z ed Soi l  Engi neer i ng Pr oper t i es  s t r engt h 
af t er  ac c ount i ng f or  s t r ai n c ompat i b i l i t y  al ong t he shear  s ur f ac e and s t r engt h ani s ot r opy .  End 
ef f ec t s  ar e s hown t o i nc r eas e t he c onv ent i onal  t wo- di mens i onal  f ac t or  of  s af et y  by as muc h as 30%,  
and hence,  i f  negl ec t ed,  c an l ead t o s i gni f i c ant  ov er es t i mat i on of  bac k f i gur ed s t r engt hs .

I NTRODUCTI ON

Embank ment s  c ons t r uc t ed on sof t  t o s t i f f  s at ur a ­
t ed c l ay  f oundat i ons  ar e c ommonl y  des i gned f or  
t he end of  c ons t r uc t i on c ondi t i on us i ng t he
d> = 0 and c = c c i r c ul ar  ar c  met hod of  anal v -  

u 1

s i s  ( Bi shop and Bj er r um,  1960) .  I n t hese 
anal yses ,  t he maj or  unc er t a i nt y  i n ev al uat i ng 
s t abi l i t y  i s t he undr ai ned shear  s t r engt h of  
t he soi l .  Bas ed on 16 wel l - doc ument ed embank ­
ment  f ai l ur es  on c ohes i v e f oundat i ons ,  Bj er r um
( 1972)  i nt r oduc ed t he f i el d vane,  FV,  c or r ec t i on 
f ac t or ,  u,  i n or der  t o es t i mat e t he i n s i t u c

u
f r om f i el d v ane meas ur ement s .  Ladd et  al .  ( 1977)  
pr es ent  r es ul t s  f r om addi t i onal  embank ment  
f ai l ur es  af t er  1972 and c onc l ude t hat  t he dat a 
ar e di s t r i but ed f ai r l y  ev enl y  about  Bj er r um' s  
c ur v e and gener al l y  f al l  wi t h i n ± 20% of  hi s  
r ec ommended val ues .  Ladd and Foot t  ( 1974)  
pr opos e a des i gn pr oc edur e k nown as  t he St r ess  
Hi s t or y  and Nor mal i z ed Soi l  Engi neer i ng Pr op ­
er t i es ,  SHANSEP,  pr oc edur e.  SHANSEP at t empt s  
t o mi ni mi z e t he i nf l uenc e of  s ampl e di s t ur banc e 
and exp] i c i t l y  c ons i der s  t he ef f ec t s  of  s t r engt h 
ani s ot r opy  i n ev al uat i ng t he s t abi l i t y  of  c l ay  
f oundat i ons .

The unc or r ec t ed f i el d v ane and t he SHANSEP 
s t r engt h model s  ar e us ed her ei n t o anal y z e t he 
s t abi l i t y  of  f our  embank ment  f ai l ur es  t ak i ng 
i nt o c ons i der at i on:

( 1)  End Ef f ec t s . Ci r c ul ar  ar c  s t abi l i t y  ana l y ­
ses as s ume t hat  f ai l ur es  hav e i nf i ni t e l engt h 
al ong t he embank ment ,  wher eas  ac t ual  s l ope 
f ai l ur es  t ake pl ac e al ong a f i ni t e l engt h and 
henc e i nv ol v e end ef f ec t s .  Bal i gh and Az z ouz  
( 1975)  dev el oped a s y s t emat i c  t hr ee- di mens i onal  
( 3- D) met hod t o i nc l ude end ef f ec t s  on t he 
s t abi l i t y  of  s l opes .  The met hod c ons i der s  shear  
s ur f ac es  of  r ev ol ut i on c ons i s t i ng of  c y l i nder s  
and el l i ps oi ds  and/ or  c ones  i ns t ead of  t he 
i nf i ni t e c y l i nder s  as s umed i n t wo- di mens i onal  
( 2—D) c i r c ul ar  ar c  anal yses .

(2)  St r engt h Ani s ot r opy  and St r a i n Compat i b i l i t y  
The undr ai ned s t r es s - s t r a i n- s t r engt h behav i or  of  
a gi v en s at ur at ed c l ay  s ampl e depends  on t he 
mode of  shear i ng,  e. g. ,  c ompr es s i on,  ex t ens i on 
and di r ec t  s i mpl e s hear  s t r ess  sys t ems .  Fur t her ­
mor e,  t he peak  s t r engt h i s gener al l y  r eac hed at  
di f f er ent  s t r ai n l evel s .  A c ompr ehens i v e 
s t abi l i t y  anal y s i s  mus t  t her ef or e ac c ount  f or  
s t r engt h ani s ot r opy  and s t r ai n i nc ompat i bi l i t y  
of  di f f er ent  soi l  el ement s  al ong t he shear  
sur f ace.  Dav i s  and Chr i s t i an ( 1971)  pr opos e an 
el l i pt i c al  t wo- di mens i onal  model  des c r i b i ng 
s t r engt h ani s ot r opy  of  c l ays .  The model  i s 
ex t ended t o t hr ee di mens i ons  ( Azzouz and Bal i gh,  
1978)  and us ed her ei n t o r epr es ent  t he undr ai ned 
shear  st r engt h,  def i ned as  t he s hear  s t r es s  on 
t he f ai l ur e pl ane at  f ai l ur e,  i . e. ,  c ^  =

af t er  adj us t ment s  f or  s t r ai n c ompat i b i l i t y  
ac c or di ng t o t he s i mpl i f i ed appr oac h pr opos ed 
by  Ladd ( 1975) .

CASE STUDI ES

Four  c as e hi s t or i es  of  embank ment s  on s at ur at ed 
c l ay  f oundat i ons  ar e anal y s ed us i ng t he c omput er  
pr ogr am STAB3D ( Azzouz and Bal i gh,  1978)  bas ed 
on t he t wo s t r engt h model s  des c r i bed pr ev i ous l y .  
Fi gur e 1 shows  t he 1- 95 embank ment  c ons t r uc t ed 
ov er  a l ean,  medi um t o s t i f f  depos i t  of  Bos t on 
Bl ue Cl ay,  BBC.  One of  t he many  s ur pr i s i ng 
f eat ur es  of  t he 1- 95 c as e s t udy  was  t he l engt h 
of  f ai l ur e ( i n pl an)  whi c h ex t ended ov er  a 
di s t anc e of  1030 f t ,  whi l e t he l oaded l engt h was  
300 f t  ( M. I . T. ,  1975) .  An es t i mat e of  t he end 
ef f ec t s  was  t hus  nec es s ar y  i n or der  t o bac k f i gur e 
t he s hear i ng s t r engt h of  BBC.  Fi gur e 1 al so 
shows  t he l oc at i on of  t he pr edi c t ed s hear  s ur ­
f ace i n r e l at i on t o t he l oc at i ons  of  t he 
r upt ur ed i nc l i nomet er s  and t he ex t ent  of  f ai l ur e 
( i n p l a n ) . As  ment i oned pr ev i ous l y ,  s t abi l i t y  
anal y s es  per f or med ac c or di ng t o t he SHANSEP 
s t r engt h model  t ake i nt o c ons i der at i on t he
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Fi gur e 2 s hows  t he v ar i at i on of  t he undr ai ned
shear  s t r engt h,  nor mal i z ed wi t h r es pec t  t o t he
ef f ec t i v e ov er bur den s t r ess ,  c' , wi t h  t he

vo
f ai l ur e s ur f ac e i nc l i nat i on,  0 , f or  r epr es en ­
t at i v e OCR v al ues  f or  t hr ee of  t he f our  c l ay  
t y pes  c ons i der ed i n t hi s  s t udy.  I n or der  t o 
obt ai n t hi s  di s t r i but i on,  t he angl e bet ween t he 
f ai l ur e pl ane and t he maj or  pr i nc i pal  pl ane was  
as s umed equal  t o 45°  + : f >' / 2 = 60° .  Hence when 

0 = 60° ,  c u ( fl ) / ° yo c or r es ponds  t o c u (v ) / t,y 0

obt ai ned f r om c ompr es s i on t es t s  and when 
0 = - 30° ,  c ( 6)  / a'  c or r es ponds  t o c ( H) / a' vo

obt ai ned f r om ex t ens i on t est s.  Fi gur es  3, 4 and
5 s how c r os s  s ec t i ons  of  t he pr edi c t ed shear
s ur f ac es  at  t he r emai ni ng t hr ee c as e s t udi es .
Fi gur e 3 c or r es ponds  t o t he Ex per i ment al  Tes t
Sec t i on,  ETS, c as e s t udy  i n New Hamps hi r e,  wher e
a gr anul ar  embank ment  was  pur pos el y  c ons t r uc t ed
t o f ai l  a l ean,  medi um t o s of t  v er y  s ens i t i v e
Por t s mout h Cl ay.  The c as e s t udy  i s des c r i bed
i n det ai l  i n Ladd ( 1972) .  The SHANSEP s t r engt h
f or  t he Por t s mout h Cl ay  was  c omput ed bas ed on
t he max i mum v al ue of  t he max i mum pas t  pr es sur e,
a'  , g i v en by Ladd ( 1972)  s i nce i t  c l os el y  r epr e-  

v m
s ent s  t he i n s i t u o' _ ( Ladd,  1972) .  The v ar i a-

vm
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F IGURE 2 . S TR E N G T H  V AR IA T IO N  ALO N G  

S H E A R  SURFACE

t i on of  c u wi t h 0 f or  t he ETS c as e was  v er y

s i mi l ar  t o t hat  of  BBC.  Fi gur e 4 pr es ent s  t he 
New Li s k ear d Embank ment ,  NLE,  f ai l ur e i n Canada,  
wher e t he medi um t o sof t  New Li s k ear d Var v ed 
Cl ay,  NL VC, depos i t  f ai l ed dur i ng c ons t r uc t i on 
of  a gr anul ar  embank ment  ( Lacasse et  al . ,  1977) .  
The s t abi l i t y  anal y s es  des c r i bed her ei n f or  t he 
NLE bas ed on t he SHANSEP s t r engt h model  wer e 
c omput ed ac c or di ng t o t he mi n i mum pr of i l e

gi v en by  Lac as s e et  al .  ( 1977) .  Unf or t unat el y ,  
no dat a ar e av ai l abl e on t he s t r engt h ani s ot r opy  
f or  t he NLVC ( onl y c u meas ur ed by  t he di r ec t

s i mpl e shear  t est ,  c ( DSS)  ) . Hence,  t he c^ - 6

v ar i at i on i n Fi g.  2 was  det er mi ned f r om t es t  
dat a on t he nonc ement ed Connec t i c ut  Val l ey  
Var v ed Cl ay  r epor t ed by Ladd ( 1975) .  Thi s  was  
ac hi ev ed by  as s umi ng t hat  t he r at i os  c u ( V) / cu ( DS!

and c u ( H) / cu ( DSS)  ar e t he same f or  bot h t y pes

of  c l ays .  Fi gur e 5 i l l us t r at es  t he t es t  embank ­
ment  at  t he For e Ri v er  Tes t  Sec t i on,  FRT, 
c ons t r uc t ed ov er  a t i dal  mudf l at  depos i t  of  
sof t ,  s l i ght l y  or gani c  Mai ne Cl ay  ( Ladd et  al . ,
1969) .  The SHANSEP s t r engt h us ed i n t he anal ys i :  
was  as s umed c ons t ant  and equal  t o c u ( DSS) .

Fi nal l y ,  Tabl e 1 pr es ent s  a s ummar y  of  t he case 
s t udi es  c ons i der ed her ei n.  I t  s houl d be not ed 
t hat  t he end ef f ect s,  ex pr es s ed as  t he r at i o of  
t he t hr ee- di mens i onal  t o t wo- di mens i onal  f ac t or s  
of  saf et y ,  ( F/ F° ) , wer e al l  c omput ed f or  t he 
obs er v ed f ai l ur e l engt h.  The c r i t i c al  shear  
sur f ac es  pr edi c t ed ac c or di ng t o t he c u ( FV)  and

SHANSEP model s  ar e pr ac t i c al l y  t he same f or  al l  
c as e s .
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B A S E D  O N  c u ( F V )  

S H A N S E P  c u ( D S S J ^

E L  ( - 3 0 )

S A N D  A N D  G R A V E L

FIGURE 5 .  FA ILU R E O F  FORE R IVE R  

T E S T  S E C T IO N , M A IN E

O B S E R V E D  F A I L U R E  S U R F A C E

----------------- P R E D I C T E D  C R I T I C A L  S H E A R  S U R F A C E  B A S E D

O N  c u ( F V )  A N D  S H A N S E P  ( C O R R E S P O N D IN G  

T O  M A X I M U M  c r jn ,  P R O F I L E )

FIGURE 3 . FA ILU R E  O F A N  E X P E R IM E N T A L  

T E S T  S E C T IO N , NEW HAMPSHIRE

F A ILU R E , O N TAR IO

RESULTS

1.  The end ef f ec t s ,  F/ F° ,  i nc r eas e t he pl ane 
s t r ai n f ac t or  of  saf et y ,  F° ,  by  a max i mum of  
30% ( 1- 95 case)  and a mi n i mum of  7*  ( FRT and NLE 
c as es ) . Ther ef or e,  when t hr ee- di mens i onal  
ef f ec t s  ar e negl ec t ed i n t he anal y s i s  of  t es t  
f i l l  f ai l ur es ,  t he bac k - c al c ul at ed i n s i t u s hear  
s t r engt h wi l l  be ov er es t i mat ed,  and henc e wi l l  
l ead t o uns af e des i gns  of  l ong embank ment s .  I n 
par t i c ul ar ,  t hi s  appl i es  t o FV c or r ec t i on 
f ac t or s ,  u , pr opos ed by  Bj er r um,  ( 1972) .

2.  Thr ee- di mens i onal  anal y s es  bas ed on t he 
SHANSEP s t r engt h model ,  whi c h ac c ount s  f or  
s t r engt h ani s ot r opy  and s t r ai n c ompat i bi l i t y  
al ong t he shear  s ur f ac e of  r ev ol ut i on,  y i e l ded

s at i s f ac t or y  r esul t s ,  i . e. ,  F c l os e t o uni t y  
at  f ai l ur e,  ex c ept  f or  t he FRT case.

3.  Thr ee- di mens i onal  anal y s es  bas ed on t he 
unc or r ec t ed f i el d v ane s t r engt h,  c^ ( FV)  pr ov i de

r eas onabl e pr edi c t i ons  ( wi t hi n 15%,  say)  i n t wo 
c as es  ( 1- 95 and ETS) , but  ov er es t i mat e t he 
s af et y  i n t he ot her  t wo cases .

4.  St r engt h ani s ot r opy  c an be ac c ount ed f or  i n 
pl ane s t r ai n c i r c ul ar  ar c  s t abi l i t y  anal y s es  by 
us i ng an equi v al ent  s t r engt h,  c u ( equ) ,  gi v en by:

c u ( equ)  = at c^ t V)  + c u ( H) ]

For  nonl ay er ed soi l s ,  e. g. ,  Bos t on Bl ue Cl ay  and 
Por t s mout h Cl ay,  a was  f ound equal  t o 0. 45,  
wher eas  f or  t he New Li s k ear d Var v ed Cl ay,  
a  = 0. 40.  However ,  i t  s houl d be not ed t hat  f or  
v ar v ed c l ays ,  t he s t r engt h i s at  or  near  i t s 
mi n i mum f or  hor i z ont al  f ai l ur es .  Hence,  t he 
us e of  [ cu ( V)  + c ^ ( H) ] t o ac c ount  f or  s t r engt h

ani s ot r opy  i n nonc i r c ul ar  ( wedge t ype)  shear  
s ur f ac es ,  wher e a l ar ge por t i on of  t he f ai l ur e 
s ur f ac e i s hor i z ont al ,  may  be unsaf e.

5.  End ef f ec t s ,  F/ F° ,  wer e not  s i gni f i c ant l y  
af f ec t ed by  t he s t r engt h model  used,  i . e. ,  FV 
vs.  SHANSEP.  Thi s  means  t hat  f or  r out i ne 
i nv es t i gat i ons ,  t he FV t es t  c an be us ed t o 
ev al uat e t he l i k el y  magni t ude of  3- D ef f ec t s .

REFERENCES:
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CGJ  = Canadi an Geot ec hni c al  J our nal

I CSMFE = I nt er nat i onal  Conf .  on Soi l  Mec h ­
ani c s  and Foundat i on Engi neer i ng

J GED = J our nal  of  t he Geot ec hni c al  
Engi neer i ng Di v i s i on

J SMFD = J our nal  of  t he Soi l  Mec hani c s  
and Foundat i on Di v i s i on

345



1 1 /3
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