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SO I L SU CT I O N  IN FO U N D A T I O N  D ESI GN  

LA SU CCI O N  D AN S LES SO LS ET LE CA LCU L D ES FO N D A T I O N S

G O. A I T CH / SO N ,  M .E. ,  Ph.D.  Ch i e f  

J.A.  W O O D BU RN ,  M E.,  Ex p e r i m e n t a l  O f f i ce r

D iv i sio n  o f  Soi  I M e ch a n i cs,  CSI RO ,  Syn d a l ,  V i c t o r i a ,  A u st r a l i a

SYNOPSI S Rec en t  a t t empt s  t o i nc l ude t he s uc t i on  - t er m i n a gener a l  s t a t emen t  of  e f f ec t i v e  s t r es s  i n des i c c a t ed  

c l ay s  hav e p r ov ed t o be abor t i v e ,  hu t  a c o r o l l a r y  of  t hes e g e ne r a l i s ed  e f f ec t i v e  s t r es s  s t ud i es  has  been t he 

emer genc e  of  a s y s t ema t i c  appr oac h t o f ounda t i on  des i gn  on s uc h c l ay s  wi t h  s epar a t e  c ons i de r a t i on  of  eac h 

c omponent  of  e f f ec t i v e  s t r es s  at  al l  s t ages  of  me a s u r e me n t  and c omput a t i on .

Pr oc edur es  f or  t he p r ed i c t i on  of  t he e f f ec t i v e  s t r es s  c o mponen t  ar e d i s c us s ed  and a mo d i f i e d  oed o me t e r  i s d e s ­

c r i bed i n wh i c h  eac h c omponen t  of  e f f ec t i v e  s t r es s  may  be c on t r o l l ed  s epar a t e l y .  Ty p i c a l  t es t  dat a  ar e  g i v en.

I NTRODUCTI ON

Appr ox i mat e l y  one ha l f  o f  t he l and s u r f ac e  of  t he 

ear t h  i s s ub j ec t ed  t o des i c c a t i ng  i n f l uenc es  wh i c h  

may  be h i gh l y  s i gn i f i c an t  i n de t e r mi ng  t he f ounda t i on  

c har ac t er i s t i c s  of  s oi l s .  The des i c c a t i on  may  be 

e i t he r  c on t i nuous  o r  pe r i od i c  i n r es pons e t o c u r r en t  

env i r onment a l  f ac t or s ,  or  i t  may  be a f os s i l  e f f ec t  

of  a p r i o r  env i r onment .

I t  i s no t  t he pu r pos e of  t hi s  paper  t o  d i s c us s  soi l  

des i c c a t i on  p e r  se ( s ee Ai t c h i s on  ed  1965) ,  bu t  i t  i s 

i mpor t an t  t o emphas i s e  t he f r equen t l y  i gno r ed  po i n t  

t hat  soi l  des i c c a t i on  i s a domi na t i ng  f ac t o r  i n f o u n d ­

at i on des i gn  at  app r ec i ab l e  dept hs  ( o f t en mor e  t han 

15 met r es )  i n c l i mat i c  env i r onment s  wh i c h  ar e by  no 

means  ex t r eme l y  ar i d.  Fi gu r e  1 i l l us t r a t es  t he degr ee 

of  des i c c a t i on  ( ex pr es s ed  i n t er ms  of  a s uc t i on  

pr of i l e)  beneat h  l ong e s t ab l i s hed  ma j o r  bu i l d i ngs  i n 

t he c ent r al  c i t y  ar ea of  Ade l a i de ,  Sout h  Aus t r a l i a  

( whi c h has  a Med i t e r r anean  t y pe of  c l i ma t e  wi t h  a mean 

annual  t emper a t u r e  of  63° F ( 17. 3° C) ,  an av e r age  annual  

r ai nf al l  o f  24 I nc hes  ( 0. 64m) ,  and a Thor n t hwa i t e  

i ndex  I =- 1 8 ) . Fi gur e  2 i nd i c a t es  t he c ond i t i on  of  t he 

soi l  ex pos ed  beneat h  t he f l oo r  of  a bu i l d i ng  i n t hi s  

ar ea wh i c h  mi gh t  be r egar ded as t y pi c al  of  a med i an  

env i r onment  wi t h i n  t he des i c c a t ed  ar eas  of  t he ear t h.

Obv i ous l y  t he pot ent i a l  des i c c a t i on  of  an ar ea i s not  

al way s  r e f l ec t ed  i n des i c c a t i on  o f  t he s o i l s ,  s i nc e  

poor l y  d r a i ned  ar eas  or  t hos e wi t h  a s ha l l ow gr ound  

wa t e r  t ab l e  wi l l  appr oac h t he c ond i t i ons  of  s a t u r a t i on  

i c h ar e t r ad i t i ona l l y  s t ud i ed  i n soi l  mec han i c s .  

Nevertheless t he r emai n i ng  ar ea o f  des i c c a t ed  s o i l s  i s 

f o r mi dab l e  -  per haps  30 pe r  c en t  o f  t he t ot al  l and 

s ur f ac e  -  and t he t as k  of  r at i onal  c ompr ehens i on  of  

soi l  behav i ou r  i n t hes e ar eas  i s equa l l y  f o r mi dab l e  -  

and i s t he s ub j ec t  of  t hi s  paper .

I n t hi s  s hadow z one of  soi l  mec han i c s  -  r a r e l y  c o n ­

s i der ed,  bu t  of  wi des p r e a d  i mpor t anc e  t o t hos e who  

mus t  r egar d de f o r mat i on  as a pr i me v ar i ab l e  -  t he r e  ar e 

t wo f ac t or s  of  ou t s t and i ng  s i gn i f i c anc e.  The f i r s t  i s

t ha t  t he  ma gn i t ude  of  t he nega t i v e  po r e  pr es s u r e  

v a r i ab l e  i s l ar ge  i n r e l a t i on  t o t he c us t omar y  v a l ues  

of  f ounda t i on  pr es s u r es :  wh i l e  t he s ec ond de t e r mi n i ng  

f ac t o r  i s t ha t  t he soi l  mec han i c s  c onc ep t s  of  a un i que  

e f f ec t i v e  s t r es s  and of  s pec i f i c  e f f ec t i v e  s t r es s  

pa r ame t e r s  ar e no l onger  v al i d.

The gene r a l i s e d  e f f ec t i v e  s t r es s  equa t i on

was  i n t r oduc ed  ( Ai t c h i s on  and Bi s hop  1960)  i n an 

a t t empt  t o g i v e  q u a n t i t a t i v e  des c r i p t i on  t o t he i n ­

f l uenc e  of  nega t i v e  por e  p r es s ur es  on t he phy s i c al  

be h a v i o u r  of  s oi l s  ( p r i nc i pa l l y  u n s a t u r a t ed  c l ay s ) .  

Al t hough  Equa t i on  ( 1)  has  been s hown t o be us ef ul  i n 

l i mi t ed  c i r c ums t anc es  ( e. g.  i n wh i c h  t he s uc t i on  t er m 

i s not  l ar ge i n c ompar i s on  wi t h  t he app l i ed  s t r es s  

t e r m -  as  i n ma j o r  ear t h  dams )  i t  i s no t  unus ua l ,  and 

no t  un r eas onab l e  ( Ai t c h i s on,  1965,  Bl i gh t ,  1967)  t o 

f i nd  t ha t  t he  appar en t  v a l ue  of  x i n Equa t i on  ( 1)  

does  not  f al l  on a s moot h ,  ex t endab l e ,  c ur v e.  The 

d i s c on t i nu i t i es  i n t he x/ ( u - u ) r e l a t i ons h i p  ar e of  

s i gn i f i c an t  magn i t ude ;  a t he r eby  r ender i ng  

Equa t i on  ( 1)  unwor k ab l e  f or  uns a t u r a t ed  s oi l s  i n t he 

s ame wa y  t ha t  Te r z agh l ' s  s i mp l e  e f f ec t i v e  s t r es s  

equa t i on  i s o c c a s i ona l l y  unwor k ab l e  i n s a t u r a t ed  

s ens i t i v e  or  c o l l aps i ng  s oi l s .

A f u r t he r ,  bu t  r ar e l y  s t a t ed ,  d i f f i c u l t y  i n t he way  

of  app l i c a t i on  of  Equa t i on  ( 1)  a r i s es  f r om t he r e l e ­

v an t  phy s i c a l  s t a t es  of  s oi l s  f o l l owi ng  c hanges  of  

e f f ec t i v e  s t r es s  a r i s i ng  f i r s t l y  f r om c hange of  

app l i ed  s t r es s ,  and s ec ond l y  f r om a c hange  of  s uc t i on .  

Wher eas  an i nc r eas e  of  e f f ec t i v e  s t r es s  due t o app l i ed  

s t r es s  l eads  t o an i nc r eas e  i n t he e f f ec t i v e  c o n t i n ­

u i t y  of  t he s oi l ,  a s i mi l a r  i nc r eas e  o f  e f f ec t i v e  

s t r es s  due t o an i nc r eas e  o f  s uc t i on  l eads  t o a d e ­

c r eas e i n t he e f f ec t i v e  c on t i nu i t y  of  t he  s ampl e  -  

or  t o  t he es t a b l i s h me n t  of  d i s c on t i nu i t i es  i n t he 

s ampl e.
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The c r ac k  pa t t e r n  f o l l owi ng  s uc t i on  i nc r eas es  i n 

s oi l s  1s wi d e l y  obs e r v ed  i n t he f i e l d  and i s equa l l y  

appar en t  i n t he l abor a t o r y  s amp l e  wh i c h  has  f o l l owed  

an equ i v a l e n t  s t r es s  h i s t o r y  ( s ee Fi gur es  2 and 3) .

pf

Fi gur e  1.  Suc t i on  p r o f i l es  i n c l ay  benea t h  ma j o r  

bu i l d i ngs  i n Ade l a i de ,  Sout h  Aus t r a l i a .

Fi gur e  2.  Cr ac k  pa t t e r n  at  s u r f ac e  benea t h  t i mber  

f l oo r  i n Ade l a i de  St e a ms h i p  Bu i l d i ng ,  

Ade l a i de ,  Sou t h  Au s t r a l i a  ( s ee s uc t i on  

p r o f i l e  i n Fi gur e  1) .

Fi gur e  3.  Cr ac k  pa t t e r n  i n ' mod i f i ed  o e d o me t e r 1

s ampl e  ( of  b l ac k  ear t h )  f o l l owi ng  s t r es s  

c y c l e  i n Fi gur e  10.
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Fol l owi ng  t he c r ea t i on  of  d i s c on t i nu i t i es  i n t he 

s oi l ,  any  f u r t he r  s t r a i ns  due t o t he o.  t e r m mus t  

t ak e p l ac e  u n de r  z er o  or  v er y  l ow v a l ues  of  K .
Thus  t he s t r es s - s t r a i n  r e l a t i ons h i p  o f  n o r ma l 0 

i mpor t anc e i n f ounda t i on  eng i nee r i ng

i . e.  t he : Aa,  r e l a t i ons h i p
H 1

o

bec omes  c omp l ex  due t o t he h i gh l y  v a r i ab l e  ( and

d i s c on t i nuous )  v a l ues  of  K wh i c h  ar e  l ar ge l y

dependen t  upon  t he a mb i e n t 0 and p r i o r  v a l ues  of

( u - u ).  
a u

By  c ont r as t ,  t he e f f ec t i v e  s t r es s  c omponen t s  due t o 

s uc t i on  wi l l  onl y  depa r t  f r om t he i s o t r op i c  s t a t e  

i f  t he mat er i a l  pos s es s es  i nher en t  an i s ot r opy .  

Nev er t he l es s ,  t he e f f ec t i v e  s t r es s - s uc t i on  r e l a t i o n ­

s h i p  may  be c ompl ex  and ev en d i s c on t i nuous  f o r  

r eas ons  ou t l i ned  e l s ewher e  ( Ai t c h i s on,  l oc .  s i t . )  

and c ons equen t l y  t he p r ed i c t i on  of  t he i mpor t an t  

f ounda t i on  r e l a t i ons h i p

LH_

U
L' \u - u ) 

a u

may  be c ompl i c at ed.

Thus  t he t wo c omponen t s  o f  v er t i c a l  s t r a i n  ar e bot h 

i r r egu l a r  f unc t i ons  of  bot h  c omponen t s  ( app l i ed  

s t r es s  and  s uc t i on)  o f  e f f ec t i v e  s t r es s .  I t  i s not  

i r r at i onal  t he r e f o r e  t o c onc l ude  t hat  l i t t l e  p r ogr es s  

c an be made  i n t he d i r ec t i on  of  us i ng  Equa t i on  ( 1)  

i n an a t t empt  t o p r ed i c t  f ounda t i on  behav i our .

I I .  THE DESI GN DI LEMMA

I t  i s an i nes c apab l e  f ac t  t ha t  v e r y  l ar ge v a l ues  of  

t he s uc t i on  pa r a me t e r  ( u - u ) can,  and do ex i s t  -  

i n app r op r i a t e  ci r cumst af i cei > f or  c ons i de r ab l e  dept hs  

i n c l ay  s o i l s  ( s ee Fi gur e  1) .  I t  i s an equa l l y  

i nes c apab l e  f ac t  t hat  s ome of  t hes e  dr y  ( hi gh 

s uc t i on)  s oi l s  mus t  bec ome we t t e d  on s ome oc c as i ons ,  

due t o nat ur al  or  man - made  i n f l uenc es .  I n t hes e 

c i r c ums t anc es  of  l ar ge  c hanges  o f  s uc t i on ,  t he 

c ons equen t  f ounda t i on  heav es  c an be v e r y  l ar ge -  

and hav e been so r ec or ded.

Si mi l a r l y ,  s oi l s  may  ex i s t  i n t he f u l l y  we t t e d  s t a t e  

and may  be  s ub j ec t ed  t o des i c c a t i on  ( t owar ds  t he 

s uc t i on  v a l ues  of  Fi gur e  1 o r  g r e a t e r  i n mo r e  ar i d  

env i r onment s )  l ead i ng  t o s hr i nk ages  of  l ar ge ma g ­

ni t ude.

The f ounda t i on  des i g n e r  mus t  t her e f o r e  f ac e  t he f ac t  

t hat ,  a t  any  g i v en  app l i ed  l oad,  t her e  ma y  be a 

l ar ge heav e due t o s uc t i on  dec r eas e,  o r  a l ar ge 

s e t t l ement  due t o s uc t i on  i n c r e a s e . l t  i s es s ent i a l  

t hat  any  s uc h heav e or  s e t t l emen t  s hou l d  be p r e d i c t ­

abl e and c a l c u l ab l e  i n t er ms  of  r at i onal  soi l  

mec han i c s ,  des p i t e  t he gener a l  i napp l i c ab i l i t y  of  

t he e f f ec t i v e  s t r es s  equa t i on  ( Equat i on  1. ) .

The  s i mp l e  s o l u t i on  t o t hi s  d i l enma  l i es  1n t he 

s epar a t e  c o ns i de r a t i on  o f  eac h  c o mponen t  ( s uc t i on  

a nd  a p p l i ed  l oad)  o f  e f f ec t i v e  s t r es s ,  a l way s  i n 

r e l a t i on  t o t he app r o p r i a t e  phy s i c a l  s t a t e  o f  t he 

s oi l ;  wi t h  t he  b e hav i ou r  pa t t e r n  ex p r e s s e d  i n t er ms  

of  a s pec i f i c ,  r e l ev an t  quan t i t y .  Two  c o r o l l a r i es  

a r i s e  f r om t he i n t r oduc t i on  of  t hi s  p r oc edur a l  c o n ­

c ept :  t he  f i r s t  i s  t hat ,  s i nc e  me a s u r a b l e  c ons equenc es  

o f  eac h  meas u r a b l e  c o mponen t  o f  e f f e c t i v e  s t r es s  c an 

be demons t r a t ed ,  t her e  i s no  need  f o r  any  a t t e s t e d  

q u a n t i f i c a t i on  o r  ex p l a n a t i o n  o f  any  x t e r m i n any  

v e r s i on  of  Equa t i on  ( 1) :  wh i l e  t he  s ec ond  c o r o l l a r y  

i s t ha t  any  s uc h me t h o d  r equ i r es  t ha t  da t a  be ob t a i ned  

f o r  eac h  c omb i na t i on  of  c hange  of  eac h  c o mponen t  of  

e f f ec t i v e  s t r es s  ( t hus  r equ i r i ng  t he  s pec i f i c a t i o n  of  

a pa r t i c u l a r  c y c l e  o f  app l i ed  s t r es s  and of  s uc t i on  

pr i o r  t o l abor a t o r y  t es t i ng) .

The  pur pos e  of  t hi s  pape r  i s t o p r es en t  an ac c oun t  of  

t he p r i nc i p l es  and me t hods  of  me a s u r e me n t  dev e l oped  

and us ed by  t he au t hor s  i n t he  p r ed i c t i o n  of  f o u n ­

da t i on  pe r f o r ma n c e  on c l ay s  i n t he c omp l ex ,  u n s a t ­

u r a t ed ,  r ange.

I I I .  QUANTI FI CATI ON OF THE SUCTI ON VARI ABLE

A ( u - u ) 
a  u

The  s pec i f i c  v a l ues  of  s uc t i on  t ha t  oc c u r  1n any  soi l  

ar e no t  haphaz ar d .  A s uc t i on  p r o f i l e  r ep r es en t s  a 

s t a t e  o f  phy s i c a l  ba l anc e  be t ween v a r i ous  p r oc es s es  

o p e r a t i ng  t o add o r  t o s ub t r ac t  wa t e r  at  any  pa r t  of  

t he p r o f i l e .  Eac h of  t hes e p r oc es s es  i s i den t i f i ab l e  

and t he phy s i c a l  l aws  gov er n i ng  eac h  p r oc es s  ar e,  i n 

t he mai n ,  wel l  es t ab l i s hed .  Thus  t he  eng i neer ,  

u t i l i s i ng  t he bas i c  p r i nc i p l es  o f  soi l  phy s i c s ,  c an 

a l way s  be  awar e  bo t h  of  t he na t u r e  and ma gn i t ude  of  

t he env i r onment a l  c ont r o l  de t e r mi ng  any  s uc t i on  

p r o f i l e  ( s ee Tab l e  1) ,  and o f  t he c ons equenc e ,  1n 

t er ms  of  t he new equ i l i b r i u m s uc t i on  p r o f i l e  wh i c h  

wi l l  f o l l ow t he e s t ab l i s hmen t  o f  a new pr oc es s  of  

c ont r o l  o r  of  mo d i f i c a t i on  of  t he env i r onment .

The  me a s u r e me n t  o f  t he i ni t i a l  v a l ues  of  s uc t i on  

t h r ough t he p r o f i l e  c an  now f o l l ow wel l  e s t ab l i s hed  

p r oc edur es  ( Ri c har ds ,  1966) ,  us i ng  p s y c h r ome t r i c  

t ec hn i ques .  Meas u r emen t s  c an be made  on  s ampl es  

t ak en f r om t he p r o f i l e ,  o r  i n si t u.  Th e  ac c ur ac y  

of  me a s u r e me n t  wi t h  e i t he r  t ec hn i que  i s  o f  t he o r der  

of  ± 5 pe r  c ent .

Wi t h  meas u r e d  v a l ues  of  i ni t i a l  s uc t i on  and wi t h  

p r ed i c t ed  v a l ues  o f  s uc t i on  und e r  oper a t i ona l  c o n ­

d i t i ons ,  t he  r ange o f  v a l ues  of  ( u - u ) t h r ough  

wh i c h  p r ed i c t i ons  of  de f o r ma t i on  a w a r e  r equi r ed,  

c an  be de t er mi ned.
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Tab l e  1.  Par amet e r s  of  s uc t i on  p r o f i l e  i n t y pi c al  e n v i r onmen t s  ( The s uc t i on  p r o f i l e  -  1n ma n y  c l r c i ms t anc es  -  

c an be a p p r o x i ma t ed  by  a s t r a i gh t  l i ne wi t h i n  a z one of  dep t h  zmaa- See  A1 t c h1s on  1967) .

Env i r onment a l  Cont r ol

Pr es s ur e  De f i c i enc y  

i n Por e  Wat e r  

at  Soi l  Su r f ac e  

-uw kg/aq.cm.

Au 
__u

Aa

Dept h  L i mi t  

( met r es )  

z
max

1. Eq u i l i b r i um wi t h  g r ound  wa t e r  t ab l e 0 . 1 0  3
w

0. 10 -

2. Con t i nuous  we t t i n g  ( max i mum) 0. 1 0 -

3. Con t i nuous  d r y i ng  ( R. H.  = 80%) 250 neg l i g i b l e -

4. Wel l  d r a i ned  c l ay  s o i l ,  Ade l a i de  ( I =- 18)  

Sou t h  Aus t r a l i a

8 0 10 +

5. Seas ona l  i n f l uenc es ,  Ade l a i de :  Wi n t e r

Sout h  Aus t r a l i a  Su mn e r  ( v eget a t ed)  

do  ( non- v ege t a t ed )

0. 1

20

20

0

0. 1

0. 1

2. 0

2. 0

0. 5

6. Wel l  d r a i ned  c l ay  s o i l ,  Al i c e  Spr i ngs ,  Cent r a l

Aus t r a l i a  ( I =- 50) 300 n eg l i g i b l e 10 +

7. Wel l  d r a i ned  c l ay  s oi l ,  Cl onc u r r y ,  Queens l and ,

Au s t r a l i a  ( I =- 44) 100 neg l i g i b l e 10 +

8. Wel l  d r a i ned  c l ay  s o i l ,  Gor don,  Vi c t o r i a ,

Aus t r a l i a  ( I =+10) 1. 2 0. 1 3

I  = Tho r n t h wa i t e  Mo i s t u r e  I ndex  z  i n me t r es  2 =  Dept h  t o  I n t e r t a b l e

I V.  QUANTI FI CATI ON OF THE RELATI ONSHI PS

Atf . j  A ti { v

r : Aoi and r :0 0

I t  i s  a c ompar a t i v e l y  s i mp l e  mat t e r ,  i n p r i nc i p l e ,  

t o de t e r mi ne  d i mens i on  c hanges  i n a s ampl e ,  due  t o 

c hanges  i n a.  and i n s uc t i on ,  o r  due t o a c hange  i n 

one c omponen t  o f  e f f ec t i v e  s t r es s  at  any

amb i en t  v a l ue  of  t he s ec ond  c omponent .  Fi gur e  4 

demons t r a t es  a t y pi c al  f ami l y  o f  c ons o l i d a t i o n  c ur v es  

r ep r es en t i ng  a r ange of  amb i en t  s uc t i ons .  The  nor mal  

o e d ome t e r  t es t  wi t h  an a mb i en t  z e r o  po r e  p r es s ur e  

pr ov i de j  a l i mi t i ng  c as e  f o r  t hi s  s e t  o f  c ur v es .

The r ema i n i ng  c ur v es  ma y  al l  be  p r od u c e d  i n a 

mod i f i ed  oed o me t e r  as i n Fi gur e  5.

I t  i s i mpor t an t  t o no t e  h o wev e r  t ha t  t he nor mal  e - l og  p 

p l o t  c anno t  be app l i ed  t h r oughou t  t he r ange of  

t hes e mo d i f i e d  o e dome t e r  t es t s .  Due t o t he d e v e l o p ­

men t  o f  a c r ac k  pa t t e r n  1n t he s ampl e  ( s ee Fi gu r e  3) ,  

t he v o l ume c hange ( obs er v ed  i n t er ms  of  A/f i s  pa r t l y  

un i d i mens i ona l  and pa r t l y  t h r ee  d i mens i ona l .  Co n s e ­

quen t l y  al l  d i mens i on  c hange  dat a  ar e ex p r e s s e d  i n 

t er ms  of  t he  l h_ r at i o.

H0 Fi gur e  4.  Ty p i c a l  c ons o l i da t i on  c ur v es  t h r ouqhou t

t he  s uc t i on  r ange.

i ¡0 »0

*m .lED LOW) (KG/SQ.CM)

—  IN SHADED ZONE T AXIS CANNOT K  PLOTTED IN TEW S Of VO® «ATM

(SAMPLE IS CRACKED AND VOLUME CHANGE IS INDETERMINATELY THR-fltCNSIONAL)

r  IN THIS REGION Y AXIS MAY BE PLOTTED IN TERMS OF VOID RAT» 

(VOLUME CHANGE IS UNI-DIMENSIONAL)
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S O I L  S U C T I O N

In  apparatus o f the type shown in  F igu re  5 , any cyc le  

o f change o f  e ith e r  o r both o f  the components of 

e ffe c t iv e  s t r e s s  can be fo llow ed. F igu re  6 rep re ­

sen ts the c h a r a c te r is t ic  form o f s tre ss-d e fo rm at ion  

curve ( OAB)  obtained when a sample - i n i t i a l l y  at 

a h igh  su c t io n  - i s  wetted to zero pore p re ssu re  

and subsequently  loaded. I t  i s  im portant to note 

that the random occurrence of macro vo id s w ith in  

the te s t  sample must lead to d iffe re n ce s  (e.g.OA. 

o r OA,  in  the measured sw e ll.  A fu rth e r 

d i f f i c u l t y  i s  often  encountered due to d e f lo c c u la t io n  

in  the sa tu ra ted  macro vo id s le ad in g  to the in h ib it io n  

o f  complete w etting (thu s 0A ‘ ). Th is  la t t e r  

d i f f i c u l t y  i s  d im in ished  when w etting occurs at 

h ighe r loads ( O' C)  o r  at h ig h e r su c t io n s .

The same apparatus can provide the normal sw ell 

p re ssu re  - free swell data as in  0 E F in  F igu re  7 

(va lue s o f  E .to  E. being dependent again  on the 

i n i t i a l  macro p o ro s it y  o f  the te s t
specim en).

F igure  5. A m odified oedometer to perm it independent 

con tro l o f su c t io n  and o f  app lied  load

F igu re  6. C o n so lid a t io n  a f t e r  sa tu ra t io n

• LOS. APPLIED LOAD

F igu re  7. The Swell p re ssu re  - fre e  sw ell cyc le

WEIGHT HANGED

♦
APPLIED LOAD

PRESSURE MEMBRANE 
CELL CONTROLLING 

SUCTION IN SAMPLE

MEMBRANE
WATER
CONNECTION— »

POINT N».l 

U . *0

(SERVES ALSO AS WATER INLET 

FOR FLUSHING AIR FROM 
BENEATH MEMBRANE)

WATER

CONNECTION 

POINT No. 2 
Uw-0

( SERVES ALSO AS VACUUM 

CONNECTION FOR FLUSHING 

AIR FROM BENEATH MEMBRANE)
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AITCH ISON  and  WOODBURN

I n r ea l i s t i c  t er ms  a s ampl e  wi l l  r ar e l y  be f ound 

( wi t h i n t he abov e s p e c i f i ed  env i r onment s )  t o be at  

z er o  por e  pr es s ur e  or  s uc t i on  at  any  s t age of  t he 

c y c l e  of  we t t i ng  o r  des i c c a t i on .  Thus  Fi gur e  8 

r epr es ent s  t wo of  t he t y pi c al  s t r es s  c y c l es  wh i c h  

mus t  be c ons i de r ed  i n f ounda t i on  des i gn.  Fi gur e 

8( a)  depi c t s  t he c as e of  a s amp l e  wi t h  a l ow i ni t i a l  

s uc t i on  s ub j ec t ed  t o l oadi ng and t o an i nc r eas e of  

s uc t i on.  St r es s  pat h  J KM r epr es en t s  t he c ond i t i on  

of  f ounda t i on  l oad i ng  at  a c ons t an t  amb i en t  s uc t i on  

( i . e.  a ' dr ai ned'  c ond i t i on  c on t r o l l ed  by  i ni t i a l  

env i r onment )  f o l l owed  by  a s uc t i on  i nc r eas e  t o t he 

s e l ec t ed  des i gn  v a l ue  -  wh i l e  s t r es s  pa t h  J LM 

r epr es ent s  t he c as e of  p r i o r  s uc t i on  i nc r eas e f r om 

t he i ni t i a l  s uc t i on  t o t he amb i en t  des i gn  v al ue 

f o l l owed  by  t he app l i c a t i on  of  l oad.  A r ange o f  

v a l ues  f or  M c an be ex pec t ed  a r i s i ng  bo t h  f r om t he

Fi gur e 8.  Ty pi c al  s t r es s  pat hs  f o r  c omb i na t i ons  

of  app l i ed  l oad and s uc t i on

d i f f e r en t  s t r es s  pat hs  and t he i ni t i a l  r andom mac r o  

por os i t y .  Fi gur e  8( b)  r ep r es en t s  a s amp l e  wh i c h  i s 

i n i t i a l l y  at  a h i gh  s uc t i on  and wh i c h  i s t o be 

s ub j ec t ed  t o an i nc r eas e of  l oad and a dec r eas e  of  

s uc t i on.  Al t e r na t e  s t r es s  pat hs  J L M o r  J KM mu s t  be 

c ons i de r ed ,  t oge t he r  wi t h  t he pos s i b i l i t y  o f  t r a v e r s ­

i ng an ex t en d e d  s t r es s  pat h  J NPM due t o i nc r eas ed  

we t t i n g  ( pos s i b l y  as a c o ns equenc e  of  ex pos u r e  

du r i ng  c ons t r uc t i on )  i n an i n t e r med i a t e  s t age 

be t ween  t he i n i t i a l  and f i nal  c ondi t i ons .

Any  s pec i f i ed  c y c l e  as  i n Fi gur e  8  ma y  be f o l l owed 

by  appar a t us  as i n Fi gur e  5 me r e l y  by  t he r e l ev an t  

c ont r o l  o f  s uc t i on  ( t hr ough u ) and of  app l i ed  l oad.  

At  al l  t i mes  eac h  c omponen t  a of  e f f ec t i v e  s t r es s  

i s meas u r ab l e ,  a l t hough  of  c our s e  t he t ot al  e f f ec t i v e  

s t r es s  i s i nde t er mi nat e .

By  c ont r as t ,  men t i on  c an be made  of  t he ' doubl e 

o e d o me t e r 1 t es t  ( J enn i ngs  1957)  i n wh i c h  t wo s epar a t e  

s ampl es  ar e s ub j ec t ed  t o l oad i ng  as i n Fi gur e  9.  

St r es s  pat h  STU ( s i mi l a r  t o OAB i n Fi gur e  6)  i s 

f o l l owed  i n one s amp l e  i . e.  s a t u r a t i on  at  z er o  por e 

p r es s u r e  f o l l owed  by  l oadi ng;  wh i l e  s t r es s  pat h  SV 

i s f o l l owed  i n a s ea l ed  s amp l e  i n wh i c h  t he por e 

pr es s ur es  ar e not  k nown.  Compu t a t i on  of  pot ent i a l  

de f o r ma t i on  i s made  f r om t he t wo c ur v es  wi t h  due 

a l l owanc e  f o r  s ampl e  d i f f e r enc es .  Th i s  p r oc edur e  

appear s  t o c oup l e  t he ex per i men t a l  d i f f i c u l t i es  of  

Fi gur e  6 wi t h  an unc e r t a i n t y  o f  po r e  p r es s u r e  

ev a l ua t i on .  A f u r t he r  p r ob l em wi t h  J enn i ng ' s  met hod  

appear s  t o l i e i n t he d i f f i c u l t y  of  ex t r apo l a t i on  

f r om t he me a s u r e d  v a l ues  of  d e f o r ma t i on  at  z er o  and 

at  unk nown  i n i t i a l  s uc t i on  t o a n o t he r  ( des i gn)  

s uc t i on.  I t  was  l a r ge l y  as  a r es u l t  o f  t he pot ent i a l  

i nac c ur ac i es  o f  s uc h a gene r a l i s ed  appr oac h  t ha t  t he 

aut hor s  c hos e t o f o l l ow s pec i f i c  s t r es s  pat hs  i n 

eac h meas ur ement .

Fi gur e  9.  St r es s  pat hs  i n t he doub l e  o e d o me t e r  t es t

6



SOIL SU CTIO N

Fi gur es  10 and 11 p r es en t  t y pi c al  ex per i ment a l  dat a 

on an e x p ans i v e  soi l  ( a b l ac k  ear t h)  f r om t he v i c i n ­

i t y  of  Ade l a i de ,  Sout h  Aus t r a l i a .  I n one c as e 

( Fi gur e 10)  t he soi l  was  c ons o l i da t ed  at  a l oad of

0. 28  k g / s q . c m. ,  wh i l e  t he s uc t i on  was  ma i n t a i n e d  at  

an ambi en t  v a l ue  of  1. 3 k g/ s q. c m.  c o r r es pond i ng  t o 

t he i ni t i al  i n si t u v al ue.  Fo l l owi ng  t hi s  c o n s o l ­

i dat i on t he s amp l e  was  s ub j ec t ed  t o i nc r ement s  of  

s uc t i on  up t o a ma x i mu m v al ue  of  10 k g/ s q. c m.  I n 

t he s ec ond ex amp l e  ( Fi gur e 11)  t he s ampl e  was  s u b ­

j ec t ed  t o dec r eas i ng  s uc t i ons  at  a c ons t an t  app l i ed

APPLIED LOAD (Kt/SO-CM)

l oad of  0 . 28  k g/ s q. c m.  Fi gu r e  10 r ep r es en t s  a 

pot ent i a l  des i gn  c ond i t i on  f o r  a l i gh t l y  l oaded soi l  

s u b j ec t ed  t o a c ha r ac t e r i s t i c  d r y i ng  c y c l e  i n t he 

Ade l a i de  ar ea.  Fi gur e  11 a l s o  r epr es en t s  a pot ent i a l  

des i gn  c ond i t i on  f o r  t he Ade l a i de  ar ea -  i n t hi s  c as e 

a l i gh t l y  l oaded,  no r ma l l y  des i c c a t ed  soi l  ex pos ed  

t o we t t i n g  due t o a r t i f i c i a l  means .  Thus  i t  c an be 

s een t ha t  a f ounda t i on  des i gn  i n t hi s  a r ea  may  be 

i nv o l v ed  i n e i t h e r  a heav e  of  t he o r de r  o f  2 pe r  c ent ,  

o r  a s e t t l emen t  ( due t o s uc t i on  c hange)  o f  s i mi l a r  

or der .

SUCTION (KC/SQ.CM)

Fi gur e  11.

i » 10 12 M ~

SUCTION (KC/SO.CH)

Swe l l / s uc t i on  dec r eas e  r e l a t i ons h i p  i n 

l oaded b l ac k  ear t h

Fi gur e 10.  Cons o l i da t i on  at  c ons t an t - s uc t i on

f o l l owed  by  s uc t i on  i nc r eas e i n l oaded  

b l ac k  ear t h

INCREASE IN HEICHT AS 

SUCTION SUCCESSIVELY DECREASED 

AT CONSTANT APPLIED LOAD

DECREASE IN HEICHT AS 

SUCTION SUCCESSIVELY INCREASED 

AT CONSTANT APPLIED LOAD
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V.  DI SCUSSI ON

The d i f f e r enc e  of  s i gn  be t ween  t he v a l ues  of  

i n Fi gur es  10 and 11 h i gh l i gh t s  t he o

es s ent i a l  p r ob l em of  des i gn  o f  f ounda t i ons  on e x ­

pans i v e  s o i l s ,  f o r  i t  i s pa t en t l y  i mpos s i b l e  f or  

t he eng i n e e r  t o des i gn  f o r  t he wo r s t  c ond i t i on  

wh i c h  may  e x i s t  on any  s i t e.  I n many  c i r c ums t anc es  

t her e ma y  be a mor e  or  l es s  equal  pos s i b i l i t y  of  

v o l ume i nc r eas e due t o s uc t i on  dec r eas e  or  o f  v o l ume 

dec r eas e  due  t o s uc t i on  i nc r eas e.  Thus  t he r e  i s no 

s i ngu l a r  ' wor s t '  des i gn  s i t ua t i on  t o wh i c h  any  

r a t i onal  ' f ac t or  of  s af et y '  c an be appl i ed.

Th i s  c on f l i c t  of  pos s i b i l i t i es  does  no t  r e f l ec t  any  

l ac k  of  p r ec i s i on  i n t he ex per i men t a l  appr oac h ,  but  

r a t her  r e f l ec t s  t he f ac t  t ha t  t he ma n a g e me n t  o f  t he 

s i t e  may  f o l l ow any  one o f  a number  of  p r oc edur es .

I t  i s i mpor t an t  t he r e f o r e  t ha t  any  c o mpu t a t i on  of  

f ounda t i on  de f o r mat i on  s hou l d  c ar r y  a c l ea r  s t a t e ­

me n t  of  t he  env i r onment a l  c i r c ums t anc es  ( and of  t he 

as s oc i a t ed  i n i t i a l  and des i gn  s uc t i on  p r o f i l es )  t o 

wh i c h  i t  appl i es .  Wi t h i n  any  s uc h p r e c i s e l y  de f i ned  

t er ms  of  r e f e r enc e  a de f o r ma t i on  c ompu t a t i on  bas ed 

upon  t he p r oc edu r es  s u gges t ed  i n t h i s  p a pe r  s hou l d  

be wi t h i n  t he nor mal  bounds  o f  ac c ur ac y .

I t  may  wel l  be a f u r t he r  r e s p o ns i b i l i t y  o f  t he soi l  

e ng i n e e r  t o p r ov i de  adv i c e  on t he  t ec hn i ques  of  

e s t ab l i s hmen t  and ma i n t e n a n c e  of  t he s pec i f i ed  

des i gn  e n v i r o n me n t  -  and pos s i b l y  t o p r ov i de  f u r t he r  

adv i c e  on t he pot en t i a l  c ons equenc es  o f  depar t u r es  

f r o m t he  des i gn  env i r onment .

At  t hi s  po i n t  of  t i me i t  has  no t  been pos s i b l e  t o 

ob t a i n  adequa t e  f i e l d  c hec k s  of  p r e d i c t ed  mov ement s  

b as ed  upon dat a  as i n Fi gur es  10 and 11.  Di f f i c u l t ­

i es  as s oc i a t ed  wi t h  v er y  l ong t e r m f i e l d  obs er v a t i ons  

o f  in  s i tu  s uc t i on  pr o f i l es ,  as  wel l  as  o f  t he us ual  

s t r uc t u r a l  l oads  and s e t t l ement s ,  hav e  no t  been f u l l y  

r es o l v ed,  no r  has  a s a t i s f ac t o r y  me t h o d  of  c o mp u ­

t a t i on  been e v o l v ed  f o r  t he c o n s o l i da t i on  p r oc es s  i n

t he d i s c on t i nuous ,  h i g h - s uc t i on  s t a t e  i n heav y  c l ay s  

For  t he p r es en t  t he  au t hor s  hav e  a t t enp t ed  mer e l y  t o 

p r ov i de  a l ogi c al  p r oc edu r e  t o de f i ne  t he d i r ec t i on  

and appr ox i ma t e  ma g n i t u d e  of  any  de f o r ma t i o n  a r i s i ng  

f r om a s pec i f i ed  c omb i na t i on  of  app l i ed  l oad and of  

s uc t i on.
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