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SYNOPSI S Wi t h  t he  de ve l opme nt  of  f i e l d i ns t r ume nt a t i on a nd nume r i c a l  a na l ys e s ,  t he  ba c k- a na l ys i s  of  c a s e  hi s t or i e s  ha s  

be c ome  t he  pr e f e r e d me t hod of  i mpr ovi ng t he  ge ot e c hni c a l  knowl e dge .  I t  ha s  be e n ge ne r a l l y  us e f ul l ,  but  on ma ny  oc c a s i ons  

i t  ha s  pr ove d unr e l i a bl e  or  e ve n mi s l e a di ng.  Fi ve  e xa mpl e s  a r e  t a ke n f r om pr a c t i c e  t o i l l us t r a t e  s ome  ma j or  pi t f a l l s  of  

ba c k- a na l ys e s .  Gui de l i ne s  a r e  c ons e que nt l y  pr opos e d t o a voi d t he s e  pi t f a l l s  a nd t he i r  e mba r r a s s i ng c ons e que nc e s  on t he  

de ve l opme nt  of  ge ot e c hni que .

I NTRODUCTI ON

I n a n e ngi ne e r i ng s c i e nc e  de a l i ng wi t h  a  ma t e r i a l  s o c om­

pl e x a s  s oi l ,  de ve l opme nt  c a n be  a c hi e ve d onl y  by c ons t a nt  

r e f e r e nc e  t o f i e l d obs e r va t i ons  ( Te r z a ghi  1 9 36) e I n t he  

l a s t  30 ye a r s ,  f i e l d i ns t r ume nt a t i on a nd f ul l  s c a l e  t e s ­

t i ng t e c hni que s  ha ve  be e n us e d i nc r e a s i ngl y t o ga t he r  

e vi de nc e  on t he  i n s i t u be ha vi our  of  s oi l s .  The  i nt e r pr e ­

t a t i on of  t hi s  of t e n c ompl e x e vi de nc e  t o s uppor t  e xi s t i ng 

t he or i e s  or  t o de ve l op ne w one s  ha s  be e n  ma de  e a s i e r  wi t h  

t he  a dve nt  of  t he  c omput e r  a nd of  nume r i c a l  me t hods  s uc h 

a s  t he  FEM.  The  nume r i c a l  ba c k- a na l ys i s  of  f i e l d obs e r va ­

t i ons  ha s  how be c ome  a  pr e f e r e d me t hod of  va l i da t i ng t he o ­

r i e s ,  or ,  mor e  f r e que nt l y,  of  e va l ua t i ng s oi l  pa r a me t e r s  

t o be  us e d i n " a c c e pt e d met hods " , .

The  pr i nc i p l e  of  ba c k  a na l ys i s  c a n be  e xpr e s s e d i n e i t he r  

of  t he  modi f i e d  f or ms  of  La mb e f s  ( 1973)  e qua t i on:

Obs e r va t i on + s oi l  pa r a me t e r  va l i da t e d t he or y ( 1)

Obs e r va t i on + t he or y -► e mpi r i c a l  s oi l  pa r a me t e r  ( 2)

The  ope r a t or  i n t he s e  e qua t i ons ,  i . e .  t he  ba c k- a na l ys i s ,  

mus t  be  ha ndl e d r i gour ous l y i f  t he  out c ome  i s  t o ha ve  a ny 

r e l i a bi l i t y,  i n pa r t i c ul a r  i n e qua t i on ( 1) .  Unf or t una t e l y 

t hi s  c ondi t i on ha s  of t e n be e n  i gnor e d,  l e a di ng t o t he  va l ­

i da t i on of  wr ong t he or i e s  or  t o t he  us e  of  i r r e l e va nt  s oi l  

pa r a me t e r s .  I mpor t a nt  wa s t e  of  mone y,  t i me  a nd r e s e a r c h 

e f f or t  ha s  r e s ul t e d.

THE CLASSI CAL APPROACH TO BACK- ANALYSES

The  ba c k  a na l ys i s  of  a ny c a s e  h i s t or y i nvol ve s  a s e r i e s  of  

a s s umpt i ons  a nd pr oc e dur e s ,  e a c h of  whi c h  i s  a  pot e nt i a l  

s our c e  of  e r r or s .

The  f i r s t  s t e p i n e a c h a na l ys i s  i s  t o s i mpl i f y t he  ge ome ­

t r y of  t he  pr obl e m a nd t he  s oi l  s t r a t i gr a phy;  I mpor t a nt  

f e a t ur e s  ma y  t he n be  c a nc e l l e d out .  I n mos t  c a s e s  t he  sec_ 

ond s t e p i 6 t o a s s ume  a n i de a l i z e d s o i l ’ s  r e s pons e ,  vi z .  

dr a i ne d or  undr a i ne d,  so a s  t o s e l e c t  t he  t ype  of  a na l yt i ­

c a l  me t hod.  The  t hi r d s t e p i s  t o pos t ul a t e  t ha t  t he  s oi l  

be ha vi our  c or r e s ponds  t o t he  a na l yt i c a l  mode l  a t  ha nd:  l i n 

e a r  or  non l i ne a r  e l a s t i c i t y,  i s ot r opy or  a ni s ot r opy,  Mohr  

Coul omb c r i t e r i on or  pl a s t i c  f l ow r ul e s ;  a  l a r ge  de gr e e  of  

i de a l i z a t i on i s  una voi da bl e  he r e .  La bor a t or y  t e s t s  a r e  

c a r r i e d out  t o obt a i n  or de r s  of  ma gni t ude  f or  t he  r e l e va nt  

i nput  s oi l  pa r a me t e r s .  The n t he  a c t ua l  ba c k  a na l ys i s  i s  

pe r f or me d a nd t he  r e s ul t s  obt a i ne d a r e  c ompa r e d t o t he  ob ­

s e r va t i ons .  I n mos t  c a s e s  t he  f i r s t  c ompa r i s on i s  not  t oo

s uc c e s s f ul l  a nd s ome  of  t he  e a r l i e r  a s s umpt i ons  on bounda ­

r y c ondi t i ons ,  mode l  or  i nput  pa r a me t e r s  a r e  modi f i e d  un ­

t i l  a  s a t i s f a c t or y f i t  i s  a c hi e ve d be t we e n c omput a t i ons  

a nd obs e r va t i ons .  The  c ommon pr a c t i c e  i n t hi s  pr oc e s s  i s  

t o a dj us t  onl y a f e w ke y i nput  pa r a me t e r s  a nd t o t r y and 

obt a i n  a good f i t  onl y f or  one  or  e ve nt ua l l y  t wo pa r a me ­

t e r s  of  t he  f i e l d be ha vi our :  f or  e xa mpl e ,  a na l ys i ng t he  

r e s pons e  of  a  c l a y f ounda t i on t o a n e mba nkme nt  l oa di ng,  

s pe c i f i c  ba c k  a na l ys e s  ma y  be  de ve l ope d f or  e va l ua t i ng set ^ 

t l e me nt s  but  not  ne c e s s a r i l y  l a t e r a l  di s pl a c e me nt s ,  c ons ­

t r uc t i on por e  pr e s s ur e s  but  not  de f or ma t i ons ,  or  s t r e ngt h 

pa r a me t e r s  but  not  t he  s t r e s s - s t r a i n  r e s pons e  up t o f a i l ­

ur e .  Onc e  a good f i t  i s  obt a i ne d f or  t ha t  pa r t i c ul a r  a s ­

pe c t  of  t he  f i e l d be ha vi our  whi c h  t he  ba c k- a na l ys i s  ha d i i i  

t e nde d t o i nve s t i ga t e ,  t he  t he or y or  mode l  us e d or  t he  

t e c hni que s  f or  de t e r mi ni ng t he  r e l e va nt  s oi l  pa r a me t e r s  

a r e  de c l a r e d va l i d.

Thi s  me t hodol ogy c a n be  que s t i one d i n ma ny a s pe c t s .  One  of  

t he  mos t  s e r i ous  s hor t c omi ngs  i s  t ha t  ba s i c  s oi l  me c ha ni c s  

pr i nc i pl e s  a r e  f r e que nt l y  not  s a t i s f i e d by t he  r e s ul t s :  

f or  e xa mpl e ,  ma ny c a s e s  a r e  r e por t e d i n t he  l i t e r a t ur e  of  

" c or r e c t "  s e t t l e me nt s  c omput e d t oge t he r  wi t h  e r r one ous  

por e  pr e s s ur e s  a nd e f f e c t i ve  s t r e s s e s .  Whe n de a l i ng wi t h  

t he  r e s ul t s  of  ba c k  a na l ys e s ,  we  s uf f e r  f r om t he  s a me  we a k 

ne s s e s  as  i de nt i f i e d by Te r z a ghi  ( 1936) :  our  c onc l us i ons  

a r e  f ounde d on i m b al a n c e d  e v i d e n c e .  As  s oon as  a  good f i t  

i s  obt a i ne d f or  t ha t  pa r a me t e r  unde r  i nve s t i ga t i on,  no s e ­

r i ous  a t t e nt i on i s  pa i d t o t he  qua l i t y  of  t he  f i t  f or  

ot he r  pa r a me t e r s  a nd a s e r i ous  i nve s t i ga t i on of  t he  c a us e s  

of  e ve nt ua l  mi s pr e di c t i ons  i s  r e pl a c e d by  a  s t a t e me nt  s uc h 

as :  " my mode l  i s  good onl y f or  . . . " .

Ne ve r t he l e s s ,  i n t he  l a s t  10 ye a r s ,  ma j or  pr ogr e s s  ha s  

be e n a c hi e ve d on a  va r i e t y  of  pr obl e ms ,  t ha nks  t o t he  us e  

of  ba c k  a na l ys e s .  On t he  ot he r  ha nd,  ma ny  s i t ua t i ons  ha ve  

oc c ur r e d,  whe r e  t he  a ppr oa c h ha s  pr ove d unr e l i a bl e  or  e ve n 

mi s l e a di ng  a s  a  r e s ul t  of  a bus i ve  a s s umpt i ons ,  i na c c ur a t e  

i nput  pa r a me t e r s  or  uns uf f i c i e nt  unde r s t a ndi ng of  t he  p r o ­

b l e m unde r  c ons i de r a t i on.  Fr om t he s e  ne ga t i ve  e xpe r i e nc e s  

a  s e r i e s  of  pi t f a l l s  of  ba c k- a na l ys e s  c a n be  i de nt i f i e d.

I t  i s  t he  pur pos e  of  t hi s  pa pe r  t o i l l us t r a t e  s ome  of  t he  

c ommon pi t f a l l s  a nd t o s ugge s t  s ome  gui de l i ne s  i n or de r  t o 

a voi d t he m i n f ut ur e  ba c k- a na l ys e s .

I LLUSTRATI ON OF COMMON PI TFALLS

Re s pons e  of  c l a y f ounda t i ons  t o e mba nkme nt  l oa di ng

I n t he  l a s t  30 ye a r s ,  a  gr e a t  numbe r  of  e mba nkme nt s  ha ve  

be e n bui l t  on we l l  i ns t r ume nt e d c l a y f ounda t i ons  t o ga i n
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an under st andi ng of  t he r esponse of  cl ay deposi t s dur i ng 

const r uct i on.  I n v i ew of  t he l ow per meabi l i t y of  cl ays 

and of  t he shor t  dur at i on of  const r uct i on,  and i n t he ab­

sence of  f i el d evi dence,  i t  was or i gi nal l y assumed t hat  
t hi s r esponse woul d be undr ai ned.  Si nce t hen,  t hi s assume 

t i on has t ur ned i nt o one of  t he " l aws"  of  geot echni cal  en­

gi neer i ng.  No ser i ous ef f or t  has been made t o check i t s 

val i di t y agai nst  t he accumul at i ng f i el d evi dence.  Rat her ,  
t he undr ai ned anal ysi s has been t he st andar d met hod of  i n­

t er pr et i ng por e pr essur es,  def or mat i ons and f ai l ur es ob­

ser ved i n si t u.

The back- anal ysi s of  set t l ement s and l at er al  di spl acement s 

devel oped i n t he pr esumabl y undr ai ned r esponse of  cl ay 

f oundat i ons t o embankment  const r uct i on has f or med a l ar ge 

par t  of  t he r esear ch on t hi s pr obl em.  Fi ni t e el ement  st uj i  

i es have r epor t edl y been qui t e successf ul  at  back- ana-  

l i si ng set t l ement s on t he basi s of  undr ai ned modul i  Eu and 
v = 0, 5 ( Fi g. l a) .  However ,  i n most  cases,  t hese back- anal ^ 

yses have f ai l ed t o pr oduce a good si mul t aneous f i t  on t he 

l at er al  di spl acement s,  as i ndi cat ed i n f i gur e l b„  Even 
t hough syst emat i c,  t hi s pr obl em was not  consi der ed ser i ­
ousl y unt i l  Poul os ( 1972)  pr oposed t ent at i ve expl anat i ons 

and cor r ect i ons r el at ed mai nl y t o t he ani sot r opy and t he 
non- l i near i t y of  t he undr ai ned st r ess- st r ai n behavi our  of  

cl ays.  Si nce t hen,  t hese f act or s have been i ncor por at ed 

i nt o t he back- anal yses,  but  t he qual i t y of  t he r esul t s has 

not  r eal l y i mpr oved.

Se al . ,  cm

Fi g. l  Pr edi ct i ons and obser vat i ons of  set t l ement s and l at _ 
er al  di spl acement s Y ( f r om Tavenas et  al ,  1979a) .

Now,  compi l i ng por e pr essur e obser vat i ons f r om 30 case hi s_ 
t or i es,  Ler ouei l  et  al .  ( 1978)  have shown t hat  t he assump­

t i on of  an undr ai ned r esponse t hr oughout  const r uct i on i s 

not  consi st ent  wi t h t he f i el d evi dence.  Rat her ,  a si gni f y 

cant  consol i dat i on devel opes i ni t i al l y i n t he over consol j L 

dat ed cl ay;  i t  i s onl y af t er  t he cl ay has become nor mal l y 
consol i dat ed t hat  an undr ai ned r esponse i s pr act i cal l y e£ 

t abl i shed.  Thi s sequent i al  behavi our  shoul d st r ongl y r e­

f l ect  on t he devel opment  of  set t l ement s and l at er al  def or ^ 
mat i ons.  Thi s i s i ndeed what  has been obser ved f r om t he 

f i el d dat a compi l ed by Tavenas et  al . ( 1979a) .  Typi cal  r e 

sui t s ar e shown i n f i gur e 2 : i ni t i al l y t he maxi mum l at er al  

di spl acement  ym r epr esent s l ess t han 30% of  t he set t l ement  

s;  Aym = As onl y af t er  t he ver t i cal  ef f ect i ve st r ess has 
r eached Op as i ndi cat ed by por e pr essur e obser vat i ons.

Fi g. 2 Lat er al  di spl acement  vs set t l ement  dur i ng const r uc ­
t i on of  4 t est  f i l l s ( f r om Tavenas et  al .  1979a) .

The l ack of  success of  past  back- anal yses was t hus ent i r e­

l y due t o t he wr ong assumpt i on of  an undr ai ned cl ay r e­
sponse.  Thi s f undament al  er r or ,  whi ch has l ed t o a si gni ­

f i cant  wast e of  r esear ch ef f or t ,  coul d have been i dent i f i ed 

ear l i er  i f  t he ent i r e f i el d evi dence had been l ooked at  on 

i t s own mer i t s bef or e at t empt i ng t o f i t  numer i cal  model s 
t o par t s of  i t  and i f  mor e at t ent i on had been pai d t o t he 

i nconsi st ency of  t he r esul t s.

Ter zaghi  consol i dat i on t heor y f or  i nt er pr et i ng set t l ement s

The one- di mensi onal  consol i dat i on t heor y usi ng a const ant  

coef f i ci ent  of  consol i dat i on Cy i s r out i nel y used f or  eva.1 
uat i ng t he var i at i ons wi t h t i me of  ef f ect i ve st r esses and 

set t l ement s i n cl ay f oundat i ons.  One pr act i cal  di f f i cul t y 
i n usi ng t hi s t heor y i s t he det er mi nat i on of  t he pr oper  

val ue f or  Cy  Back- anal yses of  por e pr essur e and set t l e­

ment  obser vat i ons have of t en been car r i ed out  t o obt ai n 
" f i el d val ues"  of  Cv and t hus empi r i cal  cor r ect i on f act or s 

t o appl y t o oedomet er  t est  r esul t s.  Thi s appr oach has been 

successf ul l y appl i ed t o cases wher e t he cl ay f oundat i on 
was over consol i dat ed.  On t he ot her  hand i t  i s associ at ed 

wi t h maj or  pr obl ems when appl i ed t o nor mal l y consol i dat ed 

cl ays.

When bui l di ng embankment s on cl ay,  i t  i s a common si t ua­

t i on t hat  t he appl i ed ver t i cal  st r ess exceeds t he pr econ­

sol i dat i on pr essur e Op.  I n t hi s case,  t he assumpt i on of  
Cv  = c 9t  i s a gr oss over si mpl i f i cat i on of  t he act ual  beha­

vi our ,  but  i t  has di f f er ent  consequences dependi ng on t he

Fi g, 3 Tot al  set t l ement  and ver t i cal  st r ess at  t he base of  
t he speci men as comput ed by Ter zaghi  and CONMULT
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par amet er  under  i nvest i gat i on.  Tavenas et  al .  ( 1979b) ,  

have u9ed a numer i cal  model  ( CONMULT)  account i ng f or  t he 

var i at i ons of  a 1, e,  k,  Cc and Cv t o evi dence t he shor t com 
i ngs of  Ter zaghi ' s sol ut i on i n t he case of  an oedomet er  
speci men,  wi t h t he pr oper t i es i ndi cat ed on f i gur e 3a,  t he 

t ot al  set t l ement s comput ed,  f r om Ter zaghi  usi ng a Cv val ue 
cor r espondi ng t o t he nor mal l y consol i dat ed st at e,  and f r om 

CONMULT ar e i n good agr eement ;  st oppi ng at  t hi s poi nt ,  one 

coul d t hus concl ude t o t he val i di t y of  Ter zaghi ’ s sol ut i on.  
A qui t e di f f er ent  concl usi on i s r eached i f  ot her  par ame­

t er s of  t he pr obl em ar e consi der ed.  As shown i n f i gur e 3b,  

t he var i at i ons wi t h t i me of  t he ver t i cal  ef f ect i ve st r ess 

at  t he non- dr ai ni ng base of  t he speci men ar e t ot al l y di f ­

f er ent ,  t he CONMULT sol ut i on evi denci ng t he st r ong ef f ect  
of  Op on t he consol i dat i on pr ocess.  The compar i sons of  

t he di st r i but i ons,  wi t hi n t he speci men,  of  t he ef f ect i ve 

st r ess ( Fi g. 4a)  and of  t he set t l ement  ( Fi g. 4b) ,  when t he 
t ot al  set t l ement  comput ed i n bot h met hods was 0, 7 mm,  

cl ear l y i ndi cat e t hat  t he " good pr edi ct i on"  of  t he t ot al  

set t l ement  i n Ter zaghi ' s sol ut i on i s t he r esul t  of  a nat u­
r al  er r or  cancel l at i on pr ocess.

effective vertical t trm .kPo  percentoge of total settlement

Q 2 0  4 0  60  80  W O O  20  4 0  6 0  6 0

0.2

0.4

1
H

0.6

0.8

1.0

Fi g, 4 Di st r i but i on of  ef f ect i ve st r esses and set t l ement  
i n t he speci men as comput ed by Ter zaghi  and CONMULT at  a 
t ot al  set t l ement  of  0, 7 mm ( 25% consol i dat i on) .

Thi s exampl e f i r st  demonst r at es one of  t he f r equent  pr o­

bl ems wi t h anal yt i cal  sol ut i ons,  wher e an appar ent l y cor ­

r ect  r esul t  pr oves t o be t he sum of  compensat i ng er r or s 

when t he sol ut i on i s anal ysed i n det ai l .  Fr om a mor e pr a£ 

t i cal  poi nt  of  vi ew,  t he r esul t s pr esent ed her ei n i ndi cat e 

t hat  Ter zaghi ’ s consol i dat i on t heor y wi t h Cv = Cs t  i s j ust  
not  r epr esent at i ve of  t he cl ay behavi our ,  so t hat  i t  can­

not  ser ve as a basi s f or  t he back. - anal ysi s of  f i el d obser ­
vat i ons of  set t l ement s or  por e pr essur es when Op i s ex ­

ceeded dur i ng consol i dat i on.  Whi l e a good f i t  coul d con­

cei vabl y be obt ai ned f or  t he t ot al  set t l ement  i n cases 
wi t h si mpl e boundar y condi t i ons,  t hi s t heor y i s necessar i ­

l y mi sl eadi ng when anal ysi ng set t l ement s i n l ayer ed depos ­

i t s or  when pr edi ct i ng ef f ect i ve st r ess var i at i ons,  f or  

exampl e f or  t he anal ysi s of  st abi l i t y and t he moni t or i ng 
of  st age const r uct i on of  hi gh embankment s.

CONMULT anal ysi s of  l ong t er m set t l ement s

I t  was j ust  shown t hat  Ter zaghi ' s consol i dat i on t heor y 

wi t h Cv  “  Cst  cannot  be used i n back- anal yses. On t he 
ot her  hand,  t he CONMULT model  whi ch account s f or  t he act u­

al  var i at i ons of  al l  par amet er s dur i ng consol i dat i on and 
whi ch handl es compl ex boundar y condi t i ons i s an excel l ent  

t ool  f or  back- anal ysi ng consol i dat i on f i el d dat a.  However ,  

i t s use i s not  exempt  of  pr obl ems,  whi ch gener al l y ar i se 
f r om t he possi bl e var i abi l i t y and er r or  of  t he numer ous 

i nput  par amet er s.

The CONMULT model  was used t o back anal yse t he f i el d obser ^ 

vat i ons on t he St - Al ban t est  embankment s ( Tavenas et  al .  

1974)  f or  t he f i r st  f i ve year s af t er  const r uct i on.  The com 

put ed t ot al  set t l ement s i s compar ed t o t he f i el d dat a f or  

t est  sect i on D i n f i gur e 5.  Asi de f r om a l i mi t ed scat t er  
of  t he measur ement s,  t her e i s essent i al l y an excel l ent  

agr eement  bet ween obser vat i on and pr edi ct i on t hr oughout
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Fi g.  5 Obser ved and comput ed set t l ement s under  t est  embank_ 
ment  D at  St - Al ban.

t he ent i r e per i od of  obser vat i on.  Si nce t he t ot al  set t l e­

ment  i s usual l y t he obj ect i ve of  consol i dat i on anal yses i n 
desi gns one coul d have st oped her e,  concl udi ng t hat  bot h 

t he model  and t he numer i cal  val ues of  t he i nput  par amet er s 

wer e per f ect l y conf or m t o t he f i el d evi dence. However , agai n 
her e,  t he det ai l ed anal ysi s of  al l  par amet er s l eads t o a 

qui t e di f f er ent  concl usi on.  Fi gur e 6a shows t he di st r i bu­

t i ons wi t h dept h of  t he obser ved and comput ed set t l ement s 

1600 days af t er  const r uct i on:  t he CONMULT anal ysi s has un 
der est i mat ed t he set t l ement  i n t he cr ust  by about  40% and 

over est i mat ed t he compr essi on of  t he sof t  second l ayer  by 
mor e t han 20%.  Thus t he good t ot al  set t l ement  pr edi ct i on 
i s t he r esul t  of  compensat i ng er r or s.  Fi gur e 6b pr esent s 
t he ver t i cal  ef f ect i ve st r ess pr of i l es obt ai ned f r om t he 

obser ved and t he comput ed por e pr essur es af t er  1600 days.  

The di f f er ences ar e si gni f i cant :  accor di ng t o CONMULT,  con 

sol i dat i on i s near l y compl et ed,  whi l e t he f i el d dat a sug­
gest  t hat  mor e t han hal f  of  t he ef f ect i ve st r ess i ncr ease 
beyond Op,  i . e.  i n t he r ange wher e l ar ge st r ai ns ar e gener ^ 

at ed,  st i l l  has t o occur .  Consequent l y,  l ar ge set t l ement s 

shoul d be expect ed t o devel op i n t he f ut ur e,  l eadi ng t o a 

st r ong devi at i on bet ween pr edi ct i ons and obser vat i ons.  The 
onl y possi bl e expl anat i on f or  t he di ver gi ng concl usi ons 
ar i si ng f r om f i gur es 5 and 6 i s t hat  t he i nput  par amet er s 

k,  Op,  Cc,  Ca,  et c. .  assi gned t o t he di f f er ent  st r at a wer e 
er r oneous,  but  i n such a manner  t hat  t he er r or s wer e par t ­
l y sel f  cancel l at i ng.

Fi g, 6 Obser ved and comput ed di st r i but i ons of  set t l ement  
and ef f ect i ve st r esses under  t est  embankment  D at  St - Al ban

Thi s case i s a good i l l ust r at i on of  t he f act  t hat  a good 

anal yt i cal  model ,  al l owi ng t he successf ul l  back- anal ysi s 
of  one par amet er  of  a gi ven pr obl em,  cannot  necessar i l y 

ser ve as a basi s f or  val i dat i ng met hods of  measur i ng or  

eval uat i ng t he necessar y i nput  soi l  par amet er s.  To achi eve
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such a val i dat i on of  gr eat  pr act i cal  i mpor t ance,  i t  i s ab­

sol ut el y necessar y t hat  al l  par amet er s of  t he f i el d behav ­

i our  be successf ul l y back anal ysed.  A r esul t i ng car di nal  

r ul e f or  peopl es deal i ng i n back- anal yses shoul d be t hat  a 
50% good pr edi ct i on i s 100% wr ong and i t  cannot  l ead t o 

any meani ngf ul l  concl usi on.

St abi l i t y of  cut t i ngs i n London cl ay

Back anal yses have been t he pr ef er ed met hod f or  det er mi ­

ni ng t he nat ur e and t he magni t ude of  t he st r engt h par ame­

t er s r el evant  t o t he f ai l ur e of  nat ur al  or  cut  sl opes.  How 
ever ,  t he met hod i s most  di f f i cul t  t o handl e pr oper l y i n 

t hi s case wher e many of  t he key par amet er s ar e not  known.  
Case hi st or i es,  i . e.  f ai l ed sl opes,  ar e f r equent l y de­
t ect ed and i nvest i gat ed qui t e some t i me af t er  t he f ai l ur e.  

As a r esul t  t he or i gi nal  sl ope geomet r y must  be appr oxi ­

mat ed f r om maps,  ai r  phot os or  nei ghbour i ng sl opes;  above 
al l  t he por e pr essur e r egi me at  t he t i me of  f ai l ur e and 

t he det ai l ed f ai l ur e pr ocess ar e t ot al l y unknown and must  
be assumed.  Consequent l y,  t he r esul t s of  back- anal yses 

ar e hi ghl y i nf l uenced by t he i ni t i al  assumpt i ons,  up t o 

t he poi nt  wher e cont r adi ct or y concl usi ons may be r eached 
f r om t he same case hi st or i es back- anal ysed wi t h di f f er ent  

set s of  " r easonabl e assumpt i ons" .  A good i l l ust r at i on of  
t he pr obl em i s pr ovi ded by t he anal ysi s of  t he st abi l i t y 

of  cut t i ngs i n London cl ay.

The st i f f  f i ssur ed br own London cl ay i s suf f i ci ent l y uni ­

f or m i n pr oper t i es,  t hat  sl ope f ai l ur es f r om a var i et y of  

l ocat i ons can be combi ned i nt o a si ngl e dat a set .  Ten cut ^ 

t i ngs,  excavat ed bet ween 1838 and 1931,  and whi ch have 
f ai l ed bet ween 1841 and 1966,  f or m t he exper i ment al  evi ­

dence used t o devel op an under st andi ng of  t he pr ocesses 

and st r engt h par amet er s i nvol ved i n cut  sl ope f ai l ur es.  I n 

al l  but  one of  t hese sl opes r el i abl e por e pr essur e dat a 

was not  avai l abl e and had t o be assumed.

I n t he or i gi nal  back- anal ysi s of  t hese case hi st or i es,  
Skempt on ( 1964)  made t he t aci t  assumpt i on t hat  t he per mea­
bi l i t y of  t he f i ssur ed cl ay i s suf f i ci ent l y hi gh t o al l ow 
a qui ck equi l i br at i on of  t he negat i ve por e pr essur es gene_r  

at ed dur i ng excavat i on.  I n al l  cases t he por e pr essur es 

at  t he t i me of  f ai l ur e wer e t hus assumed st abl e.  The ob­
ser ved t i me- dependence of  f ai l ur es was consequent l y i nt er ­
pr et ed as t he r esul t  of  t he t i me dependent  decr ease of  
bot h t he ef f ect i ve cohesi on c f and t he ef f ect i ve f r i ct i on 

angl e <t>’ , f r om peak val ues,  avai l abl e i ni t i al l y,  t o r esi d­

ual  val ues,  achi eved on t he ver y l ong t er m.  The concept  

of  pr ogr essi ve f ai l ur e was pr oposed t o expl ai n t hi s si gni ­

f i cant  st r engt h r educt i on i n f i ssur ed cl ays.

A f ew year s l at er ,  Skempt on ( 1969,  1970)  r eal i zed t hat  t he 
r educt i on of  41' t o r esi dual  val ues r equi r es ver y l ar ge di s^ 

pl acement  al ong a f ai l ur e sur f ace.  Si nce such di spl acement  

cannot  be devel oped i n a f i r st - t i me sl i de at  t he i ni t i a­
t i on of  f ai l ur e t he r educt i on of  tf>' must  be ver y l i mi t ed.  

Account i ng f or  t he concept  of  cr i t i cal  or  f ul l y sof t ened 
st at e,  whi ch cor r esponds t o a const ant  val ue of  <f>r -  20° , 

Skempt on ( 1969)  devel oped a new back anal ysi s of  t he avai l _ 

abl e case hi st or i es.  St i l l  assumi ng a per manent  por e prej s 
sur e r egi me,  i t  was concl uded t hat  t he ef f ect i ve cohesi on 

c 1 was t i me dependent  as i ndi cat ed i n f i gur e 7a,  The pr o­

cess of  sof t eni ng of  t he cl ay,  due t o di l at ancy and t he 

openi ng of  f i ssur es,  was pr oposed t o expl ai n t hi s r educ ­
t i on.

I n t he f ol l owi ng year s, por e pr essur e obser vat i ons i n 3 et a 

bl e cut t i ngs ( Vaughan & Wal bancke 1973)  i ndi cat ed t hat  mor e 

t han 20 year s coul d be necessar y f or  t he f ul l  por e pr essu­

r e equi l i br at i on, Skempt on ( 1977)  was t hus l ed t o car r y out  

a new ser i es of  back anal yses, i n whi ch t he st r engt h par ame 

t er s of  t he cl ay wer e now assumed const ant  and equal  t o t he 

f ul l y sof t ened val ues c ’ =l  kPa,  <f> = 20° .  The concl usi on was 
t hat  t he t i me dependence of  t he obser ved f ai l ur es r ef l ec ­

t ed t he t i me dependence of  t he por e pr essur e ( Fi g. 7b) ,

( fro m  S k *m p to n , l9 6 9 )

Fi g, 7 Ti me dependence of  t he ef f ect i ve cohesi on c f or  of  
t he Yu par amet er  obt ai ned f r om back anal yses of  cut t i ngs 
i n London cl ay.

Leonar ds ( 1979)  quest i oned t hi s new expl anat i on on t he ba­

si s t hat  dr ai nage schemes i n London cl ay ar e f ul l y ef f ec ­

t i ve i n l ess t han 10 year s.  He t hen suggest ed t hat  t he 
sl ow i ncr ease of  Tu wi t h t i me r esul t s f r om t he cont i nued 

gener at i on of  negat i ve por e pr essur es due t o t he st r uct ur ­
al  br eakdown of  t he cl ay.  Anal ysi ng t hi s pr ocess qual i t a­

t i vel y,  Leonar ds ( 1979)  concl uded t hat  i t  woul d i mpl y a rê  

l at i onshi p bet ween t he sl ope i ncl i nat i on and t he t i me t o 

f ai l ur e.  The avai l abl e dat a set  i ndeed conf i r med such a 
r el at i onshi p.

Most  r ecent l y Tavenas & Ler ouei l  ( 1980)  have used t he same 
ser i es of  case hi st or i es t o devel op yet  anot her  expl ana­

t i on.  Based on a gener al  model  of  t he cr eep behavi our  of  

over consol i dat ed cl ays,  t hey suggest  t hat  t he del ayed f ai l ^ 
ur e of  cut t i ngs r esul t s f r om t he combi ned r educt i on of  t he 
ef f ect i ve st r esses dur i ng por e pr essur e equal i zat i on and 

of  t he peak st r engt h envel ope pr oduced by cr eep ( Fi g. 8) .  
The st r engt h mobi l i zed at  f ai l ur e i n t hi s model  cor r e­

sponds t o t he cr i t i cal  st at e f r i ct i on angl e <f>T = 20 ° and 

t o an empi r i cal  cohesi ve component .  I n t hi s concept ,  as 
wi t h Leonar ds ( 1979)  but  f or  di f f er ent  t heor et i cal  r easons 

t he t i me t o f ai l ur e shoul d be r el at ed t o t he sl ope i ncl i na^ 

t i on and hei ght ,  as i ndeed conf i r med by t he avai l abl e 
f i el d dat a.

Fi g. 8 Schemat i c ef f ect i ve st r ess pat h and t i me dependence 
of  st r engt h i n t he devel opment  of  f ai l ur e i n cut  sl opes ,
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Fi ve cont r adi ct or y t heor i es have t hus been successi vel y 

val i dat ed by back- anal ysi ng t he ver y same ser i es of  case 

hi st or i es and t her e i s no r eason t o bel i eve t hat  ot her  

t heor i es coul d not  be val i dat ed i n t he f ut ur e.  The l esson 
f r om t hi s exper i ence i s t hat  back anal yses whi ch r equi r e 

assumpt i ons on key i nput  par amet er s Just  cannot  be used rê  
l i abl y t o val i dat e t heor i es or  t o devel op new concept s,  

6i nce t hei r  concl usi ons di r ect l y r ef l ect  t he i ni t i al  as ­
sumpt i ons.

Empi r i cal  st r engt h par amet er s f or  r egi onal  sl ope st abi l i t y

I n spi t e of  t he di f f i cul t i es di scussed i n t he pr evi ous ex ­
ampl e as wel l  as of  t he f undament al  pr obl ems associ at ed 

wi t h sl ope st abi l i t y anal yses ( Tavenas et  al .  1980) ,  t he 
back- anal ysi s of  f ai l ed nat ur al  sl opes i n a gi ven geol ogi ­

cal  set t i ng i s i ncr easi ngl y used t o det er mi ne empi r i cal  

" r egi onal  st r engt h par amet er s"  of  t he l ocal  soi l s.  These 
par amet er s ar e t hen used i n desi gn anal yses t o check t he 

st abi l i t y of  exi st i ng sl opes or  t o def i ne t he geomet r y of  

per manent  man- made sl opes.  The def i ni t i on of  t hese par am̂  

t er s i s associ at ed wi t h some di f f i cul t i es,  as i n t hei r  sub 

sequent  u6e.

I n t he Champl ai n cl ay deposi t s of  East er n Canada t he me ­

t hod was f i r st  used on a case by case basi s.  For  any i nd_i  
vi dual  sl ope an i nf i ni t e number  of  coupl es of  c' , ^'  val ues 

can l ead t o F = 1, 0 i n t he back- anal yses.  I ndeed t he r e­

por t ed " r el evant "  val ues var y by as much as 0 t o 14 kPa 
f or  c f and 27 t o 55°  f or  4>' ,  bear i ng no r el at i onshi p t o 

t he r ange of  val ues whi ch can be obt ai ned f r om l abor at or y 

t est s.  I n or der  t o obt ai n a consi st ent  pi ct ur e of  t he pr £ 
bl em a ser i es of  f ai l ed sl opes wi t h di f f er ent  geomet r i es 

must  be anal ysed,  t o cover  a r ange of  ef f ect i ve st r ess con 

di t i ons.  I n t hi s case,  as shown i n f i gur e 9,  t he st r engt h 
condi t i ons at  f ai l ur e cor r espond t o a much nar r ower  r ange 

of  c* = 7 t o 12 kPa and = 2 8  t o 33° .  Thi s r ange i s by 

no means negl i gi bl e but  i t s l ower  l i mi t  coul d be used t o 

def i ne a saf e desi gn st r engt h envel ope.

However ,  a maj or  pr obl em i n devel opi ng such an appr oach I s 
t he accur acy of  t he back anal yses and t hei r  r esul t s.  Mor e 

speci f i cal l y,  t he exact  por e pr essur es at  t he i nst ant  of  

f ai l ur e ar e gener al l y unknown and must  t her ef or e be assu­
med.  Now,  an er r or  of  ± 0, 5 m on t he posi t i on of  t he wat er  

t abl e,  or  Au = ±5 kPa,  r esul t s i n an uncer t ai nt y on t he 
posi t i on of  t he r esi st ance envel ope r epr esent at i ve of  t he 
f i el d si t uat i on.  As shown i n f i gur e 10,  t hi s er r or  t r ans ­

l at es di r ect l y i nt o an er r or  on t he ef f ect i ve cohesi on,
Ac 1 = Au t an <f»' , i . e.  Ac'  ± 2, 5 kPa.  The magni t ude of  t hi s 

er r or  i s appar ent l y smal l ,  and yet  unaccept abl e i n pr act i ­

ce.  Thi s i s evi denced i n anal ysi ng a t ypi cal  sl ope wi t h
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Fi g. 9 Resi st ance envel opes and empi r i cal  st r engt h par ame­
t er s f or  nat ur al  sl opes i n Canadi an mar i ne cl ays ( f r om 
Tavenas & Ler ouei l  1980) .
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Fi g. 10 Ef f ect  of  por e pr essur e var i at i ons on r esi st ance 
envel ope and back- anal ysed st r engt h par amet er s .

a hei ght  of  8 m,  an i ncl i nat i on of  23°  and a wat er  t abl e 
at  0, 5 m dept h,  i n a cl ay wi t h y = 16 kN/ m3, = 30°  and 

c ’ = 7, 5 ± 2, 5 kPa;  t he comput ed f act or  of  saf et y wi t h t he 
l ower  l i mi t  of  c ’ woul d be 0, 99 i ndi cat i ng i nst abi l i t y, but  

wi t h t he hi gher  l i mi t  of  c' = 10 kPa I t  woul d be 1, 33 whi ch 
i s gener al l y consi der ed r epr esent at i ve of  a st abl e nat ur al  

sl ope.  The r el i abi l i t y of  st abi l i t y anal yses based on emp^  
r i cal  st r engt h par amet er s devel oped f r om back anal yses i s 
t hus quest i onabl e.

Thi s exampl e shows t hat  back- anal yses cannot  be used t o d e  

t er mi ne r el i abl e numer i cal  val ues of  soi l  par amet er s when 

ever  some of  t he key i nput  dat a t o t he back- anal yses have 
t o be assumed.  I ndeed i n t hi s case t he r esul t s of  t he anâ  
l yses di r ect l y r ef l ect  t he i ni t i al  assumpt i ons.

GUI DELI NES FOR THE PROPER USE OF BACK- ANALYSES

The exper i ence shows t hat  back- anal yses ar e r at her  di f f i ­

cul t  t o use cor r ect l y and ef f i ci ent l y i n t he devel opment  

of  geot echni cal  engi neer i ng.  Cost l y er r or s can be avoi ded 

onl y by maki ng a compl et e and unbi ased use of  al l  avai l a­

bl e f i el d evi dence and by sat i sf yi ng f undament al  soi l  
mechani cs pr i nci pl es wi t h t he ut most  r i gor .  Mor e speci f i c 
gui del i nes f or  t he pr oper  use of  back- anal yses may now be 
est abl i shed.

1.  Al l  aspect s of  t he behavi our  of  soi l s ar e act ual l y i n­

t egr at ed i nt o one ef f ect i ve st r ess dependent  r esponse pat ­

t er n,  I t  i s i mpr oper  t o spl i t  t hi s r esponse i nt o separ at e 
l i mi t ed phenomena such as por e pr essur e r esponse,  st r ai n 

devel opment ,  st r engt h mobi l i zat i on.  Rat her ,  al l  par ame­

t er s of  t he soi l ’ s r esponse must  be l ooked at  si mul t a­
neousl y and under st ood I n a consi st ent  manner .

2.  Soi l  behavi our  i s many or der s of  magni t ude mor e com­

pl ex t han any of  our  t heor i es.  Consequent l y,  t he exper ­

i ence shoul d al ways be gi ven pr ecedence.  Al so,  t heor i es 

and concept s whi ch pr ovi de a f r amewor k f or  t he qual i t at i ve 

i nt er pr et at i on of  obser vat i ons,  such as t he l i mi t  st at e 

concept  f or  cl ays ( Tavenas & Ler ouei l  1979) ,  ar e pr ef er a­
bl e t o compl ex anal yt i cal  sol ut i ons whi ch necessar i l y i n­
vol ve assumpt i ons and si mpl i f i cat i ons and whi ch can be 

eval uat ed onl y by compar i ng numer i cal  val ues.

3.  I n spi t e of  t he devel opment  of  f i el d obser vat i ons,  our  
pr esent  knowl edge on t he I n si t u behavi our  of  soi l  depo­

si t s i s st i l l  l i mi t ed0 Ther ef or e t he absol ut e f i r st  pr i o­

r i t y of  geot echni ci ans shoul d be t he unbi ased f i el d obser ­
vat i on of  al l  concei vabl e par amet er s per t i nent  t o a gi ven 
pr obl em bef or e at t achi ng t oo much i mpor t ance t o numer i cal  
anal yses.

4.  Once such obser vat i ons ar e avai l abl e,  a qual i t at i ve
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a na l ys i s  of  t hi s  e vi de nc e  f r om a va r i e t y  of  c a s e  hi s t or i e s  

s houl d be  ma de  t o de ve l op a n unde r s t a ndi ng of  t he  na t ur e  

of  t he  pr oc e s s e s  i nvol ve d.  Fr e que nt l y  s uc h a  qua l i t a t i ve  

knowl e dge  of  t he  phe nome na  i s  s uf f i c i e nt  t o de ve l op good 

e mpi r i c a l  de s i gn me t hods :  t he  i nve s t i ga t i ons  on c ons t r uc ­

t i on por e  pr e s s ur e s  by Le r oue i l  e t  al .  ( 1978)  a nd on  l at er ^ 

a l  de f or ma t i on i n c l a y f ounda t i ons  by  Ta ve na s  e t  a l .  ( 1979

a)  a r e  t ypi c a l  e xa mpl e s .  I n a ny cas e ,  a  good qua l i t a t i ve  

unde r s t a ndi ng of  t he  pr obl e m i s  a n  a bs ol ut e  r e qui r e me nt  

be f or e  s t a r t i ng a ny ba c k  a na l ys i s .  Ot he r wi s e ,  t he r e  i s  a 

gr e a t  da nge r  of  a na l ys i ng t he  wr ong pr obl e m,  s uc h as  

c a r r yi ng out  a n undr a l ne d a na l ys i s  f or  a  pa r t i a l l y  dr a i ne d 

f i e l d pr obl e m.

5.  I mpl i c i t  a nd e xpl i c i t  a s s umpt i ons  i n t he or i e s  or  a na ­

l yt i c a l  me t hods  mus t  be  c l e a r l y  i de nt i f i e d a nd c he c ke d 

a ga i ns t  t he  a c t ua l  s oi l  be ha vi our  a s  obt a i ne d f r om l a bor a ­

t or y a nd f i e l d i nve s t i ga t i ons .  I f  t he  a s s umpt i ons  a r e  not  

i n c onf or mi t y wi t h  t he  e vi de nc e ,  ba c k- a na l ys e s  us i ng t he m 

mus t  be  c ons i de r e d onl y a s  ve r y c r ude  e mpi r i c a l  t ool s  a nd 

t he y c a nnot  be  us e d f or  de ve l opi ng ne w c onc e pt s  or  va l i da ­

t i ng t he or i e s .

6.  Al l  i nput  pa r a me t e r s  whi c h  a r e  na t ur a l l y  va r i a b l e  or  

whi c h  mus t  be  a s s ume d,  mus t  be  i de nt i f i e d.  I n mos t  ca s es ,  

a s s umpt i ons  on ke y i nput  pa r a me t e r s  wi l l  l e a d t o non r e l i £  

b l e  c onc l us i ons  of  t he  ba c k- a na l ys e s .

7.  Soi l  me c ha ni c s  pr i nc i pl e s  mus t  a ppl y t o t he  r e s ul t s  of  

ba c k- a na l ys e s .  Thi s  me a ns  t ha t  a l l  i nt e r r e l a t e d pa r a me t e r s  

mus t  be  ba c k- a na l ys e d wi t h  e qua l  s uc c e s s . . .  or  wi t h  a  c on ­

s i s t e nt  e r r or  t o a l l ow a  r e l i a bl e  e mpi r i c a l  c or r e c t i on.  I t  

i s  of t e n c ons i de r e d t ha t  t hi s  c ondi t i on ma y be  ne gl e c t e d 

i f  s ome  of  t he  ba c k- a na l ys e d pa r a me t e r s  c a n be  c a l i br a t e d 

a ga i ns  f i e l d da t a .  I t  mus t  be  r e a l i z e d t ha t  s uc h a n a p ­

pr oa c h l e a ds  t o pr obl e ms  whe n de a l i ng wi t h  c ompl e x f i e l d 

bounda r y c ondi t i ons  or  whe n  us i ng a  me t hod c a l i br a t e d on 

one  pa r a me t e r  t o a na l ys e  a not he r  pa r a me t e r  of  t he  s a me  pr o^ 

bl e m.  A ba c k  a na l ys i s  s uc c e s s f ul l  on onl y 50% of  t he  pa r a  

me t e r s  i s  not hi ng but  100% wr ong.

8.  Ti me  i s  a  s ys t e ma t i c  pa r a me t e r  i n a l l  ge ot e c hni c a l  pr o_ 

bl e ms .  The  va l i d i t y  of  ba c k- a na l ys e s  s houl d t he r e f or e  be  

c he c ke d a t  va r i ous  s t a ge s  of  t he  pr oc e s s  unde r  i nve s t i ga ­

t i on be f or e  dr a wi ng a ny c onc l us i on.

9.  Fi na l l y,  i n s oi l  me c ha ni c s  as  i n a ny s c i e nc e ,  t he  s um 

of  ma ny e r r or s  c a nnot  be  a nyt hi ng but  a n e r r or  . . .  e ve n i f  

i t  f i t s ' .  Us e r s  of  ba c k  a na l ys e s  s houl d a l wa ys  be  l ooki ng 

f or  s e l f  c a nc e l l a t i ng e r r or s  whi c h  ha ve  s o ma ny  pos s i b i l i ­

t i e s  t o oc c ur  i n c ompl e x f i e l d s i t ua t i ons .
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