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D is c u s s io n  le a d e r ’s  re p o r t 

R a p p o r t  d e  I’a n im a te u r

D .G . FR ED LU N D , U n iv e rs ity  o f S a s k a tc h ew a n , S a s ka to o n , S a sk ., C a n a d a

Tuesday,  August  15,  1989 ( San Mar t i n Room)

CHAI RMAN' S I NTRODUCTORY REMARKS BY 
Pr of essor  R. K.  Kat t i ,  Chai r man

Lear ned panel i s t s ,  di s t i ngui shed del egat es,  
l adi es and gent l emen.  I  t hank Pr of .  Bengt  
Br oms,  Pr es i dent  I SSMFE and or gani zer s  of  t hi s 
conf er ence f or  r equest i ng me t o conduct  and 
chai r  t hi s sessi on on DS- 7,  t he par t  r el at ed t o 
swel l i ng soi l s.  Thi s sessi on i s or gani zed 
under  t he auspi ces of  TC- 6 commi t t ee 
const i t ut ed by t he pr es i dent  wi t h member s f r om 
t he f ol l owi ng count r i es:

Chai r man:  Pr of .  R. K.  Kat t i  I ndi a
Secr et ar y:  Mr .  K. R.  Saxena I ndi a
Member s:  Pr of .  G. E.  Bl i ght  S.  Af r i ca

Dr .  A. A. B.  Wi l l i ams S.  Af r i ca
Pr of .  A.  Bal asubr amani am S.  E.  Asi a 
Mr .  Eugeni o Ret amal  Chi l e
Mr .  Si l vano Tr ev i san Ar gent i na
Dr .  P. W.  Mi t chel l  Aust r al i a
Dr .  Bal u I yer  Canada
Mr .  Xi - l i ng Huang Chi na
Mr .  M.  Londez Fr ance
Mr .  A.  St amat opoul os  Gr eece
Dr .  L.  Ret hat i  Hungar y
Dr .  C.  Behni a I r an
Dr .  N. V.  Nayak I ndi a
Pr of .  Joseph G.  Zei t l en I sr ael  
Pr of .  I ng G.  Scar pel l i  I t al y 
Pr of .  S. A.  Ol a Ni ger i a
Mr .  G. M.  Omanj e Ni ger i a
Dr .  V.  Escar i o Spai n
Pr of .  J. A.  J i menez Sal as Spai n 
Mr .  R.  Dr i scol l  UK
Dr .  Rober t  L.  Lyt t on USA
Pr of .  E. A.  Sor ochyan USSR
Mr .  M. F. C.  War r en Zi mbabwe

Ter ms of  Ref er ence:
1.  Or gani ze conf er ence i n I ndi a i n f i r st  hal f  

of  1988.
2.  To pr opose r ef er ence t est  pr ocedur es f or  

i dent i f i cat i on and c l ass i f i cat i on of  
swel l i ng soi l s and eval uat i on of  swel l i ng 
pr essur e and heave.

The commi t t ee has f ul f i l l ed 
r ef er ence as descr i bed bel ow:

t he t er ms of

a)  Or gani zed t he 6t h I nt er nat i onal  Conf er ence 
on expans i ve soi l s i n December  1987 i n New 
Del hi ,  I ndi a under  t he auspi ces of  Cent r al  
Boar d of  I r r i gat i on and Power ,  New Del hi ,  
I ndi a,  suppor t ed by I ndi an Geot echni cal  
Soci et y.

b)  To deal  wi t h second t er m of  r ef er ence a 
commi t t ee was const i t ut ed wi t h Mr .  C.  
Sudhi ndr a as Chai r man t o dr aw up a 
compr ehens i ve t echni cal  quest i onnai r e.  The 
quest i onnai r e was c i r cul at ed t o mor e t han 
2000 peopl e al l  over  t he wor l d.  Answer s t o 
t he quest i ons  pr ov i ded a r easonabl e basi s 
f or  pr epar i ng a st at us paper  f or  di scuss i on 
at  t he t i me of  TC- 6 commi t t ee meet i ng hel d 
at  Ashoka Hot el  New Del hi  on 27t h November  
1987.  Thi s st at us paper  was pr epar ed by a 
commi t t ee wi t h Mr .  C.  Sudhi ndr a as 
Chai r man,  Mr .  A. A. B.  Wi l l i ams as member  and 
Mr .  K. K.  Moza as Secr et ar y.  The commi t t ee 
meet i ng was convened on 27t h November  1987.

For  t he benef i t  of  t he geot echni cal  communi t y,  
I atn br i ef l y  gi v i ng bel ow some sal i ent  aspect s 
about  t he t echni cal  cont ent  of  6t h 
I nt er nat i onal  Conf er ence on Expansi ve soi l s 
hel d at  New Del hi ,  1987.

The t echni cal  commi t t ee of  t he 6t h I . C. E. S.  
made i t  a poi nt  t o ut i l i ze t hi s conf er ence t o 
i ndi cat e,  a)  pr ogr ess made i n t he ar ea of  
appl i cat i on of  var i ous pr i nc i pl es  and 
t echnol ogi es t o anal yze,  des i gn and const r uct  
ci vi l  engi neer i ng st r uct ur e i n expansi ve soi l  
r egi ons,  b)  t o i dent i f y  per sons who have wor ked 
on di f f er ent  aspect s of  expansi ve soi l s and 
r equest  t hem t o cont r i but e paper s br i ngi ng out  
up- t o- dat e t hi nki ng,  and c)  or gani ze i nvi t ed 
l ect ur es f r om per sons who have wor ked i n t hi s 
f i el d so t hat  t hey can i ndi cat e di r ect i on t o be 
f ol l owed t o conduct  f undament al  r esear ch,  basi s 
r esear ch,  t echnol ogy devel opment  and
engi neer i ng aspect s i n year s t o come so t hat  a 
r at i onal  basi s can be pr ovi ded f or  deal i ng wi t h 
pr obl ems i n t he ar ea of  expansi ve soi l s.  I n 
addi t i on by i nv i t at i on wer e obt ai ned f r om 
di f f er ent  count r i es enumer at i ng t he nat ur e of  
expansi ve soi l s pr esent  i n t hei r  count r y and 
t he met hods i n use f or  st abl e const r uct i on i n 
t hei r  count r y on such deposi t s.

The f ol l owi ng sessi ons wer e or gani zed:
( i )  i dent i f i cat i on,  mi ner al ogy  and st r uct ur e of  
expansi ve soi l s,  ( i i )  shear  st r engt h,  
consol i dat i on and ear t h pr essur e,  i i i )  swel l i ng 
pot ent i al ,  swel l i ng pr essur e and heave,  
( i v)  pr obl ems and r emedi al  measur es associ at ed 
wi t h use of  expans i ve soi l s,  case hi st or i es,  
and ( v)  post er  sessi on.

The paper s di d st r ess t he r ol e of  
mont mor i l l oni t e c l ay mi ner al s  i n devel opment  of  
swel l i ng pr essur e.  Swel l i ng pr essur e of  a 
bent oni t e ^ c l ay  mi ner al  can be as hi gh as 
6000 kg/ cm . Wat er  sur r oundi ng and i nsi de t he 
i nt er l ayer  of  c l ay mi ner al  i s i n di f f er ent  
s t at e.

Some paper s s t r essed t he exi s t ence of  cl ose 
r el at i on bet ween es t i mat i on of  heave and
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suct i on pot ent i al .  However ,  many wor ker s
expr essed t he need t o gi ve a f r esh t hought  t o 
appl i cat i on of  st r ess st at e var i abl e concept  
f or  a swel l i ng pr essur e and heave devi ce.  Use 
of  t ot al  s t r ess appr oach f or  j j  gi ven 
equi l i br i um condi t i on f or  a sat ur at ed expansi ve 
soi l  bel ow t he swel l i ng pr essur e r ange has been 
i ndi cat ed.

For  sat ur at ed expans i ve soi l  under  a gi ven 
st r ess l evel ,  c l ose r el at i on exi s t s  bet ween 
swel l i ng- swel l i ng pr essur e- voi d r at i os- shear  
st r engt h,  ( most l y i n t he f or m of  cohesi on)  has 
been f ocused by some r esear ch wor ker s.

Tak i ng i nt o cons i der at i on r el at i on bet ween 
swel l i ng pr essur e ver sus heave and voi d r at i os 
ver sus cohesi on,  some paper s descr i bed how t he 
cohesi ve non- swel l i ng soi l  l ayer  t echnol ogy can 
be used t o pr event  swel l i ng pr essur e and heave 
and use i t  f or  ci vi l  engi neer i ng const r uct i on 
i n expansi ve soi l s.

I ndi an exper i ence i n use of  CNS i n r i ver  
val l ey  pr oj ect  i n deep seat ed bl ack cot t on soi l  
ar ea f or  t he past  14 year s has been br ought  
out .

Ther e i s a need t o devel op i ns t r ument at i on t o 
measur e suct i on pot ent i al  at  c l ay mi ner al  l evel  
and devel op a r at i onal  appr oach t o r el at e 
suct i on pot ent i al  t o heave,  swel l i ng pr essur e,  
l at er al  pr essur es,  voi d r at i o and shear  
st r engt h,  et c.

Met hod of  anal ysi s,  des i gn and const r uct i on 
can be evol ved i n ci vi l  engi neer i ng pr act i ce 
and met hods can be conf i dent l y  ut i l i zed onl y 
when t he engi neer s  can pr edi c t  shear  st r engt h 
and def or mat i on under  di f f er ent  st r ess l evel s 
based on t he measur ement  of  s i mpl e soi l  
pr oper t i es .

Ther e i s a need t o devel op ear t h pr essur e,  
bear i ng capaci t y,  s t abi l i t y  anal ys i s  t heor i es 
based on bot h t ot al  st r ess and st r ess st at e 
var i abl e t heor i es.  Bot h soi l  suct i on pot ent i al  
and cohes i on ar e r esul t ant  ef f ect  due t o 
i nt er act i on bet ween char ged sur f aces of  soi l  
and di pol ar  nat ur e of  wat er .  Encour age
r esear ch wor ker s  t o st udy t he expans i ve soi l  
wat er  syst em i n t he l i ght  of  physi cal ,  
chemi cal ,  el ec t r i cal  and mi ner ol ogi cal  
st r uct ur al  phenomena.

TC- 6 commi t t ee af t er  del i ber at i ng have come 
out  wi t h some gui de l i nes.  Dr .  A. A. B.  Wi l l i ams 
wi l l  pr esent  t he hi ghl i ght s  on t hi s t opi c.

TODAY' S PANEL DI SCUSSI ON WI LL BE CONDUCTED AS
PER PROCEDURE SET UP BELOW:

A.  Pr of .  R. K.  Kat t i ,  Chai r man:  Br i ef  r emar ks

B.  Gener al  Repor t  ( Pr epar ed by R. L.  Handy,  
K. R.  Saxena and R. K.  Kat t i )  t o be pr esent ed 
by R. K.  Kat t i  who i s pr esent .  A Det ai l ed 
wr i t e- up wi l l  be i ncor por at ed i n t he 
pr oceedi ngs .

C.  Pr of .  A. A. B.  Wi l l i ams:  Hi ghl i ght s  of  
del i ber at i ons  and r ecommendat i on of  TC- 6 
commi t t ee meet i ng hel d at  New Del hi  27t h 
Nov ' 87 .

D.  Pr of .  D. G.  Fr edl und:  Remar ks on 
eval uat i on of  heave and swel l i ng pr essur e.

E.  Fu.  Hua . Chen:  Tot al  and di f f er ent i al  
heave obser ved and pr edi ct ed.

F.  Pr of .  J. A. J.  Sal as:  I dent i f i cat i on of  
swel l i ng soi l s.

G.  Pr of .  D. G.  Fr edl und wi l l  conduct  f l oor

di scuss i on as di scuss i on l eader .  He wi l l  
compi l e t he di scuss i on and t he wr i t eup wi l l  
appear  i n t he pr oceedi ngs.

H.  Pr of .  Abel ev wi l l  t ake over  as Chai r man t o 
conduct  DS -  sessi on on col l aps i bl e soi l s.

The chai r manshi p f or  t hi s sessi on was shar ed as 
f ol l ows :
i )  t he Swel l i ng Soi l s por t i on by Pr of essor  

R. K.  Kat t i  of  I ndi a,
i i )  t he Col l aps i bl e Soi l s por t i on by Pr of essor  

M.  Yu Abel ev  of  t he USSR.

The Gener al  Repor t er  f or  t he Swel l i ng Soi l s 
paper s pr esent ed t o t he conf er ence was 
Pr of essor  R. K.  Kat t i  of  I ndi a.  Fol l owi ng t he 
pr esent at i on of  t he gener al  r epor t  on swel l i ng 
soi l s,  each of  t he panel i s t s  added a f ew 
comment s on swel l i ng soi l s.  Mr .  A. A. B.
Wi l l i ams of  Sout h Af r i ca pr esent ed a r epor t  
f r om t he Techni cal  Commi t t ee on Swel l i ng Soi l s.  
The r epor t  deal t  pr i mar i l y  wi t h at t empt s t owar d 
s t andar di zat i on i n t he measur ement  of  swel l i ng 
pr essur e) shown at  end of  pr esent at i on t o D S - 1 ) .

Next ,  suppl ement ar y  r emar ks on t he 
measur ement  of  swel l i ng pr essur e wer e added by 
Pr of essor  D. G.  Fr edl und of  Canada.

DR.  D. G.  FREDLUND

I woul d l i ke t o add a f ew comment s on t he 
i nt er pr et at i on and measur ement  of  swel l i ng 
pr essur e.  I n f act ,  t he comment s  ar e by way of  
concer ns t hat  I have about  how we obt ai n t he 
swel l i ng pr essur e of  a soi l .

I  have not i ced i n t he l i t er at ur e,  over  t he 
past  f ew year s t hat  r esear cher s have at t empt ed 
t o const r uct  a st i f f er  and st i f f er  measur i ng 
syst em i n an at t empt  t o measur e t he so cal l ed,  
" Best - Swel l i ng Pr essur e. "  I woul d l i ke t o 
suggest  t hat  even t he s t i f f est  measur i ng syst em 
wi l l  never  measur e t he " cor r ect "  swel l i ng 
pr essur e.  And t he r eason i s r el at ed t o a 
phenomenon cal l ed " di s t ur bance"  of  t he soi l  
st r uct ur e.  A " di s t ur bance"  whi ch i s t he r esul t  
of  a st r ess r ever sal  bei ng appl i ed t o t he soi l  
s t r uc t ur e.

Resear cher s  l ear ned t hi s l esson on sat ur at ed 
soi l s ( wi t h negat i ve por e- wat er  pr essur es)  i n 
t he 1930’ s when at t empt i ng t o det er mi ne a val ue 
f or  t he so- cal l ed pr econsol i dat i on pr essur e.  
I t  seems we have t o " r e- l ear n"  t he same t r ut h 
once agai n f or  " swel l i ng pr essur e" .

Let  us consi der  t he consol i dat i on t est  dat a 
shown i n Fi gur e 1.  The t est  was r un us i ng t he 
" const ant  vol ume"  t est  pr ocedur e.  Suppose I 
wer e t o ask you t o i nt er pr et  t he dat a.  One of  
t he f i r st  ques t i ons  you mi ght  ask woul d be,  " I s 
t he soi l  nor mal l y  consol i dat ed?"  And I  woul d 
r espond,  " That  i s what  I want  you t o t el l  me 
t hr ough your  i nt er pr et at i on of  t he l abor at or y  
dat a. "

You mi ght  not e t hat  t he " uncor r ect ed"  
swel l i ng pr essur e of  t he soi l  was 60 kPa and 
t hen at t empt  t o di scer n t he meani ng of  t hi s 
val ue.  But  you mi ght  al so at t empt  t o per f or m 
some t ype of  cor r ect i on t o t he dat a i n an 
at t empt  t o account  f or  t he f act  t hat  a soi l  
never  exhi bi t s  a di s t i nc t  br eak upon r el oadi ng.  
Rat her ,  t he soi l  al ways shows a cur vat ur e when 
appr oachi ng t he l oadi ng cur ve.  And so a 
cor r ect i on of  t he t ype pr oposed by Casagr ande 
i n t he 1930' s mi ght  be appl i ed t o t he dat a as 
shown i n Fi gur e 2.  The quest i on may t hen be 
asked as t o whet her  t he cor r ect ed pr essur e 
shoul d be t hought  of  as a " cor r ect ed"  swel l i ng
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a)

P R E S S U R E  ( k P a )

Convent i onal  pr ocedur e f or  pl ot t i ng 
' const ant  vol ume'  oedomet er  dat a

L O G  < C T -U a >

Fi gur e 2 Empi r i cal  cons t r uct i on pr ocedur e t o 
cor r ect  f or  t he ef f ect  of  ' sampl i ng 
di s t ur bance'

b) ' I deal '  st r ess pat h r epr esent at i on of  
’ const ant  vol ume'  oedomet er  dat a

Fi gur e 1 Typi cal  t est  r esul t s on a swel l i ng 
cl ay us i ng a ' const ant  vol ume'  
t es t i ng pr ocedur e

pr essur e or  as a pr econsol i dat i on pr essur e.  
The answer  t o t hi s quest i on can onl y be 
conf i r med i f  one knows t he l ocat i on of  t he 
v i r gi n compr ess i on br anch f or  t he soi l  
( Fi gur e 3)  and t he over bur den pr essur e and t he 
por e- wat er  pr essur e.  The i nsi t u por e- wat er  
pr essur e i s negat i ve and l i kel y  unknown.

Ther e wi l l  be a br eak i n t he sl ope of  t he 
l oadi ng cur ve when t he soi l  i s l oaded ont o t he 
r ecompr essi on br anch and a second br eak when 
t he soi l  i s l oaded ont o t he v i r gi n compr essi on 
br anch.  I n ei t her  case,  t her e wi l l  be a 
gr adual  cur vat ur e assoc i at ed wi t h t he changes 
of  sl ope assoc i at ed wi t h each br anch of  t he 
consol i dat i on cur ve.  I n or der  t o i nt er pr et  t he 
l abor at or y dat a,  even f or  a sat ur at ed soi l ,  i t  
i s necessar y  t o per f or m a cor r ect i on f or  t he 
ef f ect  of  sampl i ng di s t ur bance.  Such a
cor r ect i on i s al ways r equi r ed when a soi l  has 
been l oaded,  unl oaded and t hen r el oaded.

The i nt er pr et at i on of  t he dat a coul d bet t er  
be per f or med by pl ot t i ng t he dat a on a 
t hr ee- di mensi onal  t ype pl ot  wi t h t he hor i zont al

L O G  P R E S S U R E  ( k  P o )

Fi gur e 3 Rel at i onshi p bet ween t he
r ecompr ess i on cur ve and t he vi r gi n 
compr ess i on br anch f or  a t ypi cal  
swel l i ng soi l

axes des i gnat ed as t he net  nor mal  st r ess 
( o -  ug ) and mat r i c  suct i on ( u. uw>
( Fi gur e 4) .  The r esul t s t hen i l l ust r at e t hat  
when a sampl e i n t he oedomet er  i s i mmer sed i n 
wat er ,  t he i ni t i al  suct i on of  t he soi l  i s 
exchanged f or  a t ot al  st r ess.  Wat er  goes i nt o 
t he soi l ,  i ncr easi ng i t s wat er  cont ent  whi l e 
t he voi d r at i o i s mai nt ai ned as a const ant  
val ue.  As t he soi l  appr oaches t he
r ecompr essi on or  t he v i r gi n compr ess i on br anch,  
i t  wi l l  under go a gr adual  cur vat ur e unt o t he 
new l oadi ng cur ve.  Thi s gr adual  cur vat ur e i s 
r ef er r ed t o as " sampl i ng di s t ur bance"  and must  
be account ed f or  t hr ough some t ype of  
cor r ect i on pr ocedur e.
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( Uq u w) f i e|d

( CTy- Ua )f j e| d

M A T R IC  

S U C T IO N  ^  

E Q U IV A L E N T

S A M P L IN G

( U g  “ U yy)

An ' i deal '  st r ess pat h r epr esent at i on 
f or  a ' const ant  vol ume'  oedomet er  
t est

Fi gur e 5 The act ual  st r ess pat h showi ng t he 
ef f ect  of  ' sampl i ng di s t ur bance'

Fi gur e 5 shows t he meani ng of  t he st r ess 
val ues whi ch can be i dent i f i ed f r om t he 
" const ant  vol ume"  oedomet er  t est .  The
uncor r ect ed swel l i ng pr essur e has l i t t l e or  no 
meani ng.  The cor r ect ed swel l i ng pr essur e
i ndi cat es t he combi ned magni t ude of  t he t ot al  
over bur den pr essur e and t he mat r i c  suct i on 
t r ansf er r ed ont o t he t ot al  st r ess pl ane.  Thi s 
l at er  val ue can be r ef er r ed t o as t he " mat r i c 
suct i on equi val ent "  of  t he soi l .  I t  i s 
i mpor t ant  t o t ake t he ef f ect  of  " sampl i ng 
di s t ur bance"  i nt o account ,  par t i cul ar l y  i f  t he 
dat a ar e t o be used f or  t he pr edi c t i on of  t ot al  
heav e.

Fi gur e 6 shows t he st r ess pat h t hat  a soi l  
woul d under go i f  wet t ed t hr ough wat er  i ngr ess 
i n t he f i el d ( i . e. ,  t he dash l i ne) .  However ,  
i t  i s easi er  t o use a st r ess pat h whi ch f ol l ows 
t he t ot al  st r ess pl ane when pr edi c t i ng t ot al  
heave.  I n ot her  wor ds,  t o obt ai n t he cor r ect  
pr edi c t i on of  heave,  i t  i s necessar y  t o 
compl et el y  r ebound f r om t he cor r ect ed swel l i ng

Fi gur e 6 Repr esent at i on of  t he ' act ual '  and
' anal ysi s'  st r ess pat hs f ol l owed by a 
swel l i ng soi l

Fi gur e 7 Change i n swel l i ng pr essur e due t o 
t he cor r ec t i on f or  ' sampl i ng 
di s t ur banc e'

pr essur e val ues.  Onl y  i n t hi s way wi l l  t he 
f i nal  voi d r at i o of  t he soi l  wi l l  equal  t hat  
exper i enced i n t he f i el d ( i . e. ,  e^) .  Fai l ur e

t o t ake i nt o account  t hi s f act ,  ( i . e. ,  sampl i ng 
di s t ur bance)  a pr edi c t i on of  heave coul d be 50 
t o 100% l ower  t han what  mi ght  occur  i n t he 
f i el d i f  t he soi l  wer e compl et el y  wet t ed.  Thi s 
i s a ser i ous omi ss i on of t en made by geot ech
ni cal  engi neer s.

Fi gur e 7 shows a compar i son bet ween 
uncor r ec t ed and cor r ect ed swel l i ng pr essur e
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val ues f or  compact ed and nat ur al  soi l s.  I t  i s 
obvi ous t hat  t he uncor r ec t ed swel l i ng pr essur e 
val ues can be i n er r or  by mor e t han 100%.  Thi s 
er r or  i n t ur n r esul t s i n an under - pr edi c t i on of  
t he amount  of  pot ent i al  t ot al  heave.  I t  woul d 
appear  t hat  t he omi ss i on of  t he cor r ect i on f or  
sampl i ng di s t ur bance when deal i ng wi t h 
expansi ve soi l s,  i s pr obabl y  t he gr eat est  
sour ce of  er r or  i n pr edi c t i ons  of  t ot al  heave.

I n summar y,  I  woul d suggest  t hat  we shoul d 
pay l ess at t ent i on t o at t empt i ng t o pr oduce t he 
st i f f est  poss i bl e syst em t o measur e swel l i ng 
pr essur e.  Rat her ,  I  woul d suggest  t hat  we t est  
t he soi l s i n a convent i onal  manner  and appl y  a 
cor r ect i on f or  sampl i ng di s t ur bance i n or der  t o 
obt ai n t he pr oper  val ue f or  anal ys i s  pur poses.

Mr .  F. H.  Chen t al ked about  t he di f f er ence 
bet ween t he pr edi c t i on of  t ot al  heave and 
di f f er ent i al  heaves,  as wel l  as pr esent i ng some 
obser vat i ons based on hi s year s of  exper i ence.

envi r onment ,  t he c l ayst one por t i on of  bedr ock 
bel ow t he wat er  t abl e can be cons i der ed t o be 
f r ee f r om vol ume change.  Pr edi c t i on of  t ot al  
heave can be cons i der ed onl y  on t he s t r at um 
t hi ckness above t he wat er  t abl e.

Changes of  env i r onment  can,  however ,  al t er  
t he ent i r e pi ct ur e.  Const r uc t i on oper at i ons 
such as pi er  dr i l l i ng can br eak t hr ough t he 
syst em of  i nt er l aced seams and f i ssur es i n t he 
c l ayst one st r uct ur e,  al l owi ng wat er  t o sat ur at e 
t he ot her wi se dr y ar ea,  t hus al l owi ng f ur t her  
swel l i ng of  t he ot her wi se st abl e mat er i al .

Ther ef or e,  i n cons i der i ng t he t hi ckness of  
expansi ve soi l  st r at um,  cons i der at i on shoul d be 
gi ven not  onl y t o t he t hi ckness above t he wat er  
t abl e,  but  al so some dept h bel ow t he wat er  
t abl e.  Thi s dept h shoul d be at  l east  equal  t o 
t hat  of  poss i bl e f l uc t uat i on of  t he wat er  
t abl e.

Nat ur e and degr ee of  des i ccat i on of  t he soi l

MR.  F. H.  CHEN

I n r ecent  year s,  a gr eat  deal  of  at t ent i on has 
been f ocused on " Heave Pr edi ct i on" .  I t  i s 
assumed t hat  t he amount  of  heave expect ed f r om 
a st r uct ur e f ounded on expans i ve soi l s can be 
pr edi c t ed i n t he same pat t er n as t he Set t l ement  
Pr edi ct i on.  I n t he l ast  si x I nt er nat i onal  
Conf er ences on expans i ve soi l ,  at  l east  t went y 
paper s wer e devot ed on t he subj ect .  Quest i ons 
ar i se as t o how accur at e ar e t he pr edi c t i ons  as 
compar ed wi t h t he act ual  measur ement s.

The amount  of  t ot al  heave and t he r at e of  
heave on whi ch a st r uct ur e i s f ounded i s ver y 
compl ex.  Unl i ke set t l ement  pr edi ct i on,  t he 
heave est i mat e depends on so many f act or s whi ch 
cannot  be r eadi l y  det er mi ned.  The f ol l owi ng 
basi c f act or s shoul d be consi der ed:

Cl i mat e

The pr edi c t ed amount  of  heave depends on t he 
i ni t i al  condi t i on of  t he soi l s i mmedi at el y  
af t er  const r uct i on.  I f  t he excavat i on i s 
al l owed t o expose f or  a l ong per i od of  t i me,  
des i ccat i on wi l l  t ake pl ace,  and upon 
subsequent  wet t i ng,  mor e swel l i ng may t ake 
pl ac e.

The i ni t i al  st r ess condi t i on i n t he soi l

On t he compl et i on of  excavat i on,  t he st r ess 
condi t i on i n t he soi l  mass wi l l  under go 
changes.  Ther e wi l l  be el ast i c  r ebound.  
St r ess r el ease i ncr ease t he voi d- r at i o and 
al t er  t he densi t y.  However ,  such physi cal  
changes wi l l  not  t ake pl ace i nst ant aneousl y.  
I f  cons t r uct i on pr oceeds wi t hout  del ay,  
st r uct ur al  l oad wi l l  compensat e f or  t he st r ess 
r el ease.  I  do not  bel i eve t hi s i t em wi l l  be a 
s i gni f i cant  amount .

Cl i mat e condi t i ons i nvol v i ng pr eci pi t at i on,  
evapor at i on,  and t r anspi r at i on af f ect  t he 
moi st ur e i n t he soi l .  The dept h and degr ee of  
des i ccat i on af f ec t s  t he amount  of  swel l  i n a 
gi ven soi l  hor i zon.  Cl i mat e condi t i on
par t i al l y  af f ect s t he desi ccat i on.

Thi ckness of  expans i ve soi l  s t r at um

I n most  cases,  t he t hi ckness of  t he expansi ve 
soi l  s t r at um ext ends down t o gr eat  dept h and 
t he pr act i cal  t hi ckness i s gover ned by t he 
capabi l i t y  of  sur f ace wat er  penet r at i ng i nt o 
t he st r at um.  For  pr act i cal  pur poses,  we assume 
a dept h of  15 f eet ,  and i n some ext r eme cases,  
sur f ace wat er  penet r at es t hr ough t he seams and 
f i ssur es of  expans i ve cl ays t o as much as 
30 f eet .

Per meabi l i t y  and r at e of  heave

The per meabi l i t y  of  t he soi l  det er mi nes t he 
r at e of  i ngr ess of  wat er  i nt o t he soi l  ei t her  
by gr av i t at i onal  f l ow or  di f f us i on,  and t hi s i n 
t ur n det er mi nes  t he r at e of  heave.  The hi gher  
t he r at e of  heave,  t he mor e qui ck l y  t he soi l  
wi l l  r espond t o any changes i n t he 
env i r onment al  condi t i ons,  and t hus t he ef f ect  
of  any l ocal  i nf l uences wi l l  be emphasi zed.  At  
t he same t i me,  t he hi gher  t he per meabi l i t y  t he 
gr eat er  t he dept h t o whi ch any l ocal i zed 
moi st ur e wi l l  penet r at e,  t hus engender i ng 
gr eat er  movement  and gr eat er  di f f er ent i al  
movement .  Ther ef or e,  t he per meabi l i t y  i s an 
i mpor t ant  f act or  and t he hi gher  t he 
per meabi l i t y ,  t he gr eat er  t he pr obabi l i t y  of  
di f f er ent i al  movement .

Dept h t o wat er  t abl e

Soi l  bel ow t he wat er  t abl e.  However ,  i n t he 
case of  c l ayst one bedr ock,  due t o f i ne- gr ai ned 
st r uct ur e and t he near l y  i mper meabl e nat ur e,  
wat er  i s not  abl e t o penet r at e and sat ur at e t he 
mat er i al .  The onl y access of  wat er  i nt o t he 
st r at um i s t hr ough i t s seams and f i ssur es.  
Consequent l y ,  when t ak i ng moi s t ur e cont ent  of  
submer ged cl ayst one,  one may f ound i n t he 
v i c i ni t y  of  seams and f i ssur es,  whi l e 
r el at i vel y  dr y  condi t i ons can be f ound 
el sewher e.  Under  f ai r l y  st abl e and unchangi ng

Ext r aneous i nf l uence

The above ment i oned basi c f act or s,  al t hough 
di f f i cul t  t o pr edi ct ,  st i l l  t heor et i cal l y  can 
be eval uat ed.  Ext r aneous i nf l uence at  t he same 
t i me i s t ot al l y  unpr edi c t abl e.  The suppl y  of  
addi t i onal  moi s t ur e wi l l  accel er at e heave.  For  
i nst ance,  i f  t her e i s an i nt er r upt i on of  t he 
subdr ai n syst em t o al l ow t he sudden r i se of  a 
per ched wat er  t abl e.  The devel opment  of  t he 
ar ea,  espec i al l y  r es i dent i al  const r uct i on,  wi l l  
cont r i but e t o a dr as t i c  r i se of  per ched wat er  
t abl e.
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Var i ous met hods have been pr oposed t o pr edi ct  
t he amount  of  t ot al  heave under  a gi ven 
st r uct ur al  l oad.  These ar e t he Doubl e
Oedomet er  met hod,  t he Depar t ment  of  Navy 
Met hod,  t he Sout h Af r i can met hod,  and t he Del  
Fr edl und met hod.  Al l  suggest ed met hods have 
l i mi t at i ons.  The Doubl e Oedomet er  met hod
devel oped by Jenni ngs and Kni ght  i s based on 
t he concept  of  ef f ec t i ve st r ess and has 
r ecei ved wi de at t ent i on.

The Depar t ment  of  Navy  i n i t s Desi gn Manual  
out l i ned a pr ocedur e f or  es t i mat i ng t he 
magni t ude of  swel l i ng t hat  may occur  when 
f oot i ngs ar e bui l t  i n expans i ve soi l s.  The 
shor t come of  t hi s pr ocedur e i s t hat  i t  i s 
assumed t hat  at  a l ower  dept h,  t he soi l  wi l l  
not  swel l  as much as at  an upper  dept h due t o 
over bur den pr essur e.  I n f act ,  even at  dept h 
8 f t . ,  t he over bur den pr essur e amount s t o onl y,

at  most ,  1 k i p/ f t . 2 whi ch i s smal l  i n hi ghl y  
expansi ve soi l  ar eas.

The Van der  Mer we met hod,  commonl y  known as 
t he Sout h Af r i can met hod,  st ar t ed by 
c l assi f y i ng t he swel l  pot ent i al  of  soi l  i nt o 
ver y hi gh t o l ow cat egor i es.  The assi gn 
pot ent i al  expans i ve ( P. E. )  expr essed as i n 
i n. / f t .  of  t hi ckness based on t he f ol l owi ng:

Tabl e 1

Pot ent i al  Expans i on ( P. E. )  
Swe 11 Pot ent i al  ___________ i n. / f t ._____________

Ver y Hi gh 
Hi gh 
Medi um 
Low

1
1/ 2
1/ 4
0

Assume t he t hi ckness of  an expans i ve soi l  
l ayer  or  t he l owest  l evel  of  gr ound wat er .  
Di vi de t hi s t hi ckness t o sever al  soi l  l ayer s 
wi t h var i abl e swel l  pot ent i al ,  and cal cul at e 
t he t ot al  expansi on.

Pr of essor  Fr edl und used t he r esul t s of  
oedomet er  t est s i n t er ms of  voi d- r at i o t o 
pr edi ct  t he t ot al  heave.

Many empi r i cal  met hods have been est abl i shed 
t o pr edi ct  heave.  The i nput  dat a commonl y 
needed consi st s  of  c l ass i f i cat i on dat a such as 
At t er ber g l i mi t s,  i ni t i al  wat er  cont ent ,  dr y 
densi t y,  and per cent  c l ay cont ent .

Johnson and Snet hen i nt r oduced t he suct i on 
met hod f or  heave pr edi ct i on.  They concl uded 
t hat  t he suct i on met hod i s si mpl e,  economi cal ,  
expedi ent ,  and capabl e of  s i mul at i ng f i el d 
condi  t i ons .

The sear ch by var i ous i nvest i gat or s  f or  a 
r el i abl e met hod f or  pr edi c t i ng t ot al  heave i s 
pr obabl y af f ect ed by t he concept  of  ul t i mat e 
set t l ement  i n t he t heor y of  consol i dat i on.  For  
many year s,  engi neer s  have been f ami l i ar  wi t h 
t he cal cul at i on of  ul t i mat e set t l ement  and 
di f f er ent i al  set t l ement  of  a st r uct ur e f ounded 
on cl ay,  and i t  assumed t hat  t he t ot al  heave 
can al so be pr edi ct ed.  Ther e ar e some 
f undament al  di f f er ences bet ween t he behavi or  of  
set t l i ng and heavi ng soi l .  Some of  t hem ar e as 
f ol l ows :

Set t l ement  of  c l ay under  l oad

Set t l ement  of  c l ay under  l oad wi l l  t ake pl ace 
wi t hout  t he ai d of  wet t i ng,  whi l e expans i on of

cl ay wi l l  not  be r eal i zed wi t hout  moi st ur e 
i nc r ease.

Tot al  amount  of  heave

The t ot al  amount  of  heave depends on t he 
env i r onment al  condi t i ons,  such as t he ext ent  of  
wet t i ng,  t he dur at i on of  wet t i ng,  and t he 
pat t er n of  moi s t ur e mi gr at i on.  Such var i abl es 
cannot  be ascer t ai ned,  and consequent l y ,  any 
t ot al  heave pr edi c t i on can be ent i r el y  
e r r oneous .

Di f f er ent i al  set t l ement

Di f f er ent i al  set t l ement  i s usual l y  descr i bed as 
a per cent  of  t he ul t i mat e set t l ement .  However ,  
i n t he case of  expans i ve soi l s,  one cor ner  of  
t he bui l di ng may be subj ect ed t o max i mum heave 
due t o excess i ve wet t i ng whi l e anot her  cor ner  
may have no movement .  Ther ef or e,  i n t he case 
of  swel l i ng soi l s,  di f f er ent i al  heave can equal  
t he t ot al  heave.  No cor r el at i on bet ween 
di f f er ent i al  and t ot al  heave can be 
est abl i  s hed.

A pr oposed r eser voi r  wi l l  have an appr ox i mat e 
capaci t y  of  10 mi l l i on gal l ons wi t h a pl an 
di mensi on of  185 f eet  by 360 f eet .  Subsoi l  
beneat h t he pr oposed r eser voi r  consi s t s  
essent i al l y  of  c l ayst one and sandst one bedr ock 
wi t h shal l ow cl ay over bur den at  one end.  The 
si t e was i nvest i gat ed by dr i l l i ng 32 deep 
expl or at or y  bor i ngs.  A t ot al  of  108 swel l  
t est s wer e per f or med t o det er mi ne t he swel l i ng 
pot ent i al  and swel l i ng pr essur e of  t he subsoi l  
at  var i ous dept hs.  The wat er  t abl e was 
measur ed at  dept h 12 t o 33 f eet  bel ow gr ound 
sur f ace.

Test  r esul t s i ndi cat e t hat  t he swel l i ng 
pot ent i al  under  des i gn pr essur e var i es f r om ni l  
t o 7. 5%.  Swel l i ng pr essur es t est ed at  nat ur al  
moi st ur e cont ent  r anges f r om 1, 600 psf  t o
22, 000 psf ,  whi l e t he ai r  dr i ed sampl es showed 
swel l i ng pr essur e 13, 000 psf  t o 75, 000 psf .  
For  heave pr edi ct i on,  i t  was assumed t hat  t her e 
i s a poss i bl e absol ut e max i mum val ue.  The 
f ol l owi ng dat a wer e used:

Tabl e 2

Li qui d Li mi t 56 t o 67%
Pl ast i c i t y  I ndex 32 t o 41%
Dr y Densi t y 95. 7 t o 110 . 8 psf
Swel l i ng Pot ent i al  under 1 t o 4%

1, 000 psf  Load
Swel l i ng Pr essur es 5, 000 t o 26 , 000 psf
Nat ur al  Moi st ur e Cont ent 11. 5 t o 21. 1%
Maxi mum Swel l i ng Pot ent i al  

under  Most  Adver se
Condi  t i ons 9%

Maxi mum Swel l i ng Pr essur e 
under  Most  Adver se
Condi  t i ons 35, 000 psf

By us i ng Van der  Mer we met hod,  t he Depar t ment  
of  Navy met hod,  and ot her s,  t hi s pr edi c t i ve 
t ot al  heave i s as f ol l ows:

For  max i mum condi t i on,  assumi ng 9% pot ent i al  
heave and 20 f eet  f or  a dept h of  heave gi ves
11 i nches.  For  mi ni mum condi t i ons,  assumi ng 4% 
pot ent i al  heave and 6 f eet  f or  dept h of  heave 
gi ves 1. 0 i nches.
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The heav i ng wi l l  t ake pl ace at  t he east er n 
por t i on of  t he r eser voi r ,  and assumi ng no 
heavi ng wi l l  t ake pl ace at  t he wes t er n por t i on 
of  t he r eser voi r ,  t he heave val ue of  11 and 
1 i nches shoul d be cons i der ed as di f f er ent i al  
heav e.

I t  i s my cont ent i on t hat  t he max i mum 
di f f er ent i al  heave pr edi c t ed f or  t he r eser voi r  
shoul d be 11 i nches.  A r at i onal  val ue used f or  
desi gn pur poses shoul d be t he aver age of  
max i mum and mi ni mum or  5. 5 i nches.

On f ur t her  exami nat i on,  i t  was f el t  t hat  i f  
t he pr oposed dr ai n syst em i s pr oper l y  i nst al l ed 
and t he adver sed dr y i ng and wet t i ng condi t i ons 
do not  t ake pl ace,  di f f er ent i al  heave shoul d 
not  be as much as pr edi ct ed.  I t  was dec i ded 
t hat  t he st r uct ur e engi neer  shoul d des i gn t he 
r eser voi r  f or  onl y 2. 75 i nches of  di f f er ent i al  
heave.  The st r uct ur e engi neer  pr ot es t ed at  
t hi s f i gur e,  c l ai mi ng t hat  t he cost  of  such 
desi gn wi l l  be out  of  r each.  We f i nal l y 
set t l ed t o des i gn f or  onl y 1. 5 i nches.

The r eser voi r  was bui l t  i n 1981,  l at est  
sur vey i ndi cat ed t hat  di f f er ent i al  heave i s 
l ess t han 1/ 4 i nches.

The above case i ndi cat es c l ear l y  t he dr ast i c  
di f f er ence bet ween pr edi c t ed heave and act ual  
heave.  I n t hi s case,  i t  was on t he saf e si de,  
t he r ever se can al so happen.  Fi nal l y,  I  wi sh 
t o poi nt  out  t he l egal  r espons i bi l i t y  of  a 
geot echni cal  engi neer  i n gi v i ng a def i ni t e 
f i gur e f or  heave measur ement .  I t  i s a 
danger ous ar ea f or  pr ac t i c i ng engi neer s  t o 
t ouch.

The Gener al  Repor t er  f or  t he col l apsi bl e 
soi l s paper s pr esent ed t o t he conf er ence was 
Mr .  W. R.  Mackechni e of  Zi mbabwe.

MR.  W. R.  MACKECHNI E 

( submi t t ed separ at el y)

Fol l owi ng t he pr esent at i on of  t he gener al  
r epor t  on col l aps i ng soi l s,  a di scuss i on per i od 
was l ead by Pr of essor  D. G.  Fr edl und of  Canada.  
I nt r oduct or y  r emar ks wer e made on t he 
r el at i onshi p bet ween swel l i ng soi l s and 
col l aps i ng soi l s,  f ol l owed by t he cons i der at i on 
of  t hr ee quest i ons by t he panel i s t s  and per sons 
f r om t he audi ence.

D. G.  FREDLUND

The t wo t ypes of  soi l s bei ng di scussed t oday 
ar e f ound pr i mar i l y  i n ar i d r egi ons of  t he 
wor l d.  I f  we consi der  a map of  t he wor l d 
( Fi gur e 8)  we not e t hat  about  33% of  t he 
ear t h' s  sur f ace can be c l ass i f i ed as ar i d or  
semi - ar i d ( i . e. ,  t he pot ent i al  annual  
evapor at i on s i gni f i cant l y  exceeds t he 
pr ec i pi t at i on) .  Thi s i s a s i gni f i cant  por t i on 
of  our  l and sur f ace.

I  woul d al so not e t hat  t he soi l  mechani cs  
di sc i pl i ne had i t s i ncept i on and gr owt h i n t he 
mor e humi d env i r onment s  of  t he wor l d.  As such,  
t he soi l  mechani cs  sci ence has cat er ed 
pr i mar i l y  t o r egi ons wher e t he soi l s ar e 
essent i al l y  sat ur at ed and t he por e- wat er  
pr essur es ar e posi t i ve.  Our  t ext books
pr i mar i l y  pr ovi de i nf or mat i on on t he behavi or  
of  sat ur at ed soi l s and as such t each us 
sat ur at ed soi l  mechani cs.  But  t oday,  we ar e 
di scuss i ng s i t uat i ons wher e t he por e- wat er  
pr essur es ar e negat i ve and wher e an 
under s t andi ng of  unsat ur at ed soi l  mechani cs i s

Fi gur e 8 Map showi ng t he ar i d r egi ons of  t he 
wor l d ( Mei gs,  1953)

r equi r ed f or  engi neer i ng pr act i ce.
I t  i s now about  25 year s si nce speci al  

at t ent i on began t o be gi ven t o expans i ve soi l s 
wi t h t he r ecogni t i on t hat  t hei r  behavi or  
appear ed t o dev i at e f r om t hat  of  c l assi cal  
sat ur at ed soi l  mechani cs.  I t  i s onl y a f ew 
year s ago si nce speci al  at t ent i on was gi ven t o 
t he behavi or  of  col l aps i bl e soi l s,  r ecogni z i ng 
t hat  t hei r  behav i or  dev i at ed f r om t hat  of  
c l assi cal  soi l s.  Whi l e we ar e not  di scuss i ng 
r esi dual  soi l s i n t hi s sessi on i t  i s wor t hy t o 
not e t hat  i t  i s onl y about  seven year s ago 
si nce ser i ous at t ent i on was gi ven t o r esi dual  
soi l s because of  t hei r  uni que behavi or .  Once 
agai n,  t hese soi l s commonl y  have negat i ve 
por e- wat er  pr essur es.

At  t he ASCE Conf er ence i n Hawai i  on 
Const r uct i on and Desi gn Pr obl ems Rel at ed t o 
Resi dual  Soi l s,  i t  was i nt er est i ng t o hear  a 
past  gr aduat e st udent  f r om t he Uni t ed St at es 
expl ai n t he pr obl ems he had when at t empt i ng t o 
appl y t he sat ur at ed soi l  mechani cs  t heor i es t o 
r esi dual  soi l s i n hi s count r y.  The message was 
t hat  c l ass i cal  soi l  mechani cs  was sat i s f act or y  
onl y when t he por e- wat er  pr essur es wer e 
posi t i ve and t he soi l s wer e sat ur at ed.  
However ,  i t  was suggest ed t hat  ex t ens i ons t o 
t hese t heor i es wer e r equi r ed f or  most  cases 
i nvol v i ng r esi dual  soi l s.

Al l  t he above soi l  t ypes have one t hi ng i n 
common.  They do not  accur at el y  adher e t o many 
of  t he concept s and behav i or al  pat t er ns t aught  
by cl assi cal ,  t ext book sat ur at ed soi l  
mechani cs.  Ther ef or e,  t her e i s need f or  
ex t ens i ons t o c l assi cal  soi l  mechani cs whi ch 
wi l l  accommodat e t hese needs.

We coul d ask,  " what  do t hese soi l s ( i . e. ,  
swel l i ng and col l aps i ng soi l s)  have i n common?"  
And I woul d say t hat  f r om a basi c st andpoi nt  
what  t hey have i n common i s t he f act  t hat  t hey 
al l  have negat i ve por e- wat er  pr essur es.  They 
may be unsat ur at ed,  but  mor e f undament al l y,  
t hei r  por e- wat er  pr essur es may be hi ghl y  
negat i ve,  even many at mospher es negat i ve.  We 
know t hat  swel l i ng soi l s have ver y  negat i ve 
por e- wat er  pr essur es and mor e r ecent l y  i t  has 
been r ecogni zed t hat  col l aps i bl e soi l s have 
negat i ve por e- wat er  pr essur es.

Thi s f act  ( i . e. ,  negat i ve por e- wat er  
pr essur es)  has soi l  mechani cs  r ami f i cat i ons and 
r equi r es ex t ens i ons t o our  sci ence i n sever al  
ar eas :
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Ther e must  be ext ensi ons:

i )
i i )

i i i  )

i v)

f r om a t heor et i cal  st andpoi nt ,  
wi t h r espect  t o l abor at or y  and f i el d 
t est i ng.  Ther e must  be new t echni ques and 
pr ocedur es f or  t est i ng t hese soi l s,  and,  
t her e i s need f or  gauges t o measur e 
negat i ve por e- wat er  pr essur es,  
t o f or mul at i ons f or  t he anal ys i s  and 
desi gn assoc i at ed wi t h engi neer ed 
st r uct ur es,  and
wi t h r espect  t o pr act i cal  des i gn and 
r emedi al  measur es

Al l  of  t hese ar eas must  be r esear ched and 
gi ven car ef ul  st udy.  I  bel i eve t hese quest i ons 
need t o be asked wi t h r espect  t o al l  t ypes of  
pr obl ems encount er ed wi t h swel l i ng and 
col l apsi bl e soi l s i n engi neer i ng pr act i ce.  Not  
j ust  wi t h r espect  t o vol ume change pr obl ems but  
al so wi t h r espect  t o shear  st r engt h,  seepage,  
l at er al  ear t h pr essur e,  bear i ng capac i t y  and 
ot her  pr obl ems.

He ought  t o be abl e as geot echni cal  engi neer s 
t o addr ess t he same t ype of  quest i ons f or  
unsat ur at ed soi l s wi t h negat i ve por e- wat er  
pr essur es as we ask f or  soi l s t hat  ar e 
sat ur at ed.

I have not ed t hat  over  t he l ast  25 year s,  
r esear cher s i n expans i ve soi l s have come 
t oget her  each f our  year s,  f or  a conf er ence on 
expansi ve soi l s and have made pr esent at i ons 
whi ch go somet hi ng l i ke t hi s.  " Her e ar e some 
exampl es of  heave of  engi neer ed st r uct ur es i n 
our  count r y;  and her e i s what  we do about  
t hem. "  And each f our  year s t he pr ocess i s 
r epeat ed.  However ,  t her e appear s t o be no 
at t empt  t o devel op a cons i s t ent  t heor et i cal  
f r amewor k or  basi s f or  anal ys i s  and desi gn.  
" Theor y i 6 t he gl ue"  whi ch can br i ng t oget her  
t he t hi nki ng and under s t andi ng f r om al l  
count r i es,  and I  bel i eve t her e i s a need t o 
come t o a common consensus on t he t heor y f oi  
soi l s wi t h negat i ve por e- wat er  pr essur es.

For  pur poses of  our  di scuss i on per i od,  I  have 
put  t oget her  t hr ee quest i ons t o whi ch I  woul d 
sol i c i t  a r esponse f r om t he panel i s t s  and t he 
audi ence.
The f i r st  quest i on i s:

1.  a)  I n what  ways ar e expans i ve soi l s and 
col l aps i bl e soi l s t he same? 

b)  I n what  ways ar e expans i ve soi l s and 
col l aps i bl e soi l s di f f er ent ?

Your  answer s can be made wi t h r espect  t o:
i )  t heor y,  i i )  t es t i ng pr ocedur es,  i i i )  met hods 
of  anal ysi s,  desi gn or  r emedi al  measur es.

i s wi t h r espect  t oThe second quest i on 
expansi ve soi l s:

2.  a)  What  ar e some r ecent  advances wi t h 
r espect  t o under s t andi ng t he behavi or  of  
expans i ve soi l s and handl i ng t hese soi l s 
f r om a pr act i cal  st andpoi nt ? 

b)  What  ar e t he gr eat est  needs f or  f ut ur e 
r esear ch r el at i ve t o expans i ve soi l s?

The t hi r d quest i on 
col l apsi bl e soi l s:

i s wi t h r espect  t o

a)  What  ar e some r ecent  advances wi t h 
r espect  t o under s t andi ng t he behavi or  of  
col l aps i ng soi l s and handl i ng t hese soi l s 
f r om a pr act i cal  s t andpoi nt ?

b)  What  ar e t he gr eat est  needs f or  t he 
f ut ur e r el at i ve t o r esear ch on col l aps i ng 
soi I s?

Due t o a shor t age of  t i me,  t he r esponse t o 
t he t hi r d quest i on was l i mi t ed.  I n gener al ,  
t her e appear ed t o be a consensus t hat  i t  was 
l ogi cal  t o consi der  bot h swel l i ng and 
col l apsi ng soi l s s i mul t aneousl y.  Poss i bl y  t hi s 
shoul d be gi ven cons i der at i on wi t h r espect  t o 
f ut ur e conf er ences.
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The di scuss i on l eader  ( D. G.  Fr edl und)  asked 
whet her  t he pr ocesses t ak i ng pl ace i n expansi ve 
soi l s ar e s i mi l ar  t o or  di f f er ent  f r om t hose i n 
col l apsi bl e soi l s.  I  suggest  t hey ar e
di  f f e r ent .

" Expansi ve"  soi l s ar e al so " compr essi ve"  
soi l s when cur r ent  st r esses exceed t he swel l i ng 
pr essur e.  However ,  t hi s compr ess i ve pr ocess i s 
i nher ent l y  di f f er ent  f r om " col l apse" .  We 
shoul d di s t i ngui sh bet ween " compr essi ve"  ( or  
" cont r ac t ant " ) and " col l apsi bl e"  behavi our .

For  some year s I  have been t est i ng a
sat ur at ed 50/ 50 mi xt ur e of  sand and bent oni t e
pr oposed f or  use i n t he Canadi an Nuc l ear  Fuel
Wast e Management  Pr ogr am.  Exami nat i on of  t he
appl i cabi l i t y  of  t he ef f ect i ve st r ess pr i nc i pl e
has shown t hat  t hi s sat ur at ed sand- bent oni t e
mi xt ur e want s t o r each an equi l i br i um
r el at i onshi p bet ween t he appl i ed " ef f ect i ve"
st r ess ( o -  u ) and speci f i c  vol ume V ( Gr aham w
et  al . ,  1989.  Thi s " Swel l i ng Equi l i br i um Li ne"  
( SEL)  i s s i mi l ar  i n many ways t o t he Nor mal  
Consol i dat i on Li ne ( NCL)  i n nor mal  soi l  
mechani cs.  However ,  i t  i s pos t ul at ed t hat  
movement  al ong t he SEL i s r ever s i bl e ( i . e. ,  
unl oadi ng does not  i n t he l ong t er m pr oduce an 
unl oad- r el oad l i ne as i n nor mal  soi l s) .

I n Fi gur e 9 f or  exampl e,  a sat ur at ed speci men 
at  A wi l l  not  be i n equi l i br i um under  i t s mean

w't ot al  st r ess,  p,  and por e- wat er  pr essur e,  u

measur ed on ext er nal  
I nst ead,  an unbal anced 
At t r act i ve f or ce ( R- A)  
wi l l  dr aw wat er  i nt o

pr essur e t r ansducer s.
net  Repul s i ve mi nus 

bet ween t he par t i c l es  
t he soi l  and cause

Fi gur e 9 Compr essi on,  expans i on and col l apse 
i n sat ur at ed 1 -  D oedomet er  t est s
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expansi on t o A^ . Al t er nat i vel y ,  i f  ( p -  uw) i s

i ncr eased f r om A,  t he soi l  wi l l  compr ess 
success i vel y  t o A2 and t hen Aj . Si mi l ar l y,

expans i on wi l l  t ake pl ace f r om A^ t o A^ and

beyond when ( p -  u) w i s decr eased and

suf f i c i ent  t i me i s al l owed f or  t he speci men t o 
r each equi l i br i um.  Thi s i s essent i al l y  a 
r ever s i bl e pr ocess or  i n ot her  wor ds,  swel l i ng 
cl ays ar e al so compr ess i ve cl ays.

I t  i s poss i bl e t o t hi nk of  wet t i ng- dr y i ng and 
f r eez i ng- t hawi ng pr ocesses t hat  wi l l  t ake a 
soi l  s t r uct ur e i n t he shor t  t er m f r om t he SEL 
t o dr i er  " st at es"  such as A.  Subsequent  
wet t i ng or  unl oadi ng per mi t s  t he soi l  t o 
r ecover  i t s SEL r el at i onshi p and t her eaf t er  t o 
pr oduce expans i ve or  compr ess i ve vol ume st r ai ns 
as t he s t r esses or  por e- wat er  pr essur es change.  
Wi t h t hi s appr oach,  c l ays ar e r est r i c t ed t o 
r egi ons of  t he l og ( p -  uw),  V- gr aph on or

bel ow t he SEL whi ch t her ef or e becomes a st at e 
boundar y  l i ne.

I t  i s al so concei vabl e i n cer t ai n 
c i r cumst ances t hat  a soi l  can exi st  i n Fi gur e 9 
at  a st at e such as B above t he SEL.  Thi s 
condi t i on ex i s t s  i n ver y  l oose wat er - depos i t ed 
sands,  i n mar i ne cl ays t hat  have subsequent l y  
had sal t - r i ch por ef l ui d r epl aced by f r eshwat er ,  
and i n cl ays wher e evapor at i on of  por ef l ui d 
f r om t he gr ound sur f ace pr oduces cement at i on.  
Pr ocesses have not  been i dent i f i ed t hat  can 
cons i s t ent l y  t ake a soi l  t o l ess- dense st at es 
out s i de i t s cur r ent  st at e boundar y  sur f ace.  
Met ast abl e s t r uc t ur es seem most l y  t o be 
assoc i at ed wi t h changes i n soi l  chemi st r y.

I f  c l ay at  B i s l oaded,  i t  wi l l  exper i ence 
r api d decr ease i n vol ume ( t hat  i s,  " col l apse" )  
t o B^ . I t  wi l l  t her eaf t er  r eact  mor e sl owl y

wi t h compr ess i on al ong t he SEL t o B2 and Bj .

I f  t he ear l i er  pos t ul at i on i s cor r ect  and t he 
cl ay i s expansi ve,  compr ess i on al ong t he SEL i s 
r ever si bl e.  Unl oadi ng wi l l  pr oduce expans i on 
t o B2 , t o B̂  and i ndeed,  t o A^ or  beyond.

However ,  i t  wi l l  not  be poss i bl e t o r et ur n t o
B.  The col l apse mechani sm t hat  pr oduced t he 
vol ume changes f r om B t o B1 i s not  r ever si bl e.

Si mi l ar  behav i our  can be pr oposed f or  
unsat ur at ed soi l s.  Fi gur e 10 ( r edr awn f r om 
Fr edl und and Mor gens t er n ( 1977) )  shows a st at e 
boundar y sur f ace SBS)  i n V,  l og( f f  -  ug ) ,

( u -  u ) - space.  When t est ed wi t h ( u -  u ) 
a w a w

const ant ,  an unsat ur at ed speci men such as C
i nsi de t he SBS,  wi l l  exhi bi t  st i f f ,  smal l -
st r ai n behav i our  t o and t hen mor e

compr ess i bl e ( but  not  col l apsi bl e)  behav i our  t o 
C2 . I f  at  t hi s st age t he vol ume i s hel d

const ant  and t he suct i on ( u -  u ) i s
a w

i ncr eased,  t hen t he t ot al  st r ess ( a -  ua ) must

decr ease t o t o keep t he st r ess pat h on t he

SBS.  Subsequent  i ncr ease of  ( a -  ua ) wi t h

( u -  u ) agai n hel d const ant  pr oduces f ur t her  
a w - *

compr ess i on t o . As i n Fi gur e 9,  i t  i s

possi bl e t o have speci mens such as D whi ch ar e
met ast abl e wi t h a V,  l og( o -  u ) , ( u -  u )

a a w
st at e l yi ng out s i de t he SBS.  An i ncr ease i n 
( o -  ug ) wi l l  i ni t i al l y  cause r api d compr ess i on

( col l apse)  t o , f ol l owed by t he nor mal

compr ess i on pr ocess f r om t o D2 . I f  t he soi l

V

Fi gur e 10 Compr ess i on,  expans i on and col l apse 
i n unsat ur at ed soi l

i s expans i ve l i ke t he sand- bent oni t e di scussed 
ear l i er ,  unl oadi ng wi l l  per mi t  l ong- t er m 
expans i on t o D. , C7 , C.  and beyond,  but  not  t o
D.

I suggest  we r est r i c t  t he t er ms " compr essi ve"  
or  " cont r ac t ant ” t o compr ess i ons such as t hose 
shown i n Fi gur es 9 and 10 on t he st at e boundar y  
sur f ace.  I n expans i ve cl ays,  t hese
compr ess i ons wi l l  be par t l y  or  t ot al l y 
r ever si bl e.  The t er m " col l apsi bl e"  shoul d be 
r est r i c t ed t o met as t abl e st at es out s i de t he 
st at e boundar y  sur f ace.  Compr ess i ons
assoc i at ed wi t h col l apse mechani sms ar e not  
r ever s i bl e.
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DR.  VENTURA ESCARI O

The wor d col l apse means a sudden or  at  l east  
ver y f ast  f ai l ur e or  l ar ge def or mat i on of  a 
mat er i al .

Ther e ar e many ki nds of  col l apse,  but  i n t hi s 
i nt er vent i on I  wi l l  r ef er  onl y t o t hat  
or i gi nat ed by a decr ease i n t he capi l l ar y  
suct i on of  a soi l .

I f  a par t l y  sat ur at ed soi l  i s f l ooded,  i t  
suf f er es a qui t e sudden and l ar ge change of  
suct i on f r om t he val ue i t  or i gi nal l y  had t o

S T A T E  B O U N D A R Y  

S U R F A C E ( S B S )

C O N S T .  V

C O N S T .  ( u a - u w ) 

C O N S T .  ( C T - u a )
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zer o.  i t  i s,  as a consequence,  nat ur al  t hat  i f  
i t  had a l oose st r uct ur e,  t he change be 
f ol l owed by a qui t e i mpor t ant  def or mat i on or  
col l apse.

But  i f  t he same t ot al  change i n suct i on i s 
i nt r oduced gr adual l y,  a gr adual  def or mat i on 
wi l l  al so devel op ar r i v i ng t o t he same or  a 
si mi l ar  t ot al  def or mat i on,  pr esumabl y  dependi ng 
on t he t ype of  soi l .

Ther ef or e,  t hi s i s a compl et el y  nor mal  
phenomenon wher e t he def or mat i on i nt r oduced i s 
a f unct i on on t he ef f ect i ve st r ess change 
or i gi nat ed by t he suct i on i ncr ement :  i t  wi l l  
be l ar ge i f  such i ncr ement  i s l ar ge and t he 
soi l  s t r uct ur e l oose,  and i t  wi l l  be smal l  i f  
t he i ncr ement  i s r educed or  t he soi l  i s dense.

Exampl es of  t hi s t ype of  behavi or  wer e 
pr esent ed at  t he Moscow and Hai f a Conf er ences 
( Escar i o and Saez 1973a and b)  wher e I 
i nt r oduced t he denomi nat i on " gr adual  col l apse" ,  
f or  t est s per f or med wi t h t he suct i on cont r ol l ed 
oedomet er .
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Obj ect i ons
di scussi on

wer e put  f or war d dur i ng t hi s 
concer ni ng t he poss i bi l i t y  of :

a)  pr ognosi s of  behav i our  of  expans i ve soi l s.
b)  c l ass i f i cat i on of  expans i ve and col l apsi bl e 
soi l s .

I ndeed,  t hese pr obl ems cannot  be sol ved 
wi t hout  a t hor ough st udy i n soi l  mi cr ost r uct ur e 
( i . e. ,  i n i t s f abr i c and i n st r uct ur al  r easons 
of  i t s behavi our  i n col l apse and swel l i ng.  The 
necess i t y  of  mi cr ost r uc t ur al  consi der at i ons 
f ound under s t andi ng i n t hi s Conf er ence ( compar e 
DS- 1 and al so Ri zkal l ah and Keese,  1989,  1/ 25,  
Al onso et  al . ,  1989,  7/ 3) .

a)  The most  pr obabl e st r uct ur al  r easons of  
swel l i ng cl ay ar e:  

i )  di f f use l ayer  r epul si on,  pR, bet ween

st r uct ur al  el ement s,  r esul t i ng i n soi l  
suct i on,  whi ch ener gy or  pr essur e may be 
cal cul at ed t heor et i cal l y,  obt ai ni ng a good 
agr eement  wi t h t he measur ed val ues.  Thi s 
par t  of  swel l i ng may be i dent i f i ed wi t h 
t he " pr i mar y"  mechani sm ( Al onso et  al . ,  
1989,  7/ 3) ,

i i )  par t i c l e del ami nat i on wi t h t i me due t o 
r ebound and/ or  t o i ncr eased wat er  cont ent  
of  an expans i ve c l ay dur i ng swel l i ng.  
Thi s may be i dent i f i ed wi t h t he second 
mechani sm ( Al onso et  al . ,  1989,  7/ 3) ,  
whi ch i s " r esponsi bl e f or  l ong t er m 
behav i our  and i s a r esul t  of  hydr at i on of  
act i ve c l ay mi ner al s" .

I ndeed,  wi t h par t i c l e del ami nat i on t her e 
i ncr eases t he amount  of  hydr at i ng wat er ,  ( i . e. ,  
t he hygr oscopi c  wat er  cont ent ,  wh ) ( Fi g.  11) ,

measur ed at  t he r el at i ve humi di t y  p/ pQ -  0. 95.

I t  i s due t o a hi gher  speci f i c  sur f ace of  
t hi nner  par t i c l es:  wat er  sor pt i on i s 
pr opor t i onal  t o t he ext er nal  speci f i c  sur f ace

6  =  3  u  I 

S  =  3  S 0 

d  =  ( 1 / 3 )  d .

w  c o n s t

d = 3 n m  =  c o n s t

w h =  2 2  %  

wd = 26 %

( b )  w h = 6  8  %  

w d = 7 9 %

w h =  3 4 %  

w d =  4 0  %

w  = 1 4 6 %

Del ami nat i on i n c l ay swel l i ng ( a)  at  
const ant  vol ume and wat er  cont ent ,
W,  ( b)  at  const ant  i nt er par t i c l e 
di st ance,  2d.  a i s t he par t i c l e 
t hi ckness i n number  of  uni t  l ayer s,  
( i . e. ,  nanomet er s  i n dr y st at e) ,  S 
i s t he ext er nal  speci f i c  sur f ace,  p 
i s t he di f f use l ayer  r epul si on,  pR 
i s t he van der  Waal s  at t r act i on,  W,  A 
i s t he hygr oscopi c  wat er  cont ent ,  
measur ed at  p/ p = 0. 95 ( st r ongl y 
bound wat er ) .  W,  i s t he di f f use 
l ayer  wat er .

and i s i nver sel y  pr opor t i onal  t o t he aver age 
par t i c l e t hi ckness.  Del ami nat i on was obser ved 
when a Na- bent oni t e was st or ed f or  a pr ol onged 
t i me at  a hi gher  wat er  cont ent  ( Fi g.  12) .  I t  
may be t he r eason of  an excess i ve c l ay

a)  Par t i c l e t hi ckness 
at  pl ast i c  l i mi t

b)  Par t i c l e t hi ckness 
at  l i qui d l i mi t

Fi gur e 12 Change i n par t i c l e t hi ckness,  a,
wi t h t i me ( St epkowska and Ol chawa,  
1987)

&  =  9  u . l .  

S 0 =  8 8  m / 'g
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a)  Wat er  sor pt i on ver sus par t i c l e 
ar r angement  f or  Na- bent oni t e

b)  Scanni ng el ect r on mi c r ogr aph
( 2, 000x)  of  a gr ai n of  par al l el  
s t r uct ur e wi t hi n t he mat r i x  of  
c l ust er  s t r uct ur e ( Br ebent  bent oni t e 
Na,  pi c t ur e br eadt h 50 / ym)

Fi gur e 13 i nf l uence of  mi cr os t r uc t ur e
( par al l el  par t i c l es  or  cl ust er s)  and 
t emper at ur e on t he wat er  sor pt i on,  
t hus on cl ay swel l i ng wi t h t i me:  
Na- bent oni t e ( St epkowska and 
Jef f er i es,  1983) .

swel l i ng,  exceedi ng val ues obser ved i n 
shor t - t er m st udy i n t he l abor at or y  ( see e. g. ,  
Al onso et  al . ,  1989,  7/ 3 t hei r  Fi g.  4) .  Al so 
Bucher  et  al . ,  ( 1989,  7/ 5)  obser ved a k i nd of  
st epwi se swel l i ng pr essur e devel opment  i n 
medi um scal e exper i ment s  on MX- 80 bent oni t e and 
i n Mont i gel .

The di sc r epancy  bet ween swel l i ng as measur ed 
i n l abor at or y  and as obser ved i n f i el d,  may be 
due t o f ol l owi ng mi c r os t r uc t ur al  r easons:

i )  Ti me ef f ect :  s t epwi se i ncr ease i n swel l i ng 
wi t h t i me i s bei ng obser ved,  most  pr obabl y  
due t o par t i c l e del ami nat i on.  Thi s may 
not  be cons i der ed i n shor t - t er m l abor at or y  
st udy.

i i )  Ef f ect  of  par t i c l e ar r angement :  par al l el  
smect i t e par t i c l es  del ami nat e and swel l  
mor e r eadi l y,  causi ng a hi gher  swel l i ng of  
t he ent i r e speci men,  t han t hat  of  a sampl e 
of  c l ust er  s t r uc t ur e ( Fi g.  13) ,  pr ov i ded 
t hi s swel l i ng i s not  r est r i c t ed by 
geomet r i cal  hi ndr ances of  t he nei ghbor i ng 
el ement s.  Thi s i ndi cat es

i i i )  ef f ect  of  sampl e si ze:  smal l  sampl es of  
par al l el  s t r uc t ur e del ami nat e mor e r eadi l y 
t han t he bi g ones,  wher e par al l el  
s t r uct ur e i s t r apped i nsi de t hat  of  
r est r i c t ed swel l i ng ( cl ust er  st r uct ur e) .  
I ndeed i t  was obser ved t hat  wat er  sor pt i on 
may depend on sampl e si ze ( Fi g.  14) .  
Thus,  t her e i s al so a di sc r epancy  bet ween 
cl ay swel l i ng i n l abor at or y  and i n f i el d.  
Al so Ri zkal l ah and Keese ( 1989,  1/ 25)  
st at e,  t hat  amount  of  set t l ement  and 
coef f i c i ent  of  subs i dence C decr ease when 
sampl e hei ght  i ncr eases.

I n i t i a l  c o n c e n t r a t i o n

Fi gur e 14 I nf l uence of  sampl e si ze on wat er  
sor pt i on,  t hus on swel l i ng of  
Na- bent oni t e:  suspens i ons of  t he 
i ni t i al  concent r at i on i ndi cat ed wer e 
pr epar ed,  dr i ed and t hei r  wat er  
sor pt i on was measur ed ( St epkowska 
and Jef f er i s,  1983)

The ef f ect s ment i oned above may be easi l y  
obser ved as a change i n wat er  sor pt i on,  WS,  or  
wat er  r et ent i on,  WR,  at  var i ous r el at i ve 
humi di t i es,  ( e. g. ,  p/ p -  0. 5 and 0. 95.  WS and 
WR ar e pr opor t i onal  t o speci f i c  sur f ace,  t hus 
i nver sel y  pr opor t i onal  t o par t i c l e t hi ckness,
o.  Cl ays i ndi cat i ng bi g di f f er ences bet ween WS 
and WR,  as wel l  as bi g di f f er ences i n t hese 
val ues at  var i ous r el at i ve humi di t i es,  may have 
hi gh and var i abl e swel l i ng pr oper t i es.  
Ot her wi se cl ay has a st abl e par t i c l e t hi ckness 
and i t s swel l i ng i s due onl y t o di f f use l ayer  
r epul s i on and/ or  r ebound of  r i gi d par t i c l es 
( kaol i ni  t e ) .

Val ues of  SW and WE measur ed i n var i ous c l ays 
ar e quot ed i n ( St epkowska,  1987) .

These val ues i ndi cat e t hat  t he r at i os of  
WE/ WS > 1 and W( 0. 95)  t o W( 0. 5)  > 1. 5 may be 
used f or  i dent i f i cat i on of  swel l i ng c l ays and 
t hose exhi bi t i ng t he danger  of  sl i des.

b)  The s i mpl est  way of  c l ass i f i cat i on of  
expans i ve i s a di r ec t  measur ement  of  t hei r
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pr oper t i es.  Some i ndi r ect  i ndi cat i ons ar e 
suggest ed,  ( e. g. ,  Moza,  1987)  gi ves a r evi ew of  
publ i shed i dent i f i cat i on met hods and
cl ass i f i cat i ons of  expans i ve soi l s and he 
ment i ons f ol l owi ng par amet er s:  c l ay f r act i on 
cont ent  ( < 2 / / m) ,  pl as t i c i t y  i ndex and 
shr i nkage l i mi t ,  as wel l  as speci f i c  sur f ace 
ar ea ( see above WS and HR)  and est i mat es 
t her ef r om t he pr obabl e expansi on.

Snet hen ( 1984)  pr oposes l i qui d l i mi t ,  
pl as t i c i t y  i ndex and nat ur al  c l ay suct i on.  
Sr i dhar an et  al . ,  ( 1985)  uses t he f r ee swel l

i ndex > 2 cm̂ / g,  ( i . e. ,  vol ume occupi ed i n 
wat er  by 1 g of  oven dr y soi l  cont ai ni ng 
kaol i ni t e) .  Chen ( 1975)  est i mat es swel l i ng 
pot ent i al  f r om pl as t i c i t y  i ndex,  see Moza 
( 1987)  .

I t  i s suggest ed her e t hat  t he s i mpl e wat er  
sor pt i on t est  and wat er  r et ent i on t est  ( WS t est  
and WR t est .  Fi g.  15)  ar e i ncl uded i nt o t he 
i dent i f i cat i on pr ocedur es and t hat  mor e st udy 
i n mi c r os t r uct ur e i s done usi ng ( e. g. ,  scanni ng 
el ect r on mi cr oscopy) .

10 d a ys

| W Ste st |  

2 w e e k s 2 -3  w e e k s

M g ( N 0 3) 2 

s a t .

2 -3  w e e k s

10% H 2S0(,

| WR test | 

2 w e e k s

1 d a y  1 da  /

- E32  EŜ cl

10 d a ys

1 da y 1 da y

H ,0 10% H ?S04 M g(N 0 3)2 sa t

| w ° c l  --------► 18 0 0 ° C I

8  h  1 h

The f ol l owi ng r easons of  col l apse may t hus be 
ment i oned:

i )  di s t ur bance of  cont act  bonds and/ or  of  
cement at i on bet ween st r uct ur al  el ement s 
( gr ai ns,  aggr egat es) ,  whi ch f or m a l oose 
st r uct ur e.  Thi s r esul t s i n f i l l i ng of  
f r ee por es ( macr opor es)  wi t h soi l  mat er i al  
and i s accompani ed by i ncr ease i n dr y 
densi  t y .

i i )  col l aps i bl e soi l s must  i ndi cat e a l oose 
st r uct ur e wi t h compar at i vel y  bi g 
macr opor es.  Cont act s  bet ween aggr egat es 
( gr ai ns)  must  i ndi cat e a smal l  sur f ace 
ar ea and/ or  cement i ng subst ances must  be 
wat er  sol ubl e ( Fi g.  16) .  Thus,  ei t her  
wat er  ( possi bl y  wat er  t ensi on)  and/ or  a 
def i ni t e l oad causes di s r upt i on of  t hese 
bonds and a sudden set t l ement  of  t he cl ay 
s y s t em.

Fi gur e 1 6  Schemat i c  r epr esent at i on of  col l apse 
i n soi l s of  cement ed aggr egat es and 
a t r ansmi ss i on el ect r on mi c r ogr aph 
of  CS- smect i t e ( D . W .  Thomson)

Fi gur e 15 WS t est  and WR t est

The same concer ns t he i dent i f i cat i on of  
col l apsi bl e soi l s,  whi ch pr oper t y  must  depend 
pr i mar i l y  on mi cr os t r uc t ur e and mai nl y  on 
por osi t y,  whi ch must  be hi gh.

Al i  et  al . ,  ( 1989,  7/ 2)  ment i on her e t he 
f ol l owi ng col l apse -  r el at ed *Cp* soi l

par amet er s:  i n si t u dr y uni t  wei ght ,  r ^,  wat er

cont ent ,  wQ voi d r at i o,  eQ, por osi t y,  nQ,

degr ee of  sat ur at i on,  Sr , and t he pl ast i c

l i mi t ,  wi t h t he hi ghest  cor r el at i on coef f i c i ent  
f or  Cp.  They ment i on t he f ol l owi ng col l apse

cr i t er i a:  ( a)  Gi bb ’ s ( 1961)  col l apse r at i o,  R,  
( b)  Al f i ' s  ( 1984)  col l apse par amet er  A and 
per cent  col l apse <Cp)  f ol l owi ng t he sat ur at i on

under  l oad ( Jenni ngs and Kni ght ,  1957) .  
Ri zkal l ah and Keese ( 1989,  1/ 25)  i ndi cat e t hat  
col l apsi bl e soi l s ar e " wel l  sor t ed,  f i ne 
gr ai ned el ast i c  sedi ment s as wel l  as por ous 
soi l s of  a r el at i vel y  l ow cohesi on" .  Maj or  
ef f ect  i s t he i nt er nal  uni t  f abr i c.

i i i )  change of  ar r angement  of  uncement ed 
aggr egat es or  gr ai ns f r om a l oose 
st r uct ur e t o t he densest  pack i ng of  
st r uct ur al  el ement s  may happen when t he 
i nt er gr ai n f r i c t i on i s el i mi nat ed by wat er  
ent er i ng t he syst em or  i t  i s over come by 
t he ext er nal  l oad.

Cl ar i f i cat i on of  t he mi cr ost r uc t ur al  r eason of  
col l apse i n t he gi ven col l aps i bl e soi l  and 
st udy of  cement i ng mat er i al  may be hel pf ul  i n 
adequat e pr ognos i s  of  i t s behavi or .  The 
mi c r ost r uct ur al  st udy,  i nc l udi ng scanni ng 
el ect r on mi c r oscopy wi t h s i mul t aneous chemi cal  
anal ys i s  i s s t r ongl y  r ecommended.
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P a n e lis t c o n tr ib u tio n  

C o n tr ib u tio n  d e  p a n e lis t

A . A . B .W IL L IA M S , D iv is io n  o f B u ild in g  T e c h n o lo g y , P re to r ia , S o u th  

A fr ic a

Sever al  quest i ons wer e posed by Dr  Fr edl und and 
my comment s ar e as f ol l ows:

l . ( a)  I n what  ways ar e expans i ve soi l s 

and col l aps i bl e soi l s t he same?

Bot h t ypes of  soi l  ar e i ni t i al l y  i n a non
sat ur at ed st at e and coupl ed wi t h t hi s,  
t her ef or e,  i s t he di f f i cul t y  of  appl y i ng 
t heor et i cal  concept s  t hat  have been devel oped 
i n t er ms of  ef f ec t i ve st r ess.

Bot h t ypes of  soi l  can be ei t her  t r anspor t ed i n 
mode of  or i gi n,  or  r esi dual  f r om t he i n si t u 
weat her i ng of  var i ous r ocks.

Bot h t ypes occur  commonl y i n ar i d or  semi - ar i d 
c l i mat e zones,  and i t  i s t he i ncr ease of  
moi s t ur e cont ent  whi ch br i ngs about  an 
engi neer i ng pr obl em.

b)  c l ust er  t ype s t r uct ur e

( b)  I n what  wayB ar e expans i ve soi l s and 

col l aps i bl e soi l B di f f er ent ?

I n t he f i r st  pl ace t he changes whi ch occur  i n 
t he soi l  f abr i c dur i ng t he behav i our  i n 
quest i on ar e of  a compl et el y  di f f er ent  nat ur e.  
I n t he ' Bands wi t h col l aps i bl e f abr i c' ,  as t hey 
shoul d be cal l ed mor e r i ght l y,  t he mi c r o 
s t r uct ur e changes bot h by r e- or i ent at i on of  t he 
par t i c l es and change i n packi ng.  I n heavi ng 
cl ays t he nat ur al  f abr i c may change ver y 
l i t t l e,  t he r el at i ve or i ent at i on of  par t i c l es 
changi ng onl y sl i ght l y.  ( The t er m ' soi l  
f abr i c1 i s her e used wi t h r ef er ence t o t he 
spat i al  ar r angement  and or i ent at i on of  t he 
par t i c l es  and t he amount  and shape of  t he 
voi ds . )

c)  f l oe t ype s t r uct ur e

Fi gur e 17 Exampl es of  t hr ee t ypes of
mi c r os t r uc t ur e f or  some bent oni t i c  
cl ays at  a magni f i cat i on of  10, 000x 
wi t h a pi c t ur e wi dt h of  10 v m.

i n Mi c r os t r uc t ur es  of  Cl ay Sl ur r i es.  Ar ch.  
Hydr ot echni k i , 3J)< 193- 211.

E. T.  St epkowska and A.  Ol chawa ( 1987)  
I nf l uence of  Wat er  Cont ent  Temper at ur e and 
Ti me on t he Par t i c l e t hi ckness i n Bent oni t e 
( i n pol i sh) .  Pr ace Naukowe I nst yt ut u
Geot echni k i  Pol i t echni k i  Wr oc l aws k i ej , Nr  52,  
Konf er enc j e Nr  24,  137- 142.

E. T.  St epkowska ( 1987)  Physi cal  Pr oper t i es of  
Expansi ve Soi l s Rel at ed t o Par t i c l e 
Thi ckness.  6t h I nt er nat i onal  Conf er ence on 
Expansi ve Soi l s,  Addi t i onal  Paper s,  55- 62.

Fur t her ,  t he phys i co- chemi cal  changes whi ch 
r esul t  f r om t he addi t i on of  wat er  ar e t hought  
t o af f ect  t he ext er nal  sur f ace of  t he mai n 
par t i c l es  i n soi l s wi t h a col l aps i bl e f abr i c,  
whi l e i n expans i ve soi l s i t  i s t he i nt er nal  
sur f ace ar ea wher e t he maj or  ef f ect  occur s.

The t i me scal es over  whi ch t he pr obl ems ar i se 
usual l y  di f f er  most  s i gni f i cant l y,  heavi ng 
occur r i ng over  sever al  year s whi l e col l apse may 
occur  i n mi nut es i n t he ext r eme case.  The 
amount  of  movement ,  t oo,  can be s i gni f i cant l y  
di f f er ent ,  expans i ve soi l s i ncr easi ng i n vol ume 
by commonl y  2 t o 3 per  cent ,  whi l e col l aps i bl e 
soi l s may decr ease by up t o 10 per  cent .

A maj or  di f f er ence i n behavi our  i s t hat  
expans i ve soi l s of t en cause as much of  a 
pr obl em t hr ough r ever sal  of  movement ,  when t hey 
ar e usual l y  t er med ' shr i nkabl e soi l s' .  The 
usual  t ype of  col l aps i bl e soi l  does not  exhi bi t  
t hi s cont i nual l y  r ever s i bl e behav i our  wi t h 
change i n moi s t ur e cont ent .

Per haps t he poi nt s  of  di f f er ence ar e c l ear l y 
summar i sed by sayi ng t hat  t he pr obl ems ar e most

a)  par al l el  t ype s t r uct ur e
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of t en t hose concer ni ng expans i ve c l ay s . or  of  
col l aps i bl e s ands .

( b)  What  ar e t he gr eat est  needs f or  f ut ur e 

r esear ch r el at i ve t o expans i ve Boi l s?

( c)  Answer s can be wi t h r espect  t o ( i )  t heor y

( i i )  t es t i ng pr ocedur es ( i i i )  met hods of  

anal ysi s,  des i gn or  r emedi al  measur es.

Whi l e many of  t he st r uct ur al  sol ut i ons may be 
t he sane,  t hi s i s because t he mani f es t at i on of  
t he pr obl em i s one of  di f f er ent i al  movement .

The act ual  mechani sms i nvol ved ar e qui t e 
di f f er ent  as appear s f r om t he above comment s,  
and i t  i s t hought  t hat  di f f er ent  t heor i es ar e 
st i l l  needed,  wi t h di f f er ent  t es t i ng pr ocedur es 
and empi r i cal  met hods t o sui t ,  f or  t her e t o be 
s i gni f i cant  pr ogr ess i n pr act i cal  sol ut i ons t o 
t he pr obl em.

2.  EXPANSI VE SOI LS

( a)  What  ar e some r ecent  advances wi t h r espect  

t o under s t andi ng t he behav i our  of  

expans i ve soi l s and handl i ng t hese soi l s 

f r om a pr act i cal  s t andpoi nt ?

Ther e now seems t o be a t r end t owar ds t he 
cons i der at i on of  di f f er ent i al  heave and i t s 
pr edi ct i on,  r at her  t han t he sol e pr edi c t i on of  
t ot al  heave,  whi ch i s an i mpor t ant  aspect  of  
soi l / s t r uc t ur e i nt er act i on and adequat e desi gn.  
Thi s i s t r eat ed i n some r ecent  publ i cat i ons 
f r om Aust r al i a and i n t he pr oceedi ngs of  t he 
Lagos Regi onal  Conf er ence.

Secondl y,  an i mpor t ant  advance has been made 
wi t h t he pr oduct i on of  a code of  pr act i ce f or  
t he desi gn of  Res i dent i al  Sl abs and Foot i ngs 
Aust r al i an St andar d 2870- 1986.  Thi s i s ai med 
pr i nc i pal l y  at  expans i ve soi l s f or  whi ch desi gn 
gui des f or  s t i f f ened r af t s ar e gi ven t o f our  
cat egor i es  of  soi l  pr of i l e behav i our  - t hose 
exhi bi t i ng s l i ght  ( S) ,  medi um <M) ,  hi gh ( H)  or  
excess i ve ( E)  f or  pr edi c t ed sur f ace movement .

Recent  advances t oo have r esul t ed f r om 
cons i der at i on of  soi l  suct i on as an i mpor t ant  
par amet er  cont r ol l i ng boundar y condi t i ons t o 
t he pr obl em and af f or di ng a mor e r at i onal  
appr oach t o pr edi c t i on pf  t he ef f ect s of  
changed envi r onment .  Thi s has been accompani ed 
by mor e wi despr ead use of  t echni ques f or  t he 
measur ement  of  soi l  suct i on,  wi t h some si mpl er  
t echni ques emer gi ng t han t he use of  
t her mocoupl e psychr omet er s .

I n Sout h Af r i ca,  i n par t i cul ar ,  t her e has been 
a l ar ge ' i ncr ease i n t he use of  s t i f f ened r af t s,  
wi t h ar t i cul at ed st r uct ur es,  as an economi cal  
sol ut i on t o f oundi ng houses or  l i ght  st r uct ur es 
on heavi ng cl ays.  Whi l e t hi s f or m of  
cons t r uct i on may have been common i n par t s of  
t he U S A  and Aust r al i a i t  has onl y r ecent l y 
been empl oyed el sewher e.  Thi s v i abl e opt i on 
has per haps ai ded t he r esear ch and devel opment  
as wel l  of  a mor e economi cal  sol ut i on t o t he 
anchor ed pi l e and suspended f l oor  syst em f oS* 
t he housi ng mar ket .

Ther e ar e sever al  needs i n t he pr esent  cont ext ,  
such as bet t er  met hods f or  det er mi ni ng t he 
par amet er s  r equi r ed f or  s t i f f ened r af t  desi gn,  
t he " hang of f "  di st ance,  t he mound shape 
exponent ,  or  t he des i gn soi l  modul us.

Ther e i s an over - r i di ng need f or  t he 
devel opment  of  cons t i t ut i ve equat i ons f or  
expans i ve soi l  behav i our  i n t er ms of  par amet er s 
t hat  can be measur ed i n a pr act i cal  f ashi on.  
Whi l e pr omi s i ng pr ogr ess has been made i n a 
t heor et i cal  f r amewor k,  a pr act i cal  met hod f or  
anal ys i s  and des i gn whi ch i s gener al l y 
appl i cabl e has not  yet  emer ged.

Ther e i s st i l l  not  enough known about  
soi l / s t r uct ur e i nt er act i on so t hat  over al l  
engi neer i ng desi gn can expl oi t  t he combi ned 
af f ect  of  f oundat i on and super st r uct ur e,  
par t i cul ar l y  f or  l ow- cost  s t r uct ur es l i ke mass 
housi ng.  Ther e seems t o be a di scont i nui t y  i n 
exper t i se bet ween t he st r uct ur al  engi neer  and 
t he geot echni cal  engi neer ,  except  on maj or  
pr oj ec t s .

3.  COLLAPSI BLE SOI LS

( a)  What  ar e some r ecent  advances wi t h r espect  

t o under s t andi ng t he behav i our  of  

col l aps i ng soi l B and handl i ng t hese soi l s 

f r om a pr act i cal  s t andpoi nt ?

I t  i s ver y di f f i cul t  t o r ecal l  any maj or  
advances of  l at e i n t hi s f i el d.

( b)  What  ar e t he gr eat est  needs f or  t he f ut ur e 

r el at i ve t o r esear ch on col l aps i ng soi l s?

One maj or  need i s agai n t he devel opment  of  
cons t i t ut i ve equat i ons descr i bi ng t he soi l  
behavi our ,  i n t er ms of  measur abl e par amet er s.  
Ther e i s al so a l ack of  wel l - document ed case 
hi st or i es,  or  ext ens i ve f ul l - scal e exper i ment al  
or  f ol l ow- up wor k,  whi ch woul d pr ov i de dat a f or  
ver i f i cat i on of  t heor et i cal  devel opment s.  
Per haps a maj or  ef f or t  on col l ec t i on of  f ul l  
set s of  f i el d dat a woul d hel p def i ne par t i cul ar  
unknowns t hat  ar e as yet  not  c l ear l y 
i dent i f i ed.

C o n tr ib u tio n  to  d is c u s s io n  

C o n tr ib u tio n  a  la  d is c u s s io n

A .A .  B .W IL L IA M S , D iv is io n  o f B u i ld in g  T e c h n o lo g y , P re to r ia ,  S o u th  

A fr ic a

Revi ew

I n f ol l owi ng on t he gener al  r epor t  of  Dr  R K 
Kat t i ,  Chai r man of  Techni cal  commi t t ee TC6 on 
Expansi ve Soi l s,  about  t he act i v i t i es  and
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pr ogr ess made,  I  have been asked t o r ev i ew t he 
out come of  t he meet i ngs  hel d i n New Del hi  
bef or e t he Si xt h I nt er nat i onal  Conf er ence on 
Expans i ve Soi l s i n December ,  1987,  as wel l  as 
any s i gni f i cant  aspect s whi ch emer ged f r om t he 
pr oceedi ngs .

A par t i cul ar  t ask of  t he Commi t t ee had been t o 
pr opose r ef er ence t est  pr ocedur es ( i ) f or  t he 
i dent i f i cat i on and c l ass i f i cat i on of  swel l i ng 
soi l s and ( i i )  f or  t he eval uat i on of  swel l i ng 
pr essur e and heave.  On t he f i r st  par t ,  t he 
r et ur ns f r om 16 di f f er ent  count r i es  had been 
bound i n a 200 page document ,  but  no succi nct  
conc l us i ons  wer e poss i bl e at  t he t i me.  
Secondl y,  a smal l  sub- commi t t ee was set  up t o 
dr af t  a t est  pr ocedur e whi ch mi ght  become a 
st andar d -  a t ask gi ven t o C Sudhi ndr a,  K K 
Moza and A A B Wi l l i ams.  They pr epar ed t he 
descr i pt i on of  a met hod usi ng st andar d 
l abor at or y consol i domet er s  and a ' swel 1- under 
l oad'  t echni que,  i n whi ch s i mi l ar  speci mens of  
non- sat ur at ed c l ay wer e subj ect ed t o di f f er ent  
l oads and t hen i nundat ed wi t h wat er .  The 
r esul t s  wer e t hen pr esent ed i n t he f or m of  a 
pl ot  of  " Per cent age Swel l "  agai nst  t he 
l ogar i t hm of  “ Appl i ed Pr essur e" .  The l i near  
r el at i onshi p,  whi ch was so of t en obser ved,  
coul d t hen be used f or  i nt er pr et at i on of  
' swel l i ng pr essur e'  ( under  no vol ume change)  or  
' t he f r ee swel l '  ( under  a nomi nal  l oad or  
per haps 1 k Pa).

The dat a dr awn f r om var i ous sour ces ( Ref  1, 6, 8)  
ment i oned dur i ng t he Si xt h conf er ence i n Del hi  
seemed t o conf i r m t hi s l i near  r el at i onshi p and 
t he r esul t s  ar e summar i sed i n Fi gur e 1.  At  
t hat  conf er ence t her e seemed t o be wi de 
accept ance of  t hi s behavi our ,  wi t h but  f ew 
doubt s about  t he gener al  val i di t y  of  a st r ai ght  
l i ne pl ot .  Dur i ng t he wr i t er ' s  r ecent  vi si t  t o 
Chi l e,  r esul t s  of  swel l i ng t est s on cl ays f r om 
Sant i ago al so seemed t o f i t  t he pi c t ur e and 
have been i ncl uded i n Fi gur e 1.  Some dat a 
gi ven at  t hi s Conf er ence by Si gner  et  al  ( 1989)  
have al so been shown and seem t o l end f ur t her  
conf i r mat i on.

The i nt ent  of  t he TC6 sub- commi t t ee had been t o 
devel op a s t andar d pr ocedur e f or  t es t i ng t he 
swel l i ng char act er i s t i cs  of  a heavi ng cl ay,  so 
t hat  t he f i ndi ngs f r om di f f er ent  count r i es 
coul d be compar ed on a common basi s.  Sever al  
f eat ur es al so kept  i n mi nd wer e t he need f or  
r el at i vel y  s i mpl e appar at us,  so t hat  many 
l abor at or i es wi t h unsophi s t i cat ed f ac i l i t i es 
coul d per f or m t he t est ,  and t he appl i cabi l i t y  
of  t he r esul t s f or  pr act i cal  desi gn pur poses.  
The out come was t he use of  oedomet er s  al r eady 
i n common pr act i ce,  wi t h t he hope t hat  met hods 
of  mor e det ai l ed i nt er pr et at i on coul d devel op 
f r om what  appear ed t o be a f ai r l y  uni ver sal  
t ype of  behav i our  f or  swel l i ng soi l s,  much i n 
t he same way as i n t he s t andar d consol i dat i on 
t est  wi t h a gr aphi cal  cons t r uct i on or  cur ve 
f i t t i ng t echni que.

The Si xt h I nt er nat i onal  Conf er ence on Expansi ve 
Soi l s i n New Del hi  was at t ended by about  300 
par t i c i pant s  and about  90 paper s ar e cont ai ned 
i n t he Pr oceedi ngs ( publ i shed by t he Cent r al  
Boar d of  I r r i gat i on and Power ,  Mal cha Mar g,  
Chanakyapur i , New Del hi - 110 021) .  A
s i gni f i cant  aspect  was t he r epor t i ng of  t he 
di s t r i but i on of  expans i ve soi l s f r om mor e t han 
f i f t een count r i es  wher e maj or  pr obl ems wi t h t he

1 1 0  1 0 0  1 0 0 0  
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cr ack i ng of  st r uct ur es was st i l l  bei ng 
exper i enced.  Bui l di ngs,  canal s,  r oads,
t unnel s,  as wel l  as heavi l y  l oaded st r uct ur es,  
wer e st i l l  exhi bi t i ng sever e di s t r ess over  
wi de- spr ead ar eas.  The pr obl ems i n pr act i ce 
appear ed t o be as pr eval ent  as t hey wer e at  t he 
t i me of  t he Fi r st  I nt er nat i onal  Conf er ence on 
Expansi ve Cl ays i n 1965,  i n spi t e of  t he 
pr ogr ess made i n under st andi ng t he mechani sms 
i nvol ved and i n pr ovi di ng met hods f or  
pr edi ct i on,  anal ys i s  or  desi gn.  One successf ul  
pr act i cal  sol ut i on f or  canal  l i ni ngs devel oped 
i n I ndi a was t he use of  a cohes i ve non- swel l i ng 
l ayer  ( CNS)  about  1 m t hi ck over  t he act i ve 
c l ay -  ver y of t en a bl ack cot t on soi l .

Di scuss i on

I n r ef er r i ng t o t he pr oposed swel 1- under - l oad 
t est  and t he i nt er pr et at i on of  t he maxi mum 
swel l i ng pr essur e whi ch can be achi eved wi t h no 
vol ume change,  some r ecent  wor k by Pel l i ss i er
( 1989)  has been ai med at  est abl i shi ng a 
pr ocedur e f or  obt ai ni ng consi s t ent  r esul t s.  He 
has suggest ed t hat  t he set  of  s i mi l ar  sampl es 
( say,  f our )  be l oaded i ni t i al  1y t o 10 kPa and 
af t er  equi l i br i um has been at t ai ned,  wi t h 
per haps sl i ght  set t l ement ,  t hi s condi t i on be 
t aken as t he zer o f r om whi ch vol ume changes ar e 
measur ed when t he l oad i s changed and t he 
sampl es ar e i nundat ed.  These pr ocedur al  
opt i ons f or  t est i ng have been r ef er r ed t o by 
I yer  ( 1989)  i n t he Del hi  conf er ence and 
r evi ewed by El - Sohby et  al  ( 1989)  at  t hi s 
conf er ence.  Pr evi ous r esul t s publ i shed by 
Pi dgeon ( 1987)  ar e shown i n Fi gur e 2 whi ch 
c l ear l y  i l l ust r at e t he ef f ect  of  di f f er ent  
st r ess pat hs.

Sever al  compar i sons have been r epor t ed i n t he 
l i t er at ur e of  t he swel l i ng pr essur es as 
det er mi ned by t he var i ous met hods.  Pel l i ssi er ,  
us i ng t he i ni t i al i zed swel 1- under - l oad t est  
ment i oned above,  f ound t hat  f ai r  agr eement  was 
obt ai ned bet ween t he i nt er pr et at i on f r om t hi s 
t est  and t he di r ect  measur ement  of  swel l i ng
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pr essur e i n a st i f f  f r ame,  al l owi ng no vol ume 
change.  The def or mabi 1i t y of  t he st i f f  f r ame,  
i ncl udi ng di scs and f i l t er s,  must  have an 
ef f ect ,  but  f or  ease of  use i n pr act i ce he 
suggest ed l i mi t i ng t he st r ai n t o a max i mum of  
2, 5 per  cent  of  t he sampl e hei ght  when a 
compl et e dummy,  us i ng a st eel  di sc,  was l oaded 
t o 1000 k Pa. Thi s l i mi t  mi ght  have t o be 
r ev i sed i f  dense mat er i al s  wer e bei ng t est ed,  
Buch as ver y sof t  r ock weat her ed mudst ones.

I t  i s appar ent  t hat  many f act or s st i l l  
i nf l uence t he det er mi nat i on,  or  r at her  
i nt er pr et at i on of  t he swel l i ng pr essur e,  or  
even ot her  swel l i ng char act er i s t i cs .  Ther e i s 
a need,  however ,  f or  some st andar d t est  
pr ocedur e t hat  can be used f or  pr act i cal  
pur poses and f or  t he i nt er change of  dat a,  and I 
l i ke t he pr esent  suggest i on of  J i m Gr aham 
( Aust r al i a)  t o cal l  t he semi - l og pl ot  a 
" swel l i ng- equi l i br i um- l i ne" .  The adopt i on of  a 
st andar d name,  or  descr i pt i on,  f or  what  appear s 
t o be t hi s uni ver sal  t ype of  s i mpl e behavi our  
mi ght :  r emove t he r es i s t ance t o accept i ng a t er m 
such as ' t he swel l i ng pr essur e'  whi ch i s 
c l ear l y  def i ned i n t heor et i cal  concept ,  but  may 
i nvol ve compl ex t est i ng or  speci al i s t  
i nt er pr et at i on.  Because cur r ent  usage of  t he 
phase i s now so es t abl i shed i t  may wel l  be 
pr agmat i cal  t o t al k  of  a ' swel l i ng pr essur e'  
f r om t he swel l i ng- equi l i br i um- l i ne ( f ol l owi ng 
i ni t i al i zed swel 1- under - l oad t est s)  as di st i nct  
f r om t he t r ue swel l i ng pr essur e,  whi ch i s st i l l  
a mat t er  f or  di scuss i on or  f ur t her  st udy.
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An appar at us f or  r unni ng di r ect  shear  t est s 
under  cont r ol l ed suct i ons up t o 150 kgf / cm2 was 
dev el oped by t he aut hor  ( Escar i o 1980)  and 
sever al  set s of  t est  r esul t s  have been pr esen 
t ed and di scussed ( Escar i o and Saez,  1986,  
1987a,  1987b,  Escar i o,  1988,  Escar i o and Juca 
1989)  .

As  a f i r st  pr ot ot ype,  i t  pr esent s  some dr aw
backs t hat  I  have t r i ed t o over come wi t h t he 
new model  under  const r uct i on,  schemat i cal l y  
pr esent ed i n f i gur e 1.

The shear  box i s agai n squar e of  50 x 50 mm.  
The ai r  pr essur e chamber  i s cy l i ndr i cal  and t he 
over al l  di mens i ons  of  t he devi ce ar e such,  t hat  
i t  can be f i t t ed on t he nor mal  t ypes of  commer 
ci al  shear  t es t i ng machi nes by r epl ac i ng t he 
s t andar d shear  box wi t h t he new cel l .

The ver t i cal  l oad,  up t o 6 kgf / cm2 , i s ap 
pl i ed wi t h ai r  pr essur e i n t he upper  chamber ,  
t hr ough a Bel l of r am membr ane.  Sever al  cel l s  may 
t her ef or e be hel d separ at el l y  consol i dat i ng and 
r eachi ng equi l i br i um suct i on condi t i ons,  f or  as 
many days as deemed necessar y.  They ar e t hen 
moved t o t he t es t i ng machi ne t o be shear ed.  
Wi t h t he exi s t i ng pr ot ot ype model ,  consol i da
t i on and equi l i br i um had t o be accompl i shed 
wi t h t he cel l  i nst al l ed on t he t es t i ng machi ne 
and,  t her ef or e,  t he out put  of  t he equi pment  was 
ver y  smal l .

SWELL 

NO LOAD -  NEW CELL

- - - - - 1- - - - - - - - - - - - - - - -
LOADING

SWELL UN DER  CO N S TAN T 

LOAD

SWELL UNDER D ECR EASIN G 

LOAD

LOAD ON SAM PLE 

A T S TA R T OF TES T

f v"
\ ~ ~ ~  1 5 k Pa  

\

O k P a \

\
\

\

~ 3 0 k P a N

1 5 15 30

APPLI ED STRESS ( kPa)

\ ' n s
6 0 k P a

112kPa

SWELLI NG PRESSURE

2 8 7 6



A I R  P R E S S U R E  

FO R  V E R TI C A L  

LO A D ___________

D is c u s s io n  

J .A .J IM E N E Z -S A L A S , Ib e n n s a , M a d r id ,  S p a in

B E L L O F R A M

.S EM I P ER M EAB LE

M EM B R A N E

4  S C R E W S

SLID IN G AN D  LOAD  

C E N TE R I N G  

BU S H I N G

4 C 0 L U M N S

p u s h  R o i r  §

A IR  P R ES S U R E 

C H A M B E R

S H E A R  FO R CE 

M E A S U R E M E N T

Fi gur e 1. -  New model  of  di r ec t  shear  t est  dev i 
ce under  cont r ol l ed suct i on.

0, +02- ( i - ^- ) f  + - p

Fi gur e 2. -  Scket ch of  t he wor k i ng pr i nc i pl e of  
t he bushi ng f or  aut omat i cal l y  cent e 
r i ng t he l oad.

A speci al  bushi ng i s pr ov i ded t hat  keeps t he 
ver t i cal  l oad cont i nuous l y  at  t he cent er  of  t he 
upper  shear  f r ame f or  any di spl acement .  The 
wor k i ng pr i nc i pl e i s shown schemat i cal l y  i n 
f i gur e 2:  t he ver t i cal  l oad P i s spl i t  i n t wo 
equal  par t s,  each one act i ng on a hor i zont al  
l ever ,  wi t h an aux i l i ar y  s l i di ng suppor t  at  
each s i de of  t he chamber .

Thi s speci al  bushi ng may be subst i t ut ed by a 
nor mal  one,  as i n t he pr ev i ous desi gn,  i f  i t  i s 
cons i der ed unnecessar y.

The dev i ce shown i s now i n a ver y avanced 
st age of  cons t r uc t i on and,  t her ef or e,  i t s per 
f or mance and st r uct ur al  s t r engt h have st i l l  t o 
be checked.
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The movement s  of  s t r uct ur es f ounded on 
swel l i ng c l ays ar e usual l y  smal l er  t han t hose 
of  t he s t r uct ur es on deep l ayer s of  
compr ess i bl e soi l .  Never t hel ess,  t he di sor der s 
ar e,  i n many cases,  gr eat er .

Thi s i s due t o t he f act  t hat  swel l i ng i s i n a 
hi gh degr ee a di f f er ent i al  phenomenon.  Due,  i n 
t ur n,  t o t he nat ur e of  t he per t ur bat i on i nduced 
by t he cr eat i on of  t he super i mposed st r uct ur e,  
but  mai nl y  by t he het er ogenei t y  of  t he gr ound,  
of  i t s i nt r i ns i c  expans i v i t y  and of  i t s st at e 
and condi t i ons.  Let  us r ecal l  t he t ypi cal  
l andscape of  t he gi l gai .

So,  f or  ar r i v i ng at  a r easonabl e model  f or  
t he behavi or  of  t he soi l ,  i t  woul d be necessar y  
t o use geost at i s t i c ,  as has been appl i ed t o 
col l apsi bl e soi l s by Al i ,  Nowat zki  and Myes 
( 1989)  i n t hei r  paper  pr esent ed at  t hi s same 
s ess i on.

But  i t  i s unr eal i s t i c  t o t hi nk t hat  we ar e 
goi ng t o per f or m enough number  of  swel l i ng 
pr essur e det er mi nat i ons,  f or  i nst ance,  t o be 
abl e t o appl y  t hese t echni ques,  and i t  i s 
necessar y  t o admi t  t hat  i n act ual  pr act i ce,  at  
l east  i n my count r y,  swel l i ng pr essur e t est s 
ar e mai nl y  an i ndex pr oper t y.  Even t he 
swel l i ng pr essur e i s used,  i n f act ,  as an 
i ndex,  as t he number  of  t est  per f or med at  each 
si t e i s usual l y  not  enough t o gi ve t o t he 
obt ai ned val ues a r eal  s t at i st i cal  
s i gni f i cance.

Bet ween t he i ndex t est s t hat  ar e r out i nel y  
per f or med i n Spai n,  I  want ed t o cal l  your  
at t ent i on on t he Lambe t est ,  devel oped by Pr of .  
T. H.  Lambe at  t he HI T on r equest  of  t he FHA i n 
1960.

The uni ver sal  use of  t hi s t est  has been 
smal l .  But  i n Spai n wher e swel l i ng cl ays ar e 
one of  t he most  i mpor t ant  geot echni cal  
pr obl ems,  i t  has been i n use si nce i t s 
publ i cat i on.  Today i t  i s an st andar d t est  
ex t ens i vel y  used and t he gener al  consensus i s 
t hat  i t  pr ov i des a ver y r el i abl e i ndi cat i on of  
swel l i ng danger .

I t  i s t o be not ed t hat  a somewhat  pecul i ar  
char act er i s t i c  of  t he cl ays of  ext ensi ve ar eas 
i n Spai n i s t hat  t hey ar e bas i cal l y  i l l i t i c,  
wi t h a smal l  pr opor t i on of  smect i t es,  i f  any.  
But  t hei r  seasonal  movement s  ar e i mpor t ant .  I t  
has been ex t ens i vel y  pr oved t hat  t he Lambe t est  
i s abl e t o det ect  wher e t her e i s danger ,  when 
ot her  i ndi ces,  such as t he At t er ber g Li mi t s,  
f  ai  1.

The Lambe St andar d Test  gi ves t hr ee opt i ons 
f or  t he i ni t i al  moi s t ur e cont ent  of  t he sampl e.  
I n pr act i ce we U 6 e  onl y t he one i n equi l i br i um 
wi t h an at mospher e at  50% of  r el at i ve humi di t y  
( pF- 6 appr oxi mat el y) .  The cor r espondi ng
swel l i ng pr essur e wi l l  be r ef er r ed as SPL 
( Swel l i ng Pr essur e Lambe) .

Wi t h a dat a base of  161 sampl es of  di f f er ent  
si t es i n Spai n,  mai nl y  i n t he Sout h,  i t  has 
been possi bl e t o r ai 6e t he f ol l owi ng 
cor r el at i ons wi t h swel l i ng pr essur e.

( SPL i n k i l opascal s ) :

SPL -  - 18. 34 + 3. 27* W1

SPL -  -  3. 20 + 18. 44* Wi

SPL -  - 23. 93 + 15. 32* Wi 0 ' 9*

SPL -  29. 85 + 555. 53Wi / Wl  

SPL -  8. 80 + 6. 38* Wp

Yd/ Yv

( H—0. 60)  

( R- 0. 79)  

( R- 0. 77)  

( R- 0. 52)  

( R- 0. 34)
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We can see t hat  t her e i 6 a bet t er  cor r el at i on 
wi t h t he i ni t i al  moi s t ur e cont ent  ( Hi ) ,  and 
al so wi t h a composi t e var i abl e of  moi s t ur e 
cont ent  and t he i ni t i al  dens i t y  ( r ^)  of  t he

sampl e,  t amped accor di ng wi t h t he Lambe 
St andar d.

Accor di ng t o t he Lambe r ecommendat i ons,  r eal  
danger  exi s t s  when SPL i s gr eat er  t han 157 kPa,  
wi t h t he above i nc l uded cor r el at i ons,  t he 
cor r espondi ng di sc r i mi nat i ng val ues woul d be:

Hi  -  53. 5 Hi  -  8. 7 Hi ° ' 9* r d/ r w-  11. 8

I f  we c l ass i f y  t he sampl es of  t he sai d dat a 
base accor di ng wi t h t hese cr i t er i a,  and we 
compar e t he r esul t s wi t h t hose of  t he Lambe 
t est ,  we obt ai n t he f ol l owi ng per cent ages:

Hi t h t he l i qui d l i mi t ,  70% of  sampl es 
cor r ect l y  c l assi f i ed,  9% mi s t akes on t he saf e 
si de ( non danger ous  sampl es c l ass i f i ed as 
danger ous) ,  and 21% on t he unsaf e si de.  Hi t h 
t he I ni t i al  Hat er  Cont ent ,  80%,  8% and 12%,  
r espect i vel y;  wi t h t he composi t e i ndex,  84%,  7% 
and 9%.

Fr om al l  t hi s we advance t he f ol l owi ng 
conc l us i ons :

i )  Act ual  pr act i ce r el i es,  i n gr eat  
pr opor t i on,  on i ndi ces ot her  t han on 
par amet er s .

i i )  The Lambe Test  gi ves a val uabl e and 
s i gni f i cant  i ndi cat i on of  t he swel l i ng 
danger .

i i i )  I t s I ni t i al  Wat er  Cont ent  i s an 
i nt er est i ng pr edi c t or  of  t he r esul t s of  
t he t est .

i v)  I t  i s i n f act  a cr ude det er mi nat i on of  t he 
Hygr oscopi c  Moi s t ur e at  pF- 6

v)  I t  i s r easonabl e t o expect  t hat  t he 
Hygr oscopi c  Moi s t ur e i s a s i gni f i cat i ve 
i ndex about  t he pr oper t i es  of  t he soi l s 
i nt o t he unsat ur at ed r ange.

As a poss i bl e answer  t o t he r equest  of  t he 
Di scuss i on Leader  about  s i mi l i t udes and 
di f f er ences bet ween swel l i ng and col l aps i bl e 
soi l s,  t he wr i t er  i s of  t he opi ni on t hat ,  
i nst ead of  speak i ng of  soi l s,  we shoul d speak 
of  phenomena.  Swel l i ng and col l apse ar e

uncoupl ed pr ocesses al t hough ver y  of t en t hey 
t ake pl ace s i mul t aneous l y  or  success i vel y  i nt o 
a same soi l .  Col l apse i mpl i es a change i n t he 
st r uct ur al  ar r angement .  Swel l i ng has i t s
or i gi n at  t he cont act s  bet ween t he par t i c l es,  
and at  t he i nt er i or  of  t he same.  The
pr edomi nance of  one or  anot her  dec i des i f  t he 
soi l ,  at  a cer t ai n moment ,  swel l s or  shr i nks.

A ver y  compr ehens i ve pi c t ur e of  t hi s mut ual  
pl ay can be f ound i n t he Gener al  Repor t  of  
Sessi on 5 of  t he Dubl i n Conf er ence,  by Al onso 
et  al .  Lat er ,  a good exper i ment al  suppor t  of  
t he same has been pr ov i ded by Josa ( 1988) .  I t  
i s al so poss i bl e t o r epr esent  t he combi ned 
behavi our  of  t he soi l  i n anot her  way 
( J i menez- Sal as,  1987) :

Sever al  par t s of  t he same sampl e ar e t est ed 
wi t h di f f er ent  degr ees of  const ant  wat er  
cont ent ,  i n t he consol i domet er . Cur ves as 
t hose of  t he f i gur e ar e obt ai ned.  As t he wat er  
cont ent  i ncr eases,  t he i ni t i al  por e i ndex i s 
gr eat er ,  and t he y i el d poi nt  l ower .  Fr om t hese 
dat a,  i t  i s poss i bl e t o deduct  wi t h some 
accur acy  di f f er ent  t r aj ect or i es.  For  i nst ance,  
ABC i s t he t r aj ec t or y  dur i ng t he moi s t eni ng of  
a dr y  sampl e at  const ant  vol ume.  I t  can be 
seen t hat  t he Br ack l ey  ( 1973)  ef f ec t  ( i ni t i al  
hi gh swel l i ng pr essur e and subsequent  decr ease 
of  t he same)  i s pr edi ct ed.
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